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We demonstrate the potential of perylene bisimide (PBI) for label-free sensing of organic molecules by
investigating the change in electronic properties of five symmetric and asymmetric PBI derivatives, which
share a common backbone, but are functionalised with various bay-area substituents. Density functional
theory was combined with a Greens function scattering approach to compute the electrical
conductance of each molecule attached to two gold electrodes by pyridyl anchor groups. We studied
the change in their conductance in response to the binding of three analytes, namely TNT, BEDT-TTF
and TCNE, and found that the five different responses provided a unique fingerprint for the
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Accepted 8th January 2015 discriminating sensing of each analyte. This ability to sense and discriminate was a direct consequence
of the extended m system of the PBI backbone, which strongly binds the analytes, combined with the

DOI: 10.1039/c4tc02897] different charge distribution of the five PBI derivatives, which leads to a unique electrical response to

www.rsc.org/MaterialsC analyte binding.

Introduction

Partly in response to predictions that silicon technology might
soon reach the limits of its evolution,“” there is increasing
interest in controlling charge transport across nanometer-scale
metal-molecule-metal junctions®” and exploiting the proper-
ties of single-molecule devices. Perylene bisimide (PBIs) (also
called perylene diimides)®*** have emerged as one of the most
investigated families of organic molecules, both for their
fundamental electronic properties and their industrial appli-
cations as dyes and pigments.>* Their unique properties are
primarily derived from their large extended m-systems, which in
m-stacked arrays lead to a variety of intermolecular m-orbital
overlaps for the different derivatives.”” Furthermore their high
electron affinities, large electron mobilities, their chemical and
thermal stabilities, and variety of functional forms with
different bay-area substituents has led to their widespread use
in organic solar cells,”*"® organic field-effect transistors
(OFETs)'*® particularly as n-type materials,">* and organic
sensors.>?®

Recently, it has been experimentally demonstrated that
single PBI-based molecules can be attached to gold electrodes
and their electrical conductance can be measured.” In the
present paper our aim is to demonstrate that the extended w
systems of PBIs make them ideal candidates for the single-
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molecule, label-free sensing of a variety of analytes. Chemical
sensors that work as electronic noses or electronic tongues have
attracted extensive attention, because they possess high sensi-
tivity and selectivity towards target analytes, ranging from metal
ions and anions to organic neutral chemicals and biological
molecules.?*** Label-free methods for detecting small mole-
cules are a desirable target technology, because they avoid the
need for chemical modification or separation of the analytes,
potentially leading to lower costs. Examples of label-free
detection include micelle-based bacterial quorum sensing®
aptamer-based sensing platforms,* label-free, sequence
specific DNA sensing based on fluorescence resonant energy
transfer (FRET),”®> nuclear magnetic resonance,* nano-
plasmonics® and surface enhanced Raman spectroscopy
(SERS).”* However all of these reporting strategies require
expensive detectors and are not shrinkable to sub-micron-scale
devices and therefore the cost-lowering advantages of label-free
sensing are not yet fully realised.

In the present paper, our aim is to demonstrate room-
temperature, label-free sensing at the single-molecule level by
analysing the variation in electrical properties of the five PBI
derivatives shown in Fig. 1, which possess the same PBI core,
but with the following bay-area substituents: pyrrolidinyl (pyr-
rolidinyl-PBI, Py-PBI), tert-butyl-phenoxy (P-PBI), thiobutyl
(S-PBI), and chlorine (CI-PBI). Four molecules (Py-PBI, P-PBI,
CI-PBI, S-PBI) possess pyridyl anchor groups at opposite ends
and are therefore symmetric. The fifth molecule (aPy-PBI) has a
pyridyl anchor group on the top and a cyclohexyl anchor group
on the bottom® and is asymmetric.

We shall demonstrate that these PBIs can sense and
discriminate between the three organic analyte molecules
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Fig. 1 PBIl-based molecular structures: Py-PBI, (aPy-PBI), P-PBI, Cl-
PBI and S-PBI.

