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Abstract 

Vapors from solid and powdered carbon emitted from an oven cycled between 2000 and 3000 K were co-condensed with 
argon onto a CsI substrate maintained at 10 K. The cycling process produced a matrix "sandwich" with regions of high 
carbon density alternating with layers of argon. FTIR measurements including extensive ~3C isotopic data, supported by ab 
initio calculations, allow the assignment of a band at 1694.7 cm- ~ to the ~,4(e') fundamental of cyclic C 6. This represents 
the first conclusive identification of a small cyclic neutral polycarbon. Additionally, a vibration previously observed at 
1710.3 cm-~ has been confirmed as the u9(cr u) mode of linear C 8. © 1997 Published by Elsevier Science B.V. 

I. Introduction 

Pure carbon molecules (polycarbons) have re- 
ceived considerable experimental and theoretical at- 
tention over the past forty years. Several reasons 
were indicated by Weltner and Van Zee in their 
comprehensive review [1], including the possible role 
of polycarbons as soot precursors and their signfi- 
cance in astrophysical processes. More recently, the 
discovery of methods for producing macroscopic 
quantities of fullerenes in the laboratory [2,3] and the 
exploration of mechanisms for their formation have 
excited new interest. Concomitantly, the capabilities 
of quantum chemistry have improved substantially; 
accurate structures, energetics, and spectra of carbon 
clusters as large as buckminsterfullerene (C60) are 
now computationally attainable [4]. 

The US Air Force High Energy Density Matter 
(HEDM) Program is studying the feasibility of seed- 

I Present address: 24147 Twenty Mule Team Road #304. 
Boron, Alta California 93516. 

ing cryogenic rocket propellants with atomic or 
molecular species to increase their energy content 
[5]. The present report is an outgrowth of efforts to 
deposit a few mole percent carbon atoms in cryo- 
genic matrices. In the course of this work a novel 
condensation chemistry has been observed with cyclic 
C 6 playing a leading role. 

Calculations of C 6 isomers employing extensive 
electron-correlation treatments [6-9], including sin- 
gle- and double-excitation coupled-cluster calcula- 
tions with a noniterative treatment of connected triple 
excitations [10], denoted CCSD(T), indicate that the 
distorted hexagon ( ~ ,  D3h symmetry) is ~ 8  
kcal /mol  lower in energy than the regular hexagon 
( IA l~, D6h) and ~ 11 kcal /mol  lower than the linear 
chain (3~g, D~h)" Additionally, application of den- 
sity-functional theory (DFT) methods to cyclic C 6 
[11,12] yields structures, frequencies, and intensities 
that are in good accord with the CCSD(T) results 
[6,9]. 

Beginning in 1964 Weltner and co-workers pio- 
neered infrared spectroscopy of thermally evaporated 
carbon species trapped in rare-gas matrices [13-16]. 
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Vibrational and electronic spectra of linear C 6 have 
been extensively studied [16-26], but experimental 
data concerning possible cyclic forms are sparse. 
Szczepanski and Vala [21] did find a correlation 
between the intensities of bands at 1695 cm-J and 
586 nm (17065 cm -1 ) upon matrix annealing, and 
from kinetic considerations they surmised that these 
bands may belong to a cyclic cluster containing six 
or more carbon atoms. Coulomb explosion imaging 
[27] also seems to provide indirect evidence for the 
existence of cyclic C 6. 

Several researchers have considered the question 
of why no cyclic forms of any small polycarbons 
have been directly identified [20,28]; their elusive- 
ness constitutes a long-standing experimental chal- 
lenge. In this paper we introduce a new method for 
the abundant production of carbon clusters, focusing 
on the identification of cyclic C 6. Other cyclic car- 
bon clusters will be discussed in subsequent publica- 
tions. 

2. Computational methods 

Harmonic frequencies and infrared intensities for 
cyclic 12C 6 have been published [8,9,11,12,29], but 
the 13C isotopic shifts essential for the definitive 
identification of matrix-isolated species are not in the 
literature. Consequently, we performed density-func- 
tional (B3LYP) calculations in cc-pVDZ [30], cc- 
pVTZ [30], and 6-311G(2d) [31] basis sets, as well 
as CCSD(T) calculations in the cc-pVDZ basis set, 
largely following the work of Martin and co-workers 
[9,12]. Additionally, we calculated isotopic shifts of 
linear C 8 at the B3LYP/cc-pVDZ level. Gaussian 
[31] and ACES II [32] were used on IBM RS/6000 
work stations at Phillips Laboratory and Cray C90 
computers at the US Army Corps of Engineers Wa- 
terways Experiment Station and the Aeronautical 
Systems Center. 

