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ABSTRACT: Aromaticity profoundly affects molecular orbitals in polycyclic
aromatic hydrocarbons. X-ray core electron spectroscopy has observed that carbon
1s−π* transitions can be broadened or even split in some polycyclic systems,
although the origin of the effect has remained obscure. The π electrons in
polycyclic systems are typically classified in the Clar model as belonging to either
true aromatic sextets (similar to benzene) or isolated double bonds (similar to
olefins). Here, bulk-sensitive carbon core excitation spectra are presented for a
series of polycyclic systems and show that the magnitude of the 1s−π* splitting is
determined primarily by the ratio of true aromatic sextets to isolated double bonds.
The observed splitting can be rationalized in terms of ground state energetics as
described by Hückel, driven by the π electron structure described by Clar. This
simple model including only ground state energetics is shown to explain the basics physics behind the spectral evolution for a
broad set of polycyclic aromatic hydrocarbons, although some residual deviations between this model and experiment can likely
be improved by including a more detailed electronic structure and the core hole effect.

■ INTRODUCTION

Since its introduction by Kekule ́ in 1865,1 the concept of
aromaticity has been integral for understanding molecular
structure, reactivity, and spectroscopy. Hückel’s work provided
a criterion for aromaticity and an estimate of the shapes and
energies of molecular orbitals (MOs) in monocyclic hydro-
carbons,2−4 and Clar’s model extended the concept to
polycyclic aromatic hydrocarbons (PAHs).5 Aromaticity is
widely invoked to explain myriad spectral features such as band
gaps probed by optical spectroscopy, chemical shifts probed by
NMR spectroscopy, and core electron transitions probed by X-
ray spectroscopy.5,6

In core electron spectroscopy, it has been observed that the
line width of the carbon 1s−π* transition varies for PAHs of
different structure, and this spectral feature has been used to
assign average molecular geometries in complex mixtures such
as petroleum.6 However, a direct link between the ground state
and the 1s−π* line width variation has not been well-defined,
partly because of the complications that arise when a full
account of the energetics involved in the X-ray absorption
process is taken into account.7 Here we present carbon K-edge
spectra of several PAHs obtained by high-resolution hard X-ray
Raman scattering (XRS), taking advantage of the long
penetration depth of hard X-rays to provide bulk-sensitive
carbon core excitations without experimental artifacts such as
surface contamination and normalization difficulties in soft X-
ray measurements. We observe that the 1s−π* line broadening
previously observed with a lower-resolution X-ray Raman

spectrometer results from a line splitting, which is observable
at higher resolution, consistent with other studies on smaller
PAH subsets measured with direct soft X-ray absorption
spectroscopy (XAS) and electron energy loss spectroscopy
(EELS).7−10 Further, we explain the origin of the line splitting
from fundamental concepts described in the Hückel and Clar
models of MOs in PAHs.

■ METHODS
Carbon K-edge XRS probes transitions between 1s electrons
and higher-lying σ* and π* unoccupied MOs. In the dipole
limit (i.e., low momentum transfer), XRS spectra are formally
equivalent to conventional soft X-ray absorption spectra
(XAS), except XRS probes the bulk sample, while XAS is
rather surface sensitive.11−13 The bulk sensitivity makes XRS
attractive for analysis of complex mixtures and samples prone
to oxidation, where the surface may not be representative of
the bulk. Here we report spectra acquired with a high-
resolution XRS spectrometer operated at beamline 6-2 at the
Stanford Synchrotron Radiation Laboratory.14 Briefly, the
instrument consists of 40 crystal Si(440) analyzers arranged on
overlapping Rowland circles of 1000 mm and at a fixed Bragg
angle of 88° resulting in a fixed detection energy at 6462.0 eV
and an energy resolution of 0.29 eV. Through a Si(311)
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