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The zero-point average structure of acetaldehyde has been determined by the use of the

moments of inertia and the average distances, obtained by microwave spectroscopy and electron

diffraction respectively. The following rz parameters have been determined: 1.515±0.005A

for C-C,1.207±0.004.4 for C=O,1.073±0.002A for C-H(methyl),123°48'±9' for ∠OCO,

and 108°52'±17' for ∠ HCH of the methyl top.

The molecular structure of acetaldehyde was
studied by Kilb, Lin, and Wilson1) by means of
microwave spectroscopy. They determined the
structure parameters (the so-called r0 structure)
from the moments ofinertia for normal acetaldehyde
and its six isotopically-substituted molecules, as-
suming that the bond distances and angles, except
for those of the methyl group, were the same for
all isotopic species.
Recently the present authors and their collabora-
tors made an electron diffraction study of the struc-
ture of this molecule.2) The results were not in
close agreement with those from the microwave
study, as may be seen by comparing the GC
and C=O distances in Table 1. However,, this
does not necessarily mean that the results are
inconsistent with each other, for the distance para-
meters reported do not have exactly the same

physical significance.

TABLE 1. PRBVIOUS RESULTS FOR r(C-C) AND
r(C=O) OF ACETALDEHYDE(IN A)

a) Microwave spectroscopy. Ref.1.
b) Electron diffraction. Ref.2.

Recent thcoretical studies3-6) have provided
methods of converting the original spectroscopic
and diffraction results into common physical

quantities in order to facilitate their comparison.

One practical way is to reduce the structure para-

meters determined experimentally to those of the

zero-point average structure. Furthermore, several

investigations6-10) have shown that the cooperative

use of spectroscopic and diffraction results is suc-

cessful in the determination ofthe accurate structures

of gas molecules. In the present study, the zero-

point average structure of acetaldehyde has been

determined by a cooperative use of microwave

and electron diffraction data.

Zero-point Moments of Inertia

The moments of inertia obtained by microwave

spectroscopy are effective moments of inertia for

the ground vibrational state. They are converted

to zero-point moments of inertia by correcting for

apparent variations due to intramolecular harmonic

vibrations. The relations between the effective

moments (Iαα)eff and the moments of inertia of

a non-vibrating rigid molecule,I0α α, are given by

the following equations:3,4),*1

(1a)

and:

1) R.W. Kilb, C. C. Lin and E. B. Wilson, Jr.,
J. Chem. Phys., 26, 1695 (1957).
2) C. Kato, S. Konaka, T. Iijima and M. Kimura,
This Bulletin, 42, 2148 (1969).
3) T.Oka, J. Phys. Soc. Japan, 15,2274 (1960).
4) T.Oka and Y. Morino, J. Mol. Spectsy.,6,472
(1961).
5) K.Kuchitsu and L. S. Bartell, J. Chem. Phys.,
36,2460,2470 (1962).

6) K. Kuchitsu, ibid.,44,906 (1966).
7) Y. Morino, K. Kuchitsu, Y. Hori and M. Tani-
moto, This Bulletin,41,2349 (1968).
8) K. Kuchitsu, T. Fukuyama and Y. Morino,
J. Mol. Structure,1,463 (1967-68).
9) K.Kuchitsu, J. Chem. Phys.,49, 4456 (1968).
10) K. Kuchitsu and S. Konaka, ibid., 45, 4342
(1966).
*1 No degenerate mode of vibmtion exists in this

molecule.
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TABLE 2. MOMENTS OF INERTIA OF ACETALDEHYDE (IN amu. A2)

a) Effective moments of inertia for the ground vibrational state observed by microwave
spectroscopy (Ref.1).
b) Zero-point moments of inertia reduced from Ieff by Eq.(3).

(1b)

The last term of Eq. (1a) comes from the quadratic

term of centrifugal distortion, where ταβγδ is

given by:11)

(2)

All the notations are the same as in Ref.4. The

non-vanishing off-diagonal elements,1/(Iα β)eff,

indicate that the principal axes in a vibrating mole-

cule deviate slightly from those in equilibrium,

However, numerical calculations have shown that

these terms are negligibly small for acetaldehyde

and its isotopic species.

