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3. In der (C—H)-Gruppe auch der reinen Koh-
lenwasserstoffe ist das positive Ende der Bindungs-
polarisation zum Wasserstoff gerichtet.

4. Die tatsdchlich beobachtete Senkung der Va-
lenz-Frequenz einer (C —H)-Gruppe beim Ubergang
von der Gas-Phase in eine Fliissigkeit mit Akzeptor-
Eigenschaften kann unmoglich ein Ma8 fiir die Ener-
gie der Wasserstoffbriicke sein.
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5. Die (C —H)-Gruppen von CD4-CHCI-CD3 und
von Cl,CH-CHj sind praktisch keine Protonendona-
toren.

Herrn Professor Dr. K.-H. HeLLwece danken wir fiir
forderndes Interesse, den Herren Dr. H. Bastin und Dr.
H. Tu. Hemes fiir kldirende Diskussionen.
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The method of Kivelson and Wilson for calculating centrifugal distortion constants (fxgys) is
treated in terms of matrix notation. A modified method is developed, by which the quantities of
tapys are obtained with the aid of certain elements 7'{) s, rather than the partial derivatives of
inertia tensor components, J} s, used in the method of Kivelson and Wilson. The 7'¢)
elements may easily be evaluated for a given molecular model from the equilibrium position
vectors and the Wilson s vectors. The bent symmetrical X Y2 molecule model is used for exempli-
fication of the developed theory. Also included are some numerical results for a number of molecules

of the bent symmetrical X Y type.

The theory of centrifugal distortion constants has
been developed by KivErson and WiLson1l. The
aims of the present work are the following. (i) Re-
formulation of the theory by extensive employment
of matrix notation. To this step we have been in-
spired by MEeaL and PoLro’s? successful matrix
formulation of the theory of Coriolis coupling of
vibration-rotation. (ii) Simplification of the method
for practical calculations, specifically as outlined in
the next point. (iii) Developing relations for centri-
fugal distortion constants in terms of certain quan-
tities which should be suitable for tabulation for
the various molecular models. (iv) Tabulation of
such quantities as mentioned in the preceding point.
(v) Exemplification of the theory by numerical re-
sults for specific molecules.

1. Survey of the Theory

We shall concentrate the attention upon the
computation of the quantities of tyg,s in the
notation of KiveLsox and WiLsoON1, viz.

tupps = — 2 Loy I Iy I35 Tapys - (I

1D. KiversoN and E. B. WiLsox, Jr., J. Chem. Phys.
21, 1229 [1953].

Here «, 8, ¥, 0 = «, y or z; and I, I}, and I, are
the principal moments of inertia at equilibrium.
The considered quantities are given by

tapys = 2. I3 5, @ Ok (2)
k

or tmﬁvé = Z Z Jgg,SJ%,SNU ’ (3)
e

where the latter formula (3) is equivalent to Eq. (17)
of KiveLson and WiLsonl. In our Eq. (2) oy is
used to denote the frequency parameters

or =1/ =1/dn2c? 0}, (4)

where ¢ is the velocity of light, and wj represents
the vibrational frequencies (in wave numbers). N;;
in Eq. (3) denotes the element of the inverse force-
constant matrix (compliance constant 3) correspon-
ding to the S;S; product of internal coordinates.
The J quantities are partial derivatives of the in-
stantaneous inertia tensor components, viz.

y _ (0las 5 (0las
Jise= (’a”Q,; )0’ TG.s = ('aSi R )

2 J. H. MEaL and S. R. Poro, J. Chem. Phys. 24, 1119,
1126 (1956).
3 J. C. DEcius, J. Chem. Phys. 38, 241 [1963].
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The partial derivativesare taken atequilibrium where
all the internal coordinates (@, S;) vanish, since
they designate displacements from equilibrium.
Below we also give the inertia tensor components,
which are the instantaneous moments of inertia,
Iy, and products of inertia, I4g5.

]xx:Zma(Yg—Jr—Zg), Iyzz—zmaYaZa,
a a

Iy = Zm.a(Z2+ XD, Lo=— Z'm“Z“X“ A5
a

a
I, = Zma(Xg + Yg) y Agy=— Z’ma,Xa Yq.
a a
Here m, denotes the mass of atom a, and (X4, Y,,
Z,) identifies the instantaneous position vector for
the same atom.

