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Influence of Environmental Fluctuations on Quantum
Interference in Naphthalene and Azulene

Jehan Algahtani, Sara Sangtarash, and Hatef Sadeghi*

Both naphthalene and azulene have the same number of carbon and hydrogen
atoms, but the former is an alternant hydrocarbon and the latter is a nonalternant
hydrocarbon. This leads to a large difference in their electronic and transport

properties. Herein, quantum transport is investigated through these two mol-
ecules and it is shown how quantum interference (QI) affects their electrical

conductance. It is demonstrated that the orbital rule to predict QI breaks down in
both naphthalene and azulene. The influence of environmental fluctuations on
their QI and electrical conductance is also investigated. The results show that QI
in azulene is more sensitive to environmental fluctuations than in naphthalene.
In particular, destructive QI can be changed to constructive QI in azulene by

small environmental fluctuations.

1. Introduction

Studying charge transport through single-molecule junctions has
helped us to develop our understanding of their electronic prop-
erties for nanoelectronic devices.'™* Polyaromatic hydrocarbons
(PAHs) such as benzene, naphthalene, and pyrene have attracted
huge attention due to their simple but electronically rich
structures.*®! Among various PAH molecules, azulene has
received a lot of attention in the field of single-molecule electron-
ics due to its unique structure and optical response.” % It has the
same number of hydrogens and carbons as naphthalene, but with
five- (electron rich) and seven- (electron poor) membered rings.
Therefore, it is considered to be a nonalternant hydrocarbon.™*!

There have been numerous theoretical and experimental
investigations of electron transport through azulene.”~'>'4
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For example, conductance switching”

and relatively large tunnel magnetoresis-
tance™ have been reported in this mole-
cule. It has also been shown that the
quantum interference (QI) rules can be
challenged™*>'® in azulene and QI can
be controlled by protonation'” in this mol-
ecule. Despite these developments, there
are still ambiguities in electronic properties
of azulene. For example, azulene-based
junctions with constructive and destructive
QI features show similar conductance.'")
In the present work, we demonstrate that
some of these ambiguities can originate
from the sensitivity of QI in azulene to
the environmental effect.l”!®!

In this work, we investigate the elec-
tronic structure of azulene and its alternant hydrocarbon, naph-
thalene, and their transport properties between gold electrodes
using first-principle calculations. We study changes in QI
through these molecules and demonstrate that the orbital rules
that are widely used to predict QI break down in both molecules.
We then develop a simple Hiickel model to understand QI in
these molecules. Finally, we examine the effect of environmental
fluctuations on their quantum transport and QI properties and
how it depends on the connection to the electrodes. We show that
overall QI is more strongly influenced by these fluctuations in
azulene than in naphthalene.

2. Result and Discussion

Figure 1a shows the chemical structure of a single-molecule junc-
tion consisting of a molecule with a naphthalene core connected to
electrodes through thiol anchors. To study charge transport
through these junctions, we first found the ground-state geome-
tries of junctions formed through different connection points
(Figure 1b) using the SIESTA!"®) implementation of density func-
tional theory (DFT). We then obtained the mean-field Hamiltonian
of each junction from DFT and combined it with our transport
code GOLLUMP*?Y to calculate the transmission coefficient
T(E) of electrons with energy E traversing from one gold electrode
to the other (see Theoretical Methods section for more details).
Figure 1c shows T(E) for junctions with six different
connection points to electrodes. In PAHs, destructive QI
(DQI) is expected for molecules with odd-to-odd or even-to-even
connection points to electrodes.”? For example, np(2,4) in
Figure 1c shows an antiresonance which is characteristic of
DQI. For all odd-to-even connectivities, constructive QI (CQI)
is expected, for example, np(7,10) connectivity. Higher
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Figure 1. Quantum transport through naphthalene. a) Naphthalene core attached to gold electrodes via thiol anchor. b) Molecular structure of naph-
thalene with its numbering order. Note that the numbering convention used in this study does not correspond to the usual chemical numbering con-
vention, but it is convenient theoretically and allows us to assign labels to all atoms. ¢) DFT transmission coefficient for naphthalene with different
connectivities. d) Molecular orbital for naphthalene. e) A simple TB model when the on-site energies ¢ are zero for all the sites and the coupling
y=—1eV. f) Another TB model when ¢ of all sites are zero except sites 1 and 6 that are one and coupling is y=—1eV. In ¢, E=0eV denotes

the DFT Fermi energy.

