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UINFLUENCE OF VIBRATIONS ON MOLECULAR STRUCTURE DETERMINATIONS-‘SIp

‘III. INER'I‘IAL DEFECTS* .
Dudley R. HerschbachT

}‘ Department of Chemistry and Lawrence Radiation Laboratory,-%i 3:

University of California, Berkeley, California'
and |
Victor W. Laurie

Department of Chemistry, Stanford University
*"Stanford, California

Abstract

‘"The relationships between various typee ofUmoments of

inertia and vibration-rotation corrections are developed_from»'”"

general theory, with emphasis on the qualitative physical :\z§.f

R features and the quantities which may be calculated without -
i knowledge of anharmonic force constants. The inertial defects

of plenar triatomic and tetratomic molecules and nonplanar

“molecules with & plane of symmetry are considered, and it is:°'{‘U:$

. found that simple approximations, which depend mainly on the |

"_;one or two modes of lowest frequency, give results within lO-.’

- 20% of the experimental values. The application of inertial

defect corrections in structure analysis is illustrated for j‘-',

-_the calculation of HH distances in.CHé012’ SiH2F2; and CHBCXO lm,y._,

~ molecules (X = H, F, Cl, Br).
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Spectroscopic determinations of molecular structure usually "

must make use of the "effective" moments of inertia of the

ground vibrational state, as 1t is seldom feasible to evaluate ﬂﬁl'f L

| experimentally the corrections for vibration-rotation inter-

action. Relations among the moments which hold only for a rigid’g'.”

| body are assumed also to hold for the effective moments. In T

”pf_particular, it is often convenient to make use of a combination }:ff
of the principal moments which gives the second moment" of a ‘Wi“
. coordinate axls, Py = é(I + IB -1 ) For a‘rigid moleeule; fr*
' this is given by - o | '_ -
. 2Py = I, +Iﬁ-IY=221m1Yi, S O B
o where Y, 1s the distance of the ith atom from the eB plane and B
"mi s 1ts mass (e,B,Y may be permuted among x,y,z) These
Ks quantities are especially useful if a molecule has a plane of
symmetry. Also, in the "substitution method" of structure

_analysis}-the isotopic differences of the second moments are thez¥;}ffﬂ']

- _primary factors in the ealculetions.;’?

Since it 1S_uaﬁally e

‘ necessary*to'employ the effective moments'of inertia,'howeVer,f:;?fjf'i"

the corresponding quantities contain contributions from
vibration-rotation interactions and Eq.(l) is replaced by3 PR
VThe vibrational contributions are denoted by AY and are termed

"{nertial defeets
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For a'plaﬁér molecule; P

Y

P
'

= 0 for}the,but-of-plane diredtion,

(the c-axis) and the corresponding inertial defect becomes

directly observable.a Thus,

b= - (G +T)

(3)

where¢¢; >57b >\¢;. .1t is found that for different molecules }

- A varies considerably in magnitude and may be elther positive o

‘. or negative. As first pointed out‘by'Darling and Dennison,

N

for small.amplitude.vibrations of planar molecules A may be}

 calculated from the atomic masseé and coordinates and the

“.harmonic forge constants, without knowledge of anharmonic forcé}
 vconstants.54 Further theoretical discussions have been given hy’}:'
I.by,Nielsen,é Posener,7 and Oka and Morinog Values of A have

4been célculated fo: 2 number of small molecules

1
i
1
P
Ty
i

8-10 and the

. results are in excellent agreement with experiment.

In this paper,the.general inertial defects defined in Eq.;:JQ>F“7-;:
(2) are tudied. As in Parts I and II of this series, |

11,12

- partlcular attention is given to the role o; anharmonicity and

to features which‘gffect the determination of the average

structuré of.a‘molccule. Since the precise caléuiation of

. inertial defects bocomes very laborious even for planar mole-

cules when more than three atoms are involved, we have -

;estimates of A 1n many cases._

'_«éxamined-simple approximations which depend mainly on ‘one or

| two modes of vibration and find that these provide reliable >
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GENERAL FORMULATION = |
. Some resulis of the general theory of vibration-rotation
1nteraction36 11 will be restated briefly, in order to put them ‘ff
in a convenient form and to emphasize qualitative physioal .

5,13 a perturbation

*features. “For small amplitude vibrations
'expansion up to terms linear in the vibrational quantum numbers B

gives the following relations.

fun <z~1> - 4T BT t)%s/c xtn @ R

gx;}) .,.1‘. <1a> -ry Yt(s‘;"f)?/ly; <9§2' R - T

',(Ia) I +Z a"‘“(Q D) A°‘°‘<Q> S (6)

}.In Eq.(&), the erfective spectroscopic moment of inertia is

l:'seen to differ from the reciprocal of the average of;the inverse .

. of the 1nstantaneous moment because of the contributions of

f:Coriolis interactions. In Eq. (5), this "inverse of the. average -

o inVGrse is converted to the direct vibrational average of the

~'p~dinstantaneous moment of inertia by separating out ‘the terms

Ji.which arise in expanding the double inverse. Finally, in Eq. (6),
althe direct average moment is related to the moment of 1nert1a |
: for a particular rigid configuration of the atoms (termed the
o "standard" conriguration3) by averaging an expansion of the i |
1nstantaneous moment in powers of the normal coordinates. Up
to terms linear in the vibrational quantum numbers, the quadratic'

averages (Q ) depend only on the harmonic vibrational frequencies,

@ - em )07 + 32 S
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where dS is the degeneracy of the mode and K = n/Bnﬁén 16.8627

2 -1

anu A™ cm. The linear averages (Qs) involve the anharmonic

force constants (see Appendix C of Part I).

"In Eq. (5) the origin of the "shrinkage" caused by invebse

averaging is éntiraly analogous to ﬁhan in the diatomic case,ll

¢

for which
. wl
("% T < ().

The Goriolis term in Eq. (4) may also be given a simple physi:al

interpretation. The atoms are all vibrating relative to‘the
, principai axis system "rixed" to the rotating molecule,lu and
the slight angular momentum assoclated with these vibration:
makes the observed rotational kineuic energy slightly larg r
than 1% would otherwise be. 15 Thus

L oI >Z a3t ng -
and since ‘the total angular momemtum?ﬂiis a constant of nie

motion, thils increase in the rotational energy appears s a

slight shrinkage og the effectlve moments of inertia. 7hile it
'is convenient to describe the terms involving (Qg) in Jqs. (4)~

(6),as'due respectively to Coriolis coupling, inversicn, and.
harmonlc averaging of the moment of inertia, this cla:sifica=-
tion should not be interpreted too rigldly. The conditions

imposed when defining a set of rotating axes "fixed" to a

 vibrating'molecu1e14 imply relatlionships among the uoefficients.
Laa, a0 ' - oy ' :
ags As s and Cst One of the most useful of thes: relations

’is}

8 “.
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Zt‘(cgt)a = Agg '%;Z (aaY)e/IY .« | E | | (8) :

" In the sum of EQS. (4) (6), which relates the effective moment " ffﬁ ”i.

