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The species responsible for the broad extended red emission (ERE),
discovered in 1975 and now known to be widespread throughout
the Galaxy, still is unidentified. Spanning the range from �540 to
900 nm, the ERE is a photoluminescent process associated with a
wide variety of different interstellar environments. Over the years,
a number of plausible candidates have been suggested, but sub-
sequent observations ruled them out. The objects that present the
ERE also emit the infrared features attributed to free polycyclic
aromatic hydrocarbon (PAH) molecules, suggesting that closely
related materials are plausible ERE carriers. Here, we show that the
peculiar spectra and unique properties of closed-shell cationic PAH
dimers satisfy the existing observational constraints and suggest
that emission from mixtures of charged PAH clusters accounts for
much of the ERE. This work provides a view into the structures,
stabilities, abundances, and ionization balance of PAH-related
species in the emission zones, which, in turn, reflects physical
conditions in the emission zones and sheds fundamental light on
the nanoscale processes involved in carbon-particle nucleation
and growth and carbonaceous dust evolution in the interstellar
medium.

dimer � excited state � interstellar medium � nanoparticles

The extended red emission (ERE) was discovered in 1975 by
Cohen et al. (1) in the peculiar object known as the Red

Rectangle. Subsequent observations have shown that it is a
widespread interstellar photoluminescent phenomenon. Witt
and coworkers established that the ERE is associated with
reflection nebulae (2, 3), carbon-rich planetary nebulae (4), and
the interstellar medium of the Galaxy (5), whereas Darbon,
Perrin, Sivan, and coworkers have detected the ERE in galactic
HII regions and other galaxies (6–8). A detailed review can be
found elsewhere (9).

The ERE is a broad emission band starting near 540 nm that
extends into the near infrared (IR). For most objects, the peak
wavelength varies between 600 and 700 nm (3), although in the
HII region of the Orion nebula, the band seems to peak near 800
nm (8). These variations are thought to arise from modest
changes in chemical make-up and differing radiation fields and
not from fundamental changes in the nature of the carrier. In
some cases, structure appears superposed on the band (10, 11).
Over the years a number of possible explanations have been
suggested, including photoluminescence from species such as
neutral polycyclic aromatic hydrocarbon (PAH) molecules (12),
organic residues (13), neutral PAH clusters (14), hydrogenated
amorphous carbon particles (15, 16), and silicon nanoparticles
(17). Although a carbon-rich carrier was implicated by cosmic
abundance constraints, all of these materials have been found
wanting in light of subsequent observations. The case for each of
these suggestions and the observational difficulties they encoun-
ter are summarized nicely by Witt et al. (18). Recently, obser-
vational constraints have been determined that are especially
important in revealing the nature of the carrier. Among these,
two are of particular significance. First, the ERE luminescent
quantum efficiency is high. With a lower limit on the order of

tens of percent (5, 19), the quantum yield could be as high as
unity. Second, the ERE process requires initiation with photons
between 7.3 and 11.2 eV (18, 20). In a very recent observational
tour de force, Witt et al. tightened this constraint, making a
strong case that the ERE is a two-step process, with the first step
involving photons of E � 10.5 eV (� � 118 nm) to produce the
carrier and the second involving UV to visible photons to pump
the luminescence from this carrier (18). The first step probably
involves photoionization or photodissociation of a preexisting
precursor (18).

Although several carbonaceous materials have been rejected,
the ubiquity of the ERE and cosmic abundance constraints favor
a carbonaceous carrier. Because the ERE is associated with
objects that show the mid-IR emission features attributed to free
PAH molecules, consideration of unusual PAH-related species
as ERE carriers is warranted. Particularly attractive among these
are charged PAH clusters. However, because of the experimen-
tal inaccessibility of these highly unusual and reactive species,
there is no gas phase spectroscopic data available to the best of
our knowledge with which to test this hypothesis [PAH dimer
cations have been characterized in solution (21, 22) but are
subject to strong solvation effects]. To make progress, we explore
the spectroscopic properties of various charged PAH clusters
by using ab initio quantum chemical calculations and show that
a unique class of closed-shell charged dimers can account for
the ERE.

