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University, 40100 Kırşehir, Turkey. 3.—e-mail: mkurbanphys@gmail.com

The electronic structure and structural and optoelectronic properties of
hexathiopentacene (HTP) nanorings have been carried out by density func-
tional theory (DFT) and time-dependent DFT (TD-DFT). Herein, the binding
energy per atom, ionization potential, electron affinity, chemical hardness,
highest occupied molecular orbital (HOMO)–lowest unoccupied molecular or-
bital (LUMO) gap, refractive index, charge distributions, absorbance spectra
and non-linear optical properties have been measured. The calculations on
these nanorings show that the HOMO–LUMO gaps range from 1.87 eV to
1.28 eV, which corresponds to the bandgap of known photovoltaic semicon-
ductors, while the absorbance spectrum increases from 674 nm (1.84 eV) to
874 nm (1.42 eV), which indicates that the HTP nanorings absorb more light
as the nanoring size is increased. From the binding energy, the stability of the
HTP nanorings is higher than that of the HTP structure. Our results show
that an increase in the size may play a significant role in improving the design
of optoelectronic devices based upon these HTP nanorings.

Key words: HTP nanorings, electronic structure, bandgap,
TD-DFT

INTRODUCTION

Recently, the design of organic semiconductor
devices has drawn much attention in many appli-
cations such as photovoltaics,1–5 light-emitting
diodes,6 photodetectors,7 chemical, vapor and gas
sensors.8–12 Especially, organic semiconductors at
the nanolevel are the most popular use for photo-
voltaic devices because of their unique electronic
features. Therefore, it is highly significant to learn
the role of the electronic structure of nanoscale
organic molecules since that would have a tremen-
dous impact on future electronic technologies.13,14

While the linear chains and the 1D structures at the
nano level have risen to the occasion in organic
electronics,15,16 the cyclic chains are of specific
interest due to their excellent structural properties.

Herein, much effort has been dedicated to building
new nanotube components obtained from molecular
structures because of their tunable photophysical
features, supramolecular abilities17,18 and their
distinctive physical features thanks to changes in
molecular size, shape, and crystallinity.19–23 Thus,
much effort for several decades has been focused on
the synthesis of diverse nanorings.17,22,24–29 In the
first synthesized chiral nanoring experiment, all
possible chiral structures of nanorings can be
created by inserting various acenes with appropri-
ate linkages.27 Thus, advances in the design of
nanorings have shown that it is possible to adjust
the physical properties of organic molecules at the
nanolevel to provide technological requirements for
new devices with high efficiency. Moreover, it gives
the possibility to find the best performing molecular
semiconductors with very specific properties.

Acenes are a class of organic compounds made up
of linear benzene rings (see Fig. 1). In this family,
the order of increasing number of benzene rings is(Received November 15, 2019; accepted February 12, 2020;
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naphthalene, anthracene, tetracene, pentacene, and
so on. In the literature, experimental investigations
of the acene rings have been conducted in several
studies. For example, the 2,6-naphthylene moiety,
which is a derivation of naphthalene (n = 2), can
easily rotate at ambient temperature.30 In addition,
cyclo-2,8-anthanthrylene (n = 3) has been synthe-
sized in a few studies.31,32 Recently, complex for-
mation of different forms of an anthracene (n = 3)
cyclic ring was synthesized by Toyota’s group.33 The
properties of pentacene (n = 5) have recently
attracted intensive interest. The hexathiopentacene
(HTP) is one of the derivations of pentacene (n = 5)
used as a p-type component in organic p–n-type
heterostructures, which was widely used in a vari-
ety of solar cell applications.34 In this context, the
cyclic HTP nanorings have been designed to provide
an insight to experimentalists on the nanorings
because it is highly possible to synthesize the HTP
nanorings for the reasons mentioned above.

To our knowledge, there is no information avail-
able about the electronic structure and structural
and optical properties of the HTP nanorings.
According to this viewpoint, we investigated the
binding energy per atom, ionization potential, elec-
tron affinity, chemical hardness, HOMO–LUMO
energy gap, refractive index, charge distributions.
Non-linear optical (NLO) properties of the HTP
nanorings have been researched using polarizability
and hyperpolarizability.

