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tangle in Figure 7(a) was shown in Figure 7(b). The dis
tribution of layers with different thickness is analogous with 
that obtained by the X-ray measurement. The average rough
ness of LB film, 49.6 A, calculated using the layer dis
tribution in Figure 4 was well consistent with the mean 
roughness value (49.8 A) measured by AFM.
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Density functional theory calculations are reported for the carbon clusters bonded with two oxygen atoms 
OCnO (n=2-6). The structures, vibrational frequencies and dipole moments are computed by BLYP theory with 
the 6-311G*  basis set. Good agreement is obtained between the computed and experimentally observed pro
perties. The ground states of these molecules are shown to be linear. Cyclic structures with higher energy are 
also predicted.

Introduction

Carbon clusters with polycumulated double bonds of gen- 
er이 structure of XCnY (X, Y=H2, O, S) received con
siderable attention recently due to the unusual spectroscopic 
properties and high reactivity. Some of these molecules are 
known to be very quasilinear.1 For example, the frequency 
of the lowest bending mode of the linear molecule OC3O is 
o미y 18 cm1.2 The alternation of the electronic multiplicity 
(singlet for odd n and triplet for even n) and other pro
perties is also characteristic of these molecules. These 
molecules are not inherently unstable, and the difficulty of 
preparing them in laboratory is only due to their unusual 
reactivity. Quantum chemical treatment of these molecules 

were mostly limited to semiempirical or Hartree-Fock level 
of methods, due to the large size of the molecules. In
terstellar detection of carbon clusters also seems to give 
these molecules astrophysical importance.

Considering the spectroscopic and astrophysical im
portance of these molecules, we report in the present work 
the theoretical calculations by employing the density func
tional theory,3,4 which proved5-9 to give surprisingly ac
curate spectroscopic properties of medium-sized carbon 
clusters with much less computational efforts than other cor
related ab initio methods. We report the spectroscopic pro
perties of the carbon suboxides OCnO (n=2-6). We employ 
the BLYP/6-311G*  density functional theory. We find that 
the ground states of these molecules are linear. The com
puted spectroscopic properties agree well with experimental 
observations. Predictions are also made for several cyclic
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structures.

Computational Methods

In this study all the calculations were carried out using 
the GAUSSIAN 94 set of programs10 on DEC 3000/400 
work station. The density fiinctionai theory with the ex
change functional of Becke11 and correlation functional by 
Lee et al.n (BLYP), was employed with the 6-311G*  basis 
set. Bond lengths and rotational constants were calculated 
along with the zero-point vibrational energies and harmonic 
frequencies.

a Numbers in parentheses denote intensities, approximated to the 
nearest integer. hRef. 18. cRef. 19. dRef. 20. 'Ref. 21. zRef. 22. 
"Ref. 23. "Ref. 2.

Results

The energies, rotational constants, and the zero point vi
brational energies of the ground states of linear OCnO (n=2- 
6) are presented in Table 1. The expected values of the elec
tronic spin <S2> show that the molecules with odd (even) 
numbers of carbon atoms are singlets (triplets). This is be
cause OCnO with odd n has fully filled % orbital (with elec
tronic configuration of ... Sk4^4), while those with even n 
have n orbitals half filled (…丸七玲”)Calculated bond 
lengths and harmonic frequencies are reported in Table 2- 
Table 4. The carbon-carbon bond lengths of these molec
ules are quite uniform, indicating that they are mostly cu
mulated double bonds. No scaling factors were employed 
here to compare with experimental observations. It is very 
interesting to see that the lowest bending frequencies are 
very small (less than 100 cm1 with the exception of OGO), 
verifying the “semirigid” bending nature1 of these molec
ules.

The tricarbon suboxide, OC3O, is a stable molecule, and

Table 1. BLYP/6-311G* energies (a.u.), <52>, zero-point en
ergies Eq (kcal/mol) and rotational constants Be (GHz) of the 
ground states of OCnO (n=2-6)

n Energy <S2> 玖 Bc
2 -226.60161 2.0035 8.47 4.2476580
3 -264.72201 0.0000 13.23 2.1763382
4 -302.79631 2.0032 15.09 1.2284357
5 -340.92476 0.0000 19.00 0.7830313
6 -378.96801 2.0033 21.48 0.5222884

