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ABSTRACT: X-ray absorption spectroscopy (XAS) is combined with density functional
theory (DFT) to determine the orbitals of one- and two-dimensional carbon π-systems
(lycopene, beta-carotene, retinal, retinol, retinoic acid, coronene, triphenylene).
Considerable fine structure is observed for the transition from the C 1s level to the
lowest unoccupied molecular orbital (LUMO) and explained by DFT. The wave functions
of the one-dimensional chain molecules display the node structure of a vibrating string. The
XAS transition energy is decomposed into contributions from the C 1s core level, the π*
final state, and the electron−hole interaction. For the latter, we develop a simple model that
accurately represents a full Δ-self-consistent field (ΔSCF) calculation. The distortion of the
LUMO because of its interaction with the C 1s hole is investigated. These results illustrate
the electronic states of prototypical π-bonded carbon structures with low-dimensional
character, such as those used in molecular complexes for solar cells, confined graphene
structures, and molecular wires.

■ INTRODUCTION

Carbon-based electronics is on the rise. Examples are
transistors based on carbon nanotubes or graphene, organic
light-emitting diodes (OLEDs), solar cells containing conduct-
ing polymers or organic dye molecules, single-molecule devices,
and many other innovative structures. A particularly exciting
concept utilizes molecular building blocks, stitched together by
molecular wires into complexes that perform sophisticated
functions.1−8 For example, dye-sensitized solar cells consisting
of a donor-π-absorber (d-π-a) complex have set an efficiency
record for this class of solar cells.9 In this case, a planar π-
system plays the role of the light absorber. The electronic
structure of such a complex has been investigated by X-ray
absorption spectroscopy (XAS),10 taking advantage of the
element and orbital selectivity of this technique. The appeal of
such structures is their atomic precision, which avoids having to
deal with disordered, intermixed interfaces between different
materials in conventional solar cells. As a next step in this
scheme, it has been proposed to connect two such absorber
molecules by a molecular wire or diode into a tandem device in
order to cover the solar spectrum more efficiently. Thousands
of candidate molecules have been screened by density
functional theory to see whether their energy levels are suitable
for tandem arrangements.11

The building blocks in molecular electronics typically contain
carbon-based π-systems with a band gap in the 1−3 eV range.
These can be one-dimensional molecular wires, such as the
classic trans-polyacetylene, or two-dimensional molecular

sheets, such as pentacene. Like trans-polyacetylene, the one-
dimensional carbon π-systems investigated here contain a single
chain of π-bonded carbon atoms and thus form the finest
conceivable wires. We are interested in a fundamental
understanding of the π-orbitals that carry the electrons and
absorb/emit photons. What determines the energies and
splittings of these frontier orbitals? How can one predict the
electron−hole interaction that leads to the formation of neutral
excitons with a long mean free path? Does it change in low-
dimensional systems?12−14 The exciton binding energy is an
important number when breaking up excitons into free carriers
in organic solar cells15 or generating light from excitons in
OLEDs.16

This study uses prototypical π-systems to represent building
blocks in molecular electronics. For one-dimensional wirelike
building blocks, we choose molecules containing π-bonded
carbon chains similar to trans-polyacetylene but with well-
defined finite lengths. Lycopene has the longest carbon chain
studied here, followed by beta-carotene4−6,17,18 and the group
consisting of retinal, retinol, and retinoic acid. As two-
dimensional prototypes of finite-sized graphene, we select
coronene,19−21 triphenylene, and benzene22 again descending
in size. The lowest π* orbitals of these molecules are probed by
optical transitions from the C 1s core level via XAS. Such core
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level spectra allow a unique assignment of the observed
absorption peaks to specific π* orbitals, while UV/vis
absorption spectroscopy confounds transitions from several
occupied π-orbitals into the π*-system.
Despite the complexity of these molecules, we find

surprisingly sharp features in the XAS spectra. Density
functional theory provides a detailed analysis of the spectra in
terms of π* orbitals and their wave functions. Furthermore, the
XAS transition energy is decomposed into the C 1s core level
energy, the energy of the π* level, and the electron−hole
interaction. The high symmetry and the small size of these
molecules reduce the number of π* orbitals near the threshold.
This allows a simple interpretation of the wave functions,
particularly for the carbon chains. The envelope of the rapidly
oscillating π* orbitals simply represents the electronic analog of
the overtones generated by a vibrating string.

