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ABSTRACT: The characteristics of the CH stretching and out-of-
plane bending modes in polycyclic aromatic hydrocarbon
molecules are investigated using anharmonic density functional
theory (DFT) coupled to a vibrational second-order perturbation
treatment taking resonance effects into account. The results are
used to calculate the infrared emission spectrum of vibrationally
excited species in the collision-less environment of interstellar
space. This model follows the energy cascade as the molecules
relax after the absorption of a UV photon in order to calculate the
detailed profiles of the infrared bands. The results are validated
against elegant laboratory spectra of polycyclic aromatic hydro-
carbon absorption and emission spectra obtained in molecular
beams. The factors which influence the peak position, spectral
detail, and relative strength of the CH stretching and out-of-plane bending modes are investigated, and detailed profiles for these
modes are derived. These are compared to observations of astronomical objects in space, and the implications for our understanding
of the characteristics of the molecular inventory of space are assessed.

1. INTRODUCTION transition frequencies for a set of small PAHs with those
The infrared (IR) spectra of many gaseous regions of interstellar measured using matrix isolation spectroscopy (MIS).” In recent
space are dominated by strong emission bands at 3.3, 6.2, 7.7, years, this approach has been furtléer refined by introducing
8.6,11.2,and 12.7 ym, accompanied by a host of weaker features frequency-dependent scaling factors.” However, MIS is prone to
(cf., ref 1 and references therein). The measured peak positions introducing changes in line positions, intensities, and band
are very characteristic of aromatic species, and as such these proﬁles of the recorded spectra and even band splittings due to
bands are commonly known as the aromatic infrared bands interactions with the matrix environment. Therefore, MIS
(AIBs). Because these bands are bright, even far from the techniques have a limited accuracy (+6 cm™).* These
illuminating stars where the radiative equilibrium temperatures theoretical absorption spectra are then converted into emission
would prohibit dust emission at mid-IR wavelengths, the spectra using simple emission models.””~” The validity of this
emission must represent a fluorescence process where absorbed procedure is not well established because during radiative
stellar UV photons electronically excite a molecular species that vibrational relaxation the anharmonicity and resonances (i.e.,
then relaxes through vibrational emission at mid-IR wave- nearly degenerate intermode perturbations) can have profound
lengths. effects on the peak position and profiles of the molecular

This general framework is well accepted in the community,"
and the community has turned toward interpreting the observed
spectra in terms of the characteristics of the emitting carriers and
relating those to the physical conditions of the medium (e.g.,
density, temperature, and stellar radiation field). This is often ) _
based on fitting the observed spectra with a set of molecular Rews-ed: April 26, 2022 ™~ f
spectra collected in databases. These spectra are calculated using Published: May 11, 2022 ;
density functional theory (DFT) at zero Kelvin and are B
corrected for anharmonic effects using frequency scaling factors. o
Scaling factors are determined by comparing calculated

vibrational modes. Recent experimental’™'' and quantum

chemical'*~'* studies have focused on quantifying these effects
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Figure 1. Absorption spectra of pyrene (left), chrysene (middle), and pentacene (right) in the 3 um CH stretching region. (Top) Gas-phase
absorption spectra measured using an ion-dip technique. (Middle) Computed absorption spectra accounting for anharmonicity and resonance effects.

(Bottom) Computed absorption spectra in the double-harmonic approximation, with frequencies scaled by a factor of 0.963.

9,13

on the absorption spectra, and sophisticated simulations have
been developed to incorporate them into emission models.">~"*

In this article, we apply these newly developed models in order
to study the emission characteristics of the CH stretching and
bending modes of neutral polycyclic aromatic hydrocarbons
(PAHs). The emission model is briefly summarized in section 2.
Section 2.2 compares the experimental spectra of these modes
with quantum chemical calculations to validate the quantum
chemical results and assess the reliability of the spectra collected
in databases. Empbhasis is placed on the effects of anharmonicity
on the emission profiles. The astrophysical implications are
presented in section 4. Finally, the results are summarized in
section S.

2. METHODS

2.1. Emission Model. The details of the simulated PAH
cascade emission model have been described in detail
previously."”"®"? A second-order vibrational perturbation
treatment (VPT2) is applied to the harmonic vibrational
modes of the PAHs in order to obtain the anharmonic constants,
x (see ref 20 for their derivation), which in turn are used to
calculate the perturbed vibrational energies of mode v given by

E@w) =), a)k(nk + %) + xkl(nk + %)

k k<l

[+3)
X nl+_
2 (1)

where w represents the harmonic frequencies, and # represents
the number of quanta in the vibrational modes. Equation 1 is
valid for an asymmetric top.

Transition energies between adjacent vibrational levels of a
given mode are then given by
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, 1
AE (k)({”}) =w; + Zxkk(nk) + E Z X + Z Xikhy
i#k i#k
()

where n; is relative to the upper state and n; represents a
“spectator” mode that is populated but is not involved in the
transition.

