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ABSTRACT

The band spectrum of ZnD in the region 350 - 500 nm
has been recorded in emission with a Jarrell - Ash
70-000 series, 3.4 meter Ebert Spectrograph. The electronic
transition involved is the A 2?1 (near case (a)) - X 25
(case (b)) system. The following bands have been analyzed:
o-o, 0-1, 0-2, 1-0, 1-1, 1-2, 1-3, 2-1, 2-2, and 2-3.
The 3-2 band is also present, as is probably the 2-4 band
and possibly the 3-3 band, but these have not been fully
investigated.

The principal molecular constants for the X 22+ state

of ®*ZnD are as follows (in cm"l, except where noted):

B, = 3.399; - 0.096 3,(v + 1/2) - 0.004 97,(v + 1/2)%; -
D, = 1.15; x 1074 + 0.006 by x 10~H (v + 1/2);
re = 0.159 3, nm; y, =0.122), v, = 0.112g, v, = 0.106,
Y3 = 0.098,; G(v) = -0.38¢ + 1 141.5,(v + 1/2)

-2h.2o(v + 1/2)% - 0.96,(v + 1/2)%; k - 149.91, Nem™ T,

The formula of Mulliken and Christy, with the Almy
and Horsfall centrifugal distortion term, has been used to
obtain the rotational constants of the A %I state of ®%ZnD.
The principal constants follow: BV = 3.7772

. Y . -4
- 0.086g(v + 1/2); Dy = 1.14, x 107", D; = 1.13,-x 107",

- - . -
= 1.14) x 10775 r, = 0.151 15 nm3 Ay = 343.28,

D5
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Al = 3“2.555, A2 = 3&2.035; po = O.1M9O, P, = 0.135,
G(v) = 0.1g + 1 361.48,(v + 1/2) - 20.69,(v + 1/2)%;

ke = 213.253 N-m-l. Effective constants for the individual
substates have also been calculated.

The origin of the band system, V30 18023 280.547 em™ 2
(with Yoo included with the electronic energy, rather than
with the vibrational energy). RXR potential energy
curves and Franck - Condon factors have been calculated.

Comparison has been made with the spectrum of ZnH.
Lines due to the three isotopic molecules ®“ZnD, $87ZnD,
and °%ZnD have been resolved in a number of bands, and

this isotopic splitting has also been briefly discussed.

(Dr W, J. Balfour)

(Dr. R. M. Clements)

r”G. R. Brangon)
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CHAPTER I

INTRODUCTION

A general, theoretical background, necessary for an
understanding of the electronic spectrum of zinc monohydride
or zinc monodeuteride is presented in the first of two
major sections of this chapter. Following this, in
section I.B, the scope of the present study is discussed

and related to previous studies of these molecules.

I.A. Energy Levels and Spectra

Zinc monohydride, ZnH, can be compared with BeH
(and the isoelectronic BH+), MgH (and AlH+), CaH, SrH, BaH,
CdH, and HgH.Jr All these molecules have 21 ground states
and ZHP first excited states, and most, if not all, have
25% second excited states.

According to Mulliken,(l)’<2) hydrides are expected
to closely approximate thelr united atoms. The electron
configurations of the above molecules can be obtained by
considering the configurations of the corresponding united
atoms. For example, the united atom corresponding to ZnH
is gallium, the ground state electron configuration of

which is

...4s2 3d10 4pl 2p,

+ In this section, ZnD is not distinguished from ZnH, and both
isotopic molecules are being referred to. Similarly for the other

molecules.



This gives rise to the two molecular electron configurations
...(480)2 (3do)2 (3dm)* (3d&)* (4po)! 25+ (ground state)
... (4s0)2 (3do)?2 (3dm)* (3d8)“* (4pm)! 2I (first excited state).
The electron configurations dominatingJr the ground
and first two excited states obtained in this manner are
presented in Table I.f The terms thus predicted, in general,
agree with those found experimentally (though see the
footnotes to Table I).
However, this agreement may be partly fortuitous.
By comparison with the corresponding halides (which show
similar optical spectra to the hydrides) and backed up
by ESR data,(ll) Klynning and Martin(l2) have very recently
shown that some of the states, including the ground states,
of MgH, CaH, SrH, and BaH are predominantly ionic. Instead
of comparing the electronic states of these hydrides with
those of the united atoms, the comparison should be made
with the metal ions (e.g. ca® for CaH) or the corresponding
iscelectronic neutral metals (e.g. K). Furthermore, the

B' 25% state of MgH should be compared with the D 217

states of CaH, SrH, and BaH, rather than with the B 2p*

To determine the electron configuration of a given state more
accurately, allowance has to be made for contributions from other

electron configurations.

For further details of this procedure, the reader is referred to
Herzberg,(3) pPp. 322-348.



TABLE I. Dominant electron configurations and term types of the lowest states of the ZnH-like group

of diatomic hydrides.(a)
First excited Second excited
Molecule Ground state (X) Notes state (A) Notes state (B) Notes

BeH K (2s0)? (2po)! 22+ (2s0)2 (2pw)! 21'[r (2s0)2 (3s0)! 22+ (b)
BH K (250)2 (2po)} 25* (250)2 (2pm)} 2 [(2s0)! (2p0)2 251
MgH KL (3s0)2 (3po)! 25+ (s0)2 Gpm! 2 (3s0)2 (Bse)! 2% (o)
Al KL (3s0)2 (3po)! 25t (3s0)2 Gpm! 2 [(3s0)! (3po)2  25h)
CaH KLM, (450)2 (3do) ! 2% (450)2 (3dm! 2N (d)  (4so)? (3d8)! 2 (d)
SrH KLMN,(550)2 (4do)] 25t (5s0)2 (4dm)! 21 (5s0)2 (5po)! 25"
BaH KLMN_ 0, (650)2 (5do)] 25t (6s0)2 (5dm)!  2n_ (6s0)2 (5d6)1  2a (e)
ZnH KIM (4s0)2 (4po)l 25* (450)2 (4pm)}  2m_ (4s0)? (5so)! 2zt ()
CdH KLMN, (550)2 (5po) ! 25+ (5s0)2 (Spm)! 2 (5s0)2 (6s0)! 2zt (f)
HgH KLMNOSpd(éso)2 (6p0)1 2Z+ (6s0)2 (6pw)! 2Hr (6s0)2 (7s0)! 22+ (£f)

(a) Obtained from the united atoms. These are also the observed configurations and terms, except where
noted. The states in brackets have not been observed. K, L, M, and N denote closed shells:
Msp denotes the closed subshells 3s and 3p of the M shell, and so on. The closed shells(g?d subshells
have not been repeated for the excited states. (An identical table is given by Herzberg but only
for the ground and first excited states.)

(b) BeH: (2s0)2 (3pn)! 2l has been the observed second excited state recorded in the literature

(4)

up until the present. However, the predicted low-lying 22+ state has recently been

observed by Colin.(s)

footnotes continued on next page...




(c)

(d)

(e)

MgH:

Cal:

BaH:

Footnotes to Table I continued

According to Mulliken and Christy(z) and Mulliken:(l) (3s0)? (4pm)! °2Il. However, experimentally

the second excited state, designated B', is a 22+ term.(6)

rm,(z)’(l)’(A) and the electron configurations of

The observed second excited state is a 22+ te
this and the first excited state according to Mulliken and Christy(z) and Mulliken(l) are

A:  (4s0)? (4pm)! 2Hr

B: (4s0)?2 (4po)! 25+,
These configurations were derived by a more advanced consideration than that used in obtaining
the present table: calculations were performed assuming a relation of pure precession and a
good fit was obtained with L = 1. However, this may have been merely fortuitous. Recent

(7)

calculations by Berg and Klynning have not resulted in theoretical values in agreement with
experimental ones when using a pure precession relation involving L = 1 (or 2). Mulliken and
Christy mention some evidence for a ... 3dn state. Berg and Klynning suspect a 2A state may be
present but have yet to confirm this. However, even if a 2A state is found, the electron
configurations may not be as predicted in the table: by analogy with BaH, the situation may be
more complicated (cf. footnote (e); see also the discussion in the text regarding the possibility

of ionic states).

Although the observed "B" state is a 22+ term, it is now known (based on indirect evidence)
that there is, indeed, a 2A state (labelled H) having approximately the right energy.(a)’(S)
However, the situation may still not be as predicted by the simple united atom approach.
(continued)

footnotes continued on next page...



Footnotes to Table I continued

(e) (cont.) Veseth(g) has shown that the observed A 21 and B 22+ states are related to each other in the

manner of pure precession, with L = 2 (the first such case discovered). This implies that
the outermost electron of these two states must be a d - electron and that the configurations
must be the same for the two states, other than that one has a dm and the other a do outer
electron. This uses up the configuration predicted in the table for the ground state. Veseth
invokes a configuration involving an outer 4f electron to account for the ground state.
In summary, Veseth's configurations are

(6s0)2 (4f0)! x 21V

(6s0)2 (5d§)! H 2a

(6s0)2 (5dn)! A 21

(6s0)2 (5do)! B 25",

(f) According to Mulliken and Christy(z) and Mulliken:(l)

ZnH (4s0)! (4po)2 22+
CdH (5s0)! (5po)? 22+
HgH (6s0)! (6po)? 22+.
Bengtsson and Hulthén(lo) also list the same electron configurations as Mulliken and Christy, but

they put a question mark after each.



states. And, while the M-H bonds are here covalent,

the A 21 states of BeH and MgH should be compared with

the E 211 states of CaH, SrH, and BaH, rather than with

the A 21 states. Klynning and Martin did not discuss ZnH,
CdH, and HgH. .It may be that some of the states of these
molecules also have a degree of ionic character, though
(at least for the ground states) less so than the former
molecules. Knight and Weltner(l3) have shown with ESR
measurements that the ground states of ZnH, CdH, and HgH
are more covalent than the Mg, Ca, Sr, and Ba monohydrides,
with HgH being the most covalent.

Following convention, the terms are designated
X, A, B, ..., where X denotes the ground state and A, B,
denote excited states of the same multiplicity as the
ground state, normally in order of increasing energy.

The X 2zt and A 2T states of ZnH may be related to each
other approximately in the manner of "pure precession.”
Van Vleck's(lu) hypothesis of pure precession refers to
the situation in which two states (in this case, I and II)
have the same orbital angular momentum, ﬁ, which precesses
uniformly about the internuclear axis at two different
angles to that axis. That is, the two states act as if
they had identical electron configurations except that one
state has A = 0 (the I state) and the other has A = 1
(the @I state), where A is the quantum number corresponding
to the projection of i along the internuclear axis. As

(2)

shown by Mulliken and Christy, the pure precession



relation is often a reasonable approximation for hydrides.+

The most important effects of interaction between the
21 and 2?f states are A - type doubling in the 2I state and
spin - rotation splitting in the 2% state.

Potential energy curves derived from elementary
Heitler - London theory are shown dotted in Fig. 1. However,
states of the same species will mutually interact in such
a manner that the potential curves repel each other and so
avoid crossing. The resulting curves are shown as solid
curves in the figure. Such figures have been given by
Herzberg(3) for the lowest three states of BeH and by
Balfour and Lindgren(lS) for the lowest three states of

MgH. According to Klynning and Martin,(lz)

the ground -
state Heitler - London curve for MgH correlates with the
Mg+(28) + H (!S) states of the separated ions, rather than
with the Mg(®P) + H(2S) states of the neutral atoms. The
2 and the repulsive 23' states are still as drawn in Fig. 1.
Klynning and Martin show potential energy curves for CaH
and BaH, also. The situation in ZnH is probably similar to
that shown in Fig. 1. Whether, in the absence of perturba-
tion by the repulsive 25t state, the ground 25% state would
correlate with the 2S + !S states of the ions or with the
3P + 23S states of the neutral atoms is not known for ZnH.

RKR potential energy curves for ZnH will be discussed

later (section III.D.4; Fig. 24).

T However, this may have to be re-studied in the light of the work

of Klynning and Martin discussed previously.



FIGURE 1.

g M (2s) + B (15)

M(3P) + H(?S)

i o

Potential curves (schematic) for molecules such as
BeH, MgH, and ZnH. The dotted curves are those
determined from elementary Heitler - London theory;
the solid line curves are the actual curves, which
allow for the mutual interaction of the states.

For BaH, the separated atom states should be 3p + 2S,
rather than 3P + 25. According to Klynning and

(12) the 21 and upper 25% s01id curves are for

Martin,
the A and B (or B') states, respectively, of BeH and

MgH, but for the E and D states of CaH, SrH, and BaH.
Also, according to Klynning and Martin, the E 2] states
of CaH, SrH, and BaH correlate with the excited !P

state of the metal, rather than with the 3p state.

Also, the lower, dotted 22+ curve and the upper, solid
25% curve should correlate with the ground 2S + 1§

states of the ions, at least for MgH and CaH and probably
for SrH, and with the first excited 2D + !S states of

the ions for BaH.



Rotational perturbations between the close - lying
A 2T and B 2:' states in this series of molecules would be
expected, especially in the region where the potential
curves cross, and have been observed.+ It would also be
expected that interaction with the B ZZ+ state would
prevent the hypothesis of a reiation of pure precession
between the X 25 and A 2T states from being completely
good, though as discussed later (section I.A.2) such
interaction is small.

(In this section, the symbol "ZnH" has been used in
the general sense to denote any isotope of zinc and any
isotope of hydrogen. From this point on, ZnH will refer
specifically to Zn'H, and ZnD will be used to indicate ZnZ%H.
Because of the large relative mass difference between the
!H and 2H isotopes, there are considerable differences in
the spectra of ZnH and ZnD (though there are definite
relationships between the two, as discussed in section III.E).
Since the splitting of the spectral lines due to different
isotopes of zinc is very small, the symbols ZnH and ZnD
still refer to any isotope of zinc in the general discussions.

However, all numerical data refer specifically to the

L See e.g. ref. (16) for perturbations in ZnlH. Note that the A 21

state (not the E 21 state) is being referred to here, even in CaH, SrH,
and BaH, since it was for this state (together with the ground state)

that Mulliken and Christy(z)

proposed the relation of pure precession
(though as noted in Table I, any experimental agreement with this

relation may be coincidental in CaH, SrH, and BaH).



$4%7n isotope, since this has the greatest natural abundance
and the measurements were made on the corresponding most

intense ®%ZnH or ®“ZnD spectral lines.)

+
I.A.1. Rotational energy expressions for the 25% states’
)

The 2% states belong to Hund's coupling case (b),

and the rotational term values are given by the

(2),(3)

expressions
* YV
Fl(N) = BVN(N+1) - DVNZ(N+1)2 +5N+0+ ... ...(la)
%* YV
FZ(N) = BVN(N+1) - DVN2(N+1)2 - —2—(N+l) +0 vu. . s L1IB)

The subscripts 1 and 2 distinguish the components having
J =N+ 1/2 (Fl) and J = N - 1/2 (Fé). In the e,f

nomenclature for labelling parity doublets, as recommended

(17) the Fl levels are e levels and the

F2 levels are f levels. The subscript v's denote the v

vibrational level. The rotational BV constant is starred

by Brown et al.,
th

to indicate that it differs from the constant as usually

3 All "energies'" in this thesis are expressed in units of cm—l. These

"energies," F, are related to the proper energies, E, as follows:

E
F=+—,.
he
Hund's coupling cases (a) - (e) and various subclasses describe the
various ways in which the electronic and rotational angular
momenta can couple together. Descriptions of the coupling cases can

be found in any standard reference work on diatomic spectroscopy,
such as references (1), (3), (18), and (19).

10
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defined, as follows:

*

BV = BV - C3 v o wld

This difference, and the O term in equation (1) arise from

interaction with 21 states, as shown by Van Vleck.(lu>

Mulliken and Christy(2)

give expressions for C3 and O.
The DV term represents centrifugal distortion. Higher
order centrifugal distortion terms have been neglected.

