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ing number of aromatic rings and the value of the harmonic

force constant of carbohelicenes with 14-hexagonal rings was

of 99 kJ mol−2 Å−2. According to the Hartree-Fock calcula-

tions by Jalaie et al.17, the stiffness of carbohelicenes molec-

ular springs can be modulated by varying the length of the

helicene and the electron density and the spring constants of

springs with number of coils of 2, 3 and 4 are around 124, 103

and 104 kJ mol−2 Å−2, respectively. They argued that the un-

equal values of constants come from the effects of edge or end

of the spring.

Although these pioneering works reported some mechanical

parameters of few carbohelicene-based springs, detailed phys-

ical insights into molecular deformation mechanisms have not

yet been provided. Furthermore, the mechanical responses

of carbohelical molecular springs embedded in pentagonal or

heptagon defects are not yet studied. In this first principles

study we present a mechanical response of nine different car-

bohelical molecular springs and provide a physical insight

into their mechanical stability, deformability and fracture pro-

cesses at the nanoscale. Such an insight is important for the

future use and design of carbohelical molecular springs in the

nanoscale molecular devices.

2 Studied structures

All structures presented in this study are [∞]carbohelicenes

which means that their lengths along the helical axis are in-

finite and differ from each other by the a spiral construction

where two-dimensional pentagonal, heptagonal and octago-

nal rings replace some of the hexagonal ones in the original,

experimentally observed perfect carbohelicene. This offers

many possible structure variations and, therefore, one has to

introduce an appropriate nomenclature of individual config-

urations. Each carbohelicene has been marked as NX(Y,Z)

where X means the number of atoms along the internal atomic

chain per helicene spiral (see Fig. 1) and Y and Z refer to

the kind of carbon rings that were used for its construction.

The two numbers in the brackets separated by comma show

that the carbohelicene spiral was constructed by alternation of

two different rings (e.g. by alternating pentagon and hexagon

rings). Some carbohelicene spirals were also predeformed in

the equilibrium state to a conical or stairs like shape which was

denoted “c” (conical) or “s” (stairs). For example, N8s(5,7)

means that the number of atoms along internal chain has an

octagonal motif from the top view, “s” represents a stair-like

shape of the spiral structure and (5,7) shows that the carbohe-

licene spiral was constructed from an alternation of pentagon

and heptagon carbon rings. If there is only one number in the

bracket then only one type of the carbon ring was used for the

spiral construction. For example, the perfect carbohelicene is

denoted N6(6). The outside bonds of graphene carbohelicenes

are terminated by hydrogen atoms.

3 Computational details

In the DFT simulations we utilized the VASP code (Vienna Ab

initio Simulation Package)18–20 together with the PAW pseu-

dopotentials21 that represents an efficient way how to describe

valence electrons. The exchange-correlation energy was eval-

uated by means of the GGA (Generalized Gradient Approx-

imation) with parametrization of Perdew-Burke-Ernzerhof22.

The cut off energy was set to 650 eV and the DFT solution was

considered to be self-consistent when the total energy differ-

ence between two consequent steps was lower than 10−06 eV.

Meshes containing 3×3×17 k-points were used for integra-

tion over the Brillouin zone. We must point out, that during

all tensile tests the number of the k-points along the carbohe-

licene axis was gradually reduced with respect to the carbohe-

licene elongation to keep equidistant spacing of the k-points in

the reciprocal space (eg. 3x3x17 for non-strained helicene to

3x3x5 for strain 222 %). To check if the decreasing of k-points

during straining is not creating some irregularities in the de-

pendence F(ε) we performed an additional tensile test for car-

bohelicene N8c(5) with constant k-point grid 3x3x17 for en-

tire deformation. The computed results show identical depen-

dences from both approaches. This proves that the decreasing

of k-points used in our simulation does not influence the out-

comes at all. The structural optimization of the ionic positions

was carried out until the forces between each atom were lower

than 10−2 eV/Å. The method of Grimme DFT-D223 that is im-

plemented in the VASP code was used to describe the van der

Waal’s interactions between intramolecular atoms.