A Wang—Landau walk”' is performed over these states for a
given energy range (0—8 eV in this work) by randomly
increasing or decreasing the vibrational quanta with a given
acceptance rate. See refs 16 and 17 for a complete description.
This produces energy-dependent spectra for each PAH, which in
turn is used to simulate the cascade emission process.

During the cascade emission simulation, the probability of
emitting an IR photon at a given energy is proportional to the
Einstein A coeflicient at that frequency, which is proportional to
the calculated intensity (km/mol) of the spectrum at said
frequency multiplied by the frequency squared. After recording
the emitted IR photon in a histogram of frequencies, the total
internal energy is decreased by the energy equal to the emitted
IR photon, and the next IR photon is likewise chosen from the
appropriate spectrum of the current total internal energy. This
process is continued until the PAH has cooled fully. The whole
process is then repeated from the initial cascade energy until the
desired resolution is obtained.

All parameters for the Wang—Landau walk and the emission
model used in this work follow the methods laid out in previous
work.'>"” The geometry optimizations, harmonic calculations,
and quartic force field were calculated using the Gaussian 16
software package”” with density functional theory with the
B3LYP****/N07D*° functional/basis set combination. The
VPT2 treatment was used with SPECTRO,*® which allowed
for the redistribution of intensities over the blocks of mutually
resonant modes, the so-called polyads.'”*’

https://doi.org/10.1021/acs.jpca.2c01849
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A modest rotational broadening of a HWHM of 2 cm ™' is
applied to all emission spectra in this work in order to soften the
sharp zero Kelvin emission edge which occurs prominently at
the blue edge of the emission features below 1500 cm™"."® This
amount of rotational broadening is appropriate for isolated
PAHs excited by UV absorption and relaxed through vibrational
emission.

2.2, Experimental Validation of the Model. 2.2.1. Labo-
ratory Absorption Spectrum of the CH Stretching Modes. The
aromatic CH stretching modes occur in the 2900—3200 cm™
range, which is broadened a bit from the aromatic CH stretching
range in benzene, for example, by Fermi resonances. The use of
IR-UV double resonance laser spectroscopic techniques coupled
with mass-resolved ion detection has provided high-resolution
(1 cm™) spectra of mass- and conformation-selected PAHs
seeded in molecular beams. In combination with anharmonic
DFT calculations, the work has provided much insight into the
spectral signature of PAHs in this frequency range.”'”'*>~"*

Figure 1 compares the experimental spectra of pyrene,
chrysene, and pentacene in the CH stretching region with the
computed spectrum in both the harmonic and anharmonic
approximations. Harmonic spectra (bottom traces) have been
shifted using a scaling factor of 0.963 in order to account for
anharmonicity and basis set errors.” As Figure 1 illustrates,
applying this correction factor results in good agreement in peak
position between the computed and the gaseous absorption
spectra but misses many new peaks that occur because of
resonances.

Figure 1 also compares the ion-dip spectrum with the
theoretical spectra computed in the anharmonic approximation
(middle trace). This anharmonic approximation also accounts
for resonance effects. In this case, no scaling factor has to be
applied to obtain good agreement in peak position. In addition,
the computed spectra agree reasonably well with the measured
spectra when considering the absorption band pattern, the
relative intensity, and the frequency range over which absorption
occurs. For each species, the difference in absorption activity
between the two computed spectra illustrates the importance of
resonance interactions, which cannot be accounted for in the
harmonic approach.

By comparing the spectra of the three species in Figure 1, we
recognize that the symmetric, compact PAH (i.e, pyrene)
exhibits IR activity over a much narrower frequency range than
do noncompact PAHs. The presence of bay regions (edges
containing two bound carbon atoms, which in turn are not
bound to any hydrogen atoms) in the molecular structure of
chrysene widens the IR activity to a larger frequency range. This
shift results from steric hindrance between hydrogens across the
bay regions.”®*” Hence, the spectral activity in the CH
stretching region provides direct insight into the structure and
symmetry of the emitting molecules.

2.2.2. Laboratory Emission Spectrum of the CH Stretching
Modes. Figure 2 compares the calculated emission spectrum of
naphthalene with the laboratory spectrum in the CH stretching
region. This emission spectrum was measured by the Saykally
group”’ using the single-photon infrared-emission spectrometer
(SPIRES) interfaced to a vacuum chamber where a pulsed
nozzle created a free jet expansion of naphthalene in argon.
Seeding occurred by pushing the argon beam through a
naphthalene sample reservoir. An excimer laser was used to
UV pump the PAH at either 193 or 248 nm, corresponding to
6.4 and S eV, respectively. Electronic excitation is quickly
followed by internal conversion to the vibrational manifold of
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Figure 2. (First panel) Experimentally obtained emission spectra of
gas-phase naphthalene, adapted from ref 30. Spectrum A is obtained
from a 193 nm laser pulse, and spectrum C is obtained from a 248 nm
laser pulse. (Second panel) Theoretical simulation of the top panel
using the method described in this article. (Third panel) Measured 30 K
absorption spectrum of gas-phase naphthalene using an ion-dip
technique.® (Fourth panel) Anharmonic spectrum calculated"” using
Gaussian and Spectro (cf,, section 2).

