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The geometrical structure of carbon suboxide has been reinvestigated by electron
diffraction. The r, distances for the C=0 and C=C bonds have been determined
to be 1.164(2) A and 1.286(4) A, respectively, where the uncertainties represent
estimated limits of error. Available spectroscopic data such as the energy-level
intervals and the rotational constants have also been taken into the analysis of the
large-amplitude CCC bending vibration using a model which allows the C=C
bond lengths and the CCO bond angles to vary with the bending displacement, @
(= 180° — £CCC). The effective bending potential function determined for the
vibrational ground state has a barrier of 27(16) cm™' and a minimum at ¢ =
20(2)°. The bond lengths corresponding to the linear configuration, averaged over
all the small-amplitude vibrations, are determined to be rép = 1.1602(15) A and
rin = 1.2761(12) A. The present analysis shows that the C=C bonds are slightly
stretched by the CCC bending, and the CCO angles are slightly bent in the
direction of the CCC bending. This model has resolved the reported discrepancy
between the observed rotational constant and that calculated using the structure

derived from electron diffraction.

Dedicated to Professor Otto Bastiansen on his 70th birthday

Carbon suboxide is one of the best-known
“floppy” molecules. It has a large-amplitude and
very anharmonic degenerate CCC bending
mode, v,. The structure of this molecule has been
studied repeatedly both by experiment and the-
ory, particularly in relation to this quasi-linea-
rity.! Bastiansen and his coworkers” observed the
shrinkages >° and mean-square amplitudes of vi-
bration for non-bonded pairs by electron diffrac-
tion and showed that the bending potential could
not be harmonic. Their pioneer work was fol-
lowed up by Morino and his coworkers;® their
analysis of the electron-diffraction intensity on
the basis of a large-amplitude model led to the
suggestion that a small hump was likely to be
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present at the linear configuration. An analysis of
the shrinkage effect was also made by Clark and
Seip.’

A number of spectroscopic studies with high
resolution'® have since been made, and it has
been shown that the v, vibration gives an irreg-
ular series of energy levels, the first interval being
only about 18 cm™'.%° These energy levels have
been analyzed by use of various effective Hamil-
tonians to describe the bending motion.>'? The
potential barrier is known to be only about 30
cm™ in the ground state®? but it depends signif-
icantly on the excitation of other small-amplitude
modes.*> "

There still remain, however, two important
problems with regard to the structure of carbon
suboxide. First, the horizontal axis of the bending
potential has to be defined more precisely in or-
der to determine the bending angle correspond-
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ing to the potential minimum and the potential
wall with higher accuracy. The angle coordinate
depends on the effective mass of the v, mode,
which varies widely with degree of coupling be-
tween the CCC bending and other small-ampli-
tude motions, especially the CCO bending.This
coupling has been included effectively in the
“semirigid bender Hamiltonian” set up by Bun-
ker,”? but all the available spectroscopic data
seem still to be insufficient for estimating the
degree of this coupling. A similar problem was
encountered for cyclobutane, where the potential
for the large-amplitude ring-puckering motion
was determined by estimating the degree of cou-
pling of this motion with other small-amplitude
motions such as the CH, rocking;" in this case a
joint analysis of electron-diffraction and spectro-
scopic data provided crucial information on the
mode coupling. Thus, it was thought worthwhile
to undertake a joint analysis of all the spectro-
scopic and electron-diffraction data for carbon
suboxide to derive further information on the
bending potential and the intermode coupling.
The second unsolved problem is the discre-
pancy between the rotational constant deter-
mined by high-resolution spectroscopy and that
estimated from the structure derived from elec-
tron diffraction. As reported by Tanimoto et al.,5
the B, constant derived from the B, constant,
0.07330 cm™!, disagreed significantly with the BY
constant, 0.0738(2) cm™!, estimated from the 7,
bond lengths; the B, and BY constants should

