Ab initio study of the infrared spectra of linear C,, clusters (7=6-9)
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The harmonic frequencies, infrared intensities, and isotopic substitution bands of C; have been
evaluated at the MP2/6-31G* level. They confirm previous assignments of the 1952 and 1197
cm ~ ! matrix IR bands to C,. Isotopic substitution spectra at the MP2/6-31G* and HF/4-21G
levels, as well as those with a newly developed ad hoc modified neglect of diatomic overlap
(MNDO) method are shown to be in good agreement with experiment for C,, C, and C,. On
the basis of RHF/4-21G, RHF/6-31G*, MP2/4-21G, MP2/6-31G*, and ad hoc MNDO data,
including theoretical frequencies, IR intensities, and isotopic substitution spectra, it is shown
with virtual certainty that the 2128 and 1893 cm ~ ! matrix IR bands belong to C,. A recent
assignment of the very intense 1997 cm = ' matrix IR feature to Cy is contradicted on the same
grounds, and an alternative assignment to C, put forward.

1. INTRODUCTION

In view of their large interest in astrophysics, materials
science, and in combustion processes, among other subjects,
carbon clusters have been studied rather extensively over the
years: the situation up to April 1989 has been reviewed by
Weltner and Van Zee.'

C,? and C,? are well characterized spectroscopically;
IR bands in argon matrix of the higher species have been
studied as early as 1971 by Thompson, DeKock, and
Weltner (TDW).* On the basis of simple force field argu-
ments, TDW suggested an assignment for these bands in-
volving linear species C, to C,. Except for the actual fre-
quencies, isotopic substitution bands from 95%
3C-enriched samples, as well as intensity variation upon
thermal annealing, were involved in their assignment. In this
context, a later study of the annealing behavior of these
bands by Kritschmer and Nachtigall (KN)® should also be
mentioned.

It was only eighteen years later, that the TDW assign-
ment for C, (2164 cm ') and C5 (1544 cm ~ ') was defini-
tively proven to be wrong by correlated ab initio calculations
on the force field of C, (Refs. 6 and 7) and C; (Refs. 8-10).
The new assignment, which swapped these frequencies, was
experimentally proven by Vala et al.,'' Bernath et al.,'* and
Heath et al.’® for C4, and by Shen and Graham'* for C,.

Very recently, the present authors (MFG)'® developed
an ad hoc modification of the MNDO (modified neglect of
diatomic overlap)'® method that yields good to excellent
results for carbon clusters, especially the harmonic frequen-
cies, which consistently overestimate the available experi-
mental matrix IR frequencies by about 40 cm ~! for the lin-
ear species.

In combination with their computed IR intensities and
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UHF/6-31G* (unrestricted Hartree-Fock ) counterparts of
these by Raghavachari,'” as well as computed isotope shifts,
MFG attempted a new assignment, and arrived at the con-
clusion that the TDW assignment should be completely re-
vised. In particular, they proposed reassignment of the 2128
and 1893 cm ~ ! pair from C, to C,, of the 1952 cm ~ ! band
from C, to C,, confirmed the assignment of the 1197 cm ="
band to C,, whereas the very intense 1997 cm ~ ' feature was
reassigned from C, to C,.

After going to press of that work, a preprint by Vala,
Chandrasekhar, Szczepanski, and Pellow (VCSP)'®
reached us in which an assignment of 1952 cm ~ ! to C; was
proposed on experimental grounds, as well as, “with less
certainty,” of 1997 cm ~ ' to Cy . The former result is in agree-
ment with MFG, the latter is not.

The purpose of the present work is threefold: (a) to seek
confirmation for the C, assignments; (b) to clarify the situa-
tion for C,, C;, and C, on ab initio grounds, and (c) to find
out whether the same or different conclusions are reached in
the ad hoc MNDO study by MFG.

Il. METHODS, RESULTS, AND DISCUSSION
A. The C; molecule

The harmonic force field was computed numerically
from analytical MP2 gradients'® using the GAUSSIAN 86 pro-
gram system?® running on an IBM/FPS configuration at the
Facultés Universitaires de Namur. The standard 6-31G* ba-
sis set?"?2 was employed. Several bugs in the released FPS
version had to be fixed before the calculations could be com-
pleted successfully. The final successful calculation, which
involved 13 gradient evaluations correlating 36 electrons in
90 orbitals, took about 14 days of CPU time and 800 MB of

® 1990 American Institute of Physics

Downloaded 23 Dec 2001 to 132.76.33.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Martin, Frangois, and Gijbels: Linear C,, clusters

disk space. Infrared intensities were obtained by numerical
differentiation of the MP2 dipole moment.”*

The stationary point geometry, required for these calcu-
lations, was first sought again using analytical gradients. An
UHF/6-31G* force constant matrix was employed to initi-
ate the optimization.

As the UHF/6-31G* frequencies or IR intensities for
linear C, were included neither in the paper of Raghava-
chari and Binkley (RB)?** nor in the personal communica-
tion,'” we have computed them ourselves using an analytical
force constant matrix."

Guo and Karplus*® found that MP2/4-21G results for
stretching frequencies are on the whole quite acceptable, and
that the main influence of polarization functions at this level
is found on the geometry and the bending frequencies. As we
are basically only interested in the stretching frequencies for
the carbon clusters, this result may be useful, since 4-21G
(Ref. 26) calculations may still be carried out where
MP2/6-31G* would be prohibitive. We have therefore also
computed these on the FPS configuration. For comparison,
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analytical UHF/4-21G frequencies were computed using
GAUSSIAN 88 (Ref. 27) running on a VaxStation 3100 under
VMS 5.3.

In order to facilitate comparisons, we have tabulated
computed frequencies and IR intensities at all four levels for
C, to C; in Table I. The MP2/6-31G* data are taken from
the literature,'>*® the other values were computed in this
work. (The HF/6-31G* frequencies were already published
by RB,* but no IR intensities were given.) Experimental
values for C, were taken from the Huber and Herzberg com-
pilation,” those for C, from the recent work of Hinkle ez
al®® For C,, the nearest thing available are the very-high-
level calculations of Botschwina and Sebald.® It is evident
from Table I that HF/4-21G is definitely no worse, and
probably better, than HF/6-31G*. MP2/4-21G leads to
false bending distortions, but bending frequencies are only
qualitatively reproduced at the other levels as well. Quanti-
tative agreement would not only require anharmonic correc-
tions, but also correlated calculations with basis sets includ-
ing f functions.”® The stretching frequencies, however, are

TABLE I. Computed frequencies (cm~') for C,(X'S} and a°’l,), C,(X'S}), C,(X*Z;), and
C,(X '2;‘ ). Infrared intensities (km/mol) are given in parentheses for active vibrations.

