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Bond-charge-model calculation of vibrational properties in small carbon aggregates:
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The bond-charge model, originally devised to calculate the phonon spectrum of bulk semiconductors and
extended with success to describe the vibrations of graphite and fullergnasd3G,, is applied to calculate
the normal modes of vibration of small carbon aggregates, as the smallest fullerghea(@ odd-numbered
linear and cyclic G clusters A=5-19). The resulting spectra provide a satisfactory account of the experi-
mental findings and are in overall agreement with the resulebdhitio calculations.
[S0163-182698)02539-9

[. INTRODUCTION tures are in general beyond the capabilities of presentday
initio methods, the limiting size being about ten atoms for
The physics of small carbon clusters has become a wellthe quantum-chemical configuration interacti@l) method,
established subject of research, gathering the interest of sa@nd about one hundred atoms for calculations based on
entists from many different fieldsThe existence of pure density-functional theoryDFT). Vibrational properties stud-
carbon clusters ranging from very sméli—-10 atomp to  ies, in particular, require large computational efforts to be
intermediate(20—100 atomsand to large(hundreds of at- carried out within the framework of a fullyab initio
oms sizes, has been experimentally demonstraié@mall  schemé/ 183! Theoretical predictions of the normal modes
clusters 6=<20), which have low-dimensional geometries of vibration, however, can be extremely useful for the iden-
(linear chains or rings, curved graphitic sheets,)efi@ave tification of the different G species and for the interpretation
been shown to play an important role in pyrolysis and com-of their measured vibrational specfra.
bustion processé$as well as in astrophysical problertis- All that considered, a reliable, computationally simple
ear G has been detected in the IRQ0216 carbon sta). semiempirical model such as the bond-charge m@eM)
Polycyclic and cagelike clusters, including those belongingemains a good option for the calculation of the phonon
to the fullerene family, are believed to become energeticallyproperties of carbon systems. BCM has been successfully
favored for more than 20—30 atort’s**Finally, to the fam-  applied in the past to bulk semiconductdts® open and re-
ily of C,, clusters also belong the large structures, like singleconstructed semiconductor surfadés,and to GaAs
or multilayer nanotubes and giant fullerenes, containing sevsuperlattice$® More recently, some of us have developed
eral hundreds of atoms. the extension of BCM tap? structures, such as graphifte
Fullerenes and other carbon clusters, besides their intrirand fullerenes g, (Ref. 379 and G,.% In the case of bulk
sic interest, display many potential applications as the buildgraphite, our BCM employs five parametditavo of them
ing blocks of carbon-assembled materiglStructural, elec- being introduced to mimic the interplanar Van der Waals
tronic, and vibrational properties of the carbon aggregatemteraction. When used to compute the phonon dispersion
have been extensively studied, using many different theoreturves, it yields an agreement with the experimental data
ical approaches, bothab initio?**1®72° and semi- which is equivalent to that obtainable using a 21-parameters
empirical>?’~*%depending on the cluster size. Large struc-force-constants modé?. The observed eigenfrequencies of
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the 14 Raman and infrargtR) active modes of fullerenedg  taken into account through a screened Coulomb interaction.
are reproduced by thé&hree-parameterBCM calculation In more detail, the interactions included in the model are
within 3%3’ BCM has also been extended to solig,C the following.(i) The screened Coulomb interaction between
crystaf® and to the calculation of IR and Raman spectra ofnegative BC and Carbon atoms, with the latter carrying a
Cy0, Vielding results of similar quality® In the present pa- Positive charge determined by the neutrality condition. This
per, BCM is applied to fullerene & (dodecahedral cage interaction acts among all particles, and is controlled by the
and then, with minor modifications, &pbonded structures, Model parametez?/e. (ii) A two-body repulsive potentiab
such as linear chains and planar rings. We show that in afcting between nearest-neighboring atoms, and parametrized
cases the model is able to provide an overall account of thBy its first (®{,,,,,) and second @i, ;) derivatives, re-
experimental findings, at a computational cost similar to thaspectively.(iii ) For sp* andsp?-bonded systems, an angular
of force-constant models. With respect to the latter modelspotential of the Keating form,
BCM requires fewer parameteréhree in the case of
fullerenes, reducing to two in the case sg-bonded struc- 5o
tures, all of them with a clear physical meaning. In particu- V=~ (BI8A) (yi- doj = 4)%, @)
Iar,_du_e account is given to th_e effe(_:ts of the valence Chargﬁ/hereaosagﬁ;(oi is the vector joining the atoro to the
redistribution during the atomic motion. Lo L . I
The paper is organized as follows: first, we recall theBC i+ Xoi i the variation with respect to the equilibrium
features of the BCM. We then present the BCM results fovaluedo;, and A=do;-do; is proportional to the BC angle.
the case of the dodecahedraj,Gullerene, for which the Thus, Vi is controlled by the parametg8. Because the
calculation is a straightforward extension of the work previ-three-body Keating potential is built with scalar products, the
ously presented for ggand G,. In the following section, the ~condition of rotational invariance is automatically satisfied.
extension of BCM to one-dimension@p-bonded structures Since the Keating term for transverse angle-bending dis-
is presented. The results for the family of odd-numbered linplacement vanishes at angles of 180 degrees, we find that
ear chains §-C, and planar rings G—C,, are given. For this term can be neglected fep-bonded linear systenfs.
the linear chains, BCM results are compared with those ob- Note that®;, ., is not a free parameter, because the
tained from a traditional force-constants mod@&CM), equilibrium condition determines it as a functionz3f e and
where the electronic degrees of freedom are completely nghe atomic geometry.
glected. It is found that the FCM predicts a behavior for the In the harmonic regime, the elements of the BCM force
highest vibrational frequency as a function of the chainconstant matrix are obtained by analytical calculation of
length that is at odds with the experimentahd BCM re-  first- and second-order derivatives of the above potential.
sults. In the case of { detailed results for the isotopic ef- Using the matrix notation, the coupled dynamical equations
fects are also presented, in comparison with experimentdpr the ion and BC displacement vectons 4ndv, respec-
data. Results for the 20 atoms polyacetylenic ring are alstively) can be written as
included, for the sake of comparison with the case of the

