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ABSTRACT

Recent atomic manipulation by an AFM tip created the first sp-hybridized carbon material — cyclo[18]
carbon. Herein, we revealed the unique mechanical properties of cyclo[18]carbon by the first principle
calculations. Under uniaxial tension, cyclo[18]carbon is ultra-elastic as demonstrated by a small Young’s
modulus of 0.11 TPa and a tiny specific tensile stiffness of 7.0 x 10% N m/kg, which are one and two orders
of magnitude smaller than those of other carbon materials, respectively. The expansion and contraction
of cyclo[18]carbon exhibit a relatively high specific stiffness of 9.95 x 108 N m/kg, and it would be broken
with an energy requirement of 34.14 eV. While uniaxial tension enables the insulator-semiconductor
transition of cyclo[18]carbon, expansion enlarges its energy gap. Furthermore, the strain energy was
proposed as a function of bond angle and bond length for uniaxially-stretched and expanded/contracted
cyclo[18]carbon respectively, which sheds light on predicting the mechanical properties of certain ma-
terials. The unique properties of cyclo[18]carbon are of great interest for its potential use as an ultra-
elastic molecular O-ring in nanomechanical system and molecular electronics and devices.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The last thirty years have witnessed an ongoing series of
amazing breakthroughs in carbon allotropes which play a leading
role in the modern science and technology [1—3]. The sp?-hybrid-
ized carbons (C60, carbon nanotube, and graphene) have been
widely and thoroughly investigated while the sp-hybridized ones
still remain as a mysterious member in the carbon family.

As early as 1921, sp-hybridized carbon chain (carbyne) was first
proposed by Tammann [4]. Since then, a great number of theoret-
ical and experimental studies have been conducted, whereas no
one can provide direct evidence of the structure and properties of
sp-hybridized carbon. In 2019, Kaiser et al. accomplished the in-situ
synthesis and imaging of cyclo[18]carbon via atom manipulation by
an AFM tip at 5 K [5]. This is the first time that the sp-hybridized
carbon material was created, and more importantly, the polyynic
structure was demonstrated. The authors also revealed that a
modified Heyd—Scuseria—Ernzerhof (HSE) hybrid functional with
an exact change ratio of 0.8 could accurately predict the geometric
structure of cyclo[18]carbon [5], which is an important reference
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for theoretical calculations of sp-hybridized carbon materials.

Stimulated by this excellent work, the nature of the observed
structure of cyclo[18]carbon was revealed, together with a variety
of calculation methods being evaluated [6—10]. More importantly, a
number of interesting properties of cyclo[18]carbon have been
theoretically proposed [11—15]. For example, Stasyuk et al. pre-
dicted cyclo[18]carbon as the smallest all-carbon electron acceptor
[11], while Zhang et al. reported its diverse electron transport
properties when it is connected to carbon chain, graphene and 3D
silver electrodes [12]. Besides, Kozuch and coworkers revealed an
extremely rapid heavy atom tunneling in the gas-phase automeri-
zation process of cyclo[18]carbon [13]. Moreover, Boldyrev and
coworkers indicated that the aromaticity of cyclo[18]carbon can be
used for kinetic trapping with an estimated barrier of 30 kcal/mol
[14]. So far, most studies on cyclo[18]carbon focus on its structure
transformation, electron transport, molecule vibration, magnetism,
and aromaticity. However, the mechanical properties of cyclo[18]
carbon, which are of vital importance for its practical applications,
have not been explored yet.

In this work, we employed the first principle calculations with a
modified HSE method to evaluate the mechanical properties of
cyclo[18]carbon as well as its geometric and electronic structure
change during mechanical deformation such as tension, expansion
and contraction. These unique properties reveal that cyclo[18]
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carbon can be applied as an ultra-elastic molecular O-ring with
tunable energy gaps in nanomechanical system and molecular
electronics and devices.

