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Electronic Property Modulation of One-Dimensional
Extended Graphdiyne Nanowires from a First-Principle

Crystal Orbital View

Ying Zhu,”® Hongcun Bai,”’

Graphdiyne and derivatives with delocalized m-electron sys-
tems are of particular interest owing to their structural, elec-
tronic, and transport properties, which are important for po-
tential applications in next-generation electronics. Inspired by
recently obtained extended graphdiyne nanowires, explora-
tions of the modulation of the band gap and carrier mobility
of this new species are still needed before application in
device fabrication. To provide a deeper understanding of these
issues, herein we present theoretical studies of one-dimension-
al extended graphdiyne nanowires using first-principle calcula-
tions. Modulation of the electronic properties of the extended
graphdiyne nanowire was investigated systemically by consid-
ering several chemical and physical factors, including electric
field, chemical functionalization, and carbo-merization. The
band gap was observed to increase upon application of an

Introduction

In the past two decades, carbon nanostructures and materials
such as fullerenes, carbon nanotubes (CNTs), and graphene
have been used in many practical devices. Furthermore, these
materials possess the potential for further applications in state-
of-the-art materials science and nano-scaled electronics."™
This can be attributed to the abundant hybridization states
(sp, sp? sp’) of carbon, which affords the capacity to form
complicated networks. This is a fundamental principle of or-
ganic chemistry and is also the basis for the existence of life. In
recent years, graphene and its derivatives have elicited consid-
erable attention due to their unique structures and proper-
ties.*'% Moreover, carbon chains composed of —C=C— units
are predicted to exhibit highly beneficial mechanical, charge-
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electric field parallel to the plane of the synthesized graph-
diyne nanowire in a non-periodic direction. Although chemical
functionalization and carbo-merization caused the band gaps
to decrease, the semiconducting property of the nanowires
was preserved. Band gap engineering of the extended graph-
diyne nanowires was explored regarding the field strength and
the number of —C=C— units in the carbon chain fragments.
The charge carrier mobility of chemically functionalized and
carbo-merized extended graphdiyne nanowires was also calcu-
lated to provide a comparison with pristine nanowire. More-
over, crystal orbital analysis was performed in order to discern
the electronic and charge transport properties of the extended
graphdiyne nanowires modified by the aforementioned chemi-
cal and physical factors.

transport, electronic, and nonlinear optical properties."™'®

Long atomic carbon chains have also been observed either
inside multi-walled carbon nanotubes or as a linker between
two nano-scaled graphene fragments.’-?? State-of-the-art or-
ganic synthesis has also allowed the expansion of an original
molecular system through the insertion of —-C=C— units into
the chemical bonds of a molecule.”? These structures are de-
fined as the “carbo-mers” of the original molecules.”® Using
this strategy, various fascinating molecules such as carbo-mer-
ized benzene and carbo-merized cubane®** have been syn-
thesized. In 2010, Li et al. fabricated large-area ordered graph-
diyne films in high-yield for the first time.” Structurally, graph-
diyne can be considered the structure of one-third of the C—C
bonds in graphene inserted with two —C=C— units. This newly
obtained species of carbon networks with delocalized m-elec-
tron systems are of particular interest owing to their electronic,
optical, and geometric characteristics.*>>* The highly conju-
gated, carbon-rich graphdiyne and its analogues featuring tun-
able structural and optoelectronic properties have also been
recognized as promising candidates for use in next-generation
electronic and optoelectronic devices.**% Graphdiyne nano-
walls, as well as one-dimensional (1D) nanoribbons and nano-
tubes derived from two-dimensional (2D) graphdiyne have
also been obtained experimentally.**?

Most recently the 1D extended graphdiyne nanowire shown
in Scheme 1 was reported by Cirera et al. using surface-assisted
covalent synthesis,*® which is the basis of this work. Conjugat-
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Scheme 1. The synthesized 1D extended graphdiyne nanowire.

ed chains with structures similar to that of the extended
graphdiyne wire, functionalized with chemical substituents,
were also obtained.***? 1D materials have attracted substan-
tial attention in recent years due to their unique properties
that differ markedly from those of 2D and three-dimensional
(3D) structures.“®*” Furthermore, 1D nanostructures are essen-
tial because they are the building blocks of various 2D slabs
and 3D solid-state structures. Therefore, such extended graph-
diyne nanowires would be new and interesting carbon materi-
als that are widely anticipated for future applications.