't* e }
PBI+(TCNE) PBI+(BEDT-TTF) PBI+(TNT)

Fig. 2 The DFT calculated optimum geometries for molecular
complexes of TCNE, BEDT-TTF, and TNT with the PBI molecule.

shown in Fig. 2. The chosen analytes are TNT and TCNE which
are well known electron acceptors**** and the donor BEDT-
TTF,**** whose m-donor capability is weaker than that of TTF.*
Our aim is to demonstrate that the presence of both acceptors
and donor molecules alter the conductance of a single molecule
of PBI and that the combined responses of the PBIs form a
unique fingerprint that can be used to discriminate between the
analytes.

Computational methods

To calculate electrical properties of the molecules in Fig. 1, the
relaxed geometry of each molecule was found using the density
functional (DFT) code SIESTA* which employs Troullier—
Martins pseudopotentials to represent the potentials of the
atomic cores,** and a local atomic-orbital basis set. We used a
double-zeta polarized basis set for all atoms and the generalized
gradient approximation (GGA-PBE) for the exchange and
correlation functionals.*»** The Hamiltonian and overlap
matrices are calculated on a real-space grid defined by a plane-
wave cutoff of 150 Ry. Each molecule was relaxed to the
optimum geometry until the forces on the atoms are smaller
than 0.02 eV A~! and in case of the isolated molecules, a
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Electron transmission T(E)

Fig. 3 An example of an optimized configuration of the system con-
taining a single molecule (Cl-PBI) attached to two metallic leads.
Further details for the rest optimized configurations of PBIs with the
gold leads are in Fig. S2 of ESI.}

sufficiently-large unit cell was used, for steric and electrostatic
reasons. All PBI molecules with anchor groups and bay-area
substituents were found to be twisted after relaxation. Fig. S1 of
ESIt shows that the frontier molecular orbitals of all five PBI
derivatives are delocalized across their central backbones.

After obtaining the relaxed geometry of each isolated mole-
cule, the molecules were then placed between gold electrodes,
as shown in Fig. 3. For structures such as that shown in Fig. 3,
the central region of the junction is composed of a single
molecule attached to two gold (111) leads. The equilibrium
distance between the N atom of each pyridyl anchor group and
the centre of the apex atom of each gold pyramid was initially
1.9 A. After geometry optimization the distance changed slightly
from the initial value to a final value of 2.05 A. Similarly, the
distance between the cyclohexyl group of asymmetric molecule
(aPy-PBI) and the centre of the apex atom of gold was found to
be 2.89 A.

For each relaxed structure, such as Fig. 3, we use the GOL-
LUM method** to compute the transmission coefficient 7(E) for
electrons of energy E passing from the left gold electrode to the
right electrode. GOLLUM is a next-generation code, born out of
the non-equilibrium transport code SMEAGOL code* and is
optimised for computing scattering properties of a range of
quantum systems such as molecular junctions. Once 7T(E) is
computed, we calculate the zero-bias electrical conductance G
using the Landauer formula:

) 1)

G=1/V =G dET(E)(—
/=6 | apre)(- L
2e?\ . .
where G, = - ) the quantum of conductance, and f{E) is

Fermi distribution function defined as f(E) = [e®Fr)/&T 4 1] 7"
where kg is Boltzmann constant kz = 8.62 x 10 >eVK *and T
is the temperature. Since f(E) is a function of the Fermi energy
Ep, the conductance G is a function of the energetic locations of
the molecular orbitals of the PBI-analyte complexes relative to
Eg. Since the quantity (—df(E)/dE)) is a normalised probability
distribution of width approximately equal to kg7, the above
integral represents a thermal average of the transmission
function T(E) over an energy window of the width kT (=25 meV
at room temperature). In what follows, we shall demonstrate
that either the zero-bias conductances or the current-voltage
(I-V) relations of each complex can be used to discriminate
between the different analytes. To compute the electrical
current / at finite voltage V we use the expression®**°
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where fiete(E) = [e(l/kBT)(E—Eifft) i 1]71 and
Sright(E) = [e(1/kBT)(EfE;ight) N 1}71, with
Vv ; \Y4
Eft = Ep + % and EL#™ = By — %_