normally agree much more closely.' Even the
subsequent recalculation of these rotational con-
stants by Duckett et al.” with careful consider-
ation of the large-amplitude v, motion could not
remove this discrepancy. One should note, how-
ever, that their estimates®® of B% were based on
the neglect of the changes in the C=C and C=0
bond lengths when the molecule was bent. As
suggested by our recent study® for allene, this
neglect would not necessarily be valid, e.g. for a
molecule with multiple bonds, and a significant
discrepancy between B, and BY may result from
the neglect of coupling between the bending and
bond-stretching motions, particularly in a large-
amplitude case. Therefore, a further analysis was
made in the present study using a model in which
this coupling was explicitly taken into account.

Experimental

The sample of C;0, was prepared by dehydration
of malonic acid using a mixture of silica and
P,0,'* and purified by vacuum distillation. A
small impurity of acetic acid (< 1%) was de-
tected by a low-resolution IR spectrum upon
comparison with the spectrum reported by Miller
and Fateley.!” It was possible to store the sample
in a glass container at dry-ice temperature for
more than a month without perceptible decom-
position or polymerization.

Diffraction photographs were taken on Kodak
Image plates by an apparatus equipped with an

Fig. 1. Molecular intensity for C;0,.
Observed values are shown as open
-, circles, and the solid curve represents

the best-fit theoretical intensity. The
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r-sector.” The accelerating voltage of the elec-
tron beam, about 40 kV, was stabilized to within
0.01 % during the exposure, and the electron
beam current was about 0.65 pA. The sample
holder was cooled in a dry ice-ethanol bath
(about —50°C) in order to adjust the sample
pressure (about 50 Torr) and condense the acetic
acid impurity. Diffraction photographs were tak-
en at about 23°C (nozzle tip) with two camera
lengths of 243.20 and 107.77 mm, and with expo-
sure times of 25 and 40 s, respectively. The elec-
tron wavelength was calibrated with reference to
the r, (C=0) distance of carbon dioxide.” Mo-
lecular intensities ranging s = 6.3-37.4 A~! and
2.5-18.8 A~! were obtained from the data rec-
orded with the short and long camera lengths,
respectively.® Since these intensities were consis-
tent within the range of experimental error, they
were jointed at s = 13.2 A~ A typical molecular
intensity and the corresponding radial distribu-
tion curve are shown in Figs. 1 and 2, respec-
tively.

Analysis

Preliminary analysis of electron-diffraction inten-
sity. All the bonded or non-bonded internuclear
distances, six in total, were taken as independent
parameters, because the effect of the large-ampli-
tude anharmonic bending vibration was so exten-
sive that ordinary shrinkage corrections, r,—r3, for

0,=C,=C;3=C;=05

000 :0bs.
—:calc.

3
A
Fig. 2. Radial distribution curve for C;0,.
Experimental values are shown as open circles, and
the solid curve represents the best-fit theoretical
values. A damping factor, exp (—0.0020s?), is used.
The lower solid curve represents the residual.

STRUCTURE OF CARBON SUBOXIDE

the non-bonded pairs based on the small-ampli-
tude approximation'*® could not be adopted.
Therefore, these six distances and the corrres-
ponding mean amplitudes were varied in the
least-squares refinement of the molecular inten-
sity. The peaks for the non-bonded pairs in the
radial distribution curve shown in Fig. 2, espe-
cially that for the O,---Oy distance, are skewed
because of the v, motion.>® This distortion can be
treated by introducing an asymmetry parameter,
%, in the molecular intensity as sin[s(r,~xs?)].*!
Though the » parameters for non-bonded pairs
are often ignored for a molecule with small-am-
plitude vibrations only,” the neglect of the x
parameters in the present analysis introduces a
serious systematic error. Hence, the » para-
meters for the non-bonded pairs were intro-
duced, but were fixed at the values calculated by
a numerical method'® considering the v, motion,
as described in the Appendix. Those for the
bonded pairs were estimated from the anhar-
monic constants for the corresponding diatomic
molecules, C, and CO.? The results are listed in
Tables 1 and 2. The corresponding correlation
matrix is given in Tabel 3. The r, distance is
related to r, according to:?!

