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stants yields the angle B,=28°40" and thus
would predict that as the hydrogens approach
the equatorial plane, the distance » increases.
This result would have destroyed the agreement
between the calculated and observed separation
of the double minimum levels. One further
point may be noted. If the potential of the
ammonia molecule was of the valence type and
contained no cross product term between the
change in the valence angles and the change in
valence distance, the angle 8y may be computed
readily and is 22° 1’, This also predicts an in-
crease of 7, although only a slight one, as the
hydrogens approach the plane and consequently
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would not lead to the very satisfactory agreement
which we have obtained.

The change in the splitting of the ground level
may be calculated in a similar fashion. It will
be considerably smaller, partly because the
integral is smaller but principally because the
splitting itself A¢/kc=0.66 is so small. We find

Aoa—A()s: —00011,
Co— Co*=0.0005.

The first of these values was determined experi-
mentally and found to be A¢*—A4=—0.00s
The agreement is satisfactory although not very
significant.
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The quantum-mechanical Hamiltonian function, H, for the general vibrating-rotating poly-
-atomic molecule of N atoms has been expanded by the method of Wilson and Howard to second
order of approximation. It has been practicable to obtain solutions of the Schrédinger equation
(H—E)y=0 for asymmetric molecules, axially symmetric molecules and linear molecules.
Expressions for the anharmonic terms occurring in the vibration energy, the effective moments
of inertia, the amplitudes of the internal angular momentum of oscillation and the centrifugal
distortion coefficients are derived so that when the normal coordinates are known the vibration-
rotation energies of a polyatomic molecule may be calculated from the results given. Tetra-
hedrally symmetric molecules and models- in which internal rotation occurs are regarded as

anomalous cases and are not treated.

I. INTRODUCTION

ECENTLY a number of papers have appeared in which the form of the vibration-rotation
energies of certain polyatomic molecular models! have been derived to a second order of

approximation. The method followed has in each instance been equivalent to that delineated by
Wilson and Howard,? although the details have varied slightly from case to case. The method consists
essentially in approximating by the method of the perturbation theory to three items, namely: the
energy of the atomic nuclei oscillating anharmonically about their positions of equilibrium in a set
of body-fixed coordinates; the effective moments of inertia of the molecule regarded as a semi-rigid
rotator and the distortion of the molecular energies due to the centrifugal forces.

An inspection of the final results in these papers reveals that they are nearly always of the same
form. Thus, for example, the oscillational energy always consists of a set of terms linear in the

t A. Adel and D. M. Dennison, Phys. Rev. 43, 716 (1933) ; W. H. Shaffer and H. H. Nielsen, Phys. Rev. 56, 188 (1939);
W. H. Shaffer, H. H. Nielsen, and L. H. Thomas, Phys. Rev. 56, 895 (1939); W. H. Shaffer, H. H. Nielsen, and L. H.
Thomas, Phys. Rev. 56, 1051 (1939); B. T. Darling and D. M. Dennison, Phys. Rev. 57, 128 (1940); Ta-You Wu, ]J.
Chem. Phys. 8, 489 (1940); S. Silver and W. H. Shaffer, J. Chem. Phys. 9, 599 (1941); W. H. Shaffer, J. Chem. Phys.

9, 607 (1941); W. H. Shaffer and A. H. Nielsen, J. Chem. Phys. 9, 847 (1941).
2 E. B. Wilson, Jr., and J. B. Howard, J. Chem. Phys. 4, 262 (1936).
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vibration quantum numbers, the coefficients of which are the normal frequencies; a set of terms
quadratic in the vibration quantum numbers, the coefficients of which depend in a complicated
fashion on the normal frequencies, the non-vanishing constants occurring in the cubic and quartic
parts of the potential energy function and upon the dimensions of the molecule. Also the effective
moments of inertia are in each case linear functions of the vibration quantum numbers and depend
in an involved manner upon the size and the shape of the molecule, the normal frequencies and the
coefficients of the anharmonic part of the potential energy which is cubic in the coordinates. The
coefficients of the centrifugal distortion are to second order of approximation always independent of
the quantum numbers and depend only upon the normal frequencies and the dimensions of the
model. One may summarize this by stating that to a second order of approximation the vibration-
Totation energies of a molecule depend always only upon the following items: the normal frequencies,
the size and shape of the molecule and the non-vanishing coefficients of the anharmonic terms in the
potential energy cubic and quartic in the normal coordinates.

This suggests that it should be practicable to set up and solve the problem of the vibration-
rotation energies of a perfectly general molecule of N atoms oscillating and rotating in space.
Precisely as before the final formulation should consist of three parts; the vibration energy, the
energy of a semi-rigid rotator and the enecrgy due to the distortion of the molecule by the centrifugal
forces. To obtain the energies in a particular case it would then be necessary only to solve the
problem of the normal frequencies and determine from the symmetry of the model which of the
cocfhicients of the anharmonic terms in the potential energy function are non-vanishing and then
insert these results into the general formulation.

We have undertaken to do this and have found that the problem of determining the vibration-
rotation energies of the general molecule is in reality much simpler to carry out in detail than that
of the special cases. In the following sections we shall set down the results of this investigation. It
will be found that it is far less time consuming to arrive at the vibration-rotation energies of a par-
ticular molecule by the general method than it is to derive them independently for a particular model.

II. THE QUANTUM-MECHANICAL HAMILTONIAN

The problem of determining the vibration-rotation energies of a polyatomic molecule reduces to
that of finding the solutions and the eigenvalues of the quantum-mechanical equation

(H—E}=0, (1)

characteristic of the motion in space of the molecule.

In discussing the motion of a molecule it is convenient to make use of a set of coordinates x, vy
and z fixed in the molecule and a set of space fixed coordinates x’, y’ and 2z’. The origin of the two
sets of coordinates shall be the same and they shall be related to each other by the Eulerian angles
6, ¢ and v, deﬁned as follows: 8 is the angle between the fixed 2z’ axis and the axis 2; ¢, the angle
between the x axis and the nodal line and ¢ the angle between the nodal line and the x’ axis. The
general polyatomic molecule will contain N atomic nuclei all of which may have different masses.
The kinetic energy of these nuclei when expressed in terms of the coordinates x’, ' and 2’ fixed in
space will be

=N
1 g2 12 g2
T=% 2 M@ +y: +2i). (2)
i=1

The molecule is so oriented in the coordinates x, ¥, and 2 that the equilibrium position of the ith

particle will be xg, y? and zg subject to the restrictions:
=N 0 =N 0 =N 0
Z Mixi=0, Z A[{}’i=0, Z M121=0 (38.)
=1 =1 =1

d
o =N 00 =N 00 =N 00
2 Muxyi=0, 3 Muxz,=0, 3 Myz=0. (3b)
=1

=1 =1
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The first condition states that the center of gravity of the molecule coincides with the origin of the
coordinates x, ¥, 2 when the atomic nuclei are in their equilibrium positions. The second condition
states that the axes «, ¥, and z coincide with the principal axes of inertia of the molecule. The actual
positions in the body fixed axes of the ith particle will be designated by x;, v; and z; where

x,-=x?+6xi, y,-=y?+ 8y;, etc., 6x;, 8y; and 62; being the displacements of the ith nucleus from its

position of equilibrium. Expressed in these coordinates the kinetic energy may be written:
=N )

2 2 .2 2
2T = Z M1(x1+?]¢+21)+ Z [Iaawa_ ZI Iaﬂwawﬂ:|+2 Z Qotwcn (4)
=1 a=z,9,2 B=r,y, 2 a
. . LN 2 2 .
where I.. are the instantaneous moments of inertia® > M;(8;++v:) and I.s are the instantaneous
i=1

=N

products of inertia which by virtue of Eq. (3b) become equal to 3 M,-(B?&ai—i-agéﬁ,-—{—éaiaﬁi). In Eq.

