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The infrared emission of dust in galaxies
[Désert, Boulanger, Puget 1990, Compiègne et al. 2011]
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Rosenberg, M. J. F. et al.: Variations of PAH Features
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Fig. 1. Mid-infrared spectra of the interstellar medium in regions of the
Milky Way and other galaxies obtained with the IRS instrument on-
board the Spitzer Space Telescope. The Orion Bar is a UV irradiated
molecular ridge in the Orion star-forming region. SMC and LMC re-
fer to the Small and Large Magellanic Clouds. M82 is a nearby galaxy
with intense star formation activity. The Luminous and Ultraluminous
Infrared Galaxies (respectively LIRG and ULIRG) spectra are templates
obtained by stacking the spectra from a large sample of galaxies (Dasyra
et al. 2009). The 0 < z < 1 and 1 < z < 2 spectra, where z means
redshift, were obtained by stacking the spectra from a large sample of
galaxies (Dasyra et al. 2009) and are presented in their rest frame. These
spectra represent galaxies in the early universe.

2. Observed PAH spectrum

Between 2003 and 2009, NASA’s Spitzer Space Telescope
(Werner et al. 2004) observed numerous astronomical sources
in the mid-infrared (5-15 µm). These data have been made pub-
licly available and can be accessed online1. We have compiled
a sample of the mid-IR spectra. These data were obtained with
Spitzer’s infrared spectrograph (IRS; Houck et al. 2004), utiliz-
ing its short wavelength, low resolution module (SL), and are
shown in Figure 1. These spectra include observations of the
interstellar medium (ISM) ranging from specific regions in our
galaxy to galaxies up to redshifts z > 1.

The spectra in Figure 1 span a wide range of objects, physical
conditions, star formation activity/history, age, metallically, and
mass. While showing small di�erences in detail, regardless of
their environment, all spectra resemble each other in peak posi-
tion and profile and are dominated by emission features centered
around 6.2, 7.7, 8.6, 11.2 and 12.7 µm. The similarity between
the spectra in Figure 1 is striking, with an average correlation co-
e⇥cient of 0.8. This high correlation between observed spectra
implies universal properties for the carrier(s) of these AIBs. In
the following, we will attempt to reproduce these observations
using quantum chemically calculated spectra and to explain the
universal character of the observed AIB spectrum. The black
spectrum in Figure 1 is NGC 7023-NW and will be used as
the ’typical’ PAH spectrum for comparison to the models in
the remainder of the text.

1 http://sha.ipac.caltech.edu/applications/Spitzer/SHA/

We have specifically chosen to exclude low-UV environ-
ments, such as post-AGB stars or molecular clouds and other
objects that are categorized as Class C by the ? classifi-
cations. Low UV environments are generally characterized
by emission from ”very small grains”. The exact nature of
the grains is not determined but it is agreed that they are
not purely aromatic. It is believed that the processing of the
very small grains by UV radiation releases free flying PAHs
(Pilleri et al. 2009). Hence, only in more exposed UV environ-
ments where the spectrum is purely aromatic, can the spec-
trum be compared to the database. For the truly di↵use ISM,
there is no representative spectrum; the mid-IR emission is
so low because of low column density and radiation field that
it makes spectroscopic observations di�cult.

3. Results

3.1. NASA Ames PAH IR Spectroscopic Database

Version 1.32 of the NASA Ames PAH IR Spectroscopic
Database is used, which contains 659 computed PAH spectra
(Bauschlicher et al. 2010; Boersma et al. 2014). From these, 548
were selected, excluding those spectra from PAHs containing
oxygen, magnesium, silicon and iron, as these are commonly
not considered to exist at high abundances, if at all, in space.
The selected set holds the spectra from a wide variety of PAHs;
PAHs of di�erent sizes (9 ⇥ NC ⇥ 384), ionization states (-
,0,+,++,+++), and geometries. A discussion on biases in the
database can be found in Appendix A.

In order to compare astronomical AIB emission spectra with
computed absorption spectra from the NASA Ames PAH IR
Spectroscopic Database, an emission model is required. Here,
the single photon, single PAH emission model is adopted, which
is fully implemented by the AmesPAHdbIDLSuite (Bauschlicher
et al. 2010; Boersma et al. 2014). Each PAH is given an internal
vibrational energy of 6.0 eV and put through the entire emission-
cooling cascade.

While the choice of emission profile and its width will not
a�ect our general result, they do become important when mak-
ing the direct comparison to astronomical observations. Here
Lorentzian emission profiles are chosen with a fixed width of
15 cm�1. However, anharmonicity will shift the peak position
and broaden the bands. The exact amount of this shift and broad-
ening is dependent on the specific molecule, temperature, and vi-
brational mode (Cherchne� et al. 1992; Cook & Saykally 1998;
Joblin et al. 1995; Pech et al. 2002; Oomens et al. 2003). It is this
complexity that restricts the emission model from dealing with
anharmonicity in detail. However, an overall redshift of 15 cm�1

is applied, which is consistent with shifts for the out-of-plane
bending modes of PAHs at ⇤900 K measured in the laboratory
(Joblin et al. 1995; Pech et al. 2002). The resulting emission
spectra are presented in the top panel of Figure 2 and illustrate
the diversity in spectral features between PAH species.

3.2. Database Mixtures

From the 548 PAH emission spectra calculated in Section 3.1,
1000 random mixtures were created by assigning each 5-15 µm
PAH spectrum a random abundance between 0 and 1 and then
averaging. The results are presented in the left panel of Figure 2.
The similarity between the 1000 mixtures is astonishing, with an
average correlation coe⇥cient of 0.96 (see Appendix B).

We can continue this analysis for the di�erent charge states
of the PAH species. From the 254 and 222 PAH cations and
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[Rosenberg, Berné, Boersma A&A 2014]
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The PAH model

ANRV352-AA46-09 ARI 25 July 2008 4:36

1. INTRODUCTION
In the mid-1970s, ground-based and airborne studies revealed relatively broad emission features
in mid-infrared (mid-IR) spectra of bright HII regions, planetary nebulae (PNe), and reflection
nebulae. The opening up of the IR sky by the Infrared Space Observatory (ISO) and the Spitzer
Space Observatory has revealed the incredible richness of the mid-IR spectrum (Figure 1). Ad-
ditionally, the high sensitivity of these space-based observations has demonstrated that these IR
emission features are ubiquitous and are present in almost all objects, including HII regions, re-
flection nebulae, young stellar objects, PNe, postasymptotic giant branch (AGB) objects, nuclei
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Figure 1
(a) The mid-infrared spectra of the photodissociation region in the Orion Bar and in the planetary nebulae
NGC 7027 are dominated by a rich set of emission features. These features are labeled with the vibrational
modes of polycyclic aromatic hydrocarbon molecules at the top. Figure adapted from Peeters et al. 2002.
(b) Three spectra selected from the SINGS sample of nuclei of nearby galaxies. The measured ν Iν in units of
10−6 W m−2 sr−1 is shown as a function of rest wavelength in micrometers. Figure taken from Smith et al.
2007. Note the relative intensity variations between the CC and CH modes and among the CH out-of-plane
bending modes. The narrow features are atomic or ionic lines originating in the HII region or
photodissociation region.
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[Tielens 2008, Peeters et al. 2003]

[Léger, d’Hendecourt, Défourneau, 1989]

1984/1985 proposal that mid-IR bands are due to gas phase PAHs
[Léger & Puget 1984] [Allamandola, Tielens, Barker 1985]

Polycyclic Aromatic Hydrocarbons (PAHs)

No specific PAH molecule identified !