■ EXPERIMENTAL METHODS
The XAS experiments were performed at an undulator
beamline of the Advanced Light Source (ALS) at LBNL. The
photon energy reference for these spectra was based on the π*
transition of graphite and graphene (on Cu foil), which was at
285.35 eV. The slits were kept very narrow to resolve
vibrational fine structure at a level of better than 0.1 eV. This
also minimized radiation damage which occurred readily for the
1D molecules studied here. Their sensitivity rivaled the most
sensitive molecules encountered in our previous studies of
photochemical reactions.23,24 This is illustrated in Figure 1,

where subsequent scans of the same sample area are shown for
beta-carotene. In addition to nearly closing the slits, the beam
was defocused to an area of about 2 × 3 mm2, and the total
electron yield mode was used for efficient detection. Despite
these efforts, the characteristic π* peak at 284.2 eV starts to
fade already after the first scan in Figure 1, giving eventually
way to a new feature near 285 eV (possibly because of graphitic
carbon from dehydrogenation). To estimate what a completely
pristine spectrum would look like, the difference between
spectrum 1 and 2 was subtracted from spectrum 1. The
resulting spectrum (labeled 0) represents our best estimate of a
pristine spectrum.
A characteristic difficulty at the C 1s threshold is the

normalization of the spectra to the true photon flux. It is
reduced by carbon contamination on the optics in the region of
the π* transitions. The flux was monitored simultaneously with

the sample current by the photocurrent from a Au-coated mesh
in the path of the beam. Hydrocarbon contamination on the Au
mesh mimics extra flux that is not there, leading to a dip after
dividing the sample current by the mesh current. Therefore, we
also measured clean Au samples under the same conditions.
The double-division (sample/mesh)/(Au/mesh) cancels the
contribution from a contaminated mesh.
The molecules were obtained as microcrystalline powders

from Sigma-Aldrich and were kept refrigerated until use. They
were rubbed onto double-sided Cu tape. A possible
contribution from residual exposed glue on the tape was
characterized by measuring the bare tape separately. The signal
from the tape was low and featureless below a characteristic
peak at 288.5 eV (not shown). This peak was used to
determine the tape contribution and to subtract it out. In the
spectral region shown in the figures, this subtraction did not
influence the shape of the spectra.

■ THEORETICAL METHODS
Density functional theory (DFT) calculations were carried out
by means of the Amsterdam Density Functional (ADF) code.25

All atoms were described by basis sets of TZP quality (triple-ζ
Slater-type orbital plus one polarization function) as provided
by the program database. All core electrons were handled
explicitly (without making the frozen-core approximation). The
exchange-correlation energy was computed via three different
exchange-correlation functionals: (1) the Vosko−Wilk−Nussair
(VWN) functional26 at the local density approximation (LDA)
level, (2) the Perdew−Burke−Ernzerhof (PBE) functional27 at
the generalized gradient approximation (GGA) level, and (3)
the BHandHLYP hybrid functional.25

The particular choice of the BHandHLYP functional among
many other hybrid functionals for the time-dependent DFT
(TD-DFT) calculations is based on previous work, where the
BHandHLYP functional required the smallest energy shift to
match the threshold of the experimental XAS spectra. At the
same time, it gave the best agreement for the relative peak
positions in the spectra.28 In general, hybrid functionals with a
large percentage of exact exchange, such as BHandHLYP or
BHandH25 with 50%, exhibit much smaller deviations for core-
to-valence transitions than standard hybrid functionals, such as
PBE029 or B3LYP30 with 25% (∼1 eV vs ∼10 eV,
respectively).31

DFT/TD-DFT has drawbacks when describing conical
intersections, long-range charge transfer excitations, or double
excitations.32 These weaknesses are mainly due to the single-
determinant nature of DFT. Many efforts have been made to
construct new DFT/TD-DFT functionals that overcome these
problems.33 Despite these shortcomings, the DFT/TD-DFT
framework is defacto the most popular technique to model XAS
spectra as a result of the balance between its cost and its
accuracy.32 In parallel wave function approaches and many-
body techniques have also been employed to calculate the
spectra of polyenes and carotene molecules similar to the ones
investigated in the present study. Examples are the density
matrix renormalization group (DMRG) studies by Hachmann
et al. on the radical character of acenes,2 the low-lying excited
states of polyenes and β-carotene,3 and the benchmark study by
Hajgato ́ et al. of the ground state of polyacenes and their
singlet−triplet splitting.34 Thereby, the multideterminant
complete active space self-consistent field (CASSCF) method
was compared with single-determinant methods, such as
Hartree−Fock, MP2, or coupled-clusters,34 as well as with