lower-lying electronic states, reaching the ground state after
about 1 ns.”" ~** However, it should be noted that some species
may decay through electronic fluorescence with a quantum yield
in the gas phase ranging from 0.1 to 0.45>" or after crossing over
to the triplet state through phosphorescence with a quantum
yield of ~0.02 at low temperatures.”> The highly vibrationally
excited species will relax through the emission of infrared
vibrational transitions, and full relaxation will take ~0.1s. The IR
emission spectrum of naphthalene was measured after ~40 s,
and at that point, the emitting molecule will attain full photon
energy as internal vibrational excitations.

As discussed in section 2.2.1, anharmonicity, Fermi
resonances, and higher-order vibrational couplings have a
profound influence on the absorption spectrum of PAHs, in
particular, in the CH stretching region.® Much of the spectral
detail which is present in the low-temperature absorption

https://doi.org/10.1021/acs.jpca.2c01849
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Figure 3. Absorption spectra of pyrene (left), chrysene (center), and pentacene (right) in the 11—14 yum CH out-of-plane bending-mode region.

(Top) Gas-phase absorption spectra measured using an ion-dip technique (pyrene and pentacene)'"*’

and matrix isolation spectra (chrysene)."

(Middle) Computed absorption spectra accounting for anharmonicity and resonance effects. (Bottom) Computed absorption spectra in the double-

harmonic approximation, with frequencies scaled by a factor of 0.963.

spectra blends away in the emission spectrum of a highly excited
PAH, leaving a broad, single peak that is shifted from the
absorption position due to anharmonicity and resonance
(section 3.1). As the comparison between our model and the
emission experiment (Figure 2) reveals, the shifts and the
broadening are well described by the theoretical model. Indeed,
even the subtle shifts in peak position and profile when changing
the internal energy from S to 7 eV are well captured by theory
(Figure 2). Similar good agreement is obtained in models for the
11.2 ym band in pyrene.36 As these comparisons demonstrate,
the present theory describes the emission process and the
resulting profiles at a level that is quite adequate for comparison
to observations of the AIBs.

2.2.3. Laboratory Absorption Spectrum of the CH Out-of-
Plane Bending Modes. The aromatic CH out-of-plane bending
modes occur in the 750—920 cm™" (11—14 ym) range, and the
pattern of bands in this region is very characteristic of the
molecular periphery of the PAH. This pattern was originally
recognized for substituted benzene and naphthalene.”®*” More
recent studies have determined the correlations between the
molecular structure and spectral pattern of the PAH vibrational
modes.""** We can recognize solo H atoms (no hydrogens on
adjacent carbons), duo H atoms (two adjacent carbons each
with a hydrogen atom), trio H atoms (three adjacent carbons
each with a hydrogen atom), and quartet H atoms (four adjacent
carbons each with a hydrogen atom). Each of these “edge”
groups absorbs in well-separated frequency ranges. The precise
frequency range is slightly sensitive to the charge state,”" and for
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neutrals, the CH out-of-plane bending mode ranges are 860—
900, 800—860, 750—810, and 730—770 cm™ (11.1-11.6,
11.6—12.5,12.4—13.3,and 13—13.6 um) when going from solos
to quartets.

Figure 3 compares the IR spectra of pyrene, chrysene, and
pentacene in this wavelength range. These PAHs contain duos
and trios, duos and quartets, and solos and quartets, respectively.
The influence on the CH out-of-plane bending mode pattern is
immediately apparent. Anharmonic calculations are in good
agreement with the gaseous absorption spectra in terms of peak
position and relative intensity. Harmonic calculations perform
equally well after applying the 0.963 correction factor. We note
that this spectral range is not much affected by resonance effects,
greatly contributing to the ease of use of these patterns in species
identification.

2.2.4. Intrinsic strength of the CH modes. The ratio of the
intensities of the 3.3 to 11.2 um AIBs has been used to estimate
the typical size of PAHs in the interstellar PAH family.* ="
These estimates depend, however, on the adopted intrinsic
strength of the modes involved, and these are taken generally
from (harmonic) calculations.

