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Abstract – Some thirty-five years after the initial “PAH-hypothesis”, the as-
tronomical emission features formerly known as the unidentified infrared
bands are now commonly ascribed to polycyclic aromatic hydrocarbons.
Driven by advances made in laboratory and in silico experiments, the field has
slowly matured. The laboratory and in silico studies done at NASA’s Ames
Research Center have played a key role in realising this. Recently those data
have been assembled into the NASA Ames PAH IR Spectroscopic Database.
In its current form, this database contains over 800 near- to far-infrared PAH
spectra. These data will be made publicly available through the world-wide
web.

Here, an overview is presented of the content of the theoretical database
and the tools developed to analyse and interpret astronomical spectra using
these theoretical spectra. Given the large number of spectra, new ways of
storing and handling these data are required. This chapter describes that
work. A detailed description of using the content of the database to model
the single photon excitation spectrum, including the temperature cascade is
also presented.

Finally, the NASA Ames PAH IR Spectroscopic Database will prove invaluable
to more fully analyse the mid-IR spectra in the ISO and Spitzer archives, as
well as the pioneering mid-IR measurements that will be observed by NASA’s
James Webb space telescope (JWST) and at ground-based facilities like those
in Chile. Furthermore, the fundamental spectroscopic data in the database,
and tools described here, will play a key role in the interpretation of the data
from upcoming observatories that extend our vision into the far-IR, e.g., ESA’s
Herschel satellite, the Atacama large millimeter array (ALMA), and NASA’s
stratospheric observatory for infrared astronomy (SOFIA).
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5.1 Introduction

T he family of emission features formerly known as the unidentified in-
frared (UIR) bands which were discovered some twenty-five years ago
are now generally attributed to polycyclic aromatic hydrocarbons (e.g.,

van Dishoeck 2004; Draine & Li 2007; Smith & McLean 2008, and references
therein). The features that comprise this apparently universal spectrum contain a
wealth of information about the conditions in the emitting regions and the nature
of the PAH carriers (e.g., Bauschlicher et al. 2009, 2008, and references therein).
However, exploitation of these features as astrophysical and astrochemical probes
has been slow in coming because the IR properties of PAHs under interstellar
conditions were largely unknown at the time the bands were discovered and the
experimental and computational tools needed to provide these data were not fully
developed.

To test and refine the “PAH-hypothesis”, some twenty years ago, methodolo-
gies were started to be developed at NASA’s Ames Research Center. Since that
time some 800 spectra of di!erent PAH species were experimentally measured
and theoretically computed. Recently these data have been assembled into a
uniform collection named the NASA Ames PAH IR Spectroscopic Database. The
database currently comprises about 600 theoretically computed spectra spanning
2 to 2000µm (5000 to 5 cm!1) and 200 laboratory measured spectra from 2 to 25µm
(5000 to 400 cm!1). Aside from the computational spectra of species that are also
in the experimental collection, the computational set of spectra includes species
that could be formed easily in the interstellar medium and be quite common in
space, yet very di"cult to create and measure in the lab. The database will be
made available through a website, accompanied by a set of sophisticated tools
which allow the user to interrogate the database, plot and co-add spectra, adjust
parameters such as bandwidth, etc.

Here the content of the computational part of the database and the tools
developed to analyse and interpret these data are presented. The collection of
experimental spectra is described elsewhere (Hudgins et al. 2009 in prep.). This
chapter is structured as follows. The construction of the synthetic data as well as
the content and composition of the database are addressed in Sect. 5.2. Section
5.3 presents the methodology of utilising the data in the database. The website
and its available tools are described in Sect. 5.4. An outlook is given in Sect.
5.5, in 5.6 two applications of the database are demonstrated; one for 15 – 20 µm
wavelength range, the other for the far-IR. Section 5.7 summarises this chapter.
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5.2 The computational PAH database