ry=r, + bir,. 0))

The shrinkages, 8, for the non-bonded pairs’ are
listed in Table 4. The observed values of the
shrinkages and the mean amplitudes for the non-
bonded pairs agree within experimental error
with those reported previously.>$

Hamiltonian for the large-amplitude bending mo-
tion. The following large-amplitude analysis of
the v, vibration was based on the effective Hamil-
tonian for the bending vibration derived by Bun-
ker.? The semirigid-bender Hamiltonian, which
describes approximately the rotation-bending
motion for this molecule, is composed of three
terms:!?

H,, = H, + H:, + HZ,, 2)
H, = 3p,Js + 3[Jo kool

+ 3 g oot o™ + Vig(0), 3
Hiy = §n.. 03, 4
HR= g% + 4,03, )
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Table 1. Internuclear distances and asymmetry parameters for C;0,.?

rJA? r/Abe ryAd w/1077A3 ¢
0,=C, 1.1626(14) 1.1640(15) 1.1632(13) 7
C,=C,4 1.284(4) 1.286(4) 1.289(2) 10
0,Cy 2.442(14) 2.443(14) 2.445(5) 0
C,C, 2.49(4) 2.49(4) 2.485(17) -70
0,+C, 3.624(7) 3.626(7) 3.631(5) -292
0,05 4.742(18) 4.744(18) 4.755(13) -1362

aEstimated limits of error in the last significant digits are given in parentheses. *Determined by electron
diffraction in the present study. °Obtained by using eqn. (1). “Ref. 6. °Calculated from the parameters listed in

Table 7 by the method described in the Appendix.

Table 2. Observed and calculated mean amplitudes for C;0,.

lons/A® leai/ A

Ref. 2 Ref. 6 This work 10 e
0,=C, 0.039(8) 0.0368(13) 0.040(9) 0.0349 0.0349
C,=C,4 0.043(11) 0.041(2) 0.046(10) 0.0387 0.0387
0,--C, 0.0470 0.042(2) 0.045(9) 0.0419 0.0420
Cy:Cy 0.0650 0.076(19) 0.07(5) 0.0673 0.0581
0,+C4 0.08(3) 0.081(7) 0.078(6) 0.0819 0.0745
0,05 0.11(11) 0.099(10) 0.099(19) 0.1100 0.1072
TIK? 290 293 296

aEstimated limits of error in the last significant digits are given in parentheses. °Calculated by a large-
amplitude analysis assuming X, = 0, as described in the Appendix. The parameters used are taken from Ref.
12. °Calculated by a large-amplitude analysis assuming X, = —0.10 (best fit), as described in the Appendix.
The parameters used are listed in Table 7. “Approximate temperature at the nozzle tip.

where
TS TS T T T (6)

Vs (0) is the effective bending potential for the
ground-state manifold. The reciprocal moment of
inertia around the a-axis is represented by p,, (o
=X, ¥, z), and u,, is the reciprocal reduced mass
for the bending vibration, i.e.:

e = 1/ 2 m{(dy/do)® + (dz/de)’, ™

The molecule-fixed axes and the bending coor-
dinate, @, are defined in Fig. 3; J,, J, and J, are
the components of the total angular momentum,
and J, is the momentum conjugate with @, J, =
—ihd/dg.
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The bond lengths, rco and 7¢c, and the CCO
angles, t, are assumed to depend on the ¢ coor-
dinate according to:"

Tco = ’lci'b + Yoo, (6]
rec = 18 + Yecd?, )
T = X0, (10)

where Yo, Yoc, and X, represent the mixing
between the CCC bending and other vibrational
modes; they are related to the second- and third-
order force constants, as discussed in the follow-
ing section. The sign of t is defined in Fig. 3. The
bending-potential function is modelled as

Vgs(g) = fZQZ + f:iQ4’ (11)



