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The structures, rotational moments, vibrational normal modes, and infrared spectra of small to medium-size
ionized carbon clusters,€ (n = 4—19) are investigated using density functional (DFT) and coupled cluster
(CC) theories. Comparison is made with the neutral systems from which they derive. In contrast to previous
restricted open-shell Hartreé-ock (ROHF) results by von Helden and co-workers, electron correlation is
shown to strongly limit distortions of the structure upon an adiabatic ionization process. Nonetheless, for
such a process, the,C, and to a lesser extent the ¢, cyclic systems are found to evolve from an essentially
regular (i.e., cumulenic) pattern to a more alternating (i.e., polyynic) structure in their ionized forms, whereas
the opposite trend is observed for the, @nd G5 rings. Similarly, linear carbon clusters, which can be
regarded as mostly cumulenic in their neutral form, tend to become more polyynic after ionization. Rotational
moments, IR spectra, and adiabatic ionization potentials as well should provide specific markers of these
contrasted characters and behaviors. It has been found that the linear cations show a much more pronounced
IR intensity than the cyclic ones. Many of the studied species show a strong absorption in certain regions of

the spectrum (e.g., around 2036 ¢in

Introduction significant percentages in the samples under investigation. Either
Carbon clusters C(refs 1-4 and references therein) are forl ”;et_"”eaf |(()3|r the cyclic Lormls O.f '?ﬁ%SpEC'eS'fR.OﬂF
important species in research fields as diverse as astrophysics,ca culations yi€ld a pronounced polyynic-r@atiern ot singie
material sciences, and combustion processesclsters of anql triple bond alternation, with bond Iengths_ oscillating
various sizes have, e.g., been identified in comet tails and in typlcally betw.een 1.19 and 1.382AHow¢ver, the main concem
stellar atmospheres, and a large number of these compoundg\’Ith c_a_lculatlons at the H'.: level arises precisely from the
have been detected in the interstellar sgaéeC, clusters are Instability of the_wave_ fun9t|on of S?”Of‘g'y c_orrelated systems
of major and direct interest in material sciences, since they play toward _geometrlcal d|stort|ons. This yields in ggnera! a strong
a key role in the preparation of thin diamond films via chemical overestimation of the alternating character of chains with a small

vapor deposition or cold plasma techniqdes. Theoretical ele_CtrO_n band gap, a Iimiting _caie being the Peierls distortion
investigations on carbon nanoclusters are also very topical, ©f nfinitely large metallic chaing’ o
owing to their close relationships with fullereA&g4 and their Another important aspect of carbon clusters is their vibrational

importance in the formation of carbon cadé# comprehensive ~ Structure, which, through the interplay of selection rdfes,
understanding of their structure and energetics is at last requiredProvides a direct experimental information on the nature of the
for a better catalytic control of their formation and combus#fon, ~ chemical bonds and groups. However, although it is possible
The structures and vibrational spectra of neutratlDsters to produce ionic species as well as neutral carbon clusters, th.ere
have been already characterized thoroughly, either theoretically@® Very few experimental spectroscopic and structural studies
or experimentally (refs 46 and 16-19 and references therein).  'ePorted for carbon cluster cations with= 5. In general, the
On the other hand, the structural and spectroscopic properties €corded spectra are difficult to interpret safely, as the inves-
of ionized G* species have not been investigated in detail yet. ti9atéd plasmas are most often complex mixtures of several
Traditional spectroscopic methods can only be applied with great SPECIES comprising neutral, cationic, but also possibly anionic
difficulty to ionized and highly reactive nanoclusters, and Clusters in the usual conditions. One example is a Fourier
experimentalists rely heavily on theoretical data to safely transform IR (FTIR) study of the cyclic £ cluster produced
interpret measurements on such exquisitely exotic systems. OnlyPY 1aser vapoglzatlon of graphite and trapped in a solid argon
one series of experimental investigations, based on gas-phasénat”x at 12 K28 Accurate theoretical data are therefore highly
ion chromatograph$?-2thas been reported for,Cclusters with ~ N€cessary. _
n = 7-10. These have been analy?&dn the grounds of In the present paper, taking advantage .of the tremendous
calculations at the ROHF (spin-restricted open-shell Hariree advances realized over the past few years in computer perfor-
Fock) level, a rather questionable approximation in view of the Mmances, we report an exhaustive study of the structural,
importance of electron correlation within such systems. These fotational, and vibrational properties of carbon cluster cations
studies show that carbon cluster cations have cyclic and linearCn' ranging fromn = 4 to 19, using density functional theory
isomers, which for the heavier ,C species coexist with  (DFT)?and the highly demanding CCSD(T) treatment (coupled
cluster ansatz, including single and double excitations and a
*To whom correspondence should be addressed. perturbative estimate of triple excitations), a benchmark for most
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quantum chemical studié&.3® Harmonic frequencies and TABLE 1. Optimized Geometries (A, deg) of G*at the
infrared (IR) absorption activities, as well as the vibrational zero- B3LYP, B3PW91, and CCSD(T)/cc-pVDZ Levels

point energy, are also evaluated using DFT. As will be shown B3LYP/ B3PW91/ CCSsD(T)/
in the present contribution, studies of the ionization properties Co* cc-pvDZ cc-pvDZ cc-pvDZ
and of the geometrical deformations induced by ionization are ¢, cyclic F1 1.319 1.318
also quite instrumental to provide a consistent classification of doublet B;) a3, 1.278 r3, 1.278
the electronic and structural properties of these very peculiar ls 1.355 g3 1.352
SyStemS. 54 1.250 I's4 1.250
I'es 1.366 I'es 1.363
0123 117.0 613 117.0
Methods O34  159.3 634 160.1
Oss  126.7  Os 126.2
In a comprehensive and systematic study of molecular chains Oss 1446 Ose 144.7
or rings of increasing size, the first problem that arises is the 029 164.8 09 1659
selection of a sufficiently accurate but still tractable method. p_, linear Fi 1.324 o 1325 1, 1.343
Ideally, any theoretical investigation of highly reactive clusters doublet ) 1.285 3 1.284 rzp 1301
should cope with the very strong nondynamical (static) cor- M43 1290 14 1.289 rys 1305
54 1.284 I'sq 1.283 54 1.299

relation effects present in their ground states. One should
consider, among others, calculations at the CASPT2 (completetag| E 2. Harmonic Frequencies (cn ) and IR Intensities
active space with second-order perturbation the&dngr (km/mol) of Cg* at B3LYP and B3PW91lcc-pVDZ Level§
CCSD(T) levels of theory. Except for clusters of relatively Co B3LYP/co-pVDZ B3PW91/cc-pvDZ
modest size, the tremendous cost of such methods, especially -

CCSD(T), still prevents a full optimization of their molecular Czudcyckl)llc (289 fgg%&g%'ggé% *)*') ﬁ‘(l%t'}zggvggg% *)*')
structures. Thus, one has to compromise over accuracy if o 262(Q'0),'283(§,'0)’, 262(h. 0). 280(21 0),
investigations on large systems are to be attempted and/or if 371(a, *), 372(by, 0), 370(a, *), 373(hy, 0),
relationships with the worlds of polymers or fullerenes are to 405(h, 1), 490(b, 0), 409(h, 1), 489(b, 1),
be established. Since the most reliable post-HF methods are 508(a, 0), 552(a, 56),

509(a, 0), 562(a, 62),
essentially untractable on large compounds, the first treatment
that comes to mind in this context is density functional theory

903(a, *), 957(ky, 221),
1083(a, 0), 1136(k, 79),
1345(a,10), 1800(b,67),

912(a 3),
1093(g, 0), 1101(k, 0),
1357(g 9), 1816(h, 71),

(DFT).2” As already reported in several instances (see, e.g., ref 1955(a, 341), 1971(a 341),
32), and as it will be shown again, DFT techniques (in 2001(k, 163), 2004(h 175),
2072(a, 82) 2092(a, 88)

conjunction with an appropriate basis set) can provide structural
and vibrational results of a quality comparable to that of
CCSD(T) calculations.

In the present contribution, DFT calculations have been

Doh linear

doublet

44(6), 50(2), 78(0),122(*),

125(20), 207(4), 238(0),
287(*), 434(4), 4614, 0),
506(0), 601(0), 611(*),

49(2), 57(0), 120(%),
193(*), 201(4),
284 (¥), 411(5), 463f,,*),
508(*), 592(*), 612(%),

performed using the Becke three-parameter-téang—Parr
(B3LYP)3334 and the Becke three-parameter PeredMang-
91 (B3PW91333 functionals. Geometries and vibrational

716(10), 737(0),
876(u, 78), 1258, *),

726(10), 743(0),
878(0y, 83), 12616q, *),

, , 15750, 357), 15816y, 403),
frequencies have been obtained at the B3LYP and B3PW91 18320, 4187) 18546, 4192),
levels in conjunction with a correlation-consistent polarized 18970¢, *), 1905(g, *),
valence doublé: (cc-pVDZ) basis set for carbon which is a 21080, 2133), 2117, 2075),

218704, *) 2200(7g, *)

[3s2pld] contraction of a (9s4p1d) primitive Sét.

