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SPECIAL TOPIC — The third carbon: Carbyne with one-dimensional sp-carbon

Nitrogen-tailored quasiparticle energy gaps of polyynes
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Polyyne, an sp!-hybridized linear allotrope of carbon, has a tunable quasiparticle energy gap, which depends on
the terminated chemical ending groups as well as the chain length. Previously, nitrogen doping was utilized to tailor the
properties of different kinds of allotrope of carbon. However, how the nitrogen doping tailors the properties of the polyyne
remains unexplored. Here, we applied the GW method to study the quasiparticle energy gaps of the N-doped polyynes
with different lengths. When a C atom is substituted by an N atom in a polyyne, the quasiparticle energy gap varies with
the substituted position in the polyyne. The modification is particularly pronounced when the second-nearest-neighboring
carbon atom of a hydrogen atom is substituted. In addition, the nitrogen doping makes the Fermi level closer to the lowest
unoccupied molecular orbital, resulting in an n-type semiconductor. Our results suggest another route to tailor the electronic

properties of polyyne in addition to the length of polyyne and the terminated chemical ending groups.
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1. Introduction

Polyyne composed of alternative single-triple bonds has
been extensively studied on its conductivities as a wide-
gap semiconductor varied with the length,l!'™ ending chem-

ical groups,®-®

and atomic structures (linear, bent, and
cyclo).-13] The conjugated triple bonds cause delocalization
of valence electrons filling into m-orbitals, thus introducing
energy gap near the Fermi level.['* The energy gap is deter-
mined by the value of bond length alternation (BLA) of the
polyyne, which is the bond length difference between single
and triple bonds because of Peierls distortion.!!3] Experimen-
tal and theoretical studies suggested that both the length of a
polyyne and the ending groups enable to change the BLA, thus
influence the properties of the polyyne.

Usually, substitution doping with heteroatoms is often
used to regulate the electronic property of carbon materials.
For example, heteroatoms including B and N have been intro-
duced into carbon nanotubes or graphene to modify both the
conduction band minimum and valence band maximum, re-
sulting in improved electronic properties.[!'®>3 Isoelectronic
doping was proposed to modify the energy gap of graphdiyne,
a material with sp- and sp® hybridizations.**?>! However, how
the substitution doping influences the properties of the polyyne
remains unexplored.

It is well established that calculations based on Hartree—
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Fock functional overestimate the quasiparticle energy gap of
the polyyne,[?%! while density functional theory (DFT) calcu-

(2] In con-

lations underestimate the quasiparticle energy gap.
trast, the GW method!?#3?1 (G and W represent the Green’s
function and the screened Coulomb interaction, respectively)
provides a good approximation for the self-energy of a many-
body system of electrons, and therefore, has been proved
as a reliable method for obtaining more accurate quasiparti-
cle energies for a variety of systems.*3371 For the polyyne,
previously, two methods, i.e., the B3LYP hybrid functional
based on Coulomb-attenuating method (CAM) and the dif-
fusion quantum Monte Carlo method (DMC), have been ac-
knowledged to predict results of quasiparticle energy. Thus,
an energy gap of 6.52 eV for a hydrogen-capped polyyne
with 10 carbon atoms and an energy gap of 3.61 eV for a
carbyne (an infinitely long polyyne) were obtained by em-
ploying CAM-B3LYP"7! and DMC,7! respectively. Here,
we applied the GW method to calculate the quasiparticle en-
ergy gaps of the polyyne and the carbyne. The obtained gaps
for hydrogen-capped polyyne with 10 carbon atoms and car-
byne are 6.75 eV and 3.53 eV, respectively, which are consis-
tent with the predicted values.>’3”! Then we applied the GW
method to predict the quasiparticle energy gaps of N-doped
polyynes considering different substituted positions of the N

atom into a polyyne with different length. Compared to the
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pristine polyyne, the quasiparticle energy gap strongly varies
with the substituted position. Moreover, the polyyne changes
into an n-type semiconductor with the nitrogen substitution.
Our work provides an efficient route to tune the electronic
properties of polyyne and especially substituting the second-
nearest-neighboring carbon atom allows to achieve the lowest
energy gap close to visible region, which could be applicable

in applications of optical devices in future.

