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Abstract: Vibrational structures of Cgo-related finite-length nanotubes, Cao+20n and Caz+15, (1 < n < 4), in
which n is, respectively, the number of cyclic cis- and trans-polyene chains inserted between fullerene
hemispheres, are analyzed from density functional theory (DFT) calculations. To illuminate the end-cap
effects on their vibrational structures, the corresponding tubes terminated by H atoms Cz,H20 and Cig,H1s
(1 = n < 5) are also investigated. DFT calculations show a broad range of vibrational frequencies for the
finite-size nanotubes: high-frequency modes (1100—1600 cm™!) containing oscillations along tangential
directions (tangential modes), medium-frequency modes (700—850 cm™*) whose oscillations are located
on the edges or end caps, and low-frequency modes (300—600 cm™1) involving oscillations along the radial
directions (radial modes). Broadening of the calculated frequencies is due to the number of nodes in the
standing waves of normal modes in the finite-size tubes. In the capped tubes, calculated vibrational
frequencies are insensitive to the number of chains (n), whereas in the uncapped tubes, most vibrational
frequencies change significantly with an increase in tube length. The discrepancy in the size dependency
is reasonably understood by their C—C bonding networks; the capped tubes have similar bond-length
alternation patterns within the polyene chains irrespective of n, whereas the uncapped tubes have various
bond-deformation patterns. Thus, DFT calculations illuminate that the edge effects have strong impacts on
the vibrational frequencies in the finite-size nanotubes.

Introduction technique to cut nanotubes into shorter sections with a few
nanometers using a scanning tunneling microscope (STM).

Limiting the length of one-dimensional systems results in a

. . : “particle-in-a-box” quantization of its energy levels, and there-
of several nanometers in diameter but several microns in length. “fore, electronic properties of short nanotubes are dependent on
Because of their high aspect ratio, the tubes can be viewed as[heIr lenath—5
aquasi-one-dimensi.onal systénfihe structures of SWNTSs are Shortegr nanotubes are also generated inside a SWNT by
represented by a chiral vect6r= na, + ma, wherea; anda, heating “Go peapods”, where the Go molecules are encapsu-
denote equivalent lattice vectors of the graphene sheet. DependI q 0 SWNT A di I
ing on their chirality 6, m) and the tube diameter, SWNTs 'ated in a ceording to transmission electronic
become metallic or semiconductih§ Despite their promising

Single-walled carbon nanotubes (SWNTSs) that consist of a
graphene sheet wrapped to form a cyliddeare on the order

(4) (a) Venema, L. C.; Wilder, J. W. G.; Temminck Tuinstra, H. J. L.; Dekker,

structures as components in submicrometer-scale devices,

controlling nanotube length is of interest for various applications
in nanometer-scale devicés® Venema et al. presented a
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Chart 1
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microscopy (TEM) observations, the tubes capped with fullerene  Their suggestions are useful for understanding the intermedi-
hemispheres have lengths of 13.7 and 21.2 A when they consistate-frequency modes observed experimentally. However, our
of three and four g molecules in size, respectivelyfEnd-cap knowledge of the role of the fullerene hemisphere in the
effects as well as finite-size effects should play an essential role vibrational structures is still lacking. The importance of the
in determining their electronic and geometrical properties. The fullerene hemispheres in the geometries of the finite-length
electronic properties of capped? and uncappéd-1° nanotubes nanotubes implies that the end caps should have strong impact
have been analyzed using various theoretical methodologies.on their vibrational frequencies. In the present paper, we report
In a previous study, we investigated from density functional vibrational analyses of gg-related tubes to illuminate the end-
theory (DFT) calculations the geometries of the finite-length cap effects on their vibrational structures.
(5,5) armchair and (9,0) zigzag nanotubes capped with fullerene  Finite-Length Carbon Nanotubes Related to Go. As shown
hemispheres and those of the corresponding nanotubes termiin Chart 1, Go can be partitioned into one cyclis-polyene
nated by H atom&2 The DFT calculations show that the capped chain with 20 carbon atoms and two corranulene-like caps along
and uncapped nanotubes adopt different bond-length alternatiora Cs rotation axis. It can also be viewed as one cyttans
patterns; the capped tubes have similar bond-length alternationpolyene chain with 18 carbon atoms and two sumanene-like
patterns within the polyene chains irrespective of tube length, caps along s rotation axis. When cyclicis-polyene chains
whereas the uncapped tubes have various bond-deformatiorare inserted between the caps along @erotation axis, the
patterns. An orbital interaction analysis reveals that the similar tubes Gotoon With Dsg Symmetry are formed, whene is the
bond-length alternation patterns come from interactions of the number of chains inserted. In a similar sense, increasing the
cylindrical segment with the fullerene hemispheres in the capped number oftrans-polyene chains between the caps leads to the
nanotubed? Hence, the fullerene hemispheres are responsible formation of the tubes £i1s. The tubes capped with the
for the geometrical features in the finite-length achiral nanotubes. fullerene hemispheres are betweeg @nd the infinite-length

