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ABSTRACT The structural, electronic, and vibrational properties of the free finite carbon chains and those

encapsulated inside carbon nanotubes (CNTs) are studied by density functional theory calculations. The end effect

and chain symmetry are found to play key roles in deciding the structural characteristics of the free finite carbon

chains based on the parity of the carbon numbers. Due to the potential interaction between the carbon chains and

CNTs, the electrons of the chain— CNT systems will redistribute, and some charges may transfer to the inner

carbon chains from CNTs. We suggest that the attractive potential of chain atoms inside CNTs could be the driving

force for formation of the linear carbon inside CNTs. Unexpectedly, we find that inside CNTs the carbon chains

with even-numbered carbons present almost constant bond length alternation, which is independent of the chain

length. This trend of the even-numbered carbon chains in CNTs helps to explain the universal experimental

observation that the Raman peaks from chains in CNTs are within 1820—1860 cm~".
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NTs have been intensively studied

due to their potential technical ap-

plications, including field emission
displays, hydrogen storage media, sensors,
nanometer-sized semiconductor devices,
and so on,"? and their rich physical phe-
nomena, such as possible superconductiv-
ity* and Peierls distortion.> 7 A linear car-
bon chain with pure sp hybridization is
expected to hold the promise for atomic-
scale field emitting®® and other electronic
devices'®'" and, therefore, enrich further
the characteristics and functions of CNTs.'?
However, it was presumed that the cumu-
lated unsaturated bonds of the carbon
chain will be reactive and result in the in-
stability under common conditions.’* "7
Being searched experimentally for a long
time,"”'® the isolated linear carbon
chains are expected to survive in some
protected environments. By high-
resolution transmission electron micros-
copy and resonance Raman spectra, it is
confirmed that finite linear chains can be
actually stable inside CNTs.'®2° Thereby,
the structural and electronic properties of
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this new material have attracted many
theoretical®' 27 and experimental®®~3”
studies, especially on the stability of car-
bon chains under certain chemical environ-
ment.>* Carbon chains formed with sp-
hybridized atoms can be taken as the fourth
allotrope of carbon, after diamond, graph-
ite/graphene, and CNTs/fullerenes. Consid-
ering the degeneracy of  orbitals of each
carbon atom, two forms of infinite carbon
chains have been hypothesized.>® One of
the forms, polycumulene, is with the equi-
distant carbon atoms, whereas the other
form, polyyne, is with the alternating single
and triple bonds. As the two  orbtials of
these sp-hybridized carbons are half occu-
pied, the Peierls distortion will reduce the
Fermi energy of electrons by combining the
equidistant carbon atoms into conjugated
carbon pairs. However, due to the end ef-
fect, finite carbon chains may not behave
the same as the infinite ones.

In this work, we carry out first-principles
density functional theory (DFT) calculations
to explore systematically the structural, elec-
tronic, and optical properties of finite carbon
chains. By considering the end effect and
chain symmetry, the different properties be-
tween the carbon chains with an odd and
even number of carbon atoms are analyzed
and explained. Furthermore, we simulate the
interaction between the finite carbon chains
and single-walled CNTs, where the charge
transfer?? and redistribution between the
chain and tube are discussed. Moreover, we
demonstrate how the potential field of the
carbon chain is reflected by the wall of the
CNT and therefore possesses the small delo-
calized vibration. This may be the reason for
the weak interaction and charge transfer be-
tween the finite carbon chains and CNTs. Fi-
nally, the effects of CNTs on the structural and
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Figure 1. Bond length of all the C—C bonds along the linear chains of CyoH,, C4oH,, Ca0, Cao, CaoHz, Ca1Ha, C41H2,Cy1, and Cyy.

The bonds starting from one end to the other, numbered as

vibrational properties of the encapsulated finite carbon
chains are discussed.