icosahedral &, cage.
ZatZpc

Mw?u= T+

2
Zat
R+—CR>u+ CT)V, 2

1. MODEL € €

The adiabatic bond-charge model is based on a represen-
tation of the valence electron charge density by means of
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charge distribution, and free to follow adiabatically the ionic
motion® The bond charge¢BC’s) are meant to represent yhereM andm are the ion and BC mass matricesjs the
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model. Moreover, the parameters have a clear physicgl, |,
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is the effective ion-ion force-constant matrix, including the  TABLE 1. Vibrational eigenfrequencies (cm) of Cyin theY),
indirect ion-ion interaction mediated by the interposed BC. cage structure, obtained with BCM. Degeneracies are 1, 3, 4, and 5,
The determination of the regequilibrium) positions of for A, T, G, andH modes, respectively. The bond length is set to
the BC’s can be more or less demanding, depending on the45 A; the parameter values afjy,,,=144x 10" dyn/cm, B
degree of symmetry of the system. In the case of an infinite= 50-5x 10° dyn/cm; z%/e=1.63.
diamondlike crystal, or a graphite sheet, or an infinite linear
chain, BC equilibrium positions are trivially found at the A T Tog T Gy Gy Hy  H,
bond midpoints. In less symmetric cases, they must be detegyy 925 1065 990 970 682 525 736
mined by.a separate analytlp or numerlc'al calculatlon.'I.:or 1195 1162 1313 1089 1464
example, in the case of a finite linear chain, the BC equilib- 1510
rium positions are still on the bond axis, but displaced away
from the bond center, especially in peripheral bonds. In ring
and in spherical structures they are radially displaced, ou
wards with respect to the bond midpoints. Finally, in mor
complicated structures such ag,@nd G, the equilibrium
positions have been determiféd®*?by a numerical steep-
est descent relaxation algorithm. It must be stressed that t
atomic positions, however, are never relaxed: they are ;Eee
input data of the calculation. The global equilibrium condi-