It is important to analyze their vibrational structures in the (5,5) armchair or (9,0) zigzag nanotubes. We also consider the
capped nanotubes, which can be generated during #ge C corresponding tubes terminated by H atomso{dz0 and
coalescence inside the SWNT They are observable using CismHig). The H-atom-terminated tubesdHzo have a relevance
Raman and infrared (IR) spectroscopy, in principle. In fact, to a hoop-shaped benzenoid [10]cyclophenacene around the
vibrational spectra of infinite-length nanotubes have been equator of Go(CHs)s(CsHs)sH2 because the calculated geometry
detected by resonance Raman spectrosébiiRadial breathing ~ of CagHzo Well reproduces their €C bond networks obtained
modes (RBM) and tangential G-band modes are known to havefrom the X-ray crystallographic analysi$.Thus, it is also
strong Raman intensities in lower (18850 cnT?) and higher important to elucidate the vibrational structures of the uncapped
(1500-1600 cnt?) frequency regions, respectivef§However, tubes in themselves. In the present study, we analyze the
the infinite-length nanotubes have no Raman peak in an vibrational structures of the tubesdeom, Caz+18n, ConHz0, and
intermediate-frequency region (562200 cnT?) according to CianH1s from DFT B3LYP calculations. Throughout the study,
theoretical calculation® Saito et al. revealed using nonresonant We pay attention to the cylindrical segments in the tubes, which
bond polarization theory that the finite-length (10,10) armchair can be regarded as consisting of certain numb@rsf(cyclic
nanotube without any termination has Raman intensities in the polyene chains.

