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Carbon Suboxide as a Quasilinear Molecule with a Large
Amplitude Bending Mode
Determination of the Molecular Constants and the v; Potential Function

W. H. WEBER
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AND
G. W. Forp

Physics Department, University of Michigan, Ann Arbor, Michigan 48104

The model of a quasilinear molecule with a large amplitude bending mode is used to treat
C;0:. The Hamiltonian operator, including the rotation-vibration interaction, is derived
allowing only a single vibrational degree of freedom, namely, the »; mode corresponding to
the bending at the central carbon atom. The C=C=0 angle is constrained to be 180°. With
this model the rotational energy levels and, thus, the molecular constants can be computed for
any »; level once the »; potential is specified. The /-doubling is included only for = states.
The model contains three adjustable parameters: the rotational constant in the linear con-
figuration and two terms in the potential function, and these are determined by fitting three
experimental quantities: the rotational constants in and the separation between the ground
and 2v,° states. The resulting »; potential has a 30.56 cm™ barrier at « = 0 with a minimum
at o = 11.04° where 2« is the angular deviation from linearity. The model gives a good fit
to the 2y; Raman data and to the rotational and centrifugal distortion constants in all of the
ny;! states which have been analyzed. A similar analysis is applied with equal success to
the states with »,, the asymmetric C=C stretch mode at 1587 cm™, simultaneously excited

with a »; mode. The potentlal in this case has a 56.58 cm™ barrier at @ = 0 with a minimum
at e = 13.02°,

I INTRODUCTION

Carbon suboxide is known to have a linear structure with a very low-frequency bend-
ing mode »;. Recent high-resolution Fourier transform (/) and tunable laser (2) spectra
of C;04 have provided molecular constants both for the ground state and for a number
of »7 excited states as well. The purpose of this work is to determine a potential function
for »; based on these new measurements and to demonstrate that the molecular con-
stants, including centrifugal distortion, can be understood in terms of a very simple
model.

The nature of the potential function for the v; mode of C30s has been of considerable
interest. The ab initio calculations by Sabin and Kim (3) suggest a harmonic potential
with a small quartic term, which differs greatly from most of the potentials determined
by fitting experimental daia. These are based either on electron diffraction resuits {4, 3)
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4406 WEBER AND FORD

or infrared data (6-8) and usually indicate a highly anharmonic potential which is
either flat-bottomed or has a barrier of 10-50 cm™ at the linear configuration. The most
reliable of these is the one determlned by Carreira et al. (8), who fit their Raman and far

infrared data \xnfh aona
imirare Gata a Yua.

11 14 em™! quadratic barrier
position.

We have used the model of Hougen ef al. (9) for a quasilinear molecule to calculate
the energy levels in C30,. This model is an extension of an earlier one by Thorson and
Nakagawa (10), who first treated the problem of the quasilinear molecule. In Section
IT we obtain a quantum-mechanically correct Hamiltonian operator, including rotation—
vibration interaction, for a molecule in which only a single v1bratlonal degree of freedom
is allowed, namely, the bending at the central carbon atom. The primary motivation
for using such a simple model is the fact that w; (=20 cm™) is at least a factor 25 lower
in frequency than any other fundamental vibration.

In Section IIT we discuss the numerical solution of the Schrédinger equation to de-
termine the energy levels. We use a simple form for the »; potential function, similar to
that of Carreira ef al. (8), with two adjustable parameters. As a third adjustable parame-
ter we use the rotational constant in the linear configuration. In Section IV we determine
these parameters by fitting three experimental quantities: the rotational constants in
and the separation between the ground and 2»;° states. Despite its simplicity, the model
gives a good fit to the Raman data and to the rotational and centrifugal distortion con-
stants in all of the ny;! states which have been analyzed. In the same section a similar
aﬁ&x_y'SxS is apphed to the hot-band shift s, rotational constant s, and centrift L‘léal dis-
tortion constants in two v, 4+ nv;! states, where », is a high-frequency stretching mode.
We find that substantial changes in the »; potential occur when one of these stretching
modes is excited. Thus the »; potential appears to be very sensitive to the mean molecular
positions. The anomalous positive signs of B'-B’" observed in several parallel bands of

the tvne p; 1 < 0 are shown to arise from the large chanege in the effective ys pote ntial.
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If similar changes in the v; potential occur in other stretching vibrations, then alternative
assignments should be considered for some of the near ir bands studied by Mantz
et al. (1).