Emission by fluorescence (gas phase)



The NASA-Ames database: calculated spectra for more than 600 species, with a range of size and 
charge state [Bauschlicher, Boersma et al. 2012] [Boersma et al. 2014]http://www.astrochem.org/pahdb/
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[Rosenberg, Berné, Boersma A&A 2014]

http://www.astrochem.org/pahdb/


The NASA-Ames database: calculated spectra for more than 600 species, with a range of size and 
charge state [Bauschlicher, Boersma et al. 2012] [Boersma et al. 2014]http://www.astrochem.org/pahdb/
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Random mixtures of PAHs

1000 mixtures with random weights 
for each molecule

http://www.astrochem.org/pahdb/


The NASA-Ames database: calculated spectra for more than 600 species, with a range of size and 
charge state [Bauschlicher, Boersma et al. 2012] [Boersma et al. 2014]http://www.astrochem.org/pahdb/
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1985 Discovery of the C60 molecule in the lab
[Kroto, Heath,  Obrien, Curl,  Smalley, Nature, 1985]

The serendipitous discovery of C60 

©          Nature Publishing Group1985
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[Kroto, Heath,  Obrien, Curl,  Smalley, 1985]

The serendipitous discovery of C60 

©          Nature Publishing Group1985

Richard Buckminster Fuller
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 C60 in space ?

The identification of C60+ based on coincidence of absorption bands with lab spectra is questioned by 
the fact that no cold, gas phase, spectroscopic data exist for this molecule
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The existence of large gas phase carbon molecules

lines that are characteristic for the low-density
gas environment of PNe. The infrared continuum
is due to emission from circumstellar dust. For
carbon-rich environments, this dust is typically
amorphous carbon, which results in a featureless
continuum. Other common dust components re-
veal their presence through emission bands.

The spectra of most carbon-rich PNe are gen-
erally dominated by strong emission features due
to PAHs. These features are completely absent in
the spectrum of Tc 1. In addition, there is no trace
of even the simplest H-containing molecules
(such as HCN and C2H2) that are often observed
in carbon-rich proto-PNe. The Spitzer IRS spectrum
does show a few weak hydrogen recombination
lines, but these most likely originate from the
halo material farther out, where Ha emission is
also observed. Instead, the spectrum is dominated
by the prominent C60 bands at 7.0 (20), 8.5, 17.4,
and 18.9 mm, and furthermore exhibits weaker
features that are due to C70 (Fig. 1).

Emission processes result in band intensities
that are proportional to the Einstein A coefficients
for spontaneous emission and to the population of
the excited states. We scaled the experimentally
obtained relative absorption coefficients for the
C60 bands (1, 0.48, 0.45, and 0.378 for the bands at
18.9, 17.4, 8.5, and 7.0mm, respectively) (21, 22) to
absolute values by adopting a value of 25 km/mol
for the band at 8.5 mm (23) and converted them
to Einstein A coefficients. Using these, we cal-
culated the population distribution over the ex-
cited vibrational states from the total emitted power
in each of the C60 bands and found them to be
consistent with thermal emission, in which case
they are fully determined by a single parameter—
the excitation temperature—which we derived to
be ~330 K (19). The relative intensities of the in-
frared C60 bands in Tc 1 thus match what is ex-

pected for thermal emission at 330 K when using
experimentally obtained absorption coefficients.

It is well established from laboratory experi-
ments that the peak wavelengths and bandwidths
are temperature-dependent (24). The peak wave-
lengths in Tc 1 agree, within uncertainty, with
those found in laboratory experiments obtained at
temperatures comparable to our derived excita-
tion temperature (19, 25). We measured widths
(full width at half maximum) of ~10 cm−1 for the
bands at 18.9 and 17.4 mm, which agrees with
laboratory results (24–26); the bands at 7.0 and
8.5 mm are unresolved (19). We performed a sim-
ilar analysis for the C70 bands using appropriate
laboratory results (24, 27, 28) and obtained an
excitation temperature of ~180 K (19).

For comparison, we used the derived excita-
tion temperatures to construct thermal emission
models for both molecules (Fig. 1). The corre-
spondence between the laboratory-based emis-
sion model and the observations supports the
identification of these bands with fullerenes. The
absence of the corresponding spectral features of
fullerene cations or anions (e.g., 7.1 and 7.5 mm
for Cþ

60) implies that the fullerenes are in the
neutral state. All infrared active bands of both
species are fully accounted for in Tc 1; no other
clear spectral features remain unidentified in the
spectrum (19). The environment of Tc 1 thus re-
sults in a unique dust composition, but not in a
wide variety of dust components.

Our results suggest that the emission does not
originate from free molecules in the gas phase,
but from molecular carriers attached to solid ma-
terial. With an effective temperature for the cen-
tral object of ~30,000 K, the radiation field peaks
for photon energies in the range 6 to 10 eV, which
would result in excitation temperatures of 800 to
1000 K for large gas-phase species. The much

lower temperatures derived for the fullerenes thus
imply that these species are in direct contact with
a much cooler material. In this environment, the
most likely solid material is the surface of the
abundant carbonaceous grains present in the out-
flow. These solids are in radiative equilibrium
with the stellar radiation field, and thus their
temperature is determined by the distance from
the central object. If the fullerenes are in direct
contact with this material, they must be at the
same temperature and display a thermal popula-
tion distribution over the excited vibrational states,
such as we observe in Tc 1. The difference in
temperature between C60 and C70 then implies
different spatial locations, with C60 located closer
to the illuminating source than C70. This could
happen if C70 forms from C60 as it moves out.

The presence of only neutral fullerenes is in
agreement with an origin on grain surfaces, in
which case charge effects on individual mole-
cules are unimportant. In contrast, gaseous C60

would be largely in cationic form in this environ-
ment. Some observational support for an origin
in the solid state is also provided by the broad and
generally symmetric (Gaussian) band profiles. For
gas-phase species, vibrational anharmonicities
(and possibly ro-vibrational structure) would
result in asymmetric bands. Only a small fraction
of such gaseous material could be hidden in the
observed bands. The absence of gas-phase spe-
cies is puzzling and could indicate that the
fullerenes form on (or from) the dust grains and
never fully evaporate.

On Earth, fullerenes can be synthesized by
vaporizing graphite in a hydrogen-poor atmo-
sphere that contains helium as a buffer gas. The
fullerene formation process is very efficient, and
C60 is by far the dominant and most stable spe-
cies among the large cluster population formed in

A B

Fig. 1. The Spitzer IRS spectrum of Tc 1. (A) The entire range, 5 to 37 mm. (B)
Continuum-subtracted spectrum between 5 and 23 mm, where known for-
bidden emission lines are masked (19). We fitted a cubic spline to spectral
ranges devoid of features to determine the dust continuum (red dashed line).
The broad plateau between 11 and 13 mm is attributed to emission from SiC
dust (34, 35), and the well-known broad feature longward of 23 mm is be-
lieved to be due to MgS (36). Red arrows mark the wavelengths of all infrared
active modes for C60; blue arrows denote those of the four strongest, isolated

C70 bands. The red and blue curves below the data are thermal emission
models for all infrared active bands of C60 and C70 at temperatures of 330 K
and 180 K, respectively (19). We convolved the bands with a Gaussian profile
(s = 2.55 cm−1 for all C70 bands, s = 4.5 cm−1 for the C60 bands in the SH/LH
module, and s = 10 cm−1 for those in the SL module). Apparent weak emis-
sion bumps near 14.4, 16.2, 20.5, and 20.9 mm are artifacts. The nature of
the weak feature near 22.3 mm is unclear because it appears differently in
both nods.

www.sciencemag.org SCIENCE VOL 329 3 SEPTEMBER 2010 1181
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[Cami et al. Science 2010]

C60

C70

Neutral form ! + Proposed to be in the solid phase by Cami et al. while Gas phase by Sellgren et al.