Next we shall develop the partial derivates with
respect to an internal coordinate, say S;, invoking
the cartesian displacement coordinates; ¥q, ¥a, 2q-
If (X5, Y35, Z;) represents the equilibrium position
vector of atom a, we have

Xo=Xo4+ %, Yo=Y34 Ya,
Consequently the partial derivatives of the inertia

tensor components with respect to the cartesian
displacements may easily be deduced. The next

result is
@ 5 (&az) Efa 01aa\ Ova
Joas = ;( )0 a8 T % &7a Jo 88 (8)

Zo=2Z8 +24. (7)

and
(i) 0lap Qg 0lup aﬂa
Jaﬂ.S - az:( aTt )0 aSl -t ;( )O ES: » (9)

where o, 8, y represents the three cyclic permuta-
tions of z, y, z; and all the nonvanishing partial
derivatives are included. Assume now that the
cartesian displacements are linearly dependent on
the internal coordinates according to

do=> A%8:, ya= D AYSi, 2= AL;S;. (10)

i i i

Then the coefficients 0aq/0S; (for « = z, y, z) may
be identified with A%;, and the final result for the
quantities in question reads as given below

JOs=2> ma(Y5AY + Z5 AL),
a

IO s =2 mq(Z5 AL + XS AL),
a

JQs —2Zma (X5A%+ Y4y, (1)

S = —Zma (Yoo + L4358
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JDs=— > ma(Zi A% + X3AZ),
a

IO 5= — D ma(X5AY + YSAT).
a

2. Matrix Formulation
2.1. Auaxiliary matrices

Define the auxiliary matrices

(i), = (8 e 0 ] (i), — [73“3 0 J (%), — ["3“ - 8‘

m 00 ma|” " ™ 0 0 ma 2 0 0 ol
(12)

and

(i¥2)y = [33 73.,} (i,”)a:[g 3'3"} (i) = |ma 0" 0].

" oma 0]  * ™ ma0 0 |7 V" 000

(13)

The 3N X 3N matrices for a = 1,2,3,..., N, say

iy, ..., i, ...; are each formed by means of N
blocks of one of the above given types. Thus

= diag[(i3)1, (52, (GIN]  (14)

for « = @, y and z. These matrices are truly diagonal.
Furtheron we have the three matrices with 3 X 3
diagonal blocks, viz.

s

In = dlag [('m )15 ( ';5)2 PR ("%E)N] , (15)

where o, f = @, y or z. The here defined matrices
are connected through the relations

ﬂV) ,

lm = lm (lm

(16)

where o, f3, y represent the three cyclic permutations
of z, y, z. All the here defined matrices are sym-
metric. Similar, but skew-symmetric auxiliary
matrices have been defined by MEAL and Poro?2 in
their treatment of Coriolis interaction of vibration-
rotation.

We will also need another set of symmetric
auxiliary matrices obtained from the above defined
set by replacing the atomic masses with unity. We
define specifically

000
1 rx — (010
(i#7)q = [010

100 100
e =[000], = [030] 5 1)

2 =[001]. () =[200], e

010 100

Yo0]. (18
= |1oi], as)

and the 3N X 3N matrices formed from these sub-
matrices we shall simply denote i7z, ..., vz, ... .
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2.2. Partial derivatives of inertia tensor components: J

Let A be the transformation matrix defined in the
usual way by4-6

X=AS, (19)

It contains as elements the A% coefficients of
Egs. (10) and (11). Now we introduce the column
matrix of 3 N elements composed of the equilibrium
position vector components for all atoms, viz.

