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ABSTRACT

Expressions aré developed for the rotational levels of an electronigall&
degenerate planar XY3 molecule. It is shown that there can.be strong ﬂ-fype
doubling énly in levels with no vibrational angular momentum and that this
doubling has fwo malin causes, namely, a rotational-electronic interaction
and a rotational-Jdahn-Teller ;nterdction. The Z-type doubling of other
levels  is largely quenched.by vibronic coupling.

Estimates of the observed fZ-type doubling in the 3P(E") state of
ammonia indicate that the two‘above contributions act in opposite senses.

A mechanism which accounts for the variation of the observed Z-type

doubling with vibronic is suggested.

o



* slnce i1t 1s known that one possible cause is the Jahn-Teller effec

INTRODUCTION - ‘ .

As Ls well-known a molecule in an'eleqtronically :
depunerate state may éxperience a dynamical iahn-Teller effectl,
and its detalled rotational structure may provide a measure of--
the strength of this effeotz. It is therefore Interesting
to examine the observations of Douglas and Hollass.on the
rotatlonal structure of the 3P(E") Rydberg state of aﬁmonia,

ror evldence of vibronlc coupling. Of particular interest are

~the posslible causes of the reported strong f-type doubling,

ct

The molecule is known to be planar in the 32(E") state,
and the first part of this paper involves a.derivation

ol the formulae for the rotational levels of an electronically

.- depererate planar XY, molecule, first in the harmonic

approximation, i.e. without elther vibronic coupling or

puarely vibrationallanharmonicity, and then in the presence of
weak vibronic coupling. Using a slightly different perturbation
procedure from the famlliar Van Vleck tran'sformation4 we |
first derive an expression for an effective_rotational
Hamiltonian akiln té the spin-Hamilfonian extensively employed

i the theory of‘magnetic resonances.' It is then shown

that in the harmonic appfoximatioh, first order 4-type

doubling can occur only in levels 1n which there is nc v
vibrational angular momentum, because the leveiE with a non-

zero vibrational angular momentﬁm which would be doubled are

alrzady split apart by Coriolis interactions. Strong second



order perturbations 6n these levels miéht however be regarded
as pseudo E—type.doubllng In the harmonic apprOximation
therc are two mein perturbing forces, both arising from ;ocond-.
order Coriolis interactions;'one:(q ) being purely electronic
in orlgin and the other (qVIB) purely vibratiOnél.‘ only g
contributes to the true E-typevdoubling. The main effects of
vibronlic coupling are to adé a term qJT to the term qE, which
increases<or decreases the true £-type doubling depending
on the sign of the Jahn-Teller effect .and to quench the
pseudo J-type doubling mentioned above

" In the second part of the paper we review the eXperimentdl

results and make order of magnitude estimates of the term qE

and the vibronically induced term qJT

| In view of our

uncertain knowledge of the electronic structure of the molecule,

these estimates may later prove unreliable, but:theyldovindicate

that qE and qJT probably have opposite'signs."We suggest a

possible mechanism for the'large variation in the z-type

doubling from one vibronic state to another. Finally, we

‘consider the information that couldbe gained by an analysis

of the ND5 Spectrum .

THE ROTATIONAL LEVELS OF AN ELECTRONICALLY DEGENERATE PLANAR

XY, MOLECULE ‘ | ' :
Formulas for the rotetional levels of‘andelectronically

degenerate symmetrical X5 molecule have been derived

elsewherez, and the theory for the XY3 system follows the same

lines. One must however allow for certain second-order.

Corliolis interactions which were not considered in the



previous case. _

Barring aqcidental degeneracy,vghe degenerate electronic
state of the molecule must have symmetry E' or E", and in
'general.dne mus?t allbw for Jahn-Teller interactions between
: electrpnic and vibrational degrees of fréedom. Ihtthe first -
instance however, these effects and indeed all other vibrational
anharmonicities will be neglected; the vibronic state of the
molecule will be taken to be a simple product of harmonic
oscillator states and one of”the two component electronie
states, |e4‘> or |e > say. We shall then go on to investigate
the effects of vibronic coupling. |

The Harhonic'AppfoximaﬁiOﬁ

‘Let H, denote the roﬁatiOﬂal,Hamilﬁéﬁiani Then f@f an
electronically dégénerate planar symmetrical top m@le@ule

H, =% <%QLKJ%*£¢“p+)(;E§za=pﬂ) + (- 2--p2( + B+ *)]
(

2 . . N2
4 . J- -
) u++(v¥ E+ p+) +u__(J

gy (F-8,-p,

where

(J <4 =p.) = (I ~b b )t £ (3 -0y-pg)e - ({2)
+ 4 * y

J, £ and p belng the bpératcrs'féf_total; élé@tr@ni@ and
vibrational angular momentum respectively. The tensor u is ‘the
ciprocal of the effective 1nstantaneous inertié tensor”, and
| Wy = l(uxxﬂx DI {u"f = Pyy

g = Bl T 2t0,);

the other components of u are zZero.

33==9‘>é3ﬁ-.(1)

ot et Te s I

e 1o

el s
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To & pood approximatlon p 1s a functlon only of nuclear
posltlon, whlle p depends on the positions and momenta of the

B

nuclel and f on those of thevelectrons. Hg therefore couples
differen% vibrational-electronic states together. Suppose
degenerqte vibronlic state has energy Ee and components en,>
characterlized by three quantum numbers. In’second-order
perturbation theory, the matrix elements of Hr within this

level can be written

<ena|HP]f><;fiHr,]en5 >

' (4)
Ee - Ef

In other words, in this approximation H, is equivalent to the

<enalHrlenB > + }:

operator

Hm(z) 24 ><E|H, (5)
+ 3 .
£ e - Ee
as far as interactions within fthe degenerate level are conqerned.