Figure 1. Effect of radiation damage on the C 1s absorption spectrum
of beta-carotene. The intrinsic π* peak at 284.2 eV is reduced while
the π* feature of graphitic carbon near 285 eV is growing. The first
spectrum is extrapolated to a pristine sample by subtracting the
difference between the second and the first spectrum.
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DFT at the hybrid level from the seminal work by Bendikov et
al.1 More details about the performance of wave function
methods in this kind of systems, such as DMRG or the
multireference configuration interaction (MRCI) method, can
be found in several reviews.35,36 Only a small number of XAS
calculations have been performed using many-body approaches
because of their computational cost. An example is the recent
study on small- and medium-size molecules by Wenzel and co-
workers.37,38

The starting point of our calculations was a structure
determination of the molecules in their ground state. They
were relaxed until the maximum force was reduced to less than
0.04 eV/Å. Then, the XAS transitions were calculated using
TD-DFT which takes the electron−hole interaction into
account. Since systematic errors make it very difficult for
first-principles calculations to reach an absolute accuracy of
better than 1 eV for core level transitions, the theoretical
spectra were shifted to match the XAS data (by the same

Figure 2. X-ray absorption spectra for the smallest molecules with the structure of graphene. The lowest C 1s-to-π* transitions are compared to TD-
DFT calculations. The fine structure is a combination of electronic and vibrational interactions (see the gas-phase spectrum of benzene from Ma et
al.22). The insets show calculated wave functions of the degenerate LUMO of benzene and the split LUMOs in the larger molecules. Those contain
inequivalent atoms (numbered). All theory spectra are shifted up in energy by 1.8 eV to match the data.

Figure 3. Experimental and calculated spectra of 1D molecular wires containing a single chain of π-bonded C atoms. The presentation of the spectra
is analogous to Figure 2. The corresponding wave functions are shown in Figure 4 and in the Supporting Information.
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amount for all molecules). The BHandHLYP functional
required the smallest shift (1.8 eV upward). The relative peak
positions were reproduced best by this functional as well. For
this reason, the BHandHLYP results were used for all figures.
It is instructive to decompose the XAS transition energy into

contributions from the core level, the empty π* orbital, and the
electron−hole interaction. Such an analysis was performed for
each molecule using Δ-self-consistent field (ΔSCF) calculation
methodology at the LDA level.39 In contrast to TD-DFT
calculations, the ΔSCF results were nearly independent of the
exchange-correlation functional for the lowest transition.27

Therefore, we selected the core excitation that contributes most
strongly to this transition. The energy of the lowest empty π*
orbital (lowest unoccupied molecular orbital, LUMO, level)
involves calculating the electron affinity (EA) of a molecule
using the vacuum level as reference energy. EA is obtained as
the ΔSCF energy difference between the ground states of the
neutral molecule and the negative ion (with the extra electron
in the LUMO). In similar fashion, the energy of the C 1s core
level of a particular atom in the molecule is calculated relative
to the vacuum level. In this case, we used a ΔSCF calculation
taking the difference between the ground states of the neutral
molecule and the molecule with one electron removed from a
C 1s level. The energy difference between EA and the C 1s
level from ΔSCF corresponds to the quasiparticle gap between
the C 1s level and the LUMO.40 The optical gap, that is, the
photon energy of the C 1s-to-LUMO transition is reduced by
the electron−hole (e-h) interaction between the electron in the
LUMO and the C 1s hole. It was obtained again via ΔSCF by
calculating the total energy of the molecule with an electron
promoted from the C 1s level to the LUMO and then by
subtracting the ground-state energy. The electron−hole
interaction energy is given by the difference between the
quasiparticle and optical gaps. A recent determination of the e-h
interaction in molecules for OLEDs also used ΔSCF
calculations to obtain quasiparticle gaps but complemented
them with experimental input from X-ray photoelectron
spectroscopy (XPS), ultraviolet photoelectron spectroscopy
(UPS), and optical absorption in the UV/vis.16 The electron−
hole interaction can also be investigated experimentally via
resonant inelastic X-ray scattering (RIXS). This has been
accomplished at the C 1s edge for π-bonded C60.41

■ RESULTS
XAS spectra are shown in Figure 2 for 2D molecules and in
Figure 3 for 1D molecules. They are paired with calculated
spectra (using TD-DFT). The respective wave functions of the
lowest π* orbitals are given in Figures 2 and 4. Compared to
the graphite reference spectrum at the top of Figure 2, the
molecules exhibit considerable extra fine structure. The
spectrum of graphene on Cu was similar to that of graphite
(not shown). The center of this peak was taken as reference
energy for XAS (dashed line at 285.35 eV). A spectrum of gas-
phase benzene from Ma et al. is also shown,22 representing the
smallest member in this series of 2D, snow-flake shaped
molecules. On the basis of the detailed analysis of the benzene
spectrum22 (including deuterated benzene), the structured
asymmetric tail is due to excitations of molecular vibrations in
addition to the core excitation. The calculation predicts only a
single peak from the two degenerate orbitals shown on the
lower right. Vibrational excitations are not included in the
calculation. They have been investigated extensively in a recent
study.21 The next π* orbital lies about 3 eV higher and is well