Ta비e 2. Bond lengths (A) and vibrational frequencies (cm-1) 
of OC3O

BLYP/6-311G*  Ex" Exp

ro-c 1.176
fc-c 1-280
vt (gu) 2352 (2172)fl
v2 (og) 2179 (0) 2196.5
v3 (gu) 1578 (104)
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it is known to be one of the floppiest molecules. The lowest 
bending frequency is only 18 cm-1, and the barrier from 
the nonlinear to tiie linear structure is as small as about 33 
cm1.13 The calculated spectroscopic properties are com
pared in Table 2 with those experimentally measured. It can 
be seen that the calculated properties in the present work, 
particularly the harmonic frequencies, are in good agree
ment with experiments, mostly within 30 cm \ The lowest 
harmonic bending frequency (82 cm-1) obtained in our cal
culations, however, did not reproduce the very low (18 cm-1) 
experimental bending frequency of the molecule.

For polycarbon oxide sulfides containing more than three

Table 3. Bond lengths (A) and vibrational frequencies (cm-1) 
of linear OC4O and OC5O

oco blyp/°C4° 6-3UG*
HF广 a » BLYP/
3 2f Exp OC5O &3iiG*

Exp顯 

matrix phase
fo-ci 1.188 1.150 ro.Ci 1.179
ici-c2 1.287 1.268 rCi.c2 1.284
rC2-C3 1.293 1.268 rC2c3 1.281
Vi (%) 2283(0)“ 2277 /«&) 2296(0) - -
v2(ou) 2135(1526) 2130 V2 (히 2283(4677)2213° 2242
v3(0fi) 1792(0) 1816 v3(gu) 2049(437) 2059c 2065
v4(ou) 1254(78) 1276.9 v4(oj 1652(0) 1665’ -
% (<%) 621(0) 642 v5(ou) 1107(60) 1144c 1152
% ("53(18) 467.1 v6(oj 544(0) 573d -
% (Q 428 (22) v7(ns) 526(0) 530“ -
Vs (吒)256(0) 니J，。523(20) 539° 542
vg 98(1) vg 429(22) 470c 474

v10 (^153(0) 145d -
Vn(%)48(0) - -

Numbers in parentheses denote intensities, approximated to the 
nearest integer. fcRef. 15; Ar matrix. cRef. 14; Ar matrix, infrared. 
dRef. 24; CC14 matrix, Raman. ° Ref. 24; gas phase.

Table 4. Calculated Bond lengths (A), and vibrational fre
quencies (cm*1) of linear OC2O and OC6O

OCQ
BLYP/

6-311G*
CCSD/ SCF/ SCF/ 

DZpd oc6oDZP6 DZPC
ro-c 1.202 1.197 1.168 rO-Cl 1.185
rc-c 1.289 1.297 1.281 rCl-C2 1.286
Vi(Og) 2290(0/ 2653 rC2-C3 1.289
V2(ou) 1708(305) 1954 rC3-C4 1.283
V3«&) 911(0) 1023
\如歸） 294(8) 345 V] (Gg) 2234 (0)
Vs (%) 216(0) 277 V2(Gu) 2214 (3464)

V3 (Og) 2056 (0)
V4(G„) 1801 (247)
V5 «%) 1424 (0)
v6 ㈤ 951 (51) 
v7 ㈤ 505 (0) 
니 8 (%) 474 (0) 
v9 g 470 (23) 
Vio (&) 458 (0) 
vu (妃 310 (0) 
v12 (%) 133 (0) 

____________________________________ Vs Su) 58 (0) 
a Numbers in parentheses denote intensities, approximated to the 
nearest integer. 6 Ref. 25. cRef. 17. dRef. 26.
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Table 5. Relative displacement vectors in the vibrational modes 
of OCnO (n=2, 3)________________________________

[-0.16]“ 
O

[0.16] 
C

[0.16] 
C

[-0.16] 
O

(2290)(Gg) -.23 .67 -.67 .23
(1708) (au) -.42 .57 .57 -.42
(911)㈤ .64 .29 -.29 -.64
(294) (%) .42 -.57 -.57 .42
(216)㈤ -.18 .68 -.68 .18

[-0.15] [0.18] [-0.06] [0.18] [-0.15]
O C C C O

(2352) (q) .17 -.53 .61 -.53 ,17
(2179)㈤ .32 -.63 .00 .63 -32
(1578)㈤ -.44 .22 .72 .22 -.44
(756) (a8) .59 .39 .00 -.39 -.59
(563)㈤ -.26 .66 .00 -.66 .26
(549) W .24 -.57 . .49 -.57 .24
(82) W .40 -.13 ~~ .81 -.13 .40

The Mulliken charges.