Results and discussion

To benchmark our calculations, we first compared our theo-
retical predictions with experimental measurements of ref. 29,
where it was found that the electrical conductances of the bare
PBIs are ordered as follows: CI-PBI < PBI < S-PBI < aPy-PBI < Py-
PBI. For each of these molecules, Fig. 4a shows the trans-
mission coefficients 7(E) as a function of energy E, relative to the
DFT-predicted Fermi energy Ep" . Fig. 4a shows that the effect
of the bay substituent atoms is to shift the position of the
HOMO resonances of the bare PBIs, while the LUMOs remain
pinned close to the Fermi energy. The corresponding room-
temperature conductances as a function of Er are shown in
Fig. 4b.

It is well-known that DFT can give an incorrect value for the
Fermi energy and therefore we use eqn (1) to evaluate the room-
temperature conductance for a range of values of Ey in the
vicinity of ER" " and then choose the value of Ex which yields the
closest agreement with experiment. For a given value of Ef, the
five theoretical conductances obtained from Fig. 4b were

— Py-PBI
— aPy-PBI

0.00011) | | ot
=0.0001+] /| P-PBI )
w /K CH-PBI /
F 1e-06-J 1 s 1]
=
e
1e-08-
(a)
1e-10 T T T 1e-08 -+ T T

-4 -05 0 05 15 -1 -05 0 05
E-E(OFT (eV) Er-Ef5FT (V)

Fig. 4 (a) Transmission coefficients as a function of energy for the five
perylene bisimides. (b) Room-temperature conductance as a function
of the Fermi energy.
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Fig. 5 Comparison between the experimental® and theoretical
conductances of the bare PBIs, obtained with Ef shifted by 0.08 eV
relative to the bare DFT value.
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compared with the experimentally-measured conductances®
and avalue of Ez = ER" " +0.08 eV was chosen to yield the closest
fit to experiment (see ESIt for more details). Fig. 5 shows the
resulting comparison between experiment and theory.

Molecular complexes

For the five PBI molecules in Fig. 1, the formation of molecular
complexes with each of the three different analytes TCNE,
BEDT-TTF and TNT was investigated using DFT. In each case,
after geometry relaxation, the charge transferred between the
two molecules and the binding energy was computed (this data
is shown in Tables S1-S3 of the ESIt) the calculations show that
TCNE and TNT gain electrons from the backbone of PBI, but the
BEDT-TTF donates electrons to the backbone. As an example,
Fig. 6 shows the optimised TCNE-(Py-PBI) complex, in which
TCNE pi-stacks a distance Y = 0.37 nm above the perylene. The
details of all optimised PBI-adsorbate complexes attached to
gold electrodes are shown in Fig. S12-S14 of the ESL.}

Fig. 7a-c show the transmission coefficients 7(E) due to the
binding of each of the three analyte molecules on Py-PBI. For
the two acceptor molecules TCNE and TNT, there is a shifting of
the HOMO resonance and extra resonances appear close to the
LUMO. For the donor BEDT-TTF a resonance also appears in the
HOMO-LUMO gap, accompanied by additional resonances
below the HOMO. Fig. 7d shows the corresponding I-V char-
acteristics of each of the complexes, demonstrating that for
optimally-bound complexes, the distinct I-V curves can be used
to discriminate between BEDT-TTF and the other analytes,
although the difference between TCNE and TNT is smaller.