Yq is the spin - rotation coupling constant.

I.A.2. Rotational energy expressions for the 21l state

2 states can belong to Hund's coupling case (a), to
case (b), or, most commonly, to an intermediate situation
between these limiting cases, often approaching case (a)
for small rotation and gradually undergoing a transition to
case (b) with increasing rotation. The general formulas
for the rotational terms for the intermediate situation
(1.e. allowing for any degree of spin uncoupling),
including the limiting cases (a) and (b), are, for a
21 state'3) T

- 1o _,_1 " 2 2 _ 1 13

Fl(J) BV[(J +3) 1 2xv] D, [J (J+1 2J(J + 1) + 7%
enin(32)

. 1o _ 1 . 2 o 5 13
FZ(J) Bv[(J + 2) 1+ va] DV[J (J + 1)2 2J(J + 1) + T
...(3b)

E For simplifications to these formulas in the limiting cases (a) and
(b), see Herzberg,(3) P. 233, and also equation (50) later in this

thesis.



where

X = /Y Y =-4) + 407 + l)2 (the positive square root) eoa(4)
v vV 2
Av
Yv =3 - vew(9)
v

The first term is the well - known Hill and Van Vleck(zo)
formula. The second term accounts for the centrifugal

(21) in the

distortion. As shown by Almy and Horsfall,
intermediate situation, the dependence on DV is more
complicated than the usual -DVJZ(J+1)2 (case (a)) or
-DVNZ(N+1)2 (case (b)). A yet much more complicated
expression for the centrifugal distortion given more

recently by Veseth(22)

has not been employed here. Terms
involving v, (the same as in equations (la) and (1b)
or the more advanced formulas derived by Kovécs(23) and
by Veseth(gz)) have been omitted, since they are mainly
of importance for near case (b) situations (very small
AV or very large J (N)). A, is the spin - orbit coupling
constant. The 21 state is defined as a regular or inverted
doublet depending on whether A is positive or negative.
(The A 201 states of all the hydrides in Table I, including
ZnH and ZnD, are regular doublets--indicated by the
subscript r on the term symbols.)

The ratio AV/BV (=YV) is an indicator of the closeness
to case (a) or case (b). The larger |YV| is, the closer

the vibronic state is to case (a). (Case (a) is character-

ized by large spin - orbit coupling.) Case (b) is
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approximated when fYV[ is small, and pure case (b) pertains
when YV = 0 or +4 (the particular values which make the
YV(YV - 4) term in the expression for XV disappear).

In regular case (a), the energy levels, Fl and Fz,
correspond to the substates that are called 2H1/2 and
2H3/2, respectively, where the subscripts 1/2 and 3/2 give
the value of A + . Actually, each substate 1s a mixture
of 2Hl/2 and 2H3/2, but as |YV| increases, the amount of
mixing decreases and the pure substates are approached.(2u)
In ZnH and ZnD, YV is large, so the substates will be
referred to in this thesis as if they were the pure substates.

The Hill and Van Vleck formula does not allow for
any uncoupling of the orbital angular momentum, f, from the
internuclear axis. This T - uncoupling (incipient
formation of Hund's case (d) due to interaction with 2I
(or 2A) states) is important and cannot be neglected;
it results in A - type doubling. To account for this,
additional terms have to be added, as given by the
Mulliken and Christy(z) formula (which is based on the
work of Van Vleck(lu)):

. o _4,_1 1 i 1.2
Fl(J) Bv[(J + 2) 1: 2XV] + 2[o + zp* + q*(J + 2) ]

2_}1%_ [(2 =Y )0 +3p% + %) + (p* + 200 (J - DU + D]

2-YV
X

v

I+

U+ DL+ )(%p+q>+%:<J-§><J+%)]

2 > i3
DV[J (J+ 1) - 2J(J + 1) + 16] . RS ...(6a)
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_ 1, _ 1 1 1 & * 1
FZ(J)—BV[(J+2) l+2XV]+2[o+2p +q(J+2)]

+ E%— [(2 - YV)(o +-%p* + q*%) + (p* + 2q*)(J - %)(J + %)]

z2=X
- A 1 1 2 1 3
P U+l ")(Ep+q>+)—(i~<J—3><J+7)1

X
v

2 2 _ 1 13
-DV[J (J + 1)2 ;I + 1) +3El + e, ...(6b)

where the spin - rotation coupling terms have again been
omitted, and the centrifugal distortion term of Almy and
Horsfall has been added to the formula of Mulliken and
Christy. The term preceded by the * or F sign represents
the A - type doubling, which is symmetrical about a mean
position. This mean position itself differs from the pure
Hill and Van Vleck energy, as reflected by the remaining
terms. These latter terms, involving o, p¥, and q¥*¥, arise
from interaction with 2%Z states and are in addition to the
A - doubling term (which also arises from interaction with
the 2% states). The upper sign of ¥ or § refers to A
levels and the lower sign to Ff levels, where the A - type
doublet levels have been labelled according to the

(17)+

recommendations of Brown et al. The quantities o, p,

¥ The correspondence between the e,f nomenclature and the former c,d

nomenclature of Mulliken(l) for a regular 2]l state is as follows:(17)
Fl: e =4d
f=c
F2: e =



qd, p*¥, and g¥ are small parameters which are defined in

the paper by Mulliken and Christy. The method by which

p and q are evaluated will be discussed later (section

III.B.5). In the absence of 2I  states, p*¥ = p and q* = q.

An approximate value for o can be obtained from the

expression given by Veseth:

approximation which is good only if |[A]| << |

(22)

Y

o= 7; P

The derivation of equation (6) involved an

"n,z"

where Vs is the energy separation (in cm_l) afithe *1
}

state and an interacting 2I state.’ Dousmanis, Sanders

and Townes(25) have extended equation (6) to include

the next higher order (second order). Their equation,

rather than equation (6), should be employed if |A]

18 not << IvH Z" For the A 21 and X 2I° states of ZnH
3

/

p* =p + 232 and q* = q + 2C2, where a, and 02 involve summations of
matrix elements over 2I  states. (Complete expressions are given by
Mulliken and Christy.(z)) In the absence of 21~ states, these

summations will equal zero. MgH is the only one of the series of

+

+ L)

hydrides in Table I known to have a 27" state and it is at much higher

energy than the 2Il state, so any interaction would probably be small.

Unlike the v, values defined later in this thesis, the Vg values
bl

are to be obtained by vertical projection from the vth level of
the 211 state to the point of intersection with the potential energy
curve of the 27 state, as described by Mulliken and Christy.(z)

The sign of v is positive when the 21l state is above the 2% state

I,z
and negative for the reverse situation.

15



and ZnD, lies in the range 22 000 - 23 000 cm T.

I,z
and A is =340 cm—l, so the approximation in equation (6)
should be good for interaction between these states.

(26)

In fact, Dufayard and Nedelec have calculated the
ratio of the second order terms of Dousmanis et al. to
the first order terms (equation (6)) and found this ratio
to be only 0.8% and 1.1% for the v' = 0 levels of the 2H1/2
substates of ZnH and ZnD, respectively, and 2.6% and 2.8%,

again respectively, for the Z2II (v' = 0) substates. The

3/2
second order terms of Dousmanis et al. have been neglected
in the present work.

The B 22+ state of ZnH is of very similar energy to the
A 21 state and presumably is also in ZnD (though not yet

observed), so |A| is not << | However, the B state is

v,z
believed not to interact with the A state as much as the

X state does. If Mulliken and Christy(z) are correct, the
relation between the X and A states is approximately that
of pure precession and the interaction should be strong,
whereas no such relation exists between the A and B states.
The interaction may also be small for pseudo Franck -
Condon reasons--the respective potential curves have

very different re values. From rotational perturbations

(26)

and Franck - Condon factors, Dufayard and Nedelec have
calculated that the effect of the B state on the A - doubling
of the A 2l v = 0 level of ZnH is about a thousand times
smaller than the observed A - doubling. While it may be

somewhat larger for the other vibrational levels, the effect

16



of the B 22+ state was neglected in the present work.
Equation (6) does not take into account interaction of

the 211 state with ?A states. Further terms would have to

be added if such interaction occurred. However, no 2A states

are known in ZnH. If any do exist, it is assumed that the

interaction 1is negligible.

I.A.3. Experimental constants as Dunham series coefficients

The experimentally - determined constants that have been

B a

called wges By

" etc. in this thesis (following convention

and for convenience), apart from sign correspond to the

(27)

coefficients Yzm of the Dunham double power series for

the terms of the vibrating rotator:

1.£ m m ,
T = é; Y, v+ 3° @+ 1) ...(8a)
1.2 m
o é; Yy, (v + 3 Ny o+ D)™ ...(8b)

Note, however, that for the %I state, intermediate between
cases (a) and (b), while the vibrational terms follow the
Dunham formula, the rotational terms are not exactly of this
form.

The relationship between the Y's and the usual
spectroscopic notation is as follows:

Y =w Y = -0 X j 4 =0y Y =w z

10 e 20 e’e 30 e’e 40 e’e
Tor ~ 8 . Ippre, Vg™,
Y92 * Dy, Yyp = ~B4
v NC))

03 @
These relationships have been assumed to be exact equalities,

kY 5
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and as a consequence, the usual formulas for these constants
(e.g. B = ——9———) are only approximate, as shown by
e 2
8m4cI
e B 2
Dunham. The approximations involve neglect of terms in = s

2
w
e

which are largest for light molecules such as H2 and the
lighter hydrides. Further comments on this approximation

will be made later (section III.D).

I.A.4. Branches and intensities in a 201 - 22+ band

As a result of the selection rules
AT = 0, %1 ' wiscs 10D
and + <> -, + ¥ +, - <5 - ' R ) &

there are twelve possible branches in a 2I - 2I band:

P 0 S R Q
1ot e Nys Faa Hyge "Qgss’ Fyaga “Hags < Wage RO Eane

The transitions to which these branches correspond are

R P., R P, R P, °R
shown in the ehergy level diagram in Fig. 2, in which the

2T state is drawn for a situation intermediate between cases
(a) and (b), but closer to (a) than to (b). Unless the
state belongs to case (b), the branches are arranged in two
sub-bands, as can be seen from the figure. Each sub-band
consists of three main branches (Rl, Ql’ Pl or R2, Q2, P2),
in which AJ = AN, and three satellite branches, in which

AJ # AN. When AJ # AN, the AN values are denoted by the
superscripts s, R, Q, P, or 0, which stand for

AN = N' - N" = +2, +1, 0, -1, or -2, respectively. In pure
case (a), these superscripts are omitted.

Intensity factors (which when multiplied by a Boltzmann



FIGURE 2.
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Energy level diagram for the first lines of a 2Hr - 22+

band. The 2@l state is drawn for a situation intermediate
between Hund's coupling cases (a) and (b), but closer to
(a) than to (b). 1In znlH and ZnZH, the spin - orbit
splitting in the upper state is considerably larger than
shown, while the spin - rotation splitting in the lower
state and the A - doublet splitting in the upper state
are smaller than shown. The main branches (AJ = AN)

are drawn as solid lines, while the satellite branches
(AJ # AN) are dashed (AN = 0, *1) or dotted (AN = #2).
[Modified from ref. (3).]

£
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factor and by a constant yield the intensities of the

spectral lines) have been determined by Mulliken(28) for

when the 21 state is pure case (b). Hill and Van Vleck(20>

obtained formulas for the intermediate case (a-b) situation

(29)

in terms of the parameter Y and Earls reduced these

v?
to a comparatively simple form. No matter what stage the

21 state represents in the range between pure case (a) and
pure case (b), the six main branches are strong, with the

Q1 and Q2 branches being roughly as strong as each other

and approximately twice as intense as the other four. In
pure case (a), the satellite branches are also intense;

in each sub-band, the two Q branches are about equally
strong and roughly twice as intense as the two P and two R
branches, which are also about equally strong as one another.
0

S
12 and "Ryy

are absent altogether because of the additional selection

In pure case (b), the two satellite branches ~P

rule AN = 0, *1, which applies since the X %I state also

belongs to case (b). The other four satellite branches

are allowed, but decrease in intensity rapidly as N increases.

For intermediate case (a-b) situations, the intensities of

the satellite branches depend on the value of YV (= AV/BV),

that is, on how close to case (a) or to case (b) the state is.
In the present study, the intensities of the lines

were not studied explicitly. But the above qualitative

(30)

description was of use in identifying the branches.



I.B. Historical Survey

The spectrum of ZnH was first measured by Howson in
1912,(31) then by Hagenbach and Schumacher in 1919.<32)
During the early 1920's, Hulthén(33>’<3u) again observed
molecular lines (due to ZnH) in the spectrum of atomic zinc
and measured and classified them into two bands. The
spectrum observed by these early investigators was actually
first identified as being due to the zinc hydride molecule

(35) and is now known to be the 0-0 band

by Kratzer in 1923
of the A 21 - X 2z% system. This system was further
discussed by Mulliken(36) in the late 1920's. Volkringer
again observed ZnH lines as an impurity in the spectrum of
atomic zinc in 1929.(37) The B 25° - x 2zt system was
first reported by Hulthén,<38> who apparently observed the
4-0 band. Fukuda (1931)(39) rephotographed the spectrum and
extended the analysis to include the 0-1 and 1-0 bands of
the A 2T - X 23¥ system in addition to the 0-0 band. He
also observed and analyzed the 4-0, 4-1, 6-0, 6-1, and 8-0
pands of the B-2z' - x 21V system. However, many of his
line measurements were inaccurate and in some cases his
vibrational and rotational numberings were wrong.(l6)
During the time period referred to in the previous
paragraph, the understanding of quantum mechanics, and
consequently its application to spectroscopy, was improving
and the nomenclature of spectroscopy was undergoing changes.

ZnH was one of the molecules particularly instructive in the

development of the theory of the spectra of diatomic
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(36),(40),(2), |

molecules (see e.g. Mulliken

The work on ZnH culminated in the studies of

L(16),(41), (42) (43)

Stenvinke and of Fujioka and Tanaka,
both published at about the same time (1936 - 37). The
most extensive work on ZnH was performed by Stenvinkel and
published as his doctoral dissertation in 1936.(16) He
improved upon the analysis of Fukuda and analyzed many new
bands. He employed the new nomenclature essentially as it
is used today. Fujioka and Tanaka analyzed only the

0-0 band of the A 2 - X 23" system. Their analysis was in
good agreement with that of Stenvinkel. They also
photographed and analyzed the A 2T - X 237 0-0 band of ZnD

for the first-time.

No further work was done on the molecule (other than
in certain specialized studies referred to in the following
paragraph) until 1962, when Khan reported(uu) a new
system for both ZnH and ZnD, the C 237 _ x 237 system,
observed in absorption. (The previous studies were in
emission.) Rafi and Khan also rephotographed the A 21 - X 2yt
0-0 band in emission and purportedly extended the analysis
to higher J values in an error - ridden paper published
in 1976.(*5)

In addition to the foregoing general studies, ZnH has
been the object of several relatively specialized studies.
The Zeeman effect in ZnH (first reported on by Hulthén(3u>)

(46) (47)

was studied by Watson and Perkins and by Watson.