Using first-principle calculations, the 1D nanostructure of
graphdiyne was shown to be a 1D semiconductor with
a simple band structure and a desirably small band gap.™
Nevertheless, modulation of the electronic band gap is essen-
tial for future applications of semiconductors. This is because
the application of such new organic polymer-based semicon-
ducting optoelectronics requires a much more thorough un-
derstanding of the nature of the electronic structure and
charge-transport properties.***? Various physical or chemical
methods have been suggested®™ " in order to realize this
goal. For instance, the electronic structures of CNTs can be
readily manipulated under electric fields. In some cases, a semi-
conductor/metal transition can even be achieved.*>*" The ef-
fects of substituent groups on the band gap and charge carrier
mobility of graphene nanoribbons (GNRs) has been explored
by Wang and Ge.*? Previous studies have acknowledged that
the addition of —C=C— units into the chemical bonds not only
expands the skeleton, but also opens a band gap of original
graphene.”>*¥ Therefore, carbo-merization would be a good
strategy for modifying the functional properties of low-dimen-
sional nanostructures.
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The aim of this work is to determine how an electric field,
chemical functionalization at the benzene edges, and carbo-
merization affect the electronic properties of the recently ob-
tained 1D extended graphdiyne nanowires. Herein we report
theoretical studies of the 1D extended graphdiyne nanowires
using a first-principle self-consistent field crystal orbital (SCF-
CO) method under the framework of density functional theory
(DFT). We anticipate that these studies will promote our under-
standing of this state-of-the-art research subject.

Results and Discussion
Band gaps under electric fields

The electronic structures of the extended graphdiyne nano-
wires are calculated under electric fields with varying strengths
in the range of 0.25-3.0 VA~ (the step size is 0.25 VA™"). The
field is applied in a direction perpendicular to the wire axis
and parallel to the plane (i.e., along the y-axis direction of the
coordinate system; Scheme 1) of the extended graphdiyne
nanowire.

The obtained electronic band structures are shown
Figure 1. We first examined the case without an applied exter-
nal field. Based on the band structure shown in Figure 1a, it is
clear that the extended graphdiyne nanowire has a direct
band gap (E,) between the top of the highest occupied band
(HOB) and the bottom of the lowest unoccupied band (LUB).
Therefore, the nanowire can be classified as a semiconductor
with a band gap of 1.762 eV using the PBE method (2.605 eV
with HSEQ6). This is similar to the 1.60 eV value obtained from
previous DFT calculations by Cirera et al.**’ We then examined
the results after the application of an external electric field. It
was observed (Figure 1) that the energy band levels are
changed somewhat. However, the shapes of the bands are
well preserved when an electric field is applied. A band gap is
always present whenever an external field with varying
strengths is applied. These results suggest that the applied
electric field cannot alter the semiconducting property of the
1D nanowire. Moreover, the change of the band gaps from
1.762 to 2.000 eV with PBE (or 2.605 to 2.839 eV with HSEO06,
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Figure 1. Electronic band structures of extended graphdiyne nanowire under a) zero field and b) external fields with various strengths (in VA™). The band
gaps are 1.762, 1.769, 1.788, 1.822, 1.868, 1.928, and 2.000 eV under the external fields of 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 VA, respectively.
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see Table S1, Supporting Information) is not substantial. The
band gaps also exhibit an increasing trend when the field
strength is enhanced to 3.0 VA~'. However, according to previ-
ous DFT calculations, the band gaps of CNTs, GNRs, and graph-
diyne strips can decrease and sometimes even vanish with an
increasing field.®>*"%%¢" Thys, the specific response of a 1D ex-
tended graphdiyne wire to an electric field is antithetical to
the behavioral trends observed in CNTs, GNRs, and graphdiyne
nano-scaled strips. This is an interesting phenomenon. Because
the band gaps become even larger with the application of an
electric field, we may expect that the applied electrical field
would not cause a semiconductor/metal transition in the 1D
extended graphdiyne nanowires. This fact is essential to the
construction of electronic nanodevices, as the semiconducting
property of the 1D extended graphdiyne nanowire can be
easily maintained even with an electric field.