RESULTS AND DISCUSSION

Structural, Electronic, and Vibrational Properties of Free Finite
Carbon Chains. For free infinite carbon chains, their opti-
mized structures typically display small bond length al-
ternation (BLA), but for finite carbon chains, the pres-
ence of two ends will affect the electronic states of the
chain atoms and therefore alter their corresponding
stable structures. A series of geometry optimization cal-
culations on chains of C, and C,H, have been carried
out with n from 5 to 52. To elucidate the parity depen-
dence of these linear chains on the number (n) of car-
bon atoms, the geometries of Cyg, Cao, CooHz, and CyoH,
are shown in Figure 1a,b, and the geometries of Cy;, C41,
Cy1H,, and Cy4qH, are shown in Figure 1¢,d. Two series
of BLAs along the chain axis have been observed. For
the H-terminated chains, the change of BLAs decays
slowly from the end to the center, but without hydro-
gen termination, the values of BLAs at ends get much
bigger and the change of BLAs from the end to center
is also distinct. The BLAs of linear chain carbons can be
attributed to the Peierls instability of their sp orbitals
with the one-dimensional alignment. For the finite car-
bon chains, the boundary effect will redistribute the
charges at ends and enlarge the band length and BLA
between carbon atoms accordingly. For the chains
without hydrogen termination, the dangling bonds
will aggravate this tendency.

From Figure 1, it is interesting to notice that all of
the BLAs with odd-numbered carbon atoms approach
zero at the chain centers, whereas those with even-
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numbered carbon atoms are constant. This phenom-
enon can be explained by considering the center sym-
metry of the chains. For the even-numbered chain,
there are an odd number of bonds and the chain cen-
ter is on the central bond. For the odd-numbered chain,
there are an even number of bonds and the center is
at the central atom with two equivalent bonds. Consid-
ering the symmetry of the bonds to the center, the
lengths of the symmetrically equivalent bonds should
be the same. Therefore, the BLA is zero at the center for
the odd-numbered chain.

In the infinite carbon chain, the m electrons can be
considered as 1D free electron gas with the periodic po-
tential where the Peierls distortion brings the band
gap at the edge of the first Brillouin zone (BZ). Obvi-
ously, this gap will be folded to the BZ center for the fi-
nite carbon chains terminated with certain end atoms.
We find that the ends have very strong effect on the
electronic states as well as the structures of different
length carbon chains. For the chain with an odd num-
ber of carbon atoms, the ground electronic state is sin-
glet, whereas for the even-numbered chain, the ground
state is triplet. Interestingly, if these carbon chains are
terminated by two hydrogen atoms at ends, their
ground state tendency is reversed. That is, the chain
with an odd number of carbon atoms has the triplet
ground state, and the even-numbered chain has the
single ground state.

The calculated HOMO—LUMO gaps of the finite
chains are found to strongly correlate with the degree
of BLA for the chains, as presented in Figure 2. Although
the DFT calculations quantitatively underestimate the
band gap of molecules, they are expected to predict
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Figure 2. HOMO—LUMO gaps of linear C, and C,H, chains
(n =5-52).
correctly the variation of the electronic states of the car-
bon chains in dependence of size. The calculated gaps
are found to reduce with the increasing chain size for all
four types of chains. This can be mostly attributed to
the finite size effect and the end-induced structure
variation. As the odd-numbered and even-numbered
carbon chains show different changes of BLAs, their
HOMO—LUMO gaps show different tendency with
atom numbers, as well. The gap difference between C,
and C,H, chains originates from the different dangling
bond terminations. The chain C,,H, with the bigger
BLAs and HOMO—LUMO gaps can be very stable, and
the isolated C,,H, chains have even been confirmed
experimentally.

The vibrational behaviors of carbon chains are valu-
able to understand their optical features, such as IR and
Raman spectroscopies. For the infinite chain, there are
two carbon atoms per unit cell due to Peierls instability,
which also results in Kohn anomalies of the optical
modes. For those finite chains, the phonon dispersion
and Kohn anomalies disappear naturally due to the in-
finite fold of the Brillouin zone. Then the vibrational
modes decided by the free degree of the system be-
come discrete. So there would typically be several opti-
cally active modes for each finite carbon chain. As
shown in Figure 3, we plot the strongest IR-active mode
as the function of the chain sizes for both odd- and
even-numbered carbon chains. With the increased size
of the chains, the IR-active modes are found to shift to
the lower frequency. Similarly, the Raman-active modes
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Figure 3. Frequency of the strongest IR peaks as the func-

tion of the carbon atom number.
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Figure 4. Calculated Raman spectra of CsH,, CgH,, C1oH>,
C;,H,, and Cy4H,.

also show red shifts with respect to the chain size. Fig-
ure 4 plots the Raman spectra of C;,H, (n = 3—7), which
present a red shift of about 40—50 cm™' per two car-
bon atoms. The red shifts of these optical modes can be
ascribed to the fading of the end effect as the chain
length increases.