The results of Fig. 7 correspond only to optimally-bound
analytes. At room temperature, the adsorbates are subject to
thermal fluctuations and will sample many positions across the
PBI backbones. To investigate the role of fluctuations, for each

PyPBI-TCNE (gains electrons)

Fig. 6 Optimized configuration Py-PBI with (TCNE, TNT, and BEDT-
TTF) which obtained from optimum configuration attached to two
metallic leads.
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Fig. 7 Transmission coefficients as a function of energy at T = 0 K for
optimum configuration of Py-PBI with (a) TCNE, (b) TNT, and (c) BEDT-
TTF. (d) shows the current as a function of voltage at T = 300 K for the
bare Py-PBIl and in the presence of the three analytes (TCNE, TNT, and
BEDT-TTF).

PBI molecule we repeated the above calculations for 214
configurations of each adsorbate. The results for the Py-PBI
molecule are shown in Fig. 8a-c. For illustrative purposes, we
only show 35 configurations (the results for all 214 transmission
curves are shown in Fig S5-S9 of ESI}). In each case we see that
fluctuations in the position of the analyte cause the trans-
mission resonances to shift over a range of energies. In many
cases, these possess a characteristic Fano line shape, associated
with the interaction between localized states on the analytes

—bare
——With TCNE

-0.5 0 0.5 0
E-EXT (eV)

-1.5 -1

6 01 02 03 04 05
Voltage (V)

Fig. 8 lllustrates the transmission curves of 35 fluctuation position in
case Py-PBI to explain the effect of adsorption of analytes molecules
(@) TCNE, (b) TNT, (c) BEDT-TTF, and (d) shows the ensemble-aver-
aged of current as a function of voltage at T = 300 K for bare Py-PBI
and in the presence of the three analyte molecules (TCNE, TNT, and
BEDT-TTF), where the error bars in Fig. 8d shows the standard devi-
ation in the means of the currents.
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Fig. 9 The room-temperature, ensemble-averaged conductance
across the PBI family due to charge transfer complex formation
(obtained from the average of the 214 configurations of the TCNE,
BEDT-TTF and TNT) around the backbone of five PBls.

and extended states on the PBI backbones.*** After computing
the ensemble average of these curves, the resulting the
ensemble-averaged, room-temperature current as a function of
voltage is shown in Fig. 8d, along with the standard deviation in
their means (see ESIt for more details).

This demonstrates that even in the presence of fluctuations,
BEDT-TTF produces a distinctly different I-V curve from the
other two analytes.

The corresponding room-temperature, ensemble-averaged
zero-bias conductances for all analytes and backbone molecules
are shown in Fig. 9. This demonstrates that not only I-V curves,
but also the conductance of each PBI backbone changes due to
the adsorption of a single analyte molecule. For any one PBI
derivative (e.g. P-PBI TNT compared with BEDT-TTF), the
change in conductance upon binding may not discriminate
between all analytes. However, the spectrum of five conduc-
tance changes forms a unique fingerprint, which can be used to
discriminate between all three analytes.

Conclusion

We have presented a study of the electron transport properties
of five PBI derivatives with various bay-area substituents: pyr-
rolidinyl (aPy-PBI, Py-PBI), tert-butyl-phenoxy (P-PBI), thiobutyl
(S-PBI), and chlorine (CI-PBI). Recent experimental papers
measuring the electrical conductance of backbone molecules in
different solvent have shown that the conductance can be
changed by the solvent, even when the solvent does not form a
complex with the backbone.* In our case, the analytes bind to
the backbones with up to 1 eV of binding energy and the
conductance changes are much larger. Our results compare well
with recent experimental values for the electrical conductance
of these molecules in the absence of adsorbates. We analyzed
the change in conductance of these molecules when single
molecules of three analytes (TCNE, TNT, and BEDT-TTF) were
adsorbed onto the PBI backbones and found that the resulting
changes in the ensemble-averaged room-temperature conduc-
tances produced a unique fingerprint for each analyte, which
allows their discriminating sensing at the single molecule level.

This journal is © The Royal Society of Chemistry 2015
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These conductance changes arose from a combination of
charge redistribution associated with charge-transfer-complex
formation, and the formation of a Fano resonances associated
with the interaction of a bound state on the adsorbate and
extended orbitals of the PBI backbones.
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