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Abstract

Bioinspired peptide nanotubes have emerged
as a new class of organic semiconductors used
in several nanotechnological applications. The
long-range order, the trapped solvent and
the versatility in the peptide’s configuration
are some properties that provide an adequate
means of tuning the electronic properties of
these materials. We investigate the effects
of building block separation of Phenylalanine-
Tryptophan nanotube induced by the confined
water molecules on the electronic properties
using density-functional theory based tight-
binding method. The distance between build-
ing blocks changes by tuning the amount of
confined water. It causes a bandgap mod-
ulation of the phenylalanine-tryptophan nan-
otube (FWNT). All the water-filled structures
undergo a transition from an indirect to di-
rect bandgap. Effective control of the elec-
tronic properties of PTNT's can allow one to use
this 1D-system for bioelectronic medical appli-
cations.

Introduction

Peptides comprise a small chain of amino acids
that are the building blocks of proteins, respon-
sible for metabolism in living organisms.* Their
self-assembly properties allow us to tailor them
- under the right conditions into various motifs.
Peptide-based nanostructures such as peptide
nanotubes (PNTs), for instance, may lead to a
new era of bio-compatible electronic devices.?®
Several factors have contributed to a surge of
interest for these systems: they are structurally
controllable, almost defect-free, and one can
engineer them for specific electronic functions
depending on the structural arrangement and
choice of peptide.®® For instance, the dipheny-
lalanine nanotube (FFNT), one of the most
well-known representatives of the PNT fam-
ily, exhibits piezoelectricity,”® biocompatibil-
ity,? high Young modulus,® and outstanding
thermal stability. 1112

Several works have suggested that most PNT's
are semiconductors with wide bandgaps.!®*
Carloni et al., for example, calculated the elec-
tronic properties of a PNT formed by stack-



ing octapeptide cyclo [—(D — Ala — Glu — D —
Ala — Gln)y] units showing that their bandgap
was ~ 4.0 eV.? Sanyal and collaborators pre-
dicted, using density functional theory calcula-
tions, that nanotubes formed by stacking of (-
cyclic peptides exhibit a similar insulating be-
haviour;!® in the some way that the bandgap
in FFNTs was found to be greater than 3.50
eV. 17-19

If these systems are to be used as elec-
tronic devices, however, decreasing the bandgap
is required.® One way it can be achieved is
via modifications to the driving non-covalent
bonds — typically aromatic and hydrogen bond-
ing interactions.® An interesting example to
consider is a nanotube-based on the dipep-
tide phenylalanine-tryptophan (FW)?® shown
in Figure 1. Akdim et. al. theoretically esti-
mated a reduction of ~ 1.4 €V in the bandgap
of FW nanotube (FWNT) compared to their
diphenylalanine counterparts,'® and Amdursky
et. al. measured a five-fold increase in electri-
cal conductivity just upon replacing dipheny-
lalanine (FF) by a tryptophan amino-acid.?! It
is worth mentioning that the tryptophan mo-
tif is responsible for charge transfer in biosys-
tems. '8

In most cases, PNTs are self-organized in an
aqueous solution.?? It has already been found
that water molecules present in a nanotube
channel are responsible for stabilizing the zwit-
terionic structure of each molecule that forms
the nanotube.?? In particular, depending on the
chemical route used for assembly the hydra-
tion of the final structure can be tailored. The
solvent concentration influences the final struc-
ture,?* and its electronic properties.!?

In general, water is detrimental to electronic
devices.? The effects of humidity on electronic
devices can be significant. In addition to the
effects of corrosion,?%27 it also induces extreme
environmental stress?® and swelling in porous-
based materials causing structural embrittle-
ment. 2% In possible nanoelectronics applica-
tions, it has already been demonstrated that
water has the role of isolating the electronic
coupling formed between substrate and de-
vice.?231 At the same time, we have shown that
the presence of water molecules in FFNTs has

the dual-effect of stabilizing the structure while
reducing the bandgap.!”

In this work, we report a theoretical inves-
tigation on tuning the electronic bandgap of
phenylalanine-tryptophan nanotubes by chang-
ing the water molecules. Using density func-
tional theory based tight-binding (DFTB) tech-
nique with dispersion correction, we show that
dehydrated FWNTs present band gap reduc-
tion when a single water molecule is embedded.
It provides a possible path towards enhanced
conductivity be an appropriate selection of the
synthesis route.