,¢.<‘“}.{L> ) Cyclic trans-polyene chain

Sumanene-like cap

intermediate-frequency regidf. The intermediate-frequency Method of Calculation. We carried out quantum chemical
modes correspond t8,4 z-directed modes, whose vibrations calculations on the basis of the hybrid Hartrd@ck/density
are along the tubez) axis. functional theory (B3LYP) methdd?2 using the Gaussian 03
program packag® The B3LYP method consists of the Slater
(9) Harigaya, K.Phlgls. Re. B 199b2 45, 12;)71. exchange, the Hartred-ock exchange, the exchange functional
10) Sato, T.; Tanaka, M.; Yamabe, $ynth. Met1999 103 2525. . :
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(12) I;énﬂ%z%; Bandow, S.; Yoshizawa, K.; lijima, 5Phys Chem B 2004 (LYP),?2 and the correlation functional of Vosko, Wilk, and
(13) Rochefort, .A.; Salahub, D. R.; Avouris, B.Phys Chem B 1999 103 _Nusaw (VWN)'ZA The baS|s_set we used for the C and H atoms
641. is 6-31G*2526The geometries of £+20n, Caz+18n, CoonH20, and
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Table 1. Calculated Vibrational Frequencies for Labeled and Unlabeled Cgo Molecules?@
species Ceo BCep 22C4"Cyo 2C"Ceg
Ag Hq Gy Ag Hg Gy Agg Agg Axg Ag Agg
Ag Hg Gy Ag Hg Ag Hg Gy
symmetry labels 487 262 483 468 (19) 252 (10) 464 (19) 481 (6) 257 (5) 485 (2) 259 (3) 473 (10)
frequency (cm?) 1475 432 567 1417 (58) 415 (17) 545 (22) 1462 (13) 425 (7) 1461 (14) 427 (5) 557 (10)
708 743 680 (28) 713 (30) 705 (3) 687 (21) 738 (5)
774 1074 743 (31) 1032 (42) 767 (7) 770 (4) 1070 (4)
1107 1311 1063 (44) 1259 (52) 1089 (18) 1095 (12) 1283 (28)
1253 1510 1203 (50) 1450 (60) 1226 (27) 1243 (10) 1498 (12)
1428 1372 (56) 1389 (39) 1401 (27)
1588 1525 (63) 1578 (10) 1546 (42)

aThe values in parentheses are isotope shifts UfGrsubstitution. The vibrational symmetry labels denoted in the third column represent irreducible
representations of the corresponding vibrational modes for unlabeted C

(a) Cagazon (b) Cans1an Table 2. Calculated Vibrational Frequencies of Isotope-Labeled
e Ce0, C20H20, and CygH1?
T
g ey Canseor Canvent Ceovsor species CaoHao B3CyoHa0 CigHis BCygH1g
E e - - v s
% (n=3i-1) (n=3a0n (n=3+1) Asg Ay Ay Ay
;I M symmetry labels 192 185 (7) 231 224 (7)
Z frequency (cm?) 647 645 (2) 314 303 (11)
goen 890 859 (31) 396 386 (10)
goon 1283 1274 (9) 854 841 (13)
% 24 1656 1598 (58) 1064 1060 (4)
< 3101 3091 (10) 1280 1265 (15)
(€) CapaHzg (d) CigaHia igg? 1222 Eig
g 3085 3076 (9)
! Céoi-z0Hz0 CeoiHan Cao.e0Hz20 * + 3086 3077 (9)
j; g (n=31-1) [ n=30) (n=3+1) 3 \’;‘”“"{”“’;"M‘E“’d
e z -}—Q—/_ :::::::: aThe values in parentheses are isotope shifts UfBrsubstitution.
-t ?( Q C . — $ L iry
T L 8 8 —E'QZS— ; B b thick lines indicate G-C bonds shorter than 1.42 A, the broken
. Sad AR lines those falling in the range of 1.421.430 A, and the single
b : lines those larger than 1.431 A. As shown in Figure o6

can be classified into three types. They have at leastctse
Figure 1. Bond-deformation patterns in the cylindrical segments of (a)

Caorzan. (b) iz 1om (€) CooHo, and (d) GanHas. The bold lines indicate polyene chain with a bond-length _alternate pattern, in _wh|ch
C—C bonds shorter than 1.42 A, the broken lines are those falling in the th€ C-C bonds along the tube axis are contracted while the