When the (Iαα)eff represents the observed

principal moments of inertia for the ground vibra-

tional state, the I0α α is the zero-point moment of

inertia according to Oka3) and Laurie and Hersch-

bach.12,13) In other words,I0α α is the moment of

inertia of such a rigid molecule that each atom is

fixed at an average position which may be slightly

different from an equilibrium position because of

the first-order effect of anharmonicity. By using

the observed moments of inertia, Iα(obs), of Table

2,the zero-point moments of incrtia, Iα(2)(obs),

were obtained by:

(3)

TABLE 3. OBSERVED AND cALcuLATED NORMAL
FREQUENCIES OF ACETALDEHYDE (IN cm-1)

a) Reported by Cossee and Schachtschneider.14)

where(Iα α)eff was calculated from Eq.(1a). The

structure parameters determined by microwave

spectroscopy1) and the force constants determined

by Gossee and Schachtschneider, the VF3 set,14)

were used in this calculation. The same force

constants were assumed for all the isotopic species.

Although there are, for some reason, slight dis-

crepancies between the vibrational frequencies cal-

culated in the present study and those reported

11) D.Kivelson and E. B. Wilson, Jr., ibid.,20,
1575 (1952).
12) D.R. Herschbach and V. W. Laurie, ibid.,37,
1661 (1962).
13) V.W. Laurie and D. R. Herschbach, ibid.,37,
1687 (1962).

14) P.Cossee and ,J. H. Schachtschneider, ibid.,44,
97 (1966).



August,1969] Zero-point Average Structure of Acetaldehyde 2161

orignally by Cossee and Schachtschneider, as is

shown in Table 3, no further refinement of the

force constants was made. The mean-square

amplitudes of vibration calculated by use of the

force constants were in good agreement with those

observed by electron diffraction(cf. Table 4 in

Ref.2).

The effects of the slipping rotation of the π-

elcctrons of a C=O bond and the lone-pair electrons

of the oxygen atom were corrected for in the case

of{brmaldehyde by Oka.3) His corrections were

-0 .003 amu.A2 at most. Although the effects are

expected to be of a similar magnitude for acet-

aldehyde, the corrections are only a few in ten

thousand or less since the moments of inertia of

acetaldehyde are much greater than those of form-

aldehyde. Therefore, the corrections for these

effects were ignored in the present study.

Isotope Effect on Zero-point

Structure

In order to determine the rz-structures from the

moments of inertia,Iα(z), of several isotopic

species, the primary and secondary isotope effects*2

0n rz distances should be estimated. By defining

the local Cartesian coordinates, x, y, and z, for a

particular pair of atoms with a z axis taken in the

direction of their equilibrium positions, rz is ex-

pressed as:

(4)

in terms of the equilibrium distance, re, and the

average increment of the distance along the z-

axis,(⊿z)0. The average is taken at 0°K, or for

the ground vibrational state. By the diatomic

apProximation8,15)<⊿Z>0 is given by:

(5)

and:

(6)

where a3 is the Morse anharmonicity parameter of

the bond-stretching;l02, the mean-square amplitude

of vibration at 0°K, and <⊿x2>0 and <⊿y2>0, the

perpendicular mean-square amplitudes of vibration

at0°K.

The anharmonicity parameters for C-H, C-C,

and C=O bonds were assumed to be 1.98A-1,

2.1A-1,and 2.4 A-1, respectively.15) The mean-

square amplitudes and the perpendicular amplitudes

needed for the estimation of K0 were calculated by

the use of l-matrix elements, which were obtained

simultaneously with a computing program for

the calculation of the Ieff values. The numerical

values of <⊿z>0 calculated for the bonded distances

of several isotopic species are tabulated in Table 4.

TABLE 4. ISOTOPE EFFECTS ON rz PARAMETERS.

CALCULATED VALUES OF <⊿z>0(IN A UNITS)

a) Not calculated. This does not necessarily

mean that the values are negligibly small.

The relatively large negative values of <⊿z>0 fbr

the methyl C-H distances are caused by the large

perpendicular amplitudes due to the torsional

motion of the methyl top. For the C-C and C=O

distances, the differences in <⊿z>0 for different

isotopic species are negligibly small, as had been

expected.