4 Simulation cells and procedures

The simulation cell was represented by the box with lengths

of 21×21×Rp in Å units where Rp is the spiral distance (also

called spring pitch) for each individual carbohelicene. The

carbohelicene is located in the center of the box and its cylin-

drical surface is surrounded by vacuum to prevent any inter-

actions which can be caused by the periodic boundary con-

ditions (PBC) in the DFT calculations. The third dimension

of the box is parallel to the carbohelicene axis and must be

of the same length as the interpitch distance Rp of the sim-

ulated carbohelicene. The PBC for this direction reflects an

infinite length of simulated springs. In the beginning of the

DFT tensile tests, all positions of the atoms were fully op-

timized to reach the ground-state configuration of minimum

energy (free stress state). After that, the uniaxial tensile de-

formation was applied by gradual stretching of the simulation

box in the direction parallel with the carbohelicenes axis. The

entire deformation path consisted of incremental deformation

steps of 0.25 Å. During each step, the increasing distance Rs
p

(strained interpitch distance) produced a homogenous defor-

mation of the spring since the ionic positions in the basis were

2 | 1–7

Page 2 of 7Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Table 1 The summarization of computed results divided into three groups according the the carbohelicene deformation (normal, conical and

stair-like) where each group is sorted with respect to the equilibrium total energy per atom E
eq
tot/N. Other displayed data are related to the

structure parameter N (number of atoms in the simulation cell), the non-strained interpitch distance Rp,0, the maximal value of reversible

strain εM , the maximal value of the force FM corresponding to εM and the cohesive energy per simulation cell Ec. The last column shows the

bonding configuration across internal atomic chain (the most strained atomic chain in the helicenes). For example, C=C penta, C-C hepta

means that alternating of double and single bonding can be found at the internal helicene chain and the double boding is located at pentagons

while the simple one at heptagons.

N C/H Rp,0 (Å) εM (%) E
eq
tot/N (eV) FM (nN) ∆Ec (eV) bonding at internal chain

N8(5,6) 28/12 3.32 207 -7.41 5.03 12.92 C-C penta, C=C hexa

N6(6) 24/12 3.38 148 -7.28 7.00 13.40 C-C, only hexagons

N6(5,7) 24/12 3.28 176 -7.20 6.74 13.49 C=C penta, C-C hepta

N5(6) 20/10 3.38 096 -7.19 6.62 7.61 C-C only hexagons

N8c(5) 24/08 3.68 222 -7.49 6.20 12.90 C-C=C, only pentagons

N6c(5,6) 21/09 3.50 150 -7.30 6.21 10.69 C-C penta, C=C hexa

N7s(6) 28/14 3.42 124 -7.24 5.38 9.06 C-C, only hexagons

N8s(6) 32/16 4.08 078 -7.18 4.33 5.54 C-C only hexagons

N8s(5,7) 32/16 3.71 155 -7.15 5.49 11.03 C=C penta, C-C hepta
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Fig. 2 The force F (the Fig. 2a) and the total energy change per simulation cell ∆Etot (the Fig. 2b) as a function of carbohelicenes elongation

in terms of strain ε . The computed results are collected into three groups according to the carbohelicene deformations. The carbohelicene with

the same internal atomic chain Nx (pentagonal, hexagonal, heptagonal and octagonal motif from top view) are marked by the same color

except the natural one N6(6) which is marked by the black line. The line type like solid or dashed lines are used to make the dependences

more distinguishable and they have no special meaning.
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licene N6(6) was the lowest one among the conical and stan-

dard springs but it had the highest loading capacity. The

roughly assessed effective tensile strength σe f f ,u = 117 GPa of

the N6(6) spring is comparable to both the tensile strength

σu,t = 110 - 121 GPa of a perfect graphene computed using ab

initio methods and the strength σu,exp = 130± 10 GPa mea-

sured by nanoindenation. The bonding analysis discovered

that the hexagonal helicenes had only the single C-C-C bond-

ing across the internal chain atoms (most strained bonds)

while the non-hexagonal helicenes had the C-C=C bonding

at the internal chain. The simulations also revealed that the

van der Waals interactions could not be neglected particularly

at the earliest stage of deformation but they had practically

no impact on either the values of maximal force per bond or

those of the maximum reversible strain. The examination of

the structure configurations close before reaching the maxi-

mum reversible strain revealed the presence of two fracture

mechanisms different for stair-like and other carbohelicenes

shapes.
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