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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 Kekulé 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 hydrocarbons,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 Xray 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 Xray measurements. We observe that the 1s−π* line broadening
previously observed with a lower-resolution X-ray Raman
© 2018 American Chemical Society

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 highresolution 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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double-crystal monochromator, carbon 1s XRS spectra are
recorded with the inverse scanning methodology, i.e. while the
detection energy is kept ﬁxed at 6462.2 eV, the incident energy
is scanned across the range of 6732.2−6767.2 eV to capture an
energy transfer range of 270 to 305 eV. The average
momentum transfer captured from the extended 40 crystal
spectrometer, when accounting the sin2(θ/2) dependence of
the XRS signal, is q ∼ 1.23 au, which ensures that the dipole
transitions dominate the XRS spectrum.13 Additionally, these
electronic transitions were calculated using an excited state
Hückel method coupled with excited state density functional
theory (DFT). Brieﬂy, the relative energy of the lowest
unoccupied molecular orbitals (LUMOs) are calculated by
modeling the excited carbon atom as a nitrogen atom.15 To
place the molecular orbital energies on an absolute scale, the
orbital energies were subtracted from the average ionization
energy for a carbon atom in these molecules (∼291 eV). The
average ionization energy and the dipole transition intensity
were calculated using excited state density functional theory
(DFT) using the StoBe package.16 All calculations were
performed for the ground state molecules and excited state for
each symmetrically unique core hole. All molecular orbital
diagrams were prepared by taking a linear combination of
hydrogenic pz orbitals with the coeﬃcients obtained by
following Huckel’s method.

Figure 1. Fraction of π bonds that are IDB (ﬁrst column); Clar
structure (second column); measured 1s−π* XRS spectrum (third
column); and energies of the ﬁrst three unoccupied energy levels
(fourth column) for a series of PAHs. The energy scale is in units of
the energy of the resonance integral β. The PAHs presented are
triphenylene, phenanthrene, pyrene, naphthalene, anthracene, tetracene, and pentacene (top to bottom).

in earlier measured and calculated XAS spectra of anthracene
(57% IDB),25 nondeuterated and perdeuterated pyridine,26 a
series of linearly concatenated PAHs (polyacenes)8 and smaller
PAH subsets,7 nondeuterated and perdeuterated naphthalene
(40% IDB),27 and various medium sized PAHs,9,10 each
studied separately.
However, the mechanisms proposed to explain those
observations (which were applied to only a small number of
PAHs) do not provide a satisfactory explanation of the present
results (which encompass a broad set of PAHs), as described
below. While the line broadening observed in PAHs was
previously successfully employed to assess the structure of
complex mixtures, a physical mechanism explaining the origin
of the broadening was not provided.6 The spectrum of
anthracene was calculated precisely when including relaxation
eﬀects caused by excitations from localized core hole states, but
calculations of other PAHs were not performed, so trends
across PAHs were not considered.25 The splitting in
nondeuterated and perdeuterated pyridine was attributed to
chemical shift diﬀerences based on the position of the carbon
atoms relative to the nitrogen atom, but that eﬀect does not
apply to the unsubstituted PAHs studied here.26 Chemical shift
diﬀerences between diﬀerent carbons in polyacenes were
shown to contribute to the splitting8 and were invoked as a
potentially signiﬁcant eﬀect in the spectra of smaller PAH
subsets.7 However, as noted earlier,25 variations due to
chemical shift are too small (typically <0.5 eV) to be
responsible for the majority of the observed splitting presented
in Figure 1. Studies of deuterated molecules demonstrated that
vibrational ﬁne structure is responsible for relatively small
splittings in the core electron spectra of PAHs,26,27 but
vibrational structure cannot be the main cause of the larger
splittings observed here, which extend up to an order of
magnitude larger than the relevant vibrational energies.
Gordon et al.7 studied a subset of smaller PAHs in great
detail using a local Gaussian based DFT method. Although
close agreement between theory and experiment was obtained,
a simpliﬁed interpretation of the ﬁndings that rationalizes the
observed energetics is diﬃcult to extract. Among other
ﬁndings, these results generated a hypothesis that the line