~of inertia to tﬁat for the standard configuration of the
molecule, - | ‘
7 o . SRR
J, =1, +Z,s°‘<Q>+Zs§SS<Q>, o (9) .
 we may use (8) to rewrite the coefficient of the harmonic term

in a form which eliminates explicit reference to the term that

- arises from the inverse averaging.- That 1s,

R T NGO ZRE AL ucst)zxs/us-xtn, (ma)
'vmay be rewritten as ' S f L j:?;,
@ . @ 4 424(%) xt/(x S (10b)

‘We shall choose either the equilibrium or the average
" configuration of the atoms as the standard one, and make com= .

| ©' parisons with the corresponding moments of inertia Ig or IZ,

‘ _Jregpectivelya As shown in Part I, the various coefficlents -

af: A%

g ? ss: cstb the vibrational frequencies, and the harmonicr,":”g

B averages (QS)-all remain practically the same for any cholce of ?f 'f;5 |

the standard configuration. . However, the anharmonic averages *:_ ’"2
(QS) are qulte sensitive to this choice. In particular, when‘v
the average cbnfiguration is taken as the standard, -

| Q) = 0. | T (11)

.'fIt should be emphasized that the moment of inertia I for the.  ””§“" ’

average configuration is not equal to the average‘gg the

a B us moment, since (ay >2 # <°‘i> Thus Eqs. (6) and _. . -
f;(ll ) give _ o | g :. R IEETEE

Also from Eq.l(9) we . have
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* O 2 °
ga = dg Zsﬂgs<Qs) ! (13 )
These formulas, together with (4)-(7), show that the various |

kinds of moments of inertia,

1
F o Tah @, I

) 4
~may be Interconverted by calculations which require only harmonic
- force constants, whereas to relate any of these to the équilibrium :

moment Iz we must have the anharmonic force constants.

The "normal® order of the various moments of inertia is
() >1, >4 >12. - N ¢ 2
This order, and the occasional deviations from it, may be under-
| stood by considering the signs of the various vibration«rotatidn '

terms- Among the harmonic terms, the inversion correction 1n

. (5) is always negauive, in Eq. (6), however,

2. A"“"(Q y >0, S (15)

S S8

since the definition ¢of the coefficients requires

~ Q0 A A C o - o

13450 ‘ (;6)

[see Eq. {25)]. Thus we see from Eq. (12*) that the inequality
R_

(I y > I mist always hold. For the ground vibrational state, -

the Coriolis contribution in Eq. (4) can be rewritten as

KT T L0203 oy + w)] '- (17)
where now s > t in the sumations (See Appendix B of Part I).
In Eq. (9), the harmonic contribution may likewise be rewritten -
wifh use. of (10b) as | o .
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L 822y = =36 % (A2%/u,)

' a2 f1 .1 1
+ Y g TelCge) [;,,—;-r-;,—;-mwswt]: . 8)

for'the_groundfotate, with s > t. These'expressions show that .

6,11

"pesonant" Coriolis interactions will not influence the

moments of inertia for the ground vibrational state. The contri- :

pution (17) is always negative. The first term in (18) is

 usually dominant, and therefore ,-’
‘z;s ss(Q 2 < 0’ | | (19)

for the ground vibrational state. Accordingly, in Eq. (9) tpe

negative Coriolis and inverslon corrections determine the signlv"'

of the harmonic contributions, and the inequality I: >cY; holdéi'

whenever (19) does. The individual terms in the anharmonic
contribution in Eqs. (6) and (9) may be either positive or

~negative. Analysis of experimental data for simple moleouleg

" has showntls12

~ and !

L contribution (19)

INERTIAL DEFECTS

- From Eqs. (2) and (9) we obtain a general expression for ; 3._

~ the inertial defect as a sum of anharmonic and harmonic vibra~>: 1‘,”““

: tional contributions,'

where,

that in most cases.the stretching modes dominatelih_o

: Z:aaa<Q ) > 0, | : o - (20%) . .
: and.y R I usually holds because (20%) outweighs the harmonic"h
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-AY(anhar) m'Z:S[aga + aiﬁ - azyq(Qs) : (22)
and,_from Eq. (lOb),
' ' o BB YY 2

-4 (har) = w3 ) [ASS + AQ ss}(Qs)

(23)
m: L)% (B0 (P10 1@,

An-equivalent but more cumbersoma expression6’7 for AY(har)
may be obtained from Eq. {102). The coefficients are defined
in terms of derivatives of the Cartesian coordinates of the atoms

with respect to the normal ccordinates,

agam a}jim [, (38,/0Q,) + v, (3v,/3Q, )], 4(,_2"‘,{9)4‘
2%® = -2 Ly, icasi/ao ) = -2 Li my B, (3a,/3Q5) © (24v).
. Agg =1- Z&mi(ba}/aQ )’ ', | (25)a‘-
Gop = Zi iz(aai/ara Y(3v, /30, )-(3Y, /00, )(aﬁjﬁ%Z]g)
- 2

where

Ziimiuagi/é%ﬁ + (aai/aezs)"? s (avi/aqsﬁ = 1,(27)

‘ and all quantities are evaluated for the standard configuration. ,

of the atoms. Thua_(lé) and several other useful relations are

readily obtained:

a%% 4 aBB ;{Y = 4y izﬁi'vi(avi/éQs)', | - (28)
A% +-A§§ . A;’; =2y, 1(avi/aés)2; - (29)
.Agi%'Aﬁa-fA'vYne,  ; L   (30)
2 5 2%% 4 aPP . pY Yso. o (31)

SS SS H »I;'
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Planar Molecules

‘Wnen all the atoms lie in the cB plane, the coefficient-(28)”'
of the anharmonic part of A vanishes identically (since all Y1 . |

= O)‘ and

| b, = AY(har) o o | W (32)
~ Also, for in-plane vibrations, o ‘ |
(3Y,/0Q,) = 0 o o (33)
and for out-of-plane vibrations,. . . | .
 RayRay) = (38,/5Q,) = 0. ~ (33v)

L Thus the cOefficient (29) also vanishes for in-plane vibrations,

i *g_and it becomes equal to 2 for ouu-of-plane vibrations. Similarly,f

’ if both Wy and w, are in~plane modes, Cst ggt 0, whereas;ighf
W 1s in—plane and W ls out-—of-—.plane,_ﬁg+ = Q. All the

" Coriolis coupling constants vanish if w_

"5‘_fﬁ plane.

The inertial defect may therefore be written as the sum'of>
"»-1terms which refer to in-plane and out-of-plane vibrations, |

A =a(1) + a(0),

Am -=>: IRUDIIN (SO0 & T D WA A {- t)2 + (¢ t)em

I [(aaa) - (aab)2] + 1 [(abb)z + (aab)e

-»%;(ag"‘)?uasx S S

by 423{.23'(523_')%}? Z [(C t)2 + (¢ t)alwts}@z)

(34b)

and W, are both out-=of=

I
R
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and ‘ . -
a(0) = =2 f1-2 T (R )% + (207w, 1Dy (352)

= 6 Ly (1=S L0 + ()M @y (350)

Here W , = kg/(ks-lt),.etg., and s,s' now refer to in-plane vibra-

tions, & to out-of-plane vibratlons. The equivalent expressions

obtained from (10a).as well as those from (10b} or (23) have. been j 

given, as these are more convenlent for some purposes.
If out-of-plane vidbrations are absent (as in a triatomic

molecule) or "frozen", the inertial defect becomes

. - N _ 2y 2 o
A= A(L) = ’*‘ZS,ZSn(G;SJZ kSKQS) kS(QS‘)I: - (36) 1

A=A - ;!
o st s ] *
‘44(where we now take s > s'). This must be positive for the ground

vibrational state since, as in {18), we may replace ﬁhe'fagtOr

within the curly brackets by

-

1 1 1 |
K "*’ hacd > .
- ws»i 0

Wg  Wgr  Wgo

‘Also, from (6) and (28)~-(33) we find

@ (T, + 1) =0, (37)
as expected from Eq. (1) with 21l Y, = O. In this case the -
contributions to A(L) arise solely from the "shrinkage" effects
' which aécompany the Coriolls interactions of {4) and the inverse
“averaging of (5); these effects, shown separately in (34a), have

 been amalgamated in (34b) and (36),}':

A
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It out~of~p1ane vibraticns are present (37) becomes

- (1, + I)) = -2 Y (Qt> s (38)
according to (29)- In A(0) this is always a negative contri-
| bution, and corresponds simply to averaging Eqge (1) over th¢
- nonplanar configurations attained during the vibrations. |
| There are in addition contributions to both A(i) and A(0) from
Coriolils coupling ?etween the in-plane and out~of-plane modes,

as seen in (34a) and (35a). Often the out-of-plane modes are

‘all lower in frequency than the in~plane ones; then all wté <0,

and these Coriolis terms reinforce (36) to make A{i) more
positive and reinforce (38} to make A(0) more negative.
These general consglderations do not 1ndicate the sign of %
| rthe total inertial defect. However, unless one or more out-
‘of-plane modes are of very low frequency, we expect A to be pv
" positive for the ground vibrational state, and this i1s found |
+ to be the case for almost all planar molecules thus far studied.
Thé negative contribution of the out~of-plane-modes accounts
for the fact that planar ring compounds Tusually haﬁe'rather '
small positivé inertial defects. Examples are shown in Table I.