Table 3. Correlation Matrix (x 100) for C;0,.2
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k, k, X X, X3 X, X Xg 1y I, Iy Iy Is Is
kq 100 54 8 39 26 17 0 -1 56 52 31 33 21 9
k, 100 2 47 30 -21 -2 -3 82 68 52 40 27 11
X, 100 49 4 -3 0 0 5 15 4 4 1 1
X, 100 17  -13 -1 -1 31 29 26 22 14 6
X3 100 -90 -1 -1 26 23 59 95 9 4
X4 100 0 t -19 17 -72 -83 -6 -3
Xs 100 -1 -1 -1 -1 -1 -2 1
X 100 =2 -2 -2 - -1 -2
A 100 88 45 34 23 9
A 100 39 29 20 8
I3 100 53 14 6
ly 100 12 5
Is 100 3
s 100
ki, k, = indices of resolution for data taken with the long and short camera lengths [0.99(2) and 0.94(5)],
respectively;
X =M0=Cy), X, =nrC=C;), X3=r0,+Cy), x=rCr-Cy), x5=r0;+C,), X5=rO;+0Oy),
L = 0,=Cy), h = (C,=Cy), Iy = [(O,--Cy), Iy = KCy-Cy), Is = [(O;--C,), ls = KOy-+-Os).
Table 4. Observed and calculated shrinkages for C;0,.
dgs/Ae 85/A
Ref. 2 Ref. 6 This work 1% Il
0,C, (0.001) 0.008(6) 0.006(15) 0.0059 0.0066
CyCy (0.140) 0.094(17) 0.08(5) 0.0882 0.0724
0,--C,4 0.110 0.111(6) 0.109(9) 0.1188 0.1081
0,05 0.157 0.150(14) 0.156(19) 0.1725 0.1714
TIK? 290 293 296

aEstimated limits of error in the last significant digits are given in parentheses. ®Calculated by a large-
amplitude analysis assuming X, = 0, as described in the Appendix. The parameters used are taken from Ref.
12. “Calculated by a large-amplitude analysis assuming X, = —0.10 (best fit), as described in the Appendix.
The parameters used are listed in Table 7. YApproximate temperature at the nozzle tip.

The Hamiltonian for a non-rotating molecule ex-
erting a bending motion can be represented after
elimination of the end-over-end rotation term,
HY, as

H(s)rb = HQ + H:ot' (12)

The eigenvalue, E?,, and the eigenfunction, 7,
for the o' state can be obtained by numerical
integration® using Cooley’s method.** The en-
ergy level intervals and the rotational constant

for each bending state determined experimen-

tally by spectroscopy were fitted by this Hamilto-
nian to determine the bending-potential function,
as described in the following section.

On the other hand, the structure derived from
electron diffraction corresponds to the thermal
average over vibration and rotation. Thus, the
effective bending Hamiltonian averaged over ro-
tation was used in the fitting of the electron-
diffraction data. The end-over-end rotational
term is approximately represented as

HgtN }(u‘xx + l"‘yy)("% + Jfr)v (13)
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Fig. 3. The definition of coordinate system and
internal coordinates of C;0O, used in the present
large-amplitude analysis. The value of t is positive
when the CCO angles are in the opposite direction to
the CCC angle.

by assuming that the difference between p,, and
u,, is negligible. After thermal averaging of the
total angular momentum at temperature 7, de-
noted as < >, the H term is given by

1 hkT

<H;:()),I>T = 5 Moy + "‘yy) M

= Veem(0), (14)

where B denotes the rotational constant. Since

this term can be regarded as the centrifugal cor-

rection for the bending-potential function, it is

hereafter denoted as V(o). The effective Ha-

miltonian corresponding to the thermal average
over rotation is thus constructed by

Hslrb = srb + Vcem(Q)

= Hg + Hiol + Vcent(Q)‘ (15)