The band structures in Figure 1 show that the energy levels
at the bottoms of the LUBs are very close, with a range of
—1.468-1.535 eV under varying field strengths. The energy
levels for the tops of the HOBs range from —3.578 to
—4.001 eV, which means that there is a wider range for the
HOB energy levels than the LUB energy values (0.423 vs.
0.067 eV). Thus, the band gap differences that are induced by
the electric field are mainly attributed to variations in the HOB
in the extended graphdiyne nanowire. To gain more insight
into the band gap variations under electric fields, the highest
occupied crystal orbital (HOCO) and the lowest unoccupied
crystal orbital (LUCO) of the 1D extended graphdiyne nano-
wire are shown in Figure 2. The crystal orbital delocalizes in
a longitudinal direction within the carbon chain fragment for
both the HO and LU orbitals. However, the situation is rather
different for the phenylene fragment. The crystal orbital
spreads vertically in a longitudinal direction in the HOCO and

Figure 2. HOCO (upper) and LUCO (lower) of the 1D extended graphdiyne
nanowire under a) zero field and b) electric field of 1.0 VA",
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along the longitudinal direction in the LUCO. The HOCO of the
extended graphdiyne nanowire is more drastically influenced
by an applied field because it is oriented parallel to the field.
This influence is less significant in the LUCO because the crys-
tal orbital distribution is always vertical to the applied electric
field. This explains why the energy levels of the HOB for ex-
tended graphdiyne nanowires are more sensitive to electric
fields than the energy level of the LUB.

Because the prepared graphdiyne nanowire can be treated
as a junction of the polyphenylene and atomic carbon chain,
calculations of the 1D polyphenylene and carbon chain under
an electric field were also performed using the same computa-
tional methods in order to compare the obtained values. As
shown in Figure 3, the band gaps of the isolated 1D polyphen-
ylene and the carbon chain with bond length alternation (BLA)
are 2.111 and 0.228 eV (close to 0.34 eV by previous DFT-GGA
calculations®), respectively, in the absence of an electric field.
The application of an increasing electric field causes the band
gaps of polyphenylene to also increase, which was similarly
observed in the extended graphdiyne wire. Figure 3 also
shows that the band gaps vary more rapidly for polyphenylene
than 1D extended graphdiyne wire.

This implies that the band gaps of polyphenylene are more
flexible if an electric field is applied. However, the band gaps
of the atomic carbon chain under the electric fields are nearly
unchanged (< 0.01 eV compared with the absence of an ap-
plied field). This difference can be attributed to the distinct
HOCO and LUCO shown in Figure 2. The HOCO and LUCO are
both oriented along the direction of the wire axis for the
carbon chain, whereas the HOCO and LUCO for polyphenylene
are oriented in a vertical and parallel fashion, respectively.
Studies of the extended graphdiyne wire show that the orbital
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Figure 3. Relationship of band gap and field strength for the 1D extended
graphdiyne nanowire.
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distributions fall between the isolated polyphenylene and
atomic carbon chain. Therefore, the effects of band gap modu-
lation with an electrical field for polyphenylene are greater
than both the extended graphdiyne nanowires and the carbon
chain.

To gain more quantitative information about the relationship
between the band gaps and the field strengths, the band gaps
E, (in eV) of the extended graphdiyne wire under an applied
electric field strength E (in VA™") are fit to the equation: E,=
0.024F*+1.760 using the PBE method (E,=0.023F*+2.600
using HSE06 method) with a correlation coefficient of R>0.99.
By using this equation, it is possible to accurately control the
band gap of the 1D extended graphdiyne nanowires by
tuning the strength of the electric field.

Electronic properties with chemical functionalization

Scheme 2 shows eight models of the extended graphdiyne
nanowires with chemically functionalized polyphenylene
edges. The functional groups in these models include three ac-
tivating groups (OH, NH,, and CH,), four deactivating groups
(F, CN, NO,, and COOH), and a combination of both activating
(CH;) and deactivating (NO,) groups. In this work, substitution
of the H atoms occurs only at the R'-R* positions (Scheme 2).
This is because the atoms would be overly crowded and thus
result in rippled edges®? if all of the 12 hydrogen atoms at the
edges of the polyphenylene rings were substituted by func-

R R?
%’—'—‘—% )=
R3 R4
R?,
R2
R2
R2,
R2

R*=0OH
R*=NH,
R%=CHj,4
RY=F

R*=CN

R2 R® R*=NO,

R2, R® R*=COOH

R2 = CHj; R3, R*=NO,

R,
R,
R1
R
R,
R,
R,
R,

RS,
RS
R3
R,
RS,

Scheme 2. The 1D extended graphdiyne nanowire with chemical functional-
ization.
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tional groups. The obtained electronic band structures with
the various substituents are shown in Figure 4.