P . . eracies of the symmetric structure.
tion Is enforced,, after having relaxed the BC positions, by Since the detailed geometry of the actual Jahn-Teller dis-

computing thedjy o, that make the given structure a sta- yortaq structure is far from being established, and in the ab-
tionary point of the total potential. A direct consequence ofggpce of any experimental data, the highly symme¥ic
this approach, and of the choice of limiting the short-range.qnfiguration has been chosen in the present work. This
interactions to first neighbors, is that not every low- cpgice hoth simplifies the comparison with other calculations
symmetry atomic geometry can be stabilized. It would be of;n§ ajlows us to establish a meaningful link to the normal
course possible to stabilize them at the price of an increase i, yqes of Go, the paradigmatic fullerene. For example, it is
the number of model parameters. easy to identify thesingle A, totally symmetric mode that
corresponds to the “breathing mode” of the molecule, at
. RESULTS 841 cm . In Table | we report the BCM results for the 14
A. Cage Gy different nonzero frequencies of the 54 normal modes of the
' molecule, together with their symmetry classification. These
The energetical ordering, and relative stability, of threevalues were obtained with the same model parameters as in
different isomers of &, (fullerenic dodecahedral cage, open Ref. 37 and with®! .= 144X 10* dyn/cm, corresponding
bowl, and closed planar rings still a matter of debate. All  tg a single bond length of 1.45 &*" The geometrical relax-
these structures have a very similar total energy. Hartreegtion of the positions of the BC'’s, performed as in Ref. 38,
Fock (HF) calculation$®**?° predict the planar ring as the yields equilibrium positions that are radially displaced by
lowest-energy structure. DFT-LDA where LDA is local- .08 A with respect to the bond centers.
density approximation(Refs. 18, 23, 43, and 44and The Raman active modes are predicted at 525, 841, 1089,
tight-binding®?” favor the cage structure. The inclusion of and 1510 cmi, while the (single IR line is found at 925
correlation effects in second-order/Mw-Plesset perturba- cm~1. These values coincide withis15% with those ob-
tion theory (MP2) leads to different results favoring either tajned in Ref. 29 for the same structure, the agreement being
the cagé®?° or the bowl structuré? Coupled-cluster calcu- petter for the higher-frequency modsa comparison with
lations favor, with almost the same energy, the bowl and thene IR spectra predicted by receat initio calculations for
cage.” Calculations using the Becke-Lee-Yang-P@BLYP different Jahn-Teller distorted structuréand, eventually,
and B3LYP_ hybrid method either predict a bowl or ring with future experimental datds also possible, taking into
ground staté™**On the other hand, the inclusion of gradient account that the modes generated from the splitting of our
corrections on DFT or HF calculations produced large effectgs  H | andT,, modes will also become IR allowed. In the
on the energetical ordering of_the isomgeerS, rec_ove_ring thgr spectrum we expect, besides a triplet at about 925%m
ring as the most stable configuratitit>* A diffusion  aqgitional multiplets at about 680, 740, 1000, 1200, 1300,
Monte Carlo calculatiof? predicts the bowl as the lowest- and 1460 cm’. Such a distribution of the IR peaks agrees

energy structure. Moreover, a realistic calculation of the relayitn the predictions of Ref. 21, with larger splittings
tive abundance of the isomers must also take into account trte;100 cnml) in the lower-frequency range, and smaller

vibra_tion_al entropy contrib_utions. The r_esults of s_uch_ a calgnes 10 cmY) for the higher frequencies.
culation indicate that the ring structure is the dominating one
at the standard experimental conditiGhs.

