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ABSTRACT: After benzene and naphthalene, the smallest
polycyclic aromatic hydrocarbon bearing six-membered rings
is the threefold-symmetric phenalenyl radical. Despite the fact
that it is so fundamental, its electronic spectroscopy has not
been rigorously scrutinized, in spite of growing interest in
graphene fragments for molecular electronic applications.
Here we used complementary laser spectroscopic techniques
to probe the jet-cooled phenalenyl radical in vacuo. Its
spectrum reveals the interplay between four electronic states
that exhibit Jahn—Teller and pseudo-Jahn—Teller vibronic
coupling. The coupling mechanism has been elucidated by the

application of various ab initio quantum-chemical techniques.

The phenalenyl radical consists of three six-membered rings
that share a central carbon atom (Figure 1 inset). As a 13-
carbon conjugated species, the neutral form is a resonance-stabilized
radical. Resonance-stabilized radicals are found to form spontaneously
in electrical discharges and recognized as important intermediates in
fuel-rich combustion."* Indeed, the phenalenyl radical is so stabilized
by resonance that 1t can be generated and observed at room tem-
perature in solution.” The phenalenyl radical motif has been exten-
sively invoked in the design of organic molecular conductors* and is a
prototypical open-shell graphene fragment.®

Astronomically it is posited to be partly responsible for the
extended red emission, a red glow associated with carbon-rich
nebulae.’ The recent discovery of fullerenes in a young planetary
nebula’ has reinvigorated the search for other polycyclic conju-
gated species in space. Indeed, polycyclic aromatic hydrocarbons
have long been held to be responsible for strong IR emission bands
observed in a range of interstellar environments.”

Despite much attention, a detailed understanding of the
electronic structure and spectroscopy of this fundamental species
is still lacking. Highly resolved fluorescence excitation and
emission spectra of the radical in a cryogenic matrlx were
reported previously but with no satisfactory analysis.” The
spectrum of the gas-phase phenalenyl radical has not been
reported to date. To compare with absorption spectra of the
interstellar medium or probe for its production in complex
chemical environments, such a measurement is required. We
have obtained the first electronic spectra of the phenalenyl radical
under rigorously isolated conditions through laser interrogation
of a molecular beam. Analysis of the spectrum revealed the
influence of Jahn—Teller (JT) and pseudo-JT effects'® and
manifestations of the Coulson—Rushbrooke pairing theorem."'
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Figure 1. Resonant ionization spectrum of phenalenyl radical (m/z 16S).
The inset shows a resonance structure of phenalenyl radical.

The excitation spectrum of phenalenyl radical obtained by
resonant two-color two-photon ionization is shown in Figure 1.
The origin (09) is observed to be much weaker than the vibronic
features near 19600 cm ™" (labeled v). Our excitation spectrum is
nearly identical to that observed by Cofino et al.” in cryogenic
matrices but is blue-shifted by ~130 cm™'. Comparison to
condensed-phase emission confirmed the assignment of the origin.

The molecule thus exhibits a propensity for changing one
quantum in v (780 cm™ ) upon making an electronic transition
(note that this is not necessarily meant in the usual
Franck—Condon sense). This is further exhibited by single-vibro-
nic-level ﬂuorescence emission spectra obtained by exciting the
origin and the v band (Figure 2). Emission from the vibrationless
level is predominantly to one quantum in a mode with a frequency
similar to ¥, and emission from the state prepared by pumping vy is
predominantly to twice this frequency (i.e., two quanta of v). Such
behavior is reminiscent of vibrational spectroscopy, where the
selection rule is An = =1. This behavior is manifested in vibronic
spectra as the Herzberg—Teller effect. To elucidate the mechanism
of the observed spectra, one must consider the electronic structure.

The electronic structure of the phenalenyl radical has at-
tracted much interest from the standpoint of molecular electro-
nics and studies of aromaticity. The perimeter of the radical is
antiaromatic, having 12 7 electrons distributed among 12 p
orbitals. The perimeter orbitals can be represented as cosine and
sine waves multiplied by the unhybridized p orbitals. The
degenerate highest-occupied perimeter orbitals have a periodi-
city of 3, as shown in Scheme 1. One of these exhibits nodes on
the bonds joining the periphery to the central carbon, and the
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Figure 2. Single-vibronic-level emission spectra of the phenalenyl
radical resulting from excitation of the (top) 05 and (bottom) v§ bands
in Figure 1. In the latter, the small feature at +1600 cm ™ is likely due to
Fermi resonance; the feature marked with an asterisk is unassigned.