S € e e € e e
Re_{Xl’ 123, Xy, Yy, N}-

In addition let Jyu,s and Jyg,s denote the column
matrices containing as elements J{)¢ and J{) ¢
respectively. Hence in terms of the here defined

matrices we have
Jua,s =24 iF RS, Jups = — A" 57 Re. (21)
These relations (21) are equivalent to the set of
Eqgs. (11).
We may also express the derivatives with respect

to a normal coordinate (@) in matrix notation. In
analogy with Eqgs. (21) we write

Jaa,@q =2a’i¥*Re, Jup0= — a’'i* Re.
Here a is defined by X = a Q. When L is the

familiar normal -coordinate transformation matrix
of4

(20)

(22)

S=LQ (23)
one obtains

a=AL. (24)

On combining the relations (21), (22) and (24) one
finally obtains the connections

Jor,0 =L Jux,s, Jup,g =L Jup,s - (25)

2.3. Centrifugal distortion constants: t

When employing the matrices defined in the pre-
ceding paragraph Egs. (2) and (3) may be written
in matrix notation

tupyo = Jup O Jys,0 = Jug.sNJyss.  (26)

Here o is the diagonal matrix of the frequency
parameters oy ; cf. Eq. (4) and 6. IVis the compliance
matrix 3:6. The equality of the two expressions in
(26) is verified by means of Eqgs. (25) and €

N=LoL . 27)

4 E. B. WiLsoN, JRr., J.C.Decrus and P.C. Cross,
Molecular Vibrations, McGraw-Hill, New York 1955.

5 B.N. Cyvix, S.J.Cyvin and L. A. KRISTIANSEN, J.
Chem. Phys. 39, 1967 [1963].
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The matrix notation of this paragraph may be
pursued further. Let ¢t be the complete symmetric
tensor (or matrix) defined by the twenty-one distinct
quantities of ¢y3,6 arranged in the following way.

—txzxz tzxyy tIZZZ tII]/Z tz:cza: tzxxy
tyyyy tyyze lyyyz tyyex tyyzy
tZZZZ tzzyz tZZZZ tZZI]/

b= lyzyz  tyzzz  tyzzy (28)
thZI tzza:y
(symmetric) tzyzy

Now let Jg be the matrix with six columns given

by Jzz,0, Jyy,@s Jzz,@5 Jyz,@> Jez,@ and Jzy,@; and

similarly for a matrix Js. Then
t=JooJg=JsNIs

gives the relations equivalent to (26).

(29)

3. New Relations for Centrifugal Distortion
Constants

3.1. Preliminary relation

On combining Egs. (21) and (26) one obtains
fapyo = (Re) i¥f AN A" i’ Re, (30)

where the quantities of {,5,s are closely related to
those of ty5,6. As a matter of fact

faaaoc == %ftaowux s laaﬁﬂ = %taaﬂﬁ s

laaaﬂ = &= %taaaﬁ s laaﬁy — = %taaﬁv ) (31)

tupgy = tappy -

Here o, f and v are all different and equal to z, y
or z. The application of Eq. (30) in practical cal-
culations of centrifugal distortion constants would
be to follow closely the method outlined by K1veL-
soN and WiLsoNl; at least in both cases the
quantities of J{) g are to be evaluated explicitly.
We shall modify the relation (30) in order to develop
an easier method for the calculation of the centri-
fugal distortion constants. Instead of the J;},’ S
quantities there will be others which need to be
evaluated, and shall be referred to by the symbol
T() s. These new quantities have proved to be
constantly simpler than the corresponding J{) g,
and they are easily developed without the need of
an explicit evaluation of the moments of inertia,
and neither the Aj; coefficients.

faﬂaﬁ = taﬂaﬂ s

6 8. J. CyviN, Molecular Vibrations and Mean Square
Amplitudes, Universitetsforlaget, Oslo 1968.
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3.2. Modified relations

We employ the well-known relation due to
CrawWFORD and FLETCHER7:

A=m1BG1, (32)

where m~1is a diagonal 3N X 3 N matrix composed
of the inverse atomic masses, B is the familiar
transformation matrix of

S—BX, (33)

and G is still more familiar4. After inserting (32)
into (30) one obtains the modified relation

Ixgys = (Re) i*8 B’ ©@ Bi" Re (34)
where © is given by
©=G1NG, (35)

and the form of i*# is explained at the end of
section 2.1.

We define the column matrices Tyg, s by relations
similar to (21), viz.

Tyy, s =2Bi**Re, Tyss= — Bi*ARe. (36)

Hence

tupys = Tus, 5O Ty, s » (37)

which displays its analogy with Eq. (26). We may
also define the Ts matrix (in analogy with Js) as

composed of the six columns T,z s,
Then

ey T e

t=Ts@®Ts
in analogy with Eq. (29).