■

RESULTS AND DISCUSSION
As described by the Clar model, π bonds in PAHs are divided
into aromatic sextets (AS) and isolated double bonds (IDB).5
AS contain π electrons that are fully delocalized over the
carbon hexagon. They are the most aromatic centers in PAHs
and indicate regions of local aromaticity in large molecules.17,18
Consistent with the stability of aromatic rings resulting from
electron delocalization, AS contribute to the kinetic stability of
PAHs by increasing the HOMO−LUMO gap.19 IDB, on the
other hand, have polyene-like character and can be as reactive
as oleﬁnic double bonds in unconjugated molecules.5,18,20 The
most probable electronic structure of a PAH is one in which
the number of AS is maximized while the number of IDB is
minimized, and algorithms such as the Y-rule have been
developed to identify these electronic structures.18,20−22
Figure 1 presents the XRS spectra of several PAHs in the
region near 285 eV, which probes the core level excitations
from carbon 1s orbitals into the lowest unoccupied molecular
orbitals of π character, denoted 1s−π* transitions.23 PAHs are
presented in order of increasing fraction of the π bonds that are
IDB. The electronic structures of the PAHs as described by the
Clar model are drawn, with AS indicated by an inscribed circle
as in benzene, and IDB indicated by an explicit double bond as
in an oleﬁn (resonant structures with the same % IDB are
equally probably but are not shown). A peak splitting is
observed in the spectra, and the magnitude of that splitting
increases with the % IDB. The spectrum of triphenylene (0%
IDB) appears as a singlet or very closely spaced doublet,
similar to the spectrum of other fully benzenoid PAHs such as
graphite.14,24 The magnitude of the splitting increases up to 2
eV for pentacene (73% IDB), the highest %IDB PAH studied
here.
These results are consistent with previously reported core
electron spectra of PAHs. Bergmann et al.,6 working with a
lower-resolution XRS spectrometer, observed a line broadening that increased with %IDB in the spectra of a limited set
PAHs. Splittings similar to those observed here were obtained
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Figure 2. Molecular orbitals and XRS transitions for anthracene (left) and phenanthrene (right). Top panels show ground state wave function
contour maps (red and blue indicate maximum amplitude of opposite phase, green indicates zero amplitude) of the LUMO and LUMO+1,
illustrating nodes on several carbon nuclei; middle panel shows the energy levels of the π and π* orbitals, illustrating a relative increase of the
HOMO and decrease of the LUMO−LUMO+1 gap in phenanthrene; bottom panel shows simulated transition energies and intensities (including
core hole eﬀects) from core electrons bound to each inequivalent carbon along with the measured spectrum, illustrating the varying energetics and
transition amplitudes from the diﬀerent unique carbons into the LUMO and the LUMO+1. Transitions drawn with dotted lines have a transition
probability of 0 and correspond to carbon atoms on nodes in the molecular orbitals.

perfectly reproduce the experimental spectra, but the objective
here is to provide a simple conceptual picture that captures the
dominant eﬀects. This model neglects eﬀects such as the
inﬂuence of the core hole, which results in some deviations
that will be addressed in separate studies. However, this
approximation does not signiﬁcantly impact the general trends
(see SI), consistent with prior calculations showing the
distortion of low-lying MOs due to the core hole is modest
in large PAHs.9,10,25 For simplicity, the model is described here
using phenanthrene (14% IDB) and anthracene (57% IDB) as

broadening is related to symmetry, with molecules containing a
greater number of inequivalent carbons yielding a broader line
(the authors cautioned that insuﬃcient data were available to
reach a ﬁrm conclusion).7 That hypothesis is inconsistent with
these high-resolution data showing that phenanthrene (14%
IDB, 7 inequivalent carbons) has a narrower splitting than
anthracene (57% IDB, 4 inequivalent carbons).
Here we show that the origin of the splitting of the 1s−π*
transition in PAHs can primarily be explained using Hückel
theory based on ground state energetics. This model does not
5732
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The diﬀerence in those orbital energies is then responsible
for the observed splitting: for PAHs with low %IDB, the
LUMO is pushed up, becoming nearly degenerate with the
LUMO+1 and LUMO+2, such that transitions to any of these
π* MOs occur at nearly the same energy and appear as a
singlet or very closely spaced doublet in the measured spectra.
For PAHs with high %IDB, the LUMO is lowered, creating a
large gap to the LUMO+1 and LUMO+2, such that transitions
to the diﬀerent π* MOs occur at distinct energies and appear
as a split line in the measured spectra. The bottom panel of
Figure 2 shows this eﬀect for phenanthrene and anthracene.
The calculated energy and intensity of transitions from each
inequivalent carbon to both the LUMO and the LUMO+1 are
shown explicitly for both molecules. The measured spectra are
also shown and comprise the sum of all these transitions.
Transitions from certain initial carbon 1s orbitals to certain π*
orbitals are considerably more intense than others (including
some transitions with near zero intensity) because of the π*
nodes discussed earlier. Transitions from the diﬀerent initial
carbon 1s orbitals to the same π* orbital vary in energy over a
limited range because of the limited chemical shift eﬀects also
discussed earlier. Instead, the spectra are dominated by the
diﬀerences in energy between transitions terminating on the
LUMO and transitions terminating on the LUMO+1. In
phenanthrene, those transitions are suﬃciently close in energy
to be essentially unresolved, resulting in the measured singlet;
while in anthracene, those transitions are widely separated,
resulting in the measured doublet. The close agreement
between measured spectra and calculated energy levels
validates the explanation proposed here, unlike previous
models, which cannot explain splittings as large as
experimentally observed.