COMPUTATIONAL DETAILS

The number of atoms in the HTP nanorings
ranges from 72 (492 electrons) to 252 atoms (1722
electrons). Thus, we used the DFTB + code35 with
the hyb-0-236,37 set of Slater-Koster parameters to
obtain the optimized geometry. This provides a
reduction in computational time. In addition, our
benchmarks show that the density-functional tight-
binding (DFTB) optimization is more compatible
with experimental data than that of density func-
tional theory (DFT). In order to get more accurate
energies, the single-point calculations are per-
formed using DFT with B3LYP/6-311G(d,p)
level.38,39 In addition, the time-dependent (TD)-
DFT calculations depending on the CAM-B3LYP
functional40 with 6-311G(d,p) basis set are used for
estimating absorption spectra because B3LYP

underestimates excited state energies.41,42 Gaus-
sian 09 software package was used in the
calculations.43

RESULTS AND DISCUSSION

Structure, Energy, Binding Energy, Stability

Figure 2 shows optimized geometries of HTP
nanorings for N = 2 and 4. The corresponding total
energies per atom of HTP nanorings are also listed
in Table I. It is clear that there is an increase in
total energy per atom, thus the HTP molecule is
more reactive than HTP nanorings. Also, the HTP
molecule has D2h symmetry; however, after N = 2, it
converts to C3h for N = 3, C4h for N = 4, C5h for
N = 5, C6h for N = 6, C7h for N = 7. The stability of
the optimized structures was also calculated by
binding energy per atom Ebð Þ. Eb is a measure of its
relative stability and it can be calculated as follows:

Eb CiSjHk

� �

¼ i� E Cð Þ þ j� E Sð Þ þ k� E Hð Þ � E CiSjHk

� �� �

= iþ jþ kð Þ
ð1Þ

where E Cð Þ, E Sð Þ and E Hð Þ are the energies of C, S
and H atoms. E CiSjHk

� �
is also the total energy of

the HTP structure. i, j and k are the number of
atoms. The calculated binding energies per atom for
the HTP nanorings are tabulated in Table I and
shown in Fig. 3. The Eb value of HTP (1-HTP) is
found to be 6.68 eV. The Eb of the HTP nanorings is
strongly dependent on the number of the incorpo-
rated HTP. That is, an increase in the number of
HTP nanorings causes an increase in the Eb which
is the result of the stronger C–C double bonds

Fig. 1. The picture of acenes.
Fig. 2. Optimized geometries of HTP rings for N = 2 and 4 (Color
figure online).
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versus C–S bond. Thus, the Eb rapidly increases
from 6.68 eV to 7.02 eV with increasing number of
the HTP nanorings up to 4-HTP. Then, it is less
pronounced and approximately stabilizes at about
7.03 eV (see Table I). This shows that the stability
increases with an increase in the number of the
HTP nanorings.

Bandgap, Ionization Potential and Electron
Affinity

To investigate the electronic properties, the high-
est occupied molecular orbital (HOMO)–lowest
unoccupied molecular orbital (LUMO), energy gap
Eg

� �
, vertical ionization potential (VIP) and vertical

electron affinity (VEA) for the HTP nanorings were
considered.

The bandgap is a useful property to probe the
chemical activity of structure. The bandgap and
HOMO–LUMO energy gap for the HTP nanorings
are depicted in Fig. 4 and tabulated in Table II. For
1-HTP, the Eg value is 1.87 eV and then sharply
decreases to 1.31 eV when it comes to 2-HTP. After

that, it exhibits pronounced oscillating behavior
with increasing number of HTPs. The calculated Eg