(38)

3.2.1. Properties of the matrices @ and ®

In this section we shall discuss briefly the matrix
O of Eq. (35) and its inverse ®; @ = ®-1. These

matrices are given by

®=GFG, ©6=MNM, (39)

where M = G-1 and N = F-1, in consistence with
the notation of CyvinS. It is clear that the matrices
P and @ are obtainable from the usual normal-
coordinate analysis of molecular vibrations; their
elements could in fact be used as potential constants
instead of the force constants (F;) or compliants
(Nij). In terms of the L matrix and its inverse,
K = L-1 6 one has

&=LAL, 0=KocK. (40)

7 B. L. CrRawrorD, JrR. and W. H. FLECHTER, J. Chem.
Phys. 19,141 [1951].
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The matrix ¢ has already been encountered; cf.

Eq. (26), and ¢ = A~1. Hence A is the well-known

diagonal matrix with elements Ay = 4 72c2 w2
We also give some secular equations for @ and ©:

®ML=LA, GOL=Lo. (41)

Notice that ®M = GF, and GO = NM. The
relations (41) yield the following secular-deter-
minant equations.

|®M — JE| =0, |GO—orE|=0. (42)

3.2.2. Properties of the Ts matrix elements

The column matrices Tug,s (of which the Tg
matrix is composed) constitute an essential part of
the relation (37). Hence the properties of their
elements are important in our discussion of the
calculations of centrifugal distortion constants. In
consistence with Eqs. (36) the elements in question
are given by equations similar to (11):

T@ s=22 (YsBY + 25 BY),
-
T®s=22 (Z3 B, + X; B,
TQs =2 i(xs B, + Y{BY), (43)
T s= —aZ<Y: B, +Z:BY),
TQs=— %(Z:B; + X3 BL),
5

T ¢= — > (X BY, + Y¢S By,).

a

The notation used here for B matrix elements is
explained by

S; = Z (BLxa + BLya + Bza) -

a

(44)

It seems clear that the quantities of Eqs. (43) are
easier to evaluate than those of Eqs. (11). The
former ones, T;g s> require the B matrix elements,
which are equivalent to Wilson's s vectors4-6, while
the latter ones, J ;'ﬂ) s, require the 4 matrix elements,
which are equivalent to Poro’s p° vectors8. These
latter vectors are designated t° in CYVIN'S bookS.
For a special account on the vector methods, see
B. N. Cyvix et al. 5.

There is another property which facilitates the
derivation of T s elements. In Eqs. (43), namely,
the equilibrium position vector components need

8 S. R. Poro, J. Chem. Phys. 24, 1133 [1956].
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not necessarily refer to the center of gravity of the
molecule as their origin, as is required in Egs. (11).
This feature is proved in the following. Let (X, ¥, Z)
represent a new coordinate system, in which the
molecule’s center of gravity has the coordinates
(Xo, Yo, Zo). But the axes of the new system should
be parallel to a set of principal axes. Hence one has

Re =R, + Re (45)

for the transformation of the equilibrium position-
vector matrix defined by Eq. (20). In the above
equation (45) Ry is the column matrix with 3N
elements given by

Ry = {Xo, Yo, 20, ..., X0, Yo, Z0}. (46)
After inserting (45) into (36) it is found
Tua,s = 2 Bi*aRe = Tyy s — 2Bi** Ry,
T.ss= — Bi*fRe = Typ 5+ Bi*fR,.  (47)
But it is found
Bix*Ry=0, Bi*sRy=0 (48)

when these matrix products are evaluated. This
fact is due to the property of vanishing sums of s
vectors 9 10, For our purpose the same property may
be expressed in terms of B-matrix elements as

S B,— 3 Bl,— 3 B,—0.
a a a

This completes the proof since it follows from
Egs. (47) and (48):

(49)

Taa,s = Taa,s s -Taﬁ,s e Taﬂ,S . (50)

It has already been demonstrated how the centri-
fugal distortion constants can be obtained by means
of the T,‘,’g s elements [see, e.g. Eq. (37)], without
explicit evaluation of the partial derivatives J g.
But these two types of quantities are naturally
interconnected, and as a matter of fact the latter
can be derived from the former. On combining