Table 6. Relative displacement vectors in the vibrational modes 
of OC4O

[-0.14]° 
O

[o.ii] 
C

[0.03]
C

[0.03] 
C

[0-11] 
c

[-0.14] 
O

(2283)㈤ -.17 .47 -.50 .50 -.47 .17
(2135) (ou) -.24 .60 -.28 -.28 .60 -.24
(1792) (og) -.32 .38 .50 -.50 -.38 .32
(1254) (ou) -.44 .02 .56 .56 .02 -.44
(621)(珏) .55 .42 .16 -.16 -.42 -.55
(453)㈤ .24 -.66 .28 .28 -.60 .24
(428) (ng) -.26 .63 -.19 .19 -.63 .26
(256) (%) -.16 .12 .68 -.68 -.12 .16
(98) g .44 -.03 -.55 -.55 -.03 .44

“ The Mulliken charges.

Table 7. Relative displacement vectors in the vibrational modes 
of OC5O

[-0.14]"
O

[0.16]
C

[-0.21]
C

[0.38] [-0.21] [0.16] [-0.14]
C C C O

(2296)㈤ .21 -.55 .39 .99 -.39 .55 -.21
(2283) (gu) -.11 .37 -.47 .50 -.47 ,37 -.11
(2049) (q) -.28 .49 .17 -.57 .17 .49 -.28
(1652) (헓) — .34 .23 .58 .00 -.58 -.23 .34
(1107) (ou) -.42 -.11 .37 .59 .37 -.11 -.42
(544)㈤ .52 .43 .23 .00 -.23 — .43 -.52
(526)(见) -.24 .61 -.27 .00 .27 -.61 .24
(523) (%) .25 -.60 .10 .36 .10 -.60 .25
(429)㈤ -.07 .13 -.42 .78 -.42 .13 -.07
(153)(妃 -.25 .15 .64 .00 -.64 -.15 .25
(48)(蹌 .45 .05 -.46 -.40 — .46 .05 .45

The Mulliken charges.

[-0.14]*1 [0.14] [-0.22] [0.22] [0.22] [-0.22] [0.14] [-0.14]

Table 8. Relative displacement vectors in the vibrational modes 
of OC6O

O C C C C C C O

(2234)(。》 .18 -.48 .40 -.27 .27 -.40 .48 -.18
(2214)㈤ -.18 .51 -.43 .16 .16 -.43 .51 -.18
(2056)㈤ .18 -.33 -.11 .59 -.59 .11 33 -.18
(1801)(6) -.28 .33 .42 -.37 -.37 .42 33 -.28
(1424)0) .34 -.10 -.53 -.30 30 .53 .10 -.34
(951)0) -.41 -.17 .22 .50 ,50 .22 -.17 -.41
(505)(%) .11 -.28 — .09 .64 -.64 .09 .28 -.11
(474)0) .49 .42 .28 .09 -.09 -.28 -.42 -.40
(470)(妃 .24 -.61 .27 .01 .01 .27 -.61 .24
(458)(吳) -.22 .54 -31 .25 -.25 .31 -.54 .22
(310)(%) .11 -.14 -.49 .48 .48 -.49 -.14 .11
(133)(%) -.28 .11 .61 .19 -.19 -.61 -.11 .28
(58)(%) .47 .11 -.30 -.42 -.42 -.30 .11 .47

“The Mulliken charges.

carbon atoms, the information is very scarce. OC4O was the 
first molecule to be identified14 of this series containing 
even number of carbon atoms. OC5O was first synthesized 
by Maier and coworkers.15 These molecules were found to 
be very reactive but they could be stabilized in organic sol
vents. The computed structures and the spectroscopic pro
perties of these two molecules are given in Table 3 along 
with the experimental values. Again, agreement with the ex
perimental results is very good.