separated from the LUMO. The XAS spectra of triphenylene
and coronene exhibit a similar sawtooth shape but with two
replicas of the sawtooth. This matches the calculated spectra,
which predict a split LUMO corresponding to a combination of
different envelope wave functions and inequivalent C atoms
(numbered in the structural drawings). Detailed results about
the nature of these orbitals are given in the Supporting
Information.
The spectra of the 1D molecules containing π-bonded

carbon chains are shown in Figure 3. They are more complex,
reflecting the lower symmetry and the larger size of these
molecules. The broader, but still structured XAS spectra
indicate a more complex splitting of the unoccupied orbitals..
The calculation predicts two manifolds separated by about 3
eV, similar to the splitting of the two orbitals in benzene. Both
manifolds are rather complex, containing about five dominant
lines each according to the TD-DFT calculations. The
decomposition is rather complex, involving contributions
from a single C atom to both LUMO and LUMO+1 (see the
Supporting Information for a thorough description of the
contributions to each line). A comparison with the data reveals
similarities between the dominant features, particularly for the
simpler spectra of beta-carotene and lycopene. The intensity
ratios of the main features are similar, but the experimental
splittings are significantly larger. A quantitative analysis is
difficult because of the vibrational structure which is
comparable to the orbital splittings, judging from Figure 2.
Despite the complexity of the XAS spectra and the calculated

manifolds, the 1D carbon chains can be understood using a
simple model, as demonstrated in Figure 4. Thereby, we
borrow the concept of an envelope function from the analysis
of quantum well states.42−44 While the wave functions of
antibonding π* orbitals oscillate rapidly from one C atom to
the next, the envelope of these rapid oscillations is rather
simple. The LUMO exhibits nodes in the envelope function at
the ends of the C chain and a maximum at the center. The
LUMO+1 contains an extra node at the center. This pattern is
typical for all the 1D chain molecules investigated here. It is
demonstrated in Figure 4 for three representative molecules
with different lengths. Images for the remaining molecules can
be found in the Supporting Information. This behavior is the
quantum analog of a vibrating string which generates higher-
frequency overtones when the number of nodes increases. Such

Figure 4. Calculated wave functions for the LUMO and LUMO+1 of
molecules with π-bonded C chains (lycopene on top, β-carotene in the
middle, and retinol at the bottom). The sign of the antibonding π*-
orbitals changes rapidly from one atom to the next (red = +, blue =
−). The envelope function behaves like a vibrating string, with a
maximum at the center for the LUMO and node for the LUMO+1.
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simplicity is characteristic of 1D systems. The resonance modes
of a 2D drum are already much more complex, as evidenced by
the intricate wave functions of triphenylene and coronene in
Figure 2.
Figure 5 addresses the energetics of the C 1s-to-π*

transitions. The transition energy in the XAS spectra is

determined by three components, that is, the energy of the C
1s core level, the LUMO energy, and the e-h interaction. The C
1s-to-π* quasiparticle gaps between the red and green curves
vary over a range of 5 eV, while the optical ΔSCF gaps vary less
than 1 eV (not shown). This implies that the larger
quasiparticle gap for the molecules on the right side of Figure
5 is nearly compensated by a larger e-h interaction for the XAS
transition energy. For instance, the quasiparticle gap is 294.67
eV for benzene and 289.83 eV for lycopene (a difference of
4.84 eV), while the optical ΔSCF gap is 287.95 eV for benzene
and 287.05 eV for lycopene (a difference of 0.9 eV). The
resulting e-h interaction is 6.72 eV for benzene and 2.78 eV for
lycopene.
The general trend of the e-h interaction is best described by

the size of the molecules, which is taken as the number of C
atoms in Figure 5. Smaller molecules have larger e-h
interactions. This observation can be rationalized by a simple
model. The model assumes that the orbital of the excited level
is evenly distributed among all the carbon atoms in the
molecule. If one takes the electron−hole interaction as the
monopole Coulomb interaction between the core hole and the
evenly distributed excited electron, the e-h energy for the core
level of atom i can be written in atomic units as

∑= +
| ⃗ − ⃗|

‐
‐

≠

E
E

n n r r
1 1

i
i j

n

i j

e h
on site

(1)

where Eon‑site represents the interaction between a core hole and
an electron excited in the pz orbital of the same C atom and n is
the number of carbon atoms in the molecule. Figure 6 displays
the predictions of the model to the ΔSCF results using Eon‑site =
1.2 eV. A linear approximation of the comparison for various
molecules produces a high correlation R2 = 0.98. This allows
rapid estimates of the e-h interaction for core levels.