The dodecahedral cage structure, which would make C
the smallest fullerene, exists then probably only as a meta- For clusters with less than 20 atoms, fullerenic structures
stable staté® Calculations suggest also that this structurewith sp? coordination become energetically unfavored, in
would undergo Jahn-TelletJT) distortions, reducing the favor of structures with lower coordination numBét* A
Y, symmetry of the idealized regular dodecahed-general consensus exists about the ground-state geometry of
ron 18212527434 egpite the lack of experimental data, many Cs, C;, and G: they are “cumulenic” linear chains, with

theoretical studies of the vibrational properties of cagg C

®have been published in the past five years, both for the
idealized® and for several JT distorted structurég!27:28

Note that the JT splittings in the vibrational spectra are

nerally limited, allowing for the recognition of multiplets

f nearby frequencies, reminiscent of the origigldegen-

B. Linear chains and planar rings
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TABLE II. Calculated and observed vibrational frequencies for are planar monocyclic rings with a nearly isoenergetic linear

linear G (cm™1).

BCM*® BCM*¢ FC*Y HF® MP2f B3LYP?  Expt.
2376 2164 2164 2344 2352193 2216 2164
2043 1860 1840 2220 2018877 1969

1507 1372 1337 1632 1471368 1440

813 739 702 863 786731 776 798-45
567 509 508 648 4853 533  512+45
336 302 325 222 28126) 215  222:45
141 127 132 112 13012)) 116 10145

#Present work.

PBCM parameters, scaled from fullerene calculatiomsy,,
=200%x 10* dyn/cm, 8=0, z?/e=1.63. Bond lengtir;=1.3 A.

°BCM parameters: ® ,=163.7<10* dyn/cm, B=0, z%/e
=1.31.

9ECM  parameters:
X 10* dyn/cm.

*Reference 17.

K,=91.56<10* dyn/cm,  Kon—2.29

Reference 31, in parentheses values scaled by a factor of 0.93.

9Reference 20.
"References 52 and 59.
'Reference 56.

isomert292231Fgr 10<n< 20 a cyclic ground state is pre-
dicted for both odd- and even-numbered clusters, with poly-
acetylenic(partially dimerized bonds forn=12,16,20 and
cumulenic(undimerized bonds in the other cases. From the
experimental point of view, the situation is complicated by
the fact that energetic differences between isomers are
small**?3Hence, clusters with geometries different from the
ground-state one may be detected experimentally, due to en-
tropic contributions. This is indeed the case fgr Cwhich

has been observed as a linear ch4iBesides G, all chains
belonging to the family of odd-numbered linear structures
(C5—C,9) have been experimentally identified with certainty.
Cyclic structures, instead, seem to be more difficult to detect
by spectroscopic techniques. When charged clusters are con-
sidered, the situation outlined above may change substan-
tially: for example, linear chains from :G-C,, have been
observed? Finally, a solid carbon allotrope based ep
hybridized G, chains with 8—28 atoms stabilized by nonre-
acting terminal groups has been reportéd.

Concerning vibrational properties, some of the IR active
frequencies of odd-numbered lineap, @re experimentally
known, both for clusters in the gas phase and deposited on
inert matrice$:°2=°% In some cases, the isotopic effects on
the highest stretching mode also have been experimentally

interatomic distances of about 1.3 A and very slight bondnvestigatec>>2 Theoretical predictions, on the other hand,

alternation (-0.02 A). More generally, fom<10 theory

are available for the vibrational spectra of several clusters:

predicts a different behavior for odd- and even-numberedC,—C,, have been studied at the HF levélelectronic cor-
C,: the former are cumulenic linear chains, while the latterrelation effects have been considered foy &d G using

TABLE lll. Longitudinal frequencies for odd-numbered, Qinear chains up to 19 atoms
(cm™1). Experimental data are reported in parentheses, where available. BCM parameters as in

column 2 of Table II.

n=5 n=7 n=9 n=11 n=13 n=15 n=17 n=19
2164(21642 2169) 2160(21282 2138) 2150 2142 2135 2129 2125 2121
1860 2014(1893) 20651997 2086 2096 2100 2102 2103
1372 1764 1918 1990 2028 2050 2064 2073
739 (798+45°%) 1424 1711 1853 1931 1978 2008 2029
1006 1450 1678 180&8055) 1885 1937 1972
523 (548+90°F) 1141(1258+50°) 1466 1654 1771 1848 1901
788 1221 1476 1637 1744 1818
404 (48448 946 1274 1483 1624 1722
646 1050 1311 1489 1613
329 806 1122 1339 1493
547 918 1176 1361
277 701 1001 1218
474 815 1065
239 620 903
418 732
210 556
373
188

4R in matrix, Refs. 52 and 59.

bGas phase, Refs. 4 and 53.