3. Experimental methods 

Carbon vapor from an oven resistively heated to 
3000 K was co-condensed with argon onto a CsI 
substrate at 10 K in a vacuum chamber capable of 
10 -7  Torr. A matrix of 150 p~m maximum average 

thickness was produced in about one hour and FTIR 
spectra (600-4000 cm- 1 ; resolution 1.2 cm-  J 
FWHM at 1700 cm -~ ) of several annealed matrices 
were measured. Except as noted below, the proce- 
dures and equipment were identical to those de- 
scribed previously [33]. 

A cylindrical tantalum cell (2.4 cm long, 0.64 cm 
diameter, 0.25 mm wall thickness, with a centered 
1.0 mm diameter orifice), containing graphite and 
sealed with 0.6 cm long tantalum end caps, was 
mounted between water-cooled electrodes. A current 
of about 700 A was required to reach the highest 
temperatures. The orifice temperature was 200-400 
K above that of the end caps, so the saturated 
C3-rich [34] carbon vapor near the cooler graphite 
surface was considerably dissociated as it exited the 
orifice. 

During deposition, argon condensed onto the sub- 
strate at a constant flux no greater than 8 X 1016 

atoms c m  -2  s - l ,  bu t  t he  o v e n  current was repeat- 
edly cycled to produce a matrix "sandwich" with 
ten carbon-rich layers separated by argon layers of 
approximately equal thickness. The temperature was 
raised by 300 K/min  during a heating phase (from 
2000 to 3000 K), taking care to avoid the sputtering 
of graphite particles. During the transient period 
between heating and return to steady state, the tem- 
perature gradient between the orifice and the graphite 
surface was largest, and the emitted carbon vapor 
was significantly atomized. The estimated maximum 
flux of equivalent carbon atoms through the orifice 
w a s  102° cm 2 S 1 over the course of a deposition. 
The layered matrix supports average densities in 
excess of one mole-percent, although these decrease 
over time with reduction in the graphite surface area. 

Varying ~2C/J3C sample ratios were produced by 
loosely filling a 100 mg solid graphite liner (about 
0.5 mm wall thickness, CZR-2 grade, POCO 
Graphite) with 100 mg powdered carbon of three 
different isotopic compositions: (a) natural-abun- 
dance carbon (99.9995% purity, Johnson Mathey); 
(b) an equimolar mixture of well-blended J2C and 
13C and (c) J3C flakes (99% purity, amorphous, 
Cambridge Isotope Laboratories). Because the pow- 
ders evaporate faster than the solid liner, the compo- 
sitions of the first few layers are nearly identical to 
the composition of the powder itself, whereas later 
layers are richer in ~2C from the liner. 
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4. Results and discussion 

Fig. l(a) shows a spectrum of an annealed matrix 
(27.5 K) containing nearly pure 12C. The most 
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Fig. 1. FTIR spectra of the ~'4(e') mode of cyclic C 6 and the 
%(0- u) mode of linear C 8 produced by evaporating carbon mix- 
tures with average compositions: (a) natural-abundance carbon; 
(b) 75% 12C and 25% 13C; and (c) 50% t2C and 50% I3C. 
Integrated absorbances of the 1694.7 cm -1 band and its iso- 
topomers are 3.9, 5.7 and 3.5 cm -~ , respectively. 

Fig. 2. CCSD(T)/cc-pVDZ equilibrium structure of cyclic C 6 
(D3h symmetry) with the bond distance (A) and angles (degrees) 
indicated. The arrows illustrate the atomic displacements associ- 
ated with the degenerate v4(e') normal mode. 

prominent absorption is the 1694.7 cm-1 band, pre- 
viously attributed to a cyclic cluster of six or more 
atoms by Szczepanski and Vala [21]. The absolute 
absorbance of this peak in Fig. l(a), however, is at 
least three times stronger than they reported (fig. 3 of 
Ref. [21]), and it undergoes a two- or three-fold 
intensity increase upon further annealing. 