Excitons in low-dimensional systems have attracted sub-
stantial attention.12−14 Because of the reduced number of
neighbor atoms, one expects less screening of the Coulomb
interaction in lower dimensions and thus a larger exciton
binding energy.45 Here, we find that the overall size of the
molecule may play an even more important role. It appears that
not only the immediate neighbor atoms contribute to the
screening of the core hole but also the remainder of the
molecule.
The e-h interaction changes not only the energetics, it also

alters the wave functions and the resulting charge density. This
is illustrated in Figure 7. As one can see in panel d, the core

hole attracts negative charge which nearly compensates its

positive charge. A substantial amount of negative charge is also

attracted to the adjacent C. Such a visualization of the

consequences of electron−hole interaction helps in under-

standing the role of the core hole in XAS. This has been a

major obstacle to the quantitative exploitation of XAS

experiments.

Figure 5. Decomposition of the C 1s-to-LUMO transition energy into
the contributions from the core level energy, the LUMO energy, and
the electron−hole (e-h) interaction. The latter is best described as a
function of the molecular size (plotted along the x-axis). Larger
molecules exhibit smaller e-h interactions, as explained by the model in
eq 1 and Figure 6.

Figure 6. A simple model for the electron−hole interaction, compared
to the full ΔSCF calculation. A high correlation of R2 = 0.98 is found
for the line EΔSCF = 0.95·EModel + 0.31 eV.

Figure 7. Effect of a C 1s core hole on the charge density of the lowest
π* orbital of benzene (clockwise from the top left). The positive
charge of the core hole (red) attracts negative charge to the atom
containing the core hole and its neighbors (blue). Notice that these
plots are different from Figure 2, where the wave functions are shown.
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■ CONCLUSIONS
This work systematically explores the electronic structure of
prototypical one- and two-dimensional molecules containing π-
bonded atom chains and sheets. The 1D chains represent short
sections of trans-polyacetylene, while the sheets correspond to
the smallest implementations of confined graphene (retaining
3-fold or 6-fold symmetry). Such structures are relevant to
carbon-based electronics and optoelectronics, where they can
serve as precise building blocks for multifunctional complexes,
such as d-π-a or tandem solar cells. The decomposition of the
XAS transition energy into the single-particle energy levels and
the electron−hole interaction provides quantitative information
for designing molecular complexes with optimized electronic
performance.
Despite the complexity of these molecules, we find

surprisingly sharp features in the XAS spectra. The high
symmetry and small size limits the number of π*-orbitals near
the LUMO. This allows a simple interpretation of the wave
functions, particularly for the carbon chains. The envelope of
the rapidly oscillating π*-orbitals simply represents the
electronic analog of the overtones generated by a vibrating
string.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.6b02530.

1. Analysis of the main peaks in the 1D molecules
(retinoic acid, retinol, retinal, lycopene, beta-carotene). 2.
Analysis of the main peaks in the 2D molecules
(benzene, coronene, triphenylene)
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Phone: 608-263-5590; e-mail: fhimpsel@wisc.edu.
Notes
The authors declare no competing financial interest.
■Lead author for the theoretical part.
▲Lead author for the experimental part.

■ ACKNOWLEDGMENTS
The help of Wanli Yang with the experiment is gratefully
acknowledged. This research was supported by the NSF
through the University of Wisconsin Materials Research
Science and Engineering Center (DMR-1121288). We also
acknowledge support by the DOE (BES) for the synchrotron
radiation experiments at the Advanced Light Source (ALS)
under the Contracts DE-AC02-05CH11231 (ALS) and DE-
SC0006931 (endstation). J.M.G.L. acknowledges support from
the Spanish Ministry of Economy and Competitiveness under
Projects FIS2012-30996 and FIS2013-46159-C3-1-P, Grupos
Consolidados (IT578-13), and COST Action MP1306
(EUSpec).

■ REFERENCES
(1) Bendikov, M.; Duong, H. M.; Starkey, K.; Houk, K. N.; Carter, E.
A.; Wudl, F. Oligoacenes: Theoretical Prediction of Open-Shell Singlet
Diradical Ground States. J. Am. Chem. Soc. 2004, 126, 7416−7417.
(2) Hachmann, J.; Dorando, J. J.; Avileś, M.; Chan, G. K.-L. The
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