=1
(4) w, are the components of the angular velocity along the x, ¥ and z axes* and Q. take the form:
=N
Qo= 2 Mi(vi6Bi— Bidv:).
=1
The first set of terms in (4) represents the kinetic energy of the atomic nuclei oscillating about their
positions of equilibrium in the force field of the electrons. The form of this force field will depend
upon the nature of the assumptions made concerning it. For our purpose we shall take for the
quadratic part of the potential energy a function which may be regarded as perfectly general in the
coordinates:
V0=% Z Kii.mnasijssmny (5)

where K;j mn, may be regarded as force constants and the 8s;; is the variation of the distance between
the atomic nuclei ¢ and j. The displacements §s;; can be expressed in terms of the coordinates x;,
y: and 2; so that (5) becomes:

Vo(ésij-) = Vo(x,-, Vi, Zi). (6)

The coordinates x;, y; and z; which occur in (4) and (6) are not all independent of each other, but
are subject to the restrictions:

=N
> Mia;=0 (a taking the values x, y and 2), (1)
=1

=N 0 0

> M(a;68:—B:00;) =0 (« and B taking the values x, y and 2 but a#p), (8)

i=1

the first of which states that the center of gravity of the molecule remains at rest in these coor-
dinates and the second of which stipulates that to zero order of approximation the internal angular
momentum is equal to zero. With the aid of (7) and (8) it is possible to determine the normal coor-

dinates of the system.’? Of these there will be 3N —6, one normal coordinate, Q;, for each normal
frequency w,. Not infrequently, however, a molecule will have so high a degree of symmetry that
in certain of its modes it will be oscillating in force fields which are isotropic in two or three dimen-
sions. In such cases two- and threefold vibrational degeneracies will arise, i.e., there will be

3 Certain molecular spectroscopists [see for example R. S. Mulliken, Phys. Rev. 59, 873 (1941)] have found it con-
venient to designate the moments of inertia of the molecule in ascending order of magnitude by Ia, Is and I.. In a dis-
cussion of the vibration-rotation energies of a general polyatomic molecule it is inconvenient to assign definitely any one
of the moments of inertia as the largest or the smallest. In this work the z axis will be taken as the approximately unique
axis of the rotator. In some cases (for example, the methyl halide molecules or the formaldehyde molecule) I, will
therefore be the smallest moment of inertia, i.e., I; in other cases (for example, the BF3; molecule or the H,Se molecule)
1., I;Nf}l be the largest moment of inertia, i.e., I.. It is probably always convenient to identify the moment of inertia I,
with fp.

4 Explicit expressions for we may be found in books dealing with classical mechanics.

8 See, for example, E. T. Whittaker, Analytical Dynamics, fourth edition, p. 177.
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respectively, two and three coordinates Q' associated with the same frequency w. It is convenient,

for this reason, to denote a normal coordinate by Q%, rather than simply by (', where s will denote
the particular frequency to be associated with the coordinate and ¢ will take the values 1; 1, 2 and
1, 2, 3 depending upon whether the frequency is non-degenerate, two- or threefold degenerate,
respectively. Thus, for example, the non-degenerate frequency of a harmonic oscillator oscillating

with a frequency w, will have associated with it the coordinate Q.. 1, while the twofold degenerate
frequency of a two-dimensionally isotropic oscillator oscillating with a frequency ws will have

associated with it the two coordinates Q1 and (s, etc.

It is always possible to express the 8x;, 8y; and 8z; in terms of the normal coordinates Q;., as follows::

b= 3 LisoQior  89i= 3 MisoQiey 8= L MisoQos ©)
so that when these are substituted into the first term of (4) and into (6) we obtain for the kinetic
and potential energies of the oscillational motion the following relations:

2T=Y .o, 2Ve=3 k.Q', (10)
where the u,, are the reduced masses and %, are the generalized forces constants, equal, respectively,
to 47r2czusw§, which will be complicated relations of the K;j . It is convenient to replace the coor-
dinates Q% by (4s0)~}Q.0 so that instead of (10) we shall have:

2T=Y Qi and 2Ve=Y MQor (\e= (27cws)?). (10
Evidently then e e
6x1=z lisast, 6y1=z Mistsay 521=Z nisast (9’)

where Liso= (1t50)¥iso, €tc.
In terms of the coordinates Q,, the expressions for the cubic and the quartic terms in the poten-
tial energy expansion may conveniently be taken to be:
V1=Z Z Z kss’s“QsaQs’a'Qs"a", (SSS/SS“),
s,0 s',0’ 8’ q’ (11)
VZ:‘Z Z Z Z kss’s"s"'QsaQs’v’Qs"v"Qs”'a"'- (SSSISSHSSIN).

s, 0 sl‘ U, SI’, U” slll' alll
The appropriate Hamiltonian form for the kinetic energy of the general molecule in the quantum
mechanics will, according to Wilson and Howard,® be the following:

T=} Z papPaPs— 2 haPat3 Z K Paappppt 3 Z Bps o AP, o, (12)
where k=% 3 g {2ua,gp,s+(;bp/-taﬁ)+ﬂaw (P} and a, B are summed over %, vy and z. In Eq. (12),
baa=Tsplyy—I32) /A and  pas=nsa=(Lyyls—LunIss)/, (13)
where I.g are respectively defined in the following manner:
2
sz—I:cx Z%s yy—Iyy Z@say Iz’z=1zz_' 288'6"
s'a’ s’a’ (14)
I::y= zy+ Z %s’o"@s'a’y xz=-[zz+ Z %5’0'83’0’) Iz:z= yz+ Z @3’0'83’0’
in which o o o
X.s’v' = Z Z Mi(misanis’v’ '—'mz's’o"nisv) Qsoy
@s'a'= Z Z Mi(nisvl'[s'v'"nis'v'lisn)Qsay
83'7' = Z Z M'i<lisvmis'a' "‘lis’u’misa)Qsay

¢ Darling and Dennison have given a form which is slightly different from that derived by Wilson and Howard. To
second order of approximation, however, they are entirely equivalent.