These molecules have several low frequency out-of»plane modes

~which cancel much of the contribution from the in-plane modes.

Molecules with a Plane of Symme try

Vhen the only out~of-plane atoms are symmetrically equivalent

pairs, the vibrations may be classified as either symmetric (+)
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or antisymmetric (-) wilth respect to the plane of symmetry  (taken.

as the af plane).l6 Thus, for an atom 1 located on the symmetry

plane, Eqs. (33a) and (33b) again hold for (+) and (-) vibrations

-respectively.’ For a symmetrically equivalent pair of atoms‘l,__
located out-of the plane, _ _

aJ = Qs 5J = By yJ n_-Yk o - (392)
and ‘

'(ayJ/aQs)};- (Y Re,) o . (39b_)

 for (+) vibrations. As before, the in-plane atoms give no contri- .

bution to.Eq. (22), the anharmonic part of the inertial defect.
According to (39), the coefficient (28) of the anharmonic part,

t —

also vanlshes for ( ) vibrations of the out-of-plane atoms, and:

~_ for the (+) vibrations | : o
aa BB _ o ’ o
+af 8Imyv,RrRe), ()

where the sum extends over one member of each of the pairs of
symmetrically cquivalent out-of-plane atoms. Similarly, the

, i '
harmonic coefficient (29) has no contributions from (+) vibra-

tions of in-plane atoms, whereas the out-of-plane pairs give

| Agg + AaB AZJ my (3Y,/8Q, G ’ (43.)

For (=) vibrations both the in-plane and out-of-plane atoms
contribute and (29) may differ greatly from the value of 2

’obtained for planar molecules.

Instead of (37) or (38), for a nonplanar molecule the direct ,'

3 vibrational average of the second moment is given by

.
Zaa (D),
(42)

""'S

<x_+,IB_ ZJJJ+L Aa <Q)+

g ot et gt

e
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where da_ and AA,, denote (40) and (41), respestively, and ¥,

:is the coordidate of an out-of-plane atom in the standard
configuration of the molecule.3 The analosous expreaaion for
' the effective momenta of inertia 1s agaxn obtained by adding
the contributions ‘from Coriolis coupling and inverse averaging
as in Eqe (9); that is, by replacing the harmonie coeffiolent.
by Aﬁ’ss, AlthOugh '(40) shows that relatively fow terma
contribute to the anharmonia part of the 1nert1a1 defbct, 1n

For a planar moleoule,

* i




Cod

’”T'fi much more complicated, however. “he general expression (34b)

" Coriolis perturbation

L reduces to six terms,

wlliem | UCRL-14208

\f;y and,ﬁgy vanish, and~ﬂr doas not centribute to the inertial -
defeot bacause the sum of‘ the in~plane moments,j +J§, iz the
same vhether or not a tranerormation has been applied to elimin- |

| ete the ap Fo-Y-T:! tem. Fop nonplanar moleoules w:.thout orthoz'-

hombile symmatry all the crom teme appear, but in the usual

- gase for whieh f >> s 9%, the diagonauzing tranei’or-x
ap

mation amounts to a very smal:. geacond oxder perturbation
eorreation, and singe thie is a quedra.tio funetion or (v + é),
it may be d:.sresa:-dedas In case two of the principal momenta '
are equal or nearly equal. say f f the transformation is

e T 4, +Fp) ¢ d(SL f)""-.-u.f;ﬁl. RS

where the minus sign refers toj Howcver, praotice.lly the only .

‘nonplanar molacules. ro:- whieoh. (44) would be required are symmetric

- tops, and for these 1t is oonvent:Lonal to retainj -j 8 and

i ‘pegard the U correction as. contributing to the degenerate

6,11
T

. EXAMPLES AND APPROXIMATIONS
Bent Triatomic Molecules

&

A symmetrica; bent XYé molecule offers the simplest example

. of the inertial defect and most of the available calculations Q;g;ﬁfﬁ}u
Zi?f have dealt with this cases '7’8 1Q A bent XYZ molecule is not e a

rather than to the moments of. ;.nertiai.

nt et e e e e e e = e
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- 4<Ql>[(C12)2W21 + (c13)2w313 - 4<Q2>[(612)2 e * (c23)2w323s_

+M%nu3)m3+uﬁfw§,a' ” :M%)

% yhere (Q y = E(K/w )(V + )5 Uy, = w'/(w = wﬁ), and‘the;e‘}

Coriolis constants satisfy a sum rule,

(Cle)a * (“:13)2 *'(423)2 o | jl’ 3(45b>' .

For the ground vibrational state the result reduces further to N

2,1 .1 . 21 .1 ___ 2 ’
8 = e P g - e ey )

“1
v+ #K(Ci3)2Q£% 1'&? - EI—%—EEQE e | | ,'¥.j(45037>

| Here the Coriolis constants refer to the out~of-plane axis (the R

-axis), and Eq. (45b) follows from Egs. (8) and (33) For a

, bent XY2

- as glz =0 (where wl denotes the symmetric stretching frequency, .

w, 2_the bend, and w3 the antisymmetric stretch)

molecule, one third of the terms in Eqs. (45) drop out,-

The Goniolis coupling constantsqmay be evaluated by means.j»“"

of a convenlent matrix procedure due to Meal and"Polo.17 This

: gives the components along the Y-akis as

AT AL (LT)'l . (46)”

' in terms of the amplitude matrix L which relates the. internal

7_displacement.coordinates to}the normal.coordinates, §P=-£Q, andl
a'matrix, CY, which depends only on the atomic masses and -

geometrical parameters and can be evaluated from the usual s-ff
vectors employed in vibrational analysis.lg. In this way we_:m

obtain for the general,bent XYZ molecule, :
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Cip = = Oy = Wt - (bre)
Cy3 = = C3y = = ey = Balegy = pgpcosf)  (WT0)
023 = - C32 ‘T,lflpaps2 - U3<932 - p3lcOS¢)v,. (47°)

and Gy = Cpp = C33 = 0. For the bent XY, case, the caleulation

oi‘-g_Y reduces to a very simple formula, given by Meal and Polo

which requires only a knowledge of the harmonic stretching force

constants, and not the normal coordinate transformation‘or the L

matrix elements.

The calculations which have been carried out‘for severall
- bent XY, molccules4 7,8,10 (1isted as "exact" in Table II) have
given good agreement with the observed inertial defects. For-'

the ground vibrational state, the calculated inertial defects are

: not-very'sensitive'to substantial variaﬁions in the vibrational
force constants and Coriolie coupling parameters. Thus it ie of
interest to examine approximaue forms of Dqs. (45) which require
only the vibrational frequencles.