‘Gas phase, Ref. 54.

YReference 59 as reassigned in Ref. 31.
®Photoelectron spectroscopy, Ref. 56.
Reference 50.
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TABLE V. Transversal frequencies for odd-numberegli@ear chains up to 19 atoms (¢. Experi-
mental data are reported in parentheses, where available. BCM parameters as in Table Il

n=5 n=7 n=9 n=11 n=13 n=15 n=17 n=19
509 (512+45% 553 (496+110%) 566 569 569 568 567 566
302 (222+45% 433 491 519 534 542 547 550
127 (101+45°, 118’) 292 394 451 484 504 517 526
161 288 370 423 457 480 496
65 (=70°) 186 285 355 402 435 459
100 202 283 343 386 418
40 128 214 282 334 374
68 149 222 281 327
27 93 165 228 280
49 114 178 233
19 71 131 188
37 90 145
14 55 106
29 73
11 45
23
9

3Photoelectron spectroscopy, Ref. 56.
bGas phase, Ref. 53.
‘Reference 60.

MP2 perturbation theor}?! and within the Becke-Perdew ues used for fullerendsvhere the Keating potential plays an
(B3LYP) density-functional scheme forsGC,3.2%%? Both  important rol¢ becomes less effective. However, we show
the HF and MP2 cglculated spectra must be scaled by a faehe results obtained in this way for;@ column 1 of Table
tor %1; about 0.9 in order to reproduce the experimental|. On the other hand, since reliable and precise experimental
data: o _ data are available for the highest vibrational mode of some
However,ab initio calculations become extremely heavy \ye||-characterized chain, namelys @nd G, the model pa-
for more than 10 atoms. It is then clearly interesting 10 iN-rameters can be easily refitted. We have then simply fixed
vestigate Fhe ability of a simple model to reproduce corrgctlyzzle at the graphite valu® and fitted the(unique value of
the vibrational spectra of these mc_)IgcuIes. In the following, v . in order to reproduce exactly the highest Ge-
we show that BCM is indeed an efficient tool for the study of
, : . . - guency. These parameter values have then been used to com-
C, linear chains, being more precise that a trivial force- ute the full vibrational spectra of Cand of the other
constants model, but also far from requiring the computa® o SP R G
chains, yielding very satisfactory results. The results for C

tional effort of anab initio calculation, hence not suffering X
from their typical size limitations. are reported in the second column of Table Il. Those for the
The interactions included in our BCM parametrization for |0Nger chains are shown in Tables Il and IV.

sp-bonded carbon atoms are reduced, as previously men- [N parallel, we have performed a force-constdRC)
tioned, to the screened Coulomb interaction, plus a firstmodel calculation with the same number of parameters
neighbor repulsion. Due to the lower coordination number(two), trying to fit them to the experimentally known data in
and to the absence ef? or sp® bonds, the three-body Keat- a way similar to that of Ref. 52.

ing potential can be dropped off. In this simple scheme, the Evenif, at a first sight, the main features of the spectra are
model contains only two free parametétise value ofz?/e  almost equally well fitted in the FC and BCM approach, the
and that ofd/ . ), ®/ . being determined by the equi- advantages of the latter are evident. First of all, in the FCM
librium condition. For simplicity, we have considered athe two model parameter@ stretching force constantsf

unique bond length of 1.3 A, neglecting the small differenceginalogue to ou . ;.,, and a bending force constangq,

