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Abstract: Peptide nanotubes (PNT) of diphenylalanine (FF) have attracted considerable attention
from researchers in the last decades. The chirality of FF monomers determines the kinetics of PNTs’
self-assembly and their morphology. The helical symmetry of PNTs causes significant intrinsic
polarization and endows them with a unique combination of mechanical, electronic, and optical
properties, as well as a strong piezoelectric effect useful for various applications. In this work, we used
a combination of computer modeling and quantum chemical calculations to study the photoelectronic
properties of FF PNTs of different chiralities. Using semiempirical methods implemented in the
HyperChem and MOPAC packages, we calculated HOMO and LUMO energy levels and a band
gap and their variations under the action of external and internal electric fields. We demonstrated
that the photoelectronic properties of L- and D-FF PNTs are slightly different and may be related
to the intrinsic electric field arising due to the internal polarization. The band gap of FF PNTs is
within the ultraviolet range (400–250 nm) and can be tuned by an external electric field. These results
open a way to create FF PNT-based solar-blind ultraviolet photodetectors and other electro-optic and
electronic devices.

Keywords: peptide nanotubes; diphenylalanine; chirality; photoelectronic properties; computer
simulation

1. Introduction

For a long time, the identity of the physical and chemical properties of enantiomers
was considered an indisputable fact. However, an obvious predominance of biological
homochirality has always been in contradiction with this concept [1]. Although the difference
between enantiomers is observed mainly in their interaction with other chiral objects, such as
other molecules, circularly polarized light, or chiral magnetic and electric fields [1–3], their
intrinsic properties (due to a parity violating weak interactions) are different as well [4,5]
and can be detected in spectroscopic experiments [5–7]. In this regard, the search for new
phenomena and systems where the identity of enantiomers’ properties is violated is of
great scientific importance.

The self-assembly of peptides into hierarchically and highly symmetric structures such
as nanospheres, nanotubes, and nanoribbons has attracted considerable attention from
researchers and has been intensively studied in supramolecular chemistry and nanotech-
nology for the last two decades [8–11]. Diphenylalanine (H-Phe-Phe-OH, FF) is one of the
most studied aromatic dipeptides. The chirality of FF monomers determines the kinetics
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of the peptide nanotubes’ (PNT) self-assembly and their morphology [12]. The helical
symmetry of FF PNTs causes significant intrinsic polarization [13] and endows them with a
unique combination of mechanical [14,15], electronic [16,17], and optical [18–21] properties,
as well as a strong piezoelectric effect useful for various applications [22–24].

The structure and properties of FF PNTs of different chiralities were studied by various
authors experimentally and through computer modeling [12,13,25–27]. In our recent
works [12,26,27], we have developed computer models of FF PNT structures based on the
experimental crystallographic data obtained by X-ray diffraction [12,28] and used them for
calculating the polar and piezoelectric properties of FF PNTs [12,26,27,29,30].

Although some interesting experimental works are devoted to the photoelectronic
properties of FF PNTs [17–21,31], their computational study is still not sufficient and
systematic [17,21]. For example, in Ref. [31] the photoferroelectric effects were considered,
but the computer model used there was based on theβ-sheet conformation of phenylalanine
amino acid (F), while the latest experimental X-ray data [12,28] convincingly showed that
FF PNTs self-assemble into α-helices of L- and D- chirality.

In this work, we tried to fill this knowledge gap and carried out the computer modeling
and quantum chemical calculations of photoelectronic properties of FF PNTs using α-helix
models from our previous works [12,26,27].

2. Computational Details, Models, and Methods
2.1. Basic Models of FF PNTs

The models of FF PNTs of L- and D- chiralities used in this work are based on experi-
mental X-ray data and are available in the Cambridge Crystallographic Data Center [32]:
CCDC 1853771 for D-FF [12] and CCDC 16340 for L-FF [28] (Figure 1a,c). Two consequent
coils of the helices were simulated and then converted to the HyperChem workspace [33]
using Jmol and OpenBabel software (Figure 1b,d), similar to how it was performed in our
previous works [12,26,27,30].
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Figure 1. Original models of FF PNTs of different chiralities: (a) L-FF, (c) D-FF, and (b,d) the same
models converted to the HyperChem workspace. Yellow and red circles denote the individual FF coil
in the PNT structure. Reproduced with permission from [27]; Springer Nature, 2022.