conductance is expected for connectivities with CQI features
compared to those with DQI. This is indeed the case in naphtha-
lene, where connectivities np(3,8), np(5,10), np(5,7), and np(8,9)
show higher conductance than np(3,9) and np(2,4) around the
DFT Fermi energy (E=0¢eV).

Despite these agreements, naphthalene also shows unex-
pected behavior for some connectivities. For example, np(3,9)
does not show an antiresonance, while np(8,9) shows an antire-
sonance close to the lowest unoccupied molecular orbital
(LUMO) resonance. From the orbital rule, this is not expected.
From the orbital rules!***! (Equation (1)), a DQI is expected for
np(3,9) and a CQI for np(8,9). The orbital rule states that DQI is
expected if the sign of the products of wave functions for frontier
orbitals (HOMO and LUMO) at connection points to electrodes is
the same while CQI is expected if they were different.”"! For
example, if y} is the wavefunction at site b for state a, CQI
(DQI) is expected if the signs of y'y}' and iy} are different
(the same) where H and L denote HOMO and LUMO, respec-
tively. This is because the transmission coefficient between sites
iand j (Ty(E)) is proportional to the Green’s function g;; of a mol-

ecule, defined as

viwi'  wyp
E—Ey E—E

g;(E) = 1)

where E, is the energy level associated with state a. From
Equation (1), it is clear that g; will only vanish (leading to an
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antiresonance and DQI) at a certain energy (e.g.,
E=(EL+ Ey)/2, the middle of the H-L gap®®") if the signs of
the products y{'y{! and yjy} are the same. For example, from
Figure 1d, the sign of ! is positive (red colour) while yi! is neg-
ative (blue color), thereby yilydl <0 for np(3,9). Similarly,
wiwh < 0. Therefore, from orbital rules, DQI is expected for
np(3,9). Similarly, CQI is expected for np(8,9). These are not
in agreement with the result obtained from the DFT transport
calculations (Figure 1c) and demonstrate that orbital rule breaks
down in naphthalene with np(3,9) and np(3,9) connection points
to electrodes.

We found that this disagreement is due to the nonuniform
charge distribution over the carbon atoms in naphthalene
(Figure S3, Supporting Information). The charge on the central
carbon atoms (sites 1 and 6 in Figure 1b) is different from that on
the other sites. As a result, for np(8,9) connectivity, carbon
atoms 2, 3, 4, and 5 act like a pendant group and create a
Fano-resonance!?’?>%¢! close to the LUMO. For np(3,9), the anti-
resonance feature vanishes as a result of nonuniform charge dis-
tribution. Although there is no antiresonance feature in np(3,9),
the overall low transmission is an indication of the effect of DQI
for this connectivity.

In order to demonstrate this and further understand the
surprising QI effect in np(3,9) and np(8,9), we built a
one-orbital-per-atom TB model, as shown in Figure 1e,f. If we
treat all sites the same and set the on-site energies to 0 eV and
coupling integrals to —1eV, the resulting transmissions for
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np(3,9) and np(8,9) are not in agreement with the DFT result
(Figure 1c,e). However, by changing the on-site energies at sites
land 6to 1eV (e; =¢6 =1eV), the DFT result is reproduced, as
shown in Figure 1f. This supports our argument that the charge
and therefore the potential energy on sites 1 and 6 are different
from those at the other sites.