In the present case this operator can be reduced to the form

2 N

y (2) 27 2 2 ga,

+39 37 “+3q 7 + const (6)

keeping only terms no higher than quadraticvin the rotational
operators, and we shall gi?e eXpressions for the operators i, B,
C, CC, and q in terms of the coordinates and momenta of the
nuclei and the electrons

If m and M denote the masses of an X and a Y atom re -
spectively and 1if 77 = 3mM/3m+M, in the system shown in Fig. 1

a sultable set of mass-adjusted symmetry coordinates may be
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taken Co be

A 1 \
Al s S, = (2%, -%X,- By, -x, + V3y.)
e N P i I T
1 1.""}"‘ VU 2
AZ S, = 3(¢%/m (zl+zzf23) - 3V7)/m Zo){*
_ 3 B 7
S3a “JT?(2*1”X2+V%y2“xs”ch3)’
Bt '
1
S3b==JT§(2yl-v3xz—y2+J3x —y3)
Spg = ﬁ/%%ﬁ (x tXotRg ) - 3¢77ﬁ X ),
El

Spp = (V%V‘ (Vl*y2+y3 - 5¢%7M Vo )

With this.choice of phase, SB and S4 span the representation
E' ir. 1dentically the same way. The normal coédinates of the
system may therefore be expressed in-terms of the S's in the
following way | |

W = 5 ’ W = S

O
WA
{l

cos 6 83v+ sin 8 S4 s

Q4 = ~-sin 6 83 + cos 6 84.

The expansions of the components of as.far as the quadratic

~

terms in the normal coordinates take the form -
v = (21 2 - 2ey/e) + S(Ql/Q )% + se0s®0 (a5/0,)°
| + 331n%6(Q,/Q,) ]

si= (2/1,) (1 - 2eg) + 3(ey/e,)? ]
b = wE = (/1) [cosemM/Qo)' + siné '<Q41/Q0>]

In these equations IO is the principal parallel moment of

im0

7

(7)

(8)

(&)

s

inertia, SmROZ, of the molecule in its symmetrical  configuration,



and

e f-1, a%-q 2%+a.2., g - (1 =
o T ot ™ T Yua o0 Yy T Qe Qib = 3,4).

In the harmonic approximation the states of Ql and Q2 may

“be written lvi>, and those of Q3 and Q4 lv Ei>. v, = 0,1,2...

i
then specifies the enex;y of the state and, for the degenerate
\}ibrations,,ﬂ,i = Vys v,-2, - vy gives the vibrational angular
momentum. It 1s now a matter of simple geometry‘to derive the
forms of the various quantities in equation (1) and we shall

merely glve expressions: foxr the varioue contributions to Hr(z).

If Pl 1s the momentum conjugate toQl

Py = Loz (QFg, - QgpPp) + Loy (Q2P4b'" QpPe):
py = oz (QpFz, = Qg,P 2) + 524 (QpP4, - QP z)’
and p, = &5 (QgPz O5pPsp) + Lo (QuaPap - UpPas)
| +8z4 (055P4p = QUpPsa + QuaPap - QspPaa) - (10

where the Coriolis coupling constants ¢ depend on the

transformation angle 0:

I

- -ty = cos20 , {z, = 51n26,

Czs = -sin@ . s C24: = COS»e.‘, . . - 2 (ll)
Vibrational Coriolis interactions arise from the terms involving

products of the type J in equation (1). In allowing for

afp
_ the terms which first contribute in second-order (i.e. those

involving gzs, §24 and £34 in equation (9)),,we.make uge of a
device due to Moffitt and ThorsonY.' The relevant terms lnvolve

products of the type Qi j - Qj 1 which connect the harmonic -
.

oscillator state lvi, Vj > only with the states lv - 1l, ve =1 >

J
Such a term, which may be compactly written Mij:



provides the iollowlny vlbratlonal contrlbution to the matrlix

‘element <en |H (e )len6> in cqudtion (5)

<Vi;vJ!HLJ(2)l ’vj> _Z<Viivjl i,jl 1’VJ><V1,VJ Mijlvi’vj>
By +E, pi-Eé_

<Vi’vj|Mij!V VJ>(E —Ei EJ+EJ)<V1’VJ|MiJIVi’VJ>-

il

T L (E,-B})° - (E,-E§)° (12)
§:<V1’V‘[H ), Mi«]lvi’vj><v JlMiJlVi’V3>
(E. ~vi> - (8,-E})°

Now, since vibrational energy levels -are equaily spaced and
lvi,v3> = lvifl, v f1>, ali terms in‘the sum have the same energy
denominator, czﬁz(w --wJ ) We can therefore perform the

sum over the complete set l i,VJ> to obtain the following result

- 2 c .2 2. 2( & &
” (wi 0, ) " (ay -wj,)
_ B(H 5,), 00,0, ]
20'h2(w 2-0)J ) . | (13)
The double commutator in equation (13) 1s evaluated with the
help of the welleknown relations '
. ) ‘) . 2
(@, ) =3n , ([H,q] = -ihpy and [H,P] = 1n( 2mew, )°Q;  (14)

In these equations mi has the oonventiohal spectroscopic
significance, it has dimensions %f a reciprocal length. For
iJ = M(QiP -QJPi), using the fact that as far as interactions