Finite Carbon Chains Inside CNTs. Usually, a free carbon
chain is considered to be unstable and hard to form.
Capsulated inside CNTs, the carbon chains will stabilize
easily with the protection from the tube walls. There-
fore, understanding their formation dynamics and the
chain—tube interaction would be meaningful to ex-
plore the structural and electronic properties of these
CNT-capsulated carbon chains. To illustrate the chemi-
cal environment of CNTs, Figure 5 plots the two-
dimensional contour of the electrostatic potential

(b)
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Figure 5. Transverse cross section plot of the calculated
electrostatic potential of CNT (8,0) at large (a) and small (b)
energy scale.
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Figure 6. Structures of the Cg chain inside the 5-unit zigzag
(8,0) CNT (a) and the 6-unit armchair (5,5) CNT (b).

energy of the zigzag (8,0) CNT from the intersection per-
pendicular to the z axis. As shown in Figure 5a, the po-
tentials are very deep along the wall that can trap the
carbon T electrons at the local region of the wall. More-
over, there is about 1 eV difference of the potential dis-
tribution between the inside and outside of the tube
wall, as shown in Figure 5b. We suggest that the rela-
tive lower potential inside the CNT walls would be the
main driving force to trap the linear carbon chains
inside.

The inner diameters of CNTs that contain the car-
bon chains are found to be 6—7 A.’®2° As the distance
between the walls and chains is in the range of van der
Waals force, this weak force has been taken as the main
mechanism of their interaction. Rusznydk et al. consid-
ered the interaction between the infinite carbon chain
and CNTs and concluded that there is charge transfer
between them and the two subsystems can establish a
common Fermi level.?? However, some features of this
interaction need to be clarified further. For the infinite
chain inside the CNT, the incommensurability between
the CNT and the chain should be considered. Further-
more, the finite chains may behave differently from the
infinite one inside CNTs. Although CNTs can be taken
as rigid due to the strong sp? bonds, the structures of
the inside chains may still be affected by the weak
chain—tube interaction. To study the tube—chain inter-
action effect on the structural and electronic proper-
ties of finite carbon chains, without losing generality,
we construct two model structures, as shown in Figure
6. One is the supercell (@ = 12A, b =124, and c =
21.28 R) of the semiconducting zigzag (8,0) CNT which
is 5 times elongated along the axial direction, and the
other is the supercell (a = 14 A, b =14 A, and c =
19.696 A) of the metallic armchair (5,5) tube which is 6
times elongated axially. In each supercell, a carbon
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Figure 7. Transverse cross section plot of the calculated
electrostatic potential of the chain inside the (8,0) CNT (a)
and the calculated potential difference between the
chain—CNT system and the independent carbon chain and
(8,0) tube (b).

chain of 8 atoms is inserted and the structure is fully
optimized.

Figure 7a plots the two-dimensional contour of the
electrostatic potential energy from the cross section of
the carbon chain inside CNT (8,0) as a representative
sample. As the potential distributes locally around the
carbon atoms, the chain seemingly presents no interac-
tion with the CNT other than the van der Waals force.
Figure 7b plots further the potential difference between
the chain—CNT system and the independent carbon
chain and CNT. It can be found that the chain—tube
combination introduces an additional potential barrier
of 0.6 eV between them. This barrier may hinder the
charges from transferring from the CNTs to the inside
carbon chains. Moreover, some shallow concaves ap-
pear between this potential barrier and the CNT carbon
atoms. These concaves can be understood as the im-
ages of the carbon chain potential reflected from the
CNT wall, which may help the charge transfer process.
The electrons have been found to transfer from CNTs to
the inside finite carbon chains, whether the tube is
semiconducting or metallic. The transferred charges
can be calculated by the charge difference formula:

ACHA(N = CHA\r-—chain(f) — CHAGr(r) — CHA (1)
(1

where CHANT-chain(r), CHAcNT(P), and CHAhain(r) are the
real space charge distribution of the CNTs with carbon
chains inside, the independent CNTs, and carbon
chains, respectively. Integrated along the axial z axis,
the integral distribution of the charge difference in the
x—y plane can be obtained. Figure 8a,b plots the charge
difference distributions of the carbon chains within
CNT (8,0) and CNT (5,5), respectively. It can be seen
clearly that the m electrons of the carbon chains form
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Figure 8. Axial-averaged 2D charge density redistribution
(arb. units) of the carbon chain Cg inside the (8,0) CNT (a) and
the (5,5) CNT (b).