798 HARALD H. NIELSEN

and where
’ ’ ’
Ixz‘ —I;y _Ixz
A= "'];y ' Iz,/y _I;z =pt

’

_I:’cz "'I;z Izz

Explicitly the quantities I.., I,,, etc., will become:

(e)
x:c—‘I:cx +Z asaQsa"l’Z Z Asn”a”QsaQs”a",

Ny

(e)
yy—Iyy +Z bsaQsa+Z Z Bsas"a’”QsaQs"v”y

s, 0 sg s'’a’’

Izz—Izz +Z CsﬂQsa+Z Z Csus”v”QsaQs"a"-

sa s''e’!

Z dsaQsa+Z Z Dsas” ”QsaQs"v”

so s’’’

Z esaQsa+Z Z Esas”a”quQs" ey

so s'ta’?

ZfsuQsa+Z z Fsos"a”QsaQs”a"

so s'’g’?

where
o0 =2 Z Mi(ygmisa'i'zgniM); boo=2 Z Mi(zg”isa‘i‘xglisa)’

T

Csg=2 Z Mi(xgli”—}-ygmis,) s dsv = Z Mi(x?misv‘*'y‘i)liso),

s Z Mi(ygnisa+zgmis¢) H fsa Z M; (Z l180+x1n180)y

Asas"o”— {Z M (mzsamls”c"+nzsanzs”¢7")_ Z [Z M (mzsanzs’u' mis’v’nisv)

s'a’ 7
X Mirr(MgrrgrogrMirs grgr—MirrgrgMirrgrigr) ]},

i

Bsas"’ = {Z M (n'psan;s” "+l1.sal s”a") - Z I:Z M (nzea is'a’ — Migtq’ lzsa)

s’'e’ 4
XZ M"(nz"s”a”li”s'v’_ni"s’a'li"s”a”)]};
bidd
Csas"a”_ {Z M (lwsolzs”w"'!"mzsamzs” ")_ Z [Z M (luamts’a’_l'ns a"mzsa)
s’o’ [

XS Mior(birsgrrarissror—birrsrariisn o) 11,

i

Dsos"a"'—‘ {Z Mledmzs”v"+ Z [Z M (Mzsanw rgr — Mys’ U’nasa)

< sta’ 1
>< E (u 1”(”i”s"d"li"s’a' —‘nillslﬂ’liila)lalr)] } N

i’

Esvs” "= {Z Mzmzsanzs”a”+ Z [Z M (”zsu is’ tr""nia'v’lisa)

s'e’ 4
X E (u i"(li"s”o"mi”s'v' —li"s'v’mi"s"a”):]} N

i

Fsus"d”" {Z M'ansa n"v"+ Z [Z M (lzsamzs’a’_lzs 0'm1,sw)

s'e’ 4
X M (MgrrgrrqrMirrgrgr —MgrrgrgrMirigrigr) ).

3t

(15)
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The quantities P, are the operators for the three components of the angular momentum referred
to the moving coordinate system and they are defined as follows:

P.=(—ih)(sin) s[ —cose —a——cos()i) +sin¢i](sin0)—%,
sing \ay do a0
P,=(—1h)(sinb) *Fin—so (i—cosoi) -’rcOSsoi](Siﬂ@)_%, (16)
sing \ 9y do a9

P,=(—1h)d/d¢,
6, ¢ and ¢ being the Eulerian angles referred to above. The operators p., py and p, which occur in
(12) are the operators corresponding to the internal angular momentum due to oscillation and their
definition will be given at a later point. »
It is convenient here to replace the Qs, by (%2/\s)!¢so. After considerable algebraic manipulation
it is possible to set down in orders of magnitude the quantum-mechanical Hamiltonian for the general
polyatomic molecule. It will be:

Ho=(1/2) £ N(p'o/ B +0") + 3P/ IS+ P10+ P18, (172)

(e) (e) (e) (e) (e)

I‘I1=(-h9/4) Z )‘t[(aw/lzz )+(bsv/Iyy )+(Csr7/]zz )]Psv"‘(Prsz/Iu)_(PyPy/Iyy)

(e) N 1 e
—(PPSLYVHE T T (/AN ) s o QoolerorGorrorn—3 5 (BN (@0oPr/ (1))

F (baoPy [ (Iy) )+ (€oaPE/ (1)) = (doo(PuPy+PyP.) /(1) (113)))

— (Faa(PoPiAPPY (I (1)) = (€0o(PuPeAP.P) /(I IS)) 1qusy (17D)

Hy=(=it/2) ¥ % O/ AN A oo/ Ie)+(Buowror/ Ty

8o s'a’

(e) 2

)+ (Csas'v’/«[z(:)) - (3asaas’d’/4(13:z ) )

(e), 2 (e)

(e), 2 e)
- (3b3¢bs’v’/4(1yy ) ) - (3CsaCs’a'/4(Izz ) ) - ((asvbs'v'+2dsuds’a’)/2(Ix2 )(I(uy))
(e) (e) (e) (e)

- (as;fcs’a’+2fsufs'v’)/2(1:c:c )(Izz )) - ((bsocs’c’+Zesves"v’)/2(1yy )(Izz ))]ngs'a'

2, _(e) 2, (e) 2, (e) 1
+%(Pz/1==x +Pu/Iw +Pz/Izz )+Z Z Z Z (hs/)\s>\8'>\s">‘s"’)‘kss’s"s’"qsaqs'ﬂ’gs','a"Qs“'o“'

so s'a! s'lg!’ s'iiglt?

_% Z Z (h4/)\s)\s")%QSUQS"v"{(I:f:i))_—Q[Asvs”v”’"‘(a'saas"o"/l:f:::))_(dsads"a"/I;;))

(e) 2 () —2 (e) (e)
e (fscrfs"rr”/lzz )]Pz+(Iyy ) [-Bsas”o” - (dsads"a"/Izz ) - (bsaba”o"/Iyy )

(e)y - -2 (e),—2 (e) (e)
- (esaes"v"/Izz )]Py+(Izz ) [Csws":r"_ (fsofs"a”/I:w ) - (esrres"a"/lyy )

(e) 2 (e) (e), 4—1 (e) (e)
- (Csacs"o”’/-lzz )]P=+[<Im )(Iw )] [DSN”U” - (asvds"d”/sz ) - (bsvdS”V”/Iyy )

—Caofrren/ IV N(PoP AP L)+ LI I T [ Favsrrar — (@safwrar /1)
— (daosrr o) ID) = (Cooborrarn /I ) N PaPsAPoP) +[(Lsd ) L) T [Esesrror

+(dswfs"a”/li?) - (esvfs”a"/Ig(jjl)) - (esacs"o”/I::)):](Pypz"‘Pz.Py) } . (17C)
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In terms of the coordinates g,, and their conjugate momenta ;o= —%(3/9¢s,) the operators pe
will be the following:

pz= Z Z Z Mimisanis’u’[(ks’/xs)%Qsﬂps’a’_ ()\s/)\s’)§QS’a'psa:]y (18)

© so s'’a’’

py and p, being obtained from (18) by permuting l;sq, 745, and 74, in cyclic rotation.