‘within a glven vibrational level are concerned the expectation
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value of the same as P 2 is the same as the expectation value of

1
(2mew, )%, %, 1t turns out that
2
42) _ o Swi +w Bw +w
Hij = ~mcM —'-2'—'--2-— Q’j P (15)
wy —w N

So much for second-order vibrational effects.:

The electronic contributions to the rotational constants
depend on how the components of % affect the electronic states
le+> Which.have e! symmetry., On symmetry grounds Bz can
oniy couple them to other states with the same symmetry, #e >

say, whereas 4, can connect ; e > elther with other degenerate

-+

states of e" symmetry - +> or with non-degenerate states of

4a£ or,ag symmetry, ;a>. If the components of degenerate

states are taken to be complex conjugates .of one another;
1t proves convenieut to define the following types of electronic

matrix element

<e+l-zzle+> = -<e1lﬂzie_> = 'h‘i;e,

<e~;_ (ZZ |e+> - = ._<e'_lﬂz'!e_>' = ‘flcae:-;' . ) )
<e+lﬂ'+le+> = f<e2iz-le—> = Mleen s

ca lg e D = '—<é‘1i le > = Bly, . (1)

The signs in these relations follow from the identity £* = -Z .
Expressions for the rotational operators. B, C, Cf, and q+
" in equation (6) can now be derived quilte straightforwardly
. and we shaii merely quotenﬁhe feeulte;'correct to terms

quadratic in the normal coordinates. Note however
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(1) that terms in equation (1) which do not involve

1

contribute only to the constant in eguation (6);

(11) that the terms u*+J P do not contributeuntil
6rder Q4;‘

(1i1) that since J -and Jy do not commute, the. terms
invoiving Jt(zt+pt) provide contributions not only to B and
q, but also to ¢ as well., The final results are given in

“n

conventlonal form below

4
B = 5, -o®) - ) o) (/0,97
i=1
S : | |
C = Ce - G:C(e) - Z o‘C(:L) (Qi/Qio)z, ) - (17)
' i=1
where : .aB(e) = -}z }:
- 30, 2w, ® |
N [%3( )* C24< : ]Bez/‘”z g
(3) : Sw *”2
N e /05
-G‘B(lé) = - [Zusin29+ C24< >:] Z/w s

<

i s e o
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]

where

cg
Se

i

il

I

!

BE.p = EBg-Epo s

A _
~Ce[cé£z + ’:'E‘SPSZZi~ 9] P4z}

-B
W) ¢

< I)ee

3w 2+w 2

s+ 2( 2ty ) s (B/0,) (0/0,°02 , (19)
2 3 ' o _ ‘ .

- 22
L% TN L2 ;
Co+ A—7—7) Lo (B/9p) (/9
Ny -, “/ R _ :

(£ =a,e! or e"),

-

11

(18)

ea ?

L
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ﬁF ei> = 4+ e})
Pra Vo> = 1V1’21> (L = 3.4). ‘
And finally
_ % E JT VIB . EV ' v
Ay = a* = a0 +a T +aq T A, .. (20)
wherae /
2
E /BB e 2
Sy = C6': a 2
AEea .
- _ ,
JT  _ 4 , / o) o
4" = 2eos By ¥ B/wg(Qy /Q ") +esind By VB /wy(Q, /9,7)
2 2 2 2 '
3Wo, W 3w, D
VIB _ 2 3 2 2 oy2 L2 4 2 2 o}
1y = () (B 0005,/ P0Gy (——5) (3, %/, )(0,,/0,°)
Yy = T, T -w
3 2 : T4 2 ‘
EV 1 E._JT\2
Q, = Zg*g Q_(q+ )
e
I P S (21)
The ratios (Qi/Qio) in these expressions are dimensionless
quantities;
3 0y2| - 1 A
<y Q) /@ ") vy > = vy +3d
<vi+1,£i+11(Qi+/Qio)lvi,ﬂ,> = V3(v,+0,+2) (22)
! oy | = ilv, -
vy =1,8,419Q,/Q ) vy, 8> = ¥3(vy £y)e
Most of the terms in these expressions have essentially ¥
been obtained befores, wlth the help of the traditional contact

transformdtion4; they are given here for the’éake of completeness,

and apart from'the contributions to q,, we would merely like

L
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Tto draw attention to the electronic terms aB(e>vand O (e) in
B and C respectively and to the fact that the effective Corlolis

constants CS’ and C4, may depend on Voo

In the harmonic approximation there are two main types

of contribution to qi - the purely electronic terms q+E and the

VIB JT

purely vibratlional terms q, . The terms q% » Which are

odd functions of Q, average to zero in this approximation,

“and the terms q+EV, which are of order (Be/AE)x(Be/w)xBe mush
generally be much smaller than q+b or q+VIB. We shall therefore
| | P ~ _ EV

consider only the first-order affects of q+ .

In the absence of q+, the rotational vibronlc otate
can be taken in the form 'A;v 1’V2’V3’£3’V4’Z4> [J K> where A
takes the value +1 for the electronic states e+> and the

rotational states lJ,K> satisfy the equatlions

leJ,K> = J(J+1)n2lJ,K>, ' ' | .
J+2lJ,K> - VI KD 100+ (K1) (k32 Jn? |7, kie>
(The third of these equations follows from the commutation rule.

