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Photoconductivity spectra measured in non-crystalline corannulene thin layers are compared to optical

absorption in solution phase and thin films. The unexpected enhanced photoconductivity is correlated

with GW–BSE theoretical predictions of corannulene gas-phase excitonic spectra. Theoretical analysis

reveals a consistent contribution involving transitions to Super Atomic Molecular Orbitals (SAMOs),

a unique set of diffuse orbitals typical of curved conjugated constructs. Results suggest SAMO

population via direct photoexcitation as a potential mechanism towards exploiting these diffuse orbitals

as conducting channels in suitably assembled quantum nanostructures or solids.
Introduction

Carbon allotropes have been found to exhibit interesting opto-
electronic properties, including high carrier mobility and broad
spectral absorption, most prominently graphene1 or the strong
electronic accepting ability in fullerenes.2 Renewed interest in
the use of p-conjugated molecules as components in nanoscale
electronics has motivated recent efforts to control and optimize
charge transport at themolecular scale.3–5 Whenmolecular units
are assembled in quantum nanostructures or solids, intermo-
lecular electronic wave functions overlap and the consequent
band formation becomes strategic towards enhancement of
charge transfer/transport properties in themolecularmaterial.6–8

An alternate mechanism of intermolecular charge transport
distinct from conventional mechanisms involving tightly bound
p molecular orbital overlap, has been identied in curved and
hollow aromatic molecules and is of particular interest for
exploitation in materials.9–11 Key to this type of electron trans-
port mechanism is evidence of a characteristic set of diffuse
molecular orbitals, called Super Atomic Molecular Orbitals,
SAMOs,9 universally existent in curved and hollow shaped
molecules10,12–14 and rst investigated in low-temperature
niversity of Nova Gorica, Vipavska 13,

Nova Gorica, Vipavska 13, SI-5000 Nova

na dei Materiali, c/o SISSA Scuola

Via Bonomea 265, 34136 Trieste, Italy

rich, Winterthurerstrasse 190, CH-8057,

ology, Tianjin University, 92 Weijin Road,

a. E-mail: kimb@tju.edu.cn

tion (ESI) available. See DOI:

hemistry 2017
scanning tunneling microscopy experiments (LT-STM) for the
case of C60.9

Curved polynuclear aromatic hydrocarbons (PAH), such as
the smallest bowl structure corannulene, 1 (Fig. 1), with tunable
electrical and optical band gaps, offer attractive alternatives to
graphene nanoparticles or fullerenes.15,16 Much effort has been
extended towards design of functionalized building blocks
based on this fragment, focusing on tailoring electronic prop-
erties such as electrical and optical band gaps.16 Assembled in
the solid state, functionalized bowl fragments have led to an
array of materials supported in varying complex environments,
which can be exploited as active molecular layers in optoelec-
tronic applications,17,18 aggregated as monolayers on metallic
surfaces for work-function engineering,19 and, as single mole-
cules in junctions for transport processes.20 Moreover, the large
electron-acceptor ability of 1, which normalized per C atom goes
beyond that of C60,21 and the possibility of changing its packing
mode in the solid state to columnar packing through chemical
functionalization16 is expected to offer amore efficient transport
mechanism than C60.

The detailed investigation of electron transport properties in
these bowl-shaped derived materials provides a powerful
template for improving our knowledge of electronic transport
phenomena, which, in turn, has the potential to lead to
advancements in experimental measurement capabilities as
well as in the fundamental theoretical understanding of their
construction.

To this aim, the strategy adopted in the present work
combines time of ight (TOF)22 photoconductivity experiments
performed on thin layers of 1 and optical absorption in solution
phase and thin lms with theoretical predictions (GW–BSE)23 of
excitonic properties of 1 in the gas phase.

In a typical photoconductivity experiment, photon–molecule
interactions result in photogenerated charge carriers that reach
RSC Adv., 2017, 7, 45601–45606 | 45601
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Scheme 1 View of the time-of-flight photoconductivity measurement
apparatus with a coplanar electrode setup and corannulene on quartz
substrate.
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the electrodes under the effect of an external applied electric
eld. Specic to the present time-of-ight (TOF) approach,22

which is a variant of a transient photoconductivity method,24

the resulting photocurrent persists until all photo-excited
carriers reach the electrode, recombine, or thermodynamically
relax to localized electronic states. Therefore, the amount of
collected carriers on the electrode is a clear measure of the
existence of transporting channels.22

Most notably, photocurrent as a function of photon energy
yields information concerning the excitation energies at which
high-mobility pathways are activated. In this regard, the optical
absorption together with corresponding theoretical analysis of
the excitonic structure is fundamental towards establishing the
connection between the photo-activated transport channels and
the nature of the orbitals involved in the transport process.
Based on the present results, it is asserted that population of
SAMOs, as induced by direct photoexcitation, offers a potential
as a strategy towards exploiting such types of diffuse orbitals as
conducting channels in suitably assembled quantum nano-
structures or solids.