It is interesting to note that these changes have minimal effect
on the connectivities with CQI feature. In what follows, we dem-
onstrate that QI is more sensitive for some connectivities and
influenced significantly with the environmental fluctuations.
These fluctuations could be due to the presence of other mole-
cules,’>?”) nearby ions®®! or substrate,*® and residue from the
junction fabrication process.?% In order to understand the effect
of environmental fluctuations on QI through a naphthalene mol-
ecule, we constructed a TB model. We note that environmental
fluctuations modify the potential profile through the molecule in
the junction. To take this into account, we constructed a series of
TB Hamiltonians by randomly changing the on-site energies on
the molecule, starting from the TB Hamiltonian that shows good
agreement with our DFT result. We then calculate transmission
coefficients through each junction (see Theoretical Methods sec-
tion for details).

Figure 2a shows the resulting transmissions for naphthalene
with different connectivities. The position of the antiresonance
for the np(3,9) connectivity is strongly affected by fluctuations
on the on-site energies, indicative of a great influence of environ-
mental fluctuations on the QI pattern in this connectivity.
Furthermore, the antiresonance features are more robust for
np(2,4) and np(8,9). After applying a wide range of fluctuations
(changing on-site energies in the range of [—0.4, 0.4]eV), the
antiresonance is clearly more resilient for np(2,4) and np(8,9).
Between HOMO-LUMO gap, the transmissions are affected
least in junctions with CQI features such as np(3,8), np(5,10),
np(7,10). We then calculated room-temperature electrical
conductance using Landaure formula and then constructed com-
puted histograms using the method discussed in our previous
studiesP®'*? (see also Theoretical Methods section for more
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details). Figure 2b shows the resulting histograms. The most
probable conductance (histogram peak) is in good agreement
with the result obtained from DFT (Figure 1c).

Next, we consider the transport properties of azulene between
metallic electrodes (Figure 3a). Although naphthalene and
azulene have the same number of carbons and hydrogens, there
is a bond between sites 1 and 6 in naphthalene (Figure 1b), while
atoms 1 and 5 are connected in azulene (Figure 3b). Therefore,
azulene contains a negatively charged pentagon and positively
charged heptagon.**~** This results in a charge transfer between
them, leading to a dipole moment. Also, the amplitude of the
wavefunctions at sites 1 and 6 are zero for the HOMO and
LUMO orbitals in naphthalene (Figure 1d). This is in contrast
to azulene, where the amplitudes of the wavefunctions at sites
1 and 5 are nonzero for the HOMO and LUMO orbitals
(Figure 3d). In what follows, we study quantum transport
through azulene. Figure 3c shows the DFT transmission coeffi-
cients for azulene with different connection points to electrodes.
First, all odd-to-odd or even-to-even connectivities show DQI,
while all odd-to-even connectivities show CQI. This rule is
generally expected to work in alternant hydrocarbons; however,
it clearly works in azulene too. Nevertheless, the orbital rule does
not work for az(2,4) connectivity. From the orbital rule, we expect
a CQI in az(2,4); however, a DQI is predicted in DFT transmis-
sion. This is evidenced by a clear antiresonance feature in the
DFT transmission for this connectivity.

In order to demonstrate the sensitivity of azulene to changes
in charge distribution, we build a TB model using the same
methodologies used for naphthalene. We first start with the sim-
plest one-orbital-per-atom TB model where all on-site energies
are set to 0 eV and all coupling integrals between the connected
sites are set to —1eV. This results in the transmission coeffi-
cients shown in Figure 3e which is not in qualitative agreement
with our DFT result. To modify the model, we use the same
approach as naphthalene and modify the on-site energies based
on the charge redistribution on the carbon atoms (Figure S3,
Supporting Information). We found that by setting the on-site

a , — (b)1.2
@o np(3,9) 0 np(3.8) M np(s.10) [0 (b)
;' .
2 2
- [ 4 \ //\\‘5 1F
24 24 !\ . - g
-6 -6 08}
-8 -8 3
05 0 05 05 0 05 0 05 &
E(eV) E(eV) E(eV) £ 06r
0 3
np(7,10) o
04}
2
l_
34 02}
6
'8 O i
05 0 05 05 0 7 5
E(eV) E(eV) E(eV) log G(E)

Figure 2. A TB model for naphthalene with various connectivities and on-site energies. a) Individual TB transmission curves as a function of a random set

of on-site energies for different connectivities. b) Calculated conductance histograms for T(E)s in (a).