[Jx’Jy] = .-iﬁJz (24)
for the components of J referred to axes fixed 1in the
’molecule?,) For q = O therefore, according to equations (6)
and (19) the term values of these rotational levels are given

by the following formula

F (x,zs,z4,J K)-— B J(J+l) + (c -B,, )K -20C, (xc'+z §é+z4c4)x '(?5)

In this approximation the states lx;£3,24§J,K> and I-x;—BS,—£4;J;—K>

have the same energy.

#o e avsm—
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When ¢ #-0 the sbate of theé molecule is & linéar combination
of these baSicistates, but.there 15 no simple general formula.
for the corresponding energy levels. We shall therefore
copsider only two special oasgs to illustrate thé main effects -
involved.

Case (1) v% =v, =0

When Q3 arid-Q4 are not excited, the_vibronié_state is

doubly degenerate, and only q+E

together. The rotational levels are glven by the‘well—known'

can couple the ccmponent states

formulas for f-type doublingf

Fv(ilgo,o;J;K) = BVJ(J+1)+(C;-BV)K2 T 2C_ LLK. .
+ (o®)%13(+1) -K(KF1)1[J(I+1) -(KF1) (KF2) 1,

x . - T X
| 16(CV—BV—CeCe}(K+1) | (26)
except that for the Ai and AZ levels with [K[ =1
E B
Fv(il;0,0;J,jl) = BVJ(J+1)+(CV—BV) - 20t + 2q7J(J+1) | | (27)
In ‘these equatlons 5 : _
—/ 2B : '
E o N{__& . CZ S (28)
d AE ca | - :
' ea . s . "

Either the upper or the lower signs in equation (26) are taken
together. |

Case (2) : v, = 0, v, =1

The case when v, = 1 1ls more involved because £, can take

the values + 1 and the vibronic state is 4-fold degenerate.

VIB

Moreover q+E and d. can both couple different component

states together., With the exceptions given below the rotational

term values are now given by the basic formula



"~ (111) The states 1K,k,24>

o 2
Fv(x;o,zQ;J,K) = BVJ(J+1) + (CV-BV)K -2ce(xc%+24 LK (29)

with additional perturbations

+ (q(E))? [J(J+1) - K(Kil)][J(J+i) -*(le)(xiz)]

, : — ; for levels with
16((C,-B, ~-C L) (K+1) - C, ,¢i)

A=+ 1

)2 [3(I+1) - K(KF)1LI(T+1) - (KF1)(KF2)
16((C, -B +C_tL)(K¥1) - ¢ aer]
) v v Te?4 e Cé 24 = I 13 (30)
2, 2 2
4 2 3w4 +w2 B -
af* - ‘Czdi 77 > — . ,

034: --(J.)2 034:

4
and + (qg ) for levels with

- There are the followlng exceptions to these rules

(1) Fv(f15o,t1;J,o)=BvJ(J;l)_(q(E)+Q1(4))2J(J+1)[J(J+1)-21
| - : 16[C -B ~-C (¢l-¢})]
Fv(tlsd,il;J,t2)=BVJ(J+l)f4(CV—BV)-4Ce(Cé-@&) | (31)

+ (q(E)+q3(4))ZJ(J+1)[J(J+1)-2]
lG[Cv_BV_Ce(Cé—Ci)]

(11) a(EV)_couples togethér the otherwise degenerate states

with A = + 1, 4, =+ 1, K=+ 1, These levels are therefore

split into levels lying %qé(EV}J(J+1) above and below the

position given by equations (29);and (30);

ngV) = _q(E),?g sinfe 7_.‘ v(32)

‘}$l,¥1,-§1> s J._-1,4_-1.:',i-1> and |+1,¥1,¥1>
may be very close together and the corresponding energy levels
depend on the magnitudes of the zeroth order energy level

separations 4CekCé and 4Cez4té compared with the coupling terms
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éq]( )J(J+1) and ,q(F)J(J+1) respectively. Equations (29) and
(30) apply to the case when l4C AL l>>],q1(4)J(J+1)] and 140 34C4i>>
l)qO(E)J(J+1)‘ Otherwlse the perturbed term values are glven by

F, = BVJ(J+1) + (CV—BV) + & ,

where € 1s one of the three eilgenvalues of the following matrik

Loc (c-ty) & 3\ ®a(aen) , a,(Ya(aen)
3 Blaa) , 2o (ggy) 0 (33)

%ql(4>J(J+1), 0 . 20 (L1+e,)

.The positions of the J=1 rotational levels of states with

vs = 0, v, = 0 and with v3k= 0, vy = 1 are lllustrated in Figa 2.

These diagrams apply in the harmonic approximation to a

hypothetical molecule with B = B = 10 cm 1, Céc: Cv =
5 om Y, o) = 0.2 on7l, g (4) = 0.1 em™, ¢l = 0.8 and |
Ca = ""Oe 150

It is clear from equations (31), (32), and (33) and from
diagram 2(b) that the only true‘z—type doubling in the v4'= 1
state arises in the level with ! K, K,£4> = |+1 1, +1> and this

is due to the small term a, (EV). .“The "’ effects of the much

(VIB) are largely quenched by Corlolls

larger terms q+(E) and q
interactions; There w1ll therefore be no strong z Type ‘ . .
doubling in this level unless (! or (} vanishes. The - “ -
relatively large perturbations of the levels fl,?l,fl>,

+1,+1,+1> and l;l;tl,tl) is,however, due to the second order

effect of the f-type doubling terms.
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Influenee of the JahmrTeller»Effect

As iIs well known, the Jahn-Teller effect upsets the

10,11

harmonle behaviour of certaln molecular vibratlions In

‘the present case both QS and'Q4 may be affected. The vibronilc .