value (1.87 eV) for 1-HTP is compatible with the
experimental44 value of 1.95–2.05 eV. In addition,
Eg decreases to the lowest value of 1.28 eV for 4-
HTP and 6-HTP. A lower gap means a smaller
resistance against electronic excitation as well as a
higher chemical reactivity. Therefore, the chemical
reactivity of 4-HTP and 6-HTP is higher than their
neighboring HTP nanorings. The bandgap is
directly associated with electronic conductivity.
Since the structures with lower bandgap show
better conductance than the higher bandgap, 4-
HTP and 6-HTP structures have the highest elec-
tronic conductivity. Depending on the number of the
HTP nanorings, the bandgap, and thus the conduc-
tivity, is significantly changed. It is interesting to
note that the bandgap of the even-membered HTP
nanorings (2-, 4 and 6-HTP) is almost the same with
the exception of some small oscillations, whereas it
decreases for the odd-membered HTP nanorings (3-,
5 and 7-HTP). The bandgap oscillation is mostly due
to the changes in the valance band maximum level,
as shown in Table II. However, the conduction band
minimum changes little for beyond 2-HTP, giving
rise to the Eg oscillation, which is a direct conse-
quence of the quantum confinement of the electrons.
This behavior is also based on an increase in the
number of atoms of the HTP nanorings, and it has
also been observed in many carbon-based nanoma-
terials.45,46 HOMO and LUMO concepts are associ-
ated with electron donating or electron
withdrawing, and they play an important role in
finding the reactivity of various materials with
metal surface. A high HOMO shows a high tendency
to donate electrons to appropriate acceptor material
with low empty molecular orbital energy, whereas
the high value of LUMO shows a low tendency to
accept electrons from other materials. The HOMO
value for 1-HTP is � 5.63 eV wide, i.e., about
0.23 eV greater than 7-HTP nanoring with 252

Table I. Structural properties and energies for
HTP nanorings computed by B3LYP/6-311G(d,p)
level

Structures ET Symmetry State Eb

1-HTP � 89.795716 D2h
1A 6.688

2-HTP � 91.877937 D2h
1A 6.980

3-HTP � 91.879075 C3h
1A 7.011

4-HTP � 91.879429 C4h
1A 7.020

5-HTP � 91.879580 C5h
1A 7.025

6-HTP � 91.879654 C6h
1A 7.027

7-HTP � 91.879696 C7h
1A 7.028

Total energy/per-atom ET; in a:u:ð Þ and binding energy
(Eb; in eV.

Fig. 3. Binding energy per atom (Eb) for HTP nanorings computed
from B3LYP/6-311G(d,p) level of theory (Color figure online).

Fig. 4. HOMO-LUMO energy gap (Eg) and refractive index (n) for
HTP nanorings computed from B3LYP/6-311G(d,p) level of theory
(Color figure online).
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atoms. The 2-HTP nanoring with 72 atoms has the
lowest HOMO value (� 5.26 eV), and thus it is less
reactive due to the smallest HOMO value, while it is
more stable than the other HTP nanorings (see
Table II). On the other hand, the LUMO energy
levels of the 1-HTP structure decrease from � 3.75
eV to � 4.11 eV, accordingly. From the obtained
results, one can conclude that the 1-HTP structure
is the most desirable structure in terms of accepting
electrons, but the 7-HTP nanoring has the lowest
tendency to donate electrons.

The ionization energy is the minimum energy
necessary to remove an electron from a structure.
VIP is defined as the energy difference between the
optimized ground state of the cation and neutral.
VIP is given by the following formula:

VIP ¼ Eþ � E0 ð2Þ

where E+ and E0 are the ground state energy of the
cation at the geometry of neutral and the ground
state energy of neutral, respectively. Electron affin-
ity is the energy released upon attachment of an
electron to structure. VEA is defined as the energy
difference between the optimized ground state of the
anionic and neutral. VEA is given by the following
formula:

VEA ¼ E0 � E� ð3Þ

where E� is the ground state energy of the anion at
the optimized geometry of neutral. The data and the
VIP and VEA plots are given in Fig. 5 and Table II.
The VIP value decreases from 6.83 eV to 5.83 eV up
to the 6-HTP nanoring, and then it remains con-
stant at 5.83 eV for the 7-HTP nanoring. Based on
an increase in the number of HTP nanorings, the
VIP shows a decreasing trend, whereas the VEA
shows an increasing trend. Figure 5 shows that the
VEA value smoothly increases from 2.56 eV to
3.70 eV while the VIP value decreases from 6.83
eV to 5.83 eV for 1-HTP and 7-HTP, respectively,

The refractive index nð Þ values of the HTP
nanorings can be found using the Ravindra rela-
tion,47 which shows a linear relation between the n
and Eg as follows:

n ¼ 4:084 � 0:62Eg ð4Þ

The calculations show that n values are in the
order: 1-HTP structure (2.924)< the HTP nanor-
ings (from 3.228 to 3.290) due to a decrease in the
bandgap, and itsn value inherently increases.