(which are always less than 3%hat high-level calculations corresponding to our factob;, ./ro) determine, respec-
report for different bonds within the chains, and betweentively andindependentlythe frequencies of the longitudinal
different chains. However the bonds are not completelyand transverse modes. Since the experimental data on trans-
equivalent in our calculation, since the relaxed bond-chargeerse frequencies are affected by large error bars, the bend-
positions are generally different for the different bonds. Theing force constant remains essentially undetermined. More-
small differences in the resulting frequencies obtained byver, in order to satisfy the equilibrium condition, it is
taking also bond length differences into account cannot beecessary to consider short-range interactions extended at
considered very significant, due to the semiempirical charadeast to second neighbors, while in the BCM the only inter-
ter of the calculation. Once the angular potential is elimi-action acting beyond first neighbors is the screened Coulomb
nated, the simplest approach of rescaling the parameter vgbotential. In the BCM, stretching and bending frequencies
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' ' " Longitudinal Modes - TABLE VI. Isotopic effect on the frequency of the highest lon-
| Transversal Modes 1 gitudinal mode of linear € compared with experimeriRef. 52.

UTTECEPECCNE & F 8 8 b dd b N=re | Isomer structure Computed Observed Difference
R S A N A R N A AR R R L LA 12-12-12-12-12 2163.5 2164 -05
“|| | || | | || “ ; ; ; ; Pl b Nets 13-12-12-12-12 2160.8 2161 -0.2
' ' ' ' ' ' ooy 1 13-12-12-12-13 2157.9 2158 -0.1
(AAEEREEL i i Poob b N=1s 12-13-12-12-12 2143.7 2146 -2.3
TR i E Lt e 12-12-12-13-13 2141.6 2144 —2.4
' ' ' ' ' ' Lo 1 13-12-12-13-12 2140.3 2142 -1.7
U Err é bbb iNes 13-13-12-12-13 2138.1 2140 ~1.9
12-12-13-12-12 2129.6 2129 +0.6
L 5 i Pl NeT 13-12-13-12-12 2126.5 2128 ~15
ol N { Nes 13-12-13-12-13 2123.2 2126 -2.8
0 500 1000 1500 2000 2500 12-13-12-13-12 2120.3 2122 -1.7
Wave number [1/cm] 13-13-12-13-12 2117.6 2117.9 -0.3
FIG. 1. Calculated eigenfrequencies for the set qf li@ear 13-13-12-13-13 2114.9 21175 —26
chains. Full lines, transversal modes; dashed lines, Iongitudina:+2'13'13'12'12 2109.4 2111 -16
modes. 13-13-13-12-12 2107.1 2109 -1.9
13-12-13-13-12 2105.4 2106.5 -1.1
cannot be varied independently: a natural interplay betweeh313-13-12-13 2102.9 2104.5 -16
them exists due to the consideration of the Coulomb interact2-13-13-13-12 2084.9 2086 -11
tion. 13-13-13-13-12 2081.8 2083 ~1.2
Another important difference between FC and BCM ap-13-13-13-13-13 2078.7 2079.5 —0.8

proaches is found in the different behavior of the highest
vibrational frequency as a function of the number of atoms.
In the BCM, the limiting value fon— = is approached from sured frequencies are reproduced within 3%, confirming the
above, as shown in Fig. 1, where the vibrational spectra fovalidity of the DOM approximation.
the whole set of chains is reported, separating longitudinal Linear isomers of Gwith 11 or more atoms are predicted,
(stretching and transversalbending modes. In the FC by ab initio calculation, to be higher in energy than the cor-
model the highest frequency in the—oce limit, although responding cyclic structures. However, high-temperature
similar to the BCM one, is approached from below. Thepreparation conditions, followed by a fast temperature de-
experimental evidence supports the BCM predictions, agrease, allow the experimental detection of linear chains up
least for the shorter chains, where the highest frequency ifp 13 atoms? Despite the fact that no experimental data on
Cs is 20—30 cm* higher than in G.52->*Similar differences  cyclic G, vibrational frequencies has been reported to date, it
between the FCM and the BCM results are found in thes clearly of interest to extend the BCM study to the ring
behavior of the highest transversal frequency. Lowest anésomers of G;—Cyo. Since in this case no experimental input
highest longitudinal and transversal frequencies, computed ifan be used to fit the model parameters, the latter must be
both the FC and BCM approaches, are reported in Table \@btained by transferring or scaling those used for other struc-
for all of the chains considered. tures. Similarly to the case of the linear chains, a single bond
The IR measurements on matrix-depositedp@rformed length of 1.3 A has been considered for all the rings
by Vala and co-worker8 allow resolution of the isotopic (Ci1—Cyg) Within the full D,, symmetry. This approximation
effects on the highest stretching frequency. In the BCM, agwhich, according tab initio calculations of Ref. 22, is ex-
in the FC model, these effects can be computed in a straigheellent for Go—C;5 and becomes gradually less valid for
forward way, within the defect-of-mag®OM) approxima- smaller ring$ simplifies the equilibrium conditior({relax-
tion. We report in Table VI the results of such a calculation,ation of the BC and determination d;,,,,,), and allows
in comparison with the experimental data. As was the casene to keep the minimum number of model parameters
for the results of Ref. 5Za FCM calculation, all the mea- (two). For our calculations, we have then simply used the