Harmonic frequencies calculated [8,9,11,12,29] for 
the intense v4(e') mode of cyclic ~2C 6 (depicted in 
Fig. 2) are in reasonable agreement with the 1694.7 
cm ~ measurement. We computed vibrational fre- 
quencies and intensities for the complete set of iso- 
topomers; those for the vibrational modes of cyclic 
~2C 6 are reported in Table 1. These data are rela- 
tively insensitive to the choice of atomic basis set or 
correlation treatment, and the B3LyP/cc-pVDZ re- 
sults are in complete agreement with those from the 
identical calculation of Martin et al. [12]. Our 
CCSD(T)/cc-pVDZ frequencies (Table 1), however, 
differ significantly from those reported by Martin 
and Taylor [9], even though we obtained the same 
minimum energy structure (Fig. 2). We confirmed 
these results using two different program systems 
[31,32], concluding that the CCSD(T)/cc-pVDZ fre- 
quencies for cyclic ~2C 6 reported by Martin and 
Taylor (table 3 of Ref. [9]) should be replaced by the 
values listed in Table 1. The scale factor for the 
z,4(e') mode that brings the calculated CCSD(T)/cc- 
pVDZ frequency into coincidence with the measure- 
ment is 0.9762, sufficiently near unity to tentatively 
assign the 1694.7 cm -1 band to cyclic 12C 6. Conclu- 
sive assignment, however, requires examination of 
the ~3C isotopomer data. 

Computed isotopomer frequencies and those ob- 
served in the spectra of Fig. 1 are listed in Table 2. 



442 J.D. Presilla-Mdrquez et al. / Chemical Physics Letters 274 (1997) 439-444 

Table 1 

Calculated harmonic frequencies (cm -~ ) of cyclic 12C 6. Infrared intensities (km/mol)  of the active modes are given in parentheses 

Mode B3LYP/6-311G(2  d) B 3 L Y P / c c - p V D Z  B 3 L Y P / c c - p V T Z  CCSD(T) / cc -pVDZ 

vt(a' I ) 1218 1222 1223 1183 

v2(a' I ) 646 659 647 556 

v3(a' 2) 1393 1437 1412 1371 

v4(e') 1751 (424) 1769 (404) 1761 (436) 1736 (420) 

vs(e') 1234 (1) 1219 (1) 1232 (1) 1178 (1) 

v6(e') 650 (24) 633 (25) 645 (22) 576 (43) 

uv(a'~) 425 (7) 419 (8) 435 (6) 380 (7) 

v8(e") 534 519 538 492 

The cyclic 13C 6 isotopomer clearly observed at 
1630.4 cm -1 (Fig. lc) is shifted by -64.3 cm -1 
from 12C 6, in good accord with the scaled calculated 
shift of - 6 6 . 8  cm 1. The degeneracy of the v4(e') 
mode for 16 of the 20 isotopomers is lifted upon 13C 
substitution, producing modes 4A and 4B (Table 2), 
for a total of 36 distinct bands contained within only 
64.3 cm -1 . It should be noted that the current novel 

matrix preparation technique allows early deposition 
of highly 13C-substituted isotopomers, even though 
equal amounts of 12C and 13C were used in sample 
(c). Fig. 3(a) shows the spectrum from Fig. l(c) in 
greater detail, along with spectra (Fig. 3b, c) ob- 
tained after two additional annealings of the sample. 
The features in the congested spectrum between 
1675 and 1645 cm -l  are well reproduced, whereas 

Table 2 

Calculated [CCSD(T)/cc-pVDZ] and observed frequencies and shifts (cm -1 ) for the ua(e') mode of cyclic C 6 isotopomers 

Isotopomer Stat. Calculated 

Wt. 