range of 1.42%41.430 A, and the single lines those larger than 1.431 A. C—C bonds around the chain are elongated. Jp.6s (n = 3l,
wherel is integer), a singleis-polyene chain is located on each
CiaH1g Were optimized, and the harmonic vibrational frequen- edge of the cylinder; however, bond-length alternating chains
cies were calculated by the analytical evaluation of the secondare distributed throughout the cylinder ofdsq (n = 3l — 1).
derivatives of energy with respect to nuclear displacement. The Cgot60 (N = 3l + 1) have bonding networks betweenoGo
finite-length nanotubes 4g2om, Caz+18, CoonHzo, @nd GgHis and Go+6a, Where twocis-polyene chains are connected by one
have 112+ 60n, 120+ 54n, 54+ 60n, and 48+ 54n vibrational carbon belt lying in a plane perpendicular to the tube axis.
degrees of freedom, respectively. The HartrBeck (HF) Despite the same bond-length alternation pattern within the
method is known to systematically overestimate fundamental chains in the capped armchair nanotube, there are various bond-
frequencies by 1815% because of the neglect of electron deformation patterns in the uncapped tubes, in which bonding
correlatior?’2 while the B3LYP method reasonably estimates networks can be classified into three subgroups; the structures
fundamental frequencies within an accuracy 632627 In this of Csa—20H20, CsaH20, and GorsaH20 show, respectively,
study, we used a uniform scaling factor of 0.9806 on calculated Kekule, complete Clar, and incomplete Clar netwotk3 his
frequencies obtained at the B3LYP/6-31G* level of the®ry. is an interesting nanometer-sized electronic effect that cannot
be observed in infinite-length nanotul®@@sSimilarly, the bond-
deformation patterns of cyclitrans-polyene chains in the
Ca21180 Series are different from those img&Has series; the
Caz118n Series exhibit Kekulktype networks, while GHig series
Before discussing the vibrational structures @§:Gon, Caz+18n, exhibit complete Clar structures. The difference in the bond-
ComH20, and GanHys, let us first overview the end-cap effects  deformation patterns between the capped and uncapped nano-
on the geometries of the tubes. We see in Figure 1 bond-lengthtubes is understandable from orbital interactions of the cylin-
alternation patterns of the polyene chains concerning their drical segment with fullerene hemispheté3hus, the end caps
cylindrical segments in the finite-length nanotubes, where the play an important role in determining the bond-length alternation

Results and Discussion

Geometrical Features of the Finite-Length Nanotubes.

(27) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.
(28) Halls, M. D.; Velkovski, J.; Schlegel, H. Bheor. Chem. Ac2001, 105,

413.

(29) (a) Sun, G.; Ktti, J.; Kertesz, M.; Baughman, R. H. Phys Chem B
2003 107, 6924. (b) Sun, G.; Kui, J.; Kertesz, M.; Baughman, R. H.
Am Chem Soc 2002 124, 15076.
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represent the tangential, end caps, and radical modes, respectively. Among the tangential medié®dieel and circumference modes are also expressed
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Figure 3. Calculated vibrational frequencies as a function of the number of ch@imsvolved in (a) GomH20 and (b) Gs.H1s. The blue, green, and red lines
represent the tangential, edge state, and radical modes, respectively. Among the tangential mndasgctied and circumference modes are also expressed

by wavy and broken lines, respectively.

patterns in the tubes. On the basis of these findings, we analyzereproduce those obtained from the Raman spectAB3LYP

in detail the vibrational structures of the finite-length armchair harmonic frequencies provide reliable theoretical vibrational
spectra in the carbon systems. Thg @olecule exhibits low-
and high-frequency vibrational modes, which are assigned to

and zigzag nanotubes in the next section.
Vibrational Structures of the Finite-Length Nanotubes

Ce0, C20H20, and CigH1s. According to the group theory, the

vibrational modes of € can be classified as follows

T(Cop) = 2A,+ 3Ty, + 4T, + 6G,+ 8H + A, + 4T, +
5T, + 6G,+ 7H,

Table 1 lists calculated vibrational frequencies of #3eHg,

and Gq vibrational modes, and the values in parentheses are
isotope shifts of labeled molecules. TAg andHy modes are

Raman-active. Since the calculated values in Table 1

11772 J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005

radial and tangential motions, respectivéf:32For example,

(30) The experimental Raman frequencies are 498 (Ag), 1470+ 2 (Ay),
2714 2 (Hy), 433+ 3 (Hy), 710+ 2 (Hy), 7744+ 2 (Hy), 1099+ 2 (Hy),
1250+ 2 (Hg), 1426+ 2 (Hg), and 1575+ 3 (Hg) from ref 2c.