wave function is no 1ongerva.simple product of harmonic
osclllator functions, and a single electronlc function and the

vibronic level specified by v, and v, 1s no longer 2(v3+l)(v4+1)—fold

3
degenerate. It 1is spllt into (v3+1)(v4+1) degenerate pailrs

with the states arising mainly from |v5,33;v4,ﬂ4;e+> and

lv5,~£3;v4,-£45e_> remaining degengrate7. If round brackets

l) are used to denote the perturbed vibronic states and 1if

k., and k4 are the dimenslonless vibronic coupling parameters

3
ilntroduced by Longuet-Higgins et,al.ll, 1t turns out that in

first-order perturbation theory

.2 2,-1
|v5,£3;v4z45e+) = [l+(v3+1)k3 + (v4+l)k4] 2{|v3,£3;v4,£4;e+>

- V%(v3+£34&ﬁk3|v3+l,23+1;v4,34;e_> +\/%(v5—£3)k3]v3—1}E3+1394:ﬁ4;e_>

- J%(v4+£4+2)k4|v3,£33v4+1,24+15e_> + v%¢v4+z4)54lvs,zs;vé—l,z4+1;e_>

and (34)

2 21-% .
|Vgs-bg5vys-£yse > = [+(vgtl)ky + (v #1172 Vg, =2a5v 50 >
BVt Bt 2 kg [V oty gy vy 50 > RV -ha) kg [Vam1s-Rg-15v s - Ryse >
I‘
-N%(V4+£4+2)k4 ’vs’ -£3;\,4=+15—£4:—15e+> +‘/%(V4—£4)k4: lvsy -.ES;V4'19-E4-158+>\{ °
The Q,3 and Q4 contributions to the term value of this level are

given by the following fqrmula

-

. ' - 2 2
G(vs,tzs;v4t£4;e+) = [vz+l - (£3+1)k3]w3 + (v +1 - (24+1)k4]w4 . (38)
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It 1s more convenlent to work 1In terms of the'ki than with
Moffitt and Thorson's Di(=%k§)lo, because the signs of the
k, are important in thls work. Equations (34) and (35) are
valid for k2<0.1. | :

Strictly speaking the forms of the operators B,C, C( and.
q% in equation (G) will also be affected by vibronic coupling.
F;r a weak Jahn-Teller effect however, any perturbations on
the formulas given in equations (17) through (21) must be small
and we shell neglect them.

The mean values of these operators when the vibronic
state is described by equations (34) will not be the same
as 1n the harmonic approximation though. Invparticular the
© mean values of (Qi/Qg)2 and C¢ are no longer given by (22)
and (23) respectively; we find instead that, to terms in kf

0/2:°)% = vt + [(4#1) (452) - (vgr1) P 5 (36)
with 2 similar formula for <(Q4/Q40)_> , and ‘

<Ct> = +C, £ l1-2(vg+1)is - 2(v,+1)k5]

2, 2
+§'3[23+(v3+1)k3] + Gy, 4{vy+1)k,] } . (37)
The upper and lower signs in equation (37) refer to the states
giﬁen by the first and second equations (34) respectively°

In addition qiT

can now mix together vibronic states : -
which are degenerate or nearly so. It follows from equations (20),
(22) and (34) that in this approximatlon there is only one new

type of non-Zero matrix element,_Namely



, : N JT , o (J71)
(\'5:35.'\/4_’"’{L’(’-;_’q.‘,_ lvs,' ¢633V4)£4:(5"+) = q
o= -4k conlB Be/w3 - 4k, singB, Be/m4 (28)
JT _ _ ‘ ' E
a, therefore connects together exactly the same states as 9,

t . .
We have seen already that in the harmonic approximation

‘there can be first order f-type (or A-type) doubling only in levels-

with £, = #, = 0. We now deduce that this doubling may be
enhanced or reduced, dependlng on the signs of kS and k4, as a
direct result of the Jahn-Teller effect. Furthermore the pseudo
£-type doubling of levels with ES = 0, 34 = 0 will be completely
quenched by suffilciently strong vibronlc coupling, since
]VS,ZS;V4,Z4;e+) for instahce remalns degenerate only with

. E T
lV3,~£53v4,—£4;e_), but 1t is coupled by a and qi

IB

only with
V 3 3
|v5,£53v4,£4;e_) and by q_t only with ]va,ﬂstz,vézé,e_) or
ivE,zS;v4,£4t2;e_) among levels with the same v; and v,.
Finally we return to the special cases considered in

the previous section.

Case (1) : v

3
Equations (26) and (27) must be replaced by
2
Fv(tl;o,o;J,K) = BVJ(J+1) + (CV—BV)Kf 26 L K

. o [3(I+1) -K(KF1) 1[I(J+1) -(KF1) (K¥2) ]
-y 16(C -B, -C ¢, ) (K+1) | (262)

and - | _
F (+1;0,05J,+1) = BVJ(J+1)+(CV-BV)-zcecvt%qu(J+1). (272)
where according to (36), (37) and (38)
' 2 .2 2., 2
L, = C(1-2kg-2ky ) +8" skt bk,

a, = o(B) 4 q(IT)

and. in BV and CV



<Q,/Q,°)% = 1+kf “for 1 = 3 or 4.