The NASA Ames PAH database (hereafter PAHdb) contains
synthetic spectra of 4233 species computed in the double
harmonic approximation using DET.%*70

When comparing the intrinsic strength of the CH modes in
neutral PAHs, it was noted that the calculated intrinsic strength
of the CH stretching modes is overestimated by about a factor of
2 when compared to the CH out-of-plane bending mode for a

https://doi.org/10.1021/acs.jpca.2c01849
J. Phys. Chem. A 2022, 126, 3198—3209
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number of small PAHs.”>">* This is a very general point for CH
stretching modes,” but it is not due to effects associated with the
matrix isolation technique as previously hypothesized because
this overestimation is also present when comparing the
computed spectra to the gas-phase absorption spectra in the
NIST database.”” The overestimation of the intrinsic intensities
can be attributed to the use of a limited basis set in the PAHdDb
computations, chosen as a compromise between accuracy and
computational costs. Good agreement with gas-phase ratios,
however, has been obtained previously when employing the
NO7D basis set. Figure 4 illustrates this point for a number of

% NIST
& Mackie et al (B3LYP/NO7D)
= AMES (B3LYP/4-31G)

\

N N §§

Intensity (OOP/CH Str)

Figure 4. Ratios of the intrinsic strength of the out-of-plane CH
vibrational modes (500—1000 cm™') to the CH stretching modes
(3000—3250 cm™') for various PAHs. Plotted are the NIST
experimental gas-phase absorption data (blue), DFT harmonic
vibrational spectra using B3LYP/NO7D (orange, this work), and
DFT harmonic vibrational spectra using BALYP/4-31G (green, typical
of the AMES database).

small PAHs. The limited comparison in Figure 4 suggests using
an intrinsic strength ratio scaling of about 2 for the out-of-plane
CH bending modes relative to the CH stretching modes when
using harmonic calculations from the NASA Ames Database.

3. RESULTS AND DISCUSSION

3.1. Interstellar Emission Spectrum. The detailed profile
of the vibrational bands depends on the internal excitation of the
emitting species. The energy cascade during the emission
process will partially obscure this dependence but subtle
variations remain noticeable, and this has been discussed in
detail for the out-of-plane bending modes.'® Here, we discuss
this aspect for the aromatic CH stretching mode. Figure S shows
the computed profiles for the aromatic CH stretching mode of
pyrene, chrysene, and pentacene, where the full IR cascade is
included in the simulation. At a low initial excitation energy, the
profile for all species is quite complex with multiple peaks. These
are due to resonance interactions that allow combination bands
and overtones to borrow intensity from the v = 1 of the normal
modes. For pyrene, as the internal excitation increases, these
secondary features shift to lower energies and blend into a
(weak) wing on the main band. At the same time, the peak shifts
to slightly lower frequencies and the profile becomes noticeably
broader. Likewise, for chrysene the distinct features blend
together and shift to lower energies, albeit over a broadened
range. In contrast, for pentacene, multiple peaks remain present
throughout the full excitation energy range. This is a general
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conclusion. Highly symmetric, compact PAHs, such as pyrene,
develop rather simple emission spectra in the CH stretching
region, dominated by a single peak. This emission band also
develops a low-frequency red-shaded wing: the telltale signature
of the effects of anharmonicity in highly excited species.'® As
discussed in section 2.2.1, at low temperatures, asymmetric,
noncompact PAHs show significant absorption over a wide
frequency range.” This gives rise to multiple emission bands in
the aromatic CH stretching region, which can result in a
broadened CH stretching region or can even persist as distinct
bands with increasing excitation (Figure S). The red dashed
curve superimposed on the top trace of each panel (8 eV
cascade) in Figure S represents the observed emission of the
AIBs in the Orion Bar.” As Figure S well illustrates, the observed
profile of the 3.3 um AIB points to the dominance of highly
symmetric, compact PAHs in the interstellar PAH family.

The profile of the CH stretching mode broadens with
excitation, and this is quantified in Figure 6. For symmetric
compact PAHs, such as pyrene anharmonic interactions lead to a
broad asymmetric, red-shaded emission profile (Figure 5). For
asymmetric PAHs, the width of the CH stretching mode reflects
the presence of multiple types of CH environments (cf,,
pentacene and chryene in Figure S) with their specific peak
positions. Each of these broadens with increasing excitation,
leading to a very broad, blended profile. Finally, resonance
broadening will also become more significant with increasing
size as more combination bands will be involved in the
resonance polyad.

3.1.1. Emission Profile. The profile of the CH out-of-plane
bending modes has recently been discussed in detail.'® Because
these bands are reasonably isolated, they can be used to illustrate
the effects of anharmonicity on the line profile rather well. In
general, these bands show a steep blue rise and a pronounced red
wing. The analysis reveals that the detailed profile is controlled
mainly by three variables: the energy of the absorbed UV photon
at the start of the cascade process, the size of the emitting PAH,
and the rotational temperature of the PAH (which is also size-
dependent). The first two variables determine the excitation
(i.e., the energy per mode, E/(3N — 6)). For typical UV photon
energies (6—10 eV) and PAH sizes (50 atoms), the energy per
modes ranges from 300 to S00 cm™'. Hence, low-frequency
modes may typically have one or two excitations, but high-
frequency modes are populated only part of the time. At low
temperatures, the emission spectrum is well represented by the
absorption spectrum. However, as the energy per mode
increases, other modes are populated and anharmonic
interactions between the modes shift the emission band to
lower frequencies. This shift becomes more pronounced when
the excitation increases as more spectator states become
populated and the population of these spectator states climbs
higher on their vibrational ladder. This effect is already apparent
in the frequency shift of the CH stretching mode with internal
energy (Figure 2), and it is more pronounced for the relatively
isolated CH out-of-plane bending modes.'® During the radiative
decay, the excited species cascade down in energy and the
resulting profile centers on the low-temperature absorption peak
but with a pronounced red-shaded wing.