Scheme 1. Schematic Explaining the Stabilization of the
13-71-Electron System”

periphery MOs central carbon p orbital
“The antiaromatic periphery orbitals (left) differ in phase, and only one
can interact with the central p orbital (right). This interaction produces
new MOs, one of which stabilizes the structure. Thus, the radical electron
remains on the periphery, and the 12-77-electron cation is aromatic.

other possesses antinodes in these positions. This latter orbital
interacts with the central p orbital to give new molecular orbitals
(MOs), one being stabilized. Thus, the radical electron is left in a
peripheral orbital (despite the resonance structure shown in the
Figure 1 inset). Indeed, according to Hiickel theory, the stabi-
lized orbital becomes degenerate with the next-lowest 77 MOs. As
such, although the cation has 12 electrons, it is a stable aromatic
system and has been described as a “magnetic chameleon”."?
The predictions of Hiuckel theory are largely borne out
by higher-level calculations, with the ground-state neutral pre-
dicted to have ZA/I/ symmetry. Being nondegenerate, the D5
geometry should be stable, as supported by a density functional
theory (DFT) calculation of the ground state. At the restricted open-
shell Hartee—Fock (ROHF) level, the orbitals immediately higher
and lower than the aj singly occupied MO (SOMO) have ¢”
symmetry, with the a, orbitals resulting from the interaction shown
in Scheme 1 being the next highest and lowest (Figure 3). The first
excited electronic states are therefore expected to have E” symmetry.
The pure electronic transition E” < A is allowed, being polarized in
the plane of the molecule (I, = ¢’). The origin is thus expected to be
observable, as seen above. Now, transitions to single quanta of both a/l
and e’ modes in the E” excited electronic state are both allowed (E” ®
¢’ DE), so we may attempt to assign the modes labeled v in Figures 1
and 2 by these considerations. At the DFT geometry, a complete-
active-space calculation using the ROHF orbitals was performed.

Figure 3. ROHEF frontier orbitals of the phenalenyl radical. The lower
a, orbital is derived from one of the peripheral orbitals in Scheme 1. The
four single-electron transitions that give rise to the two pairs of E” states
are indicated.

In this space, the first excited electronic states are indeed found
to have E” symmetry, and these are herein denoted 1°E”. Corrections
for more highly excited determinants using multireference second-
order perturbation theory place the 1°E” state at 2.1 eV, compared to
the observed value of 2.3 eV.

The emission from the vibrationless level of the 1°E” state
peaks at 810 cm ™. This appears to correspond to a mode of e’
symmetry, V,s, which is calculated by DFT to have a frequency of
811 cm™ ' after scaling by 0.97, a factor that we have determined
from a number of previous studies of resonance-stabilized
hydrocarbon radicals to yield excellent agreement with experi-
mental grou?d—state frequencies.' The nearest competing assi%n—
ment is an a; mode predicted to have a frequency of 766 cm™ .

According to the JT theorem,'® distortion along the ¢’ mode 7,5
lifts the degeneracy of the 1’E” state, giving C,, symmetry along one
component of V,5 and C; symmetry along the other. In the C,, point
group, these components have a; and b, symmetry, respectively,
and we label them here Q, and Q.. By distorting the geometry along
Q,, we can investigate the JT effect by calculating the splitting of the
1°E” state into A, and B, components in the reduced C,, symmetry.
The surfaces thus generated are displayed in Figure 4. The splitting
is relatively small, with the zero-point energy of the two-dimensional
oscillator lying well above the point of degeneracy.

The JT effect can introduce intensity in the vibronic transitions to
states that correspond to a single quantum of excitation in the ¢’
modes in this molecule. To test whether the JT coupling is
responsible for the vastly increased intensity of 25 relative to the
origin, we solved the vibronic problem in the diabatic electronic
basis, where the electronic states retain C,, symmetry and the kinetic
energy matrix is diagonal. The linear JT electronic Hamiltonian is

A p? 0 0
V = 0 AZ + /12p2 - kQa +ka
0 +kQ A + A3p” + kQ.

where the the harmonic potentials 4; are taken to be equivalent,
k is taken from the calculated slope of the conical intersection
displayed in Figure 4, and p° = Q2 + Qv The terms A, = A,
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Figure 4. Adiabatic potential energy curves associated with the 1°E"
electronic state as a function of the components of the ¢’ mode V5.

represent the electronic energy of the 1’E” state at the ground-state
equilibrium geometry. Diagonalization of V regenerates the adia-
batic potentials in Figure 4. With a ground state 2D harmonic
oscillator basis, the calculated energy levels reveal a JT splitting of
only 4 cm™ " in the v,5 = 1 levels and much less intensity in the 254
peak than in the origin. As such, the JT effect in the 1°E” manifold
cannot be held responsible for the observed intensity pattern.

As mentioned above, intensity in modes that are not totally
symmetric is often associated with the Herzberg—Teller effect,
whereby the slope of the transition dipole moment induces a
coupling between vibronic states differing by one quantum in the
mode of interest. The smooth evolution of the electronic
transition moment with geometry is a manifestation of the
adiabatic Born—Oppenheimer approximation, which is known
to be invalid for JT-coupled electronic states. Nevertheless, we
may calculate the transition moment to the components of the
1’E” state for distortions along Q,. As an a; mode in C,,, this
preserves the A, and B; symmetries of the adiabatic states. The
results of this calculation are displayed in Figure S, which shows a
substantial slope of the transition moments with respect to
distortion along Q,, indicating a strong mixing with another state
along the adiabat. For excited states without conical intersec-
tions, the transition moment can be calculated adiabatically, and
the resulting function of the geometry can be used to model the
excitation spectrum in terms of the Herzberg—Teller effect.'?
However, we cannot calculate the transition moments adiabati-
cally, as they are not single-valued. To understand why, we can
consider an adiabatic “walk” around the minimum in the
potential in Figure 4. By traversing 7 radians from Q, > 0,
Qp = 0 and arriving at Q;, = 0, one crosses from one of the C,,
diabatic states to the other. The adiabats may be expressed as

|229) = cos(6/2)[2%) + sin(0/2)]3%)