(48)

Bender observed the spectrum as a result of an optical



(49)

resonance phenomenon. Mrozowski observed a nuclear
isotope shift of the lines in the A %1 - X 23% 0-0 band.
Knight and Weltner(l3) trapped ZnH molecules in a matrix of
solid argon and measured the ESR spectrum of the ground 22+
state. ZnH has been observed with strong intensity in flame
emission studies of Zn(CH3)2 or Zn(CZH5)2 by Egerton and

Rudrakanchana(SO) (51)

(26)

and by Lee and Zare. Dufayard and

Nedelec selectively excited each A %I, v' = 0 rotational
level of ZnH and ZnD by means of a pulsed dye laser, then
studied the lifetimes, A - doubling, and hyperfine structure.
ZnH has been used as an example in a number of §
theoretical studies: A - doubling (Mulliken and Christy(2)),
potential energy functions (Hulbert and Hirschfelder;(Sg)
Lippincott, Steele, and Caldwell;(53) WOjtczak;(5u) and
Mirajkar(SS)), bond lengths (Politzer(56)), spin - orbit
coupling (Ishiguro and Kobori(57> and Veseth(22)),

bond - charge model for vibrating diatomic molecules

(58)),

(Simons and Parr effect of centrifugal distortion on

A - doubling and spin - splitting (Veseth(sg)), and mean
amplitudes of vibration and molecular polarizabilities
(Pandey et g;.(60)).

Spectroscopic studies of ZnH are also of possible
significance to astronomy. Stenvinkel, Svensson, and

(42)

Olsson compared their laboratory - determined wavelengths

for the lines of the six most intense branches of the

A2 - X 22+ 0-0 band with the nearest coinciding lines in
(61)

a table of solar spectrum lines and could come to no

23
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definite conclusion as to whether ZnH existed in the sun.

(62)

Recently (1976), Wojslaw and Peery claim to have

identified some of the branches of the A 27 - X 22+ 0-0

1/2
and 1-0 bands of ZnH in the spectrum of 19 Piscium

(NO; CT, 3).

I.B.1. Present work

As preliminary work in the current project, the
emission spectrum of ZnH was again photographed in the
370 - 520 nm region. The following bands of the A 251 - X 22+
system were measured: 0-0, 0-1, 1-0, 1-1, 1-2, 2-1, 2-2,
and 2-3. The wavelengths agree with those of

(16),(42)

Stenvinkel to 0.006 nm or better, and, for the

0-0 band, to within 0.002 nm with those of Fujioka and

(43) (39)

Tanaka. Agreement with the measurements of Fukuda
was much poorer (often differences of 0.06 nm), presumably
due to the low resolution of his spectrograph. In addition,
his rotational assignments are not all correct. Stenvinkel(l6)
also pointed out these problems with Fukuda's work. The
B 2gt o X 2yt system of ZnH is considerably weaker in
intensity than the A 2] - X 257 system. The 0-4 and 0-5
bands of the B 25’ - X 2:¥ system were partially analyzed,
but not measured. A number of other, weaker bands are
present but have not been analyzed or measured.

It was initially hoped to extend the analysis of some

of the branches of ZnH to higher rotational values than

attained by previous workers. However, the intensities of
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the spectra were not sufficient to allow for this. To
obtain greater intensities, exposure times of impractical
length would have been required, and this was not pursued
further.

Instead, the present project was devoted primarily to
a study of ZnD. Stenvinkel did not study ZnD. The only
experimental studies of the A %I - X 2gt system have been
of the 0-0 band (Fujioka and Tanaka''3) and Dufayard and
Nedelec(26)). Dufayard and Nedelec employed the 0-1 band
in their study but only reported data on the v' = 0 level.
The other bands of this system were not analyzed prior to
the present work, and hence no values have previously been
reported for the equilibrium rotational constants (Be, o

e’

D

B etc.) nor equilibrium vibrational constants (we,

e’
etc.) of either the X 23% or A 21 states, nor for the

e?
WeXe>
electronic term, Te’ of the A %N state. Precise estimates

of these ZnD parameters should provide valuable data with
which to test further important theoretical relationships.
The B 22+ - X 22+ system of ZnD has never been reported,

a statement which still holds since if bands of this system
were present in the spectral regions studied in this thesis,
they were amongst the weaker bands not yet analyzed.

Other (possibly stronger) B - X bands may occur at shorter

wavelengths.



CHAPTER II

EXPERIMENTAL METHODS

The spectra of ZnH and ZnD have been observed in
emission in the present work using the gas discharge cell
designed at the University of Victoria by Cartwright(63)
(Figs. 3 and 4). The tips of both electrodes were made of
zinc (99.995% pure).

At first, a DC power supply was tried which provided
voltage variable between 0 and 120 V and current 0 - 15 A.
A ballast resistance was placed in series with the cell.

It was found necessary to cool the ballast resistor (air -
cooled by means of a fan). Various source voltages,
ballast resistances (0 - 150 Q), electrode shapes (Fig. 5),
and gaps between the electrodes were tried. Most success
was obtained with electrodes shaped as in Fig. 5d, with a
source voltage of 120 V and a ballast resistance of 150 Q.

The arc or discharge would not strike spontaneously.

At first a Tesla coil+ was used. Later, the arc was struck

by touching the electrodes together then pulling them apart.

Once the arc was struck, the width of the electrode gap
appeared to make no difference to the running of the arc,
over the range <0.5 mm - 15 mm.

Gas was allowed to flush continuously through the

T Edwards High - frequency Tester.

26
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(63)

FIGURE 4. Emission cell in vertical cross section. A: gas inlet.
B: gas outlet. (C: water inlet. D: water outlet. E:
main viewing window. F: subsidiary viewing window. G:

Teflon square - section O - ring. H: screw - on O - ring

|
to lock Teflon ring. I: electrode clamp. J: lock nut.
K: electrode adjusting screw. L: electrode electrical

connector. M: water inlet pipe. N: exchangeable

electrode tip. 0O: rubber O - ring. P: Teflon collar.

Q: Teflon screw.
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FIGURE 5. The electrode configurations tried with the DC power source.
Various other irregular shapes were tried as a result of
the electrodes melting. The polarities were also reversed

relative to those shown.



cell to avoid buildup of impurities and coating of the
cell windows. At first an atmosphere of Linde O2 - free
argon was used. It was found that the spectrum of ZnH was
obtained without adding any hydrogen! The hydrogen

presumably came from H,O present in the Ar or a hydrogen

2
source occluded in the zinc electrodes. Subsequently

Linde Prepurified Ar (<5 ppm HZO) was employed, but the
spectrum of ZnH was still obtained. Passing the Ar through
a liquid nitrogen - cooled tr'ap+ made no noticeable
difference. Two molecular sieve traps (5 &, 8 - 12 mesh;

3 &, 14 - 30 mesh), through which the Ar was passed, did
reduce the intensity of the spectrum but not completely
eliminate it.

Generally pressures of <100 mm Hg were used. With
increasing pressure the arc ran more steadily, but collision
broadening of the spectral lines became noticeable, with
consequent loss of isotopic structure.

A major problem with the power supply first used was
that i1f any hydrogenf were added, even small amounts (unless
the total pressures were high (approaching 1 atm.)), the arc

would be immediately quenched. Hence, the spectra of ZnH

were obtained with no added H2, using the hydrogen from the

3 ~1 m long, spiralled, 6 mm inside diameter.

! Linde 0, - free grade.

2
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impurities. The deuteride was successfully obtained

by passing the Ar through a cell containing D,0 (Fig. 6);
however, it was very difficult to maintain the arec
running steadily.

A transformer+ passed through a diode, providing up
to 3200 V DC, was next tried as the power source.
Unfortunately, the current had to be limited with a
100 k@ resistor. Due to the low current density, no arc
was obtaihed——just a glow discharge with, at most, some
sparking. (An atmosphere of He was also tried, with no
more success than with Ar.)

Finally, a large high - voltage power supply (Fig. 7)
was obtained, which provided a supply voltage of up to
2000 V, with a current of up to 0.75 A, AC. A large béllast
resistance (186 Q cold resistance)f was connected in
series with the lamp. This provided a steady arc or
discharge, which was struck spontaneously upon turning up
the voltage. The arc could be run with any concentration

of H, in Ar, or even with pure H2. After again trying most

2
of the electrode shapes in Fig. 5, the best configuration
was found to be that shown in Fig. 8. The spectrum of

ZnD could now be obtained by using D2 gas, rather than D2O.
The majority of the spectra have been taken with an

Ar pressure of about 200 mm Hg. A pressure of 10 - 20 mm Hg

L Primary 90 V, secondary 6400 V,

s Twenty 100 W light bulbs connected in series.
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FIGURE 6. Apparatus used to obtain ZnD when using the original (DC)
power supply.
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FIGURE 8.

12.5 mm

size of gap

; not important

12.5 mm

The best electrode configuration found with the high

voltage power supply.
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of H2 or D2 was added every approximately three minutes,
then allowed to be pumped out. This resulted in greater
spectral intensity than either letting the H2 bleed in
continuously or not adding any H2 and relying on the
impurities as the source of hydrogen.

Atomic zinc lines are, of course, present in the spectra.
Also, some impurities have, at times, been observed,
including atomic Fe, Cr I, Al I, and molecular N; (first
negative system, B 22: - X 22; at 427.8 nm (0-1 band) and

470.9 nm (0-2)), N, (second positive system, C 3Hu - B n

2
at 357.7 nm (0-1) and 380.5 nm (0-2)), CN (B 2% - X ?:
0-0 band at 388.3 nm), OH (A 23" - X 2T 0-0 band at 306.L4 nm),
and A10 (B 2z¥ - x 237 1-0 band at 464.8 nm, 2-1 band at
467.2 nm, 3-2 band at 469.4 nm, 0-0 band at 484.2 nm, and
1-1 band at 486.6 nm). The N, and N; could be eliminated
by fixing leaks in the vacuum system. Interference by the
spectrum of CN below 388.3 nm was more of a problem. One
spectrum in this region was obtained that did not show any
CN, but all others, previous and subsequent, did. One
other problem is that sometimes ZnH bands were present in
the spectra of ZnD, the hydrogen having come from an
impurity(ies), as mentioned before. However, ZnH - free
spectra of ZnD have been obtained.

The spectra have been recorded on a Jarrell - Ash
70-000 series, 3.4 meter Ebert Spectrograph, with slit

nd

widths of 20 - 30 um in the 2 order of an 1180 g/mm

grating, reciprocal dispersion 0.11 nm/mm, with order -



36
sorting by means of Corning glass filters; and, at higher
resolution, in the 13th order of a 300 g/mm grating,
reciprocal dispersion 0.31 nm/mm, with order - sorting
by means of narrow band - pass interference filters. The
spectra were photographed on Ilford HPS5 film, with exposure
times of 15 minutes to 13 hours. The films were developed
for four minutes at 17°C in Kodak D19 developer, fixed in
a general purpose hardening fixer, and rinsed for 20 - 30
minutes in running water.

Calibration was with a neon - filled iron hollow
cathode lamp and the wavelength table of Crosswhite.(6u)
The spectra have been measured on a Grants Instruments Co.
oscilloscope - setting comparator. The standard deviation
in the 1722 line frequencies (wavenumbers) used to
calculate the term values of ZnD is #0.104 cm™%. The
absolute frequencies of most of the lines are estimated to
be accurate to better than 0.1 cm—l; a few lines are of
lower accuracy due to blending of lines or random errors.
The 284 lines of the A 21 - X 23* 0-0 band of ZnD have a

standard deviation of #0.070 cm™ L.



CHAPTER ITII

ANALYSIS OF THE A 2T + X 2:' SYSTEM OF ZnD

IITI.A. Overview of the Spectrum

The emission spectrum of ZnD has been photographed in
the wavelength region 346 - 505 nm. The following violet -
degraded bands of the A 21 > X 25t system have been measured
and analyzed: 0-0, 0-1, 0-2, 1-0, 1-1, 1-2, 1-3, 2-1, 2-2,
and 2-3. The 0-3 band 1is présent but too faint to analyze.
A CN impurity band occurs in the region where the 2-0 band
would be if present. There is what appears to be a violet -
degraded head at 387.429 nm, which may or may not be the
2-0 A I ,, - X *I' sub-band predicted to be at 387.435 nm,
but there is no obvious head at the predicted position for
the A *N . - X *I' sub-band (382.622 nm). The 3-2 band
is present, and the 2-4 band is believed to be also, as is
possibly the 3-3 band, but these have not yet been fully
investigated. Bands of the B 2I' » X 2I' system have not
been identified, but it 1is possible that some of the as yet
unidentified lines belong to this system.

A graphical version of a Deslandres table was found
useful during the analysis for keeping track of the bands
and predicting the positions of other bands (see Fig. 9).

The spectrum of ZnD is reproduced in Fig. 10. An
enlarged, higher - resolution view of part of the 0-0 band

is presented in Fig. 11. The structure of a typical

band in the A 21 - X gt system can be seen from the
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Position of band head / 103 cm.l
FIGURE 9. Graphical presentation of a Deslandres table. The
o 2 _2¢+ P 2 _ 25t
positions of the H1/2 % le (N.) and H3/2 P

Q2 (n) heads of ZnD are shown. The positions of
other bands can be predicted by extrapolation or
interpolation. Note that if all the bands are
projected onto the v' = 0 line, the spectrum is
obtained—the graph is just a blow - up of the

spectrum.



FIGURE 10.

il mmmn m;‘;xmnunm

| I‘Il’ | l)
Lk dlid M.;L

'Hl!“ll" i

-3

The emission spectrum of ZnD, recorded on liford HP5 film in the 2“d
order of an 1180 g/mm grating.  Fe/Ne reference line positions (air
wavelengths) in nm, with orders in parentheses. Because of the different
slit widths and exposure times, the intensities of the different regions

cannot be compared. Molecular spectrum in 2nd order.
(=21, - 25* 'q,, head; N = 27T, — 2C* Q, head.
Slit width Exposure time
AB 20 ym 5h,25m
C  20um 3h
D 30um 11 h,45m
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FIGURE 1. The A’TT- X2Z+ 0-0 band of ZnD: rotational analysis. Fe/Ne refererence line positions (air wavelengths) in nm, with orders in parentheses. Molecular spectrum in

13t order.
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rotational analysis below the spectrum in Fig. 11 and
from the Fortrat diagram in Fig. 12.

The spectral lines were identified (assigned to
branches and J values determined) using the usual methods

(3)

described by Herzberg. Considerable use was made of
combination differences, both to check the analysis
(by the constancy of the combination differences calculated
from different lines or different bands) and to predict
positions of lines not yet identified. The term value
program (see below) calculated the differences between the
calculated line positions (obtained from the term values)
and the observed line positions, and these differences
were useful for checking the line positions. This
program was also useful for predicting the positions of
new lines (provided the corresponding term values were
already known from previously identified lines).

The analysis of the 0-0 band was, in general, in

(43) e

1

good agreement with that of Fujioka and Tanaka.
individual line positions were mostly within 0.5 cm
of those of Fujioka and Tanaka. However, a number of the
lines with low J values have been reassigned.

The line positions are listed in Table II.