HF/4-21G MP2/4-21G  HF/6-31G* MP2/6-31G* ad hoc Experiment
MNDO? or high-level
ab initio

C(X'Z;})

2, 1827 1855 1940 1909 1883 1828°
C,(e’1,)

3, 1705 1556 1740 1682 1603 1618°
G

2, 2324(1182) 2106(419) 2312(1346) 2184(390)* 2104(RI 1.0) 2039'

> 1349 1152 1367 12207 1301 1224.5°

I, 291(0.11x2) 128/ 153(2.1X2) 190(20x2)* 383(RI0.0) 63.4°
C.

2, 2357 2085 2345 2149° 2171

=, 1648(127) 1437(372) 1740(142) 1586(488)®  1541(RI0.2)

z, 999 900 1021 951° 965

I, 493 242i 408 419° 447

I, 198(17x2) 94(13X2) 210(26x2) 187(33%x2)® 200(RI0.0)
G

2z, 2405(5811) 2298(1548) 2344(6550) 2358(1243)° 2199(RI4.2) 21698

2, 2210 1931 2220 2018° 2015 20088

z, 1601(93) 1381(63) 1632(83) 1471(64)° 1528(RI10.3) 14982

3, 856 754 863 786° 813 7928

I, 825(65x2) 624 648(33x2) 487(1.4x2)° 689(RI0.0) —

I, 301 152 222 281¢ 370 —

I, 195(2.7x2) 125(17x2) 111(5.2x2) 130(18x2)° 151(RI0.0) —

*L. Adamowicz and J. Kurtz, Chem. Phys. Lett. 162, 342 (1989).

*D. Michalska, H. Chojnacki, B. A. Hess, Jr., and L. J. Schaad, Chem. Phys. Lett. 141, 376 (1987).
¢J. M. L. Martin, J. P. Frangois, and R. Gijbels, J. Chem. Phys. 90, 3403 (1989).

4J. M. L. Martin, J. P. Frangois, and R. Gijbels, J. Comp. Chem. (in press).

°K. P. Huber and G. Herzberg, Constants of Diatomic Molecules ( Van Nostrand Reinhold, New York, 1979).

fK. H. Hinkle, J. J. Keady, and P. F. Bernath, Science 241, 1319 (1988).

8 P. Botschwina and P. Sebald, Chem. Phys. Lett. 160, 485 (1989). These results are anharmonic values de-
rived from a quartic stretching-only CEPA-1/8s4p2d potential, the diagonal force constants being scaled for
exact reproduction of the gas-phase value of 2169 cm ~ ! for the highest active band. Corresponding harmonic
values are 2198, 2033, 1494, and 800 cm ~ . Harmonic bending frequencies at the CEPA-1/7s3pld level are

570, 209, and 119 cm .
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quite good for such a relatively limited theoretical model.
Also highlighted is the excellent quality of the ad hoc
MNDO results, where a substantial part of the remaining
error is caused by the harmonic approximation (see, e.g., the
results for C; ).

The effect of polarization functions on the computed IR
intensities is rather large, as could be expected given their
importance for dipole moments.

We have also attempted ROHF/4-21G (restricted
open-shell Hartree-Fock) frequency calculations using nu-
merical differentiation of an analytical gradient (since no
ROHF analytic second derivatives were available). How-
ever, these calculations failed because of symmetry breaking
problems that were also encountered for the C;" cation by
Grev et al.®

The MP2/6-31G* geometry of C, is compared in Table
IT with the available literature data, being those at the
UHF/3-21G and UHF/6-31G* levels by Raghavachari et
al.,*! the ad hoc MNDO (Ref. 15) values by MFG, and the
results of Parasuk and Alml6f*> using a 12/12 complete ac-
tive space SCF (CASSCF).** All levels of theory except ad
hoc MNDO yield bond distances that contract from the out-
side in, as was already found for C,*>'° and C,.%"3***

The “effective bond distance,” as derived from the com-
puted rotational constant, is also included in Table II, for
comparison with experiment. To sketch the accuracy of the
MP2/6-31G* results, our MP2/6-31G* geometry for C;
(Ref. 8) yields an r.q of 1.2846 A, compared to the experi-
mental value (including zero-point effects) of 1.283 A,”
and the “best theoretical estimate” by Botschwina and Se-
bald of 1.284 A. In considering the ad hoc MNDO results, it
should be remarked that the parametrization was based on
an older value of 1.287 A for the 7, of C;,*® compared to a
more recent determination of 1.297 A.?® Applying the dif-
ference as a correction term, ad hoc MNDO leads to an r 4
value for C of 1.284 A, in excellent agreement with avail-
able data. As far as C; is concerned, both the MP2/6-31G*
and ad hoc MNDO values appear to be reasonable; our best
estimate is to bracket the experimental value between these.

The MP2/4-21G bond distances, especially the outer
one, are apparently seriously overestimated, as would be ex-
pected.”

The harmonic frequencies are presented in Table III,

TABLE II. Computed bond distances (;\) for linear C,.
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together with the UHF/3-21G (Ref. 31) and ad hoc MNDO
values from the literature. For the IR active vibrations, in-
tensities in km/mol are given in parentheses; for the ad hoc
MNDO results, the intensities are relative to the 2039 cm ~!
band of linear C;.

Taking the customary scaling by 0.89 (Ref. 37) into
account for the UHF/3-21G, UHF/4-21G, and UHF/6-
31G* values, all levels of theory predict an intense IR band
around 2000 ¢cm ™!, and a less intense band around 1200
cm ~'. But whereas the HF calculations predict low intensi-
ties for the latter, it is found to have a quite appreciable
intensity at the MP2/6-31G* level. Scaling the MP2/6-
31G* frequencies by the ratio between the observed C, fre-
quency of 1543.4 cm~' (Ref. 14) and the calculated
MP2/6-31G* value® of 1586 cm ', we find frequencies of
1955 and 1210 cm ~', in near-perfect agreement with the
proposed 1952 and 1197 cm ™' bands. Incidentally, our
UHF/4-21G frequencies, scaled by 0.89, are also in good
agreement with these band origins. As our reference mole-
cule, linear C,, also has significant spin contamination, the
effects hereof are at least partially absorbed in the scaling;
they will tend to lower computed frequencies,*® which is one
of the reasons why the generic scaling factor of 0.93 (Refs. 8
and 39) for MP2/6-31G* frequencies produces too low val-
ues, both for C, and C,.