Case (2) : Yngf vy=l

According to (35) the vibronic state is split into two
,doublets, which may be distingulshed by thelr values of_ M&é;'
the pair with XZ, = +1 lies lowest, Equations (29) and (30)
for the rotational levels must be reﬁlaced by

F (%0,4,50,K) = -k w4(1+xz )+B_J(J+1)+(C,-B, VK&

20 (Al g, LK | (29a)

[q(E)+q(JT)]Z[J(J+1)-K(K$l)]{J(J+1)-(K;1)(K$2)] when A = +1°

16[(C,-B_-C_L) (KF1) -4, (3kj0,+C_ L))

and +(q, *)) 213(5+1) -K(KFL) 1(3(3+1) (KF1) (x72)

il
+1
}._l

when 24

n n g c n
16[(0V~BV+CeC4)(K+1)+X(2k4w4—Ce§e)]

Similarly equations (31) become

F Q+1gx»1 3,0 = 2k2 4B JJ+1) (E) +q( )] J(J+1)[J+l)[J(J+1) -2]
16[0 -B,C (L -¢, )+—k4 n

gtIT)

F, (+1 0¥1;J, +2)-B J(J+1)+4(C -B, )-4C (g" c ) - (31a)

(B gtIm) o (8125 541 [9(aw) - 2]
1s6(c,-B,-C (£ ¢, 1)+, ]

In these equations

€ = guli-zkg-acgl
and
¢y = ¢yl 8, +2Ks] S (39)

Finally the levels with |K, X, £, > = |[F1, 1, +1, >, [+1, 1, +1 >

- and ‘+1, F1, ¥1 > give rise to three levels with term values

y



B, = B.J(J+1) + (C -B,) + € | N (52a)
where € takes the ergonvalues of the mubrix:

..ao (CH n) —,lg(q(E)+q(JT))J(J+1) :" qu )J(J+])

2

l(q(r) q(JT))J(J+1) s ;Zkiw[l - 2C (C”'*‘C ) 5 0

1t

%qgé) J(J+1) . s o , —2K? 40, +2C (c“«cé

[il, 1, +1 > wlll bherefore be strongly perturbed by ‘fl, +1, +1 >

1f the Jahn-Teller splitting Zkfwd = QCGCZ, Similarly

|¥1, ¥1, +1 > and ]fl, +1, #1 > will interact strongly if

2 1
2kiw, T 4C .
kg, ece

Figurers shows what happens ﬁo the J=1 rotational levels

of the v, = 0, v, = 1 states when there is a 15 cm™* Jahn-Teller

3 4
JT

splitting of the v, = 1 vibronic level and when ¢ -4

= 0.3.cm 73
all other rotational constants have the same values as in
Fig. 2(a) and 2(b). Notice the strong accidental perturbation

between the levels with |K,\, 4 |+1,¥1,%1) and |F1, F1, +1).

) =
The following conclusions may be drawn from this work.
First that there are three main possible contributions to the
operators q+ in equation (86) responsible for 4-ftype doubling,
namely purely electronic terms a, (E ), purely vibrational terms

q+(VIB) and terms q+(J ) directly induced by the Jahn-Teller

effect. In weak vibronic coupling . (E) and q+\JT) act in
precisely the same way.‘ Secondly; there can in general be no
first order thype doubling in vibronic levels 1in which Q3 or Q4 .

1s excited because the rotational sub-levels coupled together
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by q+J+C'are spllt by Corlolis 1nﬁeraetions. Paradoxically

therelore, f-type doubling in electronlcally degenerate symmetric

top molecules can arlse only in vibronic states arising
i . .

from those with £, = £, = O, in which case 1t is caused by _

Gl+(E) (JT)

and a, 5 the terms A-type or. j-type ddﬁblihg might

therefore be more appropriate. Finelly, the 2(v5+1)(V4+1)~fold

degenerate states in which Q3 and Q4 are excited are split by
a linear Jahn-Teller effect into (v3+l)(v4+l)_degenerate pairs.
This splitting tends to quench any pseudo E—type_deubling
although there could be strong accildental perturbations
between levels with IKI = 1 and the same value of J, belonging
to different vibronic states; this situation is 1llustrated
- in Fig. 3. In the limit of a lafge linear Jahn-Teller effect
however, the spectrum would show a set of well separated\
doubly degenerate vibfonic levels each with Coriolis splitting
appropriate to 1ts combined vibrationel and electronic |
engular momentum.
£~TYPE DOUBLING iN THE IGOOAABAND SYSTEM OF AMMONIA

Careful investigation of the 1600A band system of ammonia
by Douglas aﬁd Hollas3 has shown that the excited etate
involved 1n this traneition is planar (D3h symmetry) and has
a degenerate electronic state belonging to the E" species.
If the ground state of ammonia is considered to belong to

the D group, it would have an electronic configuratien

3h
: 2

that may be represented as (1sN)2(a'1)2(e')4(a“2) s 1A'l where

(lsN) represents the molecular orbital which consists mostly

of the nlitrogen le orbital, (a‘l) and (e’) represeht bonding

W
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orbltals conslsting Qf the nltrogen Zs,'pr, and Zpy and sz
orbltals mixed with the hydrogen 1s orbitals, and (a"z) represents
the noannding orbital’consisting of the nitrogen 2s and |
sz‘ofbitals mixed with the hydrogeh 1s orbital. 1In a

planar state of ammonla, this 1ast orbltal consists entirely.mw
of the nitrogén 2pz orbital. The excited state:involved in
the 1600A transitipn probably has the configurati@n (1sN)2(a'1)2
(e')4(a"2)(3be'), 1E" where (3pe') represents a Rydberg
orbitql,similar to a 3p nitrogen orbltal and belonging to

thé B! épecies.z° A number .of other bands arisihg from Rydberg
states lie close to the 1600A band .and have begn‘investigatedlz..
Two of particular interest to ouf discussion aré electronic
states belonging to thelA'1 and lAg spécies with probable
configurations (1sN)2(a'1)2(e')4(a”2)(3pa"2) and (lsN)z(a‘l)2
(e‘)4(a2")(35ai), respectively.,