Experimental and theoretical
methodologies
Solution absorption studies

Stock solutions of 1 (ca. 0.1 M) were prepared, with assistance of
sonication in spectral grade solvents, which included chloro-
form (CF), dichloromethane (DCM), and diethyl ether (DEE),
diluted serially (ca. 0.002 M). The UV/visible absorption spectra
of these solutions in 10 mm quartz cuvettes (Hellma 114-QS)
were measured (Perkin Elmer Lambda 650S); each spectrum is
an average of 3 repetitions to reduce noise to signal ratio. Blank
solvents were measured to eliminate background.

Thin lm preparation and characterization

Corannulene lms were prepared by heating a solution (0.023M
in CF) to 40 �C for 10 min then immediate spin-coating of 60 ml
of solution on a quartz substrate (1 cm � 1 cm) at 1500 rpm for
60 s (acceleration ca. 10 000 rpm s�1) in a nitrogen-lled glo-
vebox at room temperature ([H20] and [O2] < 10 ppm). In order
to improve surface coverage, spin-coating was repeated once
over the rst layer with exactly the same parameters. The second
coating had no inuence on the results. Topographic images of
spin-coated layers were obtained with an Atomic Force Micro-
scope (A.P.E. Research) operating in non-contact mode. Optical
absorption measurements of spin-coated lms were carried out
using the spectrophotometer Perkin Elmer Lambda 650S.
Absorption of a clean quartz substrate was subtracted from the
absorption of corannulene-covered quartz. Absorption spectra
of single and double spin-coated samples exhibit equal peak
positions, but varying magnitude, commensurate with the
thickness variation.

Time-of-ight (TOF) photoconductivity measurements

TOF photoconductivity methodology22 was used to measure the
photoconductivity of spin-coated layers of 1. Two coplanar
45602 | RSC Adv., 2017, 7, 45601–45606
100 nm thick Au electrodes were vacuum-deposited through
shadow mask onto the quartz substrate (interelectrode distance
50–200 mm) prior to spin-coating (Scheme 1).22,25–28 TOF
measurements were performed by applying DC voltage (Vb)
ranging from �500 V to 500 V between electrodes. The biased
electrode was connected also to a current amplier through
a bias-t element (particulars BT-01), which is used to decouple
transient photocurrent response from the constant dark
current, schematically depicted as capacitor (C) and inductor (L)
in Scheme 1.

Charge carriers were generated using a pulsed laser (3 ns
duration; 10 Hz repetition rate) of a tunable photon energy
between 3.5 eV (350 nm) and 5.9 eV (210 nm). The laser light was
focused near the biased electrode in the direction normal to the
sample surface. Laser pulse intensity was attenuated to ensure
that the total charge (the time integral of the photocurrent
pulse) was less than 10% of the total capacitor charge and hence
the photogenerated charge could not screen the external electric
eld. The photocurrent transients I(t) were amplied by a 2 GHz
current amplier (particulars AM-01A) and recorded by
a 2.5 GHz oscilloscope (Lecroy, WavePro 725i). Au electrodes
were connected to bias-t and current amplier by 4 GHz probe
tips (Signatone SP-100). Sample preparation and all measure-
ments were performed in a nitrogen-lled glovebox at room
temperature with H2O and O2 concentration below 10 ppm.
Computational methodology

In the present work, a customized hybrid methodology is
exploited, using standard quantum chemical techniques (B97D/
Def2-TZVPP29) as implemented in the GAMESS30 for full opti-
mization and Hessian characterization of structures, followed
by plane-wave DFT formalism (Quantum-ESPRESSO)31 within
the MBPT23 in the GW32,33–BSE23 approach (SAX).34 Initialization
of the GW calculation for the fully optimized molecular struc-
ture occurs from a DFT-PZ35 electronic structure calculation at
the G point, with a 45 Ry energy cut-off for the electronic wave
function. Within the GW approximation,23,32,33 the self-energy is
calculated as the product of a single-particle Green function, G,
and a nonlocal and dynamically screened Coulomb potential,
W, (S ¼ iGW). For the evaluation of the polarizability, a 2 Ry
energy cut-off and 1024 electronic bands have been used, using
a Godby–Needs plasmon pole approximation36 for the energy
dependence of the screened Coulomb potential. Studies have
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Corannulene (C20H10), 1, molecular structure.
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established non self-consistent GW, namely G0W0,37 to enable
highly accurate predictions with respect to experiment,
substantiating the use of this theory as a standard approach for
practical calculations. Accurate description of electronic exci-
tations are achieved by solving the Bethe–Salpeter equation
(BSE)23 within the Tamm–Dancoff approximation.38 Within this
formalism, neutral excitation energies and optical spectra are
obtained from the solution of an effective two-particle Hamil-
tonian, which, using the GW data, accounting for screened
electron–hole interactions.
Results and discussion