The values of <⊿Z>0 in the table might include

large systematic errors, caused mainly by assuming

the values of a3.9,16,17) Kuchitsu estimated an.

uncertainty of +0.002 A for the difference between

the <⊿z>0 values ofthe C-C bonds in C2H6 and

C2D6.9) This amount of uncertainty in the isotope

effect sometimes leads to large errors in the structure

parameters determined by the least-squares adjust-

ment, especially when the adjustment is made under

the circumstances that a strong correlation exists

among some of the parameters.7) In the present

study, the correlation between rC-C and rC=O was

very strong when only spectroscopic data were used,

as will be shown in the following section. Therefore,

the uncertainties in the parameters are expected to

be yet larger than those listed in Table 6, column

I, which appears later. When diffraction data

are used cooperatively, however, the influence of

the possible systematic errors in <⊿z>0 would be

unimportant. The isotope effect for bond angles

was ignored in the present study.

Zero-point Structure from Iα(z)

The sewn parameters shown in Fig.1 determine

the structure of acetaldchydc when C3v symmetry

is assumed for the methyl top. In the final results,

the parameters h and x shown in the figure are

converted into rC-H and ∠HCH respectively.

It was confirmed by Kilb, Lin, and Wilson1) that

one of the three hydrogen atoms of the methyl

top is opposed by the oxygen atom.

By a simple geometrical consideration, the follow-

ing equation is obtained:

(7)

where

(8)*2 Primary and secondary isotope effects have the

meaning defined in Ref.17.
15) K.Kuchitsu and Y. Morino, This Bulletin,38,
805,814 (1965).

16) L.S. Bartell and H. K. Higginbothom, J. Chem.
Phvs.,42,851 (1965).
17) L.S. Bartell, ibid.,42,1681 (1965)
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Fig.1. Configuration and structure parameters of

acetaldehyde.

and where rz and αz designate rz(C-H) and ∠HCH

respectively. From the observed Iα(2) valucs

of CH3CHO, CD3CDO, and CD3CHO, the best-

fit value of hz, or the product of the parameters

rz and sin(αz/2), was determined, where slight

differences in the hz values of the three isotopic

species were taken into consideration. The right-

hand side ofEq. (7), calculated from the determined

value of hz, is compared with the observed value

TABLE 5. COMPARISONS OF Ia(z)+Ib(z)-Ic(z)

(IN amu.A2)

a) Observed by microwave spectroscopy. Ref.1.

b) Calculated by use of the adjusted parameters.

(Eq.(7)).

of the left-hand side for each isotopic species in

Table 5. As may be seen in the table, the agreement

is quite satisfactory. This is one of the cases in

which an isotope effect of rz estimated on the basis

of the mass difference accounts for the observed

results. In this stage, rz(C-H) and az were not

determined separately.

The Jacobian matrix elements of twelve moments

of inertia (two from each ofthe six isotopic species)*3

with regard to six in-plane parameters were cal-

culated. The Jacobian matrix showed that Iα(z)'s

were quite insensitive to ∠CCH(ald); hence, this

angle was fixed at the value reported by Kilb, Lin,

and Wilson,1) and five parameters, rC-C,rC=O,

∠CCO, x, and rC-H(ald), Were adjusted by the

standard least-squares procedure. The parameters

derived are listed in the column I of Table 6,

along with their limits of error. The twelve

TABLE 6. ADJUSTED rz PARAMETERS OF CH3CHO
WITH LIMITS OF ERROR (IN A UNITS)a)

Ⅰ. Obtained by using spectroscopic moments of

inertia Iobs(z) only. The uncertainties should

be larger if systematic errors in (⊿z)0 are

also taken into consideration.

Ⅱ. Obtained by using rz-values from electron

diffraction in addition to the spectroscopic

data.

a) 2.5 times standard deviation obtained by the

least-squares procedure.