5.2.1 Computational method

The synthetic spectra in the database have been computed using density func-
tional theory (DFT) making use of the hybrid (Becke 1993) B3LYP (Stephens et al.
1994) approach in conjunction with the 4-31G basis set (Frisch et al. 1984). Geomet-
ries are fully optimised and harmonic frequencies are computed using analytic
second derivatives. All of the DFT calculations are performed using the Gaussian
03 program system (Frisch et al. 2004). DFT results di!er systematically from ex-
periment and need to be scaled (Bauschlicher & Langho! 1997). The scaling factor
depends on the level of theory (the correlation treatment and basis set), and it is
common that C-H stretches will have a di!erent scaling factor from the non-C-H
modes (i.e., all the bands excluding the C-H stretching modes) because of the large
anharmonic e!ects for hydrogen stretching motions. Comparing many computed
spectra with the spectra of the same species measured using laboratory matrix
isolation techniques, shows that a scale factor of 0.958 brings the computed non-C-
H stretching modes into good agreement with experiment. A scale factor of 1.007
brings the computed C-H stretching modes into good agreement. Overall, after
scaling most computational and experimental peak positions fall within 5 cm!1 of
each other, a few within 15 cm!1 and the rest lie in between (Langho! 1996; Bausch-
licher & Langho! 1997). Intensities are unscaled, despite the potential factor of 2
overestimation of the computed intensity for the C-H stretching modes for neut-
rals (Bauschlicher & Langho! 1997; Hudgins & Allamandola 1999). Figure 5.1
compares the 2 to 20 µm (2000 to 500 cm!1) spectrum of neutral naphthalene, tet-
racene and 1,14-benzodiphenanthreno-(1””,9””;2,4),(9’””, 1’””;11,13)-bisanthene
computed using density functional theory at the B3LYP level to the spectrum of
their matrix isolated counterpart. This figure demonstrates the excellent agree-
ment between the theoretically computed and experimentally measured mid-IR
spectra.

5.2.2 The content of the computational PAH database

Over 580 spectra, corresponding to more than 70,000 transitions, from a large
variety of species are currently in the theoretical database. They cover a range in
size from 6 to 130 carbon atoms, see Fig. 5.2. For most of these species, spectra
were calculated for their neutral as well as their singly charged (±) states and in
a few cases multiply charged states, see Fig. 5.3. While ‘pure’ PAHs comprised
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Figure 5.1 – Computed spectra of naphthalene, tetracene and 1,14-benzodiphenanthreno-
(1””,9””;2,4),(9’””, 1’””;11,13)-bisanthene (black lines) compared to their mat-
rix isolated laboratory spectrum (grey bars given a width of 5 cm!1). The
horizontal bracket indicates the 5 – 6 µm region. Bands here are due to
overtone and combination modes, for which no computed data are available
(Chapter 1). Note that in many cases the resolution of the computed spectra
surpasses that of the experimental spectra.
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Figure 5.2 – Size distribution, in terms of the number of carbon atoms, of the PAHs in the
theoretical database. The hashed areas are the ‘pure’ PAHs; species made up
of only carbon and hydrogen.

of only carbon and hydrogen dominate the database; PAHs containing nitrogen,
oxygen, and silicon; PAHs with side groups; PAHs with extra hydrogens; and
PAHs complexes with metal ions are also included, see Fig. 5.3. Additionally,
the database contains molecular information such as geometry, mass, zero-point
vibrational energy, total energy, symmetry and hydrogen adjacency classes.

In spite of its size, as with databases in general, there are limitations. All trans-
itions correspond to fundamental vibrational modes, not hot bands, overtones or
combination bands. Although the species in the sample span a wide size-range,
more than half are PAHs with fewer than 25 carbons atoms, about 25% contain
between 25 and 50 carbon atoms, and some 20% span the range from 50 to 130
carbon atoms (Fig. 5.2). This distribution reflects the history of computational
capabilities over the past 25 years. Ten years ago, it took roughly three weeks of
CPU time to compute the spectrum of coronene (C24H12) and CPU time roughly
goes as the fourth power of the number of atoms in the PAH. It is only within the
past few years that species containing a hundred atoms or more are tractable in
reasonable amounts of computer time. Furthermore, the vast majority of the spe-
cies in the database are neutral and positively charged, while negatively charged
PAHs comprise less than 10 % of the database (see Fig. 5.3). This aspect reflects
historical interest. New spectra are continuously being computed, focusing now
on increasingly larger PAH species. It is our intention to add these new spectra
to the database regularly.

As an illustration of the type of information available for each PAH, Table 5.1
presents an overview of the information in the theoretical database for coronene
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Figure 5.3 – Charge composition and types of PAHs in the theoretical database. Nitro-
gen refers to PAHs containing one or two nitrogen atoms in the hexagonal
framework, ‘pure’ refers to PAHs comprised solely of carbon and hydrogen,
oxygen refers to PAHs containing one or more oxygen atoms in their hexagonal
framework and other refers to PAHs containing other metals complexed to the
hexagonal framework, e.g., magnesium, iron, etc.

(C24H12). Note that common chemical names are only available for a small number
of the PAHs in the database.

The spectroscopic data in the database can be viewed as absorption spectra of
molecules. For each transition the frequency; ! [cm!1], the integrated absorption
cross-section;

!
"! [105 cm ·mol!1] and symmetry is available, e.g., 863.9, 175.63

and B3u for the strongest mode in coronene. Since the astronomical spectra are
emission spectra, the spectra in the database need to be converted to emission
spectra before analysis. This is outlined in the next section.