The photoconductivity (EQE) of corannulene layers (red dots)
versus photon energy and the optical absorption spectrum of 1
thin lm (solid line) are shown in Fig. 2. The EQE is negligible
for excitation energies below 4.0 eV, displaying a low signal to
noise ratio for energies between 3.6 and 3.9 eV. At 4.0 eV, the
photocurrent starts to rise and exhibits up to one order of
magnitude increase at 4.4 eV. Interestingly, this rst photo-
current peak is manifesting over an energy region where the
optical absorption is decreasing (4.0–4.5 eV). Moreover, the EQE
does not exhibit any further decay over the range of the
measured wavelengths.

Since EQE is the product of absorption as photon-to-charge
conversion efficiency and mobility,39 the peak at 4.4 eV repre-
sents a signicant increase of mobility and/or charge extraction
efficiency. Samples used for transient photoconductivity
Fig. 2 Photoconductivity (PC – red symbols) and optical absorption
(Abs – blue line) of corannulene thin layer.

This journal is © The Royal Society of Chemistry 2017
measurements exhibited disordered surfaces comprising
approximately 80 nm high, 0.4 mm wide, and 5 mm long struc-
tures, randomly distributed along the layer (see ESI Fig. S4†). In
the absence of experimental information of eventual ordering of
the molecules within the layer, one can surmise that the elon-
gated structures include some kind of ordered assemblies of 1,
most likely formed via van der Waals interactions. One expects
that charge transport in ordered regions, which may involve
overlap between orbitals in adjacent molecules, to be faster
relative to the disordered regions of the layer.

In order to provide an interpretation on the nature of the
orbitals possibly contributing to the transporting channels, it is
fundamental to link the EQE and the measured absorption
spectrum through the theoretical analysis of the excitonic
structure.40 This is established considering the GW–BSE theo-
retical predictions of excitonic properties of 1 in gas phase,
which enables more detail into the photo-excited channels
potentially available for charge transport. Measured absorption
spectra in thin layer 1 and in diethyl-ether (DEE) solution,
together with the GW–BSE calculated gas-phase optical
absorption spectrum for 1 are shown in Fig. 3.

Theoretical predictions for each optical excitation (green line
in Fig. 3) enable one to disentangle the molecular states to
which the charge carriers are excited. Moreover, it is possible to
identify specic combinations of orbitals that dominate over
others. Such analyses facilitate interpretation of the experi-
mental spectra by identication of specic orbital contribu-
tions. In particular, the optical transitions associated to the low-
energy excitations predominantly involve the frontier molecular
orbitals. The rst two peaks at 3.6 and 3.7 eV are �62–64%
HOMO-to-LUMO transitions, and the 3rd peak at 3.9 eV is
�45% (HOMO-1)-to-LUMO transition. The SAMO contribution
comes in at 4.1 eV (Table 1), with a very small peak at 4.3 eV
having the highest transition probability with �57% contribu-
tion from a HOMO-to-SAMO transition. The energy of these
excitations is well below the transport gap calculated at 7.1 eV,
indicating that these transitions involve tightly bound excitons.

The experimental spectra measured in dilute solutions
(magenta line Fig. 3) exhibit good agreement with the
Fig. 3 Comparison of themeasured absorption of corannulene in DEE
(magenta), spin-coated thin film (blue), and theoretical absorption
(green); regions with SAMO contributions are highlighted in violet.

RSC Adv., 2017, 7, 45601–45606 | 45603
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Table 1 Energy ranges with SAMO contribution in the excitonic wave-
function single-particle decomposition

Spectral
region Energy range (eV)

Initiating
orbital

Transitioning
orbital Contribution

A 4.05–4.15 HOMO SAMO s 30%
B 4.25–4.35 HOMO SAMO s 60%
C 4.5–4.6 HOMO SAMO s 20%
D 4.7–4.9 HOMO SAMO p 40%

SAMO d 20%

Fig. 4 Comparison of the measured absorption of corannulene in
spin-coated thin film (blue), photoconductivity of corannulene thin
layer (red spots) and theoretical absorption (green); regions with SAMO
contributions are highlighted in violet.
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theoretical spectra modulo a typical solvent shi of �0.35 eV,41

suggesting relatively weak interaction of 1 with the solvent. The
rst four lowest-energy peaks of the theoretical spectrum can be
correlated to the rst four experimental peaks, at energies of
3.9 eV, 4.1 eV, 4.3 eV, and 4.5 eV, respectively, as determined via
Gaussian tting (for details see ESI†). Theoretical excitation at
4.6 eV exhibits good agreement with the absorption peak at
4.95 eV.