The rotational excitation has only a minor effect. For a given
excitation, it slightly broadens the emission profile. In the final
cascade profile, the rotational broadening manifests itself mainly
in the steepness of the blue rise of the profile.'® For isolated
molecules, the rotational excitation is set by the vibrational
relaxation process. After many excitation-relaxation cycles, the
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Figure 5. CH stretching region (3.3 um) of pyrene (left), chrysene (middle), and pentacene (right) as a function of increasing initial cascade energies,
from 1 eV (bottom) to 8 eV (top) in increments of 1 eV. Note that the profiles are normalized. In reality, a highly excited PAH will emit more of its
internal energy in the CH stretching mode than a less-excited PAH. The dashed red spectrum at 8 eV is the observed PAH emission from the Orion
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rotational population is well described by a Gaussian
distribution at an effective rotational temperature given by

_ heBl* hew
kK 6k 3)

where B is the rotational constant, J;. the most probable
rotational quantum number, U the average energy of the
vibrational photons emitted, and the factor 6 reflects the
integration of the K ladder.”**> Given the low density in
emission regions in space, collisional excitation has only a minor
effect on the rotational population.”*>* The broadening is then

given by Av ~4B,kT /hcB and this is about

Av ~ 1.6TB ~ 4 cm™ for 7 = 1000 cm™ assuming B = §
X 107 cm™!, which is appropriate for a 30 carbon atom compact
PAH. Given that the anharmonic broadening is on the order of
20—30 cm™, it is clear that rotational broadening has a relatively
minor effect. Besides changing the steepness of the blue rise of
the profile, rotational broadening will also lead to (blue) shifts in
the apparent peak position of the feature by about Av.

Figure 7 summarizes the results of cascade simulations of the
CH out-of-plane bending mode as a function of internal
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Figure 7. Full width at half-maximum (fwhm) of the CH out-of-plane
bending mode as a function of the initial internal excitation E/(3N — 6),
with N being the total number of atoms in the species. The profiles take
the full cascade into account. The different curves represent the results
of simulations for different PAHs as indicated in the legend. A bimodal
distribution is present, so two linear fits are presented.

excitation for a number of PAHs in terms of the full width at half-
maximum (fwhm). Because the blue side is sensitive only to the
rotational excitation, the observed increase in the fwhm with
excitation reflects the effects of anharmonicity on the red-shaded
profile. For the analyzed PAHs, the fwhm ranges from about S to
15 cm™. Besides excitation, the broadening also depends on the
molecular structure involved (Figure 7). From the limited data
available, anharmonic broadening seems to be more pro-
nounced in the acene-related family than for more compact
PAHs. Additional studies are required to separate the
anharmonic from the molecular structure effects.

Finally, we note that the detailed profile of vibrational modes
may also be affected by blending with other modes."®
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4. ASTROPHYSICAL IMPLICATIONS

4.1. Ratio of the CH Modes. The CH modes are the
dominant vibrational relaxation channels for neutral PAHs.
Given the large energy difference between the CH stretching
and out-of-plane bending modes, the intensity ratio of these
modes is very sensitive to the level of internal excitation. Because
the available UV photon excitation energy is limited to a
relatively narrow range (~6—13.6 eV) in the interstellar medium
of space, this ratio provides a convenient measure of the size of
the emitting PAHs. This technique has been widely used in the
size analysis of the interstellar PAH family."***~*" Of course
this ratio is sensitive to the predicted intrinsic strength ratio of
the modes, and these previous analyses are based on the
computed results reported in the PAHdb. As discussed in
section 2.2.4, these computations have underestimated the
intrinsic strength of the CH stretch by about a factor of 2, and
this leads to an overestimate of the size of the emitting PAHs.

For a number of PAHs, Figure 8 shows the computed
intensity ratio of the CH stretching modes to the out-of-plane

0.7 Diben[ac]anthracene L
Benzo[e]pyrene Ve
Anthanthrene i
0.6 1 Dibenz[ah]anthracene
— Benzocoronene
g‘ Dibenz[aj]anthracene
o 0.5 Pentacene
5 ) Chrysene
= Benzo[ghi]perylene
) Pyrene
o 0.44 Phenanthrene
@ Naphthalene
T Anthracene
Q, J Tetracene
0.3
o Benzo[a]pyrene,
IS
@
2 0.2
[%2]
c
2
=i
= 0.14
0.0+

0 002 0.04 006 008 01 012 0.14 0.16 0.18

E/(3N-6) [eV/mode]