II. THEORY
A. The Classical Kinetic Energy
We consider a 1 U"‘Cl Gf C;Oz in which the C=C=0 bonds are r‘ gid while the C=C=C

bond bending is allowed (see Fig. 1). The bending angle is 2, and we choose a body-
fixed coordinate system oriented so the yz-plane is the plane of the molecule with the
z-axis parallel to the O-O line. The distance between the center of mass and the central
carbon is R sina, where

R = 2[(mcrc 4+ moro)/ (3mc + 2mo) ] (1)
The principal moments of inertia are
I,, = I cosa,
o u sin‘a, (2)
Lo = [yy+ 1., = Iy cos’o + psinYa,
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Fic. 1. Coordinate system used to describe the hending mode of C30,.

where
Iy = 2merc? + 2moro?, 3)

v = Iy — (3mc+ 2mo)R?

are the moments of inertia in the « = 0 and a = 7/2 configuration, respectively.
The coordinate of the central carbon atom with respect to the center of mass is

r, = R sina¥, €Y

the coordinates of the outer carbons are
I3 = (R — r¢) sinay + rc cosu, (5)

while the coordinates of the oxygens are
ri5 = (R — 7o) sinay + 7o cosai. (6)

The kinetic energy for a fixed center of mass and fixed orientation of the body fixed
axes is

Toin = dme (b2 4+ 12° + 12 + 3mo(f® + 1:2). (7
FForming the time derivatives we find

Tvib = %Iac;dz, (8)
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where

Ioe = pcos?a + Iysina. )
The rotational kinetic energy is

Trot = 5T zz0s® + Iyyo,? + L), (10)

where, in terms of the Euler angles (¢, ¢, ) (11),

w, = sind sing¢ + cosyd,

w, = sinf cosy$ — sinyf, (11)
cosbd + ¢,

are the body-fixed components of the angular velocity. The total kinetic energy in the
center of mass system is the sum of (8) and (10).

Wz

B. The Hamiltonian Operator

When the classical kinetic energy is a quadratic form in the generalized velocities,

the quantum Hamiltonian operator is formed according to the following prescription.
One writes

T = 3gud’q" (12)

where the g¢’s are the generalized coordinates and g = g,.(¢) is the mass tensor. The
quantu miltonian operator is then (12)
— 2 ¥ aNghoik Aoty L V(N (12

where V(q) is the potential energy. In this expressmn g% is the inverse of the mass tensor
and g is its determinant. The Hamiltonian ( \JJj is sel ith r r

product
(p, X) = j PTXgHgy - - - dga. (14)
The form we use for the Hamiltonian differs from the commonly used Podolsky form,

for which the factor gt is omitted in the scalar product (13).
From the expressions (8) and (10) we find the nonzero elements of g;, are

gaa = loa,

gos = L,y 1+ 1,.sin%p,

8oy = gyo = — I..sinf sing cose,

gow = Ly sin®0 + I,.(cos?d -+ sin?f cos’¢), (15)

goy= 8Gyo = I..cosb,

8oo = I XD
The determinant is

Forming (13) we can write
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Here
IIrot = (Jx2/2[.n) + (Jyz/zjyy) + (]zZ/ZIzz) (18)

is the rotational Hamiltonian with J the total angular momentum operator, and

h? 1 9 (L.l I\t 0
By = — — =( ) =+ v (19)
2 Laad2:d I .2)t O L aa dox
is the bending mode vibrational Hamiltonian.
C. The Eigenvalue Problem
We seek a solution of the eigenvalue problem
HY = LY (20)
in the form
J
V= 3 ¢ula)sale, 6,9¥), (21)
i=—J

where ® ;3¢ are the symmetric top eigenfunctions {/4)

P py = 22T (J + D@0,
28500 = HP s, (22)
Z'J@Jw = M i

Here Z is the space-fixed polar axis and % is our body-fixed axis (Fig. 1). Our choice of
I (instead of K) to represent the quantum number associated with the body-fixed axis
projection of the total angular momentum corresponds to the usual convention for a
quasilinear molecule.