Although MP2/4-21G produces two false imaginary
frequencies for the bendings, stretching frequencies, as well
as the associated intensity pattern, appear to be quite reason-
able. The frequencies are even in excellent agreement with
experiment, due to a fortunate error compensation.

Bernath et al.'> derived a column density of C; in the
circumstellar shell of the carbon star IRC + 10216 from our
computed MP2/6-31G* intensity and an accurate literature
value* for the IR intensity of the 2039 cm ' band of C,.
Botschwina and Sebald® noted later that the absolute value
of the IR intensity is in error by about a factor of three, and
presented a revised estimate based on their CE-
PA1/[8s4p2d] results. However, the relative intensity com-
pared to the MP2/6-31G* value for the 2039 ¢cm ~ ! band of
C, (Ref. 10) is in fairly good agreement with the value pro-
posed in Ref. 9. For C,, we thus find a relative intensity of
3.74 with respect to C, : this value should be more reliable for
the evaluation of column densities.

MP2/6- UHF/6- UHF/4- UHF/3- MP2/4- CASSCF  ad hoc
31G* 31G* 21G 21G 21G MNDO
R, 1.3007 1.293° 1.2986 1.297° 1.3192 1.298¢ 1.299¢
R,*® 1.2940 1.275° 1.2672 1.266° 1.2938 1.280¢ 1.2664
R 1.2812 1.269° 1.2660 1.265° 1.2857 1.265¢ 1.272¢
Rg* 1.293 1.279 1.276 1.275 1.299 1.281 1.277
*R,, R,, and R, designate the bond distances from the outside in. R, is defined as

{[(R/2)* + (R/2+R,) + (R/2+R,, + R,)’]/(35/4)}'".

®K. Raghavachari, R. A. Whiteside, and J. A. Pople, J. Chem. Phys. 85, 6623 (1986).

°V. Parasuk and J. Almlof, J. Chem. Phys. 91, 1137 (1989).

9J. M. L. Martin, J. P. Frangois, and R. Gijbels, J. Comp. Chem. (in press).
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TABLE III. Theoretical frequencies (unscaled, cm ~') and infrared intensities (km/mol) for C,.

MP2/6-31G* UHF/6-31G* UHF/4-21G MP2/4-21G UHF/3-21G* ad hoc
MNDO®

3, 2167 2418 2455 2137 2459° 2245°

2, 2009(1457) 2190(1221) 2179(1377) 1942(1008) 2184° 1999(RI 1.6)°
3, 1759 1845 1795 1654 1801* 1694°

2, 1244(332) 1327(17) 1284(25) 1162(330) 1289* 1240(R10.2)®
3, 673 721 718 651 715% 677°

I, 551 134 845 964/ 866° 540°

i, 432(0.3x2) 368(4.3%X2) 487(0.3x2) 223i(4.8) 494° 453°

I, 223 264 223 41 228° 248°

I, 108(11X2) 117(16X2) 104(11x2) 128(223X%2) 105° 105®

*K. Raghavachari, R. A. Whiteside, and J. A. Pople, J. Chem. Phys. 85, 6623 (1986).

*J. M. L. Martin, J. P. Francois, and R. Gijbels, J. Comp. Chem. (in press).

The spectra in both TDW and KN reveal a relatively
constant intensity behavior for both the 1952 and 1197 cm ~!
bands: any observed variation appears to be correlated. So
our assignment of both bands to the same molecule appears
to be sound.

A final check can be made by comparing the isotope
shifts. In order to assess the accuracy of these first, we com-
pare the calculated shifts at the MP2/6-31G*, UHF/6-
31G*, UHF/4-21G*, and ad hoc MNDO levels with the
available experimental data for C, (Ref. 14) and C; (Ref.
11).

It is perhaps the place to point out that the methodolog-
ical requirements for an accurate prediction of isotope shifts
are quite different from those for the prediction of actual
frequencies. As a meaningful comparison is only possibie by
scaling the computed bands so that the computed and ex-
perimental unsubstituted bands match, any systematic over-
estimate of all frequencies isimmaterial: what matters is that
the relative magnitudes for the force constants are reasona-
bly well predicted. Consequently, if a method predicts an
exaggerated difference between two harmonic frequencies,
isotope shifts should be taken with great caution.

Table 1V tabulates the computed and experimental iso-
tope shifts for C, . It can be seen that the agreement is excel-
lent, except for an obvious misassignment by Shen and Gra-
ham: the 1511.6 cm™! line clearly comes from the
13-13-12-12 species rather than the 13-12-12-13 species, the
band of which accidentally coincides with the 13-12-13-12
and 12-13-13-12 bands at 1513.8 cm ~ . As all levels of theo-
ry produce virtually identical isotope bands that are further-
more all in excellent agreement with experiment, there is
little to choose between them.

The cluster of doubly substituted isotopic bands around
1513 cm ~'is the A = 30 band seen by TDW and erroneous-
ly interpreted as a primary isotopic band with weight one
(i.e., the central band for an odd-numbered chain). The two
singly substituted bands nearly coincide, leading to the
TDW A = 15 band.

Table IV also presents the same analysis for C;, the reso-
lution of the experimental spectrum being much smaller

here. Somewhat surprisingly, MP2/6-31G*, ad hoc MNDO,
and RHF/4-21G (restricted Hartree-Fock) all hold -their
own very well, whereas RHF/6-31G* finds several exagger-
ated shifts. The band assignment by Vala et al. appears to be
entirely correct. Regarding the TDW data, the 13-13-13-13-
12 peak apparently was absorbed in the parent '*Cs peak
(which, upon inspection of Fig. 4 in TDW, is seen to have a
shoulder on the high-frequency side). The 2105 cm ~ ! band
comes from the 13-13-13-12-13 species, whereas the 2118
cm ~ ! band they dismissed as a shoulder to another band is
actually caused by 13-13-12-13-13.

For C; now, we may compare the various computed
isotope spectra to that obtained for the 1952 ¢cm ~! band by
VCSP. According to the Teller-Redlich rule, the ratio be-
tween the '“C, and 'C, frequencies should be
(12.000 00/13.003 35)'/% = 0.9606; the actual experimen-
tal ratio is slightly higher because of anharmonicity. In order
to facilitate comparison with the computed (harmonic) iso-
tope shifts, the latter have been subjected to a linear transfor-
mation, enforcing the >C, and *C bands to coincide with
their experimental counterparts. The resulting 36 isotopic
frequencies are tabulated in Table V, together with the 35
experimental bands reported by VCSP.