III. Tue ENERGY VALUES OF THE MOLECULE

In this section we shall endeavor to obtain the eigenfunctions of the Hamiltonian, H, which was
arrived at in Section II. We shall approximate these by resorting to the methods of the perturbation
theory of quantum mechanics proceeding after the manner of Shaffer, Nielsen and Thomas! in
dealing with the vibration-rotation energy levels of the tetrahedrally symmetric XY, type of
molecule.

This method, recognizing that all terms in H; save the Coriolis terms arising from the degenerate
oscillations can contribute first in second order of approximation, depends upon the effectiveness

. . _1 .
of carrying out a contact transformation on H, THT =Ho+Hi+Hy+--- such that H, will to
second order contain only the above Coriolis terms. It is possible always to find a linear combination

of the zero order wave functions such that the matrix Hj will contain elements only along the
principal diagonal. In effect this reduces the problem of obtaining the second order energies to a
first order perturbation calculation where the wave functions required are the stabilized wave

functions of Hg, i.e., the linear combinations of the zero-order wave functions which will diagonalize
Ho+Hi.

We shall denote the transformation function e by T°(\) which to second order of approximation
may be written:

T=1+iS—IN2S2— - - . (19)

Transformation of the Hamiltonian H=Hy+H;+H,+ - - - in the manner indicated above leads to
THT '=H'=Hi+H\+Hy+ - - -. After equating like powers of A we obtain:

Ho=H,, Hi=H\—i(HS—SHy), Hi=H,+(i/2)[S(H\+H;)— (H,+H})S]. (20)

The portions of H; which it is desired to remove consist of terms each of which is a function of the
normal coordinates g;, (or the conjugate momenta ps,) multiplied by a coefficient which either is a

constant or a function of the operators P,, for example ag;, or qs,Pj. Such coefficients as occur in
the latter example may also be treated as constants for to second order of approximation the error
incurred because of the non-commutability of functions of P, with H, will not contribute to the
energy. The complete S function will consist of a sum of terms, each element being so chosen that
it will remove a single term in H;. In orders of magnitude the transformed Hamiltonian H’ may be
written :

Ho=H,, (21a)

Hi=— PITD I (Mi/Iz(:)) (irimire — Lira 1) (Qr1pre— Qropr1) P (21b)

where 7 assumes those values of s for which the frequencies w, are twofold degenerate;
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(e) (e) (e) 4

Hi=Hy— (i1/32) 5 NL(@ao/ I) + (beo/ IS +(con/ I T — (1/8) £ 27 ((0%0/ T P

(e), 4 (e)

+ (bao/ (Ty)) Y P+ (con/ (I

VY PiA T (@aobsrtdag)/(Tee) (Isy) J(PiP)+ P, P)

(e). 2, (e) 2 (e), 2

F [ (@aoCortFro) /Tee) (I

) WP A PP + [ (beotartena)/(Te) (I) WP PI+PIPY) )

+% Z Z’ (h/)\zs(-[i;))Q) [(3asaksss/)\s> + (as'v’ks’ss/)\s') +Z Mi(miso-nis'v’ _mis’a’nisv>

2 2 3 (o). 2
XZ Mi’(mi’svni's’a'_'mi's'o’ni'sv)(3)\s+)\s')/()\s—)\s’)]QSsz'*_% Z Z, (h/)\s(lyy) )
X [(3bsaksss/)\s) +(bs'u’ks'ss/}\s’) +Z Mi(nisalis’a’ _nis'd’lisv) Z Mi’(ni’sali’s'u’ —ni’s’a'li’su)
2 , _(e).2
X(3ks+>\s')/()\s_>\s’>]qiva+% z Z (h‘/xs(lzz ) )[(3Cs¢rksss/>\s)+(cs’d’ks'ss/)\s’)

so s'a’

+Z Mi(lisamis’cr'_lis’u'mimr) z Mi'(li’somi's’v’_li’s'v’mi’su)(3)\s+ks’)/()\s_)\s’)]qiopzz

K

- Z (h/xs) 2(3p:aqiu/k2+1+3gia/2) -3 Z Z (kz/)\sxs’)kssskss's’giaqi’u’

so s'a’

b b
_% Z Z, Z“ (h2/Asxs’xs")ksss’ks's”s"q.f"o"qfv_% Z Z/ (hg/)\sks')kissl

so s’e’ s''a’’ so 8o’

X AN =Ne)GeoF NN GooGerer+ 20 Guopoe/ B} (Ahe=Ae) — (5/2) T T (/A ehehorr)}

so 8'ag’ s'’qg’’

2
sts’s" { (2)\s>\s’)\s"/h2) [:Psaq.wps’u’Qs’a’Ps”u”{Zs"w" _Qsapsaq:;’tr'Ps’a’gs”a"ps"u"]

. 3 2 2 3 2 2 3 2 2
+(1h)[)\s()\s_)\s’_‘)\s")Qs'r'Qs”a"+>\s’()\s'—)\s"_)\s)gsts”v"‘l‘)\s”()\s”—>\s_)\s’)gsaq.ﬂx’a']}

— ¥ 3 3 3 3 3 3 3 3 3 i E - -
Xh 2{()\s+)\s'+>\s")<>\s+)\s'—)\s”)()\s_xs'+>‘8")()‘s_)‘S’_)\S")} 1+H:

where H contains terms which can contribute in higher approximations only. A prime after a sum-
mation sign indicates that the indices can here not assume the same values as those which precede
them; a double prime following a summation sign preceded by a summation sign with a single prime
indicates that the third set of indices do not take the same values as the first two sets and that the
second set do not take the values of the first set.

Since the Hamiltonian is entirely general it is possible in principle to proceed to find the eigen-
values for any model in which there may be non-degenerate, twofold degenerate and even threefold
degenerate oscillations. In practice, however, it seems advisable to exclude the latter class of molecules
from this discussion because the stabilized wave functions in such cases are quite complicated to
work with. Such molecules together with molecules in which internal rotation takes place or where
other anomalies occur had better be treated as special cases.

In the case of molecules where there are oscillations isotropic only in two dimensions there will
be two coordinates gq1 and g2 associated with a normal frequency w,. It has proved convenient when
dealing with such oscillations to introduce the cylindrical polar coordinates p, and x, so that
ga1= pa Sin X, and gaa= p, cOSxa. When this is done the zero- and first-order Hamiltonian operators
become:

Ho=(1/2) SoMpr/B+0) + 5, M (=780 — o7 (8/0p) — o7 (8 /0x) + 5]

(e) (e) (e)

FA[(P/ L)+ (Py/ Iy )+ (Po/I2) ], (22a)
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Hi=1" 5, (5:/1.)(8 [0x:99), (22b)
where =23 M;(Lirimira—Liremiirn).