The eigenvalue, E;;, and the eigenfunction, y,,,
for H;, were obtained in the same way as those

for HY,.
X.>0

X,<0 X.=0 .
S

3+

Shrinkage effect and bending-bending coupling.
The shrinkages and the mean amplitudes were
calculated as described in the Appendix by using
the bending-potential function taken from Ref.
12, where the fitting of the observed vibrational
energy levels' was initially based on the assump-
tion that X, was zero. The agreement between
the observed and calculated values was fair ex-
cept that the calculated values for the O,:--C, and
O,---O; pairs were larger than the observed val-
ues, as shown in Tables 2 and 4. We interpreted
the origin of these discrepancies as being that the
C=C=0 bonds were assumed to remain co-lin-
ear as the CCC angle was bent. In other words,
the X, constant is expected to be negative; the
reduced mass for the bending vibration then in-
creases as |X,| increases, and the mean amplitude
of the CCC bending is largely dehanced. The sum
of squares of the residuals in the shrinkages is
plotted against X, in Fig. 4. This plot indicates
that X, can be estimated using the shrinkages
observed by electron diffraction.

Rotational constants and bending-stretching cou-
pling. The rotational constants determined by
high-resolution spectroscopy were also used as
valuable information on the molecular structure.
For this purpose, the influence of the large-am-
plitude and small-amplitude vibrations on the av-
erage structure was treated as follows. Since exci-
tation of the v; bending vibration was known to
cause an irregular change in the rotational con-
stants of C;0,,'® as shown in Table 5, the rota-
tional constant for the ' state, B,;, was fitted by
the following expression:®

Fig. 4. A plot of the sum, S, of squares of
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the residuals in the shrinkages, d,, against
the bending-bending coupling parameter,
X..



Table 5. Dependence of rotational constants on
excitation of the v, mode for C;0,.

STRUCTURE OF CARBON SUBOXIDE

Table 6. Observed and calculated rotational
constants for C,0..

v7 B, /cm™' @ AM0-€cm-' © SPo ED (Yec=0)¢ ED?

0° 0.075564 14 Bicm™' 2 0.07363(3) 0.07318(6)  0.07363(2)
1! 0.076311 3

22 0.076941 0 #Rotational constant corresponding to the linear

20 0.076260 -20 configuration. One standard deviation in the last

33 0.077509 -1 significant digit is given in parentheses. °Obtained

3! 0.076948 -5 from B; in Table 5 by using eqn. 17. °Calculated from
42 0.077557 5 the results of the preliminary analysis assuming

4° 0.077291 -5 Ycc = 0. 9Calculated from the final results listed in

5 0.077793 4 Table 7.

6° 0.078296 4

Bylem™! ¢ 0.073652(24) 0.00045 cm™!, was much larger than the experi-
aolcm:: : 0.01886(25) mental uncertainty, as pointed out in Refs. 6 and
po/cm 0.00355(50) 9. We explained the origin of this discrepancy in
2From Table 1 of Ref. 10. A = By, — Buy; Bu iS terms of the coupling of the CCC bending motion

calculated using eqn. (16). ¢ Parameters are defined
in egn. (16). One standard deviation in the last
significant digit is given in parentheses.

B, = By + ap<¢’>, + fy<e*>., (16)
where < >, denotes the vibrational average for
the ' state calculated from the eigenfunction v
for the Hamiltonian given in eqn. (12). The value
of By represents the effective rotational constant
in the linear reference configuration, o = 0. The
rotational constant B}, which corresponds to the
linear configuration averaged over the small-am-
plitude modes, can be calculated by’

B*= Bf+ . o,(harm) d/2,
s#7

17)

where the degeneracy of the s-th mode is denoted
as d,. The harmonic force constants were taken
from Ref. 9. This B} constant was also calculated
from the 7% structure determined by electron dif-
fraction. The r%(C=C) and r%(C=0) distances
were obtained from the r,(C=C) and r,(C=0)
distances by using the r,—7% correction terms cal-
culated with the aid of the diatomic approxima-
tion,?? where the v, mode was left out. The
rotational constant calculated from the %(C=C)
and r%(C=0) distances was smaller than the B}
constant from the experimental rotational con-
stants, as shown in Table 6. The discrepancy,

with the bond-stretching motion.'>" If the bond
distances are stretched as the CCC angle is bent,
the bond distances averaged over the bending
vibration are increased by comparison with those
in the linear configuration, as shown schemat-
ically in Fig. 5. The magnitude of the coupling
between the CCC bending and the bond-stretch-
ing was estimated by the following least-squares
analysis.