These models were used earlier to study the self-assembly process of FF PNTs [12]
and their polar properties [13]. The dipole moments Di of individual dipeptides in PNTs
form left- or right-handed helices and thus originate a nonzero total polarization of the
nanotubes (Figure 2).
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Figure 2. Two-coil fragments of the self-assembled FF PNTs in the HyperChem workspace with
the denoted dipole moments of individual dipeptides, Di, and the total dipole moments, Dcoil, for
(a,b) D-FF and (c,d) L-FF [13]. Dotted lines show inertial axes of the structures roughly coincided
with their crystallographic axes.

It is important to note that the models were used without additional geometry op-
timization. We deliberately omitted this step since we used experimentally determined
crystal data for both L-FF and D-FF nanotubes [12,28]. Additional optimization by the
computational algorithms leads to aligning the ends of a helix step, thus breaking the
inherent chirality of the nanotubes. This was shown in our previous work [34], where the
optimization was performed. Moreover, the total energy of optimized rings appeared to
be somewhat larger than that of the experimental ones, although the difference in total
energies of D-FF and L-FF rings remains even after the optimization [34]. Therefore, the
results presented here do not depend on the calculation method and thus are unlikely
related to the calculation error.

2.2. Calculation Methods

The electronic energy levels of the FF PNT models with and without external electric
field were calculated using quantum-chemical semiempirical methods AM1 and PM3
implemented in HyperChem 8.0 [33] and PM7 and PM6-D3H4 methods in MOPAC 2016
software [35] in the restricted Hartree-Fock (RHF) approximation.

3. Results and Discussion
3.1. Electronic Energy Levels without an Electric Field

Figure 3 shows the models of L-FF and D-FF PNTs with the calculated positions of the
electronic molecular orbitals for the ground state (highest occupied molecular orbital—HOMO)
and the first excited state (lowest unoccupied molecular orbital—LUMO). These molecular
models consisting of two coils of helical FF PNTs were constructed earlier [26] based on
the crystallographic unit cells obtained from X-ray data [12,28]. The distances between
coils are equal to the unit cell parameter along the c-axis: c = 5.456 Å for L-FF PNT [28] and
c = 5.441 Å for D-FF PNT [12]. The electron photoexcitation leads to the electronic wave
cloud shift from the HOMO to the LUMO state at the distance equal to the corresponding c
parameters along the PNT axis.
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Figure 3. Two-coil models of FF PNT with different initial chirality L-FF and D-FF with electron
molecular orbitals HOMO and LUMO computed by AM1/PM3 methods in RHF approximation.

The values of the HOMO and LUMO energy levels without an external electric field
and calculated using different methods are presented in Table 1. Separately, for L-FF, as
well as for D-FF PNTs, AM1 and PM3 methods implemented in the HyperChem package
provide similar values of energy levels. At the same time, all methods, including more
modern and precise methods PM6-D3H4 and PM7, demonstrate noticeably higher HOMO
and LUMO energies for D-FF models than those of L-FF. This difference can be related to
variations in the hydrogen bonds network in L-FF and D-FF PNTs, which also influences
their self-assembly kinetics [12].

Table 1. Comparison of electron energy levels and the zero-field Eg0 for FF PNTs calculated in this
work by different methods without electric field and data obtained in other works.