According to Eq. (26), the Corlolms coupling constants

which 1ink modes w and Wy represent the components of a vector S

8

cross product,
=2 ymy(8my g X oxyy)s - - (“8)
where the atomic displacement vectors for each normal mode have

.the components bqi/BQs,.etc. As noted by Darling and Dennmson,ﬂ;”

in the'normalfvibrations offHeo_andfothenlsymmetric hydnide L

L7 |
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c,molecules, the hydrogen atoms mOVe almost parallel (for “l and v:_71f»A; é
3) or perpendicular for w2) to the bonds. The Coriolis coupling -
between the bending mode and the antisymmetric stretch is then

'5f:almost maximal (£23 > 1), and there is. little coupling betveen |
vthe symmetric -and antisymmetric stretching modes (C13 0)

~ _This situation persists for other XY, ‘molecules and even Xyz

;-moleculcs as long as the central atom is much heavier than the

B end atoms. On the other hand, if the ccntral atom is the lightest'

atomic displacements deVlate considerably from the bond directions"
" and the Coriolis coupling between the various modes becomes ;f “'l'i;f{nl]
‘;roughly uniform (within the restrictions impOScd by the molecular ?;‘sdulf
B symmetrj) o o

_ For the ground vibrational state, the limit. of "dominant
‘:d{cougling (523 l) gives ' '

2 L 1 V .  : . .' | “ )
._.Muxmg‘*a;'mms)w B - IR

' ;whereas the limit of "uniform coupling gives ﬂ

2
A L% ) —
3 ( ; ay “3

- - ) ‘ (49b)
, - - 1*“2 Wptug Uy g T R
-, for an XYZ molecule [each C factor in Eq. (45c) is replaced by ﬁs,'q: o

/'-—] or

A o 2KC“'+-2.-+.2. o ot

S Y3
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for an XY, molecule (each g w'm) In view of the‘sum rule for**:“f

2

. ;the Coriolis coefficients, Eq. (45b), these approximations may V;r 

both be written in the form B

by replacing the frequency terms in Eq. (45c) with an average

value,

'S',Av\.'

st'

In the dominant coupling limit, only one term 1s retained;iinfp_ﬁj~;‘;’i-

the uniform coupling limit all the terms are averaged,'three :

terms in the case of an XYZ molecule, two for an XY, ‘molecule. . .

~In Fig. 1 and Table II the results obtainea from. these

approximations are compared wiuh the observed inertial defects ' r

for triatomic molecules: As expected, the dominant coupling __?flifjff .

approximation (open squares in Fig. 1) is quite aceurate'for the 1f]ﬁ‘f'

_hydride'molecules, but considerably overestimates the inertial{:kv}g}

defects for other molecules, wnereas the uniform coupling -

approximation (open circles) 1s often an underestimate.ibFor

either approximation the bendlng frequency predominates in thef}f7‘7
'fr average value of Eq‘ /50b), as indicated in -the’ upper panel or

;vFig. l, hence an even simpler approximation is
This usually falls between the dominant and uniform coupling '51
- limits. (heavy dashed diagonal line in Fig._l)

a'.jk», 1 1 _ ! | | :'ﬂ;(f‘

RRTER Ll
P R TSI
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For an exclted vibrational state the inertial defect 1s ,
L more sensitive to the naturc of the Coriolis oouplinV- If ‘the

‘ bending mode 1s excited, the approximations corresponding to .

°‘;Eqs. (h9) and (50) give

Ao+ (8K/w2)1!32 | o o ('ll9a.',)‘.f"'f_

b by + 3(2K/ap) (i p + W3p) ey
I R - (49;{){_.;._._
Aaw3, i (50c‘) _.

where A 1s the 1inertial defect for, the ground state. Again,,

the data. for hydridc moleculesaare iound to conforn accurately*:1§ﬁ;7

'_'to the dominant coupling approxina*ion, Eq. {(49a‘ ) The 5,0 -

molecule (bottom entry in Table II) is the only other example .

‘available at present.

Planar Tetratomlc Mclecules

l
For a planar tetratomic molecule with no other symmetry

‘elements there are 20 distinct nonvanishing Coriolis coefflcientsQ.intv

and hence theigeneral exprossion for‘the inertial oefect, Egs. i,
(34b) and (35b); has 41 terms. The exact caleulation iSstill"

:_'quiteiarduous_for molecules with C2v symme try such as_formaldeell"
?:hyde,'which have‘ll Coriolis constants."ﬁoweier, recently Cka'
9

“and Morino -have carried’ through a complete normal coordinate
analysis and obtained good agreoment with the observed inertial

~ defects for several of these ‘molecules. Their calculations
enable us to make a detailed analysis of simple aporoximations o

similar to Eqs. (50), which we again find to yield surprisingly
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good re“ults (see Fig‘ 2 and Table III)

For the ground vibrational state the general formula gives‘ 5'”f

L U sy
= 41_{28 Z’s (Css') (Ns -_J)';. - ws-l-ws,), | _ (5lb) o

- _-2 2 | - : . | ;f  ;j“'
and the sum rules are '

st'“s*’z ' f o <s>

1.
¢

Here s, s‘ = ] to 5 denote the in-plane modes (s < s' in the
~ double sums ) and “6 is the frequency of the out-of-plane bending
mode. For molecules with sz'symmetry gss, is nonzero only for
 the coupling of the Alvmodes (s =1, 2, 3) and the‘Bl modes (s‘léﬂfi?
 4 5); g s6 is nonzero only for Bl modes, and g s only for Al modes
 (provided the two-fold symmetry axis is the a-axis; the reverse 3f7;f 
' holds ifr 1t is the b-axis). Thus for Coy noleculcs Eq. (51a) i

reduces to 12 terms rather than 21 and the sum rules become

and. - ,_' o o 'v-.   L B
Ei;s(ca.6> =1; L (C:5)2 é Lo . (53v)

From these sum rules and the average frequency aporoximation 55

we obuain, for the general case, =
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_A‘.’_wsdx/nss. | | - S ”":'.'(54a') B
4w - ) - Gi/ng) W)
: and; for °2v symmetry, _“ o d;-' : :. : i SR o
' = (ui/ng,) + (4/0g5) o (ss‘a)*'
AR -(2K/w6) - (4g/ag .6a) -.-»"(Ll.x/czs@),' o (55b)

where the Q__, terms are defined as in Eqs. (50), and the Qg6

terms are given by _ o -
<~-u+u>.q I €S

| In Eq. (53a) ten terms contribute to the average frequcncy and

"vin (53b) rive terms to each of the two average frequencieg. Thus

it 1s quite unlikely that the dominant coupling apo oximation

would be a realistic approximation for an unsymmetrical molecule.:f _‘

~In Eqs. (55), it will sometimes apply in thelos,é‘aVerage, to“ L
which only two terms contribute, but will hold less often for the_;i:
‘other Q's, to which three te rms cont ibute. . '
Situations where dominanu coupllng ‘should apply can usually
',be recovﬁized from a qualitative inspection of the form of the
normal coordinates._ For example, Eq. (48) indicates that for cho
;or Yvoa olecules C56 should be small since in ohe W mode the -

voutslde“ atoms (X or O atoms) move approximatelyvparallel to the 5b

symmetry axls (a-axis) ahd the contributions from‘the axial'atoms‘;,'i[}

19

~ tend to cancel out.

} Fig. 2 and Table III. include all the available experimental
data on ground state inertial defects of planar tetratomic

. molecules. The observed values (solid triangles in Fig. . l) are
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again found to correlate wlth HK/wL (heaVy dashed diagonal line), T

where Wy denotes the lowest in-plane bending frcqucncy, but .
several examples show marked deviations, particularly: cmo, ClNOe,

and BrF3-‘ The dominant coupling approximation (open.squares)

evaluated for the two lowest in-plane frequencles is given merely

to provide an empirical comparison; except for F,CO, 1t is much

too hlgh, as would be expected since this makes no allowance for

the negative A~ contribution. The uniform coupling approxlmation'

(open circles) 1s again an underestimate and is quite low for:thev*;

~ X,€0, XNO,, and BrF3 molecules.