(31) (a) Eklund, P. C.; Zhou, R.; Wang, K.-A.; Dresselhaus, G.; Dresselhaus,
M. S. J. Phys. Chem. Solids992 53, 1391. (b) Dong, Z.-H.; Zhou, P.;
Holden, J. M.; Eklund, P. C.; Dresselhaus, G.; Dresselhaus, NPhgs.

Rev. B 1993 48, 2862. (c) Wang, K.-A.; Rao, A. M.; Eklund, P. C.;

Dresselhaus, G.; Dresselhaus, M.Phys. Re. B 1993 48, 11376. (d)
Martin, M.; Fabian, J.; Godard, J.; Bernier, P.; Lambert, J. M.; Mihaly, L.
Phys. Re. B 1995 51, 2844. (e) Guha, S.; Méndez, J.; Page, J. B,;
Adams, G. B.Phys. Re. B 1997, 56, 15431. (f) Guha, S.; Mémelez, J.;

well Page, J. B.; Adams, G. Bhys. Re. B 1997, 56, 15431.
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the mode at 487 cri is a radial breathing mode, and the mode insensitive to thé3C isotope labelings. As shown in Table 1,
at 1475 cm? is a pentagonal pinch mode. the wavenumbers 708, 774, 1475, and 1588 camow almost

Let us next look at vibrational modes of isotope-labelgd C  no change upo#*C substitution along th€s rotation axis; the
molecules in order to increase our understanding of the C valueswigw1, were calculated to be-0.99, being larger than
vibrational modes. Here, we consider the totally symmetric those in Cgy (0.96)3% where w1, and w3 are calculated
modes of the isotope specié&C413Cyo (Dsq symmetry) and  vibrational frequencies for the unlabeled and labelegh C
12C,,13C1g (D3g Symmetry), where thé?C atoms in a single molecules, respectively. There are ald6 isotope insensitive
polyene chain of g are replaced witd3C atoms, which are modes along th€; rotation axis at 743, 774, 1074, 1253, and
denoted by blue in Chart 1. Calculated vibrational frequencies 1510 cn®. Since the!*C atoms are on the singtgs-polyene
for the isotope-labeled g molecules are listed in Table 1, and chain of Gy or are on the singléranspolyene chain, thé3C
their vibrational modes are visualized in Figure S1 (Supporting isotope insensitive modes are derived from oscillations located
Information). The lowering of thg, symmetry causes splittings  on the end caps. The isotope labeling indicates thath@s
of their degenerate vibrational modes ofoCn fact, theAyq modes associated with vibrations on the end caps alonG¢he
modes 0ft2C,t3Cy0 come from the splittings of th&g andHg and C; rotation axes at 708 and 743 cirespectively. The
modes of G, and those 0f2C,,13C;g come from the splittings ~ mode at 708 (743) cnt is Hy (Gg). CaoHz0 and GgHig also
of the Ag, Hg, andGy modes. Although th&C isotope labelings  have 3C-insensitive frequency modes, as shown in Table 2.
decrease most frequencies, some vibrational frequencies arerlhe modes at 647, 1283, and 3101 @nin CyoHzo and the

modes at 854, 1064, 1280, 3085, and 3086 tim CigH15 are

(32) ((g)) S’\{ggt’gnFRoé'ar,\‘ng%n ’Zﬁfttghﬁhgﬁéﬂggg B‘Zt%?i?.l(é‘f’f;h, also insensitive. Despite absence of the fullerene hemispheres,

R. A.; Mirie, R. M.; Dresselhaus, M. $hys. Re. B 1992 45, 13685. (d) CaoH20 (C1gH1g) also has @3C-insensitive mode in the inter-
Giannozzi, P.; Baroni, S1. Chem. Phys1994 100, 8537. (e) Schettino,

V.; Salvi, P. R.; Bini, R.; CardiniJ. Chem. Phys1994 101, 11079. (f) mediate-frequency region at 647 (854) ¢m

Choi, C. H.; Kertesz, M.; Mihaly, LJ. Phys. Chem. 200Q 104, 102. .