5.3 Converting absorption spectra into emission
spectra

When comparing astronomical emission spectra to computed PAH absorption spec-
tra, band shape, natural line width, band shifts inherent to the emission process
and relative band intensities must be taken into account. Each of these is discussed
in the following.

Two schools of thought exist on the relevant band shape. True isolated har-
monic oscillators have Lorentzian emission profiles and are considered by one
school. Since intermolecular energy transfer is fast compared to emission time
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Table 5.1 – Overview of the available information in the database on coronene, illustrating
the type of information presented for each species.

structure molecular data spectrum

name coronene
formula C24H12
weight 587.7 amu
total energy -920.7 Hartree
zero-point energy 178.0 Kcal/mol
symmetry D2h
duos 12

scales, the emitting atoms of the PAH molecule find themselves in a constantly
changing interaction potential. This leads to anharmonic shifts in peak position,
that may well contribute to, or be the origin of the red-shaded, distinctly non-
Lorentzian, observed profiles (Barker et al. 1987; Cook & Saykally 1998; Pech et al.
2002). The other school considers Gaussian emission profiles. In this approach
the astronomical PAH features are believed to be the blending of slightly di!er-
ent relatively narrow Lorentzian profiles. The peak positions of the harmonic
oscillators contributing to a feature are then assumed to be distributed randomly
around a mean position. This requires the presence of a large and diverse family
of PAH molecules. Support for both schools of thought exist (cf., Tielens 2008).
Lorentzian profiles are adopted here:

P(#) =
1
$

1
2#

(! ! !i)2 +
"

1
2#
#2 , (5.1)

where # [cm!1] is the FWHM and !i [cm!1] is the frequency of mode i.
Concerning the natural line width, the FWHM of the profiles observed in

astronomical spectra vary substantially for the di!erent wavelength regions. For
the mid-IR PAH emission features a line width of 10 – 30 cm!1 is characteristic
(see Peeters et al. 2004), while for the bands between 15 – 20 µm, a range between
4 – 8 cm!1 is more typical (e.g., van Kerckhoven et al. 2000; Moutou et al. 1998).
Depending on the wavelength region considered, those values are adopted here.

Turning to the band position, since a small redshift originating in the anhar-
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monicity of sequence bands is intrinsic to the emission process, a redshift must
be applied to the computed absorption spectra. Here, the computed spectra are
red-shifted by the canonical value of 15 cm!1. This value is consistent with the
shifts measured in a number of experimental studies on small PAHs (Cherchne!
& Barker 1989; Flickinger et al. 1990, 1991; Colangeli et al. 1992; Brenner & Barker
1992; Joblin et al. 1995; Williams & Leone 1995; Cook & Saykally 1998). Recently
these e!ects have been summarised by Bauschlicher et al. (2009). However, the
PAH emission process is complicated and not yet fully understood. In reality, the
redshift depends on the (non-constant) anharmonicity of the individual mode’s
contribution to the emission. Therefore, no single ‘true’ value can be given for the
redshift and this uncertainty has to be kept in mind when evaluating the results.

Finally, relative emission band intensities depend on temperature and should
also be taken into account. Several approaches exist, the most simple being
multiplying the intensity in each mode with a black body at an average emission
temperature:

B(!i, T̂) =
2hc!3

i

e
hc!i
kT̂ ! 1

, (5.2)

where !i [cm!1] is the frequency of mode i, T̂ [Kelvin] the average emission
temperature, h [erg · s] is Planck’s constant, c [cm · s!1] is the speed of light and
k [erg · Kelvin] is Boltzmann’s constant. In the following section a slightly more
sophisticated model including the temperature cascade inherent to the emission
process is considered.

5.3.1 Single excitation photon, single PAH emission model

Although several, generally more sophisticated, models could be conceived, here
the focus is on the single excitation photon, single PAH emission process. Given the
current state of our knowledge regarding the molecular physics of the emission
process and the very large number of di!erent PAHs involved, a detailed, more
sophisticated model is not warranted at this time. Considering conservation of
energy, the following expression can be written:

4$
$

i

"i

Tmax%

Ti

B(!i,T)
&dT

dt

'!1

dT = hc!uv , (5.3)

where "i [cm] is the integrated absorption cross-section in mode i, B(!i,T) [erg ·
cm!2 · cm!1 · sr!1], is Planck’s function at frequency ! [cm!1] in mode i and tem-
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perature T [Kelvin], dT/dt [Kelvin · s!1] is the cooling-rate and !uv [cm!1] is the
frequency of the absorbed UV photon. The sum is taken over all modes and
the integral runs from the initial PAH temperature (Ti) up to the maximum at-
tained temperature (Tmax [Kelvin]) by the PAH molecule upon absorption of the
ultraviolet/visible photon.