2. Calculation method

The electronic structure of cyclo[18]carbon was calculated using
DFT implemented in Gaussian 16 package [16]. The Heyd—Scuser-
ia—Ernzerhof hybrid functional (HSEO3) [17] was employed with its
fraction of exact exchange set as 0.8. Similar modification of the
functional has also been reported by Kaiser et al. [5], Pereira et al.
[18], and Atalla et al. [19] Combined with def2-TZVP basis set
[20,21], this modified functional could accurately predict the geo-
metric structure of cyclo[18]carbon, which is in excellent agree-
ment with the experimental result reported by Kaiser et al. [5] This
calculation method could provide reliable HOMO—-LUMO energy
gaps as well [19], since it predicted an energy gap of 1.848 eV for
C60, consistent with the experimental value (~1.8 eV) [22—24]. The
electronic structure was analyzed with Multiwfn 3.7 (dev) code
[25]. To perform uniaxial tension, the geometry of cyclo[18]carbon
was optimized with fixing the distance between the first and tenth
carbon atoms at a value larger than the original diameter (Fig. 1a,
red arrows). All the other structure parameters are allowed to
change during optimization. To evaluate expansion and contrac-
tion, cyclo[18]carbon optimization was carried out with the radius
(the distance between the center and each carbon atom) fixed and
other structure parameters being able to change (Fig. 1a, purple
arrows). Expansion and contraction can be regarded as multiaxial
tension and compression, respectively. To reach the convergence,
the values of maximum force, RMS force, maximum displacement
and RMS displacement must be lower than 0.00045, 0.00030,
0.00180 and 0.00120, respectively. The frequencies are calculated as
well to find the deformation strength. Carbon atoms have been
numbered as denoted in Fig. 1a, while bond n (By) is defined as the
bond between C, and Gy, 1, and angle n (A;) is defined as the angle
among Cp-1, Cp, and Gy 1. Logarithmic strain is used for all cases.

3. Results and discussion
3.1. Cyclo[18]carbon under uniaxial tension
The performance of cyclo[ 18]carbon under uniaxial tension is an

important aspect to evaluate its mechanical properties. To perform
uniaxial tension, the geometry of cyclo[18]carbon was optimized

with fixing the distance between the first and tenth carbon atoms
at a value larger than the original diameter (as shown in Fig. 1a, red
arrows). The optimized geometric structures of uniaxially-
stretched cyclo[18]carbons are shown in Fig. 1b—g, in which the
vertical symmetry of the structure and the bond length alternation
are well maintained (Fig. 2a). Furthermore, by analyzing the rela-
tive change of the length of each bond (Fig. 2b), it is observed: (1)
bonds near the tensile points (B, Bg, Bjgp and Bg) are stretched
more than the distant ones, and (2) long bonds (even-numbered
bonds) are stretched more than short bonds (odd-numbered
bonds). Bond angles change with tensile strain as well (Fig. 2c),
which makes cyclocarbon distinguish from carbyne. The bond an-
gles at the tensile points (A1 and Ayo) significantly decrease while
those away from the tensile points are even enlarged (Fig. 2d),
indicating that keeping partial linear structure is energetically
favorable under tension. Moreover, the relative change of bond
angles is more significant than that of bond lengths, which means
bond angle adjustment is more favorable to adapt to the tensile
deformation. Above observations agree well with the results of
stretching cyclo[18]carbon at different pairs of carbon atoms (e.g.,
the first-sixth pair and the first-eighth pair, see Figs. S1 and S2 for
detailed results).

The HOMO-LUMO energy gap of cyclo[18]carbon is 5.54 eV, in
good agreement with the values reported by other groups [11,26].
The density-of-state (DOS) diagram and isosurface plots of HOMO
and LUMO are shown in Figs. S3 and S4, from which we can observe
that HOMO and LUMO are made of m-orbitals extending in the
radial direction and locating perpendicular to the molecular plane,
respectively. It is interesting that the HOMO-LUMO energy gap
decreases with strain, and even reaches 3.73 eV at a strain of 32%
(Fig. 1). The narrowed energy gap is mainly resulted by the
downshift of LUMO which is composed of in-plane m-orbitals
(Figs. S3 and S4). Here, uniaxial tension enables the insulator-
semiconductor transition for cyclo[18]carbon. This is totally
different from carbyne, which shows a mechanically induced
metal-insulator transition due to the Peierls distortion [27,28]. The
different electronic properties of carbon chains and carbon rings
broaden the potential application areas of emerging sp-hybridized
carbon materials.

To further evaluate the tensile properties of cyclo[18]carbon, the
specific tensile stiffness (k), tensile stiffness (ky), and Young's
modulus (Y) are calculated, which are defined as [28—30]:
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Fig. 1. Schematic method and geometric structure of cyclo[18]carbons under uniaxial tension. (a) Schematic method for uniaxial tension and expansion/contraction of cyclo[18]
carbon. (b)—(g) Geometric structure and HOMO-LUMO energy gap of cyclo[18]carbons under uniaxial tension. ¢ and Eg, stand for the strain and the HOMO-LUMO energy gap of

cyclo[18]carbon, respectively.
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where Es, ¢, d, and S are the strain energy, strain, diameter of un-
stretched cyclo[18]carbon (7.3038 A), and effective cross-sectional
area, respectively. By fitting our data (strain energy as a function
of strain) with a fourth-order polynomial (Fig. 2e) [28], the specific
tensile stiffness is demonstrated as 7.0 x 10 N m/kg, which is two
orders of magnitude smaller than those of carbyne [28], graphene