The solution to the zero-order Schrédinger equation is known’ to be:
2 2 . 0
V=TT, exp(—qs/2)Ho,(qs) I1- exp(— pr/2) Ro,1,(p) exp(ilix,) Y, (23)

where H,,(¢s) are the Hermite polynomials and R,,,;,(p,)=prF(p,), F(p,;) being the associated
Laguerre polynomial. In the latter case /, may be regarded as a quantum number of internal angular

o, . .. .
momentum. It takes the values v,, v.—2, - --0, or 1. ¥ in (23) is the characteristic function of the

last part of (22a). The function \I/Z is most conveniently expressed as an expansion

K=+J ) 0

2 Asxmy (J, K, M)

K=eJ
where Y0(J, K, M) are the known solutions to the problem of the symmetric rotator which forms a
complete orthogonal set of functions. In the above functions J, K and M are, respectively, the
quantum numbers of total angular momentum, the quantum number of angular momentum about a
body fixed axis and the so-called magnetic quantum number. 7 is an index number running from —J

(n)
to +J and AJT &, m are constants.

To find the eigenvalues of Hy and the values of A.(;;c u it is easiest to follow Wang8 and set up the
matrix Hy in terms of the basic wave functions ¢ (2)¥°(J, K, M) where, of course, y°(J, K, M) will
not in general be a solution to the rotation problem. The resulting matrix will in general not be a
diagonal matrix, but will have the elements:

3 e e

(0,1, 7, M, K| Holo, 1, J, M, K)=h o N@atgo/2) +T(J+HD) G /OLA/LD) +(1/1)]

2.2 (e) (e) (e)
+ (& h/2){(1/1::) =301/ 12 )+ (1/1,) 1}, (24)
(.1, 7, M, K| Hlo,1, J, M, K£2) = (' /8)[(1/12) = (1/ L ) I K (K= ) PLF— (K1) (K=2) T},
where v and / are taken to embrace all the vibration quantum numbers and g, is the order of the
degeneracy of the vibration frequency w,. An inspection of the elements (24) will reveal that for
each value of the quantum number » and ! the matrix will consist of steps, one step for each value of
J. Since the elements (24) are independent of the quantum number M which may take all values
from —J to +J it is evident that each step will be repeated 2J-+1 times. The energies E¢(v, , J, 7)
for the molecule may now be had simply by diagonalizing H,, or which is the equivalent, by setting
equal to zero the secular determinant of this matrix | (K|Ho|K') —Eékx|, xx being the Kronecker

. . . 0, . .
symbol, and determining the roots. The function ¥ is now uniquely determined also, for the coef-

ficients A ,(]T)K ar are simply the first minors of the above determinant.
Using the same basic wave functions we may arrive at the first-order corrections to the energy
matrix. The only non-vanishing elements are the following:
(0,1, J, M, K|Hi|v, 1, J, M, K) =Y, FeLKh'/I., (25)

which lie along the principal diagonal. Since H 1 has elements only along the principal diagonal the
second-order corrections can be determined by a first-order perturbation calculation using the wave
functions (23). The function ¥(J, K, M), as we have seen is really not a solution to the rotation

problem ; hence Hj will contribute also to the elements of H which do not lie along the principal

7D. M. Dennison, Phys. Rev. 41, 304 (1932).
88S. C. Wang, Phys. Rev. 34, 243 (1929).



VIBRATION-ROTATION ENERGIES 803

diagonal. Hj is, however, diagonal in all the quantum numbers except the quantum number K and
the only non-vanishing elements are the elements (K| K), (K|K=2) and (K|K=+4). When the zero-,
first- and second-order contributions are combined one obtains for the elements of the entire energy
matrix accurate to second order of approximation the following:

(K|H|K)= {R¢FR:K+R,K*+R3;K*},
(K|H|K+2)={[f—K(K+1)][f— (K+1)(K£2) ]} { R+ R[ K2+ (K £2)*]}, (26)
(K|H|K+4) = {[f-KE£1)]f— (K1) (K+2)J[f— (K£2)(K£3) J[f— (K£3)(K+4)]} IRs,
where
R0= (Ev/hc) +%(Xv+ Yv)J(J+ 1) "DJJ2(J+ 1)27 R1= 2Ze Zr g‘rln
Ry=Z,—3(X,+Y,)—D;xJ(J+1), R3=—Dg, Ri=(1/4)(X,—Y,)—=6;J(J+1),

(e) 2 2 (e). 2.2 (e) 2 (e) 2

Rs=(h/5127%%) 3° (1/8‘*’3) {(@se/Tzz') ) — (bse/ (L)) ——2(as,cs,—2f§,)/(1m ) (Lz2) (27

(). 2, () 2

+2(bsvcw"'23:«r)/(luu) I:2) },

Ro=(—13/10247°3) T (1/8w3) {(@oo/ (Is2) +beo/ (Iyy) ) = 4o/ (TN (1)}

scC

The quantities occurring in (27) are defined in the following manner:
Xv =Xa_X0'_ z Xsa(vs+gs/2)y Yv= Ye_yo—' Z Ysa(vs+gs/2)y Zv=Ze_ZO—Z Zsu(vs+gs/2);

so

where

X,=h/8rcly), V.=h/8xcly, Z.,=h/8xcl,

and where

(e) 2 e) 2.2 (e).2,_(e) 2

Xo= (_h3/2567"653) Z (1/8‘”:)]:(‘18«/(122 ) _bsv/(Iw )) +4d:'7/(12-’: ) (Iw)

()2, (e) 2 (). 2, () 2

120 /(L) (L) +8en/ (1)) (T ],

(e), 2 (e), 2,2 (e) 2, (e) 2

Vo= (—13/2567%%) T (1/80)[(@es/(Te) = boe/(Iys) ) +4dae/ (12 (I33)

F8f 20/ (L) (1) = 12620/ (1) (1™,
20=(13/2567%%) & (1/80n)[(3/2) (@se/(Iex)’ =bas/ (Iyy)) +6d2e/ (1)’ (Iy)"
* ) e). 2, _(e) 2 (€) 2, _(e). 2

—16(f2e/ (1) (122) 0o/ (1)) (1))
() (e) (e)

xsa'=Xe ZI (h/47725gsla(:z)ws) { [A sosoc (a:v/lzx ) - (dfa/lyy ) - (fio'/Izz )]'—3asvkass/47|"262w§

s’a’

(28)

22 2
_as’a’ks’ss/47r c ws’—'z Mi(misanis'a'_mis’a’nisa) Z Mz"(mi'eani's’v’_mi’s’v'ni'sa)

X (3w3+w§')/(wf—w:') B

2 (e) 2 (e) 2 (e) 2 (e)
Vse= Ye Z, (h/41l‘ Cgsty ws) {[stsa'“ (dsa/I:u )'_ (bsa/Iyy ) - (eso-/Izz )]fsbsaksas/4w2c2wz
22 2

- bs’a'ks'ss/4‘7r C wsg— Z Mi(nisalis'a' _nis’v’lisv) Z Mi’ (ni'svli’s’o’ - ni’s’v’li’sv)
T 2’

X (Bustwer)/(@s—wsr) }
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Zoo=2Z¢ 5" (/47 cgul s 05) ([ Conse— (Frof Ie) — (no/Ise) — (Cuof1o2) 1= 3Csskass/dr ¢ cor

s’a’

22 2
—Cs'u’ks’ss/47r 2 ws’_z Mi(lisamis’v’_lis’a'misv) Z M'i'(li’svmi’s’u’_li’s’a’misd)
i @’

X Buitwe)/(we—we) },

D= (/51205 X (1/80)[3a%, /(1) 4307/ (1) +2(@esbee+2d%) /I (1),

Dix=—2D s+ (/64153 T (1/80)[(@sctort2fr0) /T) (T20) + (buotrnt260) /(Te) (1),

(e) 4 (). 2, _(e) 2

Dx=D 4 (13/647%3) T (1/8w0 [ (crn/(ID) = (@uocsrt-2100) /(I (1)
— (beotert2620) /(1) (1e)],

(e). 4

85=(1/2567%%) T (1/80)[(@re/(Is2)) = (boa/ (L)) ].