The:spectfum of assoclated with the E" staté shows a
progression in the Vo vibration, as well as strong f-type doubling.
The appearance of the f-type doubling indicates that the
and.v4 vibrations afe not excited, a conclusion suppofted
by the fact‘that no progressions appear in these vibrations.
The uppef state rotatiohal constants derived from équations

(26a) and (27a) are given in Table 1; Douglas and Hollas

used slightly different‘expressions and our CV and Qv'coincide

with their Cv*.and CV*,
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Calculation of thé Spectroécopic Constants

It is interesting to try to ‘estimate the relative

(J7T)

importan?e of q(E) and g in q,s since this might provide

some evidence for the presence of the elusive Jahn-Teller @

effect. Unfortunately our information about the molecule

1s insufficient to warrant more than order of magnitude

estimates of q(E) and q(JT) and the results are not conclusilve,
Our first approximation is to consider only the effects

of the outermost electron and to assume further that it can

be described by a pure Sp,wavefunction,‘ In thls case

e, > = + (o, > ¥ 1lpy >). (40)
and in the first of equatins (16), ¢, = Furghermore ) |
]e+ > 1s connected by the components of 4 only With the
SP(A') Rydbefg state, in which the outer electron is assumed
to have a pure 3pz wavefungtion., In other words Cee' = Ceé” = 0
and, from the rules for coﬁbining-angular momentumls; cea-= 2o

'Therefore according to equation'(ZS); qE depends only on Be
and the single energy‘separatioh AE, between the E" and
the A’l state ﬁentioned above, buf unforfunately. this energy
seﬁarétion 1s not known. The spectrum arising'from A‘l state
consists of a.vy progression, but ﬁhe correot‘numbering of |
the bands 1s uncertain. By extfapolation from the observed
bands however, Douglas gives_three poséible valueS'for'the

1 1

position of 0-0 band, namely 62870 em™*, 61207 em ~, and

59825 cm”l. The corresponding band in the spédtrum involving
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3

the E" state has a [requency ol 59225 em . Taklng B, = 10.6 em ™
we deduce that qE = 0.12 om'l, 0,23 cm—l, or 0.75 em™t. The

contribution qE could account for almost all of the experimehtally

i

observed q value or for only a small part of i1t. .If the major
contribution to the q value 1s that of qE, then the variation

of g with Vo must be explained on the basls of the variation

of qE wlth Voo As the molecule bends, the instantaneous

wavefunction will contain mixtures of the Spa"2 and the 3sa',

orbitals or of the Af, and A"2 states of the planar molecule,
The appropriate value of qE to use in equations (26a) and (27a)

must be an average of the instantaneous value of qE over the

Vo motionlé. The average configuration of the molecule

will be more bent for larger vz«and this should mean a larger
average mixing of the two states. This in turn would lead to
a lower value of Cea and to a larger value of AEea since the

A", state lies below the A'., state. The A"2 state lies almost

2 1
13,000 cm™> below the E" state and so the direct interaction

of the A"2 state and the E" state can be ignored. The result

of all this would be a decrease in the absolute value of qE

a change which 1s in the right direction to account for the

observed change in qg.

Turning now to q(JT), we must first make some agsumptions‘

about the frequencies w; and w, and about the transformation
angle 9, which determlines both the:exact forms of Qs and Q4 and

the Coriolis constants CS"C4’VCZS’ C24 and £z, (see equation (10)).

15, .. .
The ~~NHy

vibrations probably have much the same frequency in the upper

Spectrum shows only a:small isotope shift and so all



and lower states unless the frequencieshchange in a compensating

manuer. We therefore assume the ground state mechanlcal

1 = 3577 em™ " and W, = 1691rcm_1 as approximations

to the excited Statebfrequenclesls. The value W, = 880 c:m—1

can be taken from the observed'spectrum. The grouhd state

frequencles w
. 3

frequenciles W4 and Wy of ND5 were also assumed to hold for the

excited state of ND, and lead to cos £ = 0.7021 with a choice

3
of signs for the force constants whlch correspond to those for

the ground state. As a rough check on these assumptions

the value of aB(z) calculated from equation (18) may be compared
. A -1

withlthe observed value of 0.52 cm- . The calculated value

1

is 0.48 cm ~ which is satlsfactory cohsidering'the neglect

of both mechanical anharmoniclty and vibronic coupling.

Now the Jahn-Teller consbtants k, and k, in equation (38)

3
are related to the coefficients K3 and K4 1n the normal

coordinate expansion of the vibronic matrix element

<e, |Hle >=KzQ; +K,Qu_ + - - -, o (e1)
by the equations
k, ='Ki\/;l/(2ﬂ)§hcswf ;1= 3,4. (42)

In equation (41), H is the vibronic Hamiltonian. For an

order of magnitude calculation we have taken the radial part

of the 3p Rydberg orbitai;rin?gng_form of a Slater orbital
7 v
Ry (r) =V B pFemer, | (43)

and allowed oniy for the electrostatic interaction with the

+

3
(43) 1s determined by the effective nuclear charge on the

field due to:the NH frameWork° The constant ¢ 1n quation
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For Vo = 8, the averagé value of a leads to sin”~ d = 0.86