Eqgs. (21), (32) and (36) it has been found

Jaa,s =G1 Taa,S > Jaﬂ,s =G Taﬂ,S . (81)

4. Example: Bent Symmetrical XY, Model
4.1. Quantities of J$) s and TY) g

The bent symmetrical X Y3 molecule model has
been used as example also by K1verson and WiL-
soNl. In their discussion of symmetry properties
they derived rules for vanishing of J{ ¢ elements.
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Exactly the same rules apply to our 7) ; elements.
We have recalculated the derivatives of inertia
tensor components using a different orientation of
the molecule model with respect to the principal
axes than used by KiveELson and WiLsox1l. This
we have done because we insist on using the re-
commendations of MULLIKEN!! and standardized
orientation of symmetry coordinates, which are
fully discussed previously 2. Our result reads:

I8 s(41) = 8V2 M~1my R(mx + 2mysin2 4),
J2 s(A1) =2M-1m3 Rsin2 4,
J%),S(Al) =812 M-1mxmy Rcos24 ,
JP s(A1) = — M-1mxmy Rsin2 4,
Js (A1) = 8V2my Rsin2 4,
JPg (A1) = my Rsin24 ,
Jyz,S(BZ) = 21’2mxmy
‘- (mx + 2mysin2 4)~! Rsin2A.

(52)

For explanation of the applied symbols, see Fig. 1.
The corresponding quantities of Ta"ﬂ), s are found to
be considerably simpler. They are collected in
Table 1.

(a)

Fig. 1. Bent symmetrical XY2 molecular model with the
origin of cartesian axes in (a) the center of gravity of the
molecule, and (b) the atom X. Equilibrium position vectors:

(a) (b)

{0, Rsind, —M-1mxRcosAd} {0, Rsind, —Rcosd}
{0, —Rsind, —M-mxRcosd} {0, —Rsind, —RcosAd}
{0, 0, 2M-'myRcosA} {0, 0, 0 3}

The symbols mx and my are used to denote the atomic
masses of X and Y, respectively, and M is the total mass
of the molecule, M = mx + 2my. For the principal
moments of inertia at equilibrium:

It, = It, + I, = 2M-1 R?my (mx + 2mysin24).

A standard set of symmetry coordinates is specified else-
where12,

9 R. J. MarHIOT and S. M. FERIGLE, J. Chem. Phys. 22,
717 [1954].

10 R. J. MaLHIOT and S. M. FERIGLE, J. Chem. Phys. 23,
30 [1955].

11 R. S. MULLIKEN, J. Chem. Phys. 23, 1997 [1955].

12 §, J. Cyvin, J. Bru~nvoLr, B. N. Cyvin, I. ELVEBREDD
and G. HAGEN, Mol. Phys. 14, 43 (1968).



Ton, s xx yy 2z
S1(41) 812 R 81/2Rcos24  81/2Rsin2A
S2(44) 0 — 2Rsin24 2 Rsin24
Tap, s yz

S(Bs) 21/2 Rsin2 4

Table 1. Tabulation of the quantities 7'Y) s for the bent
symmetrical XY model.

The connection between the Js and Ts elements
given by Eq. (51) may easily be verified in the
present case, using the G—1 matrix elements tabu-
lated elsewhere®; here the species designation B;
should be changed to B; in order to conform our
new orientation.

4.2. The applied vector components

The above results of Eqgs. (52) and Table 1 were
derived by means of the following vector compo-
nents. Firstly the position vector components given
in the legend of Fig. 1 (a) and (b). In the case of
the quantities in Table 1 we could use the simple
position vectors of Fig. 1 (b), where the origin is
placed in the position of atom X rather than the
center of gravity of the molecule. Exactly the same
choice of the cartesian axes has been made pre-
viously 12. Secondly, the Js and Ts elements were
derived by means of the 4 and B matrix elements,
respectively. These elements are equivalent to the
components of the t° (in Poro’s® notation p°) and
s vectors, respectively. All these vectors for the
molecular model in question are given in the book
of Cyvix6, but they should be changed according
to the new standard orientation of the cartesian
axes12. Therefore we give in Table 2 the s and ¢°
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vectors which are consistent with the new orien-
tation also shown in Fig. 1.