The quantity E, in (27) is the vibration energy of the molecule and may be written:

(Eo/he) = (Eo/hc)+ 2 ws(vs+gs/2)+ 2 2 50 (vsF26/2) Wor+26/2) + 2 2 20,0l (29)

in which © nr
Keo= (1/321 016} (Bkasss— (15knse/87 ¢ 03) = 3 (kvse /AT ¢ 00) F X (Rassr /87 ¢ (Awa—wi))},

Xgsr = (h/321r4w3w3163) {ksas’s’ - (6kssskss's'/47r252w§) - Z, (ksss"ks”s's’/47r262w§")

st

(s /76 (i — 00) F 5 Foogrorr(wrr— o — )[4 ¢ (003F 005 w0007) (@a-F 00— 0577)

s’

22 2 (e)
X(ws—ws"*‘ws”)(ws-wa'—w3::)+41r 4 Z (ws’/gsgs’Izz) Z Mi(misvnis'n'_mis'a’nisv)

(24 i (30)
22 2 (e)
XZ M’i”(mi"sa”i”s'v’_mi”s’a’ni"s0)+47" 2 Z (ws’/gsgS’Iyy) Z Mz'(nisvlis’o’_nis’q’lisa)
[ oo’ B
2 2 2 (e)
XZ Mi”(ni"suli"s'a’—‘ni"s’a’li"sa)+47r 4 Z (ws’/gsgs'Izz) Z Mi(lisamis’a"_lis’a’miso)
i oo’ i

X Z lwi"(li”avmi”s’n" '—li"s'v'mi"sv) } ’

i

22 2, (e)

1= (—1/321 6,6 ) B+ Y (B /87 ¢ (A7 — o)) — (A ¢ w0/ T2)

XZ Mi(lirlmiﬂ_liﬂmirl) Z Mi”(li"rlmi”r2_Zi"rzmi"rl)}y

it

Xipler = (h/STzliez)) Z Mi(lirlmirz—lirzmm) Z Mi"(li”r'lmi"r’z_li”r’2mi"r’l)-
i i
(Eo/hc) is a constant term depending in a very complicated manner on the potential energy constants
and since in practice one is only interested in differences between energies and not in their absolute
values this term is not set down.
As in the case of Hy, for a given value of the quantum numbers v and / the above matrix will
consist of steps, one step for each value of J. As before, the energy is independent of the quantum
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number M so that each step will be repeated 2741 times. For a given value of J the actual energy
values may now be obtained as in the zero-order problem, i.e., by diagonalizing the matrix H. This
again is accomplished by setting the secular determinant |(K|H|K’)—Edxx'| equal to zero and
solving for the roots. This determinant will resemble the Wang-Klein determinant for the asymmetric
rotator, but will be considerably more complicated in general. The determinant can at once be
factored into sub-steps corresponding to given values of the quantity ../, and each step will be
repeated twice, once for the positive value and once for the negative value of }_,/,. Each of these
sub-steps can further be factored simply by arranging the rows and columns so that the even values
of K stand together and the odd values of K stand together. The elements of the Wang-Klein
determinant are independent of the algebraic sign of K so that a further factorization is possible.

e), . . .« e
It may be seen that because of the term >_.(¢.,K/I :z) in the diagonal elements this is no longer
true in the general case and no further factorization is at once possible.
Darling and Dennison have pointed out that for-a molecule like the HyO moleculate a relation

e e) e € . . . . . .
A=1T i:)-I—I,fy)——I :,, (sz)< I;y)<1 :Z)) exists such that A is independent to this approximation of the

anharmonic constants. That such a relation exists in general for all planar molecules may be verified

from the relations (28) by setting zg= 0 in which case @4+ b5 —cse =0. Such relations will not exist in
general for non-planar molecules.

IV. THE VIBRATION-ROTATION ENERGIES IN SPECIAL TyYPES OoF MOLECULES

A. Asymmetric molecules

In the case of asymmetric molecules the atoms assume such geometric configurations that the three

. . (e) (&) (e) . o e
moments of inertia I.., I, and I..,” are all different from each other. In such cases, however, it is

true almost without exception that there are no degenerate frequencies. There will therefore be only
a single coordinate ¢,; associated with a frequency ws, i.e., the index ¢ takes only the value ¢=1.

When this is so the terms which would occur in Hy will all vanish and hence the elements in the
matrix H will become entirely independent of the sign of K. Except in cases where two vibration
frequencies become accidentally degenerate the sub-steps of the secular determinant of the matrix
H can be further factored as pointed out by Shaffer and Nielsen with reference to the triatomic
non-linear molecule. When results of this kind are to be applied to experimental data it is frequently
desirable to expand the secular determinant of the energies into a set of algebraic equations. This
has been done by Nielsen?® for the triatomic non-linear molecule for the values of J up to and including
J=06. It is found that these same equations are valid in the case of the general asymmetric molecule
except that the more general definitions of the R; given in (26) must be used and that e is here equal
to (2E/h*—Ry).

B. Axially symmetric molecules
In molecules belonging to this important classification the geometric arrangement of the atoms is

such that the two moments of inertia I,(: and I;Z) are equal to each other while I ::) will in general
be different. In the case of such molecules the (K|K=2) elements will always vanish except for
second-order terms.?® The (K|K=+4) elements are also of the same order of magnitude. It is found
that when the secular determinant for the energies is expanded that the elements off of the principal
diagonal can contribute only in an approximation higher than the second. For our purpose they may
therefore legitimately be neglected. This is equivalent to stating that to second order of approxima-
" 9H. H. Nielsen, Phys. Rev. 59, 565 (1941).

10 Shaffer and Silver have found that in the case of the planar XY3, the pyramidal XY type and the axially symmetric

XY Z type molecules these elements vanish identically even to second order of approximation. Reference to the definitions
of Xo, Yo, Xs¢ and yz» [Eq. (28)] makes it seem plausible that to second order at least this is always true.
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tion a molecule which is a symmetric rotator when the atoms are in their equilibrium positions will
effectively remain a symmetric rotator also in higher vibration-rotation states. The vibration-
rotation energies of such a molecule are then just the diagonal elements of (26) of the energy matrix.
For such molecules it is convenient to state them in the following manner:

(E/h6) = (B /1) (Evo/h6)F (/4 10 ) o 61K 31)
where (E,/hc) is the same as that given by (29) and (30) and where
(Erot/he)=J(J+1)B,—K%B,— C,) — J2(J+1)2D;— J(J+1)K2D ;x — K*Dg (32)

in which
B,=B,—ay— Z(Us+g8/2)a3!