We have not attempted an assignment of individual ex-
perimental isotopic bands. In the 1952-1920 cm ' range,
the bands overlap with isotopic substitutions from the 1997
cm ' feature; below 1893 cm ~ !, they overlap with those of
the 1893 cm ~! band. Despite the ingenious procedure in-
volving observation of thermal annealing behavior em-
ployed by VCSP, some errors in the assignment are simply
unavoidable. Two immediate examples are 1878.3 cm ™'’
(whose isotopic shift is unrealistically low) and 1886.3
(which is too low in intensity and appears to be “superflu-
ous” in that range). Also, at least one actual peak will be
obscured by the '2C, parent of the 1893 cm ~ ! band.

It is, however, obvious that the observed spectrum is
unmistakably that of linear C,.

Turning to the TDW data, their A = 6 appears to corre-
spond to amerger of the 13-13-13-13-13-12 and 13-13-13-13-
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TABLE I¥. Computed and experimental isotope shifts for the 1544 and 2164 cm ~ ! bands of C, and C,,

respectively.
Species HF/4-21G HF/6-31G* MP2/6-31G*  ad hoc Experiment
MNDO

C.
12-12-12-12 1543.4 1543.4 1543.4 1543.4 1543.4*
13-12-12-12 1528.6 1528.6 1528.6 1528.7 1528.8°
12-13-12-12 1527.4 1527.3 1527.3 1527.5 1527.5°
13-13-12-12 1511.6 1511.2 1511.2 1511.5 —
13-12-13-12 1513.4 1513.4 1513.5 1513.7 1513.8°
13-12-12-13 1513.3 1513.3 1513.3 1513.5 1511.6(?)*
12-13-13-12 1513.3 1513.3 1513.3 1513.4 1513.8°
13-13-13-12 1498.2 1498.2 1498.1 1498.4 1498.8°
13-13-12-13 1496.9 1496.9 1497.0 1497.2 1497.7*
13-13-13-13 1482.7 1482.7 1482.7 1482.9 —_

Cs
12-12-12-12-12 21640 2164.0 2164.0 2164.0 2164°
13-12-12-12-12  2161.2 2161.1 2161.4 2161.8 2161°
13-12-12-12-13  2158.2 2157.7 2158.6 2159.5 2158°
12-13-12-12-12  2145.6 2147.0 2144.2 2146.0 2146°
12-12-12-13-13 21440 2145.9 2142.3 21449 2144°
13-12-12-13-12 21415 2141.8 2141.0 2142.8 2142°
13-13-12-12-13  2139.7 2140.4 2138.9 2141.5 2140°
12-12-13-12-12 21303 2131.6 2129.2 2127.8 2129°
13-12-13-12-12  2127.2 2128.3 2126.2 2125.2 2128°
13-12-13-12-13  2123.6 2124.2 2123.1 2122.2 2126°
12-13-12-13-12  2120.5 21200 2121.0 21222 2122°
13-13-12-13-12 21179 2117.2 21184 21203 2120°
13-13-12-13-13  2115.1 2114.1 2115.8 2118.2 2117.5°
12-13-13-12-12  2112.0 2115.7 2109.1 2109.8 2111°
13-13-13-12-12 21104 2114.8 2108.7 2108.6 2109°
13-12-13-13-12  2106.7 2109.0 2105.3 2105.6 2106.5°
13-13-13-12-13  2105.1 2107.6 2103.0 2104.2 2104.4°
12-13-13-13-12  2085.2 2085.9 2084.7 2084.2 2086°
13-13-13-13-12  2082.2 2082.7 2081.8 2081.2 2083
13-13-13-13-13  2078.8 2078.8 2078.8 2079.1 2079.5°

2L. N. Shen and W. R. M. Graham, J. Chem. Phys. 91, 5115 (1989).

®M. Vala, T. M. Chandrasekhar, J. Szczepanski, R. J. Van Zee, and W. Weltner, Jr., J. Chem. Phys. 90, 595

(1989).

12-13 bands (hence the abnormally high intensity), whereas
the A = 22 peak corresponds to the 13-13-13-12-13-13 band.
Their A = 38, a weak satellite of the very intense parent peak
of the original 1997 cm ~ ! feature, may correspond to a clus-
ter of multiply substituted peaks, which is seen both in our
theoretical data and in the experimental VCSP spectrum.

For the 1197 cm ~ ' band, all theoretical methods predict
primary substitution peaks for '>C, to lie at A~10 (13-13-

.13-12-13-13) and A~12.5 (13-13-13-13-13-12) cm~/,

whereas the 13-13-13-13-12-13 cm ™! peak coincides with
the parent. This is in excellent agreement with TDW’s find-
ing of two equally intense peaks at A = 10 and A = 12. Fur-
thermore, several doubly substituted peaks cluster around
these, leading to the “smeared” appearance of the double
peak. To facilitate future experimental work, we have listed
the computed peaks at the various levels considered in Table
VL

The fact that a theoretical method as simple as HF/4-
21G is apparently quite capable of reproducing experimental
isotope spectra rather well is reassuring, in the light of what
follows.

B. Higher clusters

With the present hardware and software, MP2/6-31G*
analytical gradients for C, (42 electrons in 105 orbitals, 15
gradients required for harmonic force field) are simply out
of the question. We have therefore adopted a different ap-
proach at the expense of the infrared intensities: the harmon-
ic force constant matrix for just the stretching frequencies
was set up by double numerical differentiation (stepsize 0.01
A) of the MP2 energy, the latter being evaluated by the fast
in-core algorithm (L903 of the Gaussian series) which
avoids the separate integral transformation as well as re-
duces dead 1/0 time to virtually nil.

The geometry was first optimized at the same level using
the energy-only variant*! of the Fletcher-Powell method.*
Together, these calculations took about two weeks on a Vax-
Station 3100.