PAH clusters have been recognized as part of the interstellar
PAH model from the outset and are believed to be the self-
assembled intermediaries between free gas-phase PAHs and
amorphous carbon particles (23). Indeed, Duley et al. (24) have
explored the spectroscopic and binding properties of various
neutral PAH clusters in astrophysical settings. PAH clusters also
are produced in sooting flames, for which a separate literature
exists (25). Interestingly, it recently has been hypothesized that
fluorescence from PAH aggregates is responsible for broad
luminescence in sooting flames (26). In addition, self-assembly
of PAH molecules is intriguing from an advanced materials
viewpoint, because a well ordered PAH stack may form a novel
nanomaterial with exceptionally high charge mobility (27).
Charged PAH clusters and isoelectronic species (either charged
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or neutral) will exhibit dramatically different characteristics
compared with simple neutral stacked PAHs such as stronger
interaction strengths and very different electronic spectroscopy,
as we will discuss later.

Results and Discussion
Stability and Abundance of PAH Dimer Cations. Neutral PAH mol-
ecule pairs typically form relatively weakly binding van der Waals
complexes, with binding energies attributable to dispersion
forces of typically 5–7 kcal/mol for molecules of pyrene or
perylene size. By contrast, ion-neutral pairs can form more
strongly bound dimers through the addition of covalent and
electrostatic effects to dispersion interactions. Fig. 1 shows
potential energy surfaces of selected cationic PAH dimers as
functions of monomer separations [see supporting information
(SI) Fig. 3 for more examples]. From the various examples, it is
evident that ion-neutral PAH dimers exhibit reasonable chem-
ical stability (15–20 kcal/mol). Because the bonding in such
dimers is formed through �–� molecular orbital overlap, one
might assume that proper symmetry matching of the monomers
is necessary for strong bond formation. Interestingly, this is not

the case, for two reasons. First, with a proper offset between
different monomers, the relevant orbitals still can have reason-
able overlap (Fig. 1B). Second, important electrostatic effects do
not depend on orbital overlap. In fact, all dimers considered here
exhibit reasonably strong interactions when the monomers are
aligned appropriately. We conclude that dimer formation be-
tween cationic and neutral PAH molecules is feasible for various
PAH pairs and observe that it is enhanced further by long-range
electrostatic steering such as charge–quadrupole interactions.

In the interstellar regions where high-energy radiation is
abundant (28), the concentration of PAH cations will be rela-
tively high (23, 29). Significant concentrations of ion-neutral
dimers are likely to be present in these regions as well, in
equilibrium with the monomers, similar to the PAH neutral-ion
equilibrium (23, 30, 31). Because the cation monomer concen-
tration will depend strongly on the flux of ionizing radiation, the
dimer concentration also should have some correlation with this
f lux. Thus, the very strong correlation between ERE and the
high-energy radiation environments of the ionization region in
Sh 152 (6), the central region of the Red Rectangle, and the H2
filaments on the surfaces of molecular clouds in the reflection
nebula NGC 7023 (18) supports the present hypothesis. Con-
versely, any ERE caused by dimer cations may show low spatial
correlation with emissions from individual PAH molecules.
Indeed, the ERE does not correlate with interstellar IR bands
at 3.3 and 6.2 �m from the HII region Sh 152 (6), and the blue
luminescence and PAH IR emission features from the Red
Rectangle nebula (32), which are well ascribed to free PAH
molecules (6, 32, 33).