4.3. Centrifugal distortion constants

With the aid of the elements from Table 1 the
centrifugal distortion constants may now be eva-
luated in terms of @ matrix elements according to
the relation (37) or (38). The results are simple
enough to be given here.

trazz = SR261;,

tyyyy = 8 R2O@11cost A — 8)/2 R2O35in2 A cos? A
+ 4 R2@325in22 A4 |

trz2z = 8 R2@11sin4 4 + 8)/2 R2O;5sin2 4 sin% 4
+ 4 R2Oysin22 4,

tzzyy= 8 R2@11c0s24 — 4)/2 R2O15sin2 4,

trzzz = 8 R? @11 sin2 4 + 4 V.'Z R2 @12 sin2 4 5

tyyze =2 R2O118in22 4 4 4)/2 R2 O12sin2 4 cos24
s 4R2@22sin22A 3

lyzyz =2 R? @33 sin22 4 .

(53)

KriveLson and Wirson! have pointed out the
dependences between six of the constants in Egs.
(53). They arise from the relations

TQs=Ths+ TSs,
and likewise for the J{) ¢ quantities. These relations
may be traced back to I3, = I, + I7,, which
holds on account of the planarity of the molecule.

In our notation the dependences between appro-
priate centrifugal distortion constants read:

tzzzz = tyyyy + tozzz + 2 tyyzz s
(54)

On combining these relations one also obtains:

tzzyy = tyyyy + byyzz s tzzzz = bezzz + tyyzz -

lyzzz = tzxyy + lzzzz -

s vectors
Atom S1(41) Sa(41) 82 (Bz)
1 {0, 2-1/2sinA4, —2-1/2cos 4} {0, cos A, sin 4} {0, 2-1/28in 4, — 2-1/2cos A}
2 {0, —2-1/28in A4, — 271/2cos A} {0, — cos 4, sind4} {0, 2-1/2sin 4, 2-1/2cos 4}
3 {0, O, 21/2cos 4} {0, 0, —2sind} {0, — 21/2sin 4, 0}
- t0 vectors
Atom Si(A41) S1(41)
1 {0, 2-128in 4, — 2-12M-1mxcos A} {0, 3cosAd, I M-1mxsind}
2 {0, —2-1/25in 4, — 2-1/2M~1mxcos 4} {0, —3cosd, M 1lmxsind}
3 {0, 0, 21/2 M—1my cos 4} {0, 0, — M-1mysin4}
Atom S(Bz)
1 {0, 212(MI:) Ymxmy R2sin A, — 2V/2(MI:)1mxmy R2cos A}
2 {0, 212(M I2,) tmxmy R%sin A4, 21/2(M It,) Y mx my R%cos A}
3 {0, — 81/2(M I:,)"1my2 R%sin 4, 0}

Table 2. s-and 0 vectors for the bent symmetrical X Y5 model.
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5. Numerical Computations

In order to provide some numerical examples we
have calculated the here considered centrifugal
distortion constants for a number of bent sym-
metrical X Y5 molecules. The structural parameters
and force constants (with minor adjustments) are
taken from Oka and Morixo 13. Other computations
for the same molecules (with the same force fields)
are reported elsewhere6. For the sake of brevity we
have not included here all the isotopic varieties of
the compounds, which are found in the cited
works 13,6,

Molecule Species F N [ (2]
H.160 4; 11 8.354 0.122 8.960 0.112
12 0.331 —0.053 —0.144 0.005
22 0.761 1.337 3.425 0.292
Bs 8.353 0.120 9.565 0.105
D2160  4; 11 8.354 0.122 2.439 0421
12 0.331 —0.063 —0.254 0.107
22 0.761 1.337 1.001 1.026
B> 8.353 0.120 2.757 0.363
H2328 A; 11 4.273 0.235 4.456 0.224
12 0.093 —0.051 —0.037 0.005
22 0.426 2.358 1.780  0.562
B> 4.273 0.234 4.484 0.223
Dy328 4, 11 4.273 0.235 1.181 0.854
12 0.093 —0.051 —0.068 0.121
22 0.426 2.358 0.476  2.117
Bs 4.273 0.234 1.195 0.837

Table 3. Vibrational constants for HoO and H2S molecules.
Units: F [mdyne A-1], N [A mdyne-1], ® [mdyne A-1
Amu-2], O[Amu2 A mdyne1].