Figure 8. Computed intensity ratio of the CH stretching mode to the
CH out-of-plane bending modes as a function of the initial excitation
(e.g, the absorbed UV photon energy, E, divided by the number of
vibrational modes, (3N — 6), with N being the total number of atoms in
the species. These calculations take the full cascade into account. The
individual curves refer to the PAH species identified in the legend. The
dashed line represents the linear fit to all data.

bending modes as a function of excitation energy, taking the full
IR cascade into account. Because the intrinsic strength ratio of
these modes is very similar for all species (cf., Figure 8), the
calculated ratio of the emission bands depends mainly on the
internal excitation and is rather independent of the particular
PAH species involved, validating the use of this ratio as a size
indicator. A linear fit (y = 4.04x — 0.0424) provides a reasonable
approximation for all species, where for a fixed internal
excitation, we see variations in this ratio in the range of 10—20%.

In Figure 9, we present this ratio as a function of PAH size for
different initial absorbed UV photon energies, where we have
adopted the intrinsic strength ratio obtained from the linear fit of
Figure 8. We note that there is a weak dependence on the
molecular structure of the emitting PAHs, the origin of which
awaits illumination by further studies. These theoretical results
can be compared to the observed ratio of CH stretching modes
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Figure 9. Computed intensity ratio of the CH stretching mode to the
out-of-plane bending modes as a function of the PAH size. The different
curves represent different initial absorbed UV photon energies as
indicated in the legend. Solid data points correspond to the 3.3/11.2
pum AIB ratios measured by the SWS in large apertures in the Orion Bar,
the reflection nebulae (NGC 7023), and the planetary nebulae (NGC
7027 and IRAS 21282 + 5050). Open data points correspond to the
ratio of the 3.3/(11.2 + 12.7) AIBs measured for these sources. These
data points are taken from ref 53 and plotted at the average absorbed
UV photon energy typical for these sources (Orion Bar: 8 eV (blue
stars); NGC 7023: 6 eV (green stars); NGC 7027: 10 eV (red stars);
IRAS 21282 + 5050: 10 eV (purple stars). The two horizontal dashed
green lines represent the observed systematic variation in the 3.3/11.2
AIB band ratio in the reflection nebula, NGC 7023.*

to the out-of-plane bending modes in the Orion Bar (a
photodissociation region within NGC 1976), NGC 7023,
NGC 7027, and IRAS 21282 + 5050 (Figure 9). We infer typical
sizes of the emitting PAHs in these objects to be in the ranges of
35—48,26—37,30—4S, and 69—85 atoms, respectively. In terms
of the number of carbon atoms for compact PAHs, these
approximate to 22—30, 16—24, 18—28, and 48—60, respectively.
The presence of a size range is indicative of which specific AIBs
are included in this analysis. The interstellar 11—14 pm
spectrum typically shows two out-of-plane bending modes at
11.2 and at 12.7 pm. The upper estimates for the sizes quoted
above assume that both of these AIBs originate from the same
species, and the lower estimates assume only that the 11.2 gm
mode originates from the same species. The 12.7 AIB feature,
however, is observed to correlate well with the 6.2 and 7.7 ym
AIBs but not with the 11.2 ym AIB. This behavior may indicate
that the physical conditions that favor duos/trios over solos
(section 2.2.3) also favor ionization.”' Alternatively, this
correlation behavior has been interpreted to indicate that, like
the 6—9 um modes,”” the 12.7 um AIB is carried by ionized
PAHs.*® As quantum chemistry clearly reveals, the 3.3 um CH
stretching mode can be safely attributed to (small) neutral
PAHs,” but if the 12.7 pm AIB is due to PAH cations, then its
integrated intensity should not be included in this analysis (e.g.,
the size of the emitting PAH should be estimated from the
observed ratio of the 3.3 to the 11.2 ym AIBs). As Figure 9
demonstrates, this has quite an effect on the derived sizes.
Further observational studies will be required to settle this issue.
Narrow band photometric studies have revealed that the ratio of
the 3.3 ym band to the 11.2 ym band varies with distance from
the star across the NGC 7023 reflection nebula,™ and this has
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been interpreted in terms of systematic variations in the sizes of
the emitting PAHs (Figure 9). We do note, though, that these
studies do not include the 12.7 ym AIB and that the 12.7/11.2
pum AIB ratio varies systematically from about 0.3 to 1.3 over this
nebula, which may well influence the derived sizes if the 12.7 ym
AIB is carried by neutral PAHs. The James Webb Space
Telescope (JWST) can be expected to record spectra of the AIBs
in a wide variety of regions and address the issue of the charge
state of the 12.7 ym AIB. Figure 9 can then be used as a guide to
interpret the observed ratios in terms of the size of the emitting
PAHs and to relate them to (UV) processing in these regions. As
this study demonstrates, ionization and size are two crucial but
separate issues that are worthy of further study.