Scﬁétﬂm’ V. ga%?éi’ M.: Cli;b%/ni, L. cg{fdim, %m phyS_QChem_ AO(()?,) (33) The values w1, are always nearly constant to be 0.96, which corresponds
105 11192. to +/12/13.
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Size Dependence of Frequencies for Finite-Length Nano- 2
tubes.In this section, we focus our discussion on the calculated I
vibrational frequencies for the capped nanotubes 4, and
Ci2+18n, and the uncapped nanotubeg 8,0 and Gg,His. The
Aqg vibrational frequencies for the capped and uncapped tubes
are given as a function of the number of chainkif Figures
2 and 3, respectively. Their vibrational modes and calculated
frequencies are shown in Figures-S25 (Supporting Informa-
tion). In Figures 2 and 3, we connect suitable dots with a line,
based on their vibrational patterns together with calculated ' : '
isotope shifts upoA3C substitutions in the cylinder segments. 500 1000 1500
Depending on the number of chains involved in the tubes, a Wavenumber (cm ‘;)
broad range of calculated frequencies is obtained in the finite-
length nanotubes relative to infinite-length nanotubes; the high-
frequency modes (116aL600 cnt?) composed of oscillations
along tangential directions in the tubes (tangential modes), the
medium-frequency modes (78850 cnt!) whose oscillations
are located on the edges or end caps, and the low-frequency
modes (306-600 cnt?) involving oscillations along the radial
directions (radial modes), which are shown in blue, green, and
red lines, respectively, in Figures 2 and 3. The tangential
vibrations on a wrapped graphene sheet are formed by combina- i i .
tions of vibrations along the rotation)(axis (-directed modes 500 1000 1500
that are presented by wavy lines in Figures 2 and 3) and Wavenumber (cm ~)
perpendicular to the axis (circumference modes that are
presented by broken lines). Figures-S&5 show that the (
tangential modes can be classified into three subgroupsC C
stretching modes (14601600 cnt?l), Kekule modes (1380
cm~1) where C-C bonds are compressed and stretched alter-
natively, and CG-C—C bending modes (116a.250 cn1?).

Broadening of the calculated frequencies is due to the number
of nodes in the standing waves of normal modes in the finite-
size tubes, as shown in Figures -S25. Their vibrational
patterns are schematically represented in Figure 4 and Chart 2. . . ]
We can see in Figure 4 (Chart 2) that there is a nice analogy 500 1000 1500
between these patterns and normal modes of a linecofupled Wavenumber (cm =)
oscillators whose amplitudes are given by a sine wave. For Figure 5. Calculated infrared spectra for the capped tubes §g)(B) Ci14,
example, the radial mode at 349 chhas no node with respect 29 (©) Gzo
to the tube length in Go (r-breathing mode), whereas there
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. A sociated with the tangential modes. Among the tangential modes,
are four nodes along the rotation axis in the mode at 480'cm . . . - S
the armchair and zigzag series show different tendencies in the

The directions of oscillations are reversed around the nodes, ? . .
L . calculated frequencies; frequencies of the circumferene€ C
and hence, its vibrational pattern assumes out-of-plane bending

characters. Increasing the number of nodes in the radial nibdes, stretching (158.0 o) in the armchaw series are higher than
. . . those of thez-directed G-C stretching (1350 cr¥), whereas

the modes enhance the bending characters, and thewfrequenmeg the ziozaa series. thedirected modes have hiaher frequen-

become high. These features are also seen in the tangentia'l. gzag ’ g q

modes along the tubey)(axis (z-directed modes). We see in cies 61600. ent?). In_ cc_mtrast, the intermedie_lte-frequency_
Chart 2¢ (Chart 2d) that thedirected modes have translational ?noddiis ggns!ss;ricgsos_lt_?rl:f t:;c;Tsu?;[etgefrini:r?: ) il: :Eee Z:QEEZII:
(C—C stretching) vibrations when the number of nodes is small @ zag) segries has.a nearly constant va?uemg ot (~743
(large). Hence, the-directed modes have high frequencies with 9zag Y