The initial PAH temperature is taken to be 2.73; the temperature of the cosmic
microwave background. It should be noted though, that in astrophysical envir-
onments the background temperature is likely to be higher. However, a PAH
molecule at such low temperatures contributes little to the overall emission. For
the absorbed ultraviolet/visible photon an average value (!̄), representative for
the (inter)stellar radiation field considered, should be taken.

The attained temperature of the PAH molecule is directly related to the energy
of the absorbed ultraviolet/visible photon through the following relation:

Tmax%

Ti

CV(T)dT = hc!̄uv , (5.4)

where CV(T) " [dE/dT]V [erg ·Kelvin!1] is the heat capacity of the PAH. The heat
capacity is also found in the expression for the cooling-rate of a PAH molecule:

dT
dt
=
&dE
dT

'!1

V

dE
dt
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4$
CV(T)

$

i

"iB(!i,T) . (5.5)

The heat capacity of a molecular system is given, in terms of isolated harmonic
oscillators, by

CV(T) = k
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where g(!) is known as the density of states and describes the distribution of
vibrational modes. Due to the discrete nature of the modes the density of states
is just a sum of %-functions:

g(!) =
n$

i=1

%(! ! !i) , (5.7)

where n is the number of modes.
To model the heat capacity, the approach by Stein (1978) is adopted, i.e., a

group additive method. This approach has been further worked out by Dwek et al.
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Figure 5.4 – Comparison of the calculated
maximum attained temperature of cor-
onene when using the expression from
Dwek et al. (1997) and the approximation
from Tielens (2005).

(1997) and resulted in the following approximation, valid for T $ 2000 Kelvin:

10 log
.

CV(T)
NC

/
= !21.26+ 3.1688 10 log(T) ! 0.401894 10 log2(T) , (5.8)

where NC is the number of carbon atoms constituting the PAH molecule. Making
use of a root finding algorithm, the indefinite integral form of this relation can be
used to calculate the maximum attained temperature :
!

CV(T)dT
NC

= 7.54267·10!11%Erf(!4.98923+0.41778%log(T))+7.54267·10!11 , (5.9)

where Erf is the error function. Tielens (2005) provides a simple and often used
approximation:

Tmax & 2000
" E

NC

#0.4
, (5.10)

where E is the energy of the absorbed photon in eV. Figure 5.4 compares both
approaches for the case of coronene (NC = 24). The figure clearly shows how both
approaches start to deviate significantly from each other after about 1000 K. This
is ascribed to the fact that both approaches have been calibrated on a di!erent
temperature range.

Returning to the cooling-rate, the cooling-rate has been approximated by an
analytical expression derived by Bakes et al. (2001):

&dT
dt

'

j
=
"̄ jaTb

NC
, (5.11)
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Table 5.2 – a and b parameters to the PAH cooling-rate approximation from Bakes et al.
(2001).

neutrals ions
a b temperature a b temperature
5.52 · 10!07 2.5270 T> 270 4.80 · 10!04 1.6119 T> 1000
1.70 · 10!09 3.5607 200 <T< 270 6.38 · 10!07 2.5556 300 <T< 1000
1.35 · 10!11 4.4800 60 <T< 200 1.69 · 10!12 4.7687 100 <T< 300
4.18 · 10!08 2.5217 30 <T< 60 7.70 · 10!09 2.9244 40 <T< 100
1.88 · 10!16 8.1860 2.73 <T< 30 3.47 · 10!12 5.0428 20 <T< 40
0 0 T< 2.73 4.47 · 10!19 10.3870 2.73 <T< 20

0 0 T< 2.73

where "̄ j [105 cm ·mol!1] is the integrated cross section for PAH j. From detailed
calculations a [10!5 mol · Kelvin!b · s!1 · cm!1] and b were found, here they are
given in Table 5.2

Having put together this model framework, let us apply it to neutral coronene
(Table 5.1). The total IR integrated cross-section for coronene, "̄ = 617 · 105 cm ·
mol!1. Upon the absorption of a 4 eV photon, given that coronene has 24 carbon
atoms, its initial maximum attained temperature equals 1103 Kelvin. Figure 5.5
compares the absorption spectrum of coronene with its emission spectrum at
1103 Kelvin as well as the total emission over the full temperature cascade as
the molecule cools back to 2.73 Kelvin. The approximations made in the cooling
rate deliver an accuracy of 87% when looking at the conservation of energy. The
data in Fig. 5.5 have been red shifted 15 cm!1 and a FWHM of 6, 15 and 30
cm!1 have been used for the bands beyond 15, between 5 and 15 and shortwards
of 5 µm, respectively. The figure demonstrates how the cascade process causes
more energy to be released in the longer wavelength features than the emission
spectrum at the initial maximum attained temperature would.