The DFT calculations have been carried out using the
GAUSSIAN 94 packag® running on two IBM RS/6000 model
365 workstations at Limburgs Universitair Centrum. For the . .
CCSD(T) calculations, use has been made of the MOLPRO more nearly the. same. Hence, on the premises qf these studies,
program packag® Geometry optimizations of & at the it has been dec_ldeo! to start th_e present exhaustive study of _the
CCSD(T) level have been performed using ACES?IThe structure g_nd vibrations of |on_|zed carbon clusters by assessing
structure of the ionized carbon clusters have been optimizedthe reliability of DFT calculations within the cc-pVDZ basis,

starting from the geometry of the corresponding neutral fdfms. using the B3LYP and B3PW91 functionals, against the results
of a full geometry optimization of the linearg€ structure at

the CCSD(T) level. Both functionals provide practically the
same geometries (Table 1) and harmonic frequencies (Table 2)
and are found furthermore to sustain a rather satisfactory
previous study? three important features clearly emerged from comparison with the results of a full CCSD(T) geometry
test calculations on small molecules, kG, CsHs, furan, ...). optimization. In view of this overall excellent agreement and
First, it was shown that geometries obtained at the B3LYP/cc- in order to limit the computational cost of these exceedingly
pVDZ level are quantitatively comparable to the results of demanding calculations, energy differences for thei€omers
CCSD(T)/cc-pVDZ calculations. Second, enlarging the basis sethave been evaluated at the CCSD(T) level from single-point
beyond cc-pVDZ does not yield any appreciable improvement. calculations using the B3LYP geometries. One goal of these
Third, the accuracy of harmonic frequencies at the B3LYP/cc- single-point calculations will thus be in turn to evaluate the
pVDZ is slightly inferior to that at the CCSD(T)/cc-pVDZ level.  accuracy of isomerization energies obtained with the two
In a separate studyon the same set of molecules, it was found functionals.

a(*) represents IR inactive frequencies and (0) indicates very small
intensities 0.6 km/mol).

Results and Discussion

1. B3LYP versus B3PW91 and CCSD(T)/cc-pVDZIn a

that geometries fully optimized at the B3PW91/cc-pVDZ level
are practically identical to those obtained with B3LYP/cc-pVDZ;

2. Structural Considerations on Cyclic Clusters.All the
cyclic carbon cluster cations considered in the present study

the harmonic frequencies at both theoretical levels are further- have been found to be strictly (or practicaliglanar (Figure
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Figure 1. Structures of the investigated cyclic clusters ¢ = 4—7, 911, 13-15, 17-19). All bond lengths and bond angles are equivalent in
Cs' (Cy), Ci2™ (Den), and Get (Dan)-

1). This is in particular the case for theCand G species, on Gt and Gg". ROHF theory yields a much too pronounced
the neutral counterparts of which exhiita slight but net polyynic pattern, in the form of a strong alternation of bond
deviation from planarity. Releasing symmetry constraints in a lengths, as a result of an instability of the ROHF wave function
B3LYP optimization of G*, for instance, does not yield toward geometrical distortions. This deficiency is clearly
distortions from planarity larger than 0.014 A (deviations remedied when electron correlation is included. The chemical
measured from the average plane of the ring). The correspondingbonding characteristics of cyclic,Cclusters, as well as of their
energy lowering does not exceed 8 cal/mol. The bond lengthsneutral counterparts, are thus reminiscent of théckel
of the cyclic G;* cations in their doublet and quartet states are topological rules for the dand 4 + 2 z-electron system of
collected in Table 3. For completeness and comparison purposesantiaromatic and aromatic cyclic,B, polyenes, respectively.
we have also included in that table the geometrical parametersin this case, one should also take into account that carbon
of the corresponding neutral species in their ground singlet clusters develop out-of-plane but also in-planeelectron
states. To simplify the comparison, we present in Table 4 the conjugationt’ the latter prevents strong departures from planar-
bond length alternations defined as the absolute values of theity, as for cyclooctatetraerfe.
differences between successive bond lengths of the neutral In general, for the largest cyclic cations with a clearly defined
(singlet states) and ionized (doublet states) cyclicldsters. polyynic character (e.g., &, Ci2t, Ci6"), correlation effects

In close parallelism with the neutral specié4, is found that are found to yield a strong decrease of the bond length
the Gn™ speciesif = 2—4) display a clear alternation pattern alternation, as a result of the mixture of the occupied and virtual
of short “CG=C” and large “C-C” bond lengths and can spaces, characterized by a reversal of the bonding/antibonding
therefore be referred to apdlyynic,23 whereas the Gio" pattern of molecular orbitals; for these systems, the bond lengths
speciestf = 1—4) are essentially nonalternating and can thus oscillate typically between 1.27 and 1.33 A only. Correspond-
be described asctimulenié, 18 in sharp contrast to the conclu-  ingly, for the ionized but also for the neutral systems and as
sions drawn by von Helden et%lfrom their ROHF calculations ~ shown from the data displayed in Tables 3 and 4, bond
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TABLE 3. Geometries of the Cyclic G+ Cations Compared with Those of the G Neutral System$ at the B3LYP/cc-pVDZ

Level
C4t
2B1y (Da2n) r=1.444
“Bay (D2n) r=1.393
1Ag (D2n) neutraf r=1.454

1A1 (Cy) neutrat

Ce"

2A1 (C2y)

B2 (Ca)

2A1 (Cz,) ROHPY

1A'1 (Dan) neutraf
Cr

A" (CY

‘B 1 (CZU)

2B, (C,,) ROHP?

1A1 (Cy,) neutrat

Cg"

27" (Cy)
4A1(Cz)

271" (Cg) ROHP
1Ag (Can) neutratt

Cgt

ZB 1 (C21;)

4A2 (CZI/)

27" (C,) ROHP
1A (Cy) neutrat

1A1 (Cz) neutraf

Ciot

2A2g (Den)

“B1y (Den)

1? (Cen) neutraf

Cis"
A (Cy)

4A2 (CZI/)
1A1 (Cy,) neutrat

Cuat

2B, (Cz)

4By (Ca)

12 (D7) neutraft

Cis"

ZB 1 (021/)
4A1(Cx)

1A1 (C2) neutrat

Cie"
22 Dan)

4?
1?2 (Cgn) neutrat

Ci7"

2By (Czy)

Az (Cz)

1A1 (C2,) neutral

Cig"

2A1 (C2)

4B (Cz)

1?2 (Don) neutrat
Cig"

2A; (Cy,)

1A1 (C2,) neutral

G.; Palke, W. E.; Bowers, M. TInt. J. Mass Spectrom. lon ProcessE394 138 33. Symmetrically redundant data are not given, atoms are
labelled consecutively (clockwise) according to the definitions of Figure 1, and bond lengths are in A. For comparison purposes, the ROHF/6-
31g(d) results by von Helden et al. are also included. (?) indicates that no consistent treatment of symmetry groups containing rotation axis of large

r21=1.4953,= 1.326,r33= 1.450,rs4 = 1.326,r5; = 1.499
o1 = 1.402,[’32 = 1.343,r43 =1.352
ro1 = 1.365,r3,=1.436,r43= 1.568

ro1 =1.329,r3,=1.297 43 = 1.356
o1 = 1.355,r32 = 1.356,I‘43 =1.357
o1 = 1.307,r32 = 1.272,I‘43 =1.361
r=1.332

r1=1.312,r3p=1.310,rs3=1.311,r54 = 1.390,re5s = 1.311,r76 = 1.310,r71 = 1.312
rp1=1.357,r32 = 1.305,rs3= 1.282,rs4 = 1.398
r1=1.301,r32=1.297,rs3= 1.301,rs4= 1.369
ro1=1.332,r3p=1.352,r43=1.405,r54 = 1.270

rr1 =1.290,r3, = 1.352
r=1313

o1 = 1.337,r32 =1.278
o1 = 1.267,r32 =1.389

rp1=1.319,r3, = 1.278,r43= 1.355,r54 = 1.250,r¢5 = 1.366
r1=1.314,r30=1.289,r43=1.344,r54 = 1.262,r65s = 1.374

o1 = 1.273,[’32 = 1.328,r43 = 1.255,I’54 = 1.340|r55 = l.292,r73 = l.300,l’g7 = 1.383,[’98 = 1.221,[’91 =1.418
o1 =1.320,r3p=1.311,r43=1.314,r54 = 1.314,re5 = 1.312,r76 = 1.321,rg7= 1.312,r9g = 1.335,rg; = 1.311

o1 = 1.291,(32 = 1.309,[43 = 1.279,I’54 = 1.309,“55 =1.293
o1 = 1.299,(32 = 1.328,I’43 = 1.279,I’54 = 1.325,r65 =1.295
o1 = 1.335,(32 = 1.242,I’43 = l.306,l’54 = 1.269,r65 =1.289
r=1.301

o1 =1.299,r3,=1.292,r43=1.310,r54 = 1.280,re5 = 1.324,r76 = 1.267
1 =1.320,r3p=1.272,r43= 1.351,r54 = 1.262,re5 = 1.346,r76 = 1.265
ro1 =1.300,r3p=1.245,r43=1.342,r54=1.217,res = 1.362

ro1 =1.303,r3p=1.321,r43=1.286,r54 = 1.351,res = 1.255,r76 = 1.367

r1=1.275,r3, = 1.328
rp1=1.296,r3, = 1.272
r1 = 1.255,r3 = 1.357

ro1=1.306,r3,=1.273,r43= 1.330,r54 = 1.253,re5 = 1.347,r76 = 1.243,rg7 = 1.351,rog = 1.245,

l0,9= 1.343,|’11,10= 1.258,I’12v11= 1.323,|'13,12= 1.280,[’13'1: 1.298
o1 = 1.298,[’32 = 1.283,r43 = 1.314,I’54 = 1.269|r55 = l.325,r73 = l.261,l’g7 =1.330
o1 =1.301,r3p=1.285,r43=1.315,r54 = 1.271,res = 1.325,r76 = 1.262,rg; = 1.328

o1 = 1.287,(32 = 1.298,[43 = 1.277,I’54 = 1.302,“55 = 1.277,r76 = 1.298,(87 =1.287
o1 = 1.289,(32 = 1.306,I’43 = 1.276,I’54 = 1.313,“55 = 1.276,r76 = 1.306,I’g7 =1.289
r=1291