4.2. Anharmonicity and the Observed Profiles of the
AIBs. The well-isolated AIBs at 5.75, 6.2, and 11.2 ym show a
profile with a pronounced red-shaded wing (Figure 10).
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Figure 10. Observed profiles of the 11.2, 6.2, and 5.7 ym AIBs in the
planetary nebula, NGC 7027, show a pronounced red-shaded wing.
This figure was adapted from ref 57.

Although this wing may be due to the blending of several
components contributed by different species in the interstellar
PAH family with slightly different frequencies,” the more likely
explanation is that this reflects the importance of anharmo-
nicity.'®**~®" Using the calculated anharmonic interaction
terms, simulations of the 11.2 uym band taking the full IR
cascade into account show good agreement with the observed
profiles,"® providing strong support for the interpretation of this
red-shaded wing in terms of anharmonic interactions. Typically,
the profiles of the AIBs show only small variations in the peak
position and strength of the red-shaded wing from source to
source and within individual sources.””® The Orion Bar
spectrum shown in the top panel of Figure 11 represents the
typical 11.2 pm spectrum well, and the NGC 7027 planetary
nebula shows the typical range of broadening observed in
astronomical samples. The spectrum of the IRAS 21282 + 5050
planetary nebula is an exceptional spectrum with a red-shaded
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Figure 11. (Top) Observed profiles of the 11.2 ym AIB in the Orion
Bar and the planetary nebulae, NGC 7027 and IRAS 21282 + 5050.
This image was adapted from refs 53 and $8. (Bottom) Simulated
cascade emission spectrum of anthracene at 1, 6, 8, and 10 eV. Note the
change in the relative strength of the red-shaded wing in both panels as
the internal energy increases.

wing that is about twice as broad as that of the Orion Bar (Figure
11).

The observed differences in the extent of the red-shaded wing
of the 11.2 um AIB can be attributed to excitation differences.
The change in excitation can result either from the source of UV
photons (i.e., a hotter stellar source or a higher incident far-
ultraviolet (FUV) radiation field) or from a change in the PAH
size (i.e, a PAH can redistribute the absorbed UV energy across
more or fewer vibrational modes).’”®” Given the similarity in
the blue rise of the 11.2 ym band in these spectra and given that
the peak position of this out-of-plane bending mode would shift
slightly with the molecule involved, we consider that these
profile variations likely reflect a difference in mainly the source of
UV photons. This is illustrated in Figure 11 for the anthracene
IR cascade emission at three different initial internal energies.
These internal energy variations are reasonable because the
Orion Bar is illuminated by an 06.5 V star and has a radiation
field that is about G, = 4 X 10% the average interstellar radiation
field. The central star of NGC 7027 is a very hot (~200 000 K)
white dwarf with G, = 6 X 10°, and IRAS 21282 + 5050 has a
carbon-rich Wolf-Rayet central star (WC11, T,z ~ 45000 K)
and G, = 2 X 10°.%°7%” We stress that this comparison is meant
only to be an example. Indeed, the anthracene solo out-of-plane
bending mode is displaced to longer wavelength as compared to
the 11.2 ym AIB, illustrating that the observed red-wing strength
variations in the AIB can be well matched for reasonable
excitation parameters.

As a general note of caution, the 11.2 ym AIB has a weak
companion band at shorter wavelength, 11.0 ym. As this band
increases in intensity and develops a red-shaded profile, the
profile of the 11.2 ym AIB will be distorted, and care is needed to
disentangle these bands."®

4.3. Identification. The results presented in this article have
some important ramifications for identification efforts. As Figure
S illustrates, chrysene and pentacene show very broad and
complex CH stretching mode profiles with substructure or even
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multiple peaks over the relevant UV photon excitation range.
This is a general property for noncompact, asymmetric PAHs,
which all show absorption activity in their CH stretching modes
over a wide frequency range.”” In contrast, the observed 3.3 ym
AIB has a single peaked profile, albeit with some minor
substructure present.””>® Hence, this class of species cannot
have a high abundance in the interstellar PAH family. In
contrast, the calculated cascade spectrum of the CH stretching
mode in the compact PAH, pyrene, compares well to the
observed profile of the 3.3 yum AIB band (red trace in Figure 5).

The dominance of highly symmetric, compact PAHs in the
interstellar PAH family is supported by other lines of evidence.
Specifically, the 500—650 cm™ (15—20 um) spectral range
represents the transition from bands due to pure group
molecular vibrations to bands involving larger parts of the
PAH skeleton (i.e., the C—C—C deformation modes). Quantum
chemical studies of irregular PAHs reveal very complex spectra,
generally with many bands; in contrast, highly symmetric,
compact PAHs have very simple spectra with typically one
dominant band.”*** Because the observed AIB spectrum reveals
the presence of only a few well-defined bands,’® highly
symmetric, compact PAHs seem to dominate the interstellar
PAH family. The 1250—1300 cm™" (7 to 8 ym) range is equally
revealing. The observed AIB spectrum is rather simple, with
major bands at 7.6, 7.8, and 8.6 ym, though there is some weak
spectral structure present at high spectral resolution.” Irregular,
asymmetric PAHs have many active modes in the frequency
range, while the spectra of symmetric, compact PAHs are
dominated by a few bands.”***7%7*