Observed 

Mode-4A Mode-4B Mode-4A Mode-4B 

Raw Scaled a Shift Raw Scaled a Shift Obs. Shift A b Obs. Shift A ~ 

12-12-12-12-12-12 1 1736.1 1694.7 1736.1 1694.7 1694.7 1694.7 
13-12-12-12-12-12 3 1706.2 1665.5 - 2 9 . 2  1736.0 1694.6 - 0 . 1  1687.4 - 7 . 3  - 2 1 . 9  1694.5 - 0 . 2  0.1 

12-13-12-12-12-12 3 1727.1 1685.9 - 8 . 8  1731.4 1690.1 - 4 . 6  1685.6 - 9 . 1  0.3 1690.1 - 4 . 6  0.0 

13-13-12-12-12-12 6 1698.3 1657.8 - 3 6 . 9  1730.4 1689.1 - 5 . 6  1657.4 - 3 7 . 3  0.4 1692.1 - 2 . 6  - 3 . 0  

13-12-13-12-12-12 3 1689.7 1649.4 - 4 5 . 3  1721.5 1680.4 - 14.3 1648.6 - 4 6 . 1  0.8 1681.2 - 13.5 - 0 . 8  

13-12-12-13-12-12 3 1701.0 1660.4 - 3 4 . 3  1727.0 1685.8 - 8 . 9  1663.6 - 3 1 . 1  - 3 . 2  1685.6 - 9 . 1  0.2 

12-13-12-13-12-12 3 1719.9 1678.9 - 15.8 1724.5 1683.4 - 11.3 1679.3 - 15.4 - 0 . 4  1682.7 - 12.0 0.7 

13-13-13-12-12-12 3 1780.5 1638.0 - 5 6 . 7  1717.3 1676.3 - 18.4 1639.1 - 5 5 . 6  - 1.1 1677.0 - 17.7 - 0 . 7  

13-13-12-13-12-12 6 1692.8 1652.4 - 4 2 . 3  1721.1 1680.1 - 1 4 . 6  1652.6 - 4 2 . 1  - 0 . 2  1681.2 - 1 3 . 5  - 1 . 1  

13-12-13-13-12-12 6 1683.7 1643.5 - 5 1 . 2  1713.4 1672.5 - 2 2 . 2  1644.2 - 5 0 . 5  - 0 . 7  1671.4 - 2 3 . 3  1.1 

13-13-12-12-12-13 3 1690.3 1650.0 - 4 4 . 7  1724.4 1683.3 - 11.4 1650.5 - 4 4 . 2  - 0 . 5  1682.7 - 12.0 0.6 

13-12-13-12-13-12 1 1689.6 1649.3 - 4 5 . 4  1689.6 1649.3 - 4 5 . 4  1647.2 - 4 7 . 5  2.1 1647.2 - 4 7 . 5  2.1 

12-13-12-13-12-13 1 1714.9 1674.0 - 2 0 . 7  1714.9 1674.0 - 2 0 . 7  1675.2 - 19.5 - 1.2 1675.2 - 19.5 - 1.2 
13-13-13-13-12-12 6 1674.2 1634.3 - 6 0 . 4  1709.0 1668.2 - 2 6 . 5  1635.2 - 5 9 . 5  - 0 . 9  1666.4 - 2 8 . 3  1.8 

13-13-13-12-13-12 3 1680.4 1640.3 - 5 4 . 4  1684.8 1644.6 - 5 0 . 1  1642.0 - 5 2 . 7  - 1.7 1645.9 - 4 8 . 8  - 1.3 

13-13-12-13-13-12 3 1677.7 1637.7 - 5 7 . 0  1704.7 1664.0 - 3 0 . 7  1636.9 - 5 7 . 8  0.8 1662.5 - 3 2 . 2  1.5 
13-13-12-13-12-13 3 1684.6 1644.4 - 5 0 . 3  1714.8 1673.9 - 2 0 . 8  1644.2 - 5 0 . 5  0.2 1673.1 - 2 1 . 6  0.8 

13-13-13-13-13-12 3 1673.0 1633.1 - 6 1 . 6  1677.6 1637.6 - 5 7 . 1  1632.6 - 6 2 . 1  0.5 1636.9 - 5 7 . 8  0.7 

13-13-13-13-12-13 3 1667.8 1628.0 - 6 6 . 7  1700.1 1659.6 - 3 5 . 1  1630.4 - 6 4 . 3  - 2 . 4  1661.0 - 3 3 . 7  - 1.4 
13-13-13-13-13-13 1 1667.7 1627.9 - 6 6 . 8  1667.7 1627.9 - 6 6 . 8  1630.4 - 6 4 . 3  - 2 . 5  1630.4 - 6 4 . 3  - 2 . 5  

a Scale factor is 0.9761534. 
6 A = predicted shift - observed shift. 
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Fig. 3. FTIR spectra of matrix (c) at 10 K after annealing to: (a) 
27.5 K for 180 s; (b) 30.0 K for 150 s and (c) 32.5 K for 60 s. 

the magnitude of the noise may be gauged from the 
relatively featureless region between the two H 2 0  
absorptions (Fig. lb and Fig. 3). Due to the high 
density of  bands in the central portion of this mani- 
fold, specific isotopomer assignments are necessarily 
somewhat provisional, and are sensitive to the accu- 
racy of the ab initio calculations. 