Although much efforts have been directed toward syn
thesizing the simplest of this series of molecules, OC2O, 
none was successfiil. It was only detected16 as a transient by 
the neutralization-reionization mass spectrometric technique, 
and no spectroscopic properties were measured. This molec
ule was known to have a triplet ground state ^"g).17 Table 
4 compares our computed results for OC2O with other 
theoretical results. It can be seen that the harmonic fre
quencies obtained by HF/DZP method seem to be too large. 
For example, the highest frequency given in Table 4 (2653 
cm'1) is much larger than those experimentally observed 
for this series of molecules (2200-2300 cm '). To our best 
knowledge no report has been made on the spectroscopic 
properties of OC6O, which are also presented in Table 4.

Table 5-Table 8 present the Mulliken charges and the vi
brational modes of the molecules. It can be seen that the ox
ygen atoms are of partially negative charge in all of these 
linear molecules. It is understood that the bending modes 
(with k symmetry) are doubly degenerate, and that the re
lative displacements given for these modes represent mo
tions that are along the x axis for one of the doubly de
generate modes, and along the y axis for the other, when 
the molecular axis is taken to be the z axis.

It was predicted that the polycarbon sulfides CnS6 would 
exhibit alternating properties with the number of carbon 
atoms in the m이ecule. The electronic multiplicity (singlet 
for odd n, triplet for even n) is a typical example. Table 2- 
Table 4 show an interesting pattern in the bond lengths O-Q 
and CrC2. These bond lengths of OCnO with odd (even) n 
are shorter (longer) than those of OC” 一 Q. Since the molec
ule with even number of carbon atoms has half-filled k or
bitals (triplet states), this indicates that the addition of six 
electrons and the resulting fully occupied n orbitals (singlet 
states) strengthen these bonds. This observation also helps 
understand the alternating pattern in the stretching modes 
with the highest antisymmetric stretching frequency (au) of 
OCnO (1708, 2352, 2135, 2283, 2214 cm^ for n=2-6).



556 Bull. Korean Chem. Soc. 1998, Vol. 19, No. 5 Kyung-Hwan Kim et al

Table 9. Structures of the cyclic OC3O and OC4O (Energy in 
Hartree, zero-point energy Eo in kcal/mol, rotational constants Bc 
in GHz, bond lengths in A, and angles in degree)

Table 10. Structures of the cyclic OC^O and OC6O (Energy in 
Hartree, zero-point energy Eo in kcal/mol, rotational constants Bc 
in GHz, bond lengths in A, and angles in degree)

匕 OGG 154.4 ZOQQ 144.9
Z C2GC3 56.0 Z C2GC37O.2

Energy -264.61068 Energy - 302.72028
10.35 £0 14.67

<S2> 2.0066 <S2> 0.0000
ro-ci 1.2015 ro-ci 1.1990
rCl-C2 1.4520 rCl-C2 1.4507
rCl-C3 1.6229 rC2-C3 1.6691
卩 0.0029 卩 0.
Be 17.5173,4.4042,3.2841 Be 30.2361,2.3414,2.1731

Z COC 85.9 Z C1GC3136.8

Energy - 226.45031 Energy - 378.82652
Eg 7.35 耳 19.92

<S2> 2.0095 <S2> 0.0000
Be 23.5121,15.2790,9.2609 Bc 20.7159,0.8798,0.8440
r0< 13891 ro-ci 1.1691
r0.0 2.0337 fCl-C2 1.3274
rc.c 1.8927 rC2-C3 1.4740

rC3-C4 2.0164
卩o 1丄 0

NC3GC486.3

Table 2-Table 4 show that this frequency of OCnO with 
odd (even) n is larger (smaller) than that of OCn lO. Since 
this stretching mode consists mostly of the motions of the 
bonds in O-Cx-C2 moiety (see Table 5-Table 8), this alter
nating pattern is to be understood in terms of the strengthen
ing of these bonds in the singlet states, which corresponds 
to the shortening of the O-Ct and Q-C2 bonds (ro-ci=l-2016, 
1.1755, 1.1882, 1.1785, 1.1848 A, and ^.^=1.2888, 1.2801, 
1.2869, 1.2840, 1.2861 A for n=2-6). This pattern was also 
predicted in the / modes of CnS (n=2-9).6