Term values were calculated using a computer program
based on the least - squares method described by Aslund.(65)
A consequence of the parity selection rule (equation (11))

is that two interleaving, but non - interconnecting, sets

of term values are obtained. Since they are not connected

41
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Fortrat diagram of the A 21 - X 22+ 0-0 band of ZnD.
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TABLE II. (Following pages). Line positions (in cm-l) of the A 2 - X 22+

system of 64ZnD.
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TABLE II (cont.): O0-1 band.
N Ry Y Py %2 . "2
0.0 22134457
1.0 22157.00 22139.14 22128402 22473453
2.0 22170409 22144463 2212598 22479.64 224604061
3.0 22133, 03 22151.13 22124.61 22486453 22460412 22441473
4 40 22198415 22158442 2124 .61 2249467 224604061 22434415
540 22213.59 22166467 22125.28 22503487 22462424 22423217
6.0 22229407 22175481 22126470 22514407 2246491 22423.065
70 22246 496 22135479 22129642 2252510 22468672 2241 velcC
B8e0 22265411 2219664 2213287 22537.64 22473453 22417415
G40 22234403 22208455 22137 .24 2247304 2241500
10.0 2230335 22221 .24 22142.61 225605446 22486453 22415425
11.0 22324400 22234489 22148487 22930691 22494 .07 22410601
12.0 22346420 22243432 22156411 22597443 22503437 22417.0¢
13.0 22308472 22205611 22104430 22615.05 22514407 22420463
14.0 22392406 22283137 22173.43 22633.59 22424477
15.0 22416425 22295460 221383.63 2265344 22538402 22430692
16.0 22441047 22316.8¢ 22194402 22674420 22436434
17.0 22467456 22336407 22206470 2269591 22566614 2244379
150 22494407 22356.18 22219475 22718.76 22581493 2249200
190 22522445 22377.30 22233.88 22742470 225984749 22402.24
20.0 22551 .24 22399435 22248495 22761737 22616473
21.0 22580691 22422.34 22265411 2279352 2263574 22465064 7
22.0 22611 .49 22446440 22282413 22320437 22655 485
23.0 22643400 22471.15 22300443 2284846 22677.15
2440 22675.03 22497429 223139.67 2287778 22699647 22524350
25.0 22524430 22340.07 22908.04 22723 .10 2254¢€.c5
2640 22552406 22301452 2293G.11 2274758
270 22581.21 22333485 2257168 22773 67 22583.04
2860 22611449 2240709 23005432 22300461 22603479
29.0 22642451 22432.58 22828472 22625630
30.0 2267450 22458450 22358402 226643455
31 -0 2270799 228386 1D
32.0 22920.23 22058010
330 2352659 22953 .30
34 «0 2298754 22792353

on



TABLE II (cont.):

0-1 band.

P 0 S R
N W Q12 P10 ®21 poa 1 QP21

Oev 22580411

1.0 22491497

20 22145630 22115033 22505451 2247915

340 2215123 2212528 2210709 22520401 22436400

4 60 22158692 22124 496 22099470 22533%e45 2435 036 22460612
“e0 22167625 2212598 2209340 22552406 cedD3.05 22461 «H %
el 2217645 22127 .31 2208797 2256953 22513603 2240467
7«0 221806690 2213026 22053442 22HLb38.13 22524 6430 2246067 650
tde 0 213386 22079.32 2260735 22930639 22472659
s e 2220954 22138.33 22077.12 22028443 2ED% Y e 530 2247345
100 2222233 22143 .88 22075653 éi’*-:;o.l‘) 22304 e 13 22485047
110 22236s14 22150631 2074635 22672 22579 e57 2249365 %
1240 22157 60 2207553 226H9D 6605 Le99D e 4D 225024
1240 222066 5% 2210587 22070He11 22721434 2261 3450 2251206
14.0 22232e9% 22175412 22075323 2274710 2263212

15.0 22300643 2213537 2208157 22773.67 L2051 059

1.0 2231373 2298577 22601 6 39 2207224

1760 22338611 22203 e9H 22090694 22830620 2209387

1340 22358433 22221 470 2209729 22859491 2716670

1949 2237951 22236641 4 221044953 22890 .53 E2l 40«40

PV PRV 2240159 22251 « 26 22112990 2292223 22765603

&1 0 22424477 222607 ¢4 2212229 22955,02 2279113

2849 22448486 C2B17e94

2340 22303 ¢93 22845 .88

2440 22322 40 22875%02

2540 22342 .32 22904 .98

2 e 0 22936643

27 eV 22963 63

2540 23002.138

Lh



TABLE II (cont.): 0-2 band.
N R1 Q1 P1 R2 Q2 p2
0.0 21112693 21102403
1.0 21124.88 21106494
2e0 21138.27 2111293 2109427 214286 93
36 0 21152443 21120.,02 21428493 21410e1c¢c
% 50 21123626 2146433 2143063 > 2140439
50 2113440 21137.61 21090415 2147455 21433413
6.0 21202.21 21143410 21099.21 21486.,20 21437.24
7«0 212206 97 21159476 21103.37 2149897 21442.062 2139301
Bed 21240406 211U8.68 21449 632 21352491
9.0 21261 435 21136641 21115.13 21528.08 21459747 213G63.01
100 21284.04 212901 447 21122436 2154560 21466472 2139543
11.0 2130754 21217.65 21131 409 21563455 21477 44 21368.4386
12 .0 21331.05 21234437 2114169 219532499 21483633 21403632
13.0 2125354 2115295 21603.55 21502601 2140%e39
14.0 21333 .96 21273.: 21 21625649 21517.34 214164678
15.0 2129409 21179.01 21048.69 21533+ 32 2142599
160 21316+12 21193655 21550 02 2143502
17 «0 233937 21210.01 21569645 2l1447.2C
1840 21502408 21227.37 2172628 2138 «42
190 21534406 2133945 21245 .98 21754460 2151070
20 «0 1568 .20 21416426 2126595 21633.51
2140 21444445 2128719 2165774
2240 21639.0U7 21473.88 21309 .67 21653 629
230 21504435 2133349 21710496
24 0 215304206 21738 .65
2560 21768 622

8



TABLE II (cont.): 0-2 band.
N %, Pq Op Sk R, Qp
12 12 21 21 21
Ued 21447.20 '
1 e0 21459 .98 21440691
2D 21083448 21473.58 21447440
< el 21 Jd74627 2107592 2148887 2la4 506011 21328 e 3
4 .U 21034 .97 21069 .54 21502408 21453 .82 21430639
De 0 21138.27 21 090 33 21054.36 2152296 cla473 86 21432466
©e0 211438437 2109950 21060430 21541462 Plas5.45 21436442
7 el 21106050 21 104423 21057 « 39 215624206 21493420 21441465
8e0 21 109 eH0 2105567 1912601 cl4a43435
Y el 2111623 21055406 21527671 214EHe628
100 21202485 21124403 2105567 21544 ¢ 30 2146549
11490 21184783 2113298 21057439 21562420 214765405
12«0 212306 54 21143.13 2106036 21531 «H0 21453601
13.0 21254431 21 154 43 21064673 21DH02603 2150125
14 40 2127 4.82 21070.29 2102383 21515470
1 9a0 21295670 2113004 21076 e99 21040496 21551477
lo.0 2131 7430 2119570 21084 .98 el BTl 30 21543481
1790 21341432 21212400 2156756
13.0 21 229652
1vaed 21243.14
20U eV 21253410
210 21239440

5 #5 3
sy ¥

2340

21311 «%D
21336490

61




TABLE II (cont.): 1-0 band.
N R
0.0 24555422 2454944 642
1.0 24566467 24548482 248832.76
2.0 24578419 24553663 24837493
3.0 24590444 2455857 24893433 24349440
440 24603419 24564437 24500619 2456702 24341640
50 24616493 24570.53 24530. 05 24906.71 24367402 24353400
6.0 24€30.07 2457726 24529.45 24914.92 24367.02 248326632
7.0 24644437 24584442 24529445 2492347 24863420 24820698
8 eV 246594 37 24532417 2453005 24932 489 24805973 2431433
9.0 24674432 24600447 24530.58 24942418 24872 .60
100 24690411 2460923 24532427 2495280 24875.068
11.0 24706423 24618448 24534445 24963490 2437752 24502 34
12.0 24722497 24623442 2453746 2497557 24830419 2430060¢C
13,0 24740424 246384069 24540460 24988414 24859434 24753640
140 2475791 24649648 24544 442 2500090 24395 .47 24750 e 73
150 24776414 2466102 24548.82 25014.71 24302425 247%Ce9E
160 24794+ 54 24672 e 93 24553.03 25029.13 24909 424 24790 e 3
17.0 24814418 2468544 24559.18 25044407 2491739
1840 24533400 246G8442 24565430 24326423
19.0 24712.06 24572.24 25076413 24935,.,56
2040 24726640 2457957 25092443 24545 405
2140 24741400 24587.60 25110.60 24956 .32
2240 2475633 245906418 25128472 249¢ 778
2360 2477211 246095649 2514737 497G « 94
2440 24738.62 24615453 24353420
2540 248305435 24625498 - 25006 74
2640 24523414 250223V
2740 24341440
2840 24350.14
2940 248749452
30.0 24399470
31.0 24920.44

06



TABLE II (cont.): 1-0 band.
Q B Y S R Q

i Ryp Qy P12 Ro1 Q1 Pt
Oe0 24339 39

140 24901106 24832670

Ooe il 24535626 D452% 6 82 2491310 24337693

Seld 249533610 2401678 24920023 24552 e

4.0 24531 « 000 24507409 24940.17

Le 24571629 S4550 6003 24499,01 24904 34 249305632

6e0 24537819 24530573 24491651 24969+ 24 24914407

740 24085020 24530653 24434655 249 3%e8Y 24922 50

560 249593627 24530 eD3 2447306 2500096 24931 s00.3 246960
e 0 24001679 24531 .00 24472622 25017693 24941 429 2a4c/71le00
1ueV 240610s.02 24533 67 244664 35 24951 493 24874 65%
11.0 24020400 24536 .14 234402415 250023473 24962 «5Y 24873.10
12 e 2463007 2453393 24458412 24974400 24882470
1540 24040630 2442 o2 24454443 24930450 245876905
1440 240601619 24546 61 % 24451 .57 SG I e 4 s

1% av 24056292 24500 o 7 4 24449416 2501282

100 240TDe 0l 2493055 674 24447433 20020 e DY

170 24037653 24551 40 24446630 2504916957

1340 24700477 24567 75 244454 76 29057448

190 2471 4450 24574 «L0 CH444567T6H 20073660
29 ey 2472874 24532409 2508796
21 .0 24590 o4 4

TS



TABLE II (cont.): 1-1 band.
N iy Q Py Ry Q, P,
DeU 234544592
1.0 23476493 2345392
2e0 234884179 234064617 23445471
3.0 23501.73 23470410 23444 4,17 232804494 2377522
4 o 235154 49 23476449 234436408 2377% 622
5.0 235296 00 234533690 234435443 238320.2E€ 2377997 2374Ce 43
€60 23944 4 06 23431695 23444.01 23325959 23731735 232741613
7 o0 23560602 235006448 23445448 2333940 2378433 23730664
8e0 23576+ 96 2350599 23447.8S 2335067 23767 e 94 c3732e54
960 2359404 2352023 23450645 23862.08 2379237 2372394
10.,0 23612417 23531.26 2345452 2337T4.65 2376772 23728s15
11.0 23030678 23542 .99 2345913 2388802 23302.93 2372713
12.0 230649 ¢ 92 2355545 23602.37 23311 00 23727418
130 236706 35 23368457 23470650 2391767 2331G.34 2372304
1440 236904 85 23532« 55 23477.23 2393352 238328 44 2372%ev4
1590 23712642 235G67.13 23434 .99 23950479 2383627 23732.84
16 e U 23012.63 23493446 23968473 2384% .08 23730004
17.0 23757403 236294006 2350281 2393732 2383006706 2374136
18.0 23781 57 23045496 2351279 24006692 2337345 2374707
190 23c05.71 23603.80 23E23.80 2402733 2375351
200 236351 « V3 23682445 23535462 24048473 237€154 S
210 233506 89 23701.71 235406440 24071.09
2240 23833603 23722+ 06 23561 .80 24094408
2360 23743.02 24118.29
24 40 23764432 24143425
250 24168.90
20 o U 2331126 24195465
270 2383545 24223.14
260 24251431
2940 24273107
30.0 2431136
31.0

4]



TABLE II (cont.):

1-1 band.

N Q P 0 S R
Ri2 Q9 P12 Ry1 Qg QP21

Ce0 2379%.2

140 23811.31 23792 ¢34

% a0 23824411 25793 e3¢

3 &0 236838458 25304411

440 23477.0% 23419.17 23852,32 2381171

50 234564449 23444 401 23412450 2386756 25519 84 2377922
Gel 23492, 72 23445400 23406.06 23883.585 23328464 253731.02
7eu 23501.45 23446 a50 23400.87 2390114 25535065 23783440
5e0 23511615 234453472 23395489 23918.88 23736.51
e 23521451 23451 85 23392.,23 23937.76 2379148
1060 23532449 23455471 23338.87 23957.28 23796450
11.0 23544441 23400 442 23386.43 234577.82 23802450
12.0 23556492 254565471 23355404 23999.13 23809474
150 23472402 23384429 24021439 23817477
1440 2347900 233654429 240464.50 23826,.52
1540 23436 .74 23385.,04 240068.53 23535402
16,0 23495450 2338043 24092.51 23846.57
1740 23389.75 24118420

1840 24144430 23671.03
1S40 23526401 2339 7.4¢ 24172.01 2385473
2040 23535 .03 23402.56 24200409
21.0 23408.53 23914419
2240 23415.84 24258.,42

2560
2% o)

RS
£ 0w

20Le0

235794105
23594 430

23623460

23423486
23432.91

243290.1¢

e



TABLE II (cont.): 1-2 band.
N ! Q By R, Q, P,

0.0 22432458 —
1.0 22444446 22426440 22760692

240 22457416 2432.5¢8 22766 .51 2274808

3.0 22470699 22439404 22773467 22747493

440 22485647 22446440 22732.00 2274853

5.0 225004083 22454453 22414430 22791.13 22751 <04

5e0 22017. 24 22464427 22801 « 84 22754 .05 227136+
70 22534.02 22474:57 22419476 2281354 2758.22 22710637
38 e 22552+ 85 22436408 2242 3¢ D9 22826 «4 2 2276382 22704893
940 22572420 22498432 224284 7€ 22836.80 2277003 22TVTe 99
10.0 22592 .00 22511656 22434.91 22854 .97 2277799 2270855
11.0 22613400 22525480 224641497 22871.00 227864 34 22719008
1240 226354 74 22941612 22450.15 22808.1 8 22796441 227125
1360 220658 ¢ 54 22557« 37 22459 26 2290Ge4 2 22807396 2271670
14, 22682 ¢ 36 22574 ¢5Y 2240934 2292 %74 2282037 22721 e31
1540 2270799 22552676 22430450 22%4€.34 2233374 2272863 5
1640 227334 %5 22612.07 22493.01 22907 « 859 22348423 227335698
17.0 22760492 226326 32 22506423 22990.69 22864 417 22744433
1840 22768904 22653461 22520469 23014.58 22051 «10

1940 228617+99 2267600 22536439 23039.57 2289925

2040 22047699 226994.47 22552895 230€&E5448 229106073

210 2287901 22723.94 2257064 23093.01 2293G.11 2279237
2240 2291164l 2274934 225589452 23121466 2290085 223072.03
2340 22944411 22776410 22609460 23151659 2298683 .01 2282358
24 90 22G78ec? 22cd03. 78 22630. 86 23182.77 22008600 22841e5€
2540 22332454 22653 .44 23033.50 2286034
26 23050.12 22362.G8 22677415 23060.02
27.0 23087. b4 22893.7¢ 2270167 23068 .24 22902433
2840 22926436 23117 .46
2940 2266005 229463471
3040 22G 34 436

22972055

G



TABLE II (cont.): 1-2 band.
P 0 S R Q

N o Q. Py ) Q1 a1
Vet 22THGe 1

1.0 2277901

£ eU 22403.08 2279237

Sel) 2239590 22300655

4 o0 22389.13 22322413 22T 91 e 64

Lel 2238330 22333839 D790 e 32

€0 22404491 22373.46 22856424 ,15001,5&,

{ «U 2247541 244/\).0.5 2237461 2237502 2812 6% 227570
5.0 2248702 22424 477 22371.86 223944031 ‘_>L_)3_,_'3.Jl 227¢ »,‘.bg
Fe 22499, 33 22430602 22369.74 2251579 22838 « 39 _/_‘:.’7')).(_::
10.0 229512400 22430615 22853476 2277
11.0 22527s11 22443431 229606 85 22869471 dr.?d‘).b‘*
12.0 22542652 22451 « 48 2237057 2298302 2LBB0 6 T4 22795647
1oe0 225586835 2240001 22372 86 23010.21 22904 «98 228306655
ld o0 2257613 22471 .15 22375« 34 23030645 2292420 z_gal% €4
150 22594650 22432639 22380692 2306383 22944 259 22832819
1040 22613806 2249% el 22380627 23382.29 22966613
1740 2203403 2250515 22393.02 23121 666 cld938B3 o TH 22862 4355
15360 22655435 22 22«78 22400475 23012 +62 22879.ul
190 2073607 225383 .32 22409.89 23037 %459 22897108
20w U 2270167 22555611 2251063V
21 o0 22726625 22972 694 22936673
2260 22592 «00 2311913 2295850
23 w0 2261207
o) 22035eHY9
250 226556855
20 22019400 !
2740 22794 <4 7
2540 273072

e
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TABLE II (cont.):

1-3 band.