The rotational Hamiltonian (18) can be written

I:u:+l 1 Iza: '—]
Hmt,z"‘-'_—zﬁ/(-lg_J22)+_—]22+“*—_"£/(J+2+].,2). (23)
H o yy 27, 81,.1,,

Here J_. and J are the raising and lowering operators

ji= J:ﬂ:i]w (24)
with the properties (15)

J®rur = 2[(J £ D F 1+ )]s 510 (25)

The symmetric top eigenfunctions are eigenfunctions of the rotational Hamiltonian
for the case I, = I,,, i.e., when the last term vanishes. The corresponding energy
eigenvalues are independent of M and the sign of . When 7., > I, and the last term
in (23) is present, its effect, as we see from (25), is to mix states with / values differing
by two units. This removes the |/| degeneracy and leads to the well-known I-type
doubling effect (16).
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We insert the Ansatz (21) in the eigenvalue problem (20) with H given by (17) and
(23). Using the properties (22) and (25) of the rotational operators and the orthogonality
of the ®71, we can write the eigenvalue problem in the form of a finite set of coupled
equations for ¢i(a), i = — J, —~J + 1, ..., J. That is,

(Hl - E)¢l + U(a)[k(J’ l)¢l+2 + k(-]: —-l)¢l—2] = 0; (26)

where

I+ 14y 7R
H =Hyp+——#JU+1) —-F]——, 27
I:N: - Iyzl
Ula) = —#, (28)
8L 5alyy
and

EJ,D)=[J—-1-DU—-HU+I+ DU +1+ D] (29)

Since in (26) only I values which differ by 2 are coupled, the odd and even I values are
uncoupled. Moreover, since H, is even in [ and k(J, —1) = k(J,] — 2) we readily see
that the symmetric and antisymmetric combinations of ¢, and ¢_; are separately coupled.

For a quasilinear molecule the bending angle « is always small. Using (2) we see that
U(e) x o and, therefore, the coupling terms in (26) will be small for such molecules.
Neglecting the coupling terms gives a separate eigenvalue problem for each Z, the energy
eigenvalues being the eigenvalues of H;. Since H, is even in /, the spectra of H; and H_;
are identical; the corresponding eigenvalues are degenerate. If, now, the coupling terms
are included, the only eigenstates which are directly coupled are the symmetric and
antisymmetric combinations for = &+ 1. We therefore approximate the set of coupled
equations (26) by neglecting the coupling terms for || # 1:

(Hi— E)i =0, [I] #1 (30
For || = 1, we write
é1s = 5{¢1 + ¢-1), (31)
b1a = (1 — ¢_1),

and, neglecting the couplings with [ = =4 3, we get

(Hy — E)p1s + J(J + 1)U(a)¢pss = 0, (32)
and
(Hy — EYpra — J(J + DU(a)gpr = 0. (33)

The equations (30), (32), and (33) are separate eigenvalue problems for second-order
differential operators, whose numerical solution will be discussed in the following
section. The approximations involved in obtaining these equations amount to neglecting
second-order quantities in the I-doubling term in the rotational Hamiltonian (23).
However, our approximation is not equivalent to first-order perturbation theory, since
for |} =1 the coupling is treated exactly. For example, this more exact treatment
predicts a difference in the centrifugal distortion terms associated with the symmetric
and antisymmetric |I] = 1 states, which does not result fram first-order perturbation
theory.
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III. NUMERICAL SOLUTION
A. Numerical Solution of the Eigenvalue Problem
It will be convenient to make the change of independent variable,

# = sina, (33)
and to introduce the dimensionless parameter

£ =ypu/l, (34)
and the dimensionless energy eigenvalue

N = IE/212 (35)

Then, using (27), (19) and the definitions (2) we can write the eigenvalue problems (30),
(32), and (33) in the standard form (17)

(d/du)p(u)(do/du) — q(u) + Ar(u)¢p = 0, (36)
where
1 — o+ gu\?
plu) = <‘—> u(l — u), {37)
u+ & — tu
4 r(u) = [0 —u+ gu)(u + & — £u) ]} (38)
an
21, 1 —u+4 3éu
g(w) = 2r(a)] — V() + [JU+1) -]
h? (=)l —u—+ gu)
K auJ(J + 1) l
+ — 4+ —~dinat. (39)
. (1 —w)(1 — u -+ Fu) J

Im the last expression the + sign in front of the last term gives (32), the — sign gives
(33).