The 13CIJzC 5 isotopomers (Table 2) are dis- 
cernible in Fig. l(a) at only 1% 13C (natural abun- 
dance), and they are prominent in Fig. l(b, c). The 
differences (A)  in Table 2 between predicted (scaled) 
and observed shifts for 35 of the 36 bands range 
between - 3 . 2  and 2.1 cm -~, with an RMS average 
of 1.5 cm -~. Based on these assignments, only one 
band has a large A value ( - 2 1 . 9  cm-~) ,  which 
could result from any number of  spectral perturba- 
tions, such as a resonance between the ~'5 + v6 com- 
bination band and the v 4 fundamental. Because each 
of the 20 isotopomers has a unique vibrational spec- 
trum (indeed, they are divided among three different 
point groups) and perturbations of  this sort occur 
only among the vibrations of  an individual iso- 
topomer, it is not unexpected that a strong interaction 
arising from a fortuitous near degeneracy might be 
observed in only a minority of  possibilities. The 
present calculations do not account for such pertur- 
bations. 

The spectrum in Fig. l(a) also exhibits an uniden- 
tified absorption at 1663.7 cm-~,  as well as a band 
at 1710.3 cm -~ that was previously assigned to the 

/29(O'u) mode of linear C 8 by Szczepanski et al. [26]. 
Our B 3 L Y P / c c - p V D Z  isotopic-shift calculations for 
this molecule [35] indicate that the bands discernible 
at 1705.3 and 1699.8 cm -~ result from linear 
~3C~2C 7 isotopomers at 1% ~3C natural abundance. 
Additional 13CI12C 7 bands, obscured in Fig. l(a), 
appear at 1701.8 and 1696.0 cm -~ in Fig. l(b, c). 
These results support the assignment of  the 1710.3 
cm -~ band to the eg(~r 0) mode of linear C 8. 

There are additional reasons to rule out the possi- 
bility that the 1694.7 cm ~ absorption actually be- 
longs to a fundamental of linear C 8. First, several 
strong bands in Fig. l(b, c), most prominently those 
at 1694.5 and 1692.1 cm -~, could not be accounted 
for by our calculations on linear C 8. Second, all 
calculations on linear C 8 [9,11,12,35] predict the 
us(or u) mode at ~ 2100 cm -~ to be 2 - 3  times more 
intense than the Vg(~ u) mode; however, only very 
weak bands were observed in this spectral region. 
Third, in agreement with Szczepanski et al. [26], we 
noticed that a band at 2071.4 cm-~ correlated with 
the 1710.3 cm ~ band upon annealing. Specifically, 
we found that the ratio of  the integrated absorbances 
of these bands was in good accord with the 2.7:1 
prediction of theory [12]. 

Therefore, based on the excellent overall agree- 
ment between the cyclic C 6 calculations and mea- 
sured isotopic shifts, and because all other linear and 
cyclic C,, clusters (n < 12), particularly linear C 8, 
may be dismissed as candidates [9,11,12,29,35], we 
definitively assign the 1694.7 cm -~ band to the 
v4(e') mode of cyclic 12C 6. Furthermore, we confirm 
the assignment of the 1710.3 cm ~ band to the 
Vg(Cr u) mode of linear C 8. 

5. Conclusions 

Fourier transform infrared spectroscopy of 
matrix-isolated carbon vapor has resulted in the first 
definitive identification of a small cyclic carbon 
cluster. A new technique was developed to make 
layered matrices that exhibited novel condensation 
chemistry. Based on the excellent agreement be- 
tween the observed isotopomer frequencies and the 
predictions of  ab initio calculations, a band at 1694.7 
cm-~ is assigned to the v4(e') fundamental of  cyclic 
C 6. Additionally, we have confirmed the assignment 
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of a band at 1710.3 cm ~ to the v9(cr u) mode of 
linear C 8. 
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