5.4 Web access

The database will be made available on the web in XML format - a flexible text
formatted, general-purpose markup language. The website that hosts the data
also provides a set of IDL scripts and classes that enables users to work with the
data on their own machines. Additionally, the web-portal allows access to the
database and provides tools to search the data and work with the spectra. Using
modern web-technologies such as PHP and MySQL guarantees fast and reliable
access.
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Figure 5.5 – Comparison of the synthesised absorption spectrum of coronene with the emis-
sion spectrum of coronene at 1103 Kelvin (corresponding to excitation by a 4
eV photon) and the total emission spectrum (cascade) of coronene as it relaxes
after the absorption of the 4 eV photon.
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The web-portal implements a powerful search engine that allows users to
find and select data using simplified queries. For example, the search string
“carbon>10 and carbon<50 nitrogen>0 and charge=0”, will return the spectra
of the neutral PAH molecules that have more than 10 and less than 50 carbon
atoms and 1 or more nitrogen atoms. The search engine also handles alternative
phrasings. For example, the search string “c>10 c<50 n>0 neutral” will return
the exact same result set as the previous search string. The outcome of such
a search is a list of 2D molecular structures and spectra which enables one to
quickly visualise individual species and their spectra (Fig. 5.6, top-right). All
the available information on a species is only one click away. This information
includes rotatable 3D structures, references to the literature, comparison with the
experimental data in the database, transition tables and molecular characteristics.

Once a set of spectra is selected, several tools are available with which one can
work with the data. Since the computations provide integrated energies and integ-
rated absolute intensities for transitions in an individual molecule, as described
in Sect. 5.3, these transition frequencies must be convolved with a specific band
shape, line width and emission temperature to convert this into an emission spec-
trum. For the band shape, Lorentzians are chosen and the width and emission
temperature can be specified by the user as well as a desired spectral window
of interest. A tool that can co-add spectra and two tools that compare spectra in
a stack plot, where the first compares up to 10 spectra directly and the second
compares a single spectrum at up to 10 di!erent emission temperatures, are cur-
rently implemented. The resulting graph is presented together with those from
earlier exercises to allow comparison. The graphs are also available at publishing
quality. Four screen shots in Fig. 5.6 demonstrate the welcoming screen, search
results, the tools and the tool results window.

The provided IDL scripts and class files significantly extend the tools available
on the website. The reading and parsing of the XML file is totally hidden from the
user. Common operations as plotting spectra to the screen and/or a file, shifting,
convolving, co-adding, applying an emission temperature; both as a single black
body and dependent on the absorb energy and heat capacity of the molecule, and
the total temperature cascade (Sect. 5.3) have been implemented. Furthermore,
the same search algorithms as available on-line have been implemented and,
utilising IDL object graphics, rotatable 3D structures are also available. This suite
of routines has been used to create, for example, Fig. 5.5 and the spectra in Sec.
5.6.
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Figure 5.6 – Four screen shots of the web-portal demonstrating the welcoming screen (top-
left), the search result window (top-right), the tool-window (bottom-left) and
the tool result window (bottom-right).
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5.5 Outlook

The database and website will be made available to the community at large by
the end of 2009. Calculation of astronomically relevant species such as larger
PAHs and PAHs containing nitrogen are underway and those will be added to
the collection. A large set of consistent spectroscopic data on a large variety
of PAHs, as made available through the NASA Ames PAH IR Spectroscopic
Database, provides new ways to analyse astronomical spectra. One such way is
fitting, from which sub-samples of the emitting PAH population such as charge
and size distributions can be inferred. Such tools will continued to be developed
and added to those already available on-line and in the IDL suite.

Other data formats will also be supported, most importantly VOTable - an
XML format defined for the exchange of tabular data in the context of the Virtual
Observatory. The molecular data will be extended with ionisation energies and
electron a"nities. On-line tutorials and help pages will allow users get most out
of the spectra and tools. Furthermore, the tutorials will outline basic spectroscopic
principals and address caveats of the database.

Currently the far-IR window is being opened up by ESA’s Herschel satellite,
which promises new insights into the astronomical PAH family. The database
will be available in time for the arrival of the first far-IR data from Herschel and,
as demonstrated in Sec. 5.6, will prove invaluable to interpret those spectra.
The database will also be crucial for the analysis and interpretation of data from
upcoming observatories like the Atacama large millimeter array (ALMA), NASA’s
James Webb space telescope (JWST) and NASA’s stratospheric observatory for
infrared astronomy (SOFIA).