Near-degeneracy effects lead to MO coefficients in ex-
cess of 100, which may affect the numerical precision of the
MP2 energies. Whereas the amounts involved will still be
negligible for an energy calculation, they will introduce con-

J. Chem. Phys., Vol. 93, No. 12, 15 December 1990
Downloaded 23 Dec 2001 to 132.76.33.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Martin, Frangois, and Gijbels: Linear C, clusters 8855

TABLE V. Computed and experimental isotope shifts for the 1952 cm ~! band of C,.

ad hoc
Species MP2/6-31G* Experiment®* UHF/6-31G* UHF/4-21G MNDO
12-12-12-12-12-12 1952.5 1952.5 1952.5 1952.5 1952.5
13-12-12-12-12-12 1948.0 1947.5 1948.3 1948.9 1948.7
12-12-13-12-12-12 1943.7 1942.5 1943.4 1942.6 1943.2
13-12-12-12-12-13 1943.3 1938.5 1943.8 1945.2 1944.7
13-12-12-13-12-12 1939.95 1937 1939.7 1939.4 1939.8
13-12-13-12-12-12 1937.9 1936.4 1938.3 1938.3 1938.4
12-12-13-13-12-12 1937.4 1932.4 1936.6 1934.8 1935.6
13-12-13-12-12-13 1934.1 19315 19344 1935.0 1935.0
13-12-13-13-12-12 1932.5 1929.2 1932.0 1931.0 1931.4
12-13-12-12-12-12 1927.6 1926.5 1927.8 1928.0 1927.8
13-12-13-13-12-13 1927.5 1923.3 1927.4 1927.0 1927.1
13-13-12-12-12-12 1923.7 1922.5 1924.1 1924.8 1924.4
12-13-12-13-12-12 19229 1918.2 1921.9 1921.0 1921.6
13-12-12-12-13-12 1922.5 1917.5 1923.1 1924.1 1923.6
13-13-12-13-12-12 1919.5 1916.5 1918.6 1918.1 1918.6
13-13-12-12-12-13 1918.4 1913.5 1919.2 1920.7 1920.1
13-12-13-12-13-12 1916.8 1912.3 1916.5 1916.5 1916.6
12-13-13-12-12-12 1913.6 1910.3 1914.7 1914.5 1914.6
13-12-13-12-13-13 1913.2 1908.0 1912.9 1913.4 1913.4
12-13-13-13-12-12 1911.0 1906.5 19109 1909.6 1910.0
13-12-12-13-13-12 1909.6 1905.2 1910.5 1911.0 1910.9
13-13-13-12-12-12 1908.4 1904.7 1910.0 1910.6 1910.2
13-13-13-13-12-12 1906.3 1901.9 1906.7 1905.9 1906.1
13-12-13-13-13-12 1906.1 1899.7 1906.2 1905.5 1905.7
13-12-12-13-13-13 1904.1 1894.3 1905.7 1906.9 1906.4
12-13-12-12-13-12 1902.9 1892 1903.0 1903.4 1903.3
13-12-13-13-13-13 1901.2 1891 1901.7 1901.7 1901.2
13-13-12-12-13-12 1898.4 1890.2 1898.8 1899.8 1899.4
12-13-13-12-13-12 1893.8 1889.5 1893.6 1893.2 1893.6
13-13-12-12-13-13 1893.5 1888.2 1894.3 1896.1 1895.5
13-13-12-13-13-12 1890.0 1886.3 1889.8 1889.9 1890.3
13-13-13-12-13-12 1888.1 1883.7 1888.6 1888.9 1888.9
12-13-13-13-13-12 1887.3 1883 1886.5 1885.1 1885.8
13-13-12-13-13-13 1884.1 1878.3 1884.6 1885.5 1885.4
12-13-13-13-13-13 1882.3 1877.2 1882.0 1881.2 1881.5
13-13-13-13-13-13 1877.2 1877.2 1877.2 1877.2

*M. Vala, T. M. Chandrasekhar, J. Szczepanski, and R. Pellow, in Materials Chemistry at High Temperatures,

edited by J. Hastie (Humana, Clifton, NJ, 1990), Vol. IL.

siderable noise in the potential energy surface, so that force
constants may be seriously affected. This shouid be kept in
mind when considering the accuracy of the reported MP2/6-
31G* frequencies.

The geometry is reported in Table VII, together with
MP2/4-21G and RHF/4-21G results, as well as ad hoc
MNDO and RHF/6-31G* values from literature. A pro-
gressive inward contraction of the bonds is again found at
the RHF/4-21G, MP2/4-21G, and MP2/6-31G* levels—as
well as, this time, at the ad A=oc MNDO level—but not at the
RHF/6-31G* level. We have again included the r.; values
for comparison with experiment: again we propose the
MP2/6-31G* value as an upper bound and the ad hoc
MNDO value as a lower bound.

The previous elimination of the 2164 and 1952 cm ~!
bands makes the task of vibrational assignment relatively
easy even at the Hartree—Fock level, at least when intensities
are also included in the interpretation. Although quantita-
tive agreement at this level of theory is probably illusory for
these, it is well known that the prime qualitative features are

quite well reproduced even for unusual or highly strained
molecules.*’

Table VI lists computed frequencies and IR intensities
at the ad hoc MNDQO, RHF/4-21G and RHF/6-31G* lev-
els, as well as computed frequencies at the MP2/4-21G level
and MP2/6-31G* stretching frequencies. Two very intense
bands, the upper more intense than the lower, of comparable
intensity and about 250 cm ™' apart, are predicted at the
Hartree-Fock and ad hoc MNDO levels. Two such bands
exist at 2128 and 1893 cm ~ '. TDW already noted that their
intensity variations are so closely correlated that they prob-
ably belong to the same molecule, which they thought was
C, (but which has a quite different intensity pattern—uvide
infra). Incidentally, the RHF/4-21G band origins scaled by
0.89 are in quite good agreement with these frequencies.
TDW also suggested a band at 1447 cm ! to belong to the
same molecule: however, the data of KN do not show any
significant intensity correlation between that band and the
1893-2128 twins, which are indeed very closely correlated in
their spectra. Our calculations furthermore find no such
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TABLE VI. Computed isotope shifts for the 1197 cm ~ ' band of linear C,.
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Species MP2/6-31G* UHF/6-31G* UHF/4-21G ad hoc
MNDO
12-12-12-12-12-12  1197.0 1197.0 1197.0 1197.0
12-13-12-12-12-12 11969 1196.9 1196.7 1196.7
12-13-12-12-13-12  1196.8 1196.8 1196.5 1196.6
12-12-13-12-12-12  1185.5 1185.8 1186.4 1186.1
12-13-13-12-12-12  1185.5 1185.7 1186.2 1186.0
12-13-12-13-12-12  1185.5 1185.7 1186.2 1186.0
12-13-13-12-13-12  1185.5 1185.6 1186.1 1185.9
13-12-12-12-12-12  1184.2 1184.0 1183.6 1183.7
13-12-12-12-13-12  1184.1 1184.0 1183.4 1183.6
13-13-12-12-12-12  1183.9 1183.7 1183.1 1183.2
13-13-12-12-13-12  1183.9 1183.6 1182.9 1183.1
12-12-13-13-12-12  1175.1 1175.5 1176.7 1176.2
12-13-13-13-12-12  1175.1 1175.5 1176.5 1176.1
12-13-13-13-13-12  1175.1 1175.4 1176.4 1176.1
13-12-12-13-12-12  1173.3 1173.4 1173.6 1173.5
13-12-12-13-13-12  1173.3 1173.4 1173.5 11734
13-13-12-13-12-12  1173.1 1173.1 1173.2 1173.1
13-13-12-13-13-12  1173.1 1173.1 1173.1 1173.1
13-12-13-12-12-12  1172.4 1172.5 1172.7 1172.5
13-12-13-12-13-12  1172.4 11725 1172.6 1172.4
13-13-13-12-12-12  1172.3 1172.3 1172.3 1172.1
13-13-13-12-13-12 11723 1172.2 1172.2 1172.1
13-12-12-12-12-13  1171.5 1171.1 1170.3 1170.6
13-13-12-12-12-13  1171.3 1170.9 1169.9 1170.2
13-13-12-12-13-13  1171.1 1170.7 1169.5 1169.9
13-12-13-13-12-12  1162.5 1162.8 1163.5 1163.2
13-12-13-13-13-12  1162.5 1162.8 1163.4 1163.1
13-13-13-13-12-12 11624 1162.6 1163.2 1162.9
13-13-13-13-13-12 11624 1162.6 1163.1 1162.9
13-12-13-12-12-13  1160.3 1160.2 1159.9 1160.0
13-13-13-12-12-13  1160.2 1160.0 1159.6 1159.7
13-13-12-13-12-13  1160.2 1160.0 1159.6 1159.7
13-13-13-12-13-13  1160.0 1159.9 1159.3 1159.5
13-12-13-13-12-13 11500 1150.1 1150.3 1150.2
13-13-13-13-12-13  1150.0 1150.0 1150.1 1150.1
13-13-13-13-13-13  1149.9 1149.9 1149.9 1149.9