Global Reactivity Descriptors

It is well known that the chemical potential,
chemical hardness and electrophilicity indexes are
important fundamental quantities to explain reac-
tivity and the molecular properties. For the HTP
nanorings, therefore, the analysis of these global
reactivity indices was considered in this study. The
global reactivity descriptors can be described via
using VIP and VEA energies of structure.

The chemical potential (l) is defined as a measure
of the escaping tendency of an electron for the
ground state of a structure.48 Chemical hardness (g)
is also defined as the resistance of the chemical
potential (resistance to charge transfer) to a change
in the number of electrons.49,50 The chemical poten-
tial and chemical hardness are given as following
formula:

l ¼ � IP þ EAð Þ=2 ð5Þ

g ¼ IP � EAð Þ=2 ð6Þ

Here, IP is ionization energy and EA is electron
affinity. According to the principle of maximum

Fig. 5. Vertical ionization potentials (VIP) and vertical electron
affinities (VEA) for HTP nanorings computed from B3LYP/6-
311G(d,p) level of theory (Color figure online).

Table II. Electronic properties (in eV) for HTP nanorings at B3LYP/6-311G(d,p) level

1-HTP 2-HTP 3-HTP 4-HTP 5-HTP 6-HTP 7-HTP

EHOMO � 5.63 � 5.26 � 5.41 � 5.34 � 5.40 � 5.38 � 5.40
ELUMO � 3.75 � 3.95 � 4.03 � 4.07 � 4.09 � 4.10 � 4.11
Egap 1.87 1.31 1.38 1.28 1.31 1.28 1.30
VIP 6.83 6.16 6.14 5.94 5.93 5.83 5.83
VEA 2.56 3.04 3.31 3.47 3.57 3.64 3.70
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hardness (PMH),51 a hard structure corresponds to
a large energy gap. PMH can be readily understood
from Eqs 4 and 5. A larger g value in the 1-HTP
structure corresponds to a larger IP and a smaller
EA, which implies that 1-HTP has more energy to
accept an electron, that is, a lower tendency to give
an electron and thus it is more stable than HTP
nanorings. The values and the graphs of l and g are
presented in Table III and in Fig. 6. As is obvious
from Table III, g remarkably decreases from 2.13 eV
to 1.07 eV with an increase in the size of HTP
nanoring. This indicates that the HTP structure has
become chemically smoother. The l is a key indica-
tor of charge transfer during a chemical reaction
and also electron pulling power, which is an impor-
tant determinant of electronegativity (v). From the
results, the l gradually decreases and shows oscil-
lating behavior from 2-HTP to 7-HTP nanorings.

The electrophilicity index, x is defined as a
measure of the stabilization in energy when the
structure acquires an electron acceptor from the
environment.52 In other words, it is a measure of the
electrophilic power of system when two structures
react with each other. It is given as the following
formula:

x ¼ l2=2g ð7Þ

In addition, the electron donating (x�) and elec-
tron accepting (x+) powers have been given as

x� ¼ 3 � IP þ EAð Þ2=16 IP � EAð Þ ð8Þ

xþ ¼ IP þ 3 � EAð Þ2=16 IP � EAð Þ ð9Þ

A larger x+ value in the structure corresponds to
a better electron acceptor, whereas a smaller x�

value implies that it is a better electron donor.53 The
values and the graphs of the electrophilicity indexes
are tabulated in Table III and depicted in Fig. 7. As
size of the HTP nanorings increases, x, x� and x+

are increased significantly from 5.17 eV to 10.65 eV,
from 7.79 eV to 13.17 eV and from 3.09 eV to
8.40 eV, respectively (Table III and Fig. 7). Since a
higher electrophilicity index corresponds to more
electrophilicity, 1-HTP structure has less elec-
trophilicity than the HTP nanorings, but 7-HTP
nanoring has the most electrophilicity.