Methodology

Tetramers of four FW molecules are used for
the assembly of the FW nanotubes. Figure 1
a-b shows a single FW molecule and the cor-
responding tetramer, which are the building
blocks of the anhydrous single FWNT crystal
structures (Fig.1 ¢). The structure resembles
diphenylalanine-based ones since it is formed by
a hydrophilic central channel with confined sol-
vent molecules and a hydrophobic outer part.
In this system, however, the central channel is
rectangular.?®

The starting-point for the NT structure is
obtained from x-ray diffraction data.?® We
obtain the structural and electronic prop-
erties by performing self-consistent-charge
density-functional tight-binding calculations
with a third-order expansion (DFTB3)3? us-
ing Grimme’s dispersion correction (D3).33 The
pair-interactions for all the calculations are de-
scribed using the 30b Slater-Koster parameter
set.3*35 The Monkhorst-Pack?3® scheme with a
4 x 1 x 1 k-point sampling is used, and struc-
tural relaxations are carried out until atomic
forces are smaller than 0.01 eV / A. A vacuum
region of ~ 20 A is left in the lateral directions
to avoid spurious inter-tube interactions.

The simulations start with the relaxation
of the anhydrous single FWNT crystal struc-
ture (final relaxed geometry shown in Fig.1).
We consider up to three water molecules per
tetramer, inserted in the channel using a
box-constrained algorithm implemented in the
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Figure 1: (Color online) a) A single FW molecule, b) tetramer building-block unit of four FW
molecules forming a ring and c) vertical stacking of tetramer units forming a single NT.

Packmol program.3738

Finally, one uses the structures as input to
DFTB3-MD simulations via a simulated an-
nealing protocol.?® We carry out the calcula-
tions in the NVT Ensemble using the Andersen
thermostat“® and the ionic equations of motion
are solved using the velocity-verlet algorithm
via a time integration step of 0.5 fs. The struc-
tures are heated from 0 to 300 K during 5.0 ps,
and they are then kept at room temperature
for an extra 10.0 ps. After that, the systems
are cooled to 0 K in 5.0 ps. All the calculations
are performed using the DFTB+ code*!

Results and discussion

For the water-free FWNT geometry, we ob-
tain a lattice parameter of 5.42 A. Our re-
sult represents a compression of approximately
3.7% when compared to experimental values
with NT's containing three water molecules per
tetramer.?? In Table 1, we present the evolution
of lattice constant as a function of the number
of water molecules inside the FWNT. Interest-
ingly, the lattice constant shows oscillatory be-
haviour which indicates an interplay between
non-bonding interactions with water, and steric
effects.

The bandstructures for all systems that are
considered are shown in Fig. 2. We note
a direct correlation between the changes in
bandgap to variations in the lattice parame-
ter a, i.e. the magnitude of the bandgap de-

pends directly on the tetramer distance induced
by the number of confined water molecules.
It is worth mentioning that the anhydrous
FWNT bandgap compares well with DFT
calculations performed with hybrid exchange-
correlation functionals (HSE06).'® Thus, one
can conclude that the bandgap increases with
increasing the stacking distance. The oppo-
site also occurs: the band gap decreases with
the stacking distance during water molecule re-
moval (Fig. 2). It is worth mentioning that
the FWNT bandgap tuning behaviour depen-
dent on the stacking and the concentration of
confined water molecules is similar to the one
observed by the stacking of few-layer boron-
phosphide. 42

Table 1: Structural and electronic prop-
erties for FWNT with different hydra-
tion: bandgap, the lattice constant along
the NT axis, and coupling energy.

# Hy0 molecules a (A) | Band gap (eV) Ecoup (€V)
3 5.42 3.27 -0.66
2 5.48 3.33 -0.66
1 5.34 2.85 -0.33
0 5.37 2.96 -
Exp.?’ 5.63 - -

Analyzing which tube section contributes to
the electronic states with three and two con-
fined water molecules one can note that the top
of the valence band (V B) and the minimal of
the conduction band (C'B) are ruled by C (in-
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Figure 2: (Color online) Band structure of the
FWNT containing a) 3H,O, b) 2H,0, ¢) 1H,0
and d) the water-free case.
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Figure 3: (Color online) Total and orbital pro-
jected density of states of the FWNT with 1-3
water molecule and the anhydrous case. Red,
green, blue, and purple lines refer to 2p states
of carboxylate oxygens, indole carbons, indole
nitrogens and aromatic carbons, respectively.
The black line corresponds to the total density
of states.

dole group) 2p states at the FW molecules. It
may be visible from the projected density of
states shown in Fig. 3. If we compare with the
system without confined water molecules, we
observe that the edge of the valence band and
the conduction band of the last two systems
shift downwards and upwards, respectively. As
a result, we notice an increase in bandgap. For
one water molecule trapped in the tube, the
edge of the VB is formed mainly by O (COO™)
2p states. On the other hand, the edge of the
CB states is formed by the C (indole group)
and C (aromatic groups) 2p states. The distri-
bution of states at the edge of the valence and
conduction bands for the water-free nanotube is
similar for the case that contains a single con-
fined water molecule.
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Figure 4: (Color online) Evolution of the band
gaps of the FWNT containing a) 3, b) 2, ¢) 1
water molecules and d) the anhydrous case as
a function of the stacking distance.

