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Semiconducting Cyanide–Transition-Metal Nanotubes
Yina Mo and Efthimios Kaxiras*

We propose a new type of structurally simple and energetically stable
cyanide–transition-metal nanotube, based on the planar structure of
M(CN)2, (M=Ni, Pd, Pt). These nanotubes have a semiconducting
character with a large bandgap (2–3 eV) that is insensitive to chirality and
diameter. The energetic, electronic, and mechanical properties of these
materials in both planar and tubular forms are studied through first-prin-
ciples density functional theory calculations. The calculations reveal inter-
esting multicenter bonding features, which should lead to preferential
growth of tubes of a particular chirality. These intrinsically semiconduct-
ing nanotubes can be readily p- or n-doped, which makes them good can-
didates for nanoscale elements in electronic devices.
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1. Introduction

The discovery of carbon nanotubes (CNTs)[1] has given
birth to an entire field devoted to the study of these one-di-
mensional (1D) nanoscale structures that exhibit extraordi-
nary properties and promise for applications. For instance,
single-walled CNTs have been reported to show Luttinger
liquid behavior[2] and proximity in proximity-induced super-
conductivity.[3] The electronic properties of a CNT are fully
determined by its chirality and can range from metallic to
semiconducting. Control of the nanotube chirality and diam-
eter during growth is difficult and presents a major obstacle
to mass production of nanotubes with desired properties. To
overcome this limitation, boron nitride nanotubes (BNTs),
which have properties less sensitive to chirality, were pro-
posed theoretically[4] and later realized experimentally.[5]

Herein, we propose a new type of structurally simple
and energetically stable nanotube consisting of transition-
metal atoms and cyanide units. To examine the structural
and electronic properties of the cyanide compounds and
nanotubes, we employ density functional theory (DFT) as
implemented in VASP,[6–8] with computational parameters
that ensure high accuracy.[9] We find that the cyanide–transi-

tion-metal nanotubes are semiconductors with large bandg-
aps (2–3 eV), and that their chirality affects the electronic
bandgap only marginally. The nature of bonding in these
systems suggests that tubes of a particular chirality will be
energetically more stable, thus leading to a natural self-se-
lection of tubes with well-defined electronic properties.

The cyanide compounds we consider are composed of
the transition metals Ni, Pd, or Pt in their 2+ oxidation
state and the cyanide base (CN)� . The simplest possible
structure consisting of these structural units, suggested by
Pauling,[10] is shown in Figure 1a; we refer to this as struc-
ture I. The unit cell contains one metal atom and two CN
units. Each metal atom is surrounded by two C and two
N atoms, with the two C atoms being second neighbors (sim-
ilarly for the two N atoms). There are two other ways of ar-
ranging the atoms in the ab initio calculation square-planar
lattice, but with larger unit cells. In the first, shown in Fig-
ure 1b and called structure IIa, there are two metal atoms
and four CN units in each unit cell, with one metal atom
surrounded by four C atoms and the other by four N atoms.
In the second, shown in Figure 1c and called structure IIb,
which also contains two metal atoms and four CN units in
the unit cell, each metal atom is surrounded by two C and
two N atoms and the pattern is rotated by 908 in neighbor-
ing metal sites. The two C neighbors of a given metal atom
are not second but third nearest neighbors (similarly for the
two N atoms); the second neighbors are the C and N atoms
belonging to different CN units. In all structures, the metal
and CN units are linked by strong covalent bonds, while the
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interplanar interactions are weaker and of the van der
Waals type. Of these, the type IIa Ni(CN)2 planar structure
was experimentally reported more than a century ago,[11]

formed in ammonia solution; its structure has been studied
in detail.[12]

2. Results and Discussion

2.1. Structural Features

Our DFT calculations indicate that structure I, although
to our knowledge not yet reported experimentally, is the
lowest-energy structure. In the case of Ni, structure IIa has
a higher energy than structure I by 0.07 eV per Ni(CN)2

unit; structure IIb has a higher energy than structure I by
0.17 eV per Ni(CN)2 unit. Thus, structure I is the thermody-
namically stable one, although its formation under hydro-
thermal conditions in ammonia solution may have been ki-
netically inhibited. By using modern synthetic methods, it
should be possible to form structure I by gas-phase reac-
tions. A potential reaction sequence is indicated in
Scheme 1.