[31—34], carbon nanotube [35,36], and diamond (Table 1) [37].
Corresponding tensile stiffness is then determined to be 3.43 nN
(for one cyclo[18]carbon molecule). To calculate Young’s modulus,
the diameter of the effective cross section is assumed to be 2 A
based on the electron density distribution in the C—C bond [29,30].
This value has been widely used for carbon chains [38—41], and has
also been supported by the electronic structure of cyclo[18]carbon
[6,8,10]. Thus, in this case, Young’s modulus is estimated to be
0.11 TPa, again much smaller than those of carbyne (32.71 TPa) [28],
graphene (1 Tpa) [33], carbon nanotube (1.8 Tpa) [42], and diamond
(1.2 TPa) [43].

Tensile strength is another vital metric of engineering materials,
which can be theoretically predicted by calculating the number of
imaginary frequencies [28,34]. For stretched cyclo[18]carbon,
imaginary frequency appears at a strain of 32% (vibration along the
tension direction, see Table S1 for details), with a pulling force of
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Table 1
Comparation of tensile properties of carbon materials.

material specific stiffness (N-m/kg) Young's modulus (TPa) specific strength (N-m/kg) critical strain critical force (nN) Ref.
cyclo[18]carbon 7.0 x 10° 0.11 5.0 x 107 32% 4.5 This work
carbyne 1.0 x 10° 327 6.0—7.5 x 107 18% 11.7 [28,44,45]
carbon nanotube 4.5 x 10® 1.8 43-5.0 x 107 - - [35,36,42,46,47]
graphene 4.5-9.7 x 108 1 4.7-5.5 x 107 - - [31-34]
diamond 3.5 x 10% 1.2 2.5-6.5 x 107 - - [37,43,48]

4.5 nN (Fig. 2f). In contrast, as reported by Yakobson and coworkers,
the critical strain of carbyne is 18% at 11.7 nN [28], indicating that
carbon ring is more elastic than carbon chain. The specific tensile
strength of cyclo[18]carbon is then estimated to be 5.0 x 107 N m/
kg, similar to those of other carbon materials (2.5—7.5 x 10’ N m/kg,
shown in Table 1). In addition, only when the strain exceeds ~50%
can the ring structure of cyclo[18]carbon be destroyed. Namely, the
ultimate elongation of cyclo[18]carbon is ~50%. The above-
discussed tiny tensile stiffness and decent tensile strength of
cyclo[18]carbon together with its tunable energy gap enable it to
perform as an ultra-elastic molecular O-ring with promising ap-
plications in nanomechanical system and molecular electronics and
devices.

Via comparing the tensile properties of various carbon materials
(Table 1), it is very interesting to find that while carbyne is pre-
dicted as the strongest nanomaterial [28], cyclocarbon is consid-
ered to be ultra-elastic, though both of them are composed of sp-
hybridized carbon atoms. The reason is, as mentioned above, both
bond length and bond angle can be tuned when stretching a
cyclocarbon molecule, making it more liable to adapt to deforma-
tion, while only bond length can be changed for a stretched car-
byne. As for other carbon materials (e.g., carbon nanotube,
graphene, and diamond), the sp?-hybridized hexagonal network
and the sp>-hybridized tetrahedral structure also enable the change
of bond angles under tension, while their elasticities are limited by
the abundance of composing carbon atoms. This is why their tensile
properties fall in between those of cyclocarbon and carbyne.
Furthermore, compared with stretching a bond which will lead to a
significant increase of the bond energy, tuning the bond angle is
more likely to happen. This has been demonstrated in Fig. 2a—d and
also in our previous work that the atomic carbon chain would be
bent instead of being compressed when fixing the distance be-
tween the end carbon atoms (shorter than the original one) [24].
These observations provide some insights into the prediction of the
mechanical properties of certain materials.