band in the C, spectrum, which again supports our interpre-
tation.

The MP2 results also predict two IR active frequencies
in that region, but their separation appears to be exaggerat-
ed; furthermore, the ordering of the highest 3, and 2, bands
is interchanged. Because of this, predicted isotope shifts will
be particularly unreliable. Nevertheless, the deviation be-
tween computed and experimental frequencies is still not
unusual. The bending part of the potential is again ill repro-
duced at the MP2/4-21G level, as expected.

TABLE VII. Computed bond distances (A) for linear C,.

A final check is provided by the primary isotope shifts.
Atthe RHF/4-21G level, we predict for the 2128 cm ~ ! band
(substituting with '>C from the outside in) A =0, 1, 12, 32,
and for the 1893 cm~! band 9, 21, 0, 8. Experimentally,
TDW found for the 2128 cm ~ ! band a single A = 13, as well
as a weak shoulder to the parent of the C; band at A = 29,
which is in excellent agreement with our data; for the 1893
cm ~ ! band, they saw a pair of bands at A = 9 and 11, again
in good agreement (the missing band may have been ob-
scured by various contaminants in the spectrum).

MP2/6- RHF/6- RHF/4- MP2/4- ad hoc
31G* 31G* 21G 21G MNDO
R,® 1.3012 1.270° 1.2735 1.3174 1.279¢
R * 1.2953 1.280° 1.2728 1.2973 1.271°¢
R* 1.2814 1.264° 1.2591 1.2825 1.258°¢
R * 1.291 1.271 1.267 1.2953 1.267
*R,, R,, and R, designate the bond distances from the outside in. R, is defined as

{[R}+ (R, +R,)*+ (R, +R, + R,)*}/14}'~ )
®K. Raghavachari and J. S. Binkley, J. Chem. Phys. 87, 2191 (1987).
¢J. M. L. Martin, J. P. Francois, and R. Gijbels, J. Comp. Chem. (in press).
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TABLE VIII. Theoretical frequencies (cm ~') and infrared intensities (km/mol) for linear C,.

RHF/6-31G* RHF/4-21G MP2/4-21G MP2/6-31G*  ad hoc

MNDO*®

z, 2376* 2401 2159 2216
=, 2281° (11 604°) 2364(12984)  2338(2934) 2405
=, 2132°(7169°)  2131(3803) 1880(613) 1962
3, 1745% 1717 1490 1576
=z, 1206° (0.14°) 1188(1.26) 1038(9) 1098
I, 710* (51X2°)  1405(93x2) 1400/

3, 631° 629 562 580
I, 598 812 480i

I, 2407 (0.7x2%) 357(1.25x2) 144/

I, 157° 157 155

IT, 732 (5.8x2°) 77(5.0x2) 79

2202
2193(RI4.1)
1939(RI 3.3)
1631

1135

670

394

602

357

212

80

#K. Raghavachari and J. S. Binkley, J. Chem. Phys. 87, 2191 (1987).
®K. Raghavachari (private communication).
¢J. M. L. Martin, J. P. Francois, and R. Gijbels, J. Comp. Chem. (in press).

Summarizing, we may be quite confident of the assign-
ment. As the table of isotope shifts would be long and not
very interesting to read, we have tabulated the symmetry-
unique Cartesian force constants in Table IX: any interested
reader may then easily derive any desired frequency by set-
ting up the secular problem.

We now turn to the famous very intense feature at 1997
cm ™~ '. VCSP et al. reassigned it from TDW’s original C, to
C;. However, we feel uncomfortable with this assignment
for a number of reasons: (a) because of odd—even alternation
in stability discussed at length in Ref. 24, C, will be much
more stable than Cy; (b) as seen by comparing Tables X and

XI, all levels of theory predict an extremely intense band for
C,, whereas the intensities for the strongest band of C, are
an order of magnitude lower; (c) the growth of the 1997
cm ~ ! feature is strongly correlated with the shrinking of the
2039 cm ~ ! band of C,, which already led TDW to believe
that C; was the “building block” for the species at 1997
cm~'. Brown et al.** also pointed out that reactions with C,
are the most exergonic way to grow for each cluster. As,
according to mass spectrometric measurements,*® the initial
carbon vapor consists for about 75, 20, and 5 % each of C,,
C, and C,, the following mechanism seems more logical to
us:

TABLE IX. HF/4-21G Cartesian force constants (atomic units) required to obtain isotope shifts for linear C,,
C,, and C,. The atoms are numbered from end to end. To obtain frequencies in cm ~ ', multiply isotope masses
by 1880.860 (number of electron masses in an amu) and frequencies obtained by 219 474.8 (twice the Rydberg

constant).
C, RHF/4-21G
k11= 0809117 k12= —0.778 091 k13 = —0.063 6609 k14 = 0.0532888
k15= —0.0388330 k16= 0.0285550 k17= —0.0103760 k22 = 1.546 210
k23 = —0.666 597 k24 = —0.157 402 k25= 0.108 609 k26 = —0.0812862
k33=  1.52659 k34= —0.703 169 k35= —0.162939 k44 = 1.614 57
C; UHF/4-21G
kll= 0.664453 k12 = —0.628 233 k13= —0.0518167 k14= 0.0238131
k15= —0.00703962 kl16= —0.00549874 k17= 0.0139271 k18 = — 0.009 604 50
k22= 140477 k23 = —0.710519 k24 = —0.092 6840 k25= 0.0384642
k26= —0.00206985 k27= —0.0236519 k33=  1.55450 k34= —0.717 761
k35= —0.106 996 k36= 0.0401 1575 k44 = 1.580 65 k45 = —0.718 448
C, RHF/4-21G
k11= 0.808 073 k12= —0.774 357 k13 = —0.068 529 k14= 0.0577844
k15= —0.043 3860 k16= 0.0349307 k17= —0.0288220 k18= 0.0230841
k19= —0.008 777 68 k22= 152309 k23 = —0.641 840 k24 = —0.170 535
k25= 0.122323 k26= —0.0949106 k27= 0.0747544 k28 = —0.061 6054
k33= 150502 k34 = —0.690410 k35= —0.183405 k36= 0.131352
k37= —0.098 1207 k4= 157922 k45 = — 0.656 446 k46 = —0.190 985

k55= 152183
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TABLE X. Theoretical frequencies (cm ~') and infrared intensities (km/mol) for linear C;.

UHF/6-31G* UHF/4-21G Ad hoc MNDO *
3, 2393° 2435 2233
2, 2330(3193)* 2345(4073) 2128(RI4.6)
3, 2161° 2160 2005
2, 1867(909)" 1828(1032) 1715(RI 1.3)
z, 1495* 1461 1410
2, 1049(9)* 1027(4) 984
2, 552¢ 549 518
I, 355" 528 429
II, 293(5.62)* 264(3.2x2) 533
II, 225(4.5X2)* 888(2.9%2) 277
II, 170° 147 162
m, 67(10x2)* 66(8%x2) 63
n 8197 1570 557

LY

*K. Raghavachari (private communication).
®J. M. L. Martin, J. P. Francois, and R. Gijbels, J. Comp. Chem. (in press).

2C3—”C6, (1)
C6+C3 _’Cg- (2)

In such a mechanism, the C, concentration would remain
relatively constant during depletion of C, and creation of
C,, which agrees with the observed behavior of the bands.
Reactions such as

Cs + Cz ‘*cs

will be much less important.

What can be said from the harmonic frequencies? The
RHF/4-21G band origin for C, is in good agreement with
the observed 1997 cm ~ !, whereas that for C; is on the high
side. Furthermore, this last frequency is itself lowered by
spin contamination effects, making the actual value perhaps

(3)

TABLE XI. Theoretical frequencies (cm~') and infrared intensities
(km/mol) for linear C,.

RHF/4-21G ~ RHF/6-31G*  Ad hoc MNDO °
3, 2465 2415 2266
s, 2373(2945) 2338°(433°)  2196(RI 4.4).
1, 2239(100x2)  783°(63X2°)  657(RI0.1)
3, 2188(33883)  2084°(40408") 2042(RI22.9)
s, 2122 2134 1938
3, 1780(681) 1803* (867°)  1676(RI 1.5)
3, 1375 1393* 1312
n, 1293 658° 628
3, 949(12.5) 960" (30°) 905
m, 821(19%2) 567" (2.7x2°) 543
3, 495 496° 467
m, 426 252° 350
m, 198(0.2x2)  187°(2.2x2°) 248
I, 17 114* 132
I, 53(5x2) 49 (52x2°) 49

*K. Raghavachari and J. S. Binkley, J. Chem. Phys. 87, 2191 ( 1987).
®K. Raghavachari (private communication).
©J. M. L. Martin, J. P. Frangois, and R. Gijbels, J. Comp. Chem. (in press).

still higher. In order to give this reasoning a more firm basis,
we apply here a little statistics.

Doing a linear regression with the available experimen-
tal values on the abscissa and the 4-21G values on the ordi-
nate, for the two lowest-lying states of C, and the lowest
linear states of C;—C,, and eliminating the X '= .} stateof C,
as a clear outlier, we find (with 9 data points)

y=11851x + 143.0, r=0.9961. 4)

For the 1997 cm ~! band, this leads to a “predicted” 4-21G
frequency of 2223.8 cm ~'. Standard statistical techniques
lead to

y—2223.8 =16.9y2F,(2,7), (5)

where F represents the well-known Fisher-Snedecor vari-
ance ratio distribution. Its P-value for C, is 17.66%, that for
C; only 0.06%. A similar analysis of the ad hoc MNDO data
(where there is no outlier) leads to P = 99.83 and 0.03%,
respectively. The frequency data alone are thus already suffi-
cient for assignment to C,.

A morelikely candidate for linear C; would appear us to
be a band at ~2075 cm !, which enters the spectra of KN
upon strong annealing. For this to be linear C;, a companion
band of about one-third that intensity should grow in ~ 1650
cm ™ !: there is one present at 1589 cm ~'. As far as the pre-
dicted companion bands (around 2200 cm~ ! and 1600
cm ') of C, go, there is a band with the right behavior and
intensity at 1601 cm ', as well as a pile-up of features (upon
stronger annealing) beginning at 2200 cm ~'. These latter
assignments are tentative, however, as we do not have ex-
perimental isotope shift data at our disposal.

Then come the TDW isotope shift data (as the VCSP
spectrum with 50:50 isotope ratios results in an undeciphera-
ble plethora of peaks). TDW found a single relatively sharp
A = 14, with ashoulder on the high frequency side, as well as
a very wide (about 10 cm ~ ') parent peak with again a high-
frequency shoulder. Computed primary shifts at the HF/4-
21G level are A = 3, 15, 16, 7, and 1 cm ~ ! from the outside
in for C,, compared to A = 1, 13, 18, 4 for C;. Given the
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large width of the parent peak, A = 7 is still acceptable for
the shoulder, whereas the 15 and 16 cm ~! peaks are in good
agreement with the sharp peak-cum-shoulder at 14 cm !
shift. The C; data are less easy to fit in, as they would cer-
tainly imply a double isotope peak.

The following point is the intensity reduction of the par-
ent peak upon isotopic 50:50 dilution. Given the fact that the
parent peak is near the baseline, the intensity ratio can only
be used to say that the cluster contains at least eight atoms,
not to discriminate between C; and C,.