P 0 S R Q
N QR12 Q) P12 Ry1 Q1 by

1e0 21408611

Z el 21403632 21445414 21434.,36 21823«12 C1797 768

STEC 21470665 21 445 61 4 21427 .35 21838.58

4 o 21479459 Sl 4460 636 21421 .69 21854 .95 283814417

% 50 214894 35 21 44% 400 21417 .29 218372.43 21824 .80

6He 0 2150053 21 452 200 21413.77 21336 441

7 eV 21512699 21 457 47 2141172 21912612 21349 ¢ 94

Be O 21526631 2146332 21411.01 21934 ,37 2l 3044 ¢54

a0 21540693 21471 .23 21411.72 2188054 2181075
10.0 21556460 21430048 21413.06 218397 669

110 218T3s 7O 21490 406G 21416626 22007 « 63 219315 eHD9 21832.16
1260 21501 &5 21420453 2203510 2193530 eHY 21845628
1 3.0 21LE6L Y97 21513 92 21426421 22063 .71 2195848

14,0 21527471 21433.13 21931.21 21875455
15,0 21659433 21343415 21441 .65 27200583
1660 21078674 21559409 21450.96 22031 « 3D
17.0 21704.,01 21 577 + 9%
180 21729439 21 596 «37 21953 e4 4
1940 21017 e
20 eV 21035 7% 22001.13

LS



TABLE II (cont.): 2-1 band.

N R1 Ql Pl Rz Q2 Fy
0.0
1.0 2507190
2.0 24766 63 2474276 2507701 25058 692
3.0 2477924 2474789 25082 ¢4 3 25057 ea 88
44,0 24791 « 351 2475353 2508G.38 25066 o 79
He0 24805e U4 2479951 2509635 250596679
660 2481803 24766 «G3 25104 40
7.0 24633400 2477437 25112.98 25058492
8.0 24848+ 00 24732439 25122444 2506163533 25007065
9.0 24663429 24730492 25132.32 25064 409 250034535
10.0 24890.06 24725429 25142 .94 25067490 2500C.22
11.0 2430980 24728.18 25154456 25072.28 2499737
12.0 24820405 24731462 25166.066 2507742 245G5e04
13,0 24930647 2433107 2473556 2817941 25083 025 24354636
1440 24540002 24834247 2474024 25192.99 26508G ¢ 96
1560 24967 « 26 24354441 247456306 2520713 25007 6253 249G 4o 36
1640 2475128 25222419 251054 36 2499560 4
17.0 24380441 25237.67 25114412
18.0 248394629 24704 495 262653 .,42 2512375
19.0 24938377 2477230 25271612 25134 .06
200 24923655 24753123 DEDAE 465 25145410
210 24939.44 24790426 25307.22 25157402
2240 24955481 25326433 25166455
23.0 2497274 25346419 251 52 « 94
2440 24990.26 2536649 2515724
25.0 25008459 2538755 25211 293
26 a0 25027.63 25409 45 25227479
2740 2504731 25432 .27 25243 .93
2860 25067634 25456645
2940 25278.062
30.0 25257461
31.0
32.0
33.0

253543 59

85



59

LEeHRIGT
L0°091G7
age*a91e?
ac* 4516

bETHIGT

cerygiae
VAN GRrod B S otd
(SRR S 2R ST
9°660672
co*gl0G7e
10°2R0%<2
cr*al0G?
Q1*1206G67
24°%90¢ce
e2*E208?2
5€°090G672

CY*eUEcy
oL e HeECE
QO CZFGT

7R*H0LC?

QLeCOTGT
G2e16767

Zerozzez
SERL bad o
(2 1616T
06°22157
CTeGa167
0F*FSIGE
OE° 1V IGT
92 IF1GT
ce*l1zi1a?
Z0°211¢7
QG C0152
92°G6062
yQeCROGT
10°72g0%7
L1:°22067
0ne 12002

66*119C2

19°G69¢€G¢e
AT 28 /3 LS Tid
12°12¢€67
Ig*CCEG?
aacorIsce
IS*t192Ge
21°0%v ST
PL*EcdS?
€E*902Ge
9¢ *€H1C2
el 1672
AP A SR S 2

areezIae
Z1*H116G2
2E°101G2
06°*AE0GT
£H*R/062

0G*9tat e
se*2have
eQo*nRvavy
CQ*ELORLL
crTisenvc
GlL*EGOwe
KE*/COKL
cO0*19av
02 °*Cc09%?
heE*12L90 2
cp*azab2
roA A 2 S AR il
I11°069%¢e
Sr*/6INZ

GreceL w2
h1*52L%C
£6°922L H2
RE*T6GL B
01*EELYe
cd®l vl e
£l 10t
Ol*LY LS
yo*EEL Ve
RGCHEILYD

LR TV
16°2TLHT

¥ °0GER2
12*vvehe

coe1zeNnz

cheroet2
Ie°16L%7
L 2 TP
bl1eclitve

o4
0*c2
o*z=2
Q*1c
o*0<
C* AT
0*Qqfr
Q=21
N9l
51
n*+H1
Q°et
n*al
(RN ¢
G601

() TRl §
0°0

1¢C

L x4
Om

12
Mm

¢l

NHO

(Al
a0

N

‘pueq 1-g

(*3uo0d) II ATIIVL



TABLE II (cont.):

(a)

(a)

2-2 band.

N

Ry

Q

OevU
10
c el
Se 0
‘e VU
el
e U
79
S eV
Vel
100
11.0
12.0
1340
14.0
150
Lloe)
170
15360
1.0
206V
2140
2eVU
230

237106 C2

2374025

23807« 1.3

23078 ¢ 28

SaIBd e TH

2371089

2573119
297 4927
E23T43:28

237238« 29

23792¢ 94
253U5e71
23538319 +00
2333493

2o33)el

i

258300Le 03B

23383+.698

23492316
2o 0s 71
23901 ¢ 32

e393 3410

Ziudl el 4
23691 « 70
23069170
P2o09l e 7O
23692693
2509500
23637Te70

Z3ITIE o I2

25741410

-‘.-57/ 2w

._)J,J‘).k)i

24058658
2400 (e 372
240766238
240806083
2409800
2611000
241236390

241952407
2411 7 e U

240 = T el

2903207
2403790
2404626227
cddad el
24090 e
2403 e bS5
24071 ¢34
24040 VD
2499 31
24104643
2851 Y02
241 3T+ 1D
24140633
2h81lcLel

22980609

SO ) e )%
25960e0%
223981 123
DIYEBIe 1l O

S R T 7O
239G %67
>

GO BT
J401Ge %)
PER7RV ARG I |

SGV3ned7

260t Jel 3

Many of the lines

are overlapped by

the more intense 0-0 and 1-1 lines.

in this band are missing, because they

09



(a)

TABLE II (cont.): 2-2 band.
P R Q
N B Q) 12 21 1 P2
20 24044 450
3.0 23eI1 .70 24051 621
40 23691670 249538 .88
e O 2303926415 2400000
Oe0 23740633 2363350 24979692
7 eV 2303509 24036 o 11 240352060
B0 23696 35 24097621 24030697
940 20702443 £4109.00
100 24122621
11.0 23793695 23712 442 241 39693
12 »0 23307.105 2371345 24190 604
13.0 24100 e 44 2407062 ¢
1440 23836432 23734 .02 24080652
150 23851403 2374230 24091 402
16.0 2375236
170 23762 +68
23774 o5 7

(a)

180

Many of the lines in this band are missing, because they

are overlapped by the more intense 0-0 and 1-1 lines.

19



TABLE II (cont.):

2-3 band.

By

Q

Q)

U e
1.0
2e0)
30
490
Del
e O
7«0
3.0
el
100
11.0
120
1360
14.

(S &

15

C <

| S
17.0
130
19.0
208U
21 eV
2260
20 el
2 eV
2560

22742

22T5% «

2eT6H e

2779
o194
22810 ¢
228204
2L0%% .
22862 .
22882
E2005 .
2SeY925e
9% 3.
229 TR

9T T
23023
23650
2307
23108

79
(O5)

LI

55
[S181

e U

J2
70
9.’3

LQETA2«5%7
22713698
227%2e3IV
22748 6086
2T 36 28
_'7:3‘).;)()
22174682
227135e00%
2279751
22810655
22832461
2283930
22359693
2237 3w T
2233101
2291101
22931654
22933 656
2297 60 29
230900635
S3V25 673
230526411
2307970
259108670

22723416
22723616
20723694
227T2%+T0
22728433
2273216
22730928
22732470
22749493
22793622

2270737

2273% 404
22301 « 34
2231568
22830.08
22846603

2230%.1/7

2307574

23091652
2310120
2311197
23124401
EZ1L 3 T+2%
2.3) D1 DY
23167632
S251 3469y

23202409

DRT o9

2205 T =P

23097 e.39
230l . 73
S30LDe 48

2

23970 o534

307660
3038 et T
3V e dd
310 eVt
2115607
31 2% 3
343873

31¢9. 600
3L 37604
320L451

23Jlded?
2302571
PEDZ Jels B
250826 7%
23922« T4
P32 %65 1
2202761
23041 05

2300648

[o%

2304263

2305083
22086 ed &

2303 2e % 3
230950632
23119%al 2
231l ehetrd)
23144e41
23163681
d3ln4e0Y
235200 e»0

c9



TABLE II (cont.):

2-3 band.

P 0 S R Q

) QRlZ Q9 P12 Ro1 Q1 Po1
C.0 23076636
1.0 227364943 23088.24
ZeU 22742.00 22713.836 25075679 2305795
B3a 22706453 23115.09 23062 31 23057.95
4.0 22756469 2272% 44 2270026 23130467 23091 e11 23053.77
5e0 22726 25 22H95,22 2310078 23061427
t el 22775%.02 22729403 22691.04 23165410 23111428 23064453
7.0 22786470 22732497 22038.04 231384403 2312330 23009e40
tt e 227984456 227374592 22686612 23204469 23136 36

9.0 22811.54% 22743 .92 22685.44

10«0 22825053 22751404 22685444 3165632

11.0 22840490 2275% .23 22636493 23152477

1240 22857106 22768.65 22639450 23200 632

13.0 22374400 22779401 226%3.24

1440 22693400 227930 632 22698410

150 22912453 22803446 22704412

1660 22933.35 2261743 22711.22

17.0 22955402 22832 «5% 22719.381

13.0 22978404 ‘

19.0 23002.13 22366 430

20.0 22845403

2140 22804 98

2240 22926438

€9
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to each other and have no common reference point, the two
sets can be arbitrarily shifted relative to each other.
In order to remove this arbitrariness--i.e. to find the
actual relative positions of the two sets of energy levels
in the molecule--the term values have to be fitted to a
model of the energy levels in the molecule. This was done
as follows. The members of each of the two sets in the
+

237, v" = 0 state were fitted to the appropriate one

of the formulas

* Yo

Fl(N) = BON(N+1) - DON (N+1) + TT'N .o.(12a)
* Yo

FZ(N) = BON(N+1) - DON (N+1) - 7?-(N+l) ...(12b)

(cf. equation (1)) using the method of least squares.

(The values of B DO’ and Yo had been determined prior to

0°
this by the methods to be described later, since these did
not depend on the relative positions of the two sets of
term values.) Despite this least - squares best - fitting
method, the errors in differences between terms belonging
to the different sets were considerably larger than

those in differences between terms belonging to the same
set. This is a problem typical of this method of
establishing the term values. For example, analysis of
the term values determined by Berg and Klynning(7) for

the A 21 and X 22+ states of CaH showed the same problem.
This problem has been discussed by Albritton et gl.(66)

A better placement of the two sets of term values relative

to each other could probably have been achieved by fitting
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all the term values to the appropriate energy formulas,

(67)

rather than just the ZZ+, v" = 0 terms. Aslund
formerly used a more sophisticated least - squares fitting
method than that employed here to adjust the two sets of

terms relative to each other. A new method of evaluating

d,(68) is claimed to

the term values, devised by Aslun
avoid this problem.

The term values are listed in Table III.

The molecular constants were evaluated primarily by
the traditional, graphical methods, using combination

(30),(3)

differences. These combination differences were
evaluated from the term values, rather than from the
spectral line positions. This method had the advantage
that, for each constant to be determined, only one set
of combination differences had to be calculated for each
vibronic state, rather than evaluating several sets

(one from each of the different ways in which each
combination difference could be calculated from the
spectral lines) then averaging. In the method employed,

the averaging was done previously, during the determination

of the term values.

ITII.B. Rotational Analysis

III.B.1. Rotational constants of the X 237 state

The usual procedure for the evaluation of the rotational

constants of the X 22+ state would be to calculate the




(A) Term values (in cm—l) for the X 22+ state of ©4ZnD.

TABLE III.
v'=0 v" 1 v" 2 il 3
N F1 F2 Fl F2 F1 F2 F1 F2
0.0 0.00 1089.93 2122.51 3090.71
1.0 6.67 6.57 1096. 30 1096.26 2128.69 2128.56 3097.24 3097.26
2.0 20.16 19.88 1109.45 1109.03 2141.21 2140.94 3110.03 3110.01
3.0 40.38 39.88 1128.94 1128.46 2159.88 2159.60 3128.23 3128.06
4.0 67.15 66.56 1154.94 1154.42 2184.93 2184.58 3152.38 3151.91
5.0 100.70 100.02° 1137.36 1186.71 2216.31 2215.84 3182.30 3181.69
6.0 140. 84 140.01 1226.26 1225.36 2253.85 22€3.0¢€ 3218.46 3217.73
7.0 187.65 186.72 1271.56 1270.63 2297 .51 22G6.71 3260.22 3259.37
8.0 241.00 239.96 1323.19 1322.106 2347.35 2346.35 3308.11 3307.13
9.0 301.06 299.89 1381.30 1380.16 2403.35 2402.22 3361.75 3360.76
10.0 367.64 366.31 1445.65 1444.44 24654 34 2464.16 3421.22 3420 .18
11.0 440.75 439.29 1516.33 1515.00 2533.51 2532.22 3486.56 3485.39
12.0 520. 41 S518.82 1593.41 1591.96 2607.77 2606.135 3557.72 3556 .45
13.0 606.51 604.82 167654 1675.08 2687.9a 26E6.49 3634.48 3633.17
14.0 699. 04 697.28 1766.10 1764.50. 2774 .13 2772.48 3717.11 3715.66
15.0 798.00 796.07 1861.76 1859.97 2866.23 2864.53 3805.14 3803.61
16.0 903.32 901 .26 1963.54 1961.64 2964 .25 2962.45 3899.07 3897.39
17.0 1014.99 1012.77 2071.40 2069.48 3068405 3066.15 3998.26 3996 .47
180 1132.83 1130.51 2185.35 2183.21 3177.67 3175.62 4103.28 4101 .41
19.0 1256. 83 1254.44 2305419 2302.95 3292.92 3250.85% 4213.56 4211.63
20.0 1387.13 1384.€3 2431.02 242€.68 3413.96 3411.73 4329.07 4327.02
21.0 1523.41 1520.68 2562 .61 2560.14 3540.43 3538.0¢€ 4449.85 4447.57
22.0 1665. 80 1663.05 2700.15 2697.57 3672.63 3670.15 4576.18 4572.92
23.0 1813.97 1811.21 2843.15 2840.42 3809.97 3807.35 4707.09 4703.81
24.0 1968. 30 1965.25 2991 .97 2989.16 3953.13 3950.14 484 3.54 4839.64
25.0 2128.11 2125.08 3i46.08 3143.20 4100.72 40S8.27 4984.16 4980.08
26 .0 2294.12 2290.58 3305.88 3302.95 4254.50 4252.38 5130.55
27.0 2465, 30 2462.03 3471.23 3468.18 4412.82 4409.90 5281.10
28 .0 2642.25 2638.88 3641.57 3638.50 4575.96 4573.90 5436.31
29.0 2624.,606 2821.29 3817.50 3814.52 4741.061
30.0 3011.87 3008.62 3998.16 3694.94 4916 .71 4914.22
31.0
—3220 3404.00 340 0. 86 4372.06

continued...
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TABLE III (cont.).