TABLE V. Highest longitudinal ) and transversalT) vibrational frequencies for Clinear chains
(cm™ 1), computed with the present BCM and FQl§ske text

L n=5 n=7 n=9 n=11 n=13 n=15 n=17 n=19
BCM 2164 2160 2150 2142 2135 2129 2125 2121
FCM 2164 2218 2240 2252 2258 2262 2265 2267
T n=5 n=7 n=9 n=11 n=13 n=15 n=17 n=19
BCM 509 553 566 569 569 568 567 566

FCM 508 547 562 569 573 576 577 579
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TABLE VII. Vibrational frequencies for odd-numbered, @ngs TABLE VIII. Vibrational modes for the polyacetylenic ring iso-
up to 19 atoms (cm?). mer of G as obtained in BCM. Bond lengths are 1.24 and 1.35 A
(Ref. 2]). Results from other calculations are reported for compari-
n=11 n=13 n=15 n=17 n=19 son.
1977 2007 2026 2039 2048 pegen. LDA  HF  B3LYP Thiswork This work
1854 1914 1954 1982 2002 (Ref. 44 (Ref. 18 (Ref. 21
1605 1727 1809 1867 1908
1246 1447 1590 1693 1767 2 2189 2522 2240 (2260 2255 2075
846 1094 1305 1462 1579 2 2177 2506 2231 (2204 2186 2011
628 728 971 1182 1347 1 2111 2495 2143 (2278 2277 2096
546 547 638 870 1078 2 2076 2477 2119 (2106 2073 1906
545 546 547 567 787 2 2025 2393 2101 (1965 1918 1763
455 538 546 547 547 1 1994 2346 2078 (1843 1787 1643
448 481 497 546 545 1 1589 1519 1563 (1636 1584 1455
305 478 496 508 515 2 1450 1417 1440 (1464 1411 1295
287 367 463 508 515 2 1175 1173 1174 (1180 1131 1038
144 358 409 437 510 2 860 869 860 (864 825 757
117 232 404 435 457 1 561 761 751 (662 616 553
215 297 409 456 2 539-558 757 731 (644 600 539
105 287 344 380 2 531 702 640 (599 599 538
84 181 338 376 2 503 618 566 (592 554 497
167 242 368 2 493 615 547 (560) 553 496
80 233 201 2 484 577 493 (554) 533 489
64 144 285 2 480 544 492 (513 484 434
132 200 1 474 536 468 (615 615 552
63 192 2 440-47% 527 460  (484) 482 432
50 117 2 422 514 435 (416) 397 356
108 2 415 463 421 (397 393 352
50 1 373 425 387 (404 383 351
40 1 350 396 370 (320 311 279
1 343 395 368 (311) 303 272
“Breathing mode. 1 329 369 335 (300 290 261
1 302 340 307 (290 284 255
values ofz?/e and®} .., used for the linear chains. As for 2 262 273 251  (206) 205 184
the other structures the bond-charge positions have been ra- 239 252 233 (209 196 176
laxed, and theb/, .., determined by the equilibrium condi- 2 166 161 149 (119 119 107
tion. The resulting frequencies, for the 11-19 atoms rings? 152 143 133 (114 109 97
are reported in Table VII. A comparison with Tables Ill and 2 83-96 69 64 (51) 51 46
IV shows that going from the opeflinean to the closed 2 56-73 53 49 (42 40 36