For carbon clusters with small number of carbon atoms 
(n<10), cyclic structures were rarely identified. Obser
vation of cyclic isomers, such as the very recent detection 
of cyclic C6 in argon matrix,27 seems to be an important 
step toward understanding the chemistry of carbon clusters. 
We searched for cyclic isomers of OCnO, and found sta
tionary cyclic structures for OC2O, OC3O, OC4O and OC6O, 
which are described in Table 9 and Table 10. All of the cy
clic structures are planar, and they have different multipli
cities (triplet for cyclic OC3O, and sin이et for cyclic OC4O) 
than their linear isomers, with the exception of the cyclic 
OC2O. This difference in electronic multiplicity for carbon 
clusters with cyclic carbon skeletons were also observed in 
OCnS (n=2-6).9

Conclusion

We presented the density functional theory calculations 
on carbon clusters OCnO (n=2-6). Good agreement between 
the computed properties and the experimental observations 
indicates the efficiency of the BLYP method for medium
sized carbon clusters. We hope that the present calculations 
would stimulate further investigations on these interesting 
m 이 ecules.
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The 아ructures and energies for the intramolecular rearrangement in d8-MCl(PH3)2(HC=CPh), M=Rh and Ir, 
complexes were studied by ab initio method at the Hartree-Fock and MP2 levels of theory. Three transition 
states in two pathways were optimized and characterized by frequency calculations. The activation energies for 
the process of n-type complex 1 to hydrido-alkynyl 2 have been computed to be relatively low 6.97 and 21.33 
kcal/mol at MP2 level for Rh and Ir metals, respectively. However, the activation energies for a 1,2-hydrogen 
shift via t.s.3 have been computed to be high 50.83 and 60.05 kcal/mol for Rh and Ir metals.

Introduction

The complexation, rearrangement, and liberation of un
saturated hydrocarbons at a transition metals are the most 
important reaction sequences in both catalytic and stoichio
metric organometallic chemistry. There are numerous re
ports on the transition metal complexes initiating rearrange
ment of alkyne derivatives to the corresponding alkynyl and 
vinylidene complexes.1 As early as 1985, Silverstre and 
Hoffmann2 reported the electronic and geometric features 
for the process of the rearrangement of transition metal alk
ynes into vinylidene complexes. The pathway involving hy
drido-alkynyl intermediate requires much high activ가ion en
ergy for d6-MLs fragment at the extended Huckel level. 
However, they suggested that a direct 1,2-hydrogen shift 
might be plausible in the metal complex. According to the 
ab initio calculations by Morokuma and coworkers,3 the 1,2- 
hydrogen shift mechanism on RudHPH^^GH；) system is 
also supported. Ru metal plays an important role to stabilize 
the lone pair electrons at the a-carbon atom in the transition 
state. Another ab initio calculations by Frenking and co
workers4 on high oxidation state of Mo and W complexes 
suggested that the rearrangement of alkyne to vinylidene 
complexes is thermodynamically unfavorable. Experiment
ally, there are many evidence for the intermediate alkynyl 
complexes. It has been reported by Wemer and coworkers5 
that Rh- and Ir-alkynyl complexes, MC1(PR3)2(H)(C=CR') 
where R'=H, Ph, Me, SiMe3, rearrange to the vinylidene 
complexes and three kinds of isomers have been isolated 
and characterized. It seems to be interesting to investigate 
the intramolecular pathways of T|2-alkyne to vinylidene com
plex.

We have recently carried out EHT and ab initio molec
ular orbital calculations on d8-acetylene complexes.6 We 

have focused the electronic and geometric structures of 
isomers of T仁(岛玦 complex. In this paper we describe the 
ab initio calculations on the intramolecular pathways 
(Scheme 1) for MCl(PH3)2(HC=CPh), M=Rh and Ir, com
plexes with potential energy surface.

Computational Methods. All calculations were car
ried out using the GAUSSIAN 94 packages7 on a Cray Y- 
MP and Indigo 2 workstation. A relativistic effective core 
potential was used for the core electrons in Rh (up to 4p), 
Ir8 (up to 5p), P and Cl9 (up to 2p). The basis sets used 
were double-^ for valence region with the contraction 
scheme (21/21/31) for Rh, (21/21/21) for Ir, and (21/21) for 
P and Cl. The 3-21G basis10 was used for the alkyne C and 
H atoms. And was used for atoms in phenyl
group and the hydrogens in the PH3 groups. This com
bination of basis sets is referred to ECPI. A full geometry 
optimization at the Hartree-Fock (HF) level was canied out 
and followed single point calculation at 2nd order Moller-

1,2-Hydrogcn Shift

[M]=RhCKPH3)2, Ir€l(PH3)2

Scheme 1.