With three and two water molecules per
tetramer, one notes three peaks between -3.70
and -1.91 eV belonging to bands of water oxy-
gen 2p states. One describes water O 2p states
by five peaks between -3.60 and -1.83 eV for the
remaining system (not shown). Based on the
above results, we find that water molecules play
an important role in tuning the electronic struc-
ture of the FWNT. In the calculations, the com-
plex containing a single water molecule shows
the most prominent semiconductor character,
followed by the bare nanotube. One notes an
insulator behavior for the other configurations.

We analyze how the bandgap varies with
stacking distance. In Fig. 4 we show the evo-
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Figure 5: (Color online) Charge density difference isosurfaces of FWNT with 3 (al, bl and c2),
2 (a2, b2 and ¢2) and 1 (a3, b3 and c3) confined water molecules. They are obtained at 5.00
ps (a), 15.00 ps (ps) and 20.00 ps (c). Yellow and green colors represent charge depletion and
accumulation, respectively. The isovalue is set to + 0.02 eA =3,



lution of the bandgaps of the FWNT contain-
ing a) 3, b) 2, ¢) 1 water molecules and d)
the water-free case as a function of the stack-
ing distance. One can note in this figure the
almost linear character of the bandgap con-
cerning the stacking distance for the anhydrous
and 1H,OQFWNT systems. That is, we can
achieve bandgap reduction via way of means of
decreasing the stacking distance for those sys-
tems. Even with the stacking distances reduced
to approximately 4.7 A, the water molecules of
the 2H,OQFWNT system keep the bandgap al-
most constant. After a slight reduction because
of the decrease in the lattice constant a, we note
that the water molecules of the 3SHoOQFWNT
system keep the bandgap almost constant un-
til 4.9 A. For these last two systems, it is
worth mentioning that the bandgap’s almost
linear behavior concerning the stacking distance
when reducing the mentioned cutoff distances.
According to these results, we conclude that
the combined effect of stacking distance and
water concentration leads the phenylalanine-
tryptophan nanotube to behave as a semicon-
ductor / an insulator system.

To analyze the interaction energy between
the FWNT and water molecules, one evalu-
ates the coupling energy (E¢). It is given by
the difference in energy between the complex
(FWNT + H,0O) and the energies of the iso-
lated nanotube and corresponding confined wa-
ter chain.!” We normalize all calculations by the
number of water molecules and present them in
Table 1. In general, water molecules strongly
bind to the nanotube hydrophilic channel. One
can attribute the high coupling energy value to
the hydrogen bond formation between tube and
molecules. In that sense, the strong interaction
with the water molecules induces the modifica-
tion in the electronic structure of the system.

The charge density redistribution of different
MD configurations is shown in Fig. 5. It is
defined as:

Ap = pprnTim,0 — (PPTNT + PH,0) (1)

where pprnTyH,0, PPTNT, a0nd pH,0 are the
charge densities of the complex, isolated nan-

otube and water molecules, respectively. It can
be used to provide information concerning the
charge redistribution in the system due to the
water. Omne can note hydrogen bond forma-
tion from the charge accumulation region on
the water, the carboxylate oxygen, and some
ammonium nitrogen atoms and the charge de-
pletion region on the water and ammonium hy-
drogen atoms. The charge accumulation lobes
are larger for cases with 3 and 2 confined water
molecules leading to the behavior of the cou-
pling energy.*?

The biocompatibility, bio-recognition, and
tunable band gaps between anhydrous and
water-trapped FWN'T give rise to potential bio-
electronic applications since it is possible to
control the removal of water molecules confined
within this nanotube.2%:2144

Conclusions

According to what we observe in this work, it
is possible to relate bandgap tuning to a com-
bination of stacking distance and water con-
centration. One finds the band structure to
be more dispersive than the ones calculated for
the diphenylalanine nanotubes. It results from
the significantly tighter packing of the four FW
molecules that compose the building block of
the NT.% In consonance with the calculated
electronic band structures, one can determine
that the FWNT structure can behave as semi-
conductors.'® Besides other properties such as
biocompatibility and bio-recognition, the pos-
sibility of having a semiconductor system with
a tunable bandgap suggests its use in bioelec-
tronic medical applications.**
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