Figure 4 shows that the extended graphdiyne nanowires
with either activating or deactivating functional groups are still
semiconductors with direct band gaps. This is quite similar to
the trends observed in GNRs with varying functional groups.””
Thus, the 1D extended graphdiyne nanowire could maintain
its semiconducting property even with various functional
group substitutions. Table 1 shows that the obtained band
gaps of the substituted extended graphdiyne nanowires have
a range of 1.023-1.708 eV using the PBE method (1.961-
2.374 eV using HSE06 method). These band gap values are all
smaller than the value of 1.762 eV (2.605 eV with HSE06) for
pristine extended graphdiyne nanowire. It is also found that
there is a decline in the energy levels of both the HOB and the
LUB for the deactivating groups (F, CN, NO,, and COOH), and
an increase in the energy levels for the activating groups (OH,
NH, and CH,).

Because these extended nanowires are considered to be
good candidates for nano-scaled electronics, an understanding
of the charge carrier transport property would be advanta-
geous. We studied the charge carrier mobility of the extended
graphdiyne nanowires with varying functional groups based
on a theoretical model using a deformation potential (DP)
theory and an effective mass approach.”*%” This model has
been used for various carbon nanostructures such as fullerene
chains, CNTs, and GNRs.®*%% The charge carrier mobility u of
a 1D crystal can be expressed as:

(M)

where m* is the effective mass of charge carriers, and can be
obtained by fitting the band structures;

aZE -1

2
m‘=h e

()

7 is the average scattering relaxation time of the charge carrier.
With the DP approximation, 7 of the 1D system is:
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Figure 4. Band structures of the 1D extended graphdiyne nanowire with group substitutions as indicated at top.
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the band-edge shift induced by the
Table 1. Electronic property and carrier mobility of the extended graphdiyne nanowires with group sub- . 9 . Y
stitutions.? scattering of the acoustic phonon at
the HOCO and LUCO, respectively.
Functional  HOB LUB E, E4HSEO6 C Eyv  Ec my* mJ¥ Un Ue As mentioned above, both the
Group HOCO and LUCO delocalize in a lon-
OH —2987 —1425 1562 2221  97.8 5929 0700  0.140 0.113 4.221><10§ 4.195x10: gitudinal direction within the sec-
NH, —3.009 —1335 1.674 2344 1059 6.120 1.138  0.115 0.120 5.743x10% 1.556x10 - . .
tion of the carbon chain (Figure 2).
CH, —3450 —1.741 1708 2365 100.6 7.179 0.970  0.101 0.113 4.815x10? 2.240x10* . (Fig )
F —3.664 —1.964 1.700 2374 952 6.065 0435  0.130 0.126 4.390x10%> 8.910x10* Like the polyphenylene fragment,
CN —4.745 —3.143 1.602 2233 955 4946 0697  0.101 0.127 9.714x 10 3.445x10* the HOCO spreads vertically in the
NO, —4389 —3.366 1.023 1961 1263 1.341 1.803 >10 0.153 / 5.160><102 longitudinal direction, but the LUCO
COOH —3.601 —2.243 1358 2178 129.2 0.190 1291 >10 0.136 / 1.230x 10 T S
is still oriented along the longitudi-
CH; & NO, —4.125 —2.664 1461 2080 1121 6.549 2559  0.123 0.183 4.796x10? 1.742x10° Lo 9 g
pristne  —3.510 —1.750 1.760 2.605 94.6 6.600 0340  0.136 0.117 3.547x10? 1.500x10° nal direction. Thus the scattering by
acoustic phonon for the HOCO is
[a] Units: HOB, LUB, E,, E,, and E,c in eV; Cin eVA~'; m, and m, in m.%; uy, and u, in cm?V~"s7". .
il 1 " n [ e - Mo 909 e than the LUCO, which

7= ke (3)
 (2m|me |k T)'2E2

where C is the stretching modulus of a 1D crystal and can be
obtained by:

’E
C — LOW|L:LD (4)

where L (L) is the lattice constant (equilibrium lattice con-
stant). £, (including E,. and E,,) are DP constants for charge
carriers (electron and hole) and can be obtained by:

Lyo¢
oL

E = (5)

Detailed descriptions can be referenced from our previous
studies.”*®¥ Notably, only longitudinal acoustic (LA) phonon
scattering is considered in the models adopted here. Other
scattering mechanisms such as optical phonon scattering,
inter-sub-band scattering and radial-breathing phonon scatter-
ing that can also limit the charge mobility, are not addressed
in this work. The LA phonon scattering is the main scattering
mechanism due to its high coupling strength even at room
temperature according to previous studies.®>*¢% At Jow
temperatures the optical phonon scattering is suppressed, and
the electron scattering time by optical phonon remains almost
unchanged with temperature due to the few excitation
events.