Cv = Ce_"YO_ Z(vs+g8/2)731

8

Bo=(/s8r’ 100, (19=19),

e 33
Co=(h/8x'I 2c), (33)
ao=3(Xo+y0), Yo=2o,

) as=% Za’ (Xsa+YSo'), 'Ys=Za' Zsay
and where Dy, Dk and Dg are defined as in (28).

C. The linear polyatomic molecule.

Linear polyatomic molecules constitute a group which may be regarded as special cases of the
axially symmetric molecules. In molecules of this type p,—P.=0, i.e., p.=P,=(Fik) 2,1, and

. e e . . . © . .
from this restriction it is easily shown that all terms involving I.., e, and f,, will vanish from the
Hamiltonian function, H, and hence also from the elements of the energy matrix. The moments of

‘inertia I:;) and I,EZ) will be alike so that there will also here be no elements off of the principal
diagonal. The vibration-rotation energies of linear polyatomic molecules may therefore conveniently
be written:

(E/he) = (Eviv/hc) + (Erot/ he), (34)
where
(Bviv/he) = (Eo/he) + 25 0s(@s+8s/2) + 25 2o %55 (vs+2/2) (o +g0/2) + 22, xi (35)
in which : ‘

22 2 22 2

oo = (1327 C 02) (3Bssse— 15k es/8T C 01— 3 krser /AT ¢ 0w+ X baser /87 ¢ (doi—wir) },

: 43 22 2 22 2 2 22, 2 2
Xssr = (h/327|‘ C wsws') {ksss's"“‘ﬁkssskss/s"/‘Lﬂ' 4 ws—Z’ ksss"ks”s's'/‘/'hr c ws"_‘ksss'/‘ﬂ' c (4ws_ws’)
slf
’ 2 2 2 2 22
+Z kss’s"(ws"-ws'_ws)/47r c (ws+ws'+ws") (w8+ws’ _ws”) (ws'“ws’+ws”)(ws~ws’ _ws")
sl'

22 2 (e)
+47T c Z (ws'/gsgs’lx; )[Z Mi(misunis'v‘_mis’a’nisa) Z Mi"(mi”wni"s’o""‘mi"s’a’"i"sa)
7

UUI 7:!/
+Z M‘i(n’isul'is’d’_nis'o”liw) Z M'i”(”i”soli"s’v’_ni"s’a'l‘i"sa)]}r
i

i’

w1, = (—1/3270C 02) (Brrert 3 e /87 ¢ (deor—war) },

s’
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and where

(Erot/hC)=[](]"I“l)_"l2]B11_|:J(J+1)'—'l2]2D’ (36)
in which
B11=Be"Zs (vs'l'gs/z)a& (37)

Bo=h/8x cls,

(e) 22 2

as=Be(h/47r2cwsgsI:;)) Zw {[A soso T ((azv-l_dia)/Ixx )]~3a80k333/4ﬂ- C Ws

+g8 Z z (as’d’ks'ss/4ﬂzczw§') '—Z Z I:Z M'[(misdnis’a'—mis’w’nisa)

s’ o s’ o’ b
2 2 2 2
XZ M'i’(mi’svni’s’w’—mi’s’v’ni'sa)](3w3+ws')/(w8—ws’) },

K2

D=(1'/1287%") 4.0 (1/802) (20 +dos)/ (1),

1=%,1.

V. CONCLUSION

In the preceding sections relations have been derived for the vibration-rotation energies of a
general polyatomic molecule to second order of approximation. These relations have been used to
verify the results arrived at independently by various authors for certain molecular models and in
each case have been found to corroborate their results. Enough cases have been tested by the author
to verify the contributions from each kind of term in the Hamiltonian, H and this is deemed a con-
vincing check on the accuracy of the calculations here reported upon. In each of the cases tested by
the author it was found that the vibration-rotation energies could be deduced in a small fraction
of the time required to obtain them by the Howard and Wilson method starting at the beginning.

It will be seen by inspection of the relations (26-30) that two and only two types of resonances
occur in the energies to this approximation. These are of the Fermi-Dennison! type and of the
Coriolis resonance type. The first is a resonance between a fundamental frequency w, and a com-
bination frequency w,=+w;, i.e., the resonance denominator will contain (w,—ws;—w;). Such terms
will shift the centers of the vibrations bands, but will leave the spacings between rotation lines essen-
tially unchanged. The second type is a resonance between two fundamental frequencies, e.g.,
(wr—ws). This kind of term will alter the effective moments of inertia and may therefore give rise
to anomolous spacings between the rotational lines. Essentially, however, it will not alter the
positions of the band centers. Whenever the resonance denominators w,—w;—w; and w,—ws, re-
spectively, become too small the usual methods of perturbation theory fail and other methods of
procedure must be resorted to. While to this order of approximation these are the only resonances
which can occur, resonances may, of course, also occur in higher approximations and may probably
also make themselves felt in the spectrum. i

It is pertinent here to inquire into the practicability of carrying such calculations to still higher
orders of approximation. It is doubtful whether such calculations would be particularly useful since
in a higher approximation it appears that the secular determinant for the energies would contain
elements of the kind (K|K), (K|K=+1), (K|K=2), etc. This would mean that the secular deter-
minant would not factor into sub-steps and that the work involved in determining the energies
would become prohibitive.

Moreover, in another approximation interactions between the electronic motions and the motion
of vibration and rotation might be expected to set in and these certainly would be difficult to take
satisfactorily into account. Also the approximation used throughout these and other similar calcu-

L E, Fermi, Zeits. f. Physik 71, 250 (1931).
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lations that the oscillators are approximated by simple harmonic oscillators where the variables ¢,
extend from + « to — « rather than from g, to + » would begin to become invalid in higher approxi-
mations.? Finally the approximation made earlier that coefficients multiplying functions of ¢, in
H,, which themselves are functions of P,, may be treated as constant coefficients becomes inadequate.
This convenient approximation is satisfactory so long as the energies are not estimated beyond the
second order, but in still higher orders of approximation the non-commutative character of Hog and
P, may become significant. It appears, therefore, that in general the work which would be required
to extend calculations of this kind to approximations higher than the second would become pro-
hibitive.
APPENDIX

It has seemed worth while to insert an example to illustrate how the results derived in the foregoing
sections may be used to obtain the vibration-rotation energies in a particular case. The example
chosen pertains to the planar XY; type molecule which already has been studied by Silver and
Shaffer! (S. and S.). In their work the plane of the molecule is made to coincide with the xy plane
of the body fixed axes so that the 2z axis becomes the axis of symmetry. The configuration is so
oriented that the equilibrium positions of the Y particles and the X particle will be, respectively
(—a,0,0); (a/2, —3%a/2,0); (a/2, 3%a/2,0); (0, 0, 0).