Table 3 shows the force constants (#') and compli-
ants (N), along with the additional vibrational
constants @ and @ for two pairs of isotopic mole-
cules (H3O and HjyS). The force constants are as
usual assumed to be the same for isotopic mole-
cules. As a consequence the compliants are the same
too. But this is of course not true for the @ and ©
constants. As to the interaction constants @;; and
Oy (¢ #9) it may be concluded from the present
work that they cannot be neglected in general.

Table 4 gives the four independent ¢, g, constants
for the thirteen molecules treated in the present
work. The remaining nonvanishing 44,6 constants
are obtainable from Egs. (54). For the sake of
clarity we also give here the nonvanishing Tgs
elements (cf. Table 1) for the first molecules listed
(viz. Hs0; R = 0.9572 A, 24 = 104°32"). They are
(in A): TR (A1) = 2.707, T) s (A1) = 1.014,

Tels (A1) = 1,693, Ty)s = — T (4)

= — 1.853, Ty, s(Bz) = 1.310.

1655

Molecule tyyyy brzzz tyyzz tyzyz
H,160 1.101 1.353 —0.817 0.180
D5160 3.556 5.403 —2.936 0.623
H,328 4.645 4.861 —3.170 0.785
D328 16.536 19.414  —11.952 2.947
H>808e 7.746 8.235 —5.392 1.296
D, 80Se 29.47 32.89 —21.02 5.048
14N'160, 17.14 288.76 —36.90 3.359
1603 36.78 435.81 —48.51 15.377
328160, 138.6 675.4 —201.8 25.97
35C1160, 215.7 936.2 —282.4 43.67
19F,160 67.43 1445.8 —56.39 69.31
35C]2 160 367.1 6908 —976.5 80.66
35C1232S  1648.2 22994 —3796 673.6

Table 4. t4py5 constants for bent symmetrical XYz mole-

cules. Units: Amu2 A3 mdyne~1.
[10-4cm™1] H,160 D2160  Hp328  Dy328
Trzzz 0.589 0.160 0.157 0.042
Tyywy 54495  16.866  4.902  1.377
Tzzz2z 5.353 1.342 2.954 0.740
Trzyy 1.689 0308 0338  0.078
Tzzzz 0.903 0.280 0.294 0.086
" —11.442 —3.187 —2538 —0.673
Tyzyz 2.513 0.676 0.629 0.166

Table 5. 7pys constants in 104 cm~! units for HoO and
HsS molecules.

For two pairs of isotopic molecules (cf. also
Table 3) we give in Table 5 the results for Tygys in
104 cm~! units. These quantities we define as
proportional to the t48:4's of Eq. (1); specifically
~ h3
Tapyd = — 356 5d o T2BY0 - (85)

The pure rotational spectrum of water vapour has
recently been reinvestigated by HArLr and Dow-
LING14. Their quantities of T4gy6 14'15 correspond
to — 16 Txgys in our notation. In Table 6 we finally
give the observed 14 and calculated 7',g,s constants
for H5160. Both our calculated values and those of
the cited work14 show quite good agreement with
the observed 14 values.

[em~1] Observed Calculated
[14] [14] Present

Tzezz —0.00107  +0.00027 —0.00093 —0.00094
Tyuyy —0.1084 +0.0012 —0.1088 —0.08719
Tozezz —0.0083 +0.0012 —0.00672 —0.00856
zxyy —0.00491 —0.00515 —0.00270
xzz —0.00108 —0.00077 —0.00144
Tyyz2 0.01985 0.01846 0.01831
—0.00402

yzyz

Table 6. T4pys constants in cm~1 units for H2160.

13 T. OrA and Y. Morino, J. Mol. Spectry. 8, 9 [1962].

14 R.T. HaLL and J. M. Dowring, J. Chem. Phys. 47,
2454 (1967).

15 P. E. FraLeYy and K. N. Rao, J. Mol. Spectry. 19, 131
[1966].