5.6 Applications

5.6.1 The 15 – 20 µm region

The database has allowed, for the first time, a systematical and deeper study
of PAH spectra in the 15 – 20 µm wavelength range than previously possible
(Chapter 2). The vibrational modes in the mid-IR (3 – 15 µm) are stretching and
bending vibrations involving nearest neighbours. As a result, these modes are
characteristic for molecular groups and their peak positions show little sensitivity
to the larger structure of the molecule. The modes in the 15 – 20 µm region on the
other hand involve C-C-C vibrations which are sensitive tot the overall molecular
structure and are therefore expected to show a larger variability in peak position
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and to be more molecule specific.
The database contains a large and coherent set of PAHs and spectra. This

set allows the definition of a number of di!erent classes of PAHs based on a
common characteristics such as e.g., geometry, size, nitrogen substitution pattern
and charge. These classes can then be used to systematically probe the influence
of these common characteristics on the spectroscopic structure between 15 - 20
µm.

As described in Chapter 2, analysis of the di!erent classes reveals very little
systematic behaviour. Only PAHs having one or more pendent rings consistently
show a band around 16.4 µm. The responsible mode involves a breathing motion
of the carbon atoms in the pendent ring. Apart from this, the bands between 15 –
20 µm are very molecule specific. This molecular specificity is illustrated in Fig.
5.7, where Fig. 2.11 from Chapter 2 is repeated. The figure shows the 15 – 20 µm
spectra of 7 compact PAHs in their neutral and singly ionised form.

The database also allows ‘blind’ searches. Such searches independently query
the database for all molecules that have bands near astronomical band positions.
In essence, a ‘blind’ search is the opposite approach to the identification of PAH
emission characteristics as that taken in the past. If all is well, the two methods
should converge to the same results. Applying this approach to the 15 – 20 µm
region provides several new insights. First, it identifies a class of PAHs with very
rich spectra spanning the 15 – 20µm region. In such spectra, ‘coincidentally’ bands
appear near the astronomical positions. Although such spectra are far too rich to
explain the ‘simple’ astronomical spectra that only have a few prominent features,
e.g., at 16.4 and 17.4 µm, they may contribute to the broad plateaus that dominate
the spectra of some sources. Second, the ‘blind’ search also converged on the class
of PAHs with pendent rings consistently showing a band near 16.4 µm, providing
further confidence on selecting these structures in making the assignment. This
way of searching complements and extends the PAH class analysis.

5.6.2 The far-IR

The PAH model is now routinely used to account for the well-known astronom-
ical mid-IR emission bands at 3.3, 6.2, ‘7.7’, 11.2, 12.7 and 16.4 µm, as well as the
associated weaker features and pedestals. Increasingly, more sophisticated labor-
atory and in silico experiments have allowed deeper insight into the molecular
properties of the band carriers and links to the prevailing astronomical conditions
in the emitting regions. However, to date, no definitive identification of a specific
individual PAH molecule exists.
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Figure 5.7 – Synthetic absorption spectra from 15 – 20 µm for very large compact PAH
cations, neutrals and anions showing the spectral variety in this region. The
corresponding structures are shown in Fig. 2.9. A FWHM of 6 cm!1 is taken
for the Lorentzian band profiles.

With the launch of ESA’s Herschel satellite and NASA’s stratospheric obser-
vatory for infrared astronomy (SOFIA) on the horizon, a new spectral window
on the sky opens: the far-IR. The far-IR (# ! 20 µm) is the domain of the so-
called ‘drum head’ PAH modes and other molecular vibrations involving low
order bending vibrations of the whole carbon skeleton. The term ‘drum head’ is
somewhat misleading, since contrary to drums, PAHs are not clamped but free.
Despite this, as for drums (Rayleigh 1877–1878), these modes are considered to be
very molecule and shape specific and have been identified as one key diagnostic
for specific PAHs in the ISM (Mulas et al. 2006). The database can explore this
directly.

Figure 5.8 extends the spectra of the neutral species in Fig. 5.7 into the far-IR,
revealing an even larger spectral diversity than evident in Fig. 5.7. In Fig. 5.8
the full IR vibrational spectra are shown. Included in these figures are also the
spectra of several other compact PAHs, creating a collection of PAHs of increasing
size. This shows that the spectra tend to get richer in features and extend further
into the far-IR when the molecules get larger.