Type/Method EHOMO,
eV

ELUMO,
eV

Eg0,
eV

λ,
nm

D-FF/PM7 −6.085 −2.104 3.981 312

L-FF/PM7 −6.167 −2.201 3.966 313

D-FF/PM6-D3H4 −6.351 −2.731 3.620 343

L-FF/PM6-D3H4 −6.407 −2.835 3.572 348

D-FF/PM3/AM1 −5.924 −2.349 3.575 347

L-FF/PM3/AM1 −5.941 −2.4996 3.441 360

L-FF/DFT [17] – – 4.48 c.a. 277

D-FF/Opt. abs. [21] – – 4.69 c.a. 264

L-FF/Opt. abs. [18] – – 3.35–4.13 300–370

L-FF/Photolum. [19] – – 4.0–4.13 300–310

L-FF/Photolum. [20] – – 4.0 c.a. 310

The zero-field band gap, Eg0, was calculated as a difference between ELUMO and
EHOMO energies:

Eg0 = ELUMO − EHOMO. (1)
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The obtained values are presented in Table 1. For all calculation methods used, the
band gap for D-FF PNTs is higher than that for L-FF. The Eg0 values calculated by the PM7
method are closer to the data observed in experiment 4.0–4.69 eV (Table 1).

The band gap can be converted to the absorption edge, λ, and vice versa using the
equation:

Eg0 = hc/λ, (2)

where h is the Planck constant, and c is the vacuum speed of light. For FF PNTs of both
chiralities, all methods provide λ in the ultraviolet A range (UV-A, 315–400 nm), which are
close to the values of 300–370 nm obtained in optical absorption experiments [18].

The obtained difference in Eg0 values between L-FF and D-FF models is about 0.134 eV
for the AM1 method and about 0.015 eV for PM7 (Table 1). A similar trend is observed
in optical absorption experiments [18,21], which show that the band gap for D-FF PNTs is
about 0.56 eV bigger than those of L-FF (Table 1). This difference may be related to a weak
difference in electronic and vibrational levels similar to what was observed for 1-indanol chiral
molecules [7]. However, to verify this hypothesis, additional precise experiments on optical
absorption and photoluminescence performed under the same conditions should be conducted.

Another possible mechanism of the observed difference in the band gaps of L- and D-
FF PNTs is the effect of an intrinsic electric field that existed in polar crystals such as piezo-
or ferroelectrics [36–38]. Different dipole moments observed for L- and D-FF PNTs [31]
indicate nonequivalent charge distribution in these PNTs, thus creating different intrinsic
electric fields. The effect of this field is considered in detail below.

3.2. Influence of the External Electric Field

First, the effect of an external electric field on the photoelectronic properties was
studied using the PM7 and AM1 methods. An axial electric field, Ez, in the range from −0.15
to +0.15 V/Å was applied to the FF PNTs models, and the variations of the HOMO and
LUMO energy levels were determined. Then, the values of the band gap were calculated
using Equation (1).

HOMO and LUMO energy levels demonstrate linear dependence on the applied
electric field but with opposite slopes (Figure 4). For the positive direction of the applied
EZ (codirected with the PNT’s Z-axis), ELUMO values increases, whereas EHOMO decreases,
and vice versa for the negative Ez direction. PM7 and AM1 methods provide slightly
different values of ELUMO and EHOMO, although PM7 is more recent and may be closer
to experiments. The difference between ELUMO and EHOMO values for L- and D-FF PNTs
is close to that observed for a zero-field case (Table 1) for all studied Ez. The slopes for
ELUMO and EHOMO are about −4.33 and 3.52 eV/(V/Å) for the PM7 method and −3.92 and
3.49 eV/(V/Å) for AM1.

Under the applied electric field, the band gap demonstrates a linear behavior similar
to ELUMO (Figure 4). Again, the values of Eg are different for the PM7 and AM1 methods,
but they are close for L- and D-FF PNTs. The slope values, α, are the following:

(1) for the AM1 method: α1 = 7.182 eV/(V/Å) for L-FF and α3 = 7.412 eV/(V/Å) for D-FF;
(2) for the PM7 method: α2 = 7.774 eV/(V/Å) for L-FF and α4 = 7.853 eV/(V/Å) for D-FF.