o1 =1.292,r3,=1.280,r43= 1.305,r54 = 1.269,re5 = 1.314,r76 = 1.262,rg7 = 1.320,r9g = 1.260
o1 =1.288,r3,=1.306,r43=1.276,rs4 = 1.305,re5 = 1.288,r76 = 1.287,rg7= 1.307,rgg = 1.275
1 =1.296,r3p=1.311,r43=1.280,rs4 = 1.326,re5 = 1.264,r76 = 1.338,rg7 = 1.251,rog = 1.343

o1 = 1.291,(32 =1.293
o1 = 1.288,[32 =1.306
r1=1.296,r3; = 1.311

o1 =1.295,r3,=1.277,r43= 1.313,r54=1.261,re5 = 1.329,r76 = 1.250,rg; = 1.340,r9g = 1.243,[’10,9: 1.344
o1 =1.293,r3,=1.282,r43=1.303,r54 = 1.273,re5 = 1.312,r76 = 1.266,rg; = 1.318,rog = 1.262,[’10,9: 1.320
r1=1.295,r3,=1.282,r43=1.307,r54=1.271,re5s = 1.317,r76 = 1.263,rg7 = 1.324,r9g = 1.258,[’10,9: 1.326

o1 = l.300,r32 = 1.275,I’43 = 1.297,[’54 = 1.281,r65 =1.290
o1 = l.336,l’32 = 1.252,r43 = 1.325,|’54 = 1.270,I'65 =1.299
r=1.288

rr1=1.285,r3p=1.295,r43=1.276,r54 = 1.304,re5 = 1.268,r76 = 1.311,rg; = 1.263,rog = 1.315, fio,9= 1.260,[‘11,10: 1.317
rr1 =1.286,r3p=1.301,r43=1.272,r54 = 1.314,re5 = 1.261,r76 = 1.325,rg7 = 1.254,rog = 1.332, fio,9= 1.250,[‘11'10: 1.335

aMartin, J. M. L.; El-Yazal, J.; Frayais, J. P.Chem. Phys. Lettl995 242 570; Chem. Phys. Lett1996 252 9.°von Helden, G.; Gotts, N.

but finite orders such aSsn, D7n, Dgn, Don Were possiblewith the GAUSSIAN94 package.



Detailed Study of lonized Carbon Clusters J. Phys. Chem. A, Vol. 103, No. 26, 1999141

TABLE 4. Successive Bond Length Alternations (in A) in (a)

Cyclic Carbon Clusters in Their Doublet States Cs Cs+

Cs* 0.000 L

C: 0.000 — lomo Listo
“4n” Species: Polyynic s

Cg™ 0.062 h HOMO A HOMO

Cs 0.123

Cio" 0.052 b Ay e A

Ci2 0.102

Cis" 0.002 A A

Cis 0.014

“4n + 2" Species: Cumulenic
Cst 0.032 0.059 0.000
Cs 0.000 0.000 0.000
Cig" 0.018 0.030 0.029 0.016
Cic 0.000 0.000 0.000 0.000
Ci47 0.011 0.021 0.025
Cis 0.000 0.000 0.000
Cig™ 0.025 0.022 0.016 0.009
Cis 0.000 0.000 0.000 0.000

“4n + 1" Species: Cumulenic
Cst 0.168 0.045 0.049 0.174 0.002
Cs 0.071 0.132 0.132 0.071 0.000
Cot 0.041 0.077 0.105 0.117 0.117 0.105 0.077 0.041
Cy 0.008 0.008 0.024 0.038 0.009 0.010 0.003 0.002
Ciz™ 0.033 0.057 0.077 0.093 0.104 0.104
Ciz 0.016 0.030 0.044 0.053 0.062 0.065
Cy7t 0.018 0.036 0.052 0.068 0.080 0.091 0.097 0.101
Cy7 0.012 0.025 0.036 0.046 0.054 0.061 0.066 0.068

“4n + 3” Species: Polyynic
C;* 0.0001 0.002 0.001 0.079 0.079 0.001 0.002
C; 0.020 0.053 0.135 0.135 0.053 0.020 0.000
Cy;t 0.008 0.018 0.030 0.044 0.057

Cll+ 0.018 0.036 0.065 0.096 0.011 Figure 2. (a) Energy diagram for the eight outermost occupied orbitals
Cis" 0.013  0.025 0.036 0.045 0.052 0.058 0.060 accounting for the in-plane and out-of-planeslectron conjugations
Cis 0015 0.031 0.046 0.062 0.074 0.088 0.093 of the G and G* cyclic clusters. Schematic drawings of (b) the highest

Cis" 0010 0.019 0028 0035 0043 0.048 0.053 0.055 0.057 - - ) then
Cis 0015 0.028 0.042 0053 0064 0071 0.078 0.082 0.085 fhcg:é)';ﬂsgfcmar orbital (HOMO) and (c) the HOMO-1 orbital of

alternations tend overall to diminish with increasing system size, On the other hand. th N  elect f lenic ri
an observation that can be related to the closure of the electronic, —" e Otherhand, e outermost electrons ot cumu’enic rings

band gap and the construction of the electron band strdéture €g. G Fl_gure 3) _faII na doubly degenerate_set of out-of-
of a stereoregular polymer chain with metallic properties. planen-qrbltals_, Wh'Ch pro_wdm_as a fully symmetric a_nd reg_ular
From a comparison with the geometrical structures of the electronic distribution. lonization of one of the frontier orbitals

neutral species optimized by Martin et'8i(see Tables 3 and yields thus some asymmetrization of the electron density and

4), ionization appears to yield a significant decrease of the bond "€"ce. a distortion of the structure toward a more alternating
length alternation of the polyynic 4 cyclic clusters, and on pattern. Therefor(?, in thIS case, the distortions of cumulenic
the contrary a slight but significant departure from a completely structures due to |on3|;at|on can be regarded as t_he outcome of
nonalternating pattern in the cumulenig.G systems. In both a Jahn-Teller effect?3 in order to release electronic degenera-

cases, this behavior can be easily rationalized from the topolo- ¢'€S:
gies and degeneracies of the outermost orbitals. Interestingly, similar trends hold also, but to a lesser extent,
In a polyynic case, e.g., {(Figure 2), the two highest for the cyclic Gni1 and Gnis species, which, from their
occupied molecular orbitals (HOMO and HOMO-1) are not ionization behavior, appear to follow the trends observed for
degenerate and reflect the double antiaromaticity of the cluster.the cumulenic Gni» and polyynic G, rings, respectively.
The HOMO (2l in the case of g) is of z-symmetry and relates ~ Starting from an essentially nonalternating situation for the C
to the out-of-plane conjugation, whereas the HOMO-1 (e.g., the rings, ionization can be overall shown to yield a slight, but
6hy level of Gy) is of o-symmetry and arises from the in-plane ~ significant, increase of the bond length alternations, whereas
conjugation. In both cases, the leading bonding overlaps canfor the Ci13 rings, rather strongly alternating structures in the
be associated to the shortestC bonds. In addition, the HOMO  neutral state are found to become more regular in their ionized
is clearly of antibonding character in the regions corresponding form. At this stage, it should be remarked that Hutter et al.,
to the largest &C bonds. From inspection of the results from their DFT calculations using the local spin density
obtained for G and its cation, @', it appears that the ionized  exchange-correlation functional of Vosko, Wilk and Nu&air
level is the HOMO-1. Furthermore, the HOMO undergoes very combined with the gradient functional of the Beek@erdew
strong relaxation effects upon the ionization process, since it modef®4¢ and a tripleZ basis augmented with a d-type
clearly ends up in a nonbonding pattern in the ionized cluster. polarization functiorfy simply reported that neutral carbon
Thus, ionization yields a net decrease of the bonding characterclusters with an odd-number of atoms have a ring polyynic
of the shortest &C bonds as well as a decrease of the structure with clearly alternating bond lengths. As emphasized
antibonding character associated with the largesConds, by Hutter et al? it is quite likely that the local spin density
which explains the evolution of the structure toward a more exchange approximation represents a too limited functional for
regular form. a consistent description of strongly correlated systems.



5142 J. Phys. Chem. A, Vol. 103, No. 26, 1999 Giuffreda et al.

(a) TABLE 5. Total Lengths (Obtained as a Sum of the Bond
Cs Cet Lengths, in A) and Moments of Inertia (kg m?) of Cyclic
Carbon Clusters in Their Neutral and lonized Forms

moments of inertia

—_— LUMO LUMO species  total length 1 (x10746) 1, (x107%6)  1,,(x1076)
"""""""""""""" - Cations with an Even Number of Atoms
$— A HoMo % HOMO Cs 5.818 2.266 6.164 8.430
_ﬂ_ _ﬂ' Cyt 5.769 2.855 5.449 8.304
{ Polyynic Structures
.1),_ 4 Cs 10.624 22.826 22.826 45.652
Cg" 10.567 22.545 22.550 45.095
®) Ci2 15.673 74.055 74.055 148.110
Ciot 15.617 73.467 73.474 146.942
Cis 20.764 175.097 175.097 350.194
Cis" 20.669 173.802 173.802 347.604
Cumulenic Structures
Cs 7.991 10.163 10.163 20.357
Ce" 7.962 9.604 10.970 20.574
Cio 13.011 42.959 42.959 85.917
Cio" 12.962 42.708 44.226 86.935
Cua 18.077 116.374 116.374 232.748
Ciqt 18.050 115.153 118.501 233.655
Cis 23.180 246.157 246.157 492.212
Cis" 23.172 242.622 249.590 492.314