Tc1 planetary nebula (evolved star)

2010 Discovery of the C60 molecule in emission in space
No. 1, 2010 C60 IN REFLECTION NEBULAE L55
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Figure 1. Spitzer-IRS spectra (solid curves) of NGC 7023 (25′′ east, 4′′ north
of HD 200775; top) and NGC 2023 (29′′ west, 8′′ south of HD 37903; bottom),
obtained with the short-wavelength low-resolution module (SL; 5.2–10.0 µm;
λ/∆λ = 60–120) and the short-wavelength high-resolution module (SH;
10.0–19.5 µm; λ/∆λ = 600). We mark C60 lines at 7.04, 8.5, 17.4, and 18.9 µm
(vertical lines). The strong emission feature at 8.6 µm is due to PAHs. H2
emission lines fall at 9.66, 12.3, and 17.0 µm.

λ/∆λ = 600). We chose nebular positions (29′′ west, 8′′ south
of HD 37903 in NGC 2023; 25′′ east, 4′′ north of HD 200775 in
NGC 7023) with a strong ratio of the 18.9 µm feature relative to
the 16.4 µm PAH feature. We used matched aperture extraction
in CUBISM (Smith et al. 2007b) to extract SL, LL, and SH spec-
tra in regions of overlap between these spectral modules. The
extraction aperture was 10.′′2×10.′′2 in NGC 2023 and 7.′′5×9.′′2
in NGC 7023.

We also retrieve from the Spitzer archive a spectral
data cube for NGC 7023 with LL (PI: Joblin, pid 3512;
aorkey = 0011057920). We use CUBISM to derive spectral
images in the 16.4, 17.4, and 18.9 µm features and 0–0 S(1) H2
for NGC 7023. For the spectrum of each spatial pixel, we define
a local continuum surrounding an emission feature or line and
subtract it before deriving the feature or line intensity.

We search for bad pixels and correct them with CUBISM
before extracting final spectra. We subtract dedicated sky spectra
for the 5–38 µm spectra of NGC 2023 and NGC 7023; no sky
subtraction is done for the spectral mapping.

3. RESULTS

Figure 1 illustrates our SL and SH spectra in NGC 2023
and NGC 7023. The 17.4 and 18.9 µm emission features are
prominent and coincident with C60 wavelengths.

We show the 5–9 µm SL spectrum of NGC 7023 in
Figure 2. We clearly detect an emission feature at 7.04 ±
0.05 µm. This feature is coincident, within the uncertainties,
with the wavelength of the expected C60 line. We highlight this
emission feature by using PAHFIT (Smith et al. 2007a) to fit the
5–9 µm spectrum with a blend of PAH emission features in ad-
dition to the new emission feature at 7.04 µm. The full-width at
half-maximum of the 7.04 µm C60 feature is 0.096 ± 0.012 µm,
significantly broader than our spectral resolution. We also detect
the 7.04 µm C60 feature in NGC 2023. We present the C60 band
intensities in Table 1.

In our previous long-slit spectroscopic investigation of
NGC 7023 (Sellgren et al. 2007), we found that the 18.9 µm
feature peaks closer to the central star than PAHs. We now illus-
trate this more clearly with the LL spectroscopic map extracted
in NGC 7023 (Figure 3). The 18.9 µm emission is clearly cen-
tered on the star. By contrast, the 16.4 µm PAH emission peaks
outside the region of maximum 18.9 µm emission, in a layer

Figure 2. Spitzer-IRS 5–9 µm spectrum of NGC 7023 (open squares), obtained
with the short-wavelength low-resolution module (SL; λ/∆λ = 60–120). We
mark C60 lines at 7.04 and 8.5 µm (vertical lines). We show the individual
contributions of PAH features at 5.3, 5.7, 6.2, 6.4, 6.7, 7.4, 7.6, 7.8, 8.3, and
8.6 µm to the spectrum, by decomposing the spectrum with PAHFIT (Smith et al.
2007a) and then overplotting the Drude profile of each feature (blue curves).
The Drude fit to the C60 feature we detect at 7.04 ± 0.05 µm is highlighted
(magenta curve). The 8.5 µm C60 feature is blended with the strong 8.6 µm
PAH feature.

Table 1
Observeda and Calculatedb C60 Intensity Ratiosc

I7.04/I18.9 I8.5/I18.9 I17.4/I18.9

Object

NGC 7023 (λ/∆λ = 60–130) 0.82 ± 0.12 · · · 0.42 ± 0.02
NGC 7023 (λ/∆λ = 600) · · · · · · 0.33 ± 0.01
NGC 2023 (λ/∆λ = 60–130) 0.086 ± 0.004 · · · 0.47 ± 0.01
NGC 2023 (λ/∆λ = 600) . . . . . . 0.66 ± 0.01

Absorbed photon energy

5 eV 0.46–0.58 0.41–0.43 0.28–0.38
10 eV 0.76–0.94 0.57–0.59 0.28–0.38
15 eV 0.97–1.20 0.67–0.71 0.29–0.38

Notes.
a Observed intensity ratios, derived using PAHFIT (Smith et al. 2007a). We give
statistical uncertainties; systematic fitting uncertainties are 15% for the 7.04 µm
intensity ratio and 30% for the 17.4 µm intensity ratio. The observed 17.4 µm
feature has not been corrected for PAH emission blended with it.
b Emission spectrum calculated with Monte Carlo code (Joblin et al. 2002) for
molecular cooling cascade after absorbing a stellar photon. C60 vibrational data
from Ménendez & Page (2000), Choi et al. (2000), and Schettino et al. (2001).
c Intensities (W m−2 sr −1) normalized to the 18.9 µm feature intensity.

between the star and the molecular cloud. The photodissocia-
tion front at the UV-illuminated front surface of the molecular
cloud is delineated by 0–0 S(1) H2 emission at 17.0 µm.

Our previous observations (Sellgren et al. 2007) suggested
that the 17.4 µm feature might be a blend of a PAH feature
and an emission feature with the same spatial distribution as
the 18.9 µm feature. We now confirm that this is the case
with IRS/LL spectroscopic imaging. We show an image of
the 17.4 µm emission from NGC 7023 in Figure 4, overlaid
with contours of 18.9 µm and 16.4 µm emission. The 17.4 µm
emission clearly shows one peak on the central star, coincident
with 18.9 µm C60 emission, and a second peak cospatial with
16.4 µm PAH emission. Thus, there is an ISM component with
emission features at 17.4 and 18.9 µm, which has a different
spatial distribution than PAHs traced by the 16.4 µm feature.

Our imaging spectroscopy demonstrates the spatial separation
between regions of peak PAH emission and peak C60 emission

[Sellgren et al. ApJ. 2010]
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Figure 1. Spitzer-IRS spectra (solid curves) of NGC 7023 (25′′ east, 4′′ north
of HD 200775; top) and NGC 2023 (29′′ west, 8′′ south of HD 37903; bottom),
obtained with the short-wavelength low-resolution module (SL; 5.2–10.0 µm;
λ/∆λ = 60–120) and the short-wavelength high-resolution module (SH;
10.0–19.5 µm; λ/∆λ = 600). We mark C60 lines at 7.04, 8.5, 17.4, and 18.9 µm
(vertical lines). The strong emission feature at 8.6 µm is due to PAHs. H2
emission lines fall at 9.66, 12.3, and 17.0 µm.

λ/∆λ = 600). We chose nebular positions (29′′ west, 8′′ south
of HD 37903 in NGC 2023; 25′′ east, 4′′ north of HD 200775 in
NGC 7023) with a strong ratio of the 18.9 µm feature relative to
the 16.4 µm PAH feature. We used matched aperture extraction
in CUBISM (Smith et al. 2007b) to extract SL, LL, and SH spec-
tra in regions of overlap between these spectral modules. The
extraction aperture was 10.′′2×10.′′2 in NGC 2023 and 7.′′5×9.′′2
in NGC 7023.