-l o e :
an increase in the number of nodes. The calculated frequenciesCm ), which is essentially identical to that of thty (Gg) mode

of the directed modes fall in a wide range of 216358 cnm? of Ceo. Hence, the size-insensitive vibrational modes-@D0
relative to those of the radial modes (34586 cnr) cmt are characteristic in the ¢grelated nanotubes. In the
) Caor20n (Cazr18n) Series, only thez-directed mode frequency

Next, we discuss in detail the vibrational frequencies for the " :
! . fluctuates sensitively, ranging from 805 (855) to 1107 (1074
capped tubes, fgr20n and G118, Figure 2 shows that most em-L y ging (855) ( )

frequencies for the capped nanotubes do not change irrespective Lo
. . On the contrary to the capped tubes, most vibrational
of tube length, especially the high-frequency modes (above 1250 - .
frequencies remarkably change as a function of the number of

— 1 i i _ 1
cm ) and th? |ntermed|a_te frequgncy modes00 cm ). The chains () in the uncapped tubesg&H2o and GgHig, as shown
size-insensitive modes in the high-frequency regions are as-.” _.
in Figure 3. In the uncapped nanotubes, enlargement of the tube

(34) Because of thd,q Symmetry restriction, the number of nodes in the radial Iengths ca_use_s a Slgnlflcam frequency change in the tangent_lal
motions increases from 0 at an interval of 2. mode, which is larger than those of the edge state and radial
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Figure 6. Calculated infrared spectra for the capped tubes ¢a4g, (b) CiodH20, (C) CigHis, and (d) GoH1s.

modes. We see in Figure 3 that the most size-sensitive modesacteristic of the finite-length tubes. Consequently, the end-cap
are thez-directed modes, and that their frequency shift in the effects are responsible for their vibrational frequencies in the
CoomH2o series exceeds500 cnt? in the range of 1< n < 5, finite-size tubes.
which is more variant than those for the circumference modes |R Spectra for the Finite-Length Nanotubes. Taking
(~100 cn7?). At the same time, the {g,H1s series have both  cognizance of the different size dependency between the capped
C—C stretching zdirected and circumference modes that and uncapped nanotubes, we finally discuss their calculated IR
increase and decrease by300 cm! with increasingn, spectra. Figure 5 shows calculated IR spectra for the capped
respectively. In contrast to the size-sensitive modes, the size-structures @, Ciis, and Gao The peaks are broadened by
insensitive modes appear in the intermediate-frequency regionLorentzian functions, and the IR intensities are normalized to
whenn = 2; the frequencies for the armchair and zigzag series unity for the maximum intensity for each tube. As shown in
were calculated to be 780 and~840 cnT?, respectively. The Figure 5a, G exhibits four strong IR peaks at 531, 578, 1192,
13C substitutions in the cylindrical segment of the armchair and and 1434 cm?, which are in good agreement with those
zigzag series soften, respectively, the wavenumberszg0 obtained experimentalB The high-frequency IR-active modes
and~ 840 cnt! by ~10 cnt. The small**C isotope shifts  consist of vibrations along tangential directions, and the low-
indicate that the size-insensitive modes have the amplitudesfrequency IR-active modes consist of those along radial direc-
located on the edges. It is, therefore, reasonable that thetions, as shown in Figure S6 (Supporting Information). These
calculated frequencies do not depend on the cylinder lengths inintense peaks are identified as the fdug vibrational modes.
the tubes. In contrast, the symmetry-lowered structurg Dz Symmetry)