(B) Term values (in cm_l) for the A 21 state

of 64znD.
v' 0 v 1
F 4

N Y Fie Foe Foe F1e Fie Fog F e
0.0 23224 .32 23224 .50 ® 24544.45

1.0 23235. 41 23235.5¢ - 24555.15 24555.39

2.0 23253.72 23254.21 23569.77 2356S.76 24573. 24 24573.77 24889.48 24889 .52

3.0 23279. 49 23280.06 23588.61 23588.67 24598.32 24598.84 24907.87 24907.70

4,0 23312.61 23313.31 23615.03 23615.06 24630.69 24631 .47 24933.17 24933.33
5.0 23353.07 23354,.,01 23648.94 23648.99 24670.39 24671.21 24966.51 24966 .74
0.0 23400. 92 23401.94 23690.44 23690.38 24717.12 24718.16 25006.94 25007.10

7.0 23456.04 23457.33 23739.34a 23739.30 24771 .00 24772.11 25054.97 25054 .95
8.0 23518.51 23519.79 23795.82 23795.73 24832 .08 24833.31 25110.17 25110.08
9.0 23588.23 23589.75 23859.68 2385S.71 24900.24 24901.61 25172.69 25172.60
10.0 23665.24 23666.86 23931.02 23930.98 24975.45 24976.90 25242.19 25242.12
11.0 23749.47 23715115 24009.78 24009.65 25057.80 25059.29 25319.09 25318.92
12.0 23840.90 23842.75 24075.85 24095.80 25147.08 25143.87 25403.18 25403.13
13.0 23939.53 23941 .53 24189, 35 24186G.17 25243.46 25245.22 25494.42 25494 .37
14.0 24045.28 24047.41 24290.07 2428S.89 25346 .89 25348.62 25592.94 25592.72
150 24158.16 24160.34 24398.07 24397.95 25457.04 25458.97 25698.25 25698 .28
16.0 24278.07 24280.41 24513.32 24513.13 25574.21 25576.25 25810.86 25810.58
17.0 24405.,04% 24407.49 24635.76 24635.61 25698.24 25700.39 25930.35 25930.28
18.0 24538.99 24541.54 24765.34% 24765.11 25829.07 25831.34 26056. 84 26056 .65
19.0 24679. 89 24682.45 24902.00 24901 .70 25966.73 25968.94 26190.22 26190.01
20.0 24827.55 24830.31 25045.58 25045.36 26111.03 26113.43 26330.40 26330 .24
210 24982,.22 24984.93 25196 .17 25495.78 26262.03 26264.36 26477.19 26477.03
22 .0 25143.45 25146.48 25353.71 25253.40 26419.50 26422.10 26631.21 26630.99°
23 .0 25311.63 25314.35 25518.01 25517.54 26583.83 26586.10 26791.76 26791 .15
24.0 25486.10 25489.32 25689.00 25688.71 26754 .10 26756.87 26958.69 26958.30
25.0 25667.49 2567047 25866.87 25866.39 26931 .65 26933.31 27132.66 27131.79
26.0 25855402 25857.94 26051.14 26050.80 27114.43 27117.20 27312.17 27312.64
27.0 26049,26 26052.50 26242.16 262431 .83° 27304 .62 27306.66 27498, 60 27498.14
28.0 26253.06 26439.88 2643G.19 27500.66 27502.34 27691.32 27691 .36
29.0 26456.66 26460.01 26643.75 26643.24 27700.83 27704.18 27889.81
30.0 26672.46 26854,06 26852.74 2791157 28095.59
31.0 27070.16 28306.33
32.0 2711 7.50 27292 .34
33.0 27522.20
34.0 27757.21
35.0 27999.65

continued...

L9



TABLE III. (B) (cont.)
v! = 2

. of Fie Fos Fle
0.0 25823.6¢8

leV 25833.41 25834.23

Ze0 25851 .29 25852.03 2el08.18 20167906
3.0 25876.34 20185 .46 20130.04
4.0 25908 .00 25908.58 20z11.02 26211 .24
5.0 25946 .75 25947.38 2€243.60 26243.43
O .0 25992.37 25993.28 260283.07 202483.25
7.0 26045.05 26045.88 20329. 0l 2632G.59
8.0 26104 .62 26105.58 26383.53 26383.44
YU 26171.13 26172.27 2L444.54 20444 .43
10.0 26244 .63 26245.78 26512.39 20512,.39
11.0 26325.00 26326.24 " 20587 .49 2095087 .40
12.0 26412.18 26413.57 26069452 206069.50
13.0 26506 .29 26507 .58 26758.55 20758. 437
14 .0 26607.13 26608.064 26854.43 2u8H%4.51
15.0 20714 .77 267T16.20 26957437 20695 7.39
16.0 26828.96 26830.79 27067.11 270617.01
17.0 26950.22 26951 .66 27183.4u45 27183.56
1.0 27077 .90 27079.55 27307.18 27306.84
19.0 27212.09 27213.94 27437414 274306.95
20.0 27352.75 27354.67 215T4.06 27573.81
21.0 27499.30 27501.96 27717.33 2771 7.117
22 .0 27649.92 27655.85 27667T.42 27807.12
23.0 27815.84 26023. 173 2d023.29
24 .0 27982 .23 201864548 2d186.41
2.0 28154.062 28355.53 20355.13
20.0 28333.51 28530, 79 28530.65
27 .0 28518.54 28712.40 2a712.16
28.0 28708.91 28900. 45
29.0 29094495 29093. 14
30.0 29292.55
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following combination differences from the appropriate

spectral line positions:

AzFl"(N) = Fl"(N+l) - Fl"(N—l) «se(13a)
= R1 (N-1) - Pl (N+1) « o s (130)
AZFZ"(N) = Fz"(N+1) - F2"(N—l) ... (14a)
= R2 (N-1) - P2 (N+1) . ...(14p)

The difference Ri(N—l) - Pi(N+l) gives a specific term
value separation in the ZZ+,V = v" state and does not
depend on what vibrational level is involved in the 2II
state. An average value can be taken of the A2Fi" values
determined from all those bands having the same value

of v" (e.g. average the A Fl"(N) values from the 0-1, 1-1,

2
and 2-1 bands). In the present work, the combination
differences were obtained from the term values (Table III)--
that is, equations (13a) and (l4a) were used, rather than
(13b) and (1lbp).

In the absence of spin - rotation splitting, the
rotational constants would be determined from a single
set of combination differences, A2F"(N) = BV"(4N+2).
With spin - rotation splitting present, A2F"(N) is the

average of A Fl"(N) and A2F2"(N), since (from equation (1),

2
ignoring DV and higher order terms):

n = *n
A2Fl N) = Bv (4N+2) + Yy woe (158)
1] — *n
A2F2 N) = BV (4N+2) - Yy w5 LI
1 1] " - *n - "
E-[AZFl (N) + A2F2 ] = BV (4N+2) AZF (N). « o6 (16)

With the inclusion of the term of the next higher order,
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(3)

equation (16) becomes

" = *n n l _ " l 3
A2F (N) = (Z+BV - 6DV ) (N + 2) 8DV (N + 2) . ws 5 C17)

Still higher terms involving odd powers of (N + 1/2) can be
included, but were not in the present work.

Upon rearrangement, equation (17) gives

A F'"(N)
2 —— - @ -3p" - "N+ P2, ... (18)
4N + 3) v A
A,F"(N) 1
A plot of — against (N + 5)2 provides a means of
L(N + f)

determining the rotational constants. The slope of the
resulting straight - line graph gives DV", and the intercept
gives BV".

The graphs were found to be liriear over a wide range
of N values.+ A typical plot (for v" = 1) is shown in
Fig. 13. The points tend to deviate from the straight line
more at very low values of N than at moderate N values.
This is to be expected because of the presence of N in the
denominator of the left - hand - side of equation (18).
Any error in A2F”(N) will also be divided by 4(N + 1/2),
and as N increases, the error will become of decreasing
importance.(69)

Of more significance is the deviation from the straight

¥ All straight lines on graphs in this work were fitted by the method

of least squares. The range of N or J values used in determining the
best straight lines are given in the tables in this thesis, as also

are correlation coefficients.
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line at high N values. This 1s caused by the neglected
terms of higher order than the DV" term.

The Bz and D constants of the X 23 state are listed
in Téble IV. As mentioned earlier, the difference between
BV and B: should be very small. Most workers ignore the
difference, so the tabulated Bi values can be compared with
literature values of BV (which are really B:). The constants
for v" = 0 are compared with those of Fujioka and Tanaka in

@
Table V: agreement is good, expecially for BO'

TABLE IV. Rotational constants of the X 22+ state.(a)

. ;

o BV D, % rsel Correlatlon(b)
coefficient

-4

0 3.3494 1.19, x 10 6 - 22 -0.999 89

¢ 3.2426 1.243 x 167 6 - 22 -0.999 77

2 3.127, 1.31, x 10”4 6 - 26 -0.999 84

3 3.000, 1.385 x 1077 9 - 19 -0.998 86

(a) All values in this and the following tables are in cm_l.

(b) for the least - squares straight line determined from

the range of N values listed in the previous column.

* +
TABLE V. Comparison of B. and D. of the X 2I state

0 0 (43)
with the values of Fujioka and Tanaka.

*

By D,

4

This work 3.349 1.19, x 10~
8 4 4

F&rT 3.3497 1.240 x 10




III.B.2. Rotational constants of the A %I state

The combination differences appropriate for the
determination of the rotational constants of the A 2I

state are the following:

Fle'(J) = '(J+1) - F ’(J 1) ...(19a)

= Rl(J) - Pl(J) ...(19b)

AzFlf'(J) = Flf'(J+1) - Flf'(J-l) ...(20a)
- Q _0

= RIZ(J) Plz(J) ...(20b)

er'(J) = '(J+l) - F '(J 1) W 44 P
" S _Q

= R21(J) P21(J) ...(21b)

AZFZf'(J) = sz'(J+1) - sz'(J-l) ey (2B

= R2(J) - PZ(J) . «os(22b)

Again, these were obtained from the term values, rather than
directly from the spectral lines. The expressions

corresponding to equations (17) and (18) are the

following:(2l)
. 1 1
- 1 ﬂ_ - 1 = - 1 £\ 3
AZF'(J) 4(Bv + 5 DV Y (T + 2) 8DV g + 2) vo a0 2D)
AF'(J)
2 q_ 1.2
—_— = (B.' + -D")Y-2D'"(J + %) ... (24)
4(J +%) v 2 v v 27 2
1 1
where A F (J) is the average of A2Fl '{Jd), A2Flf {d )5
2 se '(J), and A2F2f (J). The term —MDV'(J + 1/2) is used
instead of -6DV'(J + 1/2), as shown by Almy and Horsfall.(2l)
A2F'(J) 1
A plot of ————— against (T + 5)2 yields D_' from the
4T + 3) =

*
slope, but because of 21T - 21 interaction, B,', rather

than BV', is obtained from the intercept, where this



time

B =B+ L. (25)
To obtain BV', q¥ has to be evaluated from the analysis
of the A - doubling (section III.B.5).

As with the X 22+ state, the graphs were linear over
a good range of J values (Fig. 14), with increased
deviations at low and high J values for the same reasons
discussed previously.

The B:, final BV (cfl section III.B.5.a), and Dv
constants of the A 211 state are listed in Table VI, and a
comparison of the B: and DV values for v' = 0 is made
with those of Fujioka and Tanaka in Table VII (A). Again,

agreement is good. In Table VII (B), the values of BO and

DO are compared with those re-calcuiated by Veseth(22)

from the data of Fujioka and Tanaka but now including
correction terms+ not used by Fujioka and Tanaka and not
used in the present work. Because of these correction
terms, the two sets of values in Table VII (B) cannot be
compared directly; rather, the table is presented to show

the small effect these corrections have, especially on Bv'

ITIT.B.3. Spin doubling in the X 22+ state

It follows from equations (la) and (lb) that the spin

+ . , ;
These corrections are for centrifugal distortion (terms in Hv and Fv’

in addition to Dv), spin - rotation interaction, and the dependence of

Av on the internuclear distance. The Mulliken and Christy formula

(equation (6)) was also extended to include the terms derived by

Dousmanis g&_gi.(zs)

T4
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TABLE VI. Rotational constants of the A 2I state.

- B: B Dv 1 used Correlation
L coefficient
0 373, 37335 L.l4,x 10~% 45 ~ 23.5 -0.999 92
1 3.648,  3.647,  1.13, x 1074 10.5 - 24.5 ~0.999 87
2 3.561,  3.560, 1.14, x 1074 7.5 = 19.5 ~0.999 54

*
TABLE VII. (A) Comparison of B_ and D, of the A 21 state

0 v (43)
with the values of Fujioka and Tanaka.

*

By Do
This work 3.734 1.14, x 10~%
F&T 3.734, 1.21 x 1074 @
(43)

(a) In the original paper this was written as

1.21 x 10-5, but this must have been an error.

(B) Comparison of BO and D0 of the A 2T state

with the values of Veseth.(zz)

By D, fy
This work 3.733, 1.145 x 1074 —
Veseth 3.736 1.31 x 10°° 1.6 5070
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splitting is directly proportional to (N + 1/2), with Yy
the spin - rotation coupling constant, as the constant of
proportionality:
" - " = l
Fl ¢))) F2 (N) YV(N + 2) ...(26)
The separation can be obtained from any of the following

differences, or an average of them:

) - ENOD = %R L,D - Q) ...(272)
= Fo, ) - B (M ... (27b)
=R, - fq,, () ... (270)
=Q, M - Qle(N)’ ... (27d)

but this, also, was determined from the term values in the
present work.

To determine Y, 2 graph of [Fi"(N) - F2”(N)] versus
(N + 1/2) can be plotted. A straight line should be
obtained, with Y, @S the slope, and such 1s indeed the
case (see Fig. 15 as an example). At high N values, such
curves often deviate from a straight line, probably due to
rotational stretching (centrifugal distortion) of the

(59)

molecule. Deviations were observed for large values
of N, but the values of [Fl"(N) - F2"(N)] were too
uncertain in this region to be able to attribute any of
these deviations to centrifugal distortion. (The points
with high N values on the graphs for v" = 0 and 2 are more
obviously randomly distributed than the ones for v" =1

shown in Fig. 15. A smooth deflection from the straight

line would be expected if centrifugal distortion were the



FIGURE 15.