We also retrieve from the Spitzer archive a spectral
data cube for NGC 7023 with LL (PI: Joblin, pid 3512;
aorkey = 0011057920). We use CUBISM to derive spectral
images in the 16.4, 17.4, and 18.9 µm features and 0–0 S(1) H2
for NGC 7023. For the spectrum of each spatial pixel, we define
a local continuum surrounding an emission feature or line and
subtract it before deriving the feature or line intensity.

We search for bad pixels and correct them with CUBISM
before extracting final spectra. We subtract dedicated sky spectra
for the 5–38 µm spectra of NGC 2023 and NGC 7023; no sky
subtraction is done for the spectral mapping.

3. RESULTS

Figure 1 illustrates our SL and SH spectra in NGC 2023
and NGC 7023. The 17.4 and 18.9 µm emission features are
prominent and coincident with C60 wavelengths.

We show the 5–9 µm SL spectrum of NGC 7023 in
Figure 2. We clearly detect an emission feature at 7.04 ±
0.05 µm. This feature is coincident, within the uncertainties,
with the wavelength of the expected C60 line. We highlight this
emission feature by using PAHFIT (Smith et al. 2007a) to fit the
5–9 µm spectrum with a blend of PAH emission features in ad-
dition to the new emission feature at 7.04 µm. The full-width at
half-maximum of the 7.04 µm C60 feature is 0.096 ± 0.012 µm,
significantly broader than our spectral resolution. We also detect
the 7.04 µm C60 feature in NGC 2023. We present the C60 band
intensities in Table 1.

In our previous long-slit spectroscopic investigation of
NGC 7023 (Sellgren et al. 2007), we found that the 18.9 µm
feature peaks closer to the central star than PAHs. We now illus-
trate this more clearly with the LL spectroscopic map extracted
in NGC 7023 (Figure 3). The 18.9 µm emission is clearly cen-
tered on the star. By contrast, the 16.4 µm PAH emission peaks
outside the region of maximum 18.9 µm emission, in a layer

Figure 2. Spitzer-IRS 5–9 µm spectrum of NGC 7023 (open squares), obtained
with the short-wavelength low-resolution module (SL; λ/∆λ = 60–120). We
mark C60 lines at 7.04 and 8.5 µm (vertical lines). We show the individual
contributions of PAH features at 5.3, 5.7, 6.2, 6.4, 6.7, 7.4, 7.6, 7.8, 8.3, and
8.6 µm to the spectrum, by decomposing the spectrum with PAHFIT (Smith et al.
2007a) and then overplotting the Drude profile of each feature (blue curves).
The Drude fit to the C60 feature we detect at 7.04 ± 0.05 µm is highlighted
(magenta curve). The 8.5 µm C60 feature is blended with the strong 8.6 µm
PAH feature.

Table 1
Observeda and Calculatedb C60 Intensity Ratiosc

I7.04/I18.9 I8.5/I18.9 I17.4/I18.9

Object

NGC 7023 (λ/∆λ = 60–130) 0.82 ± 0.12 · · · 0.42 ± 0.02
NGC 7023 (λ/∆λ = 600) · · · · · · 0.33 ± 0.01
NGC 2023 (λ/∆λ = 60–130) 0.086 ± 0.004 · · · 0.47 ± 0.01
NGC 2023 (λ/∆λ = 600) . . . . . . 0.66 ± 0.01

Absorbed photon energy

5 eV 0.46–0.58 0.41–0.43 0.28–0.38
10 eV 0.76–0.94 0.57–0.59 0.28–0.38
15 eV 0.97–1.20 0.67–0.71 0.29–0.38

Notes.
a Observed intensity ratios, derived using PAHFIT (Smith et al. 2007a). We give
statistical uncertainties; systematic fitting uncertainties are 15% for the 7.04 µm
intensity ratio and 30% for the 17.4 µm intensity ratio. The observed 17.4 µm
feature has not been corrected for PAH emission blended with it.
b Emission spectrum calculated with Monte Carlo code (Joblin et al. 2002) for
molecular cooling cascade after absorbing a stellar photon. C60 vibrational data
from Ménendez & Page (2000), Choi et al. (2000), and Schettino et al. (2001).
c Intensities (W m−2 sr −1) normalized to the 18.9 µm feature intensity.

between the star and the molecular cloud. The photodissocia-
tion front at the UV-illuminated front surface of the molecular
cloud is delineated by 0–0 S(1) H2 emission at 17.0 µm.

Our previous observations (Sellgren et al. 2007) suggested
that the 17.4 µm feature might be a blend of a PAH feature
and an emission feature with the same spatial distribution as
the 18.9 µm feature. We now confirm that this is the case
with IRS/LL spectroscopic imaging. We show an image of
the 17.4 µm emission from NGC 7023 in Figure 4, overlaid
with contours of 18.9 µm and 16.4 µm emission. The 17.4 µm
emission clearly shows one peak on the central star, coincident
with 18.9 µm C60 emission, and a second peak cospatial with
16.4 µm PAH emission. Thus, there is an ISM component with
emission features at 17.4 and 18.9 µm, which has a different
spatial distribution than PAHs traced by the 16.4 µm feature.

Our imaging spectroscopy demonstrates the spatial separation
between regions of peak PAH emission and peak C60 emission

NGC 7023 reflection nebula (interstellar medium)
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summary of all the problems

On C60 

- How is C60 formed ? 

- C60 was detected, but it could not be proven that it is fluorescing
- The detection of suggests it is fluorescence

- C60 was detected, but given the harsh conditions in the ISM it should be ionized, in fact 
there is a claim of detection of C60+ in absorption...
- We detected the emission of C60+- We suggest it is formed from the of PAHs

On the PAH model 

- The definitive proof of the existence of a specific gas phase carbon macro-molecule, heated 
to high T by individual UV photon has not been provided yet... for many astronomers this is a 
severe caveat of the PAH model
- C60+ is a counter example

- It will be hard, but it is not necessary that we succeed for the PAH model to be true

- Yes !

(see dispute in the literature recently : Kwok & Zhang vs Li & Draine)

2010



NGC 7023 nebula

The formation of C60

[Smalley 1992, Goroff 1996, Kroto & McKay 1988, Health 1991, Hunter et al. 1992, 
Rubin et al. 1991, Irle et al. 2006, Huang et al. 2007, Dunk et al. 2013]

A. Fasolino (Univ. Nijmegen) 400 C atoms at 2000 K 
(priv. com. 2010)
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C60 is formed in the interstellar medium, at low density 
(nH=100 cm-3) ! 

Aggregation (bottom up) process not possible !

C60 formation from photochemical PAH processing  ?

Conversion efficiency from PAHs to C60  ~0.1%
at 15’’ from the star in 105 years (age of the nebula)

Observational evidence of C60 formation in the ISM 
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2.3. Parameters for the specific case of the transformation of
C66H20 into C60

In this paper we consider the evolution of C66H20 for physical
conditions as determined observationally for NGC 7023 (see
next Section). We restrict ourselves to only a single molecule,
because the modeling of a complete population would require
large number of reactions and an unreasonable computation
time. The considered reactions are listed in Table. 1.