The synthesis starts by using chelating agents to clamp
two of the possible bonds of each Ni atom that is in its
square-planar coordination, which leaves the remaining two
free to react. The product of this initial step in the reaction
process is shown schematically as the initial configuration in
Scheme 1. Next, the cyanide bases (CN)� are added. These
bases react in the gas phase with the clamped Ni atoms and
three possible products, shown in Scheme 1 after step 1. The
chelating agent is removed (step 2) and the Ni(CN)2 mole-
cules are free to react with each other (step 3) to form

larger units, eventually grow-
ing to become the extended
planar structure (step 4).
During this last step in the re-
action, the lowest-energy
structure I (Figure 1a) should
be naturally chosen, although
structures IIa and IIb or even
structures with less order
could be formed from a mix-
ture of the three structural
units produced by step 2 of
the reaction path. Our calcu-
lations show that the elec-
tronic properties of the three
planar structures are very

similar, which indicates that disorder will not affect the elec-
tronic behavior significantly. If a planar structure can be
formed, the same synthetic procedure could lead to the for-
mation of nanotubes, as is the case for the CNTs and BNTs.
Accordingly, in the following we concentrate on the proper-
ties of planar and tubular structures based on structure I.

The square-lattice structure of the cyanide sheet has
lower symmetry than the hexagonal structure of a single
graphite sheet (graphene), which effectively reduces the
possible ways of rolling it into tubes. We will concentrate on
the three simplest types of tube (see Figure 2): the (n,0)
tubes, which correspond to rolling the sheet along one of
the lattice vector directions, and the (n,n) or (n,n̄) tubes,
which correspond to rolling the sheet along the two diago-
nal directions of the unit cell. Notice that the two diagonal
directions are not equivalent: the (n,n) tubes correspond to
cross sections involving a metal atom bonded to one C and
one N atom, whereas the (n,n̄) tubes correspond to cross
sections involving a metal atom bonded to two atoms of the
same type (both C or both N, depending on where the cross
section is taken). Two examples (the (4,0) and (4,4̄) nano-
tubes) are shown in Figure 2. A general chirality (n,m) is
also allowed in principle, but the stability of such tubes may
be inhibited by the complexity of bonding between the
metal atoms and the cyanide units.

2.2. Electronic Features

We consider next the electronic properties of the cya-
nide sheets and nanotubes. It is found that the band struc-
tures of the sheets with different metal elements are very
similar. When the sheets are rolled into 1D structures, the

overall band-structure fea-
tures remain similar to those
of the corresponding sheet
structure, aside from the
folding of the 2D Brillouin
zone (BZ) of the sheet to the
1D zone of the tube. Accord-
ingly, we present here only a
detailed analysis of the band-
structure and bonding fea-

Figure 1. The three types of Ni(CN)2 sheet (the Ni atoms can be replaced by Pd or Pt atoms for Pd(CN)2 or
Pt(CN)2 sheets) with the corresponding primitive lattice vectors a1, a2, and atomic basis (enclosed within
the dashed lines).

Scheme 1. Gas-phase synthesis of Ni(CN)2 sheet and nanotubes. See text for details of the four steps in
the process.
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tures of the Ni(CN)2 sheet, which is representative of all
other cyanide planar and tubular structures.

Figure 3 shows the band structure (left) and the magni-
tude of the wave function (right) of various bands at G, the
BZ center. There are 14 filled bands; the lowest two corre-
spond to C�N s bonds and their energy lies below the range
shown in Figure 3. The band structure shown contains the
other 12 filled bands and three of the conduction bands.
The bandgap (2 eV) is indirect, between G and the high-
symmetry point M. Of the 15 bands shown, four are denoted
by open circles (bands 7–10, unlabeled in Figure 3), which
lie in the range between �2 and �4 eV; these states corre-
spond to four C�N bonds of pure p character which, togeth-
er with the C�N s bonds, form the triple bond between
these two atoms of the cyanide unit. The remaining
11 bands are denoted by filled circles and correspond to
bonds involving both s and p orbitals of C and N, as well as

d orbitals from the metal
atoms. We classify these
bands into three categories:

1) Bands 3–6 lie in the
energy range �4 to
+9 eV and correspond to
N–N (band 3) and C–C
(band 5) interactions, and
to N�Ni�N (band 4) and
C�Ni�C (band 6) bonds.
All of these interactions
have s character; the last
two are three-center
bonds.