The most accepted electron charge can be calcu-
lated from the maximum amount of electronic
charge index DNmaxð Þ. It is given as the following
formula:

DNmax ¼ �l=g ð10Þ

A positive DNmax demonstrates that charge flows
to the system. Here, the system acts as an electron
acceptor, whereas a negative DNmax indicates that

Table III. Reactivity properties (in eV) for HTP nanorings at B3LYP/6–311G(d,p) level

1-HTP 2-HTP 3-HTP 4-HTP 5-HTP 6-HTP 7-HTP

g 2.13 1.56 1.41 1.23 1.18 1.09 1.07
l � 4.70 � 4.60 � 4.73 � 4.70 � 4.75 � 4.74 � 4.76
x 5.17 6.77 7.92 8.97 9.57 10.27 10.65
x� 7.79 9.26 10.46 11.48 12.09 12.77 13.17
x+ 3.09 4.66 5.73 6.77 7.34 8.04 8.40
DNmax 2.20 2.94 3.35 3.81 4.03 4.34 4.47

Fig. 6. Chemical hardness (g) and chemical potential (l) for HTP
nanorings computed from B3LYP/6-311G(d,p) level of theory (Color
figure online).

Fig. 7. Electrophilicity index (x) and maximum amount of electronic
charge index (DNmax) for HTP nanorings computed from B3LYP/6-
311G(d,p) level of theory (Color figure online).
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the system tends to donate its electrons. The
maximum amount of electronic charge index has
remarkably increased from 2.20 to 4.47 when it
comes to an increase in the size of the HTP
nanorings (see Table III and Fig. 7). This indicates
that their affinity for accepting electrons has
become effective with variation in size of the HTP
nanorings.

Charge Distribution

The atomic charge distributions play an impor-
tant part in the field of quantum chemical modeling
to evaluate the electromagnetic properties of a
structure, because they can affect polarizability,
dipole moment, electronic and molecular proper-
ties.54 In addition, the atomic charges for molecular
structure give especially clear indications of the
charge transfer, atomic charge displacements, and
electrophilic and nucleophilic reactions. Herein,
Mulliken charge distribution of the HTP nanorings
is analyzed (see Fig. 8). In the HTP structure,
Mulliken charge on sulfur (S) atoms has a positive
charge due to the influence of surrounding elec-
tronegative carbon (C) atoms, but only a small
portion has a negative charge. In addition, hydrogen
(H) atoms carry also a positive charge. Mulliken
charge on C atoms has a negative charge as a
general trend, whereas a small portion has a
positive charge. For HTP structure, charge transi-
tions are generally from S and H to C atoms. The
same trends are also observed with an increasing
number of HTP nanorings. The average charges of
S, H and C atoms are also presented in Fig. 8 and
indicated with green, blue and red dashed lines,
respectively. From the obtained results, S and H
atoms are characteristically electropositive,
whereas C is electronegative.

Non-linear Optical (NLO) Properties

Quantum chemical methods can be used to cal-
culate various parameters such as polarizability
and hyperpolarizability, which determines the effi-
ciency of a structure to be used for potential non-
linear optical (NLO) material. NLO materials are
commonly used in the fields of laser technology,
optical devices, telecommunications and data stor-
age.55 To investigate the NLO characteristics,
dipole moment (DM), mean static polarizability
(atot), anisotropic polarizability (Da) and first-order
hyperpolarizability (b) were considered in this
study. NLO properties for the HTP nanoring in
terms of x, y, z components are calculated based on
the same methodology as reported.56–58

A urea molecule is generally used in the calcula-
tion of NLO properties. In this study, the calculated
NLO parameters are compared with those of urea
and they are summarized in Table IV. The atot and
Da of 1-HTP structure are found to be 0.712 9 10�22

esu and 0.955 9 10�22 esu, respectively (see
Table IV). In addition, the values of atot and Da
prominently increase with an increase in the num-
ber of HTP nanorings (from 2-HTP to 7-HTP). From
Table IV, the value of first-order b for 1-HTP
structure is found to be 15 9 10�30 esu which is
approximately 94 times greater than that of urea
(0.1591 9 10�30 esu) and much smaller than that of
7-HTP nanoring (13,079 9 10�30 esu). This indi-
cates that the 1-HTP structure can be a candidate
for NLO studies in the future. Considering the HTP
nanorings, there is a considerable increase in the
atot from 1.575 9 10�22 esu (2-HTP nanoring) to
10.386 9 10�22 esu (7-HTP nanoring). For 1-HTP
structure, the higher value of b realized in the bxyz
direction point out more delocalization of the elec-
tron in the bxyz direction. For the HTP nanorings,
the values of b increase importantly with increasing
size of HTPs. We should also mention that 1-HTP
and the HTP nanorings show generally a good NLO
activity. However, it is reported that for a structure
to be considered a viable candidate it should first