These results demonstrate the possibility of tuning the band gap of FF PNTs in a wide
range simply by applying an external electric field along the nanotubes. This effect is
similar to what is observed in layers of dichalcogenides of the MoS2 type [39].

While the zero-field absorption edge λ ≈ 310–350 nm (Table 1) lies at the edge of the
UV-A and UV-B ranges, the application of EZ = −0.15 V/Å reduces Eg to c.a. 2.8 eV, which
corresponds to the absorption edge λ ≈ 443 nm in the visible range. At the same time, the
application of EZ = +0.15 V/Å shifts λ to the deep UV-C region (Eg ≈ 5.1 eV, λ ≈ 243 nm).
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The blue photoluminescence observed earlier in FF PNTs was attributed to the
quantum confinement phenomenon [18]. Our results show that the same effect can be
achieved by the application of the electric field; moreover, it allows controlling the emis-
sion/absorption range of the FF PNTs. This effect is highly demanded for photoelectronic
devices operating in the middle and near UV range (200–400 nm). Due to a strong ab-
sorption by the ozone layer in the atmosphere, sunlight with wavelengths of 200–300 nm
cannot reach the earth’s surface, thus creating a so-called black background. The solar-blind
ultraviolet photodetectors (SBUV) operating in this spectral range are based mainly on
wide-band-gap semiconductors such as gallium nitride or gallium oxide [40]. A similar
photodetector can be made based on FF PNT structures. It can be used for monitoring
ozone holes, fires, high-voltage transmission lines, etc.

Moreover, understanding the effect of external electric fields on the electronic and opti-
cal properties of FF PNTs is crucial for developing new optical and electronic devices, such
as planar electro-optical modulators or composite nanostructures for energy generation.
The nonlinear optical properties, second harmonic generation, and waveguiding ability of
PNTs have been demonstrated recently [41,42].

3.3. Influence of the Intrinsic Electric Field

It is known that FF PNTs possess a strong dipole momentum D and the polariza-
tion P = 3.33556255 × Dt/V0 (here, V0 is the van der Waals volume of the PNT’s unit cell:
V0(L-FF) = 3365.6 Å3, V0(D-FF) = 3346.49 Å3), aligned with the nanotube’s axis Z (Table 2) [13].
This polarization, which is similar to the spontaneous polarization in ferroelectrics, pro-
duces a significant internal electric field EP = P/εε0 [31,36–38], where ε is the dielectric
permittivity of FF PNTs, which is usually about 4 for the known protein structures, and
ε0 = 8.85 × 10–12 C/(V·m) is the vacuum permittivity. A similar internal field that exists in
ferroelectrics (the so-called depolarization field) causes a number of specific photoferroelec-
tric and photovoltaic effects, and it is especially pronounced at the nanoscale [30,31,36–38].

Table 2. The polar properties of FF PNTs and the refined zero-field band gap values.

Type/
Method

D,
Debye

P,
C/m2

EP,
GV/m

α,
eV/(GV/m)

Eg0,
eV

Eg1,
eV

Eg2,
eV

∆Eex,
eV

∆λex,
nm

D-FF/PM7 146.60 0.146 4.126 0.785 3.981 5.600 4.923 0.677 30.5

L-FF/PM7 146.24 0.145 4.092 0.777 3.966 5.558 4.899 0.659 30.0

D-FF PM3/AM1 137.70 0.137 3.875 0.741 3.575 5.009 4.464 0.545 30.2

L-FF PM3/AM1 140.72 0.139 3.938 0.718 3.441 4.851 4.303 0.548 32.6
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In particular, this additional intrinsic electric field codirected with the PNT’s Z-axis
affects the energy levels during the electrons’ photoexcitation and, as a result, increases the
band gap by the value:

∆Eg1 =
1
2
αEP, (3)

where α is the Eg slope; these values were found in the previous section. The refined values
of the band gap, Eg1 = Eg0 + ∆Eg1, are presented in Table 2. These values are closer to those
observed in experiments (Table 1) than Eg0 obtained before. Thus, the internal electric
field originated due to the nonzero polarization of FF PNTs plays a significant role in their
photoelectronic properties, as in usual ferroelectrics [36–38].