3.2. Cyclo[18]carbon during expansion and contraction

Given the high elasticity of cyclo[18]carbon, it is highly desirable
to further investigate how it would behave during expansion and
contraction (as shown in Fig. 1a, purple arrows). The optimized
geometric structures of expanded/contracted cyclo[18]carbons
with different radii (Fig. S5) demonstrate the evident change in
bond lengths and negligible change in bond angles (fixed at ~160°).
Owing to the high symmetry, the bond lengths of expanded/con-
tracted cyclo[18]carbon are in a repeating manner, just as that of
the original cyclo[18]carbon. Bond length alternation is maintained

as long as the expansion/contraction degree (Rﬁf") is above —9.6%,
while polyyne-cumulene transition can be induced by further
compression (Fig. 3a). This happens because the longer bond is
compressed more due to its less electron distribution while the
shorter bond is compressed less due to the relatively abundant
electron distribution. As a result, the bond length eventually be-

comes uniform under compression. Moreover, during expansion,

long bonds are also more liable to be deformed, consistent with the
case under uniaxial tension. When the expansion degree reaches
26.0%, the continuous structure of cyclo[18]carbon is destroyed,
and further expansion gradually breaks cyclo[18]carbon into 2, 3, 4,
and 6 parts (Fig. S6). The energies of expanded/contracted cyclo[18]
carbons are shown in Fig. 3b. An energy drop is observed at the
breaking point, by which can we speculate the energy requirement
for breaking cyclo[18]carbon. Namely, although the energy differ-
ence between the original and the broken cyclo[18]carbons is just
14.66 eV, a much higher energy of 34.14 eV is required to break
cyclo[18]carbon (inset Fig. 3b).

The HOMO-LUMO energy gap changes with the expansion/
contraction degree of cyclo[18]carbon (Fig. 3¢c). The smallest energy
gap (4.80 eV) is achieved at a 9.6% contraction while the largest one
(7.66 eV) is obtained at a 16.4% expansion. For expanded cyclo[18]
carbon (16.4% expansion), both HOMO and LUMO shift to low-
energy states (Fig. S3). Moreover, though the composition of
HOMO and LUMO is similar to that of undeformed cyclo[18]carbon,
the electron distribution in the LUMO of expanded cyclo[18]carbon
is more uniform (Fig. S4). Here, the expansion of cyclo[18]carbon
always generates a larger energy gap than the original one, which
can be utilized as a novel approach to enlarge the energy gap
(which cannot be achieved via uniaxial tension).

The expansion/contraction rigidity of cyclo[18]carbon is further
investigated. Herein, expansion/contraction is regarded as multi-
axial tension. Similar to the above-discussed uniaxial tension, the
strain energy-strain curve under expansion/contraction is also
fitted with a fourth-order polynomial (Fig. 3d). A high specific
expansion/contraction stiffness of 9.95 x 10® N m/kg is then ob-
tained with Eq. (1), which indicates it is much harder to perform
expansion and contraction for cyclo[18]carbon compared with
uniaxial tension (a 143-fold enhancement in the specific stiffness).
This is because, in this condition, the bond angles are almost fixed
(at ~160°) and the only approach to adapt to the deformation is to
elongate the bonds, which would place cyclo[18]carbon in a much
higher energy state than the original one (without deformation).
This scenario is very similar to stretching carbyne, thus leading to
the similar specific stiffnesses (9.95 x 108 vs.1 x 10° N m/kg) [28]. 1t
can be speculated that if cyclo[18]carbon is set on/in a rigid mo-
lecular cylinder (e.g., carbon nanotube), its shape is defined and
additional stresses arise. Moreover, there may exist extra stabili-
zation of such a promising composite due to confinement as well.
Nevertheless, this specific stiffness is still in the same order of
magnitude as the specific tensile stiffnesses of other carbon ma-
terials (Table 1) [31—37], which indicates the promising application
of cyclo[18]carbon as an elastic molecular O-ring.

3.3. Effects of bonding strength on mechanical properties

The reason for the unique mechanical properties of cyclo[18]
carbon is further analyzed from the perspective of bonding. The
total bonding strength (BS) can be divided into two components:
orientation-dependent one (BS4) and orientation-independent one

(Bsnd)-
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The expansion/contraction degree is defined as &

BS=BSy + BSpg (4)

Since covalent bonding requires the match in both orbital ori-
entations and energies, its strength is highly dependent on the
bond angle [49]. For sp-hybridized carbon, the perfect bond angle is
180° and any deviation will cause the strain [24]. The strength of
orientation-dependent bonding of sp-hybridized carbon is equal to
the projection of that at the perfect orientation (BSqp).

n

BS; = ;(Bsdp x sin %)

(5)

in which 0 is the bond angle. The orientation-independent bonding
strength can be expressed by the interatomic potential using the
Tersoff model [50,51]:

BSua=5 > SV (6)

i Jj#i

where Vjj is the analytical form of the pair potential. Then the total
bonding strength can be obtained by combing Eq. (5) and Eq. (6):

Ef‘) with positive and negative values for expansion and contraction, respectively.