Equation (36) is a singular Sturm-Liouville differential equation on the interval
0 < u < 1, self-adjoint with respect to the scalar product.

(¢, X) = / du r(u)d* (s)X (1), (40

The endpoints of the interval are regular singular points of the differential equation,
which implies that for an arbitrary value of A there will be exactly one solution, ¢, (A, ),
which is regular at # = 0, and one solution, ¢_(\, #), which is regular at # = 1. More
precisely, assuming V () is regular in the interval 0 < # < 1, from (36) we see we can
choose

(N ) = atlif (N ), fr(00) =1, (41)

and
o\ u) =1 — )T (N, f-(N\1) =1 (42)

with
=127+ 1) =22 T+ Désjyal (43)

Here f.(\, u) is analytic at # = O and f_(X, ») is analytic at # = 1. The eigenvalues are
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those discrete values of A for which (36) has solutions regular at both endpoints. Thus
the eigenvalues are characterized by the requirement that the solutions ¢, (M, #) and
¢.-(\, #) be linearly dependent. This requirement in turn is fulfilled if and only if

dy. (A, %) dé—(\,
A = p(u)[m, P b, ___i)] o

du du

(44)

The quantity in square brackets is just the usual Wronskian and, since p(#%) is always
positive within the interval, the requirement (44) is equivalent to requiring that the
Wronskian vanishes. The point of introducing A(}) is that it is independent of the point
, as is easily shown using the differential equation (36).

Our method of numerical solution of the eigenvalue problem (36) is straightforward.
We first pick an approximate value of the eigenvalue . For this value of A we form
¢, (A, #) by integrating numerically from » = 0 in the 4 direction; likewise we form
¢—(\, u) by integrating from % = 1 in the —u direction. Our method of integration is to
write (36) as a pair of coupled first-order equations for the dependent variables ¢ and
¥ = p(u)dp/du, and use the three-point Adams—Bashforth integration scheme (78).
At an intermediate point we form

AN) = oy — by (45)

This procedure is repeated, using Newton’s method for finding the zeros of a function,
until a value of A results for which A(\) vanishes. Although the convergence of this
procedure is sensitive to the first guess, we find in general that six iterations give
convergence to a part in 107,

As a check on the numerical accuracy of this procedure we have applied it to the special
case

p) =u(l—u), ¢u) =0, r(u) =1, (46)
for which the eigenfunctions are the Legendre polynomials P,(1 — 2u) with eigenvalues
A= — n(n+ 1). We found for » < 8, the numerical eigenvalues are accurate to a part

in 108, and we expect a corresponding accuracy in our solutions of (36).
The numerical procedure described above is very efficient. Typical times for the de-
termination of each eigenvalue on the DEC-10 computer are a few seconds.

B, Choosing the Potential

In order to determine the spectrum of energy eigenvalues we must specify the po-
tential energy function V(%) and the parameters £ and

/)

Bo = y
47rCIo

(47)

which is the rotational constant (in wavenumbers) for the linear configuration of the
molecule. A simple form of the potential which allows a barrier in the linear configuration
and a significant anharmonicity is given by

V() = Vau+ Va2 = Vaysinla + V4 sinte, (48)

where V, and V4 will be in wavenumbers. We have chosen to keep the parameter &
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constrained at the value
£ =0.2423, (49)

which is determined from (34) and (3) using the atomic separations 7o = 2.4544 A,
re = 1.2899 A, measured by electron diffraction (4, 5). The parameter By determined by
the same method is 0.0725 cm™. This value, however, is not accurate enough, since we
will be attempting to fit precise infrared measurements of the rotational constants.
Thus we treat By, Vs, and V. as the independent parameters with which we fit the
experimental data.