Finally, we draw attention to Figure 11. The blue rise of the
observed 11.2 ym AIB is similar in all three sources. Experiments
and theory show small variations in the peak position of the solo
CH out-of-plane bending mode at the S to 10 cm™" (0.1 ym)
level within the (limited) subset of PAHs studied.'””” Such
variations would show up as shifts in the blue rise and peak
position of this AIB. Studies on a larger set of relevant PAHs will
have to confirm this, but for now we tentatively conclude that
the same species are responsible for the AIB emission in these
three very different sources, which supports the suggestion that
the interstellar PAH family is dominated by a few very stable
PAHs, the so-called grandPAHs.”*”*

5. CONCLUSIONS

In support of the analysis of the AIBs in interstellar spectra, we
have studied in detail the characteristics of the CH stretching
and out-of-plane bending modes in neutral PAHs. We have
calculated the low-temperature absorption spectra using
anharmonic DFT, taking resonances into account. This method
has been validated against laboratory spectra of a set of (small)
PAHs. We have applied a model for the infrared cascade that
occurs when a UV-excited PAH relaxes through vibrational
emission, and we have used this to calculate the expected profile
of the emission bands. These model spectra can be compared in
detail to spectra observed in space.
Our detailed conclusions are as follows:

1. Anharmonic interactions, including mode couplings,
perturbations, and resonance effects, lead to large
(relative to harmonic) frequency shifts, the inclusion of
which is necessary to bring theory into agreement with
experimental spectra, especially in the CH stretching
region. For spectra calculated with the double-harmonic
approximation using B3LYP/4-31G, this is typically
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compensated for by a frequency-dependent correction
factor. However, anharmonic theory using B3LYP/N07D
is in good (0.5%) agreement with experimental peak
positions without the need for a scaling factor.

. Besides anharmonic shifts in frequency, the CH stretching
modes are greatly affected by resonance interactions. The
anharmonic theoretical spectra are in excellent agreement
with the experimental spectra in terms of the frequency
range and relative strength of the modes. In particular, the
redistribution of intensity from the intrinsically bright
modes to the weak or normally dark transitions is
important. While anharmonicities affect the position and
profile of the CH out-of-plane bending modes, resonances

are found to be less important for these modes.

. In agreement with previous studies,””” we conclude that

the relative strength of the CH stretching modes with
respect to the CH out-of-plane bending modes is
overestimated in the spectra collected in the PAHdb.
This reflects the limited basis set, driven by computational
cost considerations, used in the calculation of these
spectra. Good agreement with experiments is obtained for
anharmonic calculations using the B3LYP/NO7D func-
tional/basis set. We have recalibrated the widely
employed relationship between the observed relative
strength of these modes in astronomical spectra and the
size of the emitting PAHs in Figure 9. We conclude that
species in the interstellar PAH family are typically 16—30
carbon atoms, depending on the region, and this contrasts
with previous estimates ranging from 35—80 to 50—105
carbon atoms.*® If confirmed, this will represents a
dramatic change in the understanding of the interstellar
PAH population.

. The calculated emission profiles of the CH stretching
mode in highly vibrationally excited naphthalene are in
good agreement with laboratory studies in terms of peak
position, red wing, and the frequency shift with excitation
level, providing general support for our theoretical
models.

. The IR emission of CH stretching modes in asymmetric,
noncompact PAHs shows infrared activity over a wide
frequency range. This characteristic is retained after
allowing for the IR cascade processes and is at odds with
the observed interstellar spectra. We conclude that the 3.3
pum AIB is dominated by emission from compact PAHs.

. The energy cascade inherent in the vibrational relaxation
of isolated molecules produces red-shaded wings on their
emission profiles, which is very pronounced for the CH
out-of-plane bending mode. We have computed the line
profile of this mode and demonstrated that the observed
variations in the strength of this red-shaded wing on the
11.2 ym AIB can be well reproduced for reasonable
variations in the internal excitation of the emitting species.

Experimental and theoretical spectra of small PAHs agree well
in detail. Further experimental and theoretical studies are
required to determine the applicability of these results to larger
PAHs, PAH cations, and wider structural variety relevant to
interstellar observations. Laboratory studies on millimeter-wave
spectroscopy can provide insight into the pure rotational
properties of PAHs that enter into these calculations. In
addition, such studies can guide astronomical searches for the
rotational transitions of PAHs that can be used as fingerprints for
identification purposes. Theoretical studies will require either an
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increase in computer power or clever algorithms that link
anharmonicity for similar modes to the size and structure of the
species involved. JWST can be expected to observe interstellar
PAH spectra at high sensitivity and spectral resolution in a wide
variety of environments. Models such as those presented here
will be instrumental in linking the observed spectral character-
istics to the inherent molecular properties of the species in space.
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