2.3.1. Reaction rates

The key parameters that enter the calculation of the reaction
rates k with the Laplace transform of the Arrhenius equation are
the activation energy E and the pre-exponential factor A (see
Montillaud et al. 2013). For the first reaction in Table 1, which
is the dehydrogenation of the molecule, we adopt the parame-
ters of Montillaud et al. (2013). The second reaction is the fold-
ing of the molecule. So far there are, to our knowledge no ex-
perimental works which have measured the rates for such reac-
tions. However, Lebedeva et al. (2012) conducted molecular dy-
namics simulations of the folding of the C96 and C384 graphene
nanoflakes. For these two molecules, they run simulations at sev-
eral temperatures and are able to derive the activation energies
and pre-exponential factors. They show that these parameters do
not vary significantly with size hence we adopt their values re-
ported for C96 (see Table 1). For the shrinking steps, we consider
individual reactions for each loss of a C2 unit. For these reac-
tions, Micelotta et al. (2012) used the results from the molec-
ular dynamics simulations of Zheng et al. (2007) and extracted
(based on a very limited set of simulations) a unique activation
energy of 0.35 eV. This is simply impossible (for instance the
loss of a loosely bound H atom at the edge of a PAH already
requires an activation energy of about 4 eV) and therefore we
consider their model to be incorrect. Quantum chemistry calcu-
lations and experimental results all point to energies of the order
of 8 eV (Zhang et al. 1992; Diaz-Tendero et al. 2003; Gluch
et al. 2004). Here, for the reactions of shrinking by loss of C 2 we
have used the experimental data of Gluch et al. (2004) (in good
agreement with theoretical data, see their Fig. 5). The correct
value for the pre-exponential factor is more difficult to derive.
A value of ks = 6 × 1017 s−1 gives better fits to the experimen-
tal results of (Gluch et al. 2004), however several studies (Matt
et al. 1999; Lifshitz 2000; Matt et al. 2001; Tomita et al. 2001)
point to higher values ranging between k s = 2 × 1019 s−1 and
ks = 2 × 1021 s−1. We consider the latter two values in separate
calculations in our model.

2.3.2. UV and infrared absorption/emission cross sections

The value for the infrared emission rate for PAHs and graphene
flakes are considered to be identical which is an acceptable ap-
proximation (ref ?). We write this parameter kPAHIR . The same is
done for the UV absorption cross section written σPAHUV . The val-
ues for these parameters are discussed in Montillaud et al. (2013)
and we adopt the same as theirs. For the infrared emission rate
of the cages kcIR we use the infrared emission rate ofC60 which is
given as a function of the energy of the UV photons by (Lifshitz
2000):

log10(kcIR) = 0.082 × EUV + 0.744, (1)

where EUV is the energy of the incident UV photon. For the ab-
sorption cross section of the cages, σcUV we also adopt the value
ofC60, which is given as a function of EUV in Berkowitz (1999).

Fig. 1. Schematic representation of the evolutionary scenario for the for-
mation of fullerenes from PAHs.

2.4. Physical conditions in NGC 7023

Since NGC 7023 is the template interstellar source for the study
of fullerene formation (Sellgren et al. 2010; Berné & Tielens
2012; Montillaud et al. 2013), we will model the photochemical
evolution of C66H20 for conditions found in this nebula. The for-
mation of C60 is though to occur inside the cavity between the
star HD 200775 and the the PDR situated 40” at the North-West
of the star. Here, we study four positions at 5, 10, 15 and 20”
from the star, situated on a cross cut that goes from the star to the
PDR. On the same cross-cut, we derive the spectral energy dis-
tribution of dust emission using archival data from the Herschel
space telescope. Using these SED, we derive the column den-
sity on the line of sight following Planck Collaboration et al.
(2011) using an average value for dust opacity of xxx. This yield
a column density profile, which we divide by the thickness of
the region derived by Pilleri et al. (2012) based on the modeling
of the PAH emission profile, i.e. 0.13 pc. The resulting density
profile is shown in Fig. ??. To obtain an analytical description
of this profile, we fit it with an exponential law (see Fig. ??).
The radiation field at the positions in the cut are derived as in
Montillaud et al. (2013). Based on these input parameters (den-
sity and radiation field), gas properties (temperature, fraction of
molecular hydrogen) at the four positions can be determined us-
ing the Meudon PDR code.
3. Results
The results are presented in Fig. 3 which show the time-
evolution of C66H20, Cplanar66 , Ccage66 , Ccage64 ,C

cage
62 , C

cage
60 , C

cage
58 and

C2, at distances of 20, 15, 10 and 5” from the star HD 200775
in NGC 7023. For these four positions, full dehydrogenation oc-
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[Le Page et al. 2001]
[Montillaud et al. 2013]
[Lifshitz and co-workers, 199x]
[Jochims et al. 1994]
[Ekern et al. 1998]
[Szczepanski et al. 2001] ...

[Lebedeva et al. 2012]
[Chuvilin et al. 2010]

[Irle et al. 2006]
[Zheng et al. 2007]
[Huang et al. 2007]

Theoretical studies 
Experimental studies



- Circumovalene quickly dehydrogenated 
- Graphene flakes (dehydrogenated PAHs) are unstable,
- Shrinking step takes typically 104 years,
- Yet we can reach C60 in about ~105 years a timescale comparable to the age of NGC 7023,
- C2 molecules are formed from the destruction of cages but will likely be destroyed,
- Similarly, PAHs smaller than 60 C atoms will be destroyed (unless converted in something more stable),
- In the end, only C60 survives to this top down chemistry…

Photochemical model for C66H20 to C60 in NGC 7023

cage
cage
cage
cage

Age of NGC 7023
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1

(2)

The graphene−fullerene transformation proceeds as follows
(see supplemental movies in Supporting Information). At the
beginning of the MD simulations, bonds close to the flake
edges get broken due to the thermal excitations, and chains of
two-coordinated carbon atoms bound to the rest of the flake at
their ends are formed (Figure 2b and Figure 3b). The
formation of such chains is favorable as it is accompanied by a
significant entropy increase.4,5 So, first the number N2 of two-
coordinated atoms in the graphene flake increases (Figure 2f
and Figure 3e). The total energy E of the flake ascends
correspondingly (Figure 2f and Figure 3e). Occasionally bonds
between atoms at the flake edges are formed and broken again,
leading to a graduate reconstruction of the bond topology.
During a considerable period of time, the time-averaged
number N2 of two-coordinated atoms and the total energy E
of the flake stay nearly constant, while their instant values
fluctuate by 20−30% relative to the initial value and by 0.05−
0.1 eV/atom, respectively (Figure 2f and Figure 3e). As a result
of bond breaking and formation, the graphene flake, which is
almost flat initially, transforms at some moment into a bowl-
shaped structure (Figure 2c and Figure 3c). For large graphene
flakes, the formation of two bowl-shaped regions is possible
(Figure 2d). In such bowl-shaped carbon clusters, relatively fast
zipping of the edges occurs, leading to the drastic decrease of
the number N2 of two-coordinated atoms and the energy E of

the flake (Figure 2f and Figure 3e). Finally, a closed fullerene
structure is formed (Figure 2e and Figure 3d).
To characterize the kinetics of the graphene−fullerene

transformation in our simulations, we introduce the folding
time τ. We determine this time as the moment when the
number N2 of two-coordinated atoms reaches half of the initial
value N2(τ) = N2(0)/2 (Figure 2f and Figure 3e). The average
folding times ⟨τ⟩ calculated for the C96 and C384 graphene
flakes at different temperatures are given in Table 6. It is seen

that the average folding times ⟨τ⟩ decrease with increasing
temperature T and decreasing the flake size NC. We
approximate the average folding times ⟨τ⟩ for the considered
flakes with a simple Arrhenius expression

⟨τ⟩ = τ
⎛
⎝⎜

⎞
⎠⎟

E
k T

exp0
a

B (12)

Figure 2. (a−e) Structures obtained at different moments of time in
the MD simulations of the transformation of the C384 graphene flake at
temperature 3000 K: (a) 0 ns, (b) 5.1 ns, (c) 12.8 ns, (d) 14.7 ns, and
(e) 15.1 ns. (f) Calculated total energy E of this system (in eV; red
line) and number N2 of two-coordinated atoms (blue line) as
functions of time t (in ns). The energy is given relative to the initial
value. Moments of time corresponding to structures (a−e) are shown
using dashed lines. The folding time τ is indicated by straight solid
lines and a double-headed arrow. Black solid curves are shown to guide
the eye.