IV. COMPARISONS WITH EXPERIMENTAL RESULTS
A. Only vy Modes Excited

In this section we compare the theoretical and experimental results for those levels
in which only the low-frequency bending mode »; is excited. The three adjustable
parameters needed in the theoretical calculations can be determined by fitting three
appropriate experimental quantities exactly or by fitting in a least-squares manner
some larger set of data. We have chosen to fit exactly the B values in the ground and
2v;" states and the energy separation between them reported in Ref. (7). Each of these
quantities has been measured by at least one other independent experiment, and the
accuracy with which they are known is very good compared with other possible data,
e.g., Raman or far-infrared measurements.

The parameters which result from the above fitting procedure are By = 0.0735138
+ 8 X 1076 em™!, Vo = —1666 & 17 cm™, and V4 = 22702 4 120 cm™L. The un-
certainties result primarily from the uncertainty in the 2»;%-state B-value. This potential
energy function, which is very similar to the one determined by Carreira et al. (8), has
a 30.56 cm™! barrier at the linear configuration with a minumim at « = 11.04°. Table
1 shows the comparisons between calculated and measured quantities for the various
nv;* states which have been analyzed. The molecular constants for the ground and 2»;°
states are from Ref. (1), while those for the v* and 2»;? states are from Ref. (2). The
latter values differ slightly from those previously reported since the data have subse-
quently been reanalyzed using lower-level combination differences only, and improved
measurements for the P-branch lines associated with the 2»7* states have been included.
The analysis of the remaining states will be reported in a separate publication (79).
The uncertainties in the computed quantities are in all cases much less than the expeni-
mental uncertainties.

The only systematic discrepancy between theory and experiment shown in Table 1
is that the predicted B’ values for most states are slightly high. The biggest errors
are roughly 1.3 X 10~ cm ™ for the »7! states and 2.0 X 107 cm™ for the 3»¢! states, and
in both cases they are substantially greater than the estimated experimental uncertainty
of 43 X 1075 cm~L. On the other hand, the /-doubling constants ¢, are predicted quite
well for both levels.

We show in Fig. 2 a comparison between the computed and measured combination
differences for the ground and 2v;9 states. The ground-state data show much less scatter
since they were obtained by averaging the results of 6 different bands having a common
lower level (7). The solid lines give the computed results. A least-squares fit to the equa-
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Table I. Calculated energy levels and molecular constants (vac.cm_l) for C,0

372
in various \)7 states, Experimental values are in parentheses. The
estimated uncertainty in the experimental B" values is #3 x 10-5cm—1.

State Energy? B" p"(10°%) q;ao“")
0° 0 0.07556255% 3,747 N
(3.817 + 0.04)
\%“ 18,24 0.076153 5.4
(18.5) {0.076012) (4.4 % 0.71) 4.11
14 (4.38)
v, 18.24 0.076564 7.3
(18.5) (0.076450) (6.0  1.1)
2v; 45,46 0.076990 5.9 b
(46.2) (0.076994) (6.2 £ 0.5)
293 60.7022% 0.0762756% 1.96
(60.7) (1.760 + 0.416)¢
3\% 79.61 0.077584 5.6
(80.3) {0:077515) (2.1 % 3.0)
3\%" 98.53 0.076821 2.8
(97.9) (0.076616) (0.82 % 0.6) 5.31
.29
33 98.53 0.077350 5.1 G2
(97.9) (0.077145) (1.57 * 0.6)
5 144,17 0.077381 2.9
(144.7) (0.077374) (7.9 £ 3.5)

aConstrained to agree with experimental values in Ref. (1).
Average of even and odd J series.

“From Ref. (1).

20)

d
Experimental values are from Duckett et al , who have reanalyzed the far

infrared data of Carreira et al.

tion

AF(T)/ (4T + 2) = B, — 2D,(J + 3)*+ 3H,(J + 2)4,

using the computed ground-state combination differences yields D, = 3.747 X 10~8
cm™! and H, = 5.94 X 102 cmL. These values are in excellent agreement with the
results D, = 3.817 X 1078 cm™! and H, = 6.019 X 107 cm™, obtained by fitting the
experimental data in a similar manner (1).