(ring) topology yields, as expected, a reduction of the spec
trum width, with larger effects on the smaller clusters. The BCM parameters, scaled from fullerene calculatiotiy,on
width of the vibrational spectrum of the closed rings is hence = 230-2(short bond and 178.5long bond 10* dyn/cm, £=0 (in
intermediate between those of the fullerenic cage and of thg?arentheses, resuits fr="50.5x 10* dynfcm), 2%/ €= 1.63.
open linear chains. In particular, the highest ring mode isBCM parameters, scaled from chains calculatiohg;.io,=183.8
lowered by 160—70 cm® with respect to the linear chain (Short bond and 147.1(long bond 10 dyn/cm, g=0, z*/e
one, and the lowest ring mode is found at about 4.5 times the_ 1.31. .

frequency of the lowest mode of the corresponding linear The LDA calculations of Ref. 44 are performed for a lower sym-
chain. In the case of linears€Cys and ring G;—Cys our ~ Metry than that of the€€,q, one.

results can be compared with those of B3LYP calculations;

BCM frequencies are generally slightly higher than the'Z€d gradient approximation levetd,®#32 and, together
B3LYP ones, both for linear chains and planar rings. with the bOV.VI. isomer, is likely to b? present at the experi-
mental conditions® For our calculations we take bond dis-
_ tances of 1.24 A and 1.35 A, from Ref. 21. In order to fa-
C. Ring Cz0 cilitate the comparison of the results with those given in
The successful application of BCM to planar odd- Table |, BCM calculations are reported for two different pa-
numbered rings suggests a further extension:sgabonded rameter sets: the “fullerene” sdtescaling the icosahedral
isomer of Gy, which is also a planar ring but, in contrast to C,q value of®{ ., with the actual ring bond lengthsand
the odd-numbered (lusters, has a polyacetyleriice., par-  the “linear chain” set used above for odd-numbered linear
tially dimerized structure. This structure is predicted to be chains and cumulenic rings.
the most stable £ isomer at both the HF and DFT general-  The results of such calculation are shown in Table VIII.
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The vibrational spectrum contains 32 frequenc¢&doubly  ranging from linear € to fullerenes—using a reliable and
degenerate and 10 nondegenerate modéstributed from  computationally inexpensive method based on the bond-
=40 to=2200 cm *. A comparison with the spectra com- charge-model approach, obtaining an overall agreement with
puted byab initio methods.>*"**also reported in Table both experimental data and witb initio results. The pre-
VIII, indicates overall agreement, with the linear chain pa-sented approach, due to the inclusion of tfeassical
rameters set to yielding frequencies that are systematicallycreened Coulomb interaction effects, is more efficient than
lower by about 10% with respect to those obtained using théraditional force-constant models with the same number of
fullerene parameters. The absence of modes in the regicqdjustable parameters. In particular, in the case of the linear
~800—1100 cm ! (a “pseudogap” in the spectrumpre-  chains, the BCM ensures th@ a natural interplay between
dicted by BCM, is similarly present in HF, LDA, and the frequencies of stretching and bending modes is present,
B3LYP calculations. On the other hand, the width of a simi-(b) the experimental trend of the highest frequency with re-
lar pseudogap around 1700 cshows a stronger depen- spect to the chain length is reproduced. Both of these fea-
dence on the method of calculation employed. As pointedures are missing in the case of the second-neighbors force-
out in Ref. 21, a basic difference distinguishing the vibra-constant model. In conclusion, the BCM can be considered
tional properties of the cage and the ring, @& the presence, as an efficient tool for calculating the normal frequencies of
in the phonon spectrum, of low-frequency bending modegarbon aggregates wheb initio calculations are not pos-
that are absent in the case of the cagee Table)l In Ref.  sible or available. Despite its simplicity, the presented model
21 it was found that the entropic contributions of these low-yields realistic theoretical eigenfrequencies that are quantita-
lying modes are responsible for a large relative abundance afvely correct, for several clusters of very different size and
the ring structure at the usual experimental conditioms ( dimensionality.

=1000 K).
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