2

central atom, oolf conslotent £leld molecular orbital
calculations fLoxr NH5 indlcate an effectlve charpge of +0,5e

on e¢ach H atom and -O,So on the N &tomib. Tho spherlcal pwrt

of the potenttal of this system Includes a contribution from

‘the N atom, which was calculated from Slater's rules, and also

a contribution from the 3 H atoms. For an N-H distance of

1.08 A, the resul.ant is equlvalent to an effectlve nuclear

~charge of 1.825 e on the central atoml7. Accordingly,
_1.825 s =1 '
= -—Sé—g— 1015 A °

A stralghtforward calculation, which 1s most conveniently

carrled out in terms of the symmetry coordinates Ss'and S4 of

~equation (7) then leads to the results

k; = -0.099 sin®a, k, = 0.225 sin®a,  (44)

where a 1s the angie between the NH bonds and the figure axis
of the molecule for values of a near w/2. In the planar
configuration sin a ; 1 and substitﬁtion in equation (58)ileads
to the value v |
MO ~0.38 cm”*.  (45)
2 18

This does not change the value of qJT

significantly and suggests
that elther most of the variation of q comes froﬁ qE or that

the Rydberg states.do not have as simple an electronic structure
as assumed. here. . These calculations are not capable of
predicting the exact value of the various contributions to:

Q. but the prediction of opposite sign for qE and qJT should

.be reliable.
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\
Equation (27a) shows that ¢, depends oﬁlce', C='sG, s
kﬁ, and k¢° If we examine equations (19), we see that the
same factors that would decrease the absolute vaiue of qE, namely
a smaller,value of Cea and o larger value of AEea would also .
deerease the absolute value of ge‘. The second order Coriolls

contrlibutions to QS’ and Qé' also decrease as v, increases.

2
It the variation in g is assumed to be due entirely to qE and
the measured variation in q as well as the vibrational frequencies
given above. are used to calculate the change in CQ, reasonable

agreement is obtained {(calculated change in ¢, -0.048,

observed change -0.043).
SUMMARY AND CONCLUSIONS

Formulae have been derived for the rotational energy
levels of an electronicélly degenerate planar XY3 molecule and.
applied to the 3P (E") Rydberg state of ammonia. The formulae
indicate that there can be a large #-type doubling only in
molecules with no vibrational angular momentum, a fact that
confirms the assignmentlof the observed spectrum to an u;per
state with Vs and vy equal to éero. Theoretical estimates Qf
the contributions fo the f-type doubling indicate two
contributions, a rotational-electronic ihteraction\and the
Jahn-Teller rotational interqcpion, of comparable magnitude, butof

opposite sign. A consistant explanation of the variation of

the f-type doubling constant and the effective Coriolis coupiing
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constant with a chanbc in the out-of- p1ane bending quantum
number is ba ed on the variation of the rotdtional electronic
interact%on due to the shlfting of electronic levels.

The size of the two contfibutinns to the l-type doubling .
as well as a o%oser check on the theoretical calcuiationé -

could be obtained from an analysis of the ND, spectrum

3
particularly if k4 is considerably greater>than k
- . .

3 According
2 - 2 J7T

= (2 -

(2 B, /AEea) L., and " =

-4k5 cos 6 B, {Ee/ws -4k, sin 6 B, VB /o, where k, and k,

to .equations (28) and (38) q

are related to the'electronic integrals K3 and K4 glven by
: equation (42). 1In these formulas the unknown quantities
» v . .
(Cea /AEea)”KS’ and K, should ngt change on going from NH, to

ND, while the other quantities .change in a known manner.

3

Determination of q for ND, would thus allow determination of

3
the relative magnitude of these unknown electronic parameters,
espedialiy if k4 is significantly greater than ks as indicated

in equation (44).
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TABLE I. Experimental paramecters from Douglas and Hollas:5

b C

v, Bv(cmnl) Cv(cm—l) L, qv(cm—l)
0 10.6° 5.16% |

1 10.11 5.21 0.841 0.758
2 9.48 5.33 0.837 0.530
3 8.99 5.37 0.821 0.529
4 8.48 5.35 0.822 0.429
5 8.00  5.46 0.822 0.258
8 6.92 * 5.55 . 0.798 0.170

a

a

¥ * 5 L P . 7 >
The BV and Cv of ref. 3 is our BV and QV, we have
also changed the extrapolations slightly. The

parameters B, C CV, and q, are defined in

v.’
Egqs. (26a) and (27a).

v 10.6 - 0.52 Vo

v}
i

_ 5.16 4+ 0.05 Vo

Q
i

Obtained 5y extrapolation.



Filgure 1,

Flgure 2.

Figure 3.

o

Flgure Captions

The molecule fixed coordinate system'for planar
XY3° The X atom 1s at 0 and the Y atoms at

1, é, and 3 on the diagfam; | .

The J = 1 roﬁational levels of a hypothetical
electronically degenerate planar XYS molecule

in the absence of vibronic c;upiing, (a)

applies to vibrational levels with vy = v, = 0 and

(b) to those with v, = O,'v4 = 1. The spectroscopié

3
constants chosen for the diagram are similar to

" those found for the 3P(E") state of ammonia and

are described in detail ih the text.

Thé J = 1 rotational levels of the first Q4
vibronic»stéte (v3 =0, v, = 1) of an electronically "
degenerate planar XY3 molecule in the presence of

1 Jahn-Teller splitting. The other

a 15 em”
spectroscopic constants are similar to those
found for the 3p(E") state of ammonia and are the

same as those used in Fig. 2.
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