Figure 2 provides convincing evidence that the basic assumption of our model,
namely the neglect of all other vibrations, is valid. The agreement between observed and
predicted D-terms for the ground state is actually better than we should expect. A
linear molecule will generally have a D term of magnitude 4B¢%/w? = 2.5 X 107*
cm™, where w; is the lowest symmetric stretching frequency. Assuming that centrifugal
distortion effects are additive, then the predicted D term should be approximately
2.5 X 10~ ! low. This discrepancy has the same sign, but it is 3-4 times larger than
the observed discrepancy of 0.7 X 10~° e

Table II shows the lowest 6 Raman transitions reported by Carreira ef al. (§) com-
pared with our predicted results. The agreement is very good, especially considering
the fact that our fitting procedure involves only the first transition. We have made no
attempt to fit the far-infrared data by the same authors. The highly anharmonic po-
tential leads to a rather simple Raman spectrum, and the assignments of at least the
first few lines appear to be straightforward. In contrast, the far infrared spectrum is
much more complex, and the assignments of even the first few features are somewhat



C30; MOLECULAR CONSTANTS AND »; POTENTIAL 455
T 1 T T l
00758/~ —00763
PakiVeren 2uP STATE ——————=
R N
L 4 Ay A _l
1 00756 —loo7s1
Te "
L
N
N i
x
£
=
>
TEN 0.0754 —00759
~——— GROUND STATE *
A
oA
00752~ \ﬂ 00757
Yy
I | ] [ 1
) 2000 4000 6000
U+l

F16. 2. Comparison between experimental and theoretical combination differences for the ground and
2y, state of C30,. The data points are from Ref. (1), while the solid curves are computed using the
model described in the text.

questionable. In fact, Duckett, Mills, and Robiette (20) have recently reassigned the
far-infrared spectra from Ref. (8), and their values for the v; energy levels, which are
shown in Table I, are in good agreement with our predictions.

Table II, Comparison between observed and calculated Raman frequencies

for caoz. The experimental data are from Ref. (8).

Transition Observed (cm_l) Calculated (cm‘l)
2%« o° 61.0 60.70%
et 79.4 80.29
4%+ 2° 84.0 84.10

2 2

4 + 2 91.5 91.32

5t e 3t 9%.9 95.74

3 3

57«3 101.0 100.53

3Constrained to agree with experiment.
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Table III. Calculated band origins and molecular constants (Vac.cm—l) for the
V4 1« 0 transitions of C302. Experimental values are in parentheses.

The estimated experimental uncertalnties are :0.003cm_10n band origins,

5 % 107%™ on 4B, and 3 - 6 x 10 % * on aD.
ips P g8 sy S s_omernd
Transition Band Origin B'-B"(20 ) D'-D"{10 ) ql—ql(lﬁ b
O a
v, <0 (1587.3905) 6.432 1.89
(1.86)
v, * Wi . v%c 1580. 902 4.13 2.04
(1580.896) (4.46) 2.0) 1.02
(0.89)
Yy + v%d + v%d 1580. 902 5.15 2.76
(1580.900) (5.35) (1.4)
v, + 2 e 2] 1575.348 AT 2.0
(1575.093) (3.96) (0.11)
v, - 2\»'; 1583. 4300% -0.119% 1.1
(0.263)
3 3 ;
v, + 3v; = 3y, 1570.012 3.80 1eh o
(1569.503) (4.14) (0.94)
v, * 3\,;C « 3#“ 1575.331 1.32 1.3
(1575.996) (1.26) (0.19) 0.58
(0.55)
v, * 31 3\%‘1 1575.331 1.90 1.4
(1575.996) (1.81) (0.28)
o O
v+ hvg < dvy 1572.990 0.31 -0.58
(1572.976) (0.25) (-0.002)

3constrained to agree with experiment.

bAverage of even and odd J series.

B. Streiching Modes Excited Simultaneously with vq

The model used to treat the ny,! states should be equally valid for states of the type
vs + nv;', where v, is a high-frequency stretching vibration. The effect of the high-
frequency mode will be to produce small changes in the parameters By, Vs, and V4. The
most extensive measurements on states of this type have been done on the »; 1 < 0 band
and the various »; hot bands associated with it. This vibration is the asymmetric C=C
stretching mode at about 1587 cm™. Since the energies and B values of the ground and
2v;® states are known, measurements of the AB values for the transitions », <~ (® and
ve + 2,0 < 27" along with a measurement of the shift of the 2»;* hot band allow us to
use exactly the same fitting procedure as in the previous section.