Cations with an Odd Number of Atoms
“Polyynic” Structures

C; 9.447 12.670 19.068 31.738
(o728 9.255 14.975 16.641 31.616
Cu 13.031 56.102 58.179 114.281
Cut 14.275 56.636 57.853 114.488
Cis 19.475 141.430 144.294 285.724
Cist 19.343 143.472 144.726 287.197
“Cumulenic” Structures
Cs 7.169 4.938 9.262 12.684
accounting for the in-plane and out-of-planeslectron conjugations Cst 7.098 3.298 10.837 14.135
of the G and G* cyclic clusters. (b) Schematic drawings of the highest ~ Co 11.849 31.549 31.987 63.090
occupied molecular orbitals (HOMO) and the HOMO-1 orbital of these ~ Co* 11.770 32.010 32.179 64.189
clusters. Cis 16.846 93.597 94.301 187.899
Cis" 16.849 93.807 94.391 188.199

coﬁl?a(\:setegnsetrl?(]:tﬁ; \gﬁ)izttio%bsVI\/c\)/lcj)zl(jtogtles rcf)ct);tigr?;; nsg etgtigi- a2 The moments of inertia of the structures optimized at the B3LYP/
P cc-pVDZ level. Atomic units have been converted into Sl units, using

copy?® it seemed interesting to pursue these comparisons for [L] = a = 5.2917x 10 m and [M] = amu= 1.6605x 10 2" kg.
the moments of inertia obtained from diagonalization of the
inertia tensor, i.elqq= Ym0, with g =X, y, z. By definition, (singlet states for uneven,Gpecies and triplets for the even
these represent very sensitive markers of even the weakesbnes) or in their doublet and quadruplet ionized states, in terms
alterations of the molecular structure. Here again, rather clearof the symmetry nonequivalent bond length parameters given
and contrasted behaviors emerge (under the influence ofin Table 6. As for the cyclic clusters and in order to simplify
ionization) in particular for the systems with an even number the comparison between these structures, the cumulenic or
of atoms, depending whether thg fings are prominently of polyynic character of the chains has been evaluated from the
polyynic or cumulenic character. From inspection of the results alternations of bond lengths (Table 7). Despite end chain effects,
displayed in Table 5, the cumulenig,C; clusters are found to  which enforce some geometrical distortions, the structure of the
be oblate symmetric rotai&in their neutral form and to become  C,, clusters in their neutral form can be regarded as essentially
clearly asymmetric tops upon adiabatic ionization. As before, cumulenic. Furthermore, the bond length alternations tend to
the same trend holds to a lesser extent for the cumulepicC  disappear rather quickly with the size of chains, an observation
rings, as in this case ionization is also found to clearly increase which, on the grounds of basic polymer quantum chemi&try,
the asymmetry of the rotor. In both cases, one may also note aseems to indicate that infinitely large linear carbon chains would
slight but net increase of the main axis componé&gtFor the display metallic-like properties. For the smallest clusters,
polyynic G4, clusters, on the other hand, the rotor remains significant geometrical distortions toward structures with a more
practically symmetric, despite the lowering of the symmetry pronounced polyynic character can be observed in the ionized
point group upon ionization (Table 3). For these species, the clusters. Rather unsurprisingly, the amplitude of these distortions
only detectable variations are slight decreases of the momentsdecreases rapidly with the size of chains as well, an observation
of inertia, which relate to a shrink of the average radius of the which reflects again the metallic character of the largest linear
ring by about 0.01 A. The trends are not so clear for the polyynic chains and their ability to delocalize charge carriers.
Cunts Clusters. Nonetheless and interestingly, these tend to From the point of view of the moments of inertia (Table 8),
exhibit a more symmetric rotor in their ionized form. the linear carbon clusters exhibit rather different behaviors
3. Structure Considerations on Linear Clusters. The depending on whether they are even- or odd-membered. For
optimized structures of the linear carbon clusters considered inthe G, clusters with an even number of carbon atoms, ionization
the present study are described, either in their neutral form is always found to yield a slight increase of the total length of
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TABLE 6. Geometries for Linear Carbon Cluster Cations at

TABLE 7. Successive Bond Length Alternations in Linear
the B3LYP/cc-pVDZ Level (Bond Lengths in A) with the

Carbon Clusters (in A) with the ROHF/6-31G(d) Results by

ROHF/6-31G(d) Results by Von Helden et aP. Included for
Comparison Purposes

Cst Cist 0108
29 (Dun) 1.376, 1.268 C, 0021
4%y (Deot) 1.306, 1.299 Cst 0.079 0.047
3%~ (Dwn) neutrat  1.319, 1.299 Cst2 0.091 0.085
Cet Cs 0014 0.012
25" (Cun) 1.236, 1.329, 1.261, 1.336 Ce' 0061 0034 0.046
42 Do, 1.253, 1.303 Cg 0.072 0.075 0.089
135" (Dun) neutrat  1.296, 1.291 Ce 0008 0.015 0.007
o Cit 0.050 0.028 0.040 0.043
6 Cit? 0.072 0.075 0.089 0.093
22 D) 1.347,1.268, 1.315 Cio 0.0001 0.019 0.010 0.008
5~ (Car) 1.257, 1.306, 1.285, 1.286, 1.336 Gt 0042 0022 0034 0039 0.039
2 P 1.327,1.236,1.321 Y ' : ' :
IT (De:n) ROH ’ ’ Ci» 0003 0021 0011 0009 0.007
45" (Dwy) ROHP  1.353,1.212, 1.372, 1.223, 1.313 : : : : :
3%y (Den) neutrat  1.309, 1.296, 1.283 Species with an Odd Number of Atoms
c Cst  0.092 0.068 0.074
22" (Cau) 1.326,1.270, 1.311, 1.251, 1.334, 1.234 G~ 0005 0.005 0.005
s C;t 0056 0.041 0.061 0.084 0.100
? (Do 1.244,1.318, 1.277 .
25F (C.,) ROHP  1.313,1.233, 1.329, 1.207, 1.361, 1.191 Crr2 0.080 0.096 0.122 0.154 0.170
1zg+ (Dwn) neutrat  1.296, 1.295, 1.281 C7+ 0.010 0.014 0.000 0.014 o0.010
i Cs" 0.039 0.005 0.006
Cs Cst2 0.071 0.084 0.107 0.133 0.147 0.170 0.182
43+ : . .
Do 120 1210289
oh, . y L y L y L +a

‘S (C.) ROHP 1362, 1.206, 1344, 1.215,1.320,1.238,1307 o = 0062 0070 0083 0008 0135 0154 0162 0,178 0.188
*Zg" (D) neutrat  1.305, 1.297, 1.282, 1.289 Cis* 0.030 0.004 0.008 0.007 0.004
Co* Ciz 0020 0.029 0.016 0.005 0.000
2?2 (Do) 1.324,1.285, 1.290, 1.284 Cis* 0.025 0.001 0.008 0.007 0.005 0.003
42 1.344,1.282,1.298, 1.286 Cis 0.007 0.024 0.012 0.009 0.005 0.003

? (D)
25* (C,,) ROHP

154" (Deh) neutrat

Cro” TABLE 8. Total Lengths (i ia (i
. gths (in A) and Moments of Inertia (in
22 D) 1.326, 1.276, 1.304, 1.264, 1.308 kg m?) of Linear C,*+ Cations?
? (Ce) 1.322,1.285, 1.290, 1.283, 1.282, 1.296, 1.267,
1.322,1.244 moments of inertia
?[T (Den) ROHP  1.313,1.241, 1.316, 1.227, 1.320 L= 0
43" (Cu,) ROHP? 1.316;,4%.2556411.355, 1.207,1.338, 1.218, 1.315, species total length (A) lyy = 12 (x10749)
32 (D) Neutral 1.3-00’ ]:.3.00’ 1.281, 1.290, 1.282 Cations with an Even Number of Atoms
oo Cs 3.936 17.112
11 +
29 (Duun) 1.319, 1.286, 1.290, 1.282, 1.286 g“ g'%i ég'ggé
? Doh) 1.334, 1.283, 1.297, 1.281, 1.290 Ci 6.545 59.176
25% (C.,) ROHP  1.305, 1.240, 1.316, 1.217,1.340, 1.205, 1.359, & 9057 33314
1.197, 1.375, 1.187 o 9,093 33.229
s + 8 . .
54" (Dw) Neutrat  1.299, 1.295, 1.287, 1.279, 1.283 o 11604 973 364
2C'>1za+3 ) 1.321,1.279, 1.301, 1.266, 1.306, 1.264 Cuo” e L
? Don .321,1.279,1.301, 1.266, 1.306, 1. C 14.191 529.685
42 (Can) 1.328, 1.286, 1.289, 1.281, 1.286, 1.289, 1.277, Ot 14208 520 542
1.302, 1.262, 1.327, 1.241 . .
3?2 (D) Neutral 1.298, 1.301, 1.280, 1.291, 1.282, 1.289 Cations with an Odd Number of Atoms
Cuit Cs 5.174 33.314
13 +
22 Dt 1.316, 1.287, 1.289, 1.281, 1.288, 1.284 85 ?'%2‘11 Sg%g
*2 Qe 1.327,1.284,1.296, 1.279, 1.292, 1.285 o 2 9oe 9604
S5 (Den) Neutral  1.272,1.291, 1.262, 1.279, 1.268, 1.273 7 - -
: ° (Ben) neu Co 10.315 198.245
14 Co* 10.365 199.153
22 Do) 1.317,1.281, 1.298, 1.268, 1.304, 1.265, 1.306 le 12886 363.990
? (Deet) 1.319, 1.296, 1.278, 1.301, 1.266, 1.312, 1.261 Ot 12925 364057
Cis* Cis 15.290 658.684
2?2 Deoh) 1.313,1.288, 1.288, 1.281, 1.288, 1.283, 1.286 Cist 15.487 673.260
42 (Deon) 1.322,1.285, 1.295, 1.278, 1.294, 1.281, 1.288

1.308, 1.237, 1.321, 1.214, 1.347, 1.200, 1.370,
1.188
1.295, 1.298, 1.280, 1.285

Von Helden et al2 Included for Comparison Purposes

ayon Helden, G; Gotts, N. G.; Palke, W. E.; Bowers, M.Ift. J.
Mass Spectrom. lon ProcessE394 138 33.