Figure 3. (a−d) Structures obtained at different moments of time in
the MD simulations of the transformation of the C96 graphene flake at
temperature 3000 K: (a) 0 ns, (b) 1.3 ns, (c) 2.9 ns, and (d) 4.0 ns. (e)
Calculated total energy E of this system (in eV; red line) and number
N2 of two-coordinated atoms (blue line) as functions of time t (in ns).
The energy is given relative to the initial value. Moments of time
corresponding to structures (a−d) are shown using dashed lines. The
folding time τ is indicated by straight solid lines and a double-headed
arrow. Black solid curves are shown to guide the eye.

Table 6. Calculated Average Folding Times ⟨τ⟩ and Root-
Mean-Square Deviations σ of These Times for Different
Temperatures T and Sizes NC of Free Graphene Flakesa

NC T (K) N ⟨τ⟩ (ns) σ (ns)

384 3500 8 1.5 0.46
384 3200 8 6.7 1.7
384 3000 7 16 4.1
96 3000 30 4.6 2.8
96 2800 30 16 8.6
96 2700 30 25 14

aThe total number N of simulations for each considered system is
indicated.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp212165g | J. Phys. Chem. C 2012, 116, 6572−65846577

[Berné, Montillaud, Joblin, A&A 2015]

At 10’’ from the star 
Go ~ 105 
nH ~ 500 



Laboratory confirmation
4 Zhen et al.

Figure 3. A comparison of the fragmentation pattern of the
molecules considered in Figure 2, irradiated at 532 nm. At this
wavelength, the fullerene C60

+ cation does not absorb and no frag-
mentation is observed. The C60

+ species produced from C60H22
+

fragment readily to smaller clusters, while those produced from
C66H26

+ show a mixed fragmentation behavior. As in Figure 2
the vertical dashed lines correspond to the fullerene “magic num-
bers”.

5. ASTROPHYSICAL RELEVANCE

In contrast to our laboratory studies, excitation of
PAHs in PDRs is due to single photon absorption. How-
ever, irrespective whether one or multiple photons are
involved, rapid intramolecular vibrational redistribution
will leave the species highly vibrationally excited from
which it relaxes either through fragmentation or IR flu-
orescence. From our experiments it is not possible to
derive the activation energy for the di↵erent fragmen-
tation channels and further experiments are needed to
confirm if these energies can be reached by single pho-
ton absorption in the ISM. In the present study, we will
assume that this is the case and, hence, we directly ap-
ply our experimental results to the photo-processing of
PAHs in space.
Our results provide further insight in the evolution of

PAHs in the PDR associated with the reflection nebula
NGC 7023. The processes taking place in this nebula are
representative for other similar environments in space.
In this region, winds from the young Herbig Be star,
HD 200775, have blown a cavity in the molecular cloud
inside which the star was formed (Fuente et al. 1998).
This cavity has broken open to the surrounding ISM.
The PAH abundance is observed to decrease — starting
at ⇠2500 from the star (some 2000 inside of the PDR front;
well within the cavity) from about 7 ⇥ 10�2 of the ele-
mental carbon to about 2⇥10�2 of the elemental carbon
at 1000 from the star. The fullerene abundance increases
from about 10�5 at the PDR front to about 10�4 some
1000 from the star (Berné & Tielens 2012).
We can now interpret these observations in terms of

the laboratory results presented here and the model de-
scribed by Berné & Tielens (2012) and Montillaud et
al. (2013). The first step in the PAH destruction and
fullerene formation process is the loss of peripheral H.
H-coverage of PAHs is a balance between UV induced

Figure 4. Fragmentation pattern of the fully benzenoid cation,
C78H26

+, irradiated at 355 nm. Note that carbon clusters with 70
C atoms (m/z = 840) show enhanced abundances. Due to signal-
to-noise limitations this spectrum was taken at energies lower than
those from Figure 2. For this reason fragmentation to lower masses
is not achieved.

fragmentation and reactions with atomic H and is con-
trolled by the parameter � = G0/nH, where G0 is the
intensity of the UV radiation field in terms of the aver-
age interstellar radiation field (Habing 1968) and nH is
the atomic hydrogen density in cm�3 (Tielens 2005; Le
Page et al. 1997). For small �, a given PAH species will
be fully hydrogenated while for large �, it is fully de-
hydrogenated and the transition between these two hy-
drogenation states is very rapid. The critical value of
� separating these two cases is not well known and de-
pends on the PAH size. According to Berné & Tielens
(2012), values of � ⇡ 3 and � ⇡ 100 can be calculated for
circumcoronene, C54H18, and circumovalene, C66H20, re-
spectively, based upon kinetic parameters adopted from
experimental studies on small PAHs (Jochims et al. 1994;
Tielens 2005). Montillaud et al. (2013) on the other
hand, adopting slightly di↵erent values for the kinetic
parameters, predict that for circumcoronene 50% of the
species are fully dehydrogenated for � ⇡ 4 ⇥ 10�2 while
for circumovalene, this occurs at � ⇡ 4 ⇥ 10�1. Further
experimental studies for large PAHs relevant for the ISM
will have to settle this issue.
We can compare these values to the � appropriate for

the PDR in NGC 7023. In the cavity of NGC 7023,
between 12 and 2500 from the star, where most of the
PAH-to-fullerene conversion is observed to occur, � is
estimated to change from 65 to 650 (Berné & Tielens
2012), well into the regime where PAHs in excess of 60 C-
atoms will become dehydrogenated. Species that become
fully dehydrogenated are rapidly converted into cages but
only those initially larger than 60 C-atoms will form C60.
The high stability of C60 allows it to accumulate over
irradiation time, as can be deduced from Figure 5.
The observed high fraction of PAHs destroyed inside

the cavity and the relatively small amount of C60 formed
in NGC 7023 coupled with the seemingly high e�ciency
with which large PAHs are converted into the fullerene
C60 in our experiments suggests then that the popula-
tion of interstellar PAHs is heavily skewed towards PAHs
smaller than 60 C-atoms. The typical size of the inter-
stellar PAH population is not well known. In principle,
the ratio of the intensity of the CH stretching mode to
the CH out-of-plane bending mode (I3.3 µm/I11.2 µm) is
a measure of the average size of the emitting PAHs (Al-
lamandola et al. 1989; Draine & Li 2001; Ricca et al.

[Zhen et al. ApJ 2015]

- Top down formation of C60 from PAHs confirmed in the laboratory  

- However, pathway leading to C60 not clear, in particular the sequence folding vs C2 loss
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- Bands at 6.4, 7.1, 8.3 and 10.5 mm 
- These bands are only present near the star
- Neutral C60 emission is more extended
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Spectroscopy of C60+: theory vs observation

- Harmonic spectrum matches observed positions with 2% accuracy
- Bands with strongest intensities are strongest in observation 

Even without any emission model (which even for C60 is not available):

[Berné, Mulas, Joblin 2013]

- At observed position 38% of C60 is ionized
- Abundance : max 10-4 of the elemental C would be in C60+ (much smaller than F&E)

Ionization fraction and abundance:

Theoretical spectrum
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2015 remaining problems
On C60 fullerene 

- C60 was detected, but it could not be proven that it is fluorescing
- The detection of C60+ suggests it is fluorescence

- C60 was detected, but given the harsh conditions in the ISM it should be ionized, in fact 
there is a claim of detection of C60+ in absorption...
- We detected the emission of C60+

- How is C60 formed ?
- We suggest it is formed from the photoprocessing of PAHs and it is confirmed in the lab 
that this is possible 

On the PAH model 

- The definitive proof of the existence of a specific gas phase carbon macro-molecule, heated 
to high T by individual UV photon has not been provided yet... for many astronomers this is a 
severe caveat of the PAH model
- C60+ is a counter example
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The roll up route