The parameters which result for the »; state are By = 0.0733140 cm™!, V, = —2228
cm}, and V, = 21 934 cm. The potential has a 56.58 comn™! barrier at « = 0 with a
minimum at & = 13.02°. The effect of exciting v, is thus to increase the barrier by nearly
a factor of two and to shift the minimum by 2° The quartic term in the potential
changes only slightly.

Table III shows the comparisons between calculated and measured quantities for
nine v, + #nv,! states. The data for the first five of these are obtained by using a least-
squares fit to the line positions reported in Ref. (2), keeping the lower-level constants
constrained to be those given by the experimental numbers in Table I. A different
assignment for the 2»;® band origin has been used. The reason for choosing this new
assignment and the analysis for the remaining states will be reported later (19). The
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agreement is again remarkably good, the predicted band origins and AB values agreeing
with the measured quantities to within 0.7 cm™ and 4+ 3 X 105 cm™, respectively.
Of the states studied by Mantz ef al. (1) the only one for which there are sufficient data

A MTha noramaet

s1ige tha gamme Aiting athnd +#~ dnta o tha atontial 3
to use the same uLuﬂE metnoa o determine the V7 potential 1S ve T v3. 111€ parameiers

we find for this state are By = 0.0731114 cm™, V. = —1631 cm™, and V, = 24 294
cm~L The potential has a 27.36 cm™! barrier with a minimum at 10.56°. The barrier
is slightly lower than it is in the ground state and the quartic term is larger. This means
that the hot bands of v2 4 »; will all be shifted to higher frequency in contrast to the

lower-frequency shifts observed for »;. The only comparisons between theory and experi-

ment which we can make for the vy 4 vs states are for the AD terms. The predicted AD
value for the vy + v»s < 0 transition is in excellent agreement with experiment, while
that for the »2 + v3 4 2v;° < 0 has the right sign but is nearly a factor of 30 smaller in
magnitude than the experimental value.

Figure 3 shows the »; potential and energy levels for the ground, »;, and »s + »;
states. The changes in the energy levels in this figure can be associated directly with the
linear to bent transitions discussed by Thorson and Nakagawa for molecules of this
tyvpe. Comparing the energy levels in Fig. 3 with those in the correlation diagram in
Fig. 2 of Ref. (10), we see that the v, state corresponds to a more bent configuration,
the »o + »; state to a more linear configuration, and the ground state 1s intermediate.

In linear molecules the excitation of a stretching vibration usually leads to AB
values which are negative (21). The apparently anomalous signs of AB for most of the
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F16. 3. Calculated energy levels and potential function"forftheJC:0z »; bending®modefinfthe ground
state (solid lines), the »4 state (dashed lines), and the v, + v; state (dotted lines). The zero of the energy
scale is arbitrarily chosen to coincide with the potential minima.



.

38 WEBER AND FORD

transitions in Table III arise entirely from the change in the v7 potential. The direct
change in the rotational constant produced by the »4 excitation is given by ABy =~ 1.998
X 10~ cm~Y, which has the usual negative sign. The experimental AB values result

from the combined effects of the change in B, which gives a negative contribution, and

the change in the »; potential, which gives a positive contribution. In every case except
2v+° the positive contribution dominates.

The upper-state levels of several near-infrared bands of C30; have been tentatively
assigned by Mantz et al. (1) on the basis of the observed AB values. If these bands have
anomalous AB values, as is the case for vy, then several different assignments appear
more likely. For example, the upper state of the band at 3774.462 cm™, assigned as
vs + 4v¢, could be »; + vi. The upper state of the band at 4471.8375 cm™, assigned

as v3 + 4v¢’, could be »; + v;. Finally, the upper state of the weak band at 3830.6023
cm™!, assigned as vy + 2v 4+ 2v¢, could be v1 4 v4 + 2" After a few more of the corre-
sponding hot bands have been analyzed in this spectral region, the consistency of the
upper-state assignments can be readily checked by applying the same fitting procedure
we have used for the »4 band.
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