Species with an Even Number of Atoms

2 The moments of inertia of the structures optimized at the B3LYP/
cc-pVDZ level. Atomic units have been converted into Sl units using
[L] = a=5.2917x 10 m and [M]= amu= 1.6605x 10 %’ kg.

aMartin, J. M. L.; El-Yazal, J.; Framais, J.-P.Chem. Phys. Lett.
1995 242 570;Chem. Phys. Letl.996 252, 9. ® von Helden, G.; Gotts,
N. G.; Palke, W. E.; Bowers, M. Tnt. J. Mass Spectrom. lon Processes
1994 138 33. (?) indicates that no definite assignment of the electronic

state was possible from the GAUSSIANG4 outputs. pushing the two extremities of the chains further apart. On the

contrary, for the smallest odd-membered clusters, i.ear@
chains. In most cases, this induces in turn an increase of theCy, although ionization yields net distortions toward a polyynic
moments of inertia, with the only exception og @nd Go. pattern, only a tiny decrease of the moments of inertia can be
Somewhat too simply, this relates to the fact that, in even- noted. This is the result of the noncentrosymmetric character
numbered chains, the central bond becomes markedly larger,of these chains and of a very slight decrease of their total length.
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For the largest odd-membered chaing (€ C,3), ionization and IR activities) of all the species considered in the present
induces again a net increase of the length of chains andstudy are given in Table 11. These data have been obtained at
correspondingly of their moments of inertia, this time as the the B3LYP level, which, as it has been shown previously,
outcome of a lowering of the bond-order of the two terminal provides results comparable in quality to those of CCSD(T)
bonds with the rest of the chain remaining essentially cumulenic. calculations.

4. Energy Considerations.The results obtained from the ion From inspection of Table 11 and an analysis of the most
chromatograph}->experiments by von Helden et@lprovided intense lines, it is clear that the linear carbon cations have
evidence for a mixture of linear and cyclic isomers of the ionized generally a much larger IR activity than the corresponding cyclic
Cyt (n = 7-10) clusters that have been generated via laser ones. Specifically, the most intense lines of the linear cluster
vaporization of graphite. In the same experimental conditions, cations provide an IR activity between 632 and 9003 km/mol
the G™ and G* ions were experimentally found to be purely (for C4" and G4, respectively). In comparison, the most intense
linear, whereas the cations ranging fromCto C,o™ appeared lines of cyclic cation clusters have an IR activity ranging
to be lying exclusively in their monocyclic form. As for the typically from 100 (Gg") to 908 (G7") km/mol only. A very
neutral species, this behavior arises as the natural outcome of aveak activity, which does not exceed 21 km/mol, is found for
balance between the formation of an additionalbond and the cyclic Gs™ cluster. Overall, from the intensity of the most
strains in cyclic structures based on sp-hybridized carbon atoms.intense lines, the IR activity of linear cations appears from
These experimental findings are nicely confirmed by our Figure 4 to grow rather regularly with the size of chains, despite
calculations, since the relative energies (Table 9) show a crossinga rather normal oscillation with an2periodicity. On the other
point between cyclic and linear,C species at a number of  hand, the size dependence of the IR activity of the cyclic species
carbon atoms between 6 and 7, either with the DFT or CCSD(T) does not increase at all with the size of rings, as should be
methods. At this stage, it is worth noting that the ROHF method expected for a size-intensive quantity. Quite interestingly, the
fails in predicting the correct energy order for thg"CC;*, dotted curve displayed in Figure 4 for these species seems
and G' species, the doublet linear form being incorrectly roughly to reflect a 4 periodicity, the polyynic G,* and
predicted to be the most stable one (Table 9). Overall, the cumulenic Gn+o" cases coinciding roughly with a rise or drop
B3LYP, B3PW91, and CCSD(T)/cc-pVDZ theoretical levels of the IR activity.
predict the same energy sequence. One exception'isfar From the point of view of constraints on molecular motions
which the B3LYP level gives the linear doublet species as the anq the distribution of electric charges, the cyclic clusters, the
most stable form, whereas the cyclic doublet isomer appears tosmajler ones in particular, are netly disfavored. As illustrated
be the most stable species either with the B3PW91 and CCSD(T)in Figure 5, linear cations are characterized by a rather net
approaches. For £ and G, all methods predict the linear  |ocalization of positive charges at the middle of the chain and
doublet as the most stable isomer. Fromi @ Cio", the cyclic of negative charges at the extremities (for an illustration of end-
isomers in their doublet states are clearly favored energetically. chain effects in large one-dimensional systems, see also ref 53),

Although they provide the same energy order, the B3LYP, whereas cyclic cations naturally afford a complete delocalization
B3PW91, and CCSD(T) results exhibit on the other hand some of the positive charge due to ionization on the whole circumfer-
substantial variations, by several kcal/mol, in the isomerization ence. End chain effects in linear, Cclusters thus result in
energies. The isomerization energies obtained via the B3LYP particularly large and size-extensive quadrupole moments, which
approach deviate in average from the CCSD(T) results by 6.4 explains the much stronger IR activity associated with the
kcal/mol, whereas the B3PW91 functional yields an average asymmetric vibrational normal modes. Altogether, for the cyclic
deviation of 3.6 kcal/mol only. However, we found that these species, our observations suggest that polyynic, i.e., antiaromatic,
deviations are overall similar in magnitude to the influence on structures favor a higher IR activity than cumulenic, i.e.,
the isomerization energies of the zero-point vibrational energies aromatic, clusters; the smaller the band gap, the stronger the
and entropy effects. From preliminary investigations carried out response of the system toward a perturbation, the response being
using the RRHO (rigid rotor harmonic oscillator) approxima- in this case the change (i.e., derivative) of the dipole moment
tion,*8 it seems that the latter contributions should destabilize upon a distortion of the geometrical structure along the
the cyclic forms by a few kcal/mol compared to the linear forms, vibrational normal modes. Compared with the cumulenic, i.e.,
at ordinary temperatures. regular systems, rings of polyynic character tend to present a

From inspection of Table 9, the values of the so-called T higher alternation of electric charges on atoms, which favors
diagnostié!5! for the CCSD(T) method appear to be always also a larger IR activity.
larger than 0.02, reflecting the importance of nondynamical The smaller cyclic species {& Cs*) can be discriminated
correlation and near-degeneracy effects in the ground state. Itfrom the linear ones from a few intense lines with rather large
should be noted that the, Values are always lower than the intensities at low frequencies (e.g., 172, 325 &mn When
critical value of 0.0&> under which the description of the  considering lines with an IR activity higher than 0.6 km/mol, it
ground state with a single determinant wave function is usually is also found that the linear species are in general marked by a
valid. larger spreading of vibrational frequencies, from 100 to 2200

Compared to the results of ROHF calculations, the available cm™, than the cyclic clusters, the vibrational frequencies of
DFT and CCSD(T) data obtained for the doublet states provide which are essentially confined between 350 and 2250'cm
(Table 10) a much better agreement with the available experi- This again can be related to the more strained character of cyclic
mental isomerization energies from the cyclic to the linear structures.
species " (with n = 7—10). In regards to the fairly good In the literature, a large number of studies have been
agreement obtained with these experimental data, we believepublished concerning the interpretation of the IR spectrum of
that we have consistently described the structure and energeticgarbon vapor and of carbon species trapped in solid argon or
of the G,* species. krypton matrixes [refs 3, 5, 6, 18, 54, and 55 and references

5. Vibrational Spectra. The detailed data required to simulate therein]. Vala and co-worketsassigned a band at 2053 thn
and/or to interpret the infrared spectra (vibrational frequencies (Ar matrix) to cyclic G*. However, Szczepanski et®&lproved
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TABLE 9. Relative Energies (kcal/mol) of Different Structures of G,™ (n = 4—19) at Different Theoretical Levels (cc-pvVDZ

Basis Set)
ROHF B3LYP B3PW91 CCSD(T) fddiagnostic CI-SB-Qab

Cyt
lin doublet —150.794920 —151.695631 3.8 2.9 0.029
cyc doublet 30.0 12 —151.622498 —151.284628 0.020
lin quartet 54.0 6.7 7.5 8.3 0.027
cyc quartet 4.9 13.2 4.4 15.9 0.045
Cst
lin doublet —188.667966 —189.817357 —189.726509 —189.290094 0.036
cyc doublet 77.9 50.1 40.9 46.8 0.027
lin quartet 26.1 30.9 26.7 33.6 0.045
cyc quartet 71.7 70.8 61.0 69.1 0.025

+

6
lin doublet —226.504666 —227.908773 —227.795241 —227.262749 0.031 —227.2327
cyc doublet 19.5 11.2 0.8 2.9 0.042 428
lin quartet 7.0 7.3 1.7 9.8 0.050 22.2
cyc quartet 33.7 32.7 20.8 25.8 0.036
Ct
lin doublet —264.364470 19.6 24.0 20.9 0.032 2@35()/30.0 e11)
cyc doublet 3.9 —266.038734 —265.920748 —265.286077 0.043 3.2

—265.2409 {B1)

lin quartet 27.1 49.7 49.9 52.7 0.044
cyc quartet 69.5 65.5 61.0 65.0 0.055

+

8
lin doublet 2.2 5.1 13.2 9.1 0.032 12.0
cyc doublet —302.203754 —304.111703 —303.977158 —303.243261 0.057 %b83 043