examples. These two molecules are chosen as examples,
because they diﬀer widely in the extent of spectral splitting
despite being structurally similar C14H10 isomers.
The measured carbon XRS spectra in this energy range
comprise the sum of signals resulting from electronic
transitions originating from 1s orbitals on each of the carbons
and going to each of multiple unoccupied MOs. The
unoccupied MOs probed in this energy range for all carbon
sites are the lowest unoccupied molecular orbital (LUMO) and
the next few lowest orbitals (LUMO+1, LUMO+2, etc.), all of
which have mostly π* character. The transition intensity
depends on the geometry of both the initial and ﬁnal state
wave functions, according to Fermi’s Golden Rule in the dipole
approximation. Because the 1s wave function decays
exponentially with distance, the transition intensity is nearly
proportional to the amplitude of the unoccupied MO at the
excited carbon nucleus. The π* orbitals have several nodes
(successively higher-energy MOs contain additional nodes, and
the lowest energy MOs are occupied), and in most cases,
several nodes occur near carbon nuclei. For example, Figure 2
presents calculated LUMOs for anthracene and phenanthrene,
illustrating LUMO nodes located near four and two carbon
nuclei and LUMO+1 nodes located near six and two carbon
nuclei (respectively). Because of these nodes, transitions
originating on some carbons go primarily to the LUMO,
while transitions originating on other carbons go primarily to
the LUMO+1 or other MOs. The experimental spectrum
represents the sum of all of these transitions.
The transition energies are essentially independent of which
carbon binds the excited core electron, because 1s orbitals
belonging to diﬀerent carbon nuclei in PAHs have essentially
the same energy. However, the transition energy depends on
the MO to which the core electron is moved, with higher-lying
MOs resulting in transitions at higher energies. For PAHs, the
energies of those orbitals are given by the Clar and Hückel
models.5,19 Relative to MOs associated with IDB, MOs
associated with AS are characterized by wide HOMO−
LUMO gaps (which contributes to their stability).19 Thus,
the HOMO−LUMO gaps of PAHs increase with the %AS.
Because the MO energies are distributed symmetrically relative
to the energy of the uncombined 2p orbitals, molecules with
wide HOMO−LUMO gaps have relatively high-lying LUMOs
(and low-lying HOMOs). However, the energies of the higherlying LUMO+1 and LUMO+2 are nearly independent of
whether the PAH is dominated by AS or IDB. As a result,
when the LUMO energy is increased (as occurs in PAHs rich
in AS), the LUMO will be close in energy to the LUMO+1 and
perhaps the LUMO+2; while when the LUMO energy is
decreased (as occurs in PAHs rich in IDB), the LUMO will be
far in energy from the LUMO+1 and LUMO+2. This eﬀect
can be see for phenanthrene and anthracene in the middle
panel of Figure 2, which plots the energies of all occupied and
unoccupied π orbitals as estimated by the simple Hückel
theory. In the Hückel theory, the MO energies relative to the
energies of the uncombined 2p orbitals are expressed in terms
of the energy of the resonance integral β, typically around −2
eV (if calculated from ionization energies). Phenanthrene is
rich in AS (14% IDB), has a relatively high-lying LUMO
(0.605|β|), and a small gap between the LUMO and the
LUMO+1 (0.164|β|); meanwhile anthracene is rich in IDB
(57% IDB), has a relatively low-lying LUMO (0.414|β|), and a
large gap between the LUMO and the LUMO+1 (0.586|β|).

■

CONCLUSION
The measured trend of splitting in the 1s−π* transitions in
some PAHs but not in others is explained in terms of the Clar
and Hückel models of aromaticity. This simple model
considering only ground state energetics is shown to capture
the majority of the physics, although more sophisticated
models are required to reproduce the measured spectra exactly.
According to the Clar model, PAHs of diﬀerent geometries
contain diﬀerent amounts of AS (which are associated with
relatively high-lying LUMOs) versus IDB (which are
associated with relatively low-lying LUMOs). Hückel calculations of the energies of the LUMO, LUMO+1, and LUMO
+2 of various PAHs show that high-lying LUMOs cause small
LUMO−LUMO+1 gaps, while low-lying LUMOs cause large
LUMO−LUMO+1 gaps. Thus, PAHs rich in AS have nearly
degenerate π* orbitals leading to a nearly singlet 1s−π*
transition, while PAHs rich in IDB have widely separated π*
orbitals leading to a split 1s−π* transition. This result can be
seen in the ﬁnal column of Figure 1, which plots the energies of
the LUMO, LUMO+1, and LUMO+2 relative to the energy of
the uncombined 2p orbitals. For PAHs with low %IDB, these
three orbitals are nearly degenerate, and a singlet or very
closely spaced doublet is observed in the spectra. As the %IDB
increases, the orbital energies become more widely spaced and
a spectral splitting is observed.
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