The absorption in a thin layer (blue line Fig. 3) exhibits broad
peaks centered at 4.0 eV and 4.8 eV, which correspond to the
two groups of peaks (3.6–4.7 eV/4.7–5.0 eV) observed in the
solution spectrum (magenta curve). The peaks observed in thin
layer 1 at energies 3.7 eV and 4.1 eV appear in the solution
spectrum (magenta line Fig. 3) blue-shied by �0.2–0.3 eV,
while the highest energy excitation at 4.8 eV is blue-shied by
only 0.1 eV in solution.

Throughout the energy range between the absorption edge
(3.5 eV) and the highest energy excitation (5.5 eV), it is possible
to establish a correspondence between the main features of the
measured absorption spectra of thin layer and solution, as
indicated by dashed lines in Fig. 3. Notably, there is saddle
region of the experimental thin-lm spectrum between 4.2 eV
and 4.6 eV that appears not to be associated with any contri-
bution from conventional molecular transitions, but which
aligns with the theoretical predictions associated with a SAMO s
orbital arising at �4.3 eV in the optical absorption (Table 1 and
Fig. 3 violet boxes).

Most importantly, comparison between the photocurrent,
the absorption of a thin lm, and theoretical predictions
(Fig. 4), reveals an enhancement in the photocurrent over the
same energy region (4.2 eV–4.6 eV) where excitations are pre-
dicted to occur between molecular orbitals and SAMO states
(Fig. 4, violet boxes). Based on these results, we speculate that
transport mediated by SAMO states could be a possible inter-
pretation to account for the enhanced photocurrent in cor-
annulene lms. In fact, as opposed to the more traditional
mechanism of intermolecular electron transport, the paradigm
for the intermolecular orbital hybridization and potential for
charge transport exploiting the diffuse nature of the SAMOs,
would provide a much more efficient path than that involving
the more tightly bound p molecular orbitals associated to
aromatic molecules.11

Nevertheless, it should be emphasized that electron trans-
port as mediated through SAMO hopping has not been exclu-
sively established in experiments as of yet. To the extent that
45604 | RSC Adv., 2017, 7, 45601–45606
Frontier orbitals participate in charge-transport applications, to
be relevant for molecular transport, the SAMO derived states
would need to be either the 1st unoccupied state, or, should
cross the Fermi level of the material, thereby enhancing the
possibility for their occupation.11,15 In this respect, molecular
engineering has proven to be a powerful tool for enabling more
focused control of the relative energy positioning (gap) of the
LUMO and SAMO of lowest energy (i.e., DESAMO–LUMO). The
tailoring of designed molecular components with more optimal
positioning of SAMO-type orbitals with respect to the conven-
tional molecular LUMO, has the potential for inducement of
SAMO-mediated electron transport.11,15,42

Towards this end, theoretical GW predictions of SAMO
energies in 1 already have revealed a DESAMO–LUMO energy gap
nearly one order of magnitude lower than that found in C60

(calc. 0.3 eV vs. 2.4 eV).42 This suggests an avenue towards
design of tailored bowl fragments, which drive the SAMO
orbitals down below the LUMO, and provide suitable candidates
for further investigation of SAMO-mediatedmolecular transport
enabled materials through experimental techniques of the type
established in the present work.
Conclusions

Photoconductivity experiments in non-crystalline corannulene
thin layers and optical absorption in solution phase and thin
lms are used in conjunction with theoretical GW–BSE
predictions of excitonic structure, for better understanding of
orbital induced electron transport through SAMO junctions.
The rise in the photocurrent over energy regions where the
optical absorptivity prole is decreasing correlates well with the
regions where diffuse Super Atomic Molecular Orbitals (SAMO)
are predicted to contribute. Results suggest that SAMOs pop-
ulation via direct photoexcitation could represent a strategy
towards exploitation of such diffuse orbitals as conducting
channels in suitably assembled quantum nanostructures or
solids.
This journal is © The Royal Society of Chemistry 2017
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5 C. M. Guédon, H. Valkenier, T. Markussen, K. S. Thygesen,
J. C. Hummelen and S. J. v. d. Molen, Nat. Nanotechnol.,
2012, 7, 305.

6 R. Temirov, S. Soubatch, A. Luican and F. S. Tautz, Nature,
2006, 444, 350.

7 N. Gonzalez-Lakunza, I. Fernández-Torrente, K. J. Franke,
N. Lorente, A. Arnau and J. I. Pascual, Phys. Rev. Lett., 2008,
100, 256805.

8 J. Ziroff, F. Forster, A. Schöll, P. Puschnig and F. Reinert,
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