2) Bands 11–13 lie in the
energy range �2 to 0 eV,
and correspond to multi-
ple center bonds of
p character: band 11 in-
volves all five atoms in

the unit cell (a five-center bond), band 12 involves the
two N atoms and the Ni atom (a three-center bond), and
band 13 involves the two C atoms and the Ni atom (an-
other three-center bond). Band 14 corresponds to a non-
bonding state of Ni of d3z2�r2 character; this last band is
the highest-occupied one and exhibits no dispersion,
since it does not involve interaction with any of the
other orbitals.

3) The remaining three bands are unoccupied, and corre-
spond to the antibonding combinations of states that
were already encountered in the valence manifold, as is
evident from the wave-function features.

The band structure described above can be accurately
reproduced by a tight-binding scheme with a minimal basis
consisting of the four sp orbitals of C, the four sp orbitals of
N, and the five d orbitals of Ni. A detailed interpretation of

the character of the bands is
provided in Table 1. The par-
ticipation of d orbitals intro-
duces two groups of interest-
ing multicenter interactions:
the relatively weak five-
center p interactions
(bands 11–13) and the con-
siderably stronger three-
center s interactions (bands 4
and 6). Interrupting or dis-
torting these interactions
would incur large energy
costs. Based on this observa-
tion, we predict that the
(n,n) and (n,n̄) diagonal
tubes will have lower energy
than the (n,0) square tubes,
because rolling the sheet
along the diagonal direction
introduces smaller distortion

Figure 2. Top view of the sheet (center, a 4$4 area) and the (4,0) (left) and (4,4̄) (right) nanotubes
based on structure I. Diagonal and horizontal arrows indicate the (n,0), (n,n), and (n,n̄) tube-rolling
directions. Large spheres: metal; small, light-gray spheres: N; small, dark-gray spheres: C

Figure 3. Left: band structure of the Ni(CN)2 sheet; the Fermi level is at the highest-occupied band.
Right: plots of jF(r) j 2 for the wave function at G that include significant contributions from Ni d orbitals
(see text).
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to the three-center s interactions. For short, finite tubes, the
issue of interruption of interactions at the end of the tube
will also be important. In this case, we expect the (n,n̄) type
to be the preferred structure for the following reasons: ter-
mination along (n,0) eliminates two s interactions and two
p interactions and distorts the remaining three-center s in-
teraction significantly; termination along (n,n) eliminates
four s interactions and four p interactions; and termination
along (n,n̄) eliminates only one s interaction and two p in-
teractions.

To support our qualitative analysis of the stability of cy-
anide nanotubes, which was based on the strength of bonds
between atoms, we performed extensive total-energy calcu-
lations for the Pd(CN)2 sheet and nanotubes; the results are
shown in Table 2. From these results, we find that the infin-
ite (4,4) and (4,4̄) nanotubes have an energy 0.43 eV per
Pd(CN)2 unit lower than that of the (4,0) tubes, consistent
with our analysis. Furthermore, we find that all three
Pd(CN)2 nanotubes are semiconductors with indirect gaps
ranging from 2.1 to 2.8 eV. Compared to the sheet structure,
the bandgap closes by 0.83 eV for the (4,0) tubes, and by
0.12 eV for both the (4,4) and (4,4) tubes, which correspond
to decreases of 28 and 4%, respectively, from the bandgap
of the sheet. Note that the bandgap of these three nano-
tubes increases with the diameter, but is always smaller than
the bandgap of the sheet. This feature is consistent with pre-

vious studies on MoS2 nano-
tubes.[13] This was further
confirmed by additional cal-
culations on (5,0) and (6,0)
Pd(CN)2 nanotubes. We find
that the bandgaps of the fully
relaxed (5,0) and (6,0) tubes
are 2.66 and 2.56 eV, respec-
tively. Both are larger than
that of (4,0) tubes and small-
er than that of the sheet. In-
terestingly, the (4,4) and
(4,4̄) tubes, which have a di-
ameter larger than that of
the (5,0) tube but smaller
than that of the (6,0) tube,
have larger bandgaps than

the square tubes. Considering that the n=4 nanotubes are
those with the smallest possible diameter, we conclude that
cyanide nanotubes have relatively stable bandgaps and uni-
form electronic properties. This is an essential element for
practical applications. Compared to our cyanide nanotubes,
the bandgaps of BNTs exhibit considerably larger relative
variation with the tube diameter, while for CNTs the rela-
tive bandgap variation is even larger and the character of
the system can easily change from semiconducting to metal-
lic as a function of diameter and chirality changes.