Figure 5.10 zooms in on the lowest vibrational mode of four members of
the coronene ‘family’ that still have su"cient intensity and have symmetry B3u.
The figure demonstrates the shift of this mode to lower frequencies as molecular
size increases. The frequencies and cross-sections are given in Table 5.3. The
frequencies are well represented by the relation: ! = 57 · (50/NC) [cm!1]. Lets also
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Figure 5.8 – The far-IR (# ! 20 µm) absorption spectra for a collection of compact PAHs of
increasing size. The adopted Lorentzian profiles have been given a FWHM of
6 cm!1. Chemical formulae and molecular structures are shown to the right.
The top spectrum is the average and is presented in grey. Indicated in the
top frame are the wavelength coverages of several past, present and future
instruments and observatories.
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Figure 5.9 – The 2 – 3500 µm far-IR absorption spectra for a collection of compact PAHs of
increasing size. The adopted Lorentzian profiles have been given a FWHM of
6 cm!1. Chemical formulae and molecular structures are shown to the right.
The top spectrum is the average and is presented in grey. Indicated in the
top frame are the wavelength coverages of several past, present and future
instruments and observatories.
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Table 5.3 – ‘Drum head’ modes for the coronene and pyrene ‘families’.

coronene ‘family’ pyrene ‘family’
! " ! "

[cm!1] [km/mol] [cm!1] [km/mol]
C24H12 123.7 4.93 C16H10 210.0 7.30
C54H18 54.6 2.33 C30H14 114.7 4.21
C96H24 30.1 1.34 C48H18 72.8 2.62
C130H28 23.7 0.87 C96H26 37.7 1.32

consider the pyrene ‘family’, which are rhombus-shaped PAHs rather than disk-
shaped. Figure 5.10 illustrates the shift of the lowest B3u mode, with su"cient
intensity, to lower frequencies as the molecule size increases. The frequencies and
cross-sections are also given in Table 5.3. In this case, the frequencies are well
represented by the relation: ! = 60 · (50/N)C. Thus, the database proclaims a
systematic inverse dependence for the frequency of the lowest far-IR modes on
PAH size, with only a weak dependence on molecular geometry.

Considering PAH molecules as a solid plate, this is perhaps not that surprising.
The classic solution for the frequency of vibration of ‘free’ plates follows from
the general solution of the di!erential equation of motion after application of
appropriate boundary conditions (Meirovitch 1997). The frequencies are then
given by:

! =
$
2c

1
A

0
D
&h
· (n2 +m2) , (5.12)

with c [cm · s!1] the speed of light, A [cm2] the surface area, & [g · cm2] the density,
h [cm] the plate thickness and D [g · cm2 · s!2] is the rigidity given by:

D =
Eh3

12 (1 ! p2)
, (5.13)

with E [g · cm!1 · s!2] Young’s modulus and p the Poisson ratio. The modes are
characterised by m and n; the number of nodes along both plate-axes. While
this expression holds for square plates, the geometry only enters weakly and the
di!erence between squares and disks is of the order of 5% (Fan & Luah 1993). The
vibrational frequencies calculated for the coronene and pyrene ‘families’ are well
fitted by an expression of similar form:

! = 600
1

10!15

A

2
. (5.14)
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Figure 5.10 – Top: members of the coronene (left) and pyrene (right) ‘families’. Middle:
the shift of the lowest ‘drum head’ mode to lower frequencies as the mo-
lecule increases in size; left and right for the coronene and pyrene ‘families’,
respectively. The Lorentzian profiles have been given a FWHM of 6 cm!1.
Bottom: an inverse linear dependence is seen for the frequency on the num-
ber of carbon atoms; left and right for the coronene and pyrene ‘families’,
respectively.
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Figure 5.11 – Comparison of the predicted (1, 1) frequencies of a solid graphene plate, eqs.
(5.12) and (5.14), with those found in the database for the coronene (squares)
and pyrene (triangles) ‘family’.

Because of fundamental and commercial interest, there is a rich literature on the
mechanical properties of graphene and carbon nano-tubes. Experimental studies,
using an atomic force microscope, have demonstrated that the flexural rigidity as
a function of thickness is well described by eq. (5.13) (Poot & van der Zant 2008).
However, calculating the flexural rigidity from a continuum model requires care
and consistent choices of Young’s modulus and e!ective thickness of the sheet
(Shenderova et al. 2002). Good agreement between the continuum and discreet,
atomistic, approach can be achieved when the 2D nature of graphene is taken
fully into account (Arroyo & Belytschko 2004; Huang et al. 2006). The bending
rigidity of a graphene sheet has been calculated to be 0.8 – 1.5 eV, depending on
the method used (Salvetat et al. 2006). Adopting D = 1.5 eV and 7.5% 10!8 g·cm!2

for the surface density (&h), the data on the coronene and pyrene ‘families’ are
well reproduced (Fig. 5.11). It is noteworthy that the agreement gets better as the
area increases. This is understood by realising that the discrete, atomistic, nature
of the molecule starts to vanish as the molecule increases in size.