Fln (N) o FZM(N)

Determination of the spin - rotation coupling constant
+
of the X 25, v" = 1 state. Slope = Yy Intercept

should be zero.
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cause.)
As seen from equations (15a) and (15Db)

AzFl n) - AZFZ (N) = ZYV. ... (28)

This also holds when Dv terms are included. Thus Yy can also
be obtained from the mean of these differences. Values
obtained from the two methods are presented in Table VIII.
The two sets are in agreement with each other to within
experimental uncer*tainty.Jr It is believed that the

graphical method gives the better values.

III.B.4. Spin doubling in the A %I state

The splitting between the Fl and F2 components of Z2II
states which belong to coupling case (a) or to a case
intermediate between (a) and (b) is due to spin - orbit
couplingf and is represented by the spin - orbit coupling
constant AV.

The A 21 state of ZnD is a regular doublet--i.e. e
is positive. It was not necessary to establish this in the

present work, since ZnH and the v' = 0 level of ZnD have

been studied previously. Otherwise, this could have been

See Chapter IV regarding the experimental uncertainties in the values
obtained from the graphical method. Standard deviations in the
values obtained by the combination - differences method are given in

Table VIII.

The splitting due to spin - rotation coupling is small and has

been ignored in this work.



TABLE VIII. Spin - rotation coupling constants of the X 22+ state.(a)

Graphical method Combination-differences Fujioka

(equation (26)) method and
(equation (28)) Tanaka (43)
"
Y, B ol Correlation YV(b) — Y,
coefficient

0 0.1224 5 - 20 +0.999 1 0.121 (20) 6 - 19 0.131
1 0.1128 7 - 24 +0.997 7 0.112 (29) 8 - 23 —
2 0.1065 6 - 23 +0.997 9 0.111 (26) 7 - 22 ===
3 0.0987 9 - 20 +0.997 7 0.097 (18) 10 - 19 o

(a) The small, linear decrease in y with increasing v is expected theoretically,
since Y3 should be proportional to Bv.(z) (The superscript on Y; denotes the
J - independent part of Yo which is really what the values in the table are.

The J - dependence only becomes important at high N values.)

(b) The figures in parentheses are standard deviations, with the decimal point

located such that these two digits correspond to the last two digits in Vg

08
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determined from the structure of the branches in the
vicinity of the band origins or from the relative magnitudes
of the A - doublet splittings in the two substates.

The effects of A - doubling (see next section) can

and F

be eliminated by taking the average of F and the

le 1f

average of er and F2f, since the A - type splitting is

symmetrical. From equation (6), one obtains

B, ) +F,.1J)

_ le 1f

- Bv[(J + !2-‘)2 -1 - .]Z;XV] + %[o + %p* + q*(J + %)2]
s 1 1 3
T [(2-Y)(0+Tp*+ g% + (p* + 2¢5)(J - NI + 2)]

2 2 .1 13
-D [J°(T + D -3IJ0 + 1 + 371 + ... ...(29a)
B, (I} + B, (1)
2e 2f
F,(3) = g

- 1y2 _ 1 1 1o« * L2
—BV[(J+2) l+2Xv]+2[o+2p +q(J+2)]

+2—}1(V- [(2 - Yv)(o +%p* + q*) + (p* + 2q*)(J - %)(J +%)]
2 2 _ 1 13
- DV[J (J+1) 2J(J + 1) + 16] + s ...(29b)

J - doublets are then given by the expression

Ale(J)

Fz(J) - Fl(J)

1 1
N— — = pn* *
BVXv + Xv [(2 Yv)(o + 5 P + q¥%)

+(p*+2q*)(J—%)(J+—g-)]+... ... (30)

in which many of the terms, including the centrifugal

distortion DV terms, have cancelled out. Let the second



group of terms in equation (30) be represented by ZV(J).

Then
_ _ _ S
My (B) =2 (3) = BUIY (Y - 4) + 4@+ D7 ... (31)
where XV has been substituted for from equation (4). By
squaring both sides, one obtains
- 2 » p2 _ 12
[Av,, () =2, (3)] BZ[Y (Y - 4) + 4 + 2] ...(32a)
- - 2 12
= AV(AV 4BV) + 4BV(J + 2) G sua K I2H)
Most spectroscopists neglect the ZV(J) term:+
- - 2 1y
[Ale(J)] = A.V(Av ABV) + 4BV(J + 2) . ex e (33)

They plot [Avgl(J)]2 as a function of (J + 1/2)% and obtain
an almost straight line, the intercept of which is

AV(AV - MBV). Since ZV(J) is small compared with Av,,(J)

21
(<1% for ZnD A 2II), this is reasonable as a first
approximation. However, since in the present work, as
discussed in section III.B.5.a, an iterative procedure was
used to determine o, p¥*, q¥, Bv’ and AV, it was easy enough
to include the ZV(J) term as a correction on AV21(J)’
[AV21(J) - ZV(J)]2 was plotted against (J + 1/2)% (Fig. 16),

with ZV(J) calculated from the values of o, p¥*, g¥, B and

V’
AV determined in the previous iteration.

The final values of AV are given in Table IX. For
v' = 0, the value of AV that would have been obtained if

ZV(J) had been ignored, was also calculated (Table X). This

T See, for example, ref. (3), p. 263, and ref. (70).
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TABLE IX. Spin - orbit coupling constants of the A 2l state.
- A g Correlation
v g
coefficient
0 343.286 1.5 = 11.5 +0.999 97
1 342.555 3D = 1345 +0.999 85
2 342.035 4.5 - 16.5 +0.999 93

(a)

Values are from the final iteration.

TABLE X. Comparison of the values of A  determined with

0
and without including the term ZV(J), and

comparison with the values of Fujioka and

Tanaka(43) and Veseth.(zz)
A
o)
This work (ZV(J) included) 343.286
This work (ZV(J) not included) 341.497
F&T (ZV(J) not included) 341.04
Veseth (2 (3) inalodad ™) 342,82
(a) The value of Veseth is not directly comparable with

that obtained here (343.286 cm—l) because of the

additional corrections included by Veseth.

(a)
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gives an indication of the magnitude of the error present
in many of the literature values of AV. It is often more
than just the final "significant" figure which is affected
by neglecting the ZV(J) term.

Also included in Table X are the values of AO
obtained by Fujioka and Tanaka and by Veseth (recalculated
from the data of Fujioka and Tanaka). Although Fujioka and
Tanaka apparently used a different method to obtain AO than
that used here, they did neglect the terms in ZV(J), SO
their value should be comparable with that obtained here
when ZV(J) was neglected. The difference between the values
is somewhat larger than expected, the reason for which is
not known. It is believed that the value obtained here (at
least with the ZV(J) term included)'is better than that of

(22) has at

Fujioka and Tanaka. The method devised by Veseth
least the potentiél to produce a better value yet than that
obtained here, but the actual value given by Veseth may or
may not be better since it was based on the data of Fujioka
and Tanaka. (It was noted earlier that the line positions
of Fujioka and Tanaka were in good agreement with the
measurements obtained in the present study, except at very
low J.) Veseth's value of AO cannot be directly compared

with the present value because of the additional correction

terms incorporated in the derivation by Veseth.+

+
" See footnote on page 74.
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A bonus is obtained from the plot of [Av2l(J) - ZV(J)]2
against (J + 1/2)2: the slope is MB; (equation (32b)).
This provides another method of obtaining the BV constants
of the A %Il state. However, this bonus is of doubtful
merit. The values obtained by this method (which will here
be called Method II) are considerably different from
those obtained by the previous method (Method I—section
III.B.2)—see Table XI. In every case, the value obtained
by Method II is lower than that obtained by Method I and
by an amount which is one or two orders of magnitude larger
than the estimated experimental uncertainty. The reason
for this was not ascertained. To check that the problem
is one of theory and not of bad data (e.g. misassigned
J numbers), Method II was applied to the data (line positions
of the 0-0 band) given by Verma and Mulliken(7o) for the

A 2)p - X 251 system of cci.” With the ZV(J) terms ignored,
1

the value of BO obtained for the X 21 state was 0.674 8 em —,

T Verma and Mulliken also used the graphical method involved in

Method II, but only to obtain Av values; they made no mention of

using it to obtain Bv values. As a check. AO for the X 2Il state of
CCl was also determined by the author (neclecting ZV(J), as did Verma
and Mulliken). A value of 134.99 cm“l was obtained, which compares
favorably with the value of 134.92 c:m—1 reported by Verma and
Mulliken—the slight difference, since the two values came from the
same data, may have been due to the range of J values used (8.5 - 36.5
were used here; Verma and Mulliken did not specify) or to differences

in the manner in which the line positions and Ale(J) values were

averaged.
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TABLE XI. Comparison of the BV values of the A 2l state
obtained by the usual combination - diffences
method (Method I) and from the graph of
[av,, (3) - zv(J)]2 versus (J + 1/2)2 (Method II).

Method I Method II

B0 3.7338 3.653
Bl 3.647O 3.574
B, 3.5603 3.455

which is considerably different (and again, lower) than
the value obtained by Verma and Mulliken by Method I:
0.693 63 em™t. The ratio of the Method II value to the
Method I value appears to be approximately constant—
97 - 98% for all the vibrational levels tested of the 2I
states of the two molecules.

Negative deviations from linearity were observed on
the graphs of [Av,,(J) - ZV(J)]2 versus (J + 1/2)2 as J
increased. This J - dependence has been studied in other

(71)

molecules by James, who expressed it by the formula

" L
A=A + ZAJ(J + 2). ... (34)

Veseth(59) has obtained a formula for AJ in terms of other
spectroscopic constants. The J - dependence was not
studied in the present work, but its existence in ZnD is

noted.
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III.B.5. A - doubling in the A %Il state

The following expression for the A - type doublet

separations, Avf , can be obtained directly from the

Mulliken and Christy formula (equation (6)):(2)

Avfe(J) = Ff(J) - Fe(J)
1 2 I
= i[(—z'p + q)(£1 + - = 'i—)
v v
29 ., _1 3 1
+ X, J 2)(J + DT+ + wes(35)
The - sign in + is for Fl levels and the + sign is for F2
levels. For Hund's coupling case (a), this reduces to(2>
2 : - 1
Hl/Z' Avlfe(J) p(J + 2) + ... (36a)
2 g =
H3/2. szfe(J) zero + ... (36b)

In (36a) and in the following equations, the signs are

appropriate for a regular doublet, such as the A 2II state

of ZnD. The subscripts 1 and 2 on Avfe indicate the Fl and
" 2 2

F2 components, respectively (i.e. H1/2 and H3/2,

(43)

respectively). Fujioka and Tanaka have added the next
smaller terms to that of equation (36a), as have Mulliken

and Christy and Fujioka and Tanaka for equation (36b):

2 ) - i, _(p 2q 13
H1/2‘ Avlfe(J) (p + 2q)(J + 2) ;Yz + . Y (J + 2) + ...
i Ad ...(37a)
2. av.. (@) = (B + 22 - L4 4 (37b)
Are* 2fe R 4 2 et e
v v

This is equivalent to saying that they have allowed for

some case (b) character—i.e. the situation is intermediate



89

between cases (a) and (b), but still fairly close to

case (a). For a situation even farther from case (a), the
general equation (35) has to be used. (For pure case (b),
the A - type splitting is given by the formula

b () = T NN + 1), ...(38)

where the - sign is for F, levels and the + sign 1s for F

1
levels. However, this equation is not appropriate for

2

ZnD, since YV is large.)
The A - type splittings cannot be obtained directly

from the spectral line positions. Unless term values are
A ]
first determined (see below), the best that can be done is

(30)

to use the following relations:

0

] 1 P
Fle (J+1) - Flf (J) Rl(J) - Ql(J) le(J+l) -

Plz(J+l)

1
- 1 —
= A Fe (J + Q

11 Av, . (J)

1fe

1
' — —
or AlFlf g+ 2) Avlfe(J+l) ...(39a)

L @D - F D Q

(3

P
Ql(J+l) - Pl(J+l) = Rlz(J) - Qp,

- 1 cual
= 1 le (J + ) + Avlfe(J+l)

or AJF,_'"(J + %) + Av

11 @ <o+ (39b)

1fe

'(J+l) - F '(J)

_R Q
Ry(3) = Q,(3) = Ty (J+1) = "By, (J+1)

= 0 F, (T + ) AV, (D

1
' —_—
or AlFZe (J + 2) + szfe(J+l) ...(39¢)
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' ' . _ i S _ R
er (J+1) - Fos J) = QZ(J+1) P2(J+l) RZl(J) QZl(J)
= AF,_'(J+3) - av, . (J+1)
1 2f 2 2fe
' 1y _
or AlFZe (g + 2) szfe(J). ...(394)

From the differences (39b - 39a) and (39c - 39d), the sum

of the widths of two consecutive levels 1s obtained:

' . ' 1 - ! -
Flf (J+1) Fle (J+1) + Flf (J) Fle J) Avlfe(J+l) + Avlfe(J)
...(40a)
1 - 1 ' - ' =
sz (J+1) er (J+1) + sz J) er (J) szfe(J+l) + szfe(J)’
.. (40b),

and these can be closely approximated by Avlfe(J + 1/2) and
AvZfeQI-+l/2), since to the accuracy of equation (36a) a

linear relationship exists between Av and J, and although

1fe
Av2fe and J are not directly linearly related, the magnitude
of Av2fe is small (at least for low and moderate J values)
and the difference between adjacent values is small.
Equations (36a), (37a), and (37b) can still be used with
these fictitious Avfe(J + 1/2) values if J 1s replaced by
J + 1/2.

The A - type splittings were calculated in the present

study from the term values:

Avfe(J) = Ff(J) - Fe(J) . R

This approach had the potential advantage that no approx-
imations were made (i.e. the Avfe(J) splittings were

obtained, rather than the approximate fictitious Av_, (J + 1/2)

fe
values). However, it was found that the data points fell



on smoother curves if the fictitious Aer(J + 1/2) values
(calculated by averaging Avfe(J) and Avfe(J+l)) were used.
This was because of the problem of the term values
belonging to two non-interconnecting sets (see section
IIT.A). The e and f levels from which each Avfe(J) value
was calculated were members of the opposing sets. Any
errors in the location of the term value sets relative to
each other would have led to large relative errors in the
Avfe(J) values, since these values were small in magnitude.+
For a 2H1/2 substate belonging to case (a), it follows
from equation (36a) that a plot of Avlfe(J) against J
(or Avlfe(J + 1/2) against (J + 1/2)) should yield a
straight line of slope p. Such a plot i1s shown in Fig. 17
for the v' = 1 level of ZnD. Also shown is szfe as a
function of J, although a linear relation is not expected
in this case. This latter plot was made to show the
variation of szfe with J and to compare szfe with Avlfe
and was also found to be useful in choosing which Avefe(J)
values to discard in subsequent plots because of random
errors.

The Av values are much smaller than the Av values

2fe 1fe

(a fact which can be used to distinguish between the 2H3/2

¥ The curves for Avfe(J + 1/2) would also appear smoother than those for
Avfe(J) because random errors would be averaged over two adjacent
points rather than concentrated in single points, though this probably

would not improve the accuracy.
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FIGURE 17.

3.0+

2.54
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Lsd

1.0 =

0.5
3/2

A - doubling in the A zn, v' = 1 state. The points
are plotted for the fictitious Avfe(J + 1/2) values.
For the 2H1/2 substate, according to equation (36a):

slope = p; intercept should equal 1/2 p.
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and 21 substates and thus to determine whether the

1/2
doublet is regular or inverted). Small negative values have

been obtained for Av2fe at low J for all three vibrational

levels studied, but there is probably no significance to

L T2}

this. Watson and Parker obtained negative values for

(2)

low J values in BeH, but Mulliken and Christy attributed

this to experimental error.