Strong Red Emissions from Closed-Shell PAH Dimer Cations. One very
important distinction amongst PAH dimer systems is the spin
multiplicity. Excited states of open-shell systems such as
perylene2

� with nonzero total spin can undergo nonradiative
relaxation to a vibrationally excited ground state (34), signifi-
cantly decreasing the quantum yield of the luminescence. It is for
this reason that open-shell PAH cations have been rejected as
possible ERE carriers (e.g., ref. 18). This is not the case for
closed-shell systems. Furthermore, because a closed-shell cation
such as the phenalenyl ion has lower electron affinity than an
open-shell cation of a similar size, the concentration of closed-
shell cations will be higher in the interstellar medium. Weilmün-
ster et al. (25) have shown that closed-shell PAHs are produced
in combustion processes, which are related to the high-energy
regions in which interstellar PAHs are likely to be produced (35,
36). Accordingly, strong red emission from interstellar PAH
dimer cations may be dominated by closed-shell systems (37).

Table 1 presents the vertical excitation energies for various
PAH dimers and monomers. One easily can see that the closed-
shell dimers have distinctive, strong visible-to-IR transitions that
fall within or close to the ERE envelope (1.4–2.3 eV), whereas
dimers with open-shell electronic structure usually have transi-
tions too far to the red of the ERE envelope. In addition, the
oscillator strengths for the closed-shell PAH cations are large,
satisfying the observational requirement of high luminescence
efficiency. Also listed in Table 1 are the transitions for doubly
ionized PAHs. These too are closed-shell systems and, for this
reason, also have been suggested as possible ERE carriers (18).
The entries in Table 1, similar to those reported in ref. 18, show
that doubly ionized PAHs do have transitions that fall in the
proper wavelength region. However, their oscillator strengths
are significantly smaller than those of the closed-shell charged
PAH dimers and thus do not meet the high luminescence
efficiency observational constraint. Furthermore, many of these
also have strong, undetected transitions that fall too far to the
blue of the ERE. (Note that similar transitions do not occur in
the closed-shell dimer cations.)

Fig. 1. Selected PAH molecules and their dimers. (A) Highest occupied
molecular orbitals of PAH molecules studied in this work. (B) Stacking struc-
tures of selected PAH dimer cations and the corresponding binding energy
curves. Molecular orbital shapes from A are superimposed to aid the visual-
ization of the molecular orbital overlap.
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Broad Emission Features. In addition to the fact that charged
dimers have electronic transition energies and quantum yields
consistent with ERE, from the flexible nature of the dimer
bonding curve one should expect that the emission line width will
be large. To confirm this proposition, the emission spectrum of
[pyrene-phenalenyl]� system was simulated based on the quan-
tum chemically calculated electronic state surfaces (S0 and S1 in
Fig. 2). Fig. 2 also presents the simulated emission features for
three different initial vibrational wavepackets, establishing that
the emission for this dimer is quite broad. Because the broadness
is the result of the loose binding between the monomers, other
dimers will exhibit similar profiles, with slightly different centers
and widths. With many different dimers, the composite emission
spectrum will be very broad with no clear peaks resolved.

Dependence on the Environment. Other remaining observational
features also support the PAH dimer cation hypothesis. First, no
ERE has been observed in regions illuminated by relatively
low-temperature stars (Teff � 7,000 K) (20, 38), which is in
keeping with the previous statement that the flux of the ionizing
radiation will be a major factor governing the concentration of
the PAH ions. The radiation from a low-temperature star does
not have an appreciable amount of UV light for the initial
ionization step. Furthermore, because different interstellar en-
vironments will lead to different distributions in the population
of dimer cations, the ERE from various celestial objects will have
varying characteristics in terms of peak center and overall
broadness.

Conclusions
To summarize, we have shown computationally that various
PAH molecules can form cationic dimers with intermediate
binding energies between normal van der Waals complexes and
chemical bonds. The stacking can occur spontaneously without
special substituents or approach directions, as in the case of
neutral aromatic molecules (39). Closed-shell cation PAH
dimers have optical properties that are markedly different from
the monomers with very strong electronic transitions in the red
and near-IR regions, as are required to explain the long-standing
question of the ERE. In addition, the stability of charged dimers,
and the long-range attractions that drive their formation, may
represent a route toward formation of the widely observed
carbonaceous grains. Indeed, these may be important but pre-
viously unrecognized players in soot formation, for which small
neutral PAH dimers have been considered but were found to be
wanting because of the low van der Waals binding energies (40).
The stronger binding energies of the closed-shell charged PAH
dimers could resolve this issue. There is a compelling need for
additional experimental efforts to obtain gas-phase laboratory
spectra of these fascinating species.