2.3. Mechanical Features

We next consider the mechanical properties of the cya-
nide nanotubes. A quantitative description of the elasticity
of the tubes requires calculation of YoungDs modulus, which
involves specifying a wall thickness for the tubes. To our
knowledge, there are different standards on how this quanti-
ty should be defined for nanotubes.[13–15] Both the interlayer
separation in the corresponding layered material (graphite
for CNTs)[13] and the average optimized intertube distance
in periodic arrangements[15] have been used as measures of
the tube-wall thickness. Experimentally it has also been dif-
ficult to provide a precise value of YoungDs modulus for
nanotubes.[16–20] Previous theoretically and experimentally

Table 1. Interpretation of electronic states at G, in terms of transition-metal d orbitals and C, N s and p or-
bitals (see text for details). s and p stand for the character of the interactions; a to z are coefficients
that determine the weight of each orbital in the electronic state (an overall normalization factor is omit-
ted).

n Ni orbitals C, N orbitals Character

17 ðdyz þ dzxÞ�½gðpC1z � pC2
z Þ � dðpN1

z � pN2z Þ� antibonding
16 dxy �½aðpC1y þ pC2

x Þ � bðpN1
y þ pN2x Þ� antibonding

15 dx2�y2 �x½ðsC1 � pC1x Þ � ðsC2 � pC2y Þ� antibonding
14 dr2�3z2 nonbonding
13 ðdyz � dzxÞþ½dðpC1z � pC2

z Þ þ gðpN1
z � pN2z Þ� C1,2�Ni�N1,2 (p)

12 ðdyz þ dzxÞþ½gðpC1z þ pC2
z Þ � dðpN1

z þ pN2z Þ� C1,2�Ni�N1,2 (p)
11 dxy þ½aðpC1y þ pC2

x Þ � bðpN1
y þ pN2x Þ� C1,2�Ni�N1,2 (p)

6 dx2�y2 þz½sC1 � pC1x Þ � ðsC2 � pC2y Þ� C1�Ni�C2 (s)
5 þ½ðsC1 � pC1x Þ þ ðsC2 � pC2y Þ� C1�C2 (s)
4 dx2�y2 þz½ðsN1 þ pN1x Þ � ðsN2 þ pN2y Þ� N1�Ni�N2 (s)
3 þ½ðsN1 þ pN1x Þ þ ðsN2 þ pN2y Þ� N1�N2 (s)

Table 2. Structural and electronic properties of the Pd(CN)2 sheet and nanotubes: DE is the energy difference of the tubes relative to the sheet
per Pd(CN)2 unit; egap is the electronic bandgap; Pd–N, Pd–C, and C–N are the distances between pairs of atoms; D is the tube diameter; d is
the intertube distance; Y is Young’s modulus. The numbers in square brackets correspond to values in the periodic arrangement of tubes, and
those without brackets to isolated tubes. The bond lengths of the (4,0) nanotube in the directions parallel and perpendicular to the axis are
the same to within 0.01 9.

Sheet ACHTUNGTRENNUNG(4,0) tube ACHTUNGTRENNUNG(4,4̄) tube ACHTUNGTRENNUNG(4,4) tube