a ripple-like fluctuation due to the interaction from the
CNT wall. The charge density of the chain atoms redis-
tributes a little bit away from the center as a result of
the attraction from the wall atoms, but these charges
cannot diffuse far away from the center due to the con-
finement of the potential barrier, as shown in Figure
7b. Compared with the independent carbon chains and
tubes, the chain—tube interaction results in the net
charge transfer of about 0.11 electrons per chain car-
bon atom from the CNTs to the inner carbon chains. By
comparing the calculated vibrational spectra of the cap-
sulated chains with the free ones, the charge transfer ef-
fect on the vibrational modes of the finite carbon chains
has been examined and found to be rather small. Thus,
the vibrational behaviors of these carbon chains should
be mainly from their bond distributions.

While the charge transfer and redistribution exist,
the chain—tube interaction should not be ascribed
only to the weak van der Waals force. The relative
strong electrostatic force between them will give rise
to the structure change of the inner carbon chains, as
shown in Figure 9. Induced by the periodic potential
fluctuation from the CNTs, the capsulated chains with
either an even or an odd number of carbons exhibit
much bigger BLAs than the free ones. Furthermore, we
find that the BLAs of the chains with even-numbered
carbons are almost constant, except for the small varia-
tions at the ends. This result indicates that the proper-
ties of the even-numbered carbon chains are much
like the infinite one, except for the size effect. On the
contrary, the capsulated chains with odd-numbered
carbons do not have the converged BLAs at the cen-
ter, such as the Cy; chain as shown in Figure 9c. Lim-
ited by the bond symmetry about the chain center, the
odd-numbered chains with the diverged BLAs may pos-
sess the higher energy and will be less stable than their
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even-numbered counterparts. Therefore, we deduce
that the carbon chains capsulated experimentally in
CNTs would be most probably with the even-numbered
carbon atoms. As the result of the converged BLAs, the
optical vibrational modes of the even-numbered capsu-
lated carbon chains will tend to converge rather than
to spread over a few hundreds of wavenumbers as the
free carbon chains. Therefore, the narrow spectral range
of 1820—1860 cm ™! of the Raman peaks observed
experimentally?®3>~37 on the carbon chains inside
CNTs can be understood accordingly.

CONCLUSION

In conclusion, we have performed DFT calculations
on the free finite carbon chains and the finite carbon
chains capsulated in CNTs. The end effect is found to af-
fect effectively the structural, electronic, and vibra-
tional properties of the free finite carbon chains. These
properties of finite chains are also found to be strongly
dependent on the size and parity. We notice that the
calculated potential inside CNTs is about 1 eV smaller
than that outside CNTs, which may be the driving force
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for formation of the capsulated linear carbon chains.
The calculated charge density distribution of the finite
carbon chains inside CNTs indicates that the charge
transfer and redistribution characterize these
chain—tube systems. Moreover, it is found that the

METHODS

In the present work, the calculations of the free carbon
chains are performed by using all electron DFT>9° at the level
of the generalized gradient approximation (GGA) in the Dmol®
package.*'*? The Becke exchange with Lee—Yang—Parr cor-
relation functional (BLYP)**** is used to treat the exchange-
correlation energy of interacting electrons. The double
numerical-polarized basis set (DNP) is employed, and the elec-
tron density convergence is set to 1 X 10° e/A3. The calculation
of vibrational properties is checked with the hybrid DFT method
of B3LYP with basis set 6-31G* in the Gaussian 03 package.** As
molecular orbital codes, Dmol and Gaussian codes can handle
the isolated molecules very well. The atomic orbitals are analyti-
cally represented by the linear combinations of Gaussian func-
tions in Gaussian 03, but the basis functions are numerically rep-
resented on an atomic-centered spherical polar mesh in DmolP.
The consistency of the results with different basis sets and
exchange-correlation functionals from two packages makes
sure that our calculation results are accurate. The interaction be-
tween carbon chains and CNTs is simulated using the plane-
wave basis VASP code,*®*” where the projector augmented
wave (PAW) method with the GGA-PBE functional is used. Be-
ing a plane-wave basis code, VASP would simulate the periodic
one-dimensional material of CNTs more efficiently. The kinetic
energy cutoff (400 eV) and k-point sampling of the
Monkhorst—Pack method*® are tested to ensure that the total
energy converged at the T meV/atom. All structures are opti-
mized until the residual forces were smaller than 0.01 eV/A.
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