TABLE 7. COMPARISON OF MOMENTS OF INERTIAa)

(IN amu. A2)

a) Calculated values of Iα<z> by using the struc-

ture parameters adjusted by the least-squares

procedure. See Table 6 for specifications Ⅰ

and Ⅱ.

b) dev.=Iobs(z)-Icalc(z).

observed Iα(z)'s are not independent enough to

alleviate the strong correlation between the increase

in rC-C and the decrease in rC=O; the correlation

factor estimated from the elements of the error

matrix*4 amounted to 100 percent. This is more

*3 The moments of inertia of CH313CHO were not

included, because they probably depend more strongly
on those of the other isotope species.

*4 Amatrix B is defined in terms of the Jacobian

matrix J and a dlagonal weight matrix W as B=JMJ.
The inverse of B is called an error matrix. According
to the theory of errors, a corrdation factor between
the ith and jth parametcrs which have been adjusted
by the least-squares method is given by
correlation factor=(B-1)ij/[(B-1)ii(B-1)jj]1/2.
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easily seen in Fig. 2, where thc process of solving
the normal equation in the least-squares adjust-
ment is reduced to the determination of the cross

point of two straight lines drawn on the rC-C
versus rC=O plane. However, because of the strong
correlation between rC-C and rC=O the two lines
are almost identical. Large standard errors result
from this correlation making the error matrix
nearly singular.

Fig.2. Relation between rz(C-C)and rz(C=O).

The cross point a of the two straight lines,

indistinguishable in this figure, indicates the most

probable values of rz(C-C)and rz(C=O) deter-

mined for spectroscopic moments of inertia.

The point b indicates the most probable values

determined by using electron diffraction data

in addition to the spectroscopic data. The point

ED indicates the results of electron diffrac-

tion for rz(C-C) and rz(C=O). The contour

shows the limits of error of the diffraction data.

The dashed line shows possible variation of

rz(C-C) and rz(C=O) when a systematic error is

allowed for in the scale factor of the diffraction

data.

The moments of inertia, Iα(z), calculated from

the most probable values of the parameters are

listed in Table 7, together with deviations from

the observed moments of inertia. A deviation as

large as 0.03 amu.A2 can originate from possible

systematic errors in the isotope effects estimated for

<⊿z>0 and from the ignorance of anharmonicity

in the deformation of bond angles, as has been

mentioned in the preceding sections. Fractional

deviations, however, are as small as a few parts per

thousand or less. Therefore, uncertainties in the

structure parameters due to these origins may also

be expected to be a few parts per thousand unless

conelations between parameters are as strong as

in this case.

Zero-point Average Distance

from Electron Diffraction

The distances, rg(C-C) and rg(C=O), determined
by electron diffraction at room temperature were
converted to rz distances by the following equa-
tion;9,10)

(9)

where lT2 is the mean-square amplitudes and

δrcenc the centrifugal stretching, both at room

temperature, and where the other notations are

as specified in Eqs. (5) and (6). This process.

is based on the assumption that a potential function.

associated with a bonded distance is well approxi-

mated by the Morse-type potential if the net dis-

tance between the two atoms, not the distance

projected onto the equilibrium direction, is taken.

as a parameter of the potential function.15) The

non-bonded distances were not converted, for the

uncertainties in their values are larger and, also,

the anharmonicities for non-bonded atom pairs

are not well known. The C-H distances were not

determined with sufficient accuracy by electron

difFraction.

The centrifugal stretching corrections were

roughly estimated to be 0.0004A for C-C and

0.0002A for C=O by referring to the C=O bond of

CO2 calculated rigorously at room temperature,

0.0003A.18) The numerical values for this con-

version are summarized in Table 8. A comparison.

of the rzvalues in Table 8 with those in Table 6

reveals no inconsistency between the spectroscopic

and diffraction rz values;any inconsistency would

be obscured by the large limits of error in the

spectroscopic values.