Methods
Calculation of Dimer Binding Energies. Binding energies were ob-
tained at various monomer separations. At each separation, the
geometry was optimized at the HF/6–31G* level of theory, holding
the distance between the monomers fixed (41). The total energy of
the geometry thus obtained then is calculated with second-order

Table 1. Calculated vertical excitation energies to the lowest excited electronic states of
various ionic PAH systems

System Multiplicity
Excitation
energy, eV

Oscillator
strength

Closed-shell dimers �Pyrene-phenalenyl�� Singlet 1.65* 0.14†

�Perylene-phenalenyl�� Singlet 1.25* 0.17†

�Pyrene-naphthanthrenyl�� Singlet 1.63* 0.06†

Open-shell dimers �Perylene2�� Doublet 1.03‡ 0.25‡

�Perylene-pyrene�� Doublet 0.81‡ 0.11‡

�Pyrene2�� Doublet 0.88‡ 0.17‡

Closed-shell dications Pyrene2� Singlet 1.30‡ 0.00‡

Perylene2� Singlet 1.94‡ 0.00‡

For comparison, the ERE is a broad emission feature extending from �1.4 to 2.3 eV, with a maximum at �1.8 eV.
*Results are from asymptotically corrected RI-CIS(D).
†CIS oscillator strengths.
‡Results are from time-dependent density functional theory.

Fig. 2. Broad red emission from cationic PAH dimers. (A) Ground (S0) and excited (S1) electronic state energies as a function of monomer separation for
[pyrene-phenalenyl]�. The emission process involving S04 S1 transition also is depicted semiclassically (gray peaks and arrows). (B and C) It is predominantly
charge transfer deexcitation from the acceptor lowest unoccupied molecular orbital (LUMO) to the donor highest occupied molecular orbital (HOMO) (shown
in B). Wavepacket dynamics on the ground state (as cartooned) leads to the broad calculated line shape presented in C. The composite simulated spectrum (black)
is obtained by combining emission features from three different vibrational levels on the S1 surface [v � 0 (blue), 1 (yellow), and 2 (red)], assuming that the
Frank–Condon factors are the same for the three. The dotted line represents an ERE spectrum reported by Sivan and Perrin (56).
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Møller–Plesset perturbation correction (MP2), which is an appro-
priate level of theory for PAH stacking problems (22). For efficient
evaluation of MP2 energies, the resolution-of-the-identity (RI)
approximation (sometimes also termed as ‘‘density fitting’’) (42, 43)
was adopted in all calculations. The same 6–31G* basis and a
corresponding auxiliary basis set (44) were used in these calcula-
tions. To correct for basis set superposition error, all energies were
counterpoise-corrected so that binding energies should be under-
estimates. All of the calculations were performed by using the
Q-Chem 3.0 package (45).

Calculation of Excited State Surface. Because of the size of these
systems, the most accurate (and expensive) electronic structure
methods, such as multireference approaches and coupled cluster
methods, are not computationally feasible at present. Instead, we
carefully have chosen computational protocols to yield reliable
results by using low-order many-body methods and density
functional theory approaches. Because these methods have
known limitations, the most appropriate choice will vary de-
pending on the character of the system studied.

Thus, the results of low-lying electronic transitions of the
closed-shell dimer cations were obtained with configuration
interaction singles with perturbative doubles corrections
[CIS(D)] (46). This method adequately can describe correlation
effects on the excitation, while not suffering from self-
interaction errors (47) as in time-dependent density functional
theory (TDDFT) (48). The self-interaction error-free method
becomes especially important for charge-transfer electronic
transitions such as the one depicted in Fig. 2. The RI approxi-
mation also was adopted to efficiently evaluate the excitation
energies, and the same basis functions (6–31G*) were used as in
the ground state binding energy calculations. The basis set
dependence of the excitation energy was estimated by calculating
selected conformations of [pyrene-phenalenyl]� and [perylene-
phenalenyl]� systems at various monomer separation distances
with the larger 6–311�G* basis. (In this additional calculation,
the auxiliary basis corresponding to aug-cc-pVTZ (49) set was
used.) In all tests, the differences in the excitation energies from
using a larger basis set were �0.05 eV.