2. Computational method

Quasiparticle energy gaps of pristine and N-doped
polyynes were calculated by the GW method. The structural
models were constructed for polyyne with different lengths,
as shown in Fig. 1. To ensure only one molecule in one cell
and no cross-linking between molecules, an H-caped (undoped
and N-doped) polyyne molecule was placed along the z axis
(OC, O as the original point) in a hexagonal cell. The relax-
ation was performed by using the PBEsol functional,*®! the

B

N

(a) (b)

interaction between ions and electrons was described by the
projector-augmented wave (PAW) method**! as implemented

40,41] and

in the Vienna ab-initio simulation package (VASP)!
the cut-off energy was set to 450 eV. Note that for polyyne
molecule, a sufficient vacuum length of 10 A was used to
keep the molecule an isolated object excluding any spurious
image interactions. The density functional theory (DFT) elec-
tronic structure calculations were carried out by using Quan-
tum ESPRESSO.*>#] Only gamma point was used. Quasi-
particle energies were calculated by using the Berkeley GW
code.32441 Then by using the Wannier90 suit,!*>~*7! the pro-
jections of C/N s and p orbitals were calculated and wan-
nier interpolated quasiparticle band structures including the
quasiparticle energy gap were finally calculated (HOMO-
LUMO gap for polyyne molecule and energy gap for polyyne
molecule-stacked bulk materials, HOMO: highest occupied
molecular orbital, LUMO: lowest unoccupied molecular or-
bital).

CO0-0—0—0—0—0—0—0—0-0-(

(c)

Fig. 1. Computational models in (a) top view, (b) side view of primitive cell of polyyne[12] and (c) C2—N-polyyne[12] where OA, OB, and OC
correspond to the lengths of lattice parameters a, b, and c, respectively. C, H, and N atoms are in gray, white, and blue, respectively.

3. Results and discussion

Since the value of BLA determines the HOMO-LUMO
gap of polyyne, we calculated the bond lengths of single and
triple bonds for polyynes containing 10-20 carbon atoms (la-
beled as polyyne[n], where n is the number of carbon atoms in
a polyyne) and corresponding N-doped polyynes[#n] at differ-
ent positions (labeled as Cm—N-polyyne[n], where m is the
counting number of the carbon atom except hydrogen atom
from the end of a polyyne as illustrated in Fig. 1). As shown
in Fig. 2(a) (full results can be found in Fig. S1 in support-
ing information), we can clearly see that the bond lengths of
both single and triple bonds are not evenly distributed in a
polyyne. Generally, the bond length is shorter in the middle
of the polyyne. Also, when the polyyne is longer, the bond
length difference between the bond at the end and the bond in
the middle gets larger, suggesting a length-dependent property.

In addition, the average BLA increases as the length of the

polyyne decreases, because the p electron delocalizes from ¢
bond to 7 bond, resulting in a larger electronic energy gap.!'4!
The introduction of nitrogen atom in a polyyne greatly modu-
lates the length of the carbon—carbon bond close to the nitro-
gen (Fig. 2(b)), thus modifying the properties of the polyyne.
Similar results were found when the nitrogen atom locates at
different positions of a polyyne (Fig. 2(c)). Therefore, it is
with great interest to see how the nitrogen at different position
affects the quasiparticle energy gap.

The orbitals were calculated by using the obtained bond
lengths of the polyynes. As shown in Fig. 3, from the orbitals
of polyyne[14], it is clearly seen that a conjugated 7 bond sys-
tem exists through the chain. The orbitals of single and triple
bonds are orthogonal. With nitrogen doping, for the C2—N-
polyyne[14] the orbitals are greatly modified. The doping po-
sition in the polyyne determines how much the orbitals can
be altered, indicating an N-position-dependent property. The
same is found for the C2—N-polyyne[12].
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Fig. 2. Bond lengths of (a) polyyne[n], (b) C2—N-polyyne[n], and (c) Cm —N-polyyne[14]. n = 12, 14, 16, 18, 20 from left to right and blue dots
show lengths of C—N bonds.
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Fig. 3. Orbitals of polyyne[14] and Cm—N-polyyne[14]. Orbitals of polyyne[12] and C2—N-polyyne[12] (bottom right). Positive and negative orbital
wave functions are marked in blue and yellow, respectively.