The issue of band density is another one. The predicted
band densities for C; and C, by VCSP are based upon two
implicit assumptions: (a) the resolution of the spectrum is
small enough to discern all individual peaks; (b) there is
little or no coincidence between peaks.

The first is definitely not the case: VCSP quote a resolu-
tion of about 0.25 cm ~'. We have then computed isotopic
substitution bands for C; and C, from the HF/4-21G force
constant matrices (symmetry-unique Cartesian force con-
stants again being given in Table IX), and found the second
assumnption not to hold at all: especially for C,, bands often
cluster so closely that even the instruments with the highest
resolution would not be able to resolve them. Furthermore,
if any atoms have zero travel in a given normal vibration
(which is nearly the case for the third and sixth atoms in
C, ), all possible combinations of isotopes for these atoms

~ will give rise to exactly or nearly exactly the same frequency.

Using these data and an estimated mean full width at
half maximum (FWHM) of 0.25 cm~' (from Fig. 5 of
VCSP), we have simulated the spectra assuming Gaussian
line shapes. The simulated spectra for C,; and C, are depict-
ed in Figs. 1 and 2, respectively. The cluttering of bands is
especially obvious in Fig. 2. Even at sight, both spectra are
quite different: the C; spectrum contains several relatively
wide “gaps,” none of which (except a small one around 1940

IS

Relative intensity
w

cm ~ ' also seen in Fig. 2) is present in the experimental spec-
trum (Fig. 5 of VCSP). The “smear” of bands in several
areas of the experimental spectrum (especially around 1960
cm ') is well reproduced in Fig. 2, but not in Fig. 1. The
behavior near the '’C, peak, where contamination is rela-
tively absent, is relatively well reproduced in Fig. 2, but not
in Fig. 1. Finally, the locations of several high peaks appear
to be better reproduced in Fig. 2 than in Fig. 1.

The peak density was subsequently determined by
counting the peaks in each spectrum manually. In Fig. 1, 90
peaks are detected in 78.3 cm~' (which corresponds to a
smaller area in the experimental spectrum of about 77 cm ~!
due to anharmonicity ), which leads to an approximate band
density of 90/77 = 1.169 per cm ~'. For C,, 109 distinct
peaks and 7 “borderline cases” (that might get lost in the
noise of an actual spectrum) are counted, leading to a den-
sity between 1.416 and 1.506 per cm ~, in excellent agree-
ment with the experimental value of about 1.4 percm~'. A
larger FWHM would decrease both densities, as well as the

difference.

Summing up, we would be highly surprised if the 1997
cm ™' peak turned out to be Cy rather than Cy. A high-
resolution rotational fine structure such as recorded for C;
by Heath et al.'* could settle the issue: assuming a compara-
ble effective bond length, the predicted rotational constant
would be about one-quarter that of C for C,, and one-sixth
for C,. Another possibility is a high-resolution isotope spec-
trum with 95:5 '2C:"*C ratio: then primary isotope peaks
could be observed in more detail than by TDW, in a range
where comparatively little interference from other bands ex-
ists.

It was very recently shown,*® that the intensity vari-
ation of the 1997 cm ~' feature is strongly correlated with
that of a band at 307.5 nm in the UV spectrum. This latter
band may consequently also be assigned to C,, as may a band

FIG. 1. Simulated isotopic substitution spec-
trum for the 1997 cm ~ ! band from the UHF/4-
21 force constant matrix for linear C,.

2000 1980 1960 Wavenumber

1940
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FIG. 2. Simulated isotopic substitution spec-
trum for the 1997 cm ~ ! band from the RHF/4-
21 force constant matrix for linear C,.

2000 1980 1960 1940

Wavenumber

around 246.5 nm be assigned to linear C, because of its
strong correlation with the 1952 cm ~ ' line.

Assignments of the bands around 1700 and 1800 cm ~'
is more speculative: as discussed by MFG, the most likely
candidate for the features around 1700 cm ~' is cyclic Cq,
whereas the features between 1800 and 1850 cm ~ ! are prob-
ably caused by cyclic Cy and C,,. As shown by RB, cyclic
and linear structures will be nearly isoenergetic for C,, C,,
and Cg, whereas C,, has a distinct cyclic structure. How-
ever, the presence of still higher species cannot be ruled out,
like C,, which is a “magic number” cluster in mass spectra
of graphite.*’ Concerning the 1447 cm ! band, the only
conclusion is negative: the isotope shift pattern completely
contradicts assignment to cyclic C, as well as linear Cs,
which are about the only species considered that have an IR
active band of some intensity in that region. The 1284 cm ~!
vand may be caused by the cyclic form of C, (no experimen-
tal isotope data are available): a very-high level study of
linear and cyclic C,, which may give conclusive evidence, is
presently near completion in our laboratory. As discussed in
MFG, the fact that the growth of the band is not correlated
with that of the linear C, band may be explained on thermo-
dynamic and kinetic grounds. Another possible candidate
would be the lower bending frequency of cyclic C, (comput-
ed by RB at 1286 cm ~ !, HF/6-31G*); its IR intensity is on
the low side, however.

lll. CONCLUSIONS

The harmonic frequencies, infrared intensities, and iso-
topic substitution bands of C, have been evaluated at the
MP2/6-31G* level. They confirm previous assignments of
the 1952 and 1197 cm ™' matrix IR bands to C,. Isotopic
substitution spectra at the MP2/6-31G* and HF/4-21G lev-
el, as well as those with a newly developed ad hioc MNDO

1920

method are shown to be in good agreement with experiment
for C,, Cs, and C,. On the basis of RHF/4-21G, RHF/6-
31G*, MP2/4-21G, MP2/6-31G*, and ad hoc MNDO data,
including theoretical frequencies, IR intensities, and isoto-
pic substitution spectra, it is shown with virtual certainty
that the 2128 and 1893 cm ~ ! matrix IR bands belong to C,.
A recent assignment of the very intense 1997 cm ~ ' matrix
IR feature to Cy is contradicted on the same grounds, and an
alternative assignment to C, put forward.

Note added in proof: After going to press of this paper,
the Berkeley group has succeeded in recording spectra with
Doppler-limited resolution of the 2128 cm ™' [J. R. Heath,
R. A. Sheeks, A. L. Cooksy, an R. J. Saykally, Science 249,
895 (1990); J. R. Heath et al., Science (in press) ] and 1998
cm~! [J. R. Heath et al., J. Chem. Phys. (in press)] bands.
The results unambiguously confirm our assignment of the
2128 cm ™! band to C, and of the 1998 cm ' band to C,.
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