—303.194

lin quartet 32.3 27.2 21.5 38.5 0.045
cyc quartet 39.0 16.1 15.5 14.3 0.030
Cot
lin doublet —340.043888 1.7 8.8 13.1 0.039 144()/20.9 @11)
cyc doublet 7.0 —342.201531 —342.048883 —341.228306 0.033 —341.1626tA"")
lin quartet 16.2 29.8 35.6 45.8 0.052
cyc quartet 26.7 8.1 7.6 12.0 0.034
Cio*
lin doublet 18.8 40.7 47.9 46.5 0.033 40.5
cyc doublet —377.918023 —380.354151 —380.184308 —379.260361 0.052 —379.17137A")
lin quartet 33.8 54.2 56.3 61.1 0.048
cyc quartet 83.4 815 81.3 86.4 0.030
Cu*
lin doublet 34.2 49.8 48.5 56.2 0.040
cyc doublet —415.781936 —418.460453 —418.272092 —417.251382 0.048
lin quartet 46.0 73.3 68.2 85.0 0.058
cyc quartet 43.3 54.0 45.9 54.2 0.045
Cio*
lin doublet 15.8 37.5 43.1 40.6 0.034
cyc doublet —453.596457 —456.529154 —456.322955 —455.203450 0.051
lin quartet 31.9 52.6 52.9
cyc quartet 14.5 8.8 7.4 7.0 0.025
Cis"
lin doublet 36.7 36.8 43.8 47.5 0.041
cyc doublet —491.466154 —494.617712 —494.395673 —493.187748 0.033
lin quartet 45.2 57.0 62.6
cyc quartet 26.5 5.7 4.9 10.1 0.027
Cut
lin doublet 33.0 64.0 70.5
cyc doublet —529.304083 —532.747955 —532.509807 —531.197814 0.020
lin quartet 34.2 80.1 86.3
cyc quartet 64.0 61.5 61.8 65.4 0.018
Cis*
lin doublet 64.9 715
cyc doublet —567.160084 —570.837699 —570.582559 —569.173847 0.033
lin quartet 82.6 88.7
cyc quartet 68.3 55.0 54.8 65.2 0.029
Cis"
cy}c doublet —608.913566 —608.643390
cyc quartet 8.7 10.9
Cir*
cyc doublet —646.998694 —646.709065
cyc quartet 4.7 3.9
C18+
cyc doublet —685.115588 —684.809946
cyc quartet 34.2 335
Cig"
cyc doublet —723.203832 —722.881376

2 Davidson quadruple corrected-€8D.  von Helden, G; Gotts, N. G.; Palke, W. E.; Bowers, MIft. J. Mass Spectrom. lon ProcesseX94

138 33.
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TABLE 10. Comparison of the Relative Energies AE = Ej, potentials measuré@®&for C, and G, beingtoo smallby 1.6—
— Ecyc (keal/mol) of Carbon Clusters at Different Theoretical 2.0 eV on the theoretical side [CCSD(T)], are essentiadyical
Levels with Some Experimental Data in nature
species exptl ROHFP CI-SD+Q** B3LYP B3PW91 CCSD(T) Either for the linear or cyclic clusters, the adiabatic ionization
Cst -1.2 3.8 2.9 energies appear globally to decrease with increasing system size
Cs" —50.1 —-409  —46.38 (Figure 6), a fact which naturally relates to the constru¢fion
G 11.2 08  —29 of the band structure of a stereoregul i
i gular polymer chain. As for
C;f 20+5 82 20.5 19.6 24.0 20.9 he IR activity. the ionizati als of i el
Cst 2348 50 120 5.1 13.2 91 the IR activity, the ionization potentials of linear, Clusters
Cot 1748 202 14.4 1.7 8.8 13.1 exhibit a deviation to a regular size dependence withna 2
Cio" 47+8 282 40.5 40.7 47.9 46.5 periodicity, whereas the cyclic species present again the
glli ‘3“79-2 ig-i zg-g characteristic # periodicity. Quite naturally, in view of the
Ci; 36.8 43.8 475 stabilizing resonant effects present in cumulenic species, maxima
Cui 64.0 705 ’ in the size dependence of the AIP are encountered for rings
Cis™ 64.9 715 with a number of carbon atoms equal to 4 2.
avon Helden, G: Gotts, N. G.: Palke, W. E.: Bowers, M.IL. J. From inspection of Figure 6, thest3> and to a lesser extent
Mass Spectrom. lon Process&894 138 33.° Davidson quadruple the Gin+1 cyclic clusters can be generally characterized by a
corrected CI-SD. rather net increase of the AIP, whereas a net reduction is

observed with the g and Gy13 cyclic species. This ultimate

more recently that the 2053 crhfeature belongs to thes6- finding beautifully justifies our description of the4G1 and

H20 complex. ) ~ Cyn2rings, on the one hand, and of thg,@nd Gy+3 rings on

In the IR spectrum of carbon vapor, trapped in an Ar matriX, the other hand, as cumulenic and polyynic systems, respectively.

a number of bands still remain to be assigned: 1346 (weak), since the influence of the cyclic closure on the electronic and
1477 (weak), 1489 (stronger), 1578 (broad), 1747 (weak), 2036 molecular structures will progressively shade off with increasing
(shoulder of 2041 cm* (C3(lin))), 2186-2214 (very broad), system size, it is quite clear, however, that this classification
2218-2227 (very broad), 22472251 (broad) cm*. should break down for much larger systems.

It should be noticed that the computed harmonic frequencies  qite obviously from Figure 6, the size dependence of the
differ from the experimental ones due to the following effects: Ap of the largest clusters considered in this study is still far
anharmonicities, interactions of the clusters with the Ar matrix, fom converging to some asymptotic value, as should be
and spectral shifts due to the matrix. In previous paieis,  omally expected for a size-intensive propéffor very large
has been shown that a linear relationship can be establisheq; ¢ infinite) G, clusters, the AIP’s of rings and chains should
between thes (observed, matrix) and (calculated, BSLYP/ — f,rthermore converge to the same limit, which, regardless of
cc-pVDZ) frequencies of linear {species. If we use such @ gynamic electronic relaxation and correlation effects, should be

relationship, it is found that, within the experimental Spectrum, (jsse to 0 eV, in view of the cumulenic character of the largest
the weak band at 1346 crhcan be due to & (doublet, linear) linear chains considered here.

and the bands at 1489 and 1578 ¢rto C;" (linear, doublet, Nonetheless and as in many instan®estrong failures of
quElrtet)J.r ForJtrhe I|rle at 2036 crh there ar+e ma+ny ca+nd|da+tes: Koopmans’ theorefi# must certainly occu§? in particular when
Cs", Cro 'ClZ.  Cua” (all doublets); G, Cyo", Cag ’92 » C15 dealing with the cyclic polyynic species (see, e.g., Figure 2 and
(all quartets); also cycllp G (do.ublet, quartet), & (quarte}) section 2). These most often take the form of a reversal of the
(sef_e Table .11)' Potential candldzites for the 2&4;82)17 cm ) outermost ionization energies compared to the HF ordering. For
region are linear & (doublet), G (doublet), G (quartet). jngiance for the cyclic Ccluster, the ionized Gp? state is
cyclic C1|4+ (doublet), G7* (dO.UbIEt)' For;hde 22122237 ijc more stable than the 2Bt state. This relatéto the presence
region, finear @. (quartet) is the candidate. No lineaq g of a low-lying virtual orbital ofz-type (the LUMO of the cyclic
species stud|ed1 in t_he present paper appear to absorb in thec8 cluster has, e.g., a 3ltabel) and to many-body effects (in
22é|7_2|253 cm_dreglon.h lexitv of the IR . particular, pair relaxatioft, i.e., the increase of electron cor-
early, consi e(;mr? tfe cohmp exity of the Epectt)rymr:n relation due to relaxation and electron excitations into an extra
certain reglor:js ?n_  the fact that manyfsgeclis a SOL in ¢ gsqmoccupied orbital). At this stage, it must thus be stressed that
|r_|eg|ons, n% € |n|t||ve fas&gn_rtr)]en_ts OI aT S can ﬁ Imahe'the ionization spectra of large carbon clusters still remain a very
owever, the results of our vibrational analysis may help the ., j6n4ing question, considering also the major breakdown of

Interpretation of fu.ture. experlme.ntal data. . the orbital picture of ionizatidi¥65that can be expected for so
6. Adiabatic lonization Potentials. As a direct byproduct strongly correlated compounds

of the present study, we provide in Table 12 the adiabatic
ionization potential (AIP) of the carbon clusters considered in
this study, which have been evaluated from the energies obtaine
from the B3LYP/cc-pVDZ and CCSD(T)/cc-pVDZ calculations. In the present study, structural and vibrational properties of
The B3LYP values have been furthermore corrected for zero- large cyclic and linear carbon clusterg™Qn = 4—19) have
point vibrational energies (to be found in Table 11). As can be been investigated in detail using density functional theory (DFT)
seen from this table, the latter have a rather marginal effect onand coupled cluster (CC) calculations. Two functionals, i.e.,
the ionization energies, in general smaller than 0.1 eV. In sharp B3LYP (Becke three-parameter Le¥ang—Parr) and B3PW91
contrast with the isomerization energies, our B3LYP and (Becke three-parameter PerdeWang), have been considered
CCSD(T) calculations provide very similar values of ionization in conjunction with a correlation-consistent polarized double-
energies. These are found furthermore to sustain a very(cc-pVDZ) basis in the DFT calculations. The geometries and
satisfactory comparison with previous theoretical results ob- frequencies obtained with both schemes are virtually the same
tained for G, Cs, and G.17 Comparison with experimeft,5° and compare rather nicely with the results of coupled cluster
on the other hand, is only successful with one value reported calculations in the CCSD(T) approximation. Isomerization
asadiabaticfor Cs,%° leaving us with the idea that the ionization energies, on the other hand, may show some substantial

dConcIusions
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TABLE 11. Harmonic Frequencies (cnm?) and IR Intensities (km/mol) of C,™ Cations at the B3LYP/cc-pVDZ Level