+%Z > Vi (7)

n 0
BS= BS,, x sin=
;< @ 2) i Jj#i
Under uniaxial tension, the change of bond angles is resulted at
all carbon atoms, while the change of bond lengths is not obvious as
long as it is not being stretched to a linear molecule. In this case, the
strain energy (Es) should be equal to the change of total bonding
strength due to the bond angle adjustment:

18 )
E; = 4BS = BSgp x Z(sin%o —sin @) (8)
i=1

2

where i is the ordinal number of carbon. 8 and 6; are bond angles of
the original and uniaxially-stretched cyclo[18]carbon. As shown in
Fig. 4a, a good linear relationship (R*> = 0.9937) is observed be-

tween the strain energy (Es) and 21‘151 (sin%g - sin%). Thus, the

following linear equation can be obtained:
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by which the strain energy can be easily calculated from bond
angles for any uniaxially-stretched cyclo[18]carbon. This method-
ology can be further generalized into other sp-hybridized carbon
materials.

In contrast, for expanded/contracted cyclo[18]carbon, the
change of bond angles is negligible while the change of bond
lengths is significant. Therefore, here, the change of total bonding
strength is simplified as:

ABS = ABS,; = 4 [%Z (Zv,-j)] (10)

i j#i

where Vj; can be calculated via:

V,]:fc(r,]) X (au ><A><e_)q><rij—bij><B><€_A2><r’j) (11)
in which rj; is the distance between the ith and jth atoms. f(r) is a
cutoff term ensuring only nearest-neighbor interactions, which is

equal to 1, 1- %sin{%} and 0 when rj < 18 A

1.8 A <1y <21 A, and rjj > 2.1 A, respectively [50]. ajj is a range-
limiting term (typically set as 1) [52], while bj is a bond order
term. A, B, A1, and A, are all constants, equal to 1393.6 eV, 346.74 eV,
3.4879 A1 and 2.2119 A1, respectively [50,52]. For cyclo[18]car-
bon, most fc(r) is equal to either O or 1, thereby it is reasonable to
simplify the function by considering interatomic potentials of the
nearest carbon pairs only. Moreover, since bj; is directly related to
the bond angle [52] that does not change during expansion/
contraction, we regard bjj as a constant (b). Thus, based on the
Tersoff model as described in Eq. (6) and Eq. (11), we propose a
function of the change of the total bonding strength in terms of
bond lengths of expanded/contracted cyclo[18]carbon:

ABS=A

18
(12)

(1393.60 24679 _ b x 346.74¢ 22119
1

where L is the bond length between adjacent carbon atoms. Then,
by fitting the data of strain energies and considering the bonding
strength of undeformed cyclo[18]carbon, the following function is
obtained:

18
Es=ABS = (1393 6 3457 _ 417.7¢-22119%) 1 150,02
i=1

(13)

where the constant term (150.02) corresponds to the bonding
strength of undeformed cyclo[18]carbon. As shown in Fig. 4b, the
calculated strain energies agree perfectly with the observed ones
(R? = 0.9988). Thus, via Eq. (13), we can accurately predict the
strain energy based on bond lengths of expanded/contracted cyclo
[18]carbon. More importantly, this is a good example for predicting
the mechanical properties of materials with only bond lengths
being able to be changed.

4. Conclusion

In conclusion, the first principle calculations demonstrated that
cyclo[18]carbon can perform as an ultra-elastic molecular O-ring
with tunable energy gap. Cyclo[18]carbon has a small Young's
modulus of 0.11 TPa and a tiny specific tensile stiffness of
7.0 x 10% N m/kg, which are one and two orders of magnitude lower
than those of other carbon materials. The critical strain of cyclo[18]
carbon is 32% at a pulling force of 4.5 nN, indicating its ultra-elastic
property compared with carbyne due to the change of bond angles.
Moreover, the specific expansion/contraction stiffness of cyclo[18]
carbon is estimated to be 9.95 x 10® N m/kg, and its continuous
structure is destroyed at a 26% expansion with an energy require-
ment of 34.14 eV. Additionally, it was demonstrated that uniaxial
tension enables the insulator-semiconductor transition of cyclo[18]
carbon while expansion can enlarge the energy gap of cyclo[18]
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carbon. Furthermore, the strain energy was revealed as a function
of bond angle for uniaxially-stretched cyclo[18]carbon and a
function of bond length for expanded/contracted cyclo[18]carbon.
The unusual elasticity of cyclo[18]carbon together with its tunable
energy gap suggests that cyclo[18]carbon is able to serve as an
ultra-elastic molecular O-ring with promising applications in
nanomechanical system as well as molecular electronics and de-
vices. To make it come true, lifetime enhancement study and
further investigations into its electronic properties are highly
desirable.
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