Here, an external electric field Ez was considered to be zero. In the opposite case, the
internal electric field EP sums with or subtracts from the Ez, and the resulting energy levels and
the band gap shift accordingly. Therefore, the resulting band gap value can be found as follows:

Eg = Eg0 + α(
1
2

EP ± Ez). (4)

3.4. Exciton Formation and Photoluminescence

As soon as an electron occupies the excited LUMO state and a hole appears in the
HOMO state, they form an exciton and create an additional electric field EQ due to the charges
separation. The value of this field can be estimated as EQ = e/(4πεε0∆z2) ≈ 1.2 GV/m, where
e is the elementary charge and the distance ∆z ≈ c = 5.45 Å (Figure 5a). This field is oriented
opposite to the EP and thus partially reduces the total internal electric field in the PNTs.
Therefore, the exciton reduces the energy levels and the band gap by the value:

∆Eex = α(
1
2

EP − EQ). (5)
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Figure 5. (a) Space configuration of the electronic clouds HOMO and LUMO and separation distance
∆z between them for a D-FF PNT model. The polarization P, excitation energy Eex, and luminescence
energy Elum are shown. Violet and blue dashed arrows show excitation and luminescence electron
transitions. (b) The scheme of the energy levels in FF PNTs and luminescence transitions.

The values of ∆Eex and the refined band gap, Eg2 = Eg1 − ∆Eex, taking into account
both the internal field and the exciton effect, are presented in Table 2. An average exciton
correction leading to the “red” shift of the band gap is about 0.61 eV. This value is close to
the exciton binding energy c.a. 0.34 eV determined in Ref. [21].

The photoluminescence occurs in FF PNTs when an electron transits between the
LUMO excited level and the HOMO ground state (Figure 5b). The effects of the internal
electric field and exciton formation change the position of the LUMO level and thus modify
the wavelength of the emitted photons. While the internal electric field inherently exists
in the PNTs, the exciton formation is an optional process, and, once it takes place, the
photoluminescence wavelength is reduced by the value:
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∆λex = ch(Eg2
−1 − Eg1

−1). (6)

For all calculation methods, the values of ∆λex are about 30 nm for both L-FF and D-FF
PNTs (Table 2). This value is consistent with previous experimental data [17–21].

4. Conclusions

Thus, in the example of FF PNTs of different chiralities, we have demonstrated that
symmetry and asymmetry [43,44] play an important role at various levels of structural
organization from individual molecules to supramolecular structures [45–47] and reveal
themselves in photoelectronic properties. Computer modeling and quantum chemical
calculations allowed us to calculate the LUMO and HOMO energy levels and the band gap
in hierarchically self-assembling FF PNTs of different chiralities with and without applied
electric fields. Although the difference between Eg of L-FF and D-FF PNTs is small, it exists and
can be attributed to the effect of the internal electric field caused by the ferroelectric-like polar-
ization in PNTs. This internal electric field can be responsible for various photoferroelectric
phenomena similar to what is observed in other ferroelectric nanomaterials.

Application of the axial external electric field significantly modifies the band gap and,
thus, the absorption edge of the PNTs. The field of ±0.15 V/Å shifts the absorption edge from
the deep UV-C region to the visible one. The field could be created by the ferroelectric polymer
layers such as PVDF and P(VDF-TrFE). The band gap range of 3.1–4.9 eV corresponds to the
solar-blind ultraviolet range (400–253 nm) absorbed by the ozone layer. Therefore, the FF
PNTs and their composites could be used as elements of new cost-effective, self-powered, and
flexible solar-blind ultraviolet photodetectors and other electro-optic and electronic devices.

The exciton formation reduces the band gap and thus can be used for fine-tuning
the photoluminescence and photovoltaic properties of FF PNTs. Further in-depth compu-
tational studies of various properties of FF PNTs based on the combination of DFT and
semiempirical calculations may open new ways for the practical use of FF PNTs.
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