DE (eV) 0.00 0.56 [0.46] 0.13 [0.12] 0.13 [0.12]
egap (eV) 2.96 2.13 [2.12] 2.83 [2.69] 2.82 [2.68]
Pd–N (9) 2.03 2.05 [2.06] 2.04 [2.03] 2.04 [2.03]
Pd–C (9) 1.94 1.94 [1.94] 1.94 [1.94] 1.94 [1.94]
C–N (9) 1.17 1.17 [1.17] 1.17 [1.17] 1.17 [1.17]
D (9) 7.08 [7.04] 8.95 [8.92] 9.07 [9.09]
d (9) ACHTUNGTRENNUNG[4.43] ACHTUNGTRENNUNG[4.00] ACHTUNGTRENNUNG[3.73]
Y (TPa) 0.23 [0.24] 0.06 [0.05] 0.03 [0.04]
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determined values of YoungDs modulus fall within a range
around 1 TPa for CNTs and around 0.8 TPa for BNTs.[21]

Recent experimental and theoretical work has provided a
more comprehensive picture of the mechanical properties of
various nanotubes.[22–24] For the cyanide nanotubes, we use
the intertube distance as the thickness of the tubes. To
obtain this value, we considered a periodic arrangement of
nanotubes on a hexagonal lattice in the plane perpendicular
to their axis. In the optimal configuration, obtained from
energy minimization, the intertube distance for the (4,0)
nanotubes is 4.4 F, for the (4,4) nanotubes is 4.0 F, and for
the (4,4̄) nanotubes is 3.7 F. The intertube interactions are
weak (van der Waals type) and the energy in the periodic
arrangement is lower than for isolated nanotubes by 0.1 eV
for the (4,0) nanotubes, and by 0.01 eV for the (4,4) and the
(4,4̄) nanotubes per unit cell. Structural parameters for the
three types of nanotube in the isolated and crystalline ar-
rangement are summarized in Table 2. In general, the inter-
tube interactions do not alter their structure or electronic
properties.

The YoungDs modulus values listed in Table 2 for the cy-
anide–transition-metal nanotubes are more than one order
of magnitude smaller than those of the CNTs and the BNTs
reported in the literature. This finding is due to the fact that
the cyanide nanotubes have much larger open spaces be-
tween rows of bonded atoms, which provide additional
room for atomic relaxation when stress is applied, in con-
trast to the CNTs and BNTs where the very compact ar-
rangement of atoms leaves little room for relaxation. The
value of YoungDs modulus for the (4,4̄) tubes is twice as
large as that of the (4,4) tubes. This is due to the nature of
the three-center s bonds around the metal atom (M): the
stretching of the (4,4̄) tubes along the (n,n) direction, due to
distortion brought about by the wrapping of the sheet into a
tube, distorts both the C�M�C and N�M�N s bonds, while
the same operation on the (4,4) tubes along the (n,n̄) direc-
tion helps to relax the distortions of those bonds, thus ac-
counting for the large difference in the response of the two
types of tube to external stress. This fact also supports our
prediction that among the cyanide nanotubes with finite
length, those of the (n,n̄) type are likely to be the most
stable.

3. Conclusions

Cyanide–transition-metal nanotubes could prove useful
because of their structure-independent electronic structure
as a function of size and chirality. By proposing and study-
ing these tubes, we hope that this special property could be
used for large-scale semiconducting-nanotube production
and facilitate the use of these nanostructures as key ele-
ments in electronic-device applications. It is also straightfor-
ward to produce doped nanotubes, at least in principle. Spe-
cifically, by introducing acetylene (C2H2) in sufficient con-
centration instead of cyanide (HCN) at the second step of
gas-phase synthesis, some CC units will be incorporated in
the tube in place of the CN units to produce p-doped struc-
tures. By analogy, if N2 molecules were introduced at the

second step of the gas-phase synthesis under the right condi-
tions, some CN units would be replaced by NN units, thus
giving rise to n-doped structures. However, due to the ex-
ceptional stability of the N2 molecule, it may be significantly
more difficult to produce n-doped tubes than p-doped tubes.
Moreover, these tubes could also be easily functionalized
because of the presence of several types of atom, in particu-
lar the metallic elements that can react more readily than
the fully bonded C and N atoms. As our preceding analysis
showed, both the valence-band maximum and the conduc-
tion-band minimum of the cyanide tubes have components
from the d orbitals of the Pd atom. In particular, the high-
est-occupied band corresponds to a pure d3z2�r2 orbital, with
lobes pointing out of the plane. This orbital would be avail-
able for interaction with orbitals of adsorbate atoms. Thus,
doping of these semiconducting tubes may produce interest-
ing variations of their electronic properties.
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