Simultaneous analysis of electron-diffraction and
spectroscopic data. The molecular structure, the

£ M VRN

(a)

(b)

Fig. 5. Loci of the atoms in the CCC bending
vibration of C,0,: (a) bending-stretching coupling is
ignored; (b) a positive bending-stretching parameter,
Ycc, is included.
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bending-potential function, and the parameters
representing the bending-bending and bending-
stretching couplings were determined in this
stage by a joint analysis of the electron-diffrac-
tion intensity and the spectroscopic data. The
energy levels calculated by using eqn. (12), the
molecular intensity calculated from the eigenva-
lues and eigenfunctions for H,, in eqn. (15) (see
Appendix), and the rotational constant, B}, ob-
tained from the 7% and ri%, distances were com-
pared with the corresponding experimental val-
ues in a least-squares refinement. The riy, ri%,
f>s fas X., and Y parameters were varied in the
refinement, but the Y, parameter had to be
ignored because only one bending-stretching cou-
pling parameter could be determined from the
available data; Y was chosen as an independent
variable parameter because the C=C distances
were expected to be more sensitive to the CCC
bending than the C=0 distances. The determ-
ined parameters are listed in Table 7. The calcu-
lated energy levels and the B} constant are shown
in Tables 8 and 6, respectively. The fitting of the
rotational constants was repeated with the eigen-
functions calculated from the determined param-
eters, but the results were essentially unchanged.
When Y, was assumed to be +0.010 A rad~2,
the changes in A%, A2 and Y. were £0.0015 A,
F0.0020 A, and¥0.007 A rad? respectively,
and those in the other parameters were much
smaller than the standard deviations in the refine-
ment. These values were estimated to be the
limits of the systematic error originating from the
uncertainty in Y. The mean amplitudes and the
shrinkages for the non-bonded pairs calculated
by using the final parameters were consistent
with the observed values within the estimated
limits of uncertainty, as shown in Tables 2 and 4.

Discussion

Comparison of the geometrical structure. The r,
distances determined in the present study are in
good agreement with those reported by Tanimoto
et al.,® as shown in Table 1, and are also consis-
tent with the r, distances reported by Alemmin-
gen et al? within experimental uncertainties.
These distances are compared in Table 9 with
those for related molecules. The C=C distance is
much shorter than those in ethylene,” allene'
and ketene.” The C=O distance is also signif-
icantly shorter than that in formaldehyde® but is
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Table 7. Best-fit parameters obtained in the large-
amplitude analysis.?

f,/em~' rad—? —449(25)
fjem" rad™* 1887(215)
oA 1.2761(4)
/A 1.1602(5)
Yeo/A rad2 0.022(3)
Yeo/A rad-2 0.0°

X, -0.10(3)
0/° 19.7(8)
H/icm™! 26.6(55)

“One standard deviation in the last significant digit is
given in parentheses. The systematic error
originating from the uncertainty in Y, is not included.
See text for details. °Fixed in the least-squares
refinement.