Cst
D2, cyclic doublet
ZPE=6.21

D2, cyclic quartet
ZPE=8.62
D linear doublet
ZPE=6.19

D.n linear quartet
ZPE=17.53

Cs*
Cs cyclic doublet
ZPE=9.52

Cy, cyclic quartet
ZPE=12.12

Cw, linear doublet
ZPE=10.44

Do linear quartet
ZPE=12.30

Ce*
Cy, cyclic doublet
ZPE=14.80

Cy, cyclic quartet
ZPE=14.98

D.n, linear doublet
ZPE=17.61

C.., linear quartet
ZPE=14.74

C;+
Cs cyclic doublet
ZPE=16.63

Cy, cyclic quartet
ZPE=18.48

Cw, linear doublet
ZPE=19.39

Do linear quartet
ZPE=18.92

Cgt
C; cyclic doublet
ZPE=20.74

C,, cyclic quartet
ZPE= 25.26

D.h linear doublet
ZPE=22.79

D.n linear quartet
ZPE=21.55

Cot
Cz, cyclic doublet
ZPE=23.26

Cy, cyclic quartet
ZPE=23.14

C., linear doublet
ZPE=24.24

D linear quartet
ZPE=24.23

C10+
C,, cyclic doublet
ZPE=26.42

Cy cyclic quartet
ZPE=28.11

D..n linear doublet
ZPE=28.43

C.., linear quartet
ZPE=28.33

198(by, 797) 339(f,12), 620(l,64)
574(hu, 1), 846(hy, 24),1394(hy, 46)
129(z,, 12), 1494, 6), 1330@, 632)

19146, 5495)

325(a343), 349(d, 1), 582(4 1), 606(4 2), 831(4 12),
1254(g 3),1446(a, 482), 1670(, 19)

303(hy, 140) 396(13, 29), 1673(a 24)

270(t, 2), 595(7, 2), 7936, 23), 14666, 152), 2110, 3),
2249, 1802)

153(2, 4), 158(?, 5), 615(?, 6), 16047), 1964, 881)

364(h 3), 476(h, 1), 563(a, 29), 1236(a 2), 1561(k, 35),
1778(a 50),2076(k, 600)

398(hy, 36), 416(a, 32), 948(k, 29), 955(a, 27),
1655(a 3), 1657(b, 3)

91(? 6), 99(?, 4), 362(2, 3), 397(?, 1), 114,1448),
20686y, 1225)

9%, 1), 211z, 8), 426, 1), 673¢, 12), 12436, 138),
1769, 127), 19756, 305),2131¢, 384)

368(d, 15), 463(4 31), 557(4 17), 1241(4 8), 1242(4 10),
1527(2 14), 1618(4 32),1760(4, 145) 1775(4, 138)

139(h 3), 391(b, 27), 432(k, 1), 960(a, 4), 1141(k, 72),
1244(k 4), 1365(k, 1), 1717(a, 2), 1973(a, 8)

178¢, 3), 286, 1), 584¢, 13), 6694, 3), 11096, 34),
1578¢, 152), 20836, 919), 21826, 835),2244(, 2189)

83(2, 2), 87(2, 3), 536(?, 1), 673(?, 5), 14,29,
1889¢,, 1884) 20750y, 38)

401(&, 37), 529(4 49), 529(4 49), 1131(4 18), 1803(4 389),
1803(4, 396) 1803(4, 32)

348(h 2), 509(k, 19), 509(a,19), 1523(a, 18),
1523(h 18)

61(?, 3), 64(?, 2), 223(?, 8), 241(?, 5), 86281),
16496., 746),2171@y, 2420)

388¢,, 14), 10096, 112), 1361, 4942), 1894¢,, 1342),
23376, 12833)

34(Iy, 93), 124(B, 7), 405(h, 1), 562(a, 62), 957(b, 221), 1136(k 79), 1345(a 10),
1800(h 67),1955(a, 341) 2001(h, 163), 2072(g 82)

157(a 1), 284(h, 3), 351(a, 19), 369(h, 4), 443(, 3), 1058(k, 1), 1171(b, 6),
1370(a 4), 1536(b, 1), 1743(a, 6), 1789(b, 15), 2037(a 2)

44(2, 6), 50(?, 2), 125(2, 20), 207(?, 4), 433(?, 4), 716(?, 10),
8766, 79), 15756, 362),1833@, 4191) 2108¢, 2122)

39(2, 10), 49(2, 2), 104(?, 21), 191(?, 9), 383(?, 7), 421(2, 5), 672(?, 11), 738(?, 1),
8496, 138), 14836, 802), 18266, 990),2019¢,, 1357)

129(ky, 43), 243(b, 26), 316(a, 17), 374(h, 6), 399(a, 2), 473(b, 2), 516(a, 15), 821(a 1),

1053(h 1), 1072(a, 2), 1460(b, 2), 1521k, 100) 1585(b, 9), 1908(a, 49), 1935(b, 41), 2096(a 92)

189(h 4), 236(h, 5), 520(a, 6), 1009(b, 8), 1015(p, 8), 1410(b, 1), 1512(a 1),
1680(a 24), 1759(b, 59), 1798(b, 13),1813(h, 3983) 2087(a, 33)

41(? 2), 42(2, 2), 170(, 8), 183(2, 6), 366(2, 2), 392(?, 1),615(?, 1), 671(?, 2),
8006., 76), 1471§,,613), 2042, 1922),2199¢,, 3170)

108(?, 4), 190(2, 1), 281(2, 2), 416(, 808¢, 11), 1196(, 72), 1503¢, 192), 18366, 269),
1855¢, 271), 20516, 577), 21236, 161),2177¢, 1826)
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TABLE 11 (Continued)

Giuffreda et al.

CllJr
C,, cyclic doublet
ZPE=28.24

C,, cyclic quartet
ZPE=30.19

D..n linear doublet
ZPE=31.87

D..h linear quartet
ZPE=31.07

C12Jr
Dsn cyclic doublet
ZPE=34.62

D cyclic quartet
ZPE= 34.65

D. linear doublet
ZPE=35.22

C., linear quartet
ZPE=35.08

(:13Jr
C; cyclic doublet
ZPE=36.46

C,, cyclic quartet
ZPE=36.99

D..n linear doublet
ZPE=37.61

D..n linear quartet
ZPE=137.78

Cust
C,, cyclic doublet
ZPE= 37.36

C,, cyclic quartet
ZPE=40.57

D..n linear doublet
ZPE=40.97

D.n linear quartet
ZPE=41.85

Cis
C,, cyclic doublet
ZPE=42.88

C,, cyclic quartet
ZPE=43.74

D..n linear doublet
ZPE=43.94

D..h linear quartet
ZPE=44.49

C16Jr
Dgn cyclic doublet
ZPE=45.64

Dgn cyclic quartet
ZPE=47.13

C17Jr
C,, cyclic doublet
ZPE=50.55

C,, cyclic quartet
ZPE=49.70

Cig"
C,, cyclic doublet
ZPE=154.16

C,, cyclic quartet
ZPE=51.90

ClQJr
C,, cyclic doublet
ZPE=57.45

65(ky, 2), 256(a, 8), 383(h, 13), 394(b, 8), 402(h, 18), 429(a, 20), 466(h, 38), 505(a, 25), 974(a, 6),
989(h, 6), 1408(k, 1), 1614(k, 7), 1710(k, 4), 1890(a, 22), 1924(a 3), 2025(k, 111) 2057(a, 98)

211(a 14), 232(b, 1), 323(b, 3), 399(b, 5), 455(a, 33), 504(h, 3), 558(a, 10), 765(a, 2), 832(h, 44),
1085(h 6), 1269(a, 19), 1377(h, 94), 1459(h, 31), 1626(k, 61), 1864(a 25),1997(a, 350) 2100(a, 44)

34(2, 2), 35(2, 1), 136(2, 13), 157(?, 5), 293(?, 5), 298(?, 1), 736(?, 30), 761(?, 10),
13716, 223),17216., 5984) 1873y, 1539), 21814, 3022)

34(2, 2), 34(2, 1), 135(?, 14), 154(?, 8), 293(?, 6), 350(?, 6), 724(?, 57), 732(?, 8),
13306, 661), 17366, 2043), 1825, 1004),2099@,, 2115)

511(ay 31), 906(gy, 2), 1741(ay, 95)
508(g, 35), 916(g,, 4), 1611(ey, 66)

29(?, 1), 30(?, 1), 134(?, 7), 141(?, 5), 273(2, 4), 282(2, 3), 664(?, b, GI)(716(?, 3),
12786, 294), 17224, 888),21286,, 5552) 21916, 2268)

79¢, 2), 144, 1), 217, 3), 2954, 1), 349¢, 4), 6820, 2), 997¢, 214), 12916, 526),
15676, 43), 17716, 79), 18546, 195), 20376, 10),2091¢, 2683) 21466, 13), 21946, 1575)

108(2, 1), 469(2, 1), 477(2, 1), 481(2, 1), 503(?, 68), 529(?, 1), 679(2, 24), 811(?, 173), 848A5(7), 480)
1238(2, 7), 1239(?, 6), 1823(2, 1), 2029(?, 108), 2057(?, 258), 2067(?, 367), 2118(?, 366), 2128(?, 124)

14(h 4), 396(a, 3), 408(b, 1), 436(a, 7), 454(k,, 7), 477(a, 2), 504(h, 3),
841(h, 2), 842(a, 1), 1026(ky, 7), 1890(a, 3), 1911(p, 3)

25(2, 1), 25(2, 1), 115(?, 8), 121(?, 4), 234(?, 8), 249(?, 3), 431(2, 1), 614(?,d), BB2(
807(?, 10), 1198(, 106),1611@., 7577) 1678@,, 2427), 20624, 2071), 22054, 4029)