139 = —sin(6/2)[29) + cos(6/2)[3%)

where the superscripts “ad” and “d” indicate adiabatic and
diabatic states, respectively. From these expressions, it is clear
that a full traversal of 27T radians would result in a change of sign
of the wave function and thus of the transition moment. This
problem, known as the Berry phase'* (or geometric phase), may
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Figure 5. Adiabatic transition moments to the 1’E” manifold as
functions of distortion along Q,.

be eliminated by using a diabatic basis. Accordingly, we must
identify the origin of the transition moment derivative.

The frontier MOs are illustrated in Figure 3. The manifesta-
tion of the Coulson—Rushbrooke pairing theorem is apparent,
the orbitals being paired between 77 and 77* orbitals differing by a
sign change on alternant carbon atoms."" There are four single-
electron transitions that give rise to four excited configurations.
These pairs of configurations are calculated to interact to give rise
to two pairs of E” states as even and odd combinations of the
excited configurations. In cases such as these, with odd-alternant
7T systems, not only are the energies of the excited configurations
identical at the Huckel level, but so are their transition
moments."™'> As a consequence, there is a near cancelation of
the transition moment for the 1°E” «— ZA/I/ transition and
constructive interference for the 2°E’ — ZA/I/ transition.'®
Indeed, the latter transition moments are ~2.5eq, at the equi-
librium position. The steep change in transition moment seen in
Figure $ is due to vibronic coupling to the upper, bright 2°E”
states.

To model the interaction of these four E” states in the diabatic
representation, we invoked pseudo-JT off-diagonal terms. The
electronic Hamiltonian is now

Vi 0 0 0 0

0 Vyu—kQ +kQyp +2Q. +gQp
v=1|0 +kQp Vi + kQ, +gQp —gQa

0 +8Qa +8Q Vis — fQa +HQ

0 +gQp —gQa +1Qp Vss + fQa

where the parameters k, f, and g are calculated from analytical
diabatic couplings using the EOM—CCSD method."” The diagonal
potentials are given by V;; = A, + lipz. Solving the vibronic problem
in a harmonic oscillator basis yields eigenvectors | ). The excitation
spectrum is obtained by plotting the square of the vibronic transition
moment, [(W¥'|M |‘P")|2, where M is the electronic transition dipole
moment matrix in the diabatic representation evaluated at the Dy,
geometry projected onto the C,, components. The calculated
spectrum is shown in Figure 6, and the resemblance to the
experimental spectrum in Figure 1 is clear. This demonstrates that
the effect of the pseudo-JT coupling between the 1’E” and 2°E”
manifolds is responsible for the observed intensity pattern. A more
detailed treatment is planned for a future publication.

Spectra of PAH radicals of this size are of interest
for comparison to diffuse interstellar bands (DIBs)."®* In
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Figure 6. Spectrum calculated using the vibronic Hamiltonian includ-
ing JT and pseudo-JT coupling, with EOM—CCSD-computed coupling
constants. An intensity pattern closely resembling Figure 1 is observed.
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Figure 7. Comparison of the phenalenyl radical excitation spectrum
and the spectrum toward HD204827.>" Vertical lines indicate DIBs.

particular, the phenalenyl radical is a worthy candidate
because of its aromatic stabilization. Benzene is a known
circumstellar molecule,’® and there is evidence for the
naphthalene cation in space.”® The next largest PAH with
six-membered rings is phenalenyl radical. A comparison of
the observed excitation spectrum to the DIBs observed in the
star HD204827"" is shown in Figure 7. The strongest band of
the phenalenyl radical coincides with a rather weak DIB, with
the other strong band plausibly lost in the complicated astro-
nomical spectrum. While this is tenuous evidence at best for
interstellar ;phenalenyl radical, the existence of much stronger
2%E" <= 2A transitions compels us to return to the laboratory to
search for the associated band system, which would be much
more likely to be observable in the spectra of the interstellar
medium.

In conclusion, we have obtained the first spectra of the
phenalenyl radical under rigorously isolated conditions in a
molecular beam. Theoretical considerations indicate that the
transition observed here is 1°E” < A} in symmetry, with the
upper state strongly coupled (via the pseudo-JT mechanism) to
the 2°E” state. The latter carries nearly all of the oscillator strength
arising from transitions between the frontier orbitals. There is a
coincidence between the strongest band and a weak interstellar
absorption feature, but the prediction of much stronger 2°E” —A]
transitions compels us to search for these in the laboratory.
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