The calculated electron and hole mobilities for the extended
nanowires at room temperature (T=298K) are listed in
Table 1. The electron and hole mobilities (¢, and u,,) of the fab-
ricated extended graphdiyne nanowire were calculated to be
1.500% 10° and 3.547x 10> cm?V~'s™', respectively. This elec-
tron mobility is three orders of magnitude larger than the
hole. Thus, the transport of electrons in the extended graph-
diyne nanowire is more favorable than the transport of holes.
The m* value of the hole and the electron are very similar, al-
though m,* is slightly larger than m_.*. Therefore, the substan-
tially larger electron mobility is mainly due to a smaller elec-
tron DP constant. The DP constants, E,, and E,, are related to

ChemistryOpen 2016, 5, 78 - 87 www.chemistryopen.org

stronger
leads to a larger E;, value than the
E,. value for the extended wire.
Therefore, the electron has a greater mobility than the hole for
the extended graphdiyne nanowire.

We now focus on the chemical functionalization of the ex-
tended graphdiyne nanowire. It was found that the charge car-
rier mobilities of the extended graphdiyne nanowires with NO,
and COOH groups exhibit rather distinctive properties relative
to pristine and other chemically functionalized nanowires. Al-
though there is a decrease in the E,, values in comparison
with pristine wire, the hole mobility of these two structures is
rather low and close to zero. This can be attributed to the ex-
tremely large effective mass (>10m,) for the hole carrier,
which is attributed to their rather flat HO bands (< 0.005 eV).
In the band structures, it is clear that the original HO-2 band
(Figure 1a) shifts upward and becomes the HO band when the
NO, and COOH groups are added to the extended graphdiyne
nanowire. This is also confirmed by our crystal orbital studies.
Figure 5 shows the HOCO and LUCO of the 1D nanowire with
the NO, group. It is observed that the HOCO in NO,-substitut-
ed nanowire is actually derived from the HO-2 orbital of the
pristine nanowire. Furthermore, the HOCO in the NO,-substi-
tuted nanowire exhibits clear localized characteristics, and is
remarkably different from the delocalized features of the origi-
nal HOCO of pristine nanowire. This fact explains the rather flat
electronic energy band and the extremely large effective mass
for the hole carrier of the NO,-substituted nanowire. The elec-
tron mobilities are 5.16x10° and 1.23x10*cm?V~"'s™' for the
NO, and COOH substituted models, respectively, which are one
or two orders of magnitude smaller than the pristine wire. Be-
cause the stretching modulus and the effective mass are simi-
lar to the extended graphdiyne nanowire, the decreased elec-
tron mobility is mainly due to the larger DP constants for the
two structures. The obtained DP constants for the electrons
are 3.8- and 5.3-fold larger than the original nanowire if the
NO, and COOH groups are added. A comparison of the LUCO
of the extended graphdiyne nanowire before and after the
NO, group is added is shown in Figures 2 and 5. Aside from
the orbital distributions along the longitudinal direction, new
branches that are oriented vertically relative to the longitudinal
direction are also present in the added substituents. Thus, the
scattering through acoustic phonon for the LUCO is stronger
in the NO,-substituted nanowire, which leads to a larger DP

© 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) HOCO and b) LUCO of the NO,-functionalized extended graph-
diyne nanowire.

constant. Therefore, the electron mobility is always decreased
with the addition of group substituents.

In the extended graphdiyne nanowires with F, CN, OH, NH,,
and CH; groups, it is found that the hole mobility still exhibits
the same order as the pristine nanowire. This is because the
stretching modulus, effective mass, and DP constants are all
similar to those of the nanowire without any functional group
substituents. The electron mobility is decreased by one order
of magnitude relative to pristine wire if these groups are
added. The reasoning for this observation is similar to our pre-
viously mentioned explanation of vertical orbital distributions
in the LUCO for the substituted extended graphdiyne nano-
wires. Furthermore, the electron mobility is greater than the
hole for each of the nanowires regardless of the presence of
substituents on the nanowires.