From the foregoing work it is possible to write the displacements of the particles X and Y along
the x, ¥ and 2 coordinates in terms of the normal coordinates Q.. as follows:

0%;=2 i liscQsoy  0Yi=2i MisoQsoy  0%:=2 i NisoQsos
where the Lisey Mise and m;,, are the following:
1aB=BM)3, hor=Q@M)[(m/BM+m))ty—5], li=0,
L= Q@M)[(m/BM+m))ts+v], luu=0,

la=—3BM)}, lwm= (3M)“’|Z(m/(3M+m))%~/+§:|, 1222=2(M)_%v
lan= (3M)_%[ (m/(3M+WL))%5—'%], lage= ——;Z(M)—*,
= — 3G, Ty (3M>—%[<m/<3M+m))%v+§], fan= =40,

lsn= (3M)—%IV (m/(3M+m))%5f%]’ l342 =g(M)_é1

1y =0, ligi=—m=3M/(BM~+m))ty, l422=0,
L= —m=¥3M/(3M+m))?s, l142=0,
hs=ly=I33=143=0, (A1)
m=0, min=0, maze= (3M) 7 (m/(BM~+m))ty+6], miu=0,

musp= (3M)} [ (m/(BM~+m))*6—~],

ma1=3(M)?, WL221=§(M)_*, Mage= (3M)_*|: (m/(3M+m))}'y——§], Mao41= —%(M)_*,

masz=(3M )-*[ (m/(3M+m)) %54%],

2] am indebted to Professor L. H. Thomas for this information. . .
13 In the case of the frequencies wi and w3 which are non-degenerate the index o takes only the value o=1. It is con-
venient in such cases to omit the index since no ambiguity arises out of so doing.
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] 6
mar=—5(M)7Y, mg= —'E(M)'%, M322= (3M)_%[(m/(3M+M))*’Y—E], mM341 =’5y(M)_%,

M3a2= (3M)”%[(m/(3M+m))%+_;_J'

M41=0, M421=O, Myge = —m—%(SM/(sM'!'m))'Yy ’WL441=0,
magp= —mH3M/(3M~+m))~*3,

m13= Moz ="mz3=1m43=0,
nis=mnoz=nz3=BM) ¥ m/BM+m))t, nu=—m33M/BM+m))?, n,=0 (s5%3),

M and m being the masses, respectively, of the Y and X particles and § and vy being transformation
constants.

The first step in evaluating the energies is to determine the values of @4, bs0, etc. and A sesoy Biosar
etc. We shall evaluate only one of these, namely, az; and Azzs.. The first of these is:

0 0 0 0
A21= Z(My1M121+My2M221+My3m321+my4m421) .

. 0 0 .
Since m121=m421=0 and y3;= —y, we obtain:

| an=2(M)'y28=—(I22)'s. (A2)
In a similar manner we find that

(e) % (e), ¥
al=b1=_(Izz) ,  ba=—an, a41='—b41=(1zz) Y, Ge=Dbi=03=b3=a4=042=0, ci=a1+0by,

cso=0(s%1). The constant 4 g3, is defined by (15) and in our particular case it becomes:
Agana= {(1/3)[3m/BM+m))vy*+38/2]+ @M/ (3M+m))v*}
= {(m/BM+m))v+@BM/BM+m))y}?=8/2. (A3)

Likewise one finds that A1i=Bl1=%, A2121=A2222=Bz121=32222= 52/2, A3333=B3333=0, A4141=A4242
=Bua=Bui=7%/2, Cu=1, Ceuew=0 (s#1).

We shall next compute the values of ¢, and {4 which occur in the first order energies. By definition
4

$oa=2 Mi(liaxmsas—lingmiar). With the values of /i, and mi., given in (A1) one obtains at once
7=1
2= (y*—8%). In the same way one verifies that {3= —¢{,.

The vibration term values are given by the relations (29) where the constants x,,» and x,;, depend
upon the coefficients occurring in the anharmonic part of the potential energy. We shall evaluate
only two of these, namely, x3 4 and x4 3. Inspection of the anharmonic part of the potential energy
function adopted by S. and S. shows that the only k’s which can occur in (30) are k433, kaa1 and kizs.
Evidently

X3,4= (h/321r4w3w463) {k3saa—Ras 1k133/47r262wi+47!'262602([M(M241n23+mau”ss) P

[ M (mysaniz+messnoy+msastios) +mmasanas %) },

. 22 2 2 . . .

of which the last two terms reduce to 47 ¢ w38 . The term x43 is entirely like x34 except that the last
. 22 2.2 ep e, . .

term is equal to 47 ¢ w48 . The x34 and x43 are added together and if it is taken into account that

(h2/>\;)\:)k3344=h673344 and (ﬁa/kf)\s) }k133=h€ﬁ133 in the notation of S. and S. we have at once that

(x34+x43)=(52h/87r21;?)(wa/w4+w4/ws)—31336144/w1+73344. In a similar fashion all the other G

obtained by S. and S. may be derived.
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We shall then proceed to consider the rotational constants. This consists in evaluating the B,
and C, as defined by S. and S. We shall here evaluate only B, which is B.—ao— 2 (v.+g+/2)as, B,
being (h/81r2I ,(;)c) since I, ii)=I,(,z,) The constant a, will in our notation be xo=y,. From the relations
(28) we have that:

(e) 4

xo=(—h'/2567'c") T (1/8ws) {[(@se—beo) +4das ]/ (Te) '}, (A4)
which upon insertion of the values a,, bs, and d,, leads immediately to the result:

Xo=Yo=ao= —4B(8/wst+7 /wi). (A5)

We proceed to evaluate the ;. In this appendix we shall evaluate only as which will sérve to demon-

strate how the others may be obtained. We have:

Xo1= Xo(h /8 Caos[e)[(8°/2— 215 6"/ 1)+ (2) (1) Brga/An ¢ or ]

and

Xon=Xo(h/87 carl ) [(5°/2— 212 6" /1Y 4 (2) (1D Y obyga /A ¢ w01

2 2 2
- (MM122n13+ Mmazamas+ Mm322%33+mm4g2n43) 2(3w§+w1)/(w2 - wl) ]

After inserting the values for m;s, and simplifying one obtains:

cr= (Xa1-FX2) = X (/47 conl o) [(=38"/2) + (2Lex) hus /A ¢ 01 — 7 (Bws 1) /2(ws—w1) ], (A6)
which is equivalent to the expression of S. and S. for a,.
Of the centrifugal stretching coefficients D we shall evaluate only D; which is defined in Eqgs. (28).

"It here becomes:

D= (1/5120°C) {(1/8e) (1615 /(IY) + (1/8eon) (12108 — AL o5 +8To08) / (In0) 1+ 1610 /8ws(Lse) |

which becomes equal to
Dy=2BI(1/wn)+ (8" [an) + (v [01). (A7)
It is easy to verify the relationship for Dk obtained by S. and S. and also their relation that
D;x=(—2/3)(Ds+2Dk).
These constants being evaluated the vibration-rotation energies of the XY; planar molecule are
determined and are given explicitly by the relations (31) and (32) in Section IV.