25(2, 1), 25(2, 1), 116(2, 8), 121(?, 6), 235(2, 8), 241(?, 5), 397(?, 3), 431(?,d.), ED6T88(?, 7),
11776, 384),1622@,, 2487) 16450, 1972), 20214, 2187), 2131, 2479)

147(a, 33), 476(a, 2), 803(b, 3), 819(a, 6), 1346(b, 91),
2122(a, 101) 2123(h, 78),

457(a 1), 791(b, 1), 792(h, 1), 794(a, 2), 1639(a, 1),
1653(ky, 89), 1930(h,5), 1932(a, 55)

21%, 1), 22¢r, 1), 105(?, 5), 109(?, 4), 222(?, 6), 231(?, 4), 367(2, 1), 387(?, 1)g589Y), 709(?, 2),
754(?, 4), 1126(, 145), 15956, 853), 20176, 2636),2141@,, 9003) 22076, 509)

21(?, 1), 22(2, 1), 91(?, 16), 108(2, 4), 181(?, 15), 230(?, 5), 364(?, 6), 379(?, 1), 537(72)B)582(
717(2, 2), 731(?, 3), 1108(201), 15406, 475),18076y, 3649) 19116, 2903), 21484, 2752)

134(ky, 4), 470(a, 2), 486(a, 3), 516(a, 1), 521(by, 21), 580(k, 7), 757(a, 3), 767(h, 2),
1831(a 5), 2101(k, 3), 2104(g, 2), 2127(b, 2), 2129(a, 2)

275(a5), 321(b, 21), 419(h, 10), 748(a, 2), 752(b, 3), 755(h, 5), 1164(k, 4), 1851(a, 1),
1854(h 1), 1912(b, 42), 1914(a 42),2027(h, 66), 2028(a, 64)

19¢,, 1), 19¢r,, 1), 93(2, 6), 95(2, 3), 195(2, 8), 206(?, 4), 256(2, 8), 312(?, 1), 326(?, 3).538(
656(?, 2), 1060(, 43), 1499, 4920),1527@., 8547) 18916, 1493), 2143, 3173), 22016y, 5029)

19¢, 1), 19¢z, 1), 93(2, 5), 96(2, 4), 197(2, 8), 204(?, 6), 327(2, 3), 364(?, 3)054H 839(?, 6),
10496,, 220), 1489¢., 1518), 1548¢,, 4943), 18514, 1214),2095@,, 5289) 2136, 1259)

499(?, 30), 717(?, 81,693(?, 247)

499(2, 35), 722(?, 11482(?, 181)

21(I, 10), 82(h, 8), 445(a, 37), 499(k, 4), 523(h, 1), 525(b, 2), 573(a, 60), 579(k, 1), 647(h, 303),
676(a 15), 811(b, 876), 1016(?, 6), 1016(2, 4), 2073(B), 2100(a, 908), 2108(b, 630), 2123(a 257),
2177(h, 70), 2177(a 65)

451(a 5), 455(b, 4), 483(b, 3), 486(a, 4), 648(h, 2), 672(a, 4),
673(b, 4), 866(h, 5), 1839(a, 5), 1892(ky, 7), 1926(a, 2)

277(hy, 25), 498(h, 3), 640(a, 8), 656(h, 10),1102(a, 195)

2158(h 145), 2160(a 112)

118(h 2), 481(a, 1), 556(h, 18), 620(a, 4), 637(1, 3), 1305(g, 3), 1309(k, 1),
1639(a, 484) 2003(h, 96), 2050(h, 122), 2074(g 58)

479(h 8), 514(b, 3), 556(a, 2), 565(b, 18), 616(a, 7),
688(h, 4), 728(h, 8),1716(a, 32), 2073(h, 8), 2077(a, 5)

2 0Only IR active modes with intensity 1 km/mol are given. The most stable isomer is displayed in bold as well as the most intense harmonic

frequencies. The zero-point energies (ZPE) are expressed in kcal/mol. (?) indicates that no definite symmetry assignment of the harmonic vibration
modes was possible from the GAUSSIAN94 outputs.
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10000 TABLE 12. Adiabatic lonization Potentials (eV) of Carbon
Clusters, Obtained Using the B3LYP and the CCSD(T)
Approachesp
o B3LYP/cc-pVDZ CCSD(T)/cc-pVDZ
é doublet quartet doublet  quartet
A C. cyclic 10.6¢0.070) 11240028 103 11.0
2 linear 11.1¢0.039) 11.540.008) 9.4 9.6
£ o0l Cs cyclic 10.1¢0.012) 11.0€0.028) 10.0 10.9
& linear 11.0¢0.012) 12.3¢0.020) 10.5 12.0
Cs cyclic 10.3@0.019) 11.1{0.103) 9.9 10.9
2000 linear 10.0 ¢0.027)  10.3{0.017) 8.2 8.7
C; cyclic 8.3@0.035) 11.1{0.084) 8.2 11.0
O linear 10.2 ¢0.015) 11.5¢0.034) 9.7 11.1
oA O Oy S e S oS Cs cyclic 8.4(0.013) 9.0¢0.101) 8.5 9.1
3 4 5 6 7 8 9 10 1l 12 13 14 15 16 17 18 19 20 linear 9.3¢0.020) 10.440.141) 7.6 8.9
Number of carbon atoms Cs cyclic 8.6(-0.002) 8.9 ¢0.045) 8.2 8.7
Figure 4. The IR activity associated with the most intense line of linear  9.3(-0.074) 10.5{0.121) 9.1 10.6
linear and cyclic carbon clusters. Cwo cyclic 9.1(-0.080) 12.5{0.167) 9.0 12.7
linear 8.4(0.018)  9.00.028) 8.2 11.2
06 Cun cyclic 7.5¢0.002) 9.7 £0.130) 7.6 9.7
linear 8.8(0.067)  9.8(0.105) 8.6 9.9
0.4 Ci2 cyclic 7.8(0.039) 8.2 (-0.065) 8.2 8.5
linear 8.00.014) 8.7 (0.033) 7.9 11.4
021 Ciz cyclic 7.7 (-0.005) 7.9 {-0.055)
3 linear 8.4(0.066) 9.3 (0.100)
S Cu cyclic 8.3(-0.066) 10.8{0.223)
I Cis cyclic 7.1(0.016) 9.4 (0.062)
£ Cis cyclic 7.3(0.155) 7.7 £0.090)
i Ci7 cyclic 7.3 (-0.0005) 7.5{0.038)
2 Cis cyclic 7.8(-0.042) 9.2 ¢0.140)
047 Cys cyclic 6.4 (+0.036)
061 aB3LYP results incorporate the variations of zero-point vibrational
' energies (in parenthese&pvailable experimental values: alP{C12.6
S eV alP(G), 12.5+ 0.1 eV57 12.7+ 0.5 eVE alP(G), 12.54+ 0.3
"0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 eV ®9.6+ 0.3 eV
Atom

Figure 5. Distribution of electric charges within the linear and cyclic
forms of the G4" cluster (results of a Mulliken population analysis of
a HF/cc-pVDZ calculation).

—

al (eV)

deviations. Calculated isomerization energies compare fairly :
well with a few available experimental data available fof C
(n = 7-10) species, indicating that DFT and CCSD(T) can be
used as reliable tools to investigate the structure and energetic
of highly correlated systems such as carbon cluster cations.
Compared to the results of ROHF calculations, electronic ! )
correlation effects strongly limit distortions toward strongly = ] [ - O cyclic =g
alternating structures, as could be expected from severe 7] | —®— finear L
electronic degeneracies in the wave functions of, e.g., cyclic S
Cs" or Ciot. Despite the importance of electron correlation, 6
carbon clusters exhibit upon adiabatic ionization behaviors that
are r_emlnl_scent of V?I’y S'”?p'e topologlc_al rU|e_S drawn from Figure 6. Size dependence of the adiabatic ionization potential of linear
the tight-binding or Hukel picture, in particular in regards to 34 cyclic G clusters.
the aromaticity or antiaromaticity of rings containing 4 2
and 4 vertices, respectively. As for the neutral species, the  The |inear carbon cations exhibit a much more pronounced
cyclic Can+2" clusters present a regular, i.e., cumulenic, structure, | intensity than the cyclic ones. Many of the studied species
Where"?‘s cyclic carbon.clluster.an@ are clearly alternat_lng, €., showa strong absorption in certain regions of the spectrum (e.g.,
polyynic. From the variations in bond length alternations, it has around 2036 cmb). No linear G+ species if = 4—15) appear

been fc_)und that the cu_ml_JIer_‘uquz rings tend to become_more to absorb in the 22472253 cnt? region where IR activity has
polyynic upon adiabatic ionization, whereas the opposite trend .
been observed experimentally.

is observed for the polyynic & rings. This is true also, to a ) i ) )
lesser extent, for the 41 and Gn:s cyclic clusters, which ~ A main conclusion of the.pr.esgnt .study is that detailed
according to their behavior under ionization, can be regarded investigations of the adiabatic ionization process of carbon
as dominantly cumulenic or polyynic, respectively. On the other clusters can provide very specific insights into their electronic
hand, the linear clusters only evolve from an essentially and structural properties. Specific markers of the cumulenic or
cumulenic structure in their neutral forms to a structure with a polyynic character of carbon chains or rings that could possibly
more pronounced polyynic character after ionization. In this be exploited in future experimental investigations are provided
case, the amplitude of these distortions decreases rather rapidlypy the adiabatic ionization potentials and the contrasted
with the size of chains. structural modifications induced by ionization, which can be

1

-
1=
2

©
1

3
L

Adiabatic Tontation Potent

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Number of carbon atoms
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indirectly traced from the symmetry of the inertia tensor and
the infrared activity.
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