[Chuvilin et al. Nature Chem. 2010]
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Figure 1 | Experimental TEM images showing stages of fullerene formation directly from graphene. a, The black arrow indicates a double layer of graphene,
which serves as the substrate. The white arrow indicates a strip of graphene (monolayer) adsorbed on this substrate. The dashed white line outlines a more
extended island of graphene mono- or bi-layer, which has its edges slightly curved on the left side. b, The final product of graphene wrapping: a fullerene
molecule on the surface of graphene monolayer (carbon atoms appear as black dots). c–h, Consecutive steps showing the gradual transformation of a small
graphene flake (c) into fullerene (g,h). The graphene lattice is filtered out of images c–h for clarity. (See Supplementary Video for a demonstration of the
dynamics of the entire process.).
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Figure 2 | Quantum chemical modelling of the four critical stages of fullerene formation from a small graphene flake. a–d, Loss of carbon atoms at the
edge (a! b); formation of pentagons (b! c); curving of the flake (c! d); formation of new bonds, leading to zipping of the flake edges (d! e). e, Top
and side views of a bowl-shaped intermediate structure. Stabilization energies (in eV per carbon atom) of the intermediate structures and resultant fullerene
C60 (f), relative to the flat defect-free flake of graphene shown in a, are presented pictorially and graphically. b′,d′–f′, Top views of the graphene flake (b′),
curved graphene intermediates (d′,e′) and the fullerene C60 molecule (f′) adsorbed on the underlying graphene substrate and simulated TEM images
corresponding to each structure, showing how they would appear in TEM experiments.
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Fig. 4. Probability density function of dissociation of the C60 molecule
as a function of internal energy, at a distance of 5” from the star
(G0 ∼ 2 × 105). Energies Epeak at the highest dissociation rate (D(E) =
kdiss(E)×n(E)), Elow and Eup (where D(Eup) = D(Elow) = D(Epeak)/100
and Eup > Elow) are depicted. The values of Epeak , Elow and Eup for all
cages are given in Table 3.

4. Results

4.1. Internal energies

To understand the processes at play in the photochemistry, it is
useful to evaluate the probability density functions (PDFs) of
the internal energies of the species that photodissociate with the
model. Figure 4 shows such a PDF for C60 at a distance of 5”
from the star. In Table 3, we report the main characteristics of
these PDFs for all the cages considered in the model: the peak
energy Epeak , that is, the energy of highest dissociation rate
D(E) expressed in s−1, and the lower and upper bounds Elow

and Eup defined by D(Eup) = D(Elow) = D(Epeak)/100 with
Eup > Elow (see Fig. 4 for a graphical definition of these pa-
rameters). These values were calculated using the activation en-
ergies of Zhang et al. (1992) and those of Gluch et al. (2004)
(Table 2). The results presented in Table 3 indicate that the in-
ternal energies required to dissociate the molecules are high, >
15 eV. Photons in the NGC 7023 nebula have a maximum en-
ergy set by the Lyman limit, 13.6 eV. Hence, the molecules that
dissociate must have absorbed multiple photons, and therefore
the photochemistry of these species is completely governed by
these multiple-photon absorptions. In the specific case of C60 ,
the energy needed is at least 27 eV, which means that it requires
the absorption of at least three photons to dissociate.

4.2. Abundances

The results of the model are given in Fig. 5, which presents

the time-evolution of the abundance of PAHs (
20!

n=1
C66Hn), cages

(Cplanar

66 , Ccage

66 , Ccage

64 ,C
cage

62 , Ccage

60 , Ccage

58 ), and C2, at distances
of 5, 10, 15, 20, and 25” from the star HD 200775 in NGC
7023. For these five positions, full dehydrogenation occurs very

Table 3. Properties of the probability density functions of dissociation
of cages (see an example of such a function in Fig. 4) : Epeak , Elow and
Eup. All values in eV and derived for a distance of 5” from the star
(G0 ∼ 2 × 105).

a. b.
Species∗ Elow Epeak Eup Elow Epeak Eup

C66 22 32 39 26 35 43
C64 24 35 43 24 34 41
C62 15 20 28 22 30 36
C60 27 36 47 27 36 47
C58 22 30 37 24 33 41

Notes. ∗Only cages are presented in this table. a. Using activation ener-
gies of Zhang et al. (1992); b. Using activation energies of Gluch et al.
(2004).

quickly (a few 10s of years at 25” and a few days at 5” from
the star). This implies that C66H20 is quickly destroyed in NGC
7023, but larger PAHs could survive over longer timescales.
Once the planar C66 is formed, it immediately folds and forms a
cage. This implies that graphene flakes are only transient species
and therefore unlikely to be detected in the ISM. The C64 cage,
instead, can survive for a relatively long period (few 10s of years
at 5” from the star and up to several 105 years at 25” from the
star). This means that the shrinking step, where cages loose C2
units, limits the efficiency of the C60 formation process in this
model. Since each of the C2 loss processes is time consuming, it
appears unlikely that PAHs with sizes NC ! 66 C atoms will con-
tribute significantly to the formation of C60 . At distances shorter
than 10” from the star, the cages can shrink to C60 , and after
105 years, all the C66H20 has been converted to C60 . Once the
molecules have reached C60, it takes a very long time to destroy
them: C60 survives for 10’s of Myr at distance larger than 10”
from the star (radiation fields below G0 of a few 104). Only at
the closest position to the star (5”, G0 ∼ 2×105) is C60 destroyed
efficiently, and hence it is predicted that its abundance will de-
crease after a few 104 years.

4.3. Sensitivity of model results

Is the model very sensitive to the adopted parameters, and if so,
which are the critical parameters ?

First, we have checked that the dehydrogenation timescale
is always much shorter than the cage formation plus shrinking
timescale for the physical conditions of the considered positions.
Therefore, it is equivalent to start our calculations with the pla-
nar C66 rather than with C66H20. All the following tests have
been conducted with the above assumption, except for the gas
temperature test. We first tested the choice in the vibrational
frequencies for the system. We found that the exact values of
the frequencies have a negligible effect on the results as long as
the number of vibrational degrees of freedom and the orders of
magnitude of the frequencies are correct. We varied the gas tem-
perature in the model from 100 to 300 and 1000 K and found
that this has a negligible impact on the C60 formation timescale.
The UV-visible absorption cross -section of the cages, which is
not well known, has a slightly stronger effect on the results. For
instance, if we were to use for the cages the cross-section per
C atom of C66H20 (Malloci et al. 2007) instead of the cross-
section of C60 (Berkowitz 1999), we would obtain a variation
by a factor of three in the timescale of formation of C60. When
we multiplied the pre-exponential factors of C2 loss by 0.1 or 10
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Fig. 4. Probability density function of dissociation of the C60 molecule
as a function of internal energy, at a distance of 5” from the star
(G0 ∼ 2 × 105). Energies Epeak at the highest dissociation rate (D(E) =
kdiss(E)×n(E)), Elow and Eup (where D(Eup) = D(Elow) = D(Epeak)/100
and Eup > Elow) are depicted. The values of Epeak , Elow and Eup for all
cages are given in Table 3.

4. Results

4.1. Internal energies

To understand the processes at play in the photochemistry, it is
useful to evaluate the probability density functions (PDFs) of
the internal energies of the species that photodissociate with the
model. Figure 4 shows such a PDF for C60 at a distance of 5”
from the star. In Table 3, we report the main characteristics of
these PDFs for all the cages considered in the model: the peak
energy Epeak , that is, the energy of highest dissociation rate
D(E) expressed in s−1, and the lower and upper bounds Elow

and Eup defined by D(Eup) = D(Elow) = D(Epeak)/100 with
Eup > Elow (see Fig. 4 for a graphical definition of these pa-
rameters). These values were calculated using the activation en-
ergies of Zhang et al. (1992) and those of Gluch et al. (2004)
(Table 2). The results presented in Table 3 indicate that the in-
ternal energies required to dissociate the molecules are high, >
15 eV. Photons in the NGC 7023 nebula have a maximum en-
ergy set by the Lyman limit, 13.6 eV. Hence, the molecules that
dissociate must have absorbed multiple photons, and therefore
the photochemistry of these species is completely governed by
these multiple-photon absorptions. In the specific case of C60 ,
the energy needed is at least 27 eV, which means that it requires
the absorption of at least three photons to dissociate.