However, a comparison with the normal coordinate calculationsf}ﬁjf.:
B which Oka and Mor1n09 carficd out for six C2v molecules shows ﬁnat,'
‘the uniform approximation actually gives fairly reliable results

for the individual terms in Eqs. (55) except for the Qsl6 averager"

in those cases for which gg5 is expected to be very small. - Since
wuzls conslderably larger than w5 in fthese cases, the uniform
coupling appgoximation makes A~ much too negative, as,shown_in'.f

- Fig. 3. Results very close to the "exact" calculations are -

obtained simply by using a mixed coupling apprdxination'(Crosses',vh'
' in Figs. 2 and 3) which employs dominant coupling (C46 = l) for the,;,r,5

516 term and uniform coupllng for the others.

An exception to this 1s the Br,CO molecule, for which the i

.c;_unifonm coupling approximation considerably overestimates the

qu term, as seen in Figf 3. Again, the discrepancy_could be
anticipated, since qualitative considerationsvlndicate'thatagiu

'~ should approach unity for cho.molccules_aSJthe mass'of'the_x atoms -

iricreases. However, in this case we £ind that no simple~correctlonvl'

sty e 3
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"isffeaaible; By use of the sum rule,

—_—). | (,57)»'

BK MK 55 goc v2p 1
[ Tu';+ 41{28‘(%4)“(@; TR +w4

'aﬁAltncugn.glu >>‘424 and CBA’ this 1s ofrset by the rrequoncy S
factors, (see Eig.:4).sinee 0y and Wy >> wy and Wy, and all
jfthree terms in the sum give comparable contributions. Thus the
| dominant coupling approximation would consilderably oVerestinate

‘ the sum and uniform coupling considerably underestimata it; the
values obtained are 0.011 and 0. 140, respectively, compared with -
'O 032 amu A2 from use of the calculated Coriolis constants.
"Fortunately, the other term, QK/w. = 0.089 amu G
- of the nature of the coupling, and is large enough to damp out"'
imuch of the uncertainty in the total result. For the other

molecules shown in Fig 3, it 1s also found that in the various

averages one of the tnree contributing Coriolis constants often i

s 1is’ independent'j :

 outweighs the others, but the'frequency distributions and damping'rT:v'u

}effects areisuCh that the deviations in 054 and st, for example .
::praotically balance out. | o
| | The only other molecule for which the experimental result
'differs from the uniform or mixed coupling approximation by more

than about 10% is BrFB- In this case, the approximations agree ,.;f

closely with the "exact" calculation (open triangle in Fig. 2), vrﬂ"

and the disagreement with the eiperimental inertial defect may

I be due to inaccuracies in the Vibrational assignment. For the

».other molccules considered here the observed frequcncies wcre»

used, but;ﬂeaassignment for BPF3'10 tentative ‘and was derived L
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‘mainly from a normal coordinate calculation based on the ClF3
20 o

force constants.” o
It 1is interesting to note that for the unuymmetrical mole=- .

cules in-both Figs. 1 and 2 the simple uniform coupling approxi-
mation gives particularly good results,vonly slightly low.
Another empirical approximation applicable to certain unsymmet-
rical molecules was suggested by Oka and Morinog, who take the
‘geometric mean of the inertial defects for related symmetric
molecules. These values, which are listed under "exact calcu~
: 1ation" in Tables II and III, come out a bit high

” At first glance it is surp ising that even for the tetraﬁonic
molecules, for which several terms appear in Egs. (5&) and (55),
the simple MK/wL approximation_should be so nearly equivalent to;_.
uniform ooupling.' Some'qualitative!features that*contribute”tdyif'”l

~this may_be'understood from Fig. 4. As 1illustrated by the upper J

‘eurve, the effective frequency w,g, assoclated with the‘couplingf;fiAa7fv

of two in-plane modes, defined by

= — ol - i
| o Wgg (ws Woy ws+ws,)’ - ._:. D (58)
’isisuoh_that wgg e 15 always less than either_ws'or ms,.' The -

"v~frequency stv‘obtained from-averaging a set of these termef'

lies between the minimum and maximum value of Weg®

-~ absence of strong contrary bias by the Coriolis constants, thei}fq""

~ inverse averaging favors the minimum value of wg.,, which lies_;*ﬁV:i””

between'§m£ and ”L The former limit obtains when the next

highest frequency is near. w&’ the latter when it 1is Very far :Q

above W Thus,eif all the coupled terms are averaged, we may

L
< expect 0, to be near w, and hence a¥ T 8K/w,. As seen in
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~ Fig. 3, this holds accurately for H,CO, D,CO, and F,CO. For
the heavier molecules the ratios of the_ether frequencies to

| wt increaSe, consequently ch, becomes subStantially_larger

than wL, and A falls well below BK/w . In the exact calcula-

tions, this trend is accentuated by the Coriolis bias 1llustrated

below Eq. (57).. A similar rough analysis accounts for the
qualltative behavior of the terms involving the out-of-plane
vibration. The lower eurve‘in Fig. # shows 'that only those in-
| plane modes with frequenciee lees than or comparable to wg will
' give»substantial'contributions;l This usually includes ebout='

' half of the 1n-p1ane modes (see upper panel of Fig. 2). Also, .

'71 to allow for the ‘rapid drop-off of the frequency factor in Fig.l4

.”“'we roughly approximate ‘the contribution of theee modes as half of

that for the‘lowest mode. This gives

A = “ER (2)(2)"": : : ' . (59)
_ % Y2 T
‘which is -4K/wL when w, ¥ uwc and 1s less negative when w, < wg,

in accord with the.results of Fig- 3 Although these arguments

- ‘are quite crude, ‘they do closely simulate the ‘behavior of the

" exact calculations and also emphasize that the simple 44/w

approximation actually represents an average over all the frequenciese :

4

" rather than neglect of all except W, . _
| ‘The inertial defects of the u3 and w5 excited vibrational

_statos (the lowest in-plane modes) of FQCO ‘have been,measured,e~fi~fr

B recently.zl_ These'frequencies'differ by oniy 43 cm"l and good K
o 'agreement with the data for both states is obtained from a

resonant coupling approximation,v

e e

= e S04 Ay St e e £t G oot
i T T .



26~ | ' UCRL-11208

oy + (8K/w ) (¢S )P0l /(- wD)], ~ (60)
(vhere s' = 5, 3 for s = 3, 5). This omits allvtefms in the
general expression, Eq. (34b), exceptithose with (w§ - wé)_in
the denominatof. ‘The experimental lnertial defects correspond
to (C35)2 = 0. 741 and 0.724 for the s=3and 8 =5 states,
comparcd with the value o. 647 obtained from the normal coordinate

analysis.9 .

[
'APPLICATIONS TO'STRUCTURE ANALYSIS

The errors and inconsi tencies 1ntroduced in structure
'analysis by the neglect of inercial dcfects can be quite substan-

. $121.22

Often these can be narxodly reduced by the use of 4's ©
having only'the lo~20%-accuraoy given by the simple'hx/wL approxi? o
,}‘mation.'.In particular,'the-magnitudewof the observed ihertial* v o
defect usually offers the most conclusivc test of the planarity

of a molecule.9 Here we shall consider exanples of non-planar

molecules for which Eq. (43 ) may ‘be used to determine the averageiu

”',e;value of the distance between a pair of out4of-plane hydrogen

atoms. In'these.cases'tho hydrogen parametersﬂdcrived'from the L
effective moments of inertia show anomalously largedchanges'on .
d:'isotopic‘substitution. These variations arlse primarily from tﬁe_d.v
"_vibrations o£=heavy_in-piane atonms rather fhaﬂ changes in the. |

22

‘ average hydrogen coordinates, and they disappear when the efllr

:~inertial defect correction is included. '
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‘V.XQYZQ Molecules -

For the Cﬂacl molecule, the average out-of-plane coordinate

-:ba_(y-coordinate) of the H atoms is given by

SAER AENA HWH> A(mm) - | | (61)

.The inertial defect A perpendioular to the ClCCl plane (xz plane) o

y

vis dominated by the low-frequency Cl atom vibrations, in particularb

the ciccl symmetrical bend ut Wy = 283 cm l- Since the next

© lowest vibration 13 at 704 em™ ¥,

E.‘be close to ux/w4 = Q. 238 amu A2.