Band gap and carrier mobility with carbon chain elongation

The synthesized extended graphdiyne nanowire can be seen
as a junction with —C=C— and polyphenylene as building
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Scheme 3. Model of the carbo-merized extended graphdiyne nanowires.

blocks. Thus, the carbo-merized®’ graphdiyne nanowires,
CGNW-N (Scheme 3) are built through an extension of the —
C=C— unit in the carbon chain portion. N denotes the
number of —C=C— units between the two fragments of poly-
phenylene. In this work, we decided to vary the number N
from 2 to 20 in order to study the band gap and mobility of
the extended graphdiyne nanowire upon carbo-merization. As
shown in Figure S2 (Supporting Information), the obtained
bond lengths of CGNW-N with N=18-20 for the long and
short C—C bonds in the center of the carbon chain fragment
are 1.303 and 1.263 A, respectively.

Molecular dynamics (MD) simulations were also performed
to further investigate the kinetic stability of the nanowires
using the density-functional-based tight-binding (DFTB)
method.®” We performed three MD simulations for each struc-
ture at 300, 800, and 1200 K for 3 ps under constant-tempera-
ture and constant-volume conditions with the time step size
set at 1 fs. CGNW-N with N=5, 10, 15, and 20 are used as ex-
amples. The structures obtained after the MD calculations and
the potential energies with time evolution are presented in
Figure S3 (Supporting Information). We found that these 1D
nanowires exhibit a moderate structural deformation under dy-
namic evolution, which was particularly true for the structures
with long chains at high temperature. However, they remain
very stable even at 1200 K after 3 ps of MD simulation. Accord-
ing to the MD simulations, these carbo-merized extended
graphdiyne nanowires should be stable structures.

Figure 6 shows the calculated band structures of CGNW-N
with N=3, 5, 8, 9, 10, 15, and 20. Based on the band struc-
tures, it is clear that these extended nanowires have a direct
band gap. Therefore, it can be concluded that the 1D carbo-
merized nanowires are all semiconductors with direct band
gaps. These results suggest that the semiconducting property
of these 1D wires is independent of the —C=C— chain sizes.
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Figure 6. Electronic band structures of CGNW-N with N=3, 5, 8, 9, 10, 15, and 20 as indicated at bottom.
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Besides, the direct band gaps for the nanowires CGNW-N with
N=3, 5,9, 15 are all present at the X point in the first Brillouin
zone, whereas they are at the I" point for N=8, 10, and 20 ac-
cording to the band structures shown in Figure 6. This is
a very interesting phenomenon, as for all the carbo-merized
nanowires tested, CGNW-N with N being even or odd always
presented band gaps at the I' or X points, respectively, in the
first Brillouin zone. Thus it seems that the location of band
gaps of these carbo-merized nanowires is determined only by
the number of —C=C— units.

The obtained band gaps of the carbo-merized nanowires are
shown in Figure 7, and are calculated to fall within the range
of 0.679-1.762 eV using the PBE method. These flexible band
gaps open up the possibility of modulating the electronic
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Figure 7. E; with respect to the N value of CGNW-N.

properties of these 1D extended nanowires by tuning the
sizes of the atomic carbon chains. Furthermore, it is observed
that elongation of the carbon chain correlates to a decrease in
the band gap, which means that a greater number of -C=C—
units would reduce the band gaps for the carbo-merized nano-
wires. The band gap of atomic
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Figure 7. The band gaps of the 1D wires are fitted to the equa-
tion E;=0.537+1.542xexp(—N/8.549), for PBE calculations
and E;=1.338+1.593 xexp(—N/8.892) for HSE06 calculations
with a correlation coefficient of R>0.99. This suggests that the
band gaps of the hybrid nanowires will be primarily deter-
mined by the number of —C=C— units. With these equations,
it is possible to accurately control the band gaps by tuning the
number of —C=C— units in the 1D extended graphdiyne
nanowires.