Concluding, the far-IR bands could provide a firm handle on the number
of carbon atoms in the emitting PAHs and, thereby, pin down the astronomical
PAH-size distribution. The molecular structure of the PAH only enters at the
5% level and, therefore, identifying specific molecules in the interstellar PAH
family using the far-IR requires other means. Mulas et al. (2006) point to the PQR
band structure of the lowest PAH mode as such a means. The small Einstein A
values associated with the lowest vibrational modes, causes the emission to occur
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late in the energy cascade, when little energy remains in the molecule. At that
point the modes will have decoupled and intermolecular energy transfer will no
longer broaden the band. As a result, the spectrum will show the characteristic
P, Q and R branches of ro-vibrational transitions (Mulas et al. 2006). Measuring
this spectrum provides a direct measure for the moment of inertia, presenting
an independent handle on the molecule involved. The Q band transitions will
blend into one ‘broad’ feature and are less useful in this regard, but the P and R
branch transitions would yield high precision frequencies. However, molecular
identification would require knowledge of the rotational constants. So far, these
have only been acquired for very few PAHs (Thorwirth et al. 2007).

The average far-IR spectrum

Returning to Figs. 5.8 & 5.9, the two average spectra, shown in grey, have features
clustering at several positions. An interesting consideration is whether this is
due to coinciding overtone bands. That is, can this be explained by suitable
combinations of m, n and A in eq. (5.12)? However, this is beyond the scope of
this chapter (Boersma et al. in prep.). Nonetheless, these bands are accessible
by present and/or future observatories, e.g., Herschel. But before concluding
that these bands are to be expected in astronomical observations, several issues
need to be considered. For example, detection and identification can be severely
limited by spectral confusion, poor contrast against a strong dust background and
of course the presence of the PAH species considered here.

Calculations have shown that the lowest vibrational transitions of interstellar
PAHs typically contain a few tenths of a percent of the absorbed FUV energy
(Mulas et al. 2006). While this is only a tiny fraction of the total energy, the
decrease in background dust continuum expected for warm PDRs will enhance
the spectroscopic contrast. Nevertheless, detection of these transitions will be
challenging. One first-look observing strategy would be to study the emission
from harsh environments. For these environments telescope sensitivity will not
be an issue and, another advantage, UV photolysis may have isomerised the PAHs
to their most stable form, leaving only a very limited number of di!erent species.
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 ‘families’ are particularly interesting in this regard.
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Limitations

Although the database provides a powerful stepping-stone to study the far-IR,
some caveats exist. One could think of groups of PAHs that are not represented
in the database, and, more importantly, the database is limited in diversity and
size range. As concluded in Chapter 2, a serious limitation of that study and
specially impacting the far-IR, is the availability of larger species. Extending the
database with larger species should allow a more thorough analysis and, in the
future, the database might even be used to fit an astronomical spectrum directly.
Additionally, in its current form electric-dipole forbidden modes are not included.
Emission in far-IR electric-dipole forbidden modes might be substantial given that
energy can be ‘trapped’ in these modes when the molecule enters a regime where
energy is below the equipartition threshold. This does require that the molecule is
able to relax from such a low energy state. As such, two radiative extremes can be
recognised. First, that in which the molecule can fully relax and forbidden lines
can be expected, e.g., the di!use ISM. Second, that where the molecule will never
fully relax and no forbidden lines are expected, e.g., PDRs (Duley 1990; Mulas
et al. 2006).

5.7 Summary

The NASA Ames PAH IR Spectroscopic Database is a large coherent set of cal-
culated PAH IR spectra (> 800). This database will be made available to the
community at large end of 2009 by means of a website-portal. The release is
accompanied by a suite of utilities and tools, both for on line and personal use.
Calculation of astronomically relevant species such as larger PAHs and PAHs
containing nitrogen are underway and will be added to the collection. Additional
tools, like directly fitting an astronomical spectrum, are currently being developed
and will be added in a future release.

The application to the 15 – 20 µm region (see also Chapter 2) testifies the power
of the database. While a detailed discussion of the far-IR region was outside the
scope of this chapter (Boersma et al. in prep.), here the great value of a systematic
database of PAH spectra over the full wavelength range has been demonstrated.
Concluding, the NASA Ames PAH IR Spectroscopic Database provides the means
to access the information hidden in the astronomical IR spectra.