4.2. Abundances

The results of the model are given in Fig. 5, which presents

the time-evolution of the abundance of PAHs (
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58 ), and C2, at distances
of 5, 10, 15, 20, and 25” from the star HD 200775 in NGC
7023. For these five positions, full dehydrogenation occurs very

Table 3. Properties of the probability density functions of dissociation
of cages (see an example of such a function in Fig. 4) : Epeak , Elow and
Eup. All values in eV and derived for a distance of 5” from the star
(G0 ∼ 2 × 105).

a. b.
Species∗ Elow Epeak Eup Elow Epeak Eup

C66 22 32 39 26 35 43
C64 24 35 43 24 34 41
C62 15 20 28 22 30 36
C60 27 36 47 27 36 47
C58 22 30 37 24 33 41

Notes. ∗Only cages are presented in this table. a. Using activation ener-
gies of Zhang et al. (1992); b. Using activation energies of Gluch et al.
(2004).

quickly (a few 10s of years at 25” and a few days at 5” from
the star). This implies that C66H20 is quickly destroyed in NGC
7023, but larger PAHs could survive over longer timescales.
Once the planar C66 is formed, it immediately folds and forms a
cage. This implies that graphene flakes are only transient species
and therefore unlikely to be detected in the ISM. The C64 cage,
instead, can survive for a relatively long period (few 10s of years
at 5” from the star and up to several 105 years at 25” from the
star). This means that the shrinking step, where cages loose C2
units, limits the efficiency of the C60 formation process in this
model. Since each of the C2 loss processes is time consuming, it
appears unlikely that PAHs with sizes NC ! 66 C atoms will con-
tribute significantly to the formation of C60 . At distances shorter
than 10” from the star, the cages can shrink to C60 , and after
105 years, all the C66H20 has been converted to C60 . Once the
molecules have reached C60, it takes a very long time to destroy
them: C60 survives for 10’s of Myr at distance larger than 10”
from the star (radiation fields below G0 of a few 104). Only at
the closest position to the star (5”, G0 ∼ 2×105) is C60 destroyed
efficiently, and hence it is predicted that its abundance will de-
crease after a few 104 years.

4.3. Sensitivity of model results

Is the model very sensitive to the adopted parameters, and if so,
which are the critical parameters ?

First, we have checked that the dehydrogenation timescale
is always much shorter than the cage formation plus shrinking
timescale for the physical conditions of the considered positions.
Therefore, it is equivalent to start our calculations with the pla-
nar C66 rather than with C66H20. All the following tests have
been conducted with the above assumption, except for the gas
temperature test. We first tested the choice in the vibrational
frequencies for the system. We found that the exact values of
the frequencies have a negligible effect on the results as long as
the number of vibrational degrees of freedom and the orders of
magnitude of the frequencies are correct. We varied the gas tem-
perature in the model from 100 to 300 and 1000 K and found
that this has a negligible impact on the C60 formation timescale.
The UV-visible absorption cross -section of the cages, which is
not well known, has a slightly stronger effect on the results. For
instance, if we were to use for the cages the cross-section per
C atom of C66H20 (Malloci et al. 2007) instead of the cross-
section of C60 (Berkowitz 1999), we would obtain a variation
by a factor of three in the timescale of formation of C60. When
we multiplied the pre-exponential factors of C2 loss by 0.1 or 10
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Predicted Fluorescence Mechanism in Highly Isolated Molecules: The Poincare Fluorescence
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We predict a completely new behavior of fluorescence for large- or intermediate-size molecules which
are highly isolated (e.g. , in the interstellar medium). After a UV absorption, the energy decay by IR
emission alone is very slow (=3 s). The system evolves at constant energy during a long time period in
its phase space, and unusual phenomena can occur. We infer an inverse internal conversion and a result-
ing recurrent fluorescence that we propose to name Poincare fluorescence. Such a behavior seems quite
universal and has characteristics markedly different from the usual fluorescence.

PACS numbers: 33.50.—j, 98.40.Ct, 98.40.Kb

The possibility of inverse internal conversion (IIC) has
been proposed in the past' but has never been evi-
denced unambiguously in the laboratory. We show here
that interstellar conditions are appropriate for such a
process and predict a new fluorescence behavior.
In 1984, strong indications were given for the pres-

ence of large (20-50 atoms) polycyclic aromatic hydro-
carbon (PAH) free molecules in the interstellar medium,
and since that time the research field has been very ac-
tive. The characteristic times of interaction of these
molecules with their surroundings are remarkable. They
absorb ultraviolet (UV) photons, cool by infrared (IR)
emission, and have collisions with the ambient interstel-
lar gas with typical times, in a reflection nebula,
tUv 3X 10 s, ttR "" =3 s, t«a=5&&10 s, respectively.
The collision time, when compared with that in con-
densed phase experiments (10 ' s) or in jet experi-
ments (10 -10 s), indicates that the space "labora-
tory" overs impressive isolation conditions. As a result,
after the absorption of an UV photon the only route for
molecular deexcitation, besides fluorescence, is slow IR
emission. The molecule then remains excited for a time
much longer than in usual laboratory conditions. In this
paper, we take advantage of this new hierarchy of times
and study physical processes that are usually neglected
but can now become dominant. We consider the case of
ions because PAH's are expected to be largely ionized
in the regions which are presently best observed (re-
flection nebulae, planetary nebulae, etc.), but our deriva-
tion can easily be extended to neutral species and radi-
cals.
Figure 1 shows the energy-level scheme of ion states

(D;,U;) with their electronic part (D denotes doublet)
and vibrational part (energy U;). The processes follow-
ing the absorption of an UV photon are reported. They
have been extensively described and are only briefly
summarized with an indication of their characteristic
times. The UV absorption transition (Dp, Uo) to
(D„,U„) and the other transitions are followed by rapid
internal vibrational redistribution (10 ' -10 ' s)

IVR
IC IIC

Dn
Un

Uo

T

~S
1t

FIG. l. Energy-level scheme of a large ion with the elec-
tronic and vibrational contributions. The abbreviations are D,
doublet; UV, UV absorption; IVR, internal vibrational redistri-
bution; IC, internal conversion; IIC, inverse internal conver-
sion; F, fluorescence; IF, inverse fluorescence; IR, IR emission.

which allows the use of statistical physics. From
(D„,U„) the molecular ion undergoes fluorescence transi-
tions (=10 s) or internal conversion (IC) (=10
10 s) to lower electronic states (D~,U~) until it arrives
at the ground electronic state Do with a high vibrational
energy. We have omitted the electronic levels with
different multiplicity (quartets, . . . ) for the sake of sim-
plicity and because they do not have a conceptually
essential role in ions. 9

The IC, e.g. , (Dt, U&) (Do, Up), is usually con-
sidered as irreversible because the density of states p(U)
is a rapidly increasing function of the vibrational energy
(Uo & U~), providing a larger phase-space volume in the
final state (Fig. 2). However, this conclusion must be
considered in greater detail for a system that remains a
long time at the same energy. Provided that the ion has
an ergodic behavior (statistically uniform occupancy of
the available phase space), statistical physics specifies
that the time spent in (D~,Ut) or (Dp, Up) is proportion-

1988 The American Physical Society 921

[Léger PRL 1988]

The energy required to break the cages is huge, hence 
these systems can survive at very high internal energies. 
In this case, emission from thermally excited electronic 
states a.k.a. Poincaré Fluorescence becomes important.