The electron and hole mobilities were also calculated to fur-
ther study the charge carrier transport properties of the ex-
tended nanowires. The calculated electron and hole mobilities
for the extended nanowires at room temperature (T=298 K)
are shown in Figure 8. It is found that the electron and hole
mobilities (u, and w,) are within the range of 2319x10°-
1.500x 10° cm?*V~'s ™" and 3.547x 10>-2.709x 10° cm?*V's™! for
the electrons and the holes, respectively. The mobility of or-
ganic semiconductors is usually less than 100 cm?V~'s™'©"70
which is lower than the values obtained for the extended
wires. However, the mobility of charge carriers for the 1D
carbo-merized nanowires does draw close to the charge carrier
mobility values for semiconducting CNTs and GNRs.5669
Thus, the 1D carbo-merized nanowires presented herein may
be better candidates for high-mobility materials than organic
semiconductors. Moreover, the electrons still have a larger mo-
bility than the holes for the nanowires with short carbon
chains (CGNW-N with N<7). In contrast, the electron and hole
mobilities are quite similar in carbo-merized graphdiyne nano-
wires with very long carbon chains (CGNW-N with N >12).

We observed that the hole mobility increases as the sizes of
the carbon chains increase in the extended nanowires. For in-
stance, the hole mobility is 3.547x 10> cm?V~'s™" in CGNW-2,
but enlarges to 2.709x10*cm?V~"'s™" in CGNW-20. Thus, it
seems that longer carbon chains are favorable for hole trans-
port. The opposite is observed for the electron mobilities,
which are decreased as the carbon chains become longer. For
comparison, the charge carrier mobility of the carbon chain
with BLA was also calculated. The obtained electron and hole

carbon chain with BLA is only
0.228 eV, which is significantly
smaller than 2.111eV for 1D
polyphenylene as mentioned
above. Because these 1D ex-
tended nanowires are viewed as
a junction with building blocks
consisting of polyphenylene and
carbon chain, this offers an ex-
planation as to why the 1D wire
with a greater number of —C=
C— units exhibits a smaller band
gap. To obtain quantitative infor-
mation on the relationship of
the band gap to the composi-
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tion of the extended nanowires,
we plotted the E; value of
CGNW-N with respect to N in
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mobilities are 1.420x 10* and 1.534x10* cm?V's ™', respective-
ly. Therefore, the carbo-merized graphdiyne nanowires with
long carbon chains (CGNW-N with N> 5) exhibit a smaller mo-
bility by one or two orders of magnitude for both the elec-
trons and holes than the pure carbon chain with BLA.

The obtained stretching modulus, the effective mass of
charge carriers, and the DP constants for the 1D carbo-merized
nanowires are listed in Table S2 (Supporting Information) in
order to provide more insight into the charge mobility of the
1D nanowires. We first examine the stretching modulus, which
exhibits an increasing trend within a range of 93-98 eA~",
which falls between 90 e A~" for polyphenylene and 118 e A~
for the carbon chain. For the DP constants, the values of E,,
decrease, whereas the values of E,¢ increase as the nanowires
become longer. As a matter of fact, both the E,, and E, values
in CGNW-20 are substantially close to the values in atomic
carbon chain with BLA. For the effective mass, it is found that
the m* value of both the hole and the electron decreases with
elongation of the carbon chain. The obtained m,* and m./*
values for CGNW-20 are 0.0785 and 0.0750 m.’, respectively.
We are aware that the m* for the carriers in CGNW-20 are still
about twofold larger than the atomic carbon chain (0.0346 and
0.0327 m.° for my* and m.*). Because the stretching modulus
and DP constants of CGNW-20 are similar to the atomic carbon
chain, the decreased mobility of CGNW-20 is most likely de-
rived substantially from the heavy carriers.

The frontier orbital of the atomic carbon chain is calculated
in order to explain the change in the effective carrier masses
for the carbo-merized graphdiyne nanowires. As shown in Fig-
ure S4 (Supporting Information), the HOCO and LUCO of the
pure carbon chain exhibit perfect m-conjugation because all of
the carbon atoms are exactly identical. Because the frontier or-
bital of the synthesized graphdiyne nanowire in Figure 2 can
be seen as a combination of polyphenylene and a carbon
chain, the m-conjugation system is therefore not as perfect as
the carbon chain. Figure S5 (Supporting Information) shows
that the m-system is well maintained along the extended wire
axis in the carbo-merized graphdiyne nanowires. Additionally,
the relative contribution to the frontier orbital from the atomic
carbon chain greatly increases when the carbon chain is elon-
gated. This leads to the fact that the frontier orbital of CGNW-
N with a larger N tends to approach that of the pure carbon
chain. As a result, the m* values for both the hole and electron
for CGNW-N also decrease and become closer to the pure
carbon chain values as N is increased. Nevertheless, m* is still
larger than the carbon chain due to the presence of orbital de-
rived from the polyphenylene part, although the longest ex-
tended nanowire in the studies included 20 —C=C— units.