TABLE 8. CONVERSION FROM rg TO rz

T=300°K

Zero-point Structure with Additional r2's

Observed by Electron Diffraction

The strong correlation between the rC-C and

rC=O values was dissolved by a cooperative use

of the rz distances observed by electron diffraction

18) Y.Murata, K. Kuchitsu and M. Tanimoto,
This Bulletin, to be published.
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and the moments of inertia observed by micro-

wave spectroscopy. The least-squares procedure

was straightforward, and the two observed quan-

tities, rzED(C-C)and rzED (C=O), were added to

the twelve Iα(z)'s. Thus, five parameters were

adjusted to fourteen observations. Obviously, the

additional part of the Jacobian matrix had only

two non-vanishing elements, one between the para-

meter rC-C and the observed TzED(C-C), and the

other between rC-O and rzED(C=O). The relative

weighting factors for observed quantities were

identified as being inversely proportional to the

square of the error of each observed value. The

limits of error (99% confidence interval) in electron

diffraction were reported to be ±0.005A for

rzED(C-C) and ±0.003A for rzED(C=O). The

errors arising from the conversion fom rg to rz

were ignored because they were considered to be

less important. For the Iα(z)'s detcrmined by

microwave spectroscopy, the errors from which

the weighting factors should be estimated are

not only the original experimental errors in the

moments of inertia, but also those including uncer-

tainties in the conversion from Ieff to Iα(z). How-

ever, most of the errors may be considered to arise

from the conversion process. Therefore, these

uncertainties are represented by the deviations of

Iα(z)(obs)from Iα(z)(calc) calculated by use of the

most probable values of the parameters. Cor-

responding to the 99% confidence interval in

electron diffraction, the maximum deviation of

Iα(z)(calc),±0.03 amu.A2, was taken as an error

for Iα(z).

The results of the least-squares adjustment are

summarized in the second column of Tables 6

and 7. The adjusted values of rC-C and rC=O

are also indicated in Fig. 2 by the b point.

Although there might be additional systematic

errors which do not appear as a mutual inconsis-

tency between the Iα(z)'s of several isotopically-

substituted species, they were not taken into con-

sideration, for their amounts are not well known.

In the present case, however, even if the weighting

factor for Iα(z) were reduced to a quarter of the

values used in view of the possible systematic error,

the final set of parameters would remain almost

unchanged, for the b point in Fig.2 is the nearest

point to the ED point on the solid line. The

authors' view is that better estimates of errors for

Iα(z) will be established gradually through the

further application to other molecules of the

method of the cooperative use of diffraction and

spectroscopic data.

Another method of this cooperative use is to

eliminate a systematic error in the scale factor

for diffraction results by the use of the spectroscopic

moments of inertia, as was applied to the cyanogen

molecule by Morino et al.7) and to ethane by

Kuchitsu.9) In the present study this corresponds

to finding a cross point of the two lines in Fig.2:

a dashed line passing the ED point so as to represent

a proportional variation in rC-C and rC=O accord-

ing to a small deviation in the scale factor, and a

solid line which represents the values of rC-C and

rC=O satsifying the least-squares condition for

Iα(z). Fortuitously, the cross point was very close

to the b point, so the parameter values were identical

with those obtained by the least-squares adjust-

ment. Thus, the structure parameters listed in

column Ⅱ of Tahle 6 are considered to give the

most reliable average structure of acetaldehyde.

From the values of <⊿z>0 shown in Table 4 and

the r2 values determined in the present study, an

approximate value of re was estimated by the use

of Eq.(4), although it might include a large syste-

matic error. The value of re obtained for the C-H

bond of the methyl group was 1.078 A, showing

fair agreement with the 1,085 A of CH419) and thc

1.080A of CH3X.20) When the rz-value of the

C-H(Me) of acetaldehyde,1.073A, is compared

with the r2-value of the C-H in CH4,1.100 A, one

might erroneously conclude that there is a remark-

able difference in the nature of the C-H bonds in

acetaldehyde and methane. However, it must

be noted that the rz value depends not only on the

nature of the bond but also on the environment cf

the bond in a molecule and the isotope effect.

Judging from the agreement of the approximate

re-values, it is probable that the C-H bonds in

these molecules are similar in nature and that the

difference between rz-values arises mainly from the

environment effect, e. g., the torsional motion of

the methyl top in acetaldehyde.
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19) L.S. Bartell, K. Kuchitsu and R. J. deNeui,

J. Chem. Phys.,35, 1211 (1961).
20) Y. Morino and J. Nakamura, This Bulletin,
38,443 (1965).