DFT calculations demonstrate that the vibrational frequencies has IR-active?;” andE’ modes, and & (Dsq Symmetry) has
for the capped tubes are independent of tube length, whereash,, and E;, modes. Although the symmetry lowering leads to
those in the uncapped tubes are sensitive to the number of chaing splitting of the degenerate vibrational modes, the IR spectra
involved (). The different size dependency is seen in the high- for C114 and Gz have four strong peaks near 530, 1200, and
frequency modes that are associated with the tangential motions1440 cnt?, which are comparable to those forgsC The
Since the tangential modes are well related to the&&®onding similarity in the IR peak positions ofggand G14(Ci20) should
structures in the finite-length nanotubes, the bonding networks be attributed to the size insensitivity of their frequencies. Figure
should play an important role in determining their frequencies 5 shows that relative intensities of the peaks near 1440'cm
in the high-frequency regions. We can understand the discrep-enhance with increasing the tube lengths, whereas those near
ancy in the size dependency between the capped and uncappeB30 cnt! remain almost unchanged. The IR intensity,of
tubes from their &C bonding networks; irrespective of tube vibrational modesw;, is obtained from the derivative of the
length, the capped tubes have similar bond-length alternationdipole momentu, with respect to the corresponding normal
patterns within the polyene chains, whereas the uncapped tubegoordinate,Q;; I; ~ |du/dQ|% With respect to the tangential
have various bond-deformation patterns. Their bond deforma- modes in the high-frequency regions, the dipole moment
tions decline with an increase in the tube lenftand therefore, increases along the tube lengths to result in increases of IR
the size dependencies in the high-frequency modes are charintensity whem is large. On the other hand, the dipole moment
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changes on each plane perpendicular to the rotation axis in thefrequencies in the finite-size tubes is due to the nodal properties
radial motions, and hence, it is reasonable that the intensitiesof the standing waves. We have demonstrated that the vibrational
in the low-frequency regions are independent of tube length. frequencies for the capped tubes remain almost unchanged with
On the contrary, IR spectra for the uncapped tubes are an increase in the number of chains, whereas those for the
sensitive to tube length, as shown in Figure 6, where the uncapped tubes are sensitive to tube length. The size insensitivity
calculated frequencies ranging from 0 to 2000 érare given. in the frequencies of the capped tubes comes from the similar
The symmetry labels of the IR-active modes ito, CiodH20, bond-length alternation patterns within tbis-polyene chains.
CigHig, and GoHis are Ay, and Eqy. Some peaks are intense:  In contrast, the size sensitivity of the uncapped tubes comes
548, 947, and 1351 cmd in CyoHao, and 825, 1044, and 1279  form various bond-deformation patterns. The difference in the
cmtin CigHig. In CyoHzp and GgHysg, vibrations with strong vibrational structures between the capped and uncapped tubes
IR intensity are located on the-€H bonds on the edges, as can be observed from infrared (IR) analyses; predicted IR spectra
shown in Figure S7 (Supporting Information). Increasing the for C;14 and Gyo are comparable to that foreg; while those
number of chains in the uncapped tubes causes significantfor CiooH20 and GgHig are different from those for £H2o and
changes in their IR spectra, especially intense peak positions.CigH1s, respectively.
The most intense peak inggHoo appears at 786 cm, upshifted
by 238 cn1 relative to that in GoHzo, and in GoH1g, it appears Acknowledgment. This work has been supported by the 21st
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CieH1g (1 = n = 5) have also been investigated in order to with A;y symmetries for the isotope-labeledgCthe GoH2o
clarify the end-cap effects on the vibrational structures. There series, the &His series, the G0 Series, and the 118,
are various frequencies in the finite-size tubes, depending onseries are depicted in Figures S1, S2, S3, S4, and S5,
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