Small Sci. 2023, 3, 2300075 2300075 (3 of 6)

© 2023 The Authors. Small Science published by Wiley-VCH GmbH

85UB0|7 SUOWILLOD SAIIea1D 3ol jdde ayy Aq peusenob a.e sspoie VO ‘8sn Jo Sajnu Joy Aeiq1 8uluO 3|1 UO (SUONIPUOD-PUe-SWLIALI0D A8 |ImAlelq jeuljuo//Sdny) SUONIPUOD pue swie | a1 8eS *[£202/0T/6T] Uo Akiqiauliuo A8|IM ‘1881 Ag G2000£202 3SWS/Z00T OT/I0p/woo" A3 m Arelq1uluo//:sdny wouy pepeojumod ‘0T ‘S20Z ‘9r0r889Z


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED small

SCIENCE NEWS science
www.advancedsciencenews.com www.small-science-journal.com
@) (b)

log(T)

-1 0 1 2
P E(ev)
‘a9 89 Lo $33
‘” -10
HOMO-1 HOMO LUMO LUMO+1 -1

E(eV)

Figure 3. Quantum transport through azulene. a) Azulene core attached to gold electrodes via thiol anchor. b) Molecular structure of azulene with its
numbering order. Note that the numbering convention used in this study does not correspond to the usual chemical numbering convention, but it is
convenient theoretically and allows us to assign labels to all atoms. c¢) DFT transmission coefficient for azulene with different connectivities. d) Molecular
orbital for azulene. e) Simple TB model when the on-site energies ¢ are zero for all the sites and the coupling y = —1 eV. f) Another model of TB when ¢ of
all sites are zero except sites 1 and 5 that are 0.5 and sites 7, 8, and 9 that are —0.25 and the coupling is y = —1eV. In (c), E= 0 eV denotes the DFT Fermi
energy.

energies of sites 1 and 5 to non-zero values of 0.5 eV (sites that ~ minimize the effect of fluctuations in the molecule—electrode
are connected) and site 7, 8, and 9 to —0.25eV, our DFT and TB  conformations that in itself can lead to the variations in
results show good qualitative agreement (Figure 3c,f). conductance.?*®! This is because our aim is to demonstrate

In order to understand the effect of environmental fluctua-  the role of fluctuations in the electronic structure of molecular
tions on QI through azulene, we calculate TB transmission cores on the charge transport efficiency of these junctions.
coefficients by applying a random number in the range of  Figure 4a shows the resulting transmissions for each connectiv-
[—0.4, 0.4] eV to the on-site energies. We note that using a tip  ity. The first notable difference between these results and the
Au-S contact between the electrodes and molecules, we results obtained for naphthalene is that transmission through
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Figure 4. TB model for azulene with various connectivities and on-site energies. a) Individual TB transmission curves as a function of a random set of on-
site energies for different connectivities. b) Calculated conductance histograms for T(E)s in (a).
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azulene is affected significantly for all connectivities with a DQI
feature. For example, the antiresonance for az(3,9) and az(7,9)
fluctuate strongly as a result of changes to the on-site energies.
Consequently, the antiresonance feature is expected to wash out
in the ensemble-averaged transmission for all connectivities.
Figure 4b shows the computed conductance histograms obtained
using the same methodology that we used for naphthalene. The
most probable conductance is in remarkable agreement with the
previous experimental results,””'” while it is not in agreement
with the experiment reported in ref. [10] For example, in
agreement with our theory, other studies!>'" reported the
conductance order of az(2,4)>az(7,10) >az(7,9) while the
experimental result in ref. [10] shows az(7,10) > az(2,4).
The agreement between our theory including fluctuations
with the room-temperature measurements studies in refs. [9,11]
and its disagreement with the low-temperature measurement in
ref. [10] suggest that the fluctuations play a significant role in
determining the charge transport properties of azulene.