Fig. 8. Mulliken charge distributions for HTP nanorings computed
from B3LYP/6-311G(d,p) level of theory (the dashed lines show the
average value of the charges of S, C and H atoms) (Color figure
online).

Table IV. Non-linear optical properties, dipole
moment DM; Debyeð Þ, mean static polarizability
atot; esuð Þ � 10�22
� �

, anisotropic polarizability
Da; esuð Þ � 10�22
� �

and first-order hyperpo-
larizability b; esuð Þ � 10�22

� �
for HTP nanorings

computed from B3LYP/6-311G(d,p) level

DM atot Da b

1-HTP 0.0001 0.712 0.955 15.0
2-HTP 0.0022 1.575 0.382 108.4
3-HTP 0.0032 2.967 1.575 912.7
4-HTP 0.0009 4.585 3.065 501.0
5-HTP 0.0017 6.421 4.872 1756.3
6-HTP 0.0010 8.363 6.834 1187.4
7-HTP 0.0066 10.386 8.914 13,079.0

Electronic Transport and Non-linear Optical Properties of Hexathiopentacene (HTP)
Nanorings: A DFT Study

3287



have a hyperpolarizability greater than approxi-
mately 500 9 10�30 esu.59

Optoelectronic Properties

The absorbance maxima of the HTP nanorings as a
function of wavelength were shown in Fig. 9. The HTP
single molecule exhibits the maximum peaks at
674 nm (1.84 eV). With the increase in the size of the
HTP nanorings, there is a considerable increase up to
874 nm (1.42 eV) in the absorbance maxima. After 4-
HTP nanoring, the peaks become wider and have
higher magnitude from 5-HTP to the 7-HTP nanoring.
From the results, the structures are shifted towards
lowerenergy ingoing fromHTPtothe7-HTPnanoring.
It is interesting to note that the absorption magnitude
difference from 674 nm (1-HTP) to 795 nm (2-HTP) is
compatible with the bandgap (see Fig. 4), but the
bandgap values of the HTP nanorings from 2-HTP to 7-
HTP are relatively close to each other. As one may
expect, the calculated bandgaps and absorption spectra
strongly depend on the specific computational method.
Here, we have used a B3LYP functional for bandgap
calculations; however, the CAM-B3LYP functional has
been used for absorption spectra because B3LYP
underestimates excited state energies.41,60,61 This
may be a reason for the huge absorption magnitude
difference between different structures. The second
reason may be explained by the increasing number of
atoms in the HTP nanorings, which has already been
observed in C-based materials.45

CONCLUSIONS

The electronic structure, reactivity and non-lin-
ear optical properties of the HTP nanorings have
been performed by DFT and TD-DFT methods. The

bandgap of 1-HTP is found to be 1.87 eV and it is
highly compatible with experimental results.
According to the analysis of the energy, the bandgap
shows a decreasing trend with an increase in the
size of HTP nanorings. The refractive index of the
HTP nanorings is greater than the 1-HTP structure.
Moreover, the 1-HTP structure is more available to
donate electrons than the HTP nanorings. Our
results show that the chemical reactivity of HTP is
lower than that of the HTP nanorings. The binding
energy, which is also an indicator of stability,
increases depending on a function of size. Therefore,
the stability of the HTP nanorings is greater than
that of the 1-HTP structure. Since 4-HTP and 6-
HTP structures have the lowest bandgap, they are
better in electronic conductivity than their neigh-
bors. The absorption maxima become wider and
have higher magnitude with an increase in the size
of the HTP nanoring. It is important to note that
studied HTP nanorings exhibit generally a good
NLO activity.
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