The RI-CIS(D) energies obtained can be refined further by using
asymptotic corrections. In the [pyrene-phenalenyl]� system, for
example, the excitation energy at large separation must be equal to
the difference between the ionization energy of pyrene (IE) and the
electron affinity of phenalenyl� (EA). Therefore, the entire excited
state surface can be shifted by a constant offset to match the
excitation energy at large separation:

��R	 � �CIS(D)(R) � [(IE 
 EA) 
 �CIS(D)(R�)]. [1]

For accurate assessments of the ionization energies and electron
affinities, a combination of MP2 and coupled cluster with
perturbative triples correction [CCSD(T)] (50) has been
adopted. In this scheme, the absolute energy of a given molecule
is obtained at CCSD(T)/6–31G* level of theory and then
corrected by �Ebasis as follows:

E � E�CCSD(T)�6–31G*) � �Ebasis [2]

and

�Ebasis � E(RI-MP2�aug-cc-pVTZ) 
 E(RI-MP2�6–31G*).

[3]

The quality of the energy value E thus obtained closely follows
the quality of the CCSD(T)/aug-cc-pVTZ level. This scheme is
conceptually similar to Gaussian-3 theory proposed by Pople and
coworkers (51) and is based on observations that �Ebasis is rather
insensitive to different levels of theory. The ionization energy is
defined as the difference in energies of neutral and ionic species
at the neutral geometry, and the electron affinity is defined as
the same difference but at the ionic geometry. The geometry of
any given species was optimized at RI-MP2 level of theory with
cc-pVTZ basis (52).

For open-shell dimers, unrestricted RI-CIS(D) becomes un-
reliable because of substantial spin contamination in the ground
and excited states. Density functional theory is much more
resistant to spin-symmetry breaking, and therefore TDDFT was
used for the open-shell excited states. The resulting calculations
may contain some uncertainties in the excitation energies be-
cause of the charge transfer errors mentioned previously. How-
ever, because the open-shell systems mainly follow nonradiative
deactivation paths (34) as was discussed previously, this possible
uncertainty would not impact our explanation of the ERE based
on closed-shell cations. For monomer dications, where there is
no problem associated with the charge transfer effect, TDDFT
was adopted in the calculation of excitation properties.

Simulation of Emission Spectrum. With the excited state curves
obtained as above, the emission spectrum was simulated by using
a semiclassical approach (53). If the dimer is modeled as a
one-dimensional system (as a function of monomer separation),
the emission process can be depicted through the progression of
a vibrational wavepacket on the model surface. Specifically, the
initial vibrational wavepacket �(0) is propagated on the ground
state surface (S0) by solving the time-dependent Schrödinger
equation with the split-operator method (54). Then the emission
spectrum as a function of frequency � can be obtained from the
Fourier transform of the time-correlation function of the prop-
agating wavepacket:

I��	 � C�3 �

�

�

dt
��0	 ��� t	�ei����0	t. [4]

Here, �0 is the energy of the initial wavepacket on the S1 surface
(53). Because the effect of anharmonicity on low-level vibrations
is small, simple Gaussian-type functions with a proper width
were used to represent �(0).

The emission spectra thus obtained have vibrational structures
with �60 cm
1 spacings (equivalent to intermonomer stretching
frequencies). In the real emission, these structures will not be
observed because the dimers have other low-frequency vibra-
tions [intermonomer bending and shearing (55)] together with
extremely small rotational constants with respect to the molec-
ular temperature. Therefore, the envelopes of the vibrational
structures were taken as the final spectra.
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