Table 8. Observed and calculated v, vibrational
energy levels.

v? ESJem~' @ Alem~' 6
0° (0.0) (0.0)
1! 18.2558 -0.1301
22 46.1055 -~ 0.0485
20 60.7022 0.4222
3 80.65 0.39

3 97.2171 0.0781
44 120.52 0.88

42 137.2589 —0.1946
40 144.2985 —0.2590
5% 164.55 1.16

58 181.10 —0.36

5 191.19 -0.78

6° 212.51 1.53

6* 229.83 0.91

62 239.56 -1.67

6° 244.7 -1.0

aFrom Table 1 of Ref. 10. °A = E3s — Elyci Elu is
calculated from the best-fit parameters listed in
Table 7.

essentially equal to those in carbon dioxide and
ketene.”” The latter trend corresponds to that in
the force constants for the C=O stretching; the
value for formaldehyde (12.9 aJ A2 is much
smaller than those for carbon dioxide (16.1 aJ
A~2),% ketene (16.6 aJ A~2)" and carbon subox-
ide (15.7 aJ A2).°
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Table 9. C=C and C=0 bond distances in C;0, and related molecules.?

Molecule r,(C=CyA r,(C=0)/A Ref.
0=C=C=C=0 1.286(4) 1.1640(15) This work
0=C=0 - 1.16525(5) 19
H,C=C=0 1.318(3) 1.166(2) 27
H,C=C=CH, 1.3129(9) - 15
H,C=0 - 1.209(2) 28
H,C=CH, 1.337(5) - 26

2Estimated limits of error in the last significant digit are given in parentheses.

The C=0 and C=C distances corresponding to
the linear configuration, 7", have also been de-
termined by a joint analysis of the electron-dif-
fraction intensity and the rotational constant, B;.
The difference between ', listed in Table 7, and
r, for the C=C bond (Ar = 0.010 A) is much
larger than that for the C=0 bond (Ar = 0.004
A); this difference is ascribed to the effect of the
bending-stretching coupling as discussed below.
The bond distances derived from an ab initio
calculation using a (9s5p1d) basis set,*? r(C=0)
= 1.131 A and HC=C) = 1.266 A, may be con-
trasted with the experimental 7™ values, 1.160
and 1.276 A, respectively.

Potential function. The potential function for the
v, bending vibration, calculated from the values
of f, and f, obtained in the present study, is com-
pared in Fig. 6 with that derived by Bunker?
under the assumption that X, = 0. The barrier to
linearity, H, remains essentially unchanged [26.6
(55) cm™! for X, = —0.10 and 28.08 cm ™! for X, =
0], but the horizontal axis of the potential curve is
significantly different; the equilibrium ¢ value,
Q., estimated in the present study is smaller than
that reported by Bunker [19.7(8)° for X, = —0.10
and 22.04° for X, = 0]. This is because the re-
duced mass for the bending vibration depends
significantly on the X, constant. The reduced
mass can hardly be determined from spectro-
scopic data only, because they do not provide
sufficient information on the vibrational cou-
pling, and hence the amplitude of the bending
motion has to be left uncertain.

Electron diffraction provides quantitative in-
formation on the bending amplitude in the form
of the shrinkages and the mean vibrational ampli-
tudes. It has thus been possible to determine the
potential function and the effective constants for

coupling between the CCC-bending and CCO-
bending modes in the present joint analysis of
electron-diffraction and spectroscopic data.

In the present analysis the influence of overall
rotation on the molecular structure is included in
the large-amplitude bending Hamiltonian given
in eqn. (15). This procedure takes account of the
correction for centrifugal distortion needed for
an analysis of electron diffraction by taking the
thermal average of the structure over vibration
and rotation. The V,, term in eqn. (15) is very
small for a semirigid molecule, but this correction
cannot be ignored for C,0,. If the shrinkages for

Fig. 6. Effective potential function for the CCC
bending vibration of C;0,: (a) the best-fit potential for
the ground state, V,, determined in the present
study; (b) an effective potential in a rotating molecule
at room temperature, where the centrifugal effect,
Vm» is included [see eqn.(15)]; (c) the potential for
the ground state obtained by Bunker,'? assuming
X.=0.
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the O,---C, and O,:--O; distances are calculated
without this centrifugal correction, the deviations
from the corresponding observed values, 0.003
and 0.005 A respectively, exceed experimental
uncertainties.