- Another estimate of A (har) maJ be obtained from the apparent

};difference in the H and D coordinates deriveo from tne effeotive f:'

" moments of inertia of the CH201235 and-CD261235-species. S If

q. (61) is used with a; = 0, the effective HH distance is caleu-' B
‘ilated to be 0.023 A shorter than the DD distance.?3 However, the L

"difference in the true average coordinaces is expected to make
the HH distance longer than the DD by about O. 006 A, as in |

"_methane.]:'2 The presence of the inertial defect is thus the main

" source of the observed isotopic difference in the.effective para—'“'

v

o meters. Since deuteration has little effect on Wy s W may neglect
the isotopic variation of Ag and evaluate it by applying Eq.ﬂ(6l)

to the effective moments of CH201~35 and CDéCl 35.' In a provious

'ftreatment,zz

is obtained by transferring the methane result, and. this gives :f

A= 0. 19 amu A2. Unfortunately, there in an uncertainty of .

y .
Vseveral hundredths of an Angstrom from the unccrtainties of l Me -

e
e “- arn

, we.expect the inertial defect to

~ this was done assuming (yH> = {ypr A better estimﬁte'u;
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in the rotational constants.23 For exampie, 1f the data for the
CH2C1350137 and CD201350137 species are used, we obtain b, = 0.24
amu A2. . | | o | |
Thelaverage H atom coordinates calculated for the variousi
estimates of the inertial defect are given in Table IV.
A similar calculation has been done for SiHeFE, with wy =

"322.cm lq Again we have adopted the methane variation in

‘analyzing the isotopic da.‘ca“%L Rotational constants for both

SiH2F2 andeiDaFé are also available for the first exclted state

© of the vibration. For this in Eq. (61) we take Ay ¥ 34,

where A is the inertial defect of the ground st“te, also we

Hv7assume that (yH) - (yD) is the same as in the ground state, sincevx“ F_
(yH) is expected to be relatively insensitive to the FSiF bending"  ;,ff

" mode. The results of thcve calculations are.also included 1n
Table IV. o |

CH,CXO Molecules

i

Anofhér class of molecules to which Eq. (61) may be applied ,L'”5i

' hésﬂa methyl group attaéhed to a planar framework so that only
~two of thé methyl hydrogens are out;of-plane. 'In the seriecs of
acetyl molecules CHyCX0, with X = H, F, Cl, Br, CN, etc., the
~effective ﬁH'distance of fhe methyl group 1s found to decrease

-markedly as X becomes larger.22

HH distance is 1.761 A whereas in acetyl chloride it is 1.712 A and

in acetyl cyanide 14703 ﬁ-‘ This apparent decrease in the size of

- the methyl group disappears when the inertial defect is taken into -

account; and the trend in the effective HH distance is seen to be

"due to the increase in Ay

shift to lower frequencies. .

as the vibrations involving the X atom

Thus in acetaldehyde the effective

e i 2 e S, S+ gt 2+ %05 aman e~ Ampmrorn o e o Sn
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*eE | The calculations are summarized in Table V. Agaln the

H

" estimates of by, obtained from rotational da‘c.a for the cnscxo

and CD30X0 spec;es agree satisfactorily with those from vibra-

‘tiohal.frequencies. The latter estimates include a contribution

of =0.015 amu A2 from the out-ef—plane torsion (intérnal rotation)
'Jof the methyl group, this was obtained from an approximate treat-".i

| ment given previously- 25 For acetaldchyde the contribution of

e’in—plane vibrations was taken as, Ax/w%, with W, = = 512 em l, the.'

lowviest in-plane frequency, since the next lowcst is at 911 cm l.g

"~For the acetyl halides, the lowest two in-plane frequencies were'f

’used, ‘in CH,COF, 434 and 590 en™L; 1n CH, COCL, 348 and 436 em™%;

-1 S I

~and. 1n CHjCOBr, 301\l and 338 cm” . T o

" In addition to eliminating the apparent shrinkaae in the

methyl group size for the heavier members of the acetJl series,i V‘

'Fthe inertial defect corrections}yield parameters qulte close to

"  those for methyl groups in other ﬁoleculest_Fer example, (yH).z';ﬂﬁf

12
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APPENDIX

Beoause of the large number of references from which
vibrational and rotatiohal data were taken we have found it
convenient to collect many of the refenences in one list.

‘References from which vibrational data were taken are marked3 )

- by V, those from which rotational daua were taken are marked |

by R- Molecules are listed in the order in which they appear S

. An Tables II - V.

H,0, HDO, D0 (V,R): W. S. Benedict, N. Cailar, and - o

~ E.K. Plyler, J. Chem. Phys. 24, 1139(1956). |
| H,S, DS (V;R): H.C. Allen, Jr. and E.K. Plyler, J. Chem.
hys. 25, 1132(1956). |

HySe, DySe (V,R): T o and Y. Morino, J. Mol. Spectroscopy

o 8 300(1902)

- NO, (v): . E.T. Arakava and A.H. Nielsen, J. Mol. SpectrOSCOpy -
',e<:2’ #13(1928); (R> ' G.R. Bird, J. Chem. Phys. 25, 1040(1956). -

o (v R) L. Pierce, J. Chem. Phys. 24, 139(1956).
so (V,R) D. Kivelson, J. Chem. ‘Phys. 22, 904(195&)
€10, (V,R): M.G. Krishna and R.F. Curl, J. Chem. Phys. 37
2921(1952) - - |
| ' ‘F o (V,R): L. Pierce, N. DiCianni;:and R-H. Jaclkson, J. |
Chem. Phys. 38, 730(1963). " - | o
- C1,0 (v): K. Hedber@, J. Chem. Phys. ﬁg, 509(1951), (R)

R. H. Jackson, Private Communication.

B T e
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Cl S'(V)z E. Stammrelch, R. Forneris, and K. Sone, J. N
Chem. Phys. 23, 9 972(1955)- | S L

NOF (V): H.S. Johnston and H.J. BerLin, J. Mol. Spectro- B

- scopy 3, 683(1959); (R): D.W. Magnuson, J. Chem. Phys. ~2, 1071 L
_(1951), Phys. Rev. 83, 485(1951). - |

NSF Vg 0. Glemser and H.. Richeru, Z.Anorg. Allgeﬂ. Chem.
1); (R): W.H. Kirchhoff and E.B. Wilson, J. Am.. -

| %ﬂz 328(19
i em. Soc. 85, . 726(1963)
| S 0 (V,R) “ De'Je-Meschi and R.J. Myers, J. Mol. Spectroscopy

3, bos5(2959).

H,CO (V): H.H. Blau and H.H. Nielsen, J. Mol. Spectroscopy 1

124(1957), (R): ~T. Oka, J. Phys. Soc. Japan 15, 2274(1960).

HDCO, D,CO (V)s D.W. Davidson, B.P. Stoicheff, and H.J.
o Bernstein, J. Chem. Phys. 22, 289(1994), .3. Ebers and H.H. Nielsen, -

~ J. Chem. Phys. &, 311(19387“‘(3) K. Takagi and T. Oka, J. Phys.