Our calculated quasiparticle energy gaps of polyyne[n] (Fig. 4(a)), resulting in a reduced HOMO-LUMO gap. Com-
confirm the length-dependent property (Figs. 4 and 5), which  pared to the undoped polyyne, when doped with nitrogen at
is consistent with previous results.[*¥-% The LUMOs of the  the second position (C2—N-polyyne[n]), two main obvious
polyyne[n] only slightly move down when the polyyne gets  consequences have been observed. One is that the HOMO-
longer, whereas the HOMO is much closer to the Fermi level = LUMO gap decreases remarkably, manifested by the down-
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shifted LUMO and the upshifted HOMO (Figs. 4 and 5(a)).
The other is that the Fermi level is getting close to the down-
shifted LUMO (according to Figs. 5(b) and 5(c), more p elec-
tron states are provided due to the N-doping), presenting a
behavior of n-type semiconductor.®'?] In contrast, substi-
tutions at the other positions only slightly move the LUMO
down. Therefore, the conductivity of polyyne can be improved
by the nitrogen doping, and the substitution position is cru-
cial to obtain the optimal effect. This reveals that the experi-
mental research could focus more on the synthesis of C2—N-
polyyne[n] among all the Cirn—N-polyyne[n]. However, since
the C2—N-polyyne[14] have the lowest LUMO and highest
HOMO, suggesting the most instability of the molecule, which
makes it more challenging to be synthesized.

The HOMO-LUMO gaps of polyyne[n] and correspond-
ing Cm—Npolyyne[n], n = 12-20, are summarized in Fig. 5.
Again, the HOMO-LUMO gap changes greatly with the ni-
trogen position in a polyyne. Especially when the second car-
bon is substituted with a nitrogen, i.e., the C2—N-polyyne[n],
the reduction of the HOMO-LUMO gaps is more pronounced.
When the n is large enough, the HOMO-LUMO gap of
C2—N-polyyne[n] tends to saturate at a value of below 2 eV,
which is close to the value obtained for the carbyne inside
carbon nanotubes.*°31 In addition, when the doping position
moves from the end to the middle of the polyyne, the gap tends

to saturate at a constant value, which can even be greater than
that of undoped polyyne (Fig. 5(a)). Our findings not only sug-
gest a new strategy to engineer the quasiparticle energy gap of
a polyyne via doping the polyyne with nitrogen at selective po-
sitions, but also reveal a way to increase the electric conductiv-

ity via nitrogen doping like most of the carbon materials, 5%
which would benefit its application as a semiconductor.
(a) [[LUMO
Fermi levell 1 ] ] 2.53 eV
6.87 eV [6.20 eV | 6.32 eV | 5.08 eV
HOMO
(b)
382 eV | 297 eV | 2.87 €V | 2.69 eV [|2.29 eV
(c)
0 PLO0\Y (ORI IS R E—
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Fig. 4. HOMOs and LUMOs of (a) polyyne[n], (b) C2—N-polyyne[n]
(n=12, 14, 16, 18, 20 from left to right), and (c) Cm—N-polyyne[14].
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Fig. 5. (a) HOMO-LUMO gaps of polyynes[n] and Cm—N-polyyne[n]. Partial density of states (PDOS) of p orbitals of (b) undoped polyyne[12] and (c)

C2—N-polyyne[12].

Polyynes are usually synthesized and kept in solvent due
to its particular synthesis process and instability. Recently,
stacked polyynes in a form of small crystal has been prepared,
which suggests that the stacked polyynes can be stable af-
ter drying.[>®! When the polyyne molecules are stacked into
bulk materials, it is also expected that the properties of the
stacked polyynes would change, as inspired from the changed
property of two-dimensional materials compared to that of
their bulk three-dimensional counterparts, e.g., graphene ver-
sus graphite.’”-38! To view the difference on electronic prop-
erties between stacked polyynes and single polyyne molecule,
the interactions among molecules should be considered in the
calculation. Our calculations show that the quasiparticle en-
ergy gap of stacked polyynes decreases as compared to that

of the polyyne molecules (Fig. S2), suggesting another modu-
lated way to further reduce the energy gap of a polyyne except
nitrogen doping, which requires specific study in future.

4. Conclusion

In summary, we theoretically studied how the nitrogen
substitution doping tailors the quasiparticle energy gaps of the
polyyne molecules with different lengths. We find that the N-
doping enables to greatly change the gap of the polyyne and
the gap highly depends on the doping position in the polyyne.
Substituting the second C atom (counting from the end of a
polyyne except hydrogen atom) by N atom reduces the gap
most due to the significantly decreased BLA, whereas the N-
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doping in the middle of a polyyne only slightly varies the gap.
Our study reveals an effective route to tune the electronic prop-
erties of polyyne via N-doping, which would benefit the future
applications of the polyyne as an n-type semiconductor. In ad-
dition, we suggest that stacking the polyyne molecule could
also tailor the quasiparticle energy gap, which deserves fur-
ther investigations in future.

See supplementary material for the complete bond
lengths and quasiparticle energy gaps of single non-doped/N-
doped polyynes.
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