Interaction between large-amplitude bending and
other modes. The present joint analysis of elec-
tron-diffraction and spectroscopic data shows
that the CCO angles are bent slightly in the direc-
tion of the CCC bending. No other experimental
information on this type of coupling seems to
have been reported except that the CCC angle in
propadienone, H,C=C=C=0, is 145° and the
CCO angle is 169° in the opposite direction in the
r, structure of this molecule.*

The bonds in carbon suboxide are found to be
lengthened as the CCC angle is bent. This trend
is consistent with those observed for CO,,* CS,,*
and CH,=C=CH,." The Y. constant, which ef-
fectively represents the coupling of the CCC
bending with the C=C stretching, is approxi-
mately related to the second- and third-order
force constants according to'

Yoc = — (18)

where the subscripts 2 and 7 denote the symmetry
coordinates S, and S, respectively. Using the
harmonic force constant derived in Ref. 9, we
obtain F;, = —0.79(11) aJ A~! rad~2. From this
value, the third-order constant representing the
mixing between the CCC bending and the C=C
stretching, fr,,, is estimated to be —0.28(4) aJ
A~ rad2. The sign and the order of magnitude
of this constant are the same as those of the
corresponding constants for CO,, —0.588 aJ A~!
rad2* CS,, —0.370 aJ A-! rad2* and C,H,,
—0.3 aJ A~! rad=2.'5 However, the vibrationally
averaged C=C bond lengths in C,;0, exceed
those at o = 0 by as much as 0.005 A on account
of the large amplitude of the CCC bending mo-
tion, whereas the corresponding difference in a
semirigid molecule such as CO,, CS, or C,H, is
smaller by one order of magnitude.

The third-order coupling among the vibra-
tional modes in a semirigid molecule can be esti-
mated by a joint analysis of electron-diffraction
intensity and the rotational constants, including
those for the bending excited states, as pointed
out in our recent study on allene.” The present
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study aims to extend such an analysis to a quasi-
linear molecule. In the light of the coupling be-
tween the large-amplitude and small-amplitude
modes, the reported discrepancy®® between the
rotational constant obtained from spectroscopic
data and that from electron diffraction (see the
introduction section) has now been resolved, as
shown in Table 6.
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Appendix

The probability distribution function of the bend-
ing displacement coordinate @ in thermal equilib-
rium at temperature T is obtained by taking a
Bolzmann sum as

hE;,
0He) =N 2 exp <—k—T') [y (), (A1)
v.l

where E;, and v;, denote the eigenvalue and the
eigenvector of the Hamiltonian, Hy,, defined in
eqn. (15) for the V' state, respectively, and N rep-
resents a normalizing factor. The radial distribu-
tion function for the i-th internuclear distance is
calculated by convolution of the Gaussian func-
tions which include all the small-amplitude
modes according to®

(" (r=ri@))
PO = 5T fo Q:(Q)exp[——]d

2,y

(A2)
where /(i) is the contribution to the root-mean-
square amplitude from all the small-amplitude
modes (i.e., all but the v; mode) calculated from
the harmonic force constants,’ and r,(p) is the i-th
distance averaged over all the small-amplitude
vibrations. The molecular intensity, M(s), for the
i-th atomic pair is then calculated from P(r) as'

®  sin(sr)
Mi(s) = f P,(r)Tdr. (A3)
0

The r, distance, the mean amplitude, /, and the




asymmetry parameter, » are estimated by a nu-
merical fitting to M,(s) according to**

sin{s[r,({) —x(i)s*]}
sro(0)

The shrinkage, 8,, is calculated from r, by using
eqn. (1). The total molecular intensity, M(s), is
calculated according to

M(s) = 2, cM(s),

Ms) = exp{—3[I(i)s*} (Ad)

(AS)

where ¢, is the coefficient representing the scat-
tering power. This function is fitted to the experi-
mental intensity of electron diffraction.
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