'f_ Soc. Japan 18, T174(1963

 HFCO, DFCO (V): H.W. Morgan, P.A. Staats, and J.H: Goldstein, .
J. Chem. Phys. 52 337{1956); R) 0.H. LeBlane, V.U. Laurie, and .
he . L

-~ W.D. Gwinn, J. m, Phys. 33, 598(1960).
- F co>(v)- A.H. Nielsen, T.G. Burke, P.J.H. Voltz, and E.A.

. " Jones, J. Chem. Phys. 20, 596(1952); (R): V.W. Laurle, D.T. Pence,[ff :
- © and R.H. Jackoon, J. Chienm. ‘Phys- 37, 2995(1962). e

Cl, CO: BP CO (V): J. Overend and J.R. Scherer, 3. Chem. Phys(f;;?%

;g,v;296(1960);v(a): G. w. Robinson, J. Chem. Phys. 21, 1741(1953)
. NOéF (V): J+P. Devlin and I.C. H;satsune, Spectrochim, Aqta..o
i 206(1961). | | - | o |
NO Cl (v): N. B.'Slater, Theory of'Unimolecuiqr Reactions

(Cornell University Press, Ithaca, New York, 1959), p .C8; (R) o
fodétnote reference. 9

01F3, BrF (v) footnote reference 20; (R): D.F. Smith,

J. Chem. Phys. 21 609(1953), D.¥W. Magnuson, J. Chen. Phjs-‘;z,
223(1957)- The moments of inertia and inertial defect for Cir,
-given by Smlth are not correctly derived from the experimen 31
rotational constants and the incorrect value &4 = 0.125 amu is
‘quoted in footnote reference 9 The correct value 1s A = Q. 194

amu A2.
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CH,C1, (v): S. Bhagvantam, Ind. J. Phys. 5, 66, 86(1930); -
(R')I: footnote reference 23. -
| SiH2F2(V,R): V.W. Laurie, J. Chem. Phys. 26, 1359(19)7)
CH‘CHO (v): J.C. Evans and H.I. Bernstein, Can. J. Chem.

3

34, 1083(1956); éR) R.W. Kilb, ¢.C. Lin, and E.B. yilson,
J- Chem. Phys. 26, 1695(1957),

‘ ’CHBCOF (v): Evans and Bernstein, loc. cit.; (R): L. Pierce
and L.C. Krisher, J. Chem. Phys. 31, 875(1959). |
CH,00C1 (V): J. Overend, R.A. Nyquist, J.C. Evans, and

Wed. Potts,_spect. Chinm. Acta 1T 1205(1961), (R): X.M. Sinnott,
4 CHBCOBI' (V) - Evans and Bernstein, loc. cit.; (R):_L.C}. Kx_'ishe:_-,"_

g, Chem. Phys. 33, 1237(1960). 1
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- Table I. Inertial defects of planar ring~compounds;

Molecule j_;_'-"‘ A (amu A%)
‘Pyridine® ‘: '7v 0.032
‘Benzonitrileb o T } ' 0.073 
 Fwren® . o.ou8 ,
Thiazol® j71  0.073  j;_“”;[f;v ;f f§f':f:*-*
‘»_Thiadiazolef' : | 0.084 L
pyrrole® ) | 0.076
FJ:_uorobenZeneh | | 0.027

2k.E. McCulloh and G.F. Pollnow, J. Chem. Phys. 22, 681(1954)

"v;’bD R. Lide, J. Chem. Phys. 22, 1577(1954).

°M.H. sirvetz, J. Chem. Phys. 19, 1609(1951).

9B, Bax, D. Christensen, J. Rastrup-Andersen’ and
- E« Tannenbaum, J. Chem. Phys. 25, 892(1950)

°B. Bak, D. Christensab L. HaNSen-VJgaard and J. Rastrup-‘;'"

‘Andersen, J. Mol. Spectroscopy 9, 222(1962)
B. Bak, D. Christensen, L. Hansen-Nygaard L.. Llpschitz,

and J. Rastrup-Andersen, J. Mol. Spectrooc0py,‘2, 225(1902);.,;'

Egp. Bak, D. Christense, L. Hansen, and J. Rastrup-Andersen,

.‘1 J. Chem.: Phys. 24, 720(1956)

. ‘hBa Bak, D. Christensen, L. Hansen and E. Tannenbaum,._f::
S Chem. Phys. 26, 134(1957) o , R
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Table II. Inertial defécts of’tridtomic molecules (amn K2)p
— e _“====_"====—_.====‘.—'= .
Molecule® Exact - Approxi,Calc. - Obs.
 Cale. Eqs. (49) Eq. (503 - A
H,0  0.0460  0.0459 . .. 0.0408 :  0.0486
HDO . 0.0545°  0.0548 = -0.0468 1 0.0537
D0 ' T0.0627 . 0.0635° ©0.0557 - 0.06k8
H,S - 0.0631 0.0631 . '0.0555 - 0.0660
DS . ©0.0879  0.0861  -.0.0751 mew=
. HySe  0.0736 0.0739  0.0652 0.0Th4
DySe” | 0.103% . 0.1032° . 0.0910 - 0.1045
 NOo,  .° ,0.0936 0.0849 0.0891 -~ 0.072 .
O3 ', . 041107 . 0.1077 ' 0.0957 . 0.1018
~ 80, - . 0.1376 ' 0.1439 0.1303 "~ '0.1348
- C1o2 _'fuo.16oa_;; 10,1652 ©. 0.1481 - 1041561 -
. F,0 .. 0.1496 0.1456 -~ 0.1463 . . ' 0.1401. .
€10 . 0.187 . 0.179 - o0.211 - o.0.297 b
a3 0123 fﬁ," ﬁo.286 - 0.276 | }‘0.324 , ;"@ --5; ol;‘t~
"NOF ~ ==== - 0.13% . 0.129 0.113
 NSF " eme- - 0.173 - 0.184 ©0.187
5,0 S mme= . 0.173 0.17%  0.176
5,00 === 0.475 0.522 0.507

o . @References are given in the Appendix. . The_calculated values _' ‘
represent the vibrational contributions to the inertial defect, .

~and neglect small contributions from centrifugal distortion

and electronic-rotational interactions. The data refer to the. . =

st abundant isotcpic species.

bror the hydride molccules, Soz,and 0102 the dominant coupling

o .approximation was used; for all others the uniform coupling
;, approximation was used. _

4

' °Approximated by the geometric mean of /4 (HQO) and :4 (D O)a ‘see

- reference 9.

qur the excited bending mode; the approximate values were-
obtained from Eqs- (49b') and (50c ? respectively. -
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Table III.
~tetratomic molecules
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Inertial dnfects of pianar
(amu A

UCRL-11208 .

a

‘A.Molecnle, Exact Approx. Calc. Obs.
= Calc. - Av. Freg.” MK/ml A
H,CO 100597 0.0548 0.0542 0.0574
HDCO . 0.071l 0.0617. 0.0648 0.0679
D,C0 : "fﬁo.oalo‘» 0-0691 0.0682  0.0777
 HFCO o 0.0919 0.0861 0.1021 ©0.0903
. DFCO 0.1078 £ 0.0932 "‘;_0.1026 0. 1020: 
| FC0 '»~o;1554*;_ 0.1625° o 0.1153  0.1556,
| C1,00 0.2628 . o,a75np © 0.237 ‘,5,Qo.252.§f
:‘Br2COﬁ‘.. - 0.3206 0.417 o 0.372 ) -—
| FNO, 0:159 0.160. 0.147 -
f.01noé 0.215  0.220 0.184 0.208
- CiFg | 0.202 0.119 0.207 0.194
| BrFy 0220 0.214 0.225 0.250
,aReforenoes are glven in the Appendix. The "exact”.calculaﬁions

are from reference 9; the values for HDCO, HFCO, and DFCO were

obtained from the geometric mean approximation, however, and xor pl

~ FNO,, ClF3»and BrF3 substantial approximations in the normal '
‘ coordinatc analyses were necessary. :

The uniform coupling approximation was used for all terms in 5.