To show the evolution of changes in the QI pattern from
naphthalene to azulene, we constructed a TB model, as shown
in Figure S5-S11, Supporting Information. In this model, we start
with a ring of 10 sites with on-site energies € =0 eV and hopping
integral y = —1 eV. We then set the on-site energies on sites 1 and 6
to 1eV and the coupling between them to y = —1 eV to create the
naphthalene model. Next, we started reducing the coupling
between sites 1 and 6, and at the same time, we increased the cou-
pling between sites 1 and 5 by the same amount. We also decrease
the on-site energy at site 6 and increase the on-site energy at site 5,
7, 8, and 9, as discussed in the azulene model above. With this
approach, we can gradually move from the initial Hamiltonian
of naphthalene to the final Hamiltonian of azulene. For each of
these Hamiltonians, we calculated the transmission coefficient
for different connectivities to the electrodes, as shown in
Figure S5-S11, Supporting Information. We found that only for
connectivities (3,9) and (8,9) do the interference pattern change
from naphthalene to azulene (Figure S5 and S9, Supporting
Information).

3. Conclusion

We have studied theoretically the electronic transport of naphtha-
lene and azulene coupled to gold electrodes through thiol. We
demonstrated the breakdown of orbital rules in naphthalene
and azulene and showed that QI in both azulene and naphtha-
lene is strongly dependent on environmental effects. We showed
that QI in azulene is more sensitive to environmental fluctua-
tions than in naphthalene. In particular, destructive QI can be
changed to constructive QI in azulene by small fluctuations.

4. Theoretical Methods

The Hamiltonian of the structures described in this paper was obtained
using DFT as described below or constructed from a simple TB model with
a single orbital per atom as described in the maintext.

Density Functional Theory (DFT) Calculation: The optimized geometry
and ground-state Hamiltonian and overlap matrix elements of each struc-
ture were self-consistently obtained using the SIESTAI'®! implementation
of DFT. SIESTA uses norm-conserving pseudopotentials to account for the
core electrons and linear combinations of atomic orbitals to construct the

Small Sci. 2023, 3, 2300075 2300075 (5 of 6)
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valence states. The generalized gradient approximation (GGA) of the
exchange and correlation functional was used with the Perdew—
Burke—Ernzerhof parameterization,®”) a double-{ polarized basis set, a
real-space grid defined with an equivalent energy cutoff of 250 Ry. The
geometry optimization for each structure was performed for the forces
smaller than 40meVA™'. The charge distribution in Figure S3,
Supporting Information, is based on Mulliken charge distribution analysis
implemented in the Gaussian g16 DFT code.*®

Transport Calculation: The mean-field Hamiltonian obtained from the
converged DFT calculation or a simple TB Hamiltonian was combined
with GOLLUMP®2l implementation of the nonequilibrium Green's func-
tion method to calculate the phase-coherent, elastic scattering properties
of each system consisting of left (source) and right (drain) leads and the
scattering region. The transmission coefficient T(E)for electrons of energy
E (passing from the source to the drain) was calculated via the relation
T(E) = trace(T', (E)GR(E)Tr(E)GR (E)). In this expression, I' g(E)=
i>oLR(E) — ZiR(E)) describes the level broadening due to the coupling
between left (L) and right (R) electrodes and the central scattering region,
3 r(E) are the retarded self-energies associated with this coupling, and
Gr = (ES— H—X, — %3)7" is the retarded Green’s function, where H
is the Hamiltonian and S is overlap matrix. Using the obtained transmis-
sion coefficient T(E), the conductance could be calculated by the Landauer

formulal®® G = GodeT(E)(f g—é) where Gy = 2e?/h is the conductance

quantum.

Conductance Histogram: To construct conductance histograms shown
in Figure 2 and 4, we followed the same procedure as in our previous
studies.?*? First, we formed a series of junctions with different TB
Hamiltonians and calculated the electrical conductance G for a range
of electrodes Fermi energies E¢. Next, we created the conductance histo-
grams using the calculated conductance for each junction and for a wide
range of E¢ between the frontier transport resonances. The peaks in the
conductance histograms were fit with a log-normal distribution and their
center was defined as the most probable conductance.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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