Conclusions

On the basis of the first-principle DFT calculations, modulation
of the electronic properties of the 1D extended graphdiyne
nanowires was investigated by application of an electric field,
chemical functionalization, and carbo-merization. Crystal orbi-
tal analysis was also performed to further ascertain the modu-
lation of electronic properties.
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When an electric field is applied in a direction perpendicular
to the wire axis and parallel to the plane of the extended
graphdiyne nanowire, the nanowire still exhibits semiconduct-
ing properties, with band gaps ranging from 1.762-2.000 eV.
The relationship of the band gaps and the field strength was
found to be E;=0.024 F*+ 1.760, which would be useful for ac-
curately controlling the band gap of the 1D extended graph-
diyne nanowire based on the strength of the electric field.

The electronic properties of chemically functionalized 1D ex-
tended graphdiyne nanowires were also studied with several
incorporated groups (OH, NH,, CH,, F, CN, NO,, and COOH) at
the polyphenylene edges. The functionalized extended graph-
diyne nanowires with either activating or deactivating groups
are still semiconductors despite the fact that the band gaps
are somewhat smaller than those of pristine extended graph-
diyne nanowire. The electron mobilities of the functionalized
nanowires are one to two orders of magnitude smaller than
those of pristine wire. The hole mobility of the extended
graphdiyne nanowires with NO, and COOH groups is rather
low and close to zero because of their rather flat HO bands.

The carbo-merized nanowires are built by elongation of the
—C=C— unit in the carbon chain fragments of the extended
graphdiyne nanowires. The extended nanowires exhibit de-
creasing band gaps in response to an elongating carbon chain.
The band gap is fit to £;=0.537+1.542xexp(—N/8.549) in
terms of the number of —C=C— units, which implies the possi-
bility of tuning the band gaps by modifying the number of —
C=C— units in the extended graphdiyne nanowire. The ob-
tained electron and hole mobilities for the carbo-merized
nanowires have values in the ranges of 2.319x10°-1.500x
10°cm?V~"'s™" and 3.547x10%-2.709x 10> cm?V~'s™', respec-
tively, which are clearly larger than the mobility values for or-
ganic semiconductors.

The modulation of band gap and carrier mobility of the ex-
tended graphdiyne nanowires influenced by several physical or
chemical methods provides greater flexibility for energy band
engineering as well as charge transport. These interesting find-
ings indicate that the extended graphdiyne nanowire and its
analogues are promising candidates for future applications in
novel nanoelectronics and molecular devices. Thus, we believe
that these results regarding graphdiyne-based materials will be
helpful in moving these new fields forward.

Experimental Section

The energies, band structures, and properties of the extended
graphdiyne nanowires in this work were computed with full struc-
tural optimizations using the SCF-CO method based on first-princi-
ple DFT calculations with the CRYSTALO9 program.”"’? The ex-
change-correlation functional is addressed using the method pro-
posed by Perdew, Burke, and Ernzerhof (PBE).”*' Because we are
aware that the PBE functional would underestimate the band gaps
of semiconductors, the band structures of the extended graph-
diyne nanowires were also calculated using the more sophisticated
hybrid functional method, HSE06. This method yields a more accu-
rate approximation of the band gaps for carbon-based nanomateri-
als.® A double-C plus polarization basis set 6-21G(d,p) implement-
ed in the program for solid-state calculations and an 80 k-points
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sampling in the first Brillouin zone were adopted in the SCF-CO
calculations. The default values for the convergence criteria in
CRYSTALO9 were used in our calculations. In the calculations, we
assume that all of the extended graphdiyne nanowires exhibit a co-
planar conformation, which is a common treatment of mt-conjugat-
ed systems.*>74#7 |t should be pointed out that the phenyl rings
exhibit a flexible twist angle under different conditions.”*®? The
twist angles are ~30-40° in the gas phase, whereas in the bulk
phase they adopt a more planar conformation, with inter-ring twist
angles of ~10-20°.7"% Moreover, several studies have indicated
that some oligomers of the poly(para-phenylene) adopt a planar
configuration under high pressure, or on average with high libra-
tional amplitudes.®®2 Actually, several conformations of the ex-
tended graphdiyne nanowire with twist angles in the range of 0-
40° were also calculated with the same method for comparison. As
shown in Figure S1 (Supporting Information), it was found that the
obtained band structures of the conformations with different twist
angles exhibit no qualitative difference, which agrees well with
previous studies.*”
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