Eqs. (54) and (55) except for the O, terms for the X,CO and *
rXNOZ molecules, for which the dominant coupling approximation-f*'

3 was used.
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‘Table IV. Calculations on X,¥Z, molecules.®
Method - - A <Yy
CH,C1,
b . 0-24 amu A® 0.913 A
0.19 0.906
a. - . o.24 0.912
L SiHyFp |
b . 0.209 1.240
e . 0.207 1.240
£ ' 0.192 1.243

- References are given in the Appendix.
| bFrom A Mx/w4

®From CH,C13° and CD,C13°.
- 9rrom ¢H,c13%¢137 ana cpye135c137.
eFrom ground staﬁe rotational data on

fFrom rotational data for the state v

SiHaF and'SiDeFa.

4 = l for SiH2F2
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.}.Table V. .Calculations on CH5CXO0 molecules.a"
| . X . Method A <Yy
H. . b . 0.100 amu A® .  0.894 A
e 0.117 - 0.896
F b . 0.202 0.891
e 0.204 . 0.801 .
[e3) b 0.249 o 0;891,
| c 0.262 0.896
Br b d ' d
c 0.316. 0.900

' @References are given in the Appendix.

Prrom ro%ational'data for CHy and CDy specles.

“®From vibrational approximation.

“No data on CDJCOBr. .

iy o e o iy et

e v e e s
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Footnotes

J. Kraitohman, Am. J. Pays. 21, 17(1953).
C.C. Costain, J. Chem. Phys. 29, 864(1958).

We shall use script letters to denote effective moments of

inertia obtained from experimental values of spectroscopic

rotational c0nstants. ‘The moments corresponding to a
standard, rigid configuration of the atoms will be denoted

by Roman I's, a superscript e will be added when a formula

: holds only for the equ;librium configuration. = When no super-f
" script is used, a formula holds for any choice of the
- standard configuration.

Y-This quantity was first discussed by B.T. Derling and D M.;ﬁg

Dennison, Phys. Rev.AQZ, 128(1940), in their study of the

Héo molecule and was termed the 'quantnm defect!, to. suggest

. its origin in zero-point vibration. However, as atomlc

S spectroscopy has prior claim to this name, 1t seems preferéf;1~y

N

s.rable to use again the general term "inertial defect”, with

'n the convention that for planar molecules this means A = A

" unless A or. &, is explicitly indicated.

This holds 1n the usual approximation in which only terms

‘linear in the vibrational quantum numbers are included in A.ve?ftsx
ij H. Nielsen, ‘Revs.' Mod. Phys. 23, 90(1951) N RO
' D. W. Posener, Report TR255, Research Laboratory of Electronics, i,

'Massachu setts Institute of Technology (May, 19)3) .
T Oka and Y. Morino, J. Mol. Spectroscopy 6 472(1961), o

, 9(1962).

[
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| 2240(1961)

'11.  D.R. Herschbach and V. W. Laurie, J. Chemi Phys. 37, 1668

120

. 14

- 16.

_Molecules belonging to point groups Cs, C
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T. Oka and Y. Morino, J. Mol. Spectroscopy 1l, 349(1983).
L. Plerce, R Jackgon, and N. Dicianni; J. Chen. Phys. &é,

(1962), referred to as Part I.

V.. Ilaurie and D.R. Hers chbach, J» Chem. Phys. 37 1687
~ (1962), referred to as Part II. |

Small contributions arising from centrifugal distortion and

 electronic-rotational interactions are not considered here, o

as these have been treated by Oka and Morino in reference 8.

Sce, :for example, E.B. Wilaon, J.C. Decius, and P C. Cross,

Molegular Vibrations (McGraw—Hill Book Company, New York, 1955),»

" This gtatement follows from Eqs. (9) and (12) of Appendix A,

-Part I.

C

n.h? D

o D

nv? nd? .

\'-or th are of this type.ivFor m > 2 such molecules possess

doubly degenerate vibrations whose normal coordinates, as

.usually defined, may not be simply symmetric or antisymmetric'

‘to the af plane. Linear combinations which have this symmetry i

are readily constructed, however, and the discussion of the

text applies to these. See, for example, G. Herzberg, Infrared

and Raman Spectra (D. Van Nostrand, Co., Inc., New York, 1945),

pp- 83 - 98.

J. H. Meal and S.R. Polo, J. Chem. Phys. 24, 1126(1956).



18.

19.

20.

21.

- 22.
‘ 23 .

d:-31 compounds, the weaker‘bonding might be‘expected to make

' £r3l, 32 = 6r32, and S3 = mﬁ,_the vertex atow is number 3,_4t,

“the isotopi¢ difference somewhat,lerger than for Cvcompounds.,

However, the use of 0.004 A instead of the 0.003'A obtained - =}fg

o in Table IV by only O 002 A.»
25.
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Reference 14, p. 56. In Egs. (u7)'the standard notation of

~this reference 1s used: The internal coordinates are 5 =

: L:the bond'engle is &; and My and pij are‘reciprocals of,the

atomic masses and bond lengths.

The qualitatdve form of the wg and w5 ro“mal vibrat;ons for .

these molccules corresponds approximately to the sum and

' difference of'thechagramg given on page 65 of reference 16
'_(See also'pege 171), as these are strongly “"mixed" unless n

thc outside atoms are hydrogens.

H.H. Clc.assen, B. Veinstock, and 3.G. Malm, J- Chem. Phys. |

28, 285(1958)-
V.W. Laurie and D.T. Pence, J. Mol Spectroscopy 10, 155(1963)
.:v .W. Laurie, J. Chem. Phys. 28, 704(1958). | o
“R.J. Myers and W.D. Gwinn, J. Chem. Phys. 20, 1420(1952)\.'

Although there is no experimental data on (yy’ -t(yD) for }v-*"

i
!

from methane would increase the H coordinates given for SiHéF

D.R. Herschbach, J- Chem. Phys- §~, 91(1959)
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Captions for Figures

Experimental inertial defects {s0lid triangles) compared
-~ with values calculated from the dominant coupling '

B approximation (open squares) and the uniform.coupling

. vibrational frequencies. for each molecule (solid circles

" Fig. 2.

:. ) Fig- 3'.
... .. coordinate calculations of Oka and Morino® (triangles)—

~‘which correspond to f
.“approximationb

approximation (open circles). Light dashed lines show
the  rough correlation bctween these approxin“tlon° and

~ the bending frequency, Wy 3 the heavy dashed line is the

simple 4K/w2 approximation. The upper panel gives the

or squares) and the average frequencies {open circles) =

5! for the uniform couplingv )

rCompurison of experimental inertial defects with

4

approximate calculations. Notation is defined under |-

Fig. 1 or in the text.

Comparison of results obtained from the complete normal -

with the uniform coupling approximation (circles) and
the mixed coupling approximation (crosses) Solid

'.figurcs give the total inertlial defect; ooen figures

| yreciprocal of the lowest in-plane frequency, and diamondsl'

Fig. 4.

in the upper and lower panels glve the A% and A~ contri-]~

butions. The dotted llnes are proportional. to the

give the leading term in the A~ contribution, —QK/wé for
the out-of-plane bending frequency. ' -

Dimensionless plot of frequency terms which contribute
to the inertial defect. The: ordinate scale is in

~ multiples of Ax/w , where w, denotes the frequency of

the lower of the two coupled modes._ ‘The upper- abscissa

" secale gives the ratio of W to the higher frequency.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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