Other than these first few points, Av for 2q and

fe
that for 2H3/2 have the same signs, as 1s usual for

. (2)

142

case (a The curves for Avq . are linear only at low

J (up to J + 1/2 = 10 or less). Beyond this range, each

curve deviates towards the Avfe = 0 axis. If it could be

extended to much higher J values, it would bend around

.‘.

completely,’' and Avlfe would eventually become negative,

so that as case (b) is approached AVype and AV g would have
opposite signs(2) (cf. the t sign in equation (38)).
There are at least two reasons why the plot of Avlfe
against J deviates from a straight line. First to be
considered is the fact that ZnD does not belong to pure
case (a) but only approximates this condition. For the

A 271 state, Y (= A/B) = 90 - 100, whereas even in HgH, for

The curve for v' = 1 (Fig. 17) may even have reached and passed this
maximum, but this cannot be stated with certainty in view of the
large scatter in the points having large J values, the reason for
which has not been determined (possibilities: incorrect line

assignments; perturbations).
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which Y = 560 in the A %I state, pure case (a) behavior is
not achieved (at least with regard to spectral line intensity
distributions).(73>

Graphs (Fig. 18) based on equation (37a), which
allows for some departure from pure case (a), were
found to be linear over a wider range of J values than
the previous graphs. (The points in Fig. 18 appear
much more widely scattered than those in Fig. 17, but this
is mainly due to the large scale at which the equation (37a)

graphs were drawn.) These graphs each consist of a plot

Avlfe(J)
of —===5— as a function of (J + 1/2)2. The result is a
J + =
2
straight line with slope = -(i% + 29-) and intercept =
Y p's
v v

(p + 2q), from which p and g can be solved for simultaneously
once YV has been determined.

For the 2H3/2 substate, according to equation (36b),
there should be no A - doubling if the coupling scheme is
pure case (a). This is clearly not the case, so allowance
for some case (b) character has to be made—equation (37b).

According to equation (37b), a graph of Av2fe(J)
against (J? - %)(J - %) should be a straight line, also with

slope = [ k. gg~), this time with a + sign in front.

b Sl

v v
According to Fujioka and Tanaka, this equation includes
terms of the same order as does equation (37a). An

example graph is shown in Fig. 19. It was found that the
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FIGURE 18.

Determination of the A - doubling parameters by means of
equation (37a). The graph is for the A 2Hl/2’ v' = 1 substate,
with the points plotted for the fictitious J + 1/2 values.
Slope = —(—2— + gﬂ). Intercept = p + 2q.
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FIGURE 19.
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Determination of the A - doubling parameters by means of
equation (37b). The graph is for the A 2H3/2, v' = 1 substate,
with the points plotted for the fictitious J + 1/2 values.
Slope = -+ Z3—). Intercept should be the origin.

Y2 ¥
v v
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values of (i% + gg) obtained by this method (based on

YV YV

equation (37b)) differed considerably from those obtained

by the previous method (based on equation (37a)). (For

example, for v' = 0: this method, (i% + gg) - 3.28 4 10—5;

ty Ty

previous method, 5‘“2 X 10'5; Fujioka and Tanaka obtained

(also by the previous method), (7.3 + 3.9) x 10—5.) The

values of p and q determined using (i% + gg) obtained from
Yv Yv
the equation (37a) method were in better agreement with

those determined from the method of equation (42b) (see

below) than those determined using (i% + 29~) obtained

YV YV

from the equation (37b) method (see Table XII). A
possible explanation is discussed later.
Equation (35), valid for any situation between cases

(a) and (b) was also employed. The following relations

., (2)

can easily be obtained from equation (35

MW@ + v (D) = (b + 20+ + ... .. (42a)

1
szfe(J) - Avlfe(J) = i;'[(P + 2q)(2 - Y)

+mu-§u+%nm+§+.”..”m%)
Straight lines were obtained from plots of

[8v,pe(3) + 8V (3)] against (J + 3) (Fig. 20) and

-4



FIGURE 20.

by, e (J) + Av) £ (D)
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N

Determination of the A - doubling parameters by means of
equation (42a). The graph is for the v' = 1 level of
the A 21 state, with the points plotted for the
fictitious J + 1/2 values. Slope = (p + 2q).

Intercept should be the origin.

30
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[Av (J) - Av (J)1-X
2fe llfe \ against (J - %)(J + %) (Fig. 21).
J+§

The ranges of the J values over which the graphs were

linear were roughly comparable with those for the graphs
based on equations (37a) and (37b), although for v = 0,
deviation from linearity occurred at lower J values than
with equation (37a). The values of p and g were obtained
from the quantities U4qg (the slope of the line based on
equation (42b)) and (p + 2q), with the latter obtained
either from (1) the slope of the line corresponding to
equation (42a) or from (2) the intercept of the line based
on equation (42b) after dividing by (2 - YV). It was
found that method (2) always gave a value for p in better
agreement with that from the Fujioka and Tanaka method
(equation (37a)) than did method (1), so the former values
were used in calculating the final average values
(Table XII), since there was expected to be little difference
between the results obtained by the two methods.

A second reason for the deviation from a straight line

of the plot of Av against J and also a reason for the

1fe
curvature at high J values in the other A - doubling
graphs (though in the latter cases this is often masked
by random errors at high J values) is the fact that p and
g are known to vary with J, due to stretching of the
molecule. This centrifugal distortion effect has been

(2) and by Veseth.(59)

discussed by Mulliken and Christy
Mulliken and Christy have expressed the J - dependence

(written in terms of N) by the formulas
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FIGURE 21. Determination of the A - doubling parameters by means of
equation (42b). The graph is for the final iteration
for the v' = 1 level of the A 21 state, with the points
plotted for the fictitious J + 1/2 values. Slope = 4q.

Intercept = (p + 2q)(2 - Yv).



The quantities shown are the final values

TABLE XII. A - doubling parameters of the A 2Il state.
obtained from the iterative procedure described in the text.
(A) Values of p:
"Best" Literature values Calculated
v' Method values Fujioka Dufayard values
(average of and and for pure
(43) (26) .
(a) (c) (d) (f) (g) (d) & (g)) Tanaka Nedelec precession
0 0.1556 0.1516 0.1496 0.1557 0.1484 0.1490 0.17 0.146 + 0.002 0.22
0.1380 0.1467 0.1383 0.1130 0.1323 0.135 E==a = 0.22
2 0.1022 0.1162 0.1093 0.088l 0.1114 0.1104 — — 0.22
(B) Values of q:
v Method "Best" values| Literature value: Calculated values
(average of Dufayard for
(b) (c) (d) (e) (d) & (e) and Nedelec(26) pure precession
0 0.000 739 0.000 685 0.001 68 0.001 38 0.001 53 0.001 12 + 0.000 02 0.0024
1 | -0.000 12 -0.000 167 0.004 04 0.001 2O 0.002 6 — 0.0023
0.000 761 0.000 69 0.004 1 0.001 ; 0.002 9 = 0.0023

continued on next page...
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TABLE XII (cont.)

and Equation (37b): slope

p and q were evaluated from the following quantities:
(a) Equation (36a): slope
(b) Equation (36a): slope and Equation (37b):
(¢) Equation (37a): intercept
(d) Equation (37a): slope and intercept
(e) Equation (42b): slope
(f) Equation (42a): slope and Equation (42b):
(g) Equation (42b): slope and intercept
(C) Statistical information about the data used to determine the
least - squares straight lines.
v' Equation J used Correlatica
coefficient
0 36a 1-10 -0.998 7
37a 3 - 27 +0.985 8
37b 6 22 +0.984 .7
42a 2 - 14 +0.997 0
42b 4 21 +0.955 4
1 36a 2 7 -0.999 7
37a 4 - 16 +0.968 1
37b 7 -21 +0.827 8
42a 2~ 24D +0.995 0
42b 7-21 +0.911 3
2 36a 5 9 -0.977 6
37a 5 15 +0.866 2
37b 2 - 23(11) +0.938 1
42a 5 - 20 +0.979 0
42b 5 - 208 45,963 9
J values omitted:
(i) 4, 5, 6
(ii) 3, 7, 8, 14, 17
(ifi) 75 8; 10, 14, 17, 18
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P =P / [1+ u?N(N + 1)] = poll + 2u2N(N + 1) + ...] ...(43a)
q =4, / [1+ u?N(N+1)] = qofl - 4u?N(N + 1) + ...], ...(43b)
where
4B2 D
w2 s —== 2, . (44)
LU2 Be

Veseth has obtained the formulas

'

[t}

P P+opg J(J + 1) ...(45a)

]

q q+q; 30+ 1) ...(Z;Sb)
and has given expressions for pJ and qJ. Dufayard and
Nedelec(26) have used the latter formulas, with the
dependence on J expressed in the form [1 + xJ(J + 1)1,
where x is an adjustable parameter. For ZnH, they have
found that the A - doublet splitting of the 2H3/2 substate
is reduced by centrifugal distortion by 10 - 20% over the
J - range 2.5 - 21.5.

Although Dufayard and Nedelec did not explicitly

study this effect on the 2n substate, they state that

1/2
it is much smaller than the effect on the 2H3/2 substate.
This provides a clue as to why different results were
obtained from the different methods of determining the

A - doubling parameters (cf. Table XII). Although this

has not been tested, the following explanation is
tentatively put forth. Equation (37b) involves exclusively

Av (which is for the 2I substate), and based on the

2fe 3/2
work of Dufayard and Nedelec, Av2fe is not expected to be
accurate, due to the effects of centrifugal distortion.

Equation (37a), on the other hand, involves exclusively



Avlfe’ which should be relatively unaffected by centrifugal
distortion according to Dufayard and Nedelec—hence the
difference between the results obtained from these two
equations. The values of p and g obtained exclusively fpom
equation (37a) (by simultaneous solution of the expressions
for the slope and intercept—method (d) in Table XII)
should be the more accurate values. Equation (42a) and
(42b) involve both Avlfe and szfe; however, the magnitude

is greater than that of Av , so0 the centrifugal

of 493 pe 2fe
distortion effect should be small in these equations.

Thus, it is not surprising that equation (42b) yields
results in reasonable agreement with those of equation
(37a). What is surprising is that the results of equation
(42a) are not in as good agreement with either of these,
and the reason for this is not known.

The small differences between the results of equations
(37a) and (42b) can be tentatively attributed to the small
centrifugal distortion effect (especially in (42b)) and
also to the neglect of smaller terms (i.e. allowance for
more case (b) interaction) in (37a). Since without
further study it is not known which of £hese two factors
is the more important, the final "best" values of p and
q given in Table XII were taken as an average of the
two sets.

These "best" values are in reasonable agreement with
the values obtained by Dufayard and Nedelec for the v' = 0

level (Table XIT). The values of Dufayard and Nedelec are
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probably more accurate, because they not only corrected

2

for the centrifugal distortion effect on the substate

T3/2
but also took into account the second order terms of
Dousmanis et al.

If the %I state and a 2% state stand to each other in
the relation of pure precession, values for p and g can be
calculated from the following expressions:

2A B L(L + 1)
v Vv

p =t ... (46a)
bt | % 1

2
ZBVL(L + 1)

got—t ... (46b)

I,z

where vH,Z has been defined previously,+ and is positive
(negative) if the I level is above (below) the I level,
and the * sign is + for a 23% state and - for a 21~ state.
The fact that p and g have been found to be positive for
the A 21 state of ZnD, means that if a pure precession
relation with a 3% state exists for this state, the other
state involved must lie below the A 21 state in energy.
(The possibility of a low - lying 25~ state above the A 21
state is unlikely.f) The only known state of lower energy
than the A 2T state is the X 23  state. Using values of
vH,Z obtained for these two states from the RKR potential

energy curves (section III.D.4), using the values of BV

i See page 15, especially the second footnote to the page.

s

See the first footnote on page 15.
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for the 21 state,+ and with L = 1 (predicted from the
united atom), the pure precession values of p and g listed
in Table XII are predicted. The experimental values of p
are lower than the calculated ones. This 1is as expected,
because the case of pure precession represents the
maximum interaction between a I and a I state.(2> The
fact that the experimental values are lower indicates that
the X 23" and A 2T states of ZnD are not related to each
other in the manner of the absolute limiting case of pure
precession. But since the calculated values are at least
of the correct order of magnitude, these states may still
be partly related in this manner, with the relation not
being completely good due to other influences (such as the
unobserved B 2zF state). b

The experimental g values would also be expected to
be lower than the calculated ones. Comparison with the
"best" values shows this to be true only for the v' = 0
level. The larger experimental values for the other two
levels can most likely be attributed to the large relative
uncertainty in the experimental values. (If the g values
obtained from method (e) in Table XII, rather than the
"best" values, are used in the comparison, the experimental

values are lower than the values calculated for pure

5 In the ideal case of pure precession, the BV values would be the

same for the two states. Otherwise, BV for the 21 state should

(2)

be used, according to the instructions of Mulliken and Christy.



precession for all the levels. It may be that the
method (e) values alone should really have been used as
the "best" values.)

The values of YV(Table VIII) are similar, but not
exactly equal to those of p (Table XII). In the case of
(2)

pure precession, they would be exactly equal.

IIT.B.5.a. Iterative procedure

In order to evaluate q by any of the methods employed,
one has to have previously determined AV. But in order to
obtain AV, one has to know BV (and, for utmost accuracy,
also p¥, q¥, and o), and BV comes from B*, which contains
a term involving q* (= q), and this is what we wanted to
find in the first place. Thus, an iterative procedure was

used to obtain Bv’ A p (= p*¥), q (= q*¥), and o. Since

V,
g* is small relative to BV, it was easy to obtain an
initial value of BV that was close to the true value.
Convergence was achieved for all the parameters in two

to three iterations. This procedure was applied to each

vibrational level.

IIT.B.6. Effect of vibration on the rotational constants

The dependence of BV on the vibrational state can be

conveniently expressed as a power series:

- L 1y2
BV = Be - ae(v + 2) + Ye(v + 2) ¥ wus g ... (47)

where Be is the B value that would be obtained in the

absence of vibration—that 1s, the value at the bottom of
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the potential well, corresponding to the equilibrium

position. The parameters Ogs Y are the vibration -

a?
rotation interaction constants, which define the dependence
of BV on v. This variation of BV with v 1s due mainly to
the effect of anharmonicity.

The B:" values of the X 22+ state were fitted to
equation (47) by the method of least squares. The
difference between B: and BV was ignored, and terms of
higher order than the Y term were neglected. The values
of Be", ae", and ye" thus determined are listed in
Table XIII. For the A %I state, the three B,' values were
used to form three equations based on (47), which were

solved simultaneously to obtain B ', a_ ', and y_'. It
e e

e
turned out that Ye' was negligible.
The centrifugal distortion constant, DV, can also

be fitted to a power series:
D =D +B (v+2 + (48)
B o . > Shw b %

For the 22+ state, this was done by the method of least
squares, and the values of De" and Be" obtained are listed
in Table XIII. For the three analyzed vibrational levels
of the %I state, the variation of DV’ with v' was
negligible, so a fit to equation (48) was not done.

Both y, of the 23% state and A, of the 21 state have
been observed to vary with v. These v - dependences can
be expressed by empirical relations of the type of

equation (47)—e.g. for AV, the relation




TABLE XIII.

interaction constants.
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Equilibrium rotational constants and vibration - rotation

(A) Constants
State Be oy Ts De Be
2.t -4 =4
X 42 3.399O 0.096 37 -0.004 97l 1.156 x 10 0.006 44 x 10
2 R I )
A 41 3.7772 0.086 8
(B) Comparison of the BV and Dv values calculated from the constants
in (A) with the experimental values.
v
0 1 2 3
*
Bv (experimental) 3.3498 3.2426 3.1276 3.0006
%
BV (calculated) 3.3496 3.24?3 3.1270 3.0008
1 3 —
Bv (experimental) 3.7338 3.6470 3.5603
1 —;
BV (calculated) 3.7338 3.6470 3.5602
] -4 -4 -4 -4
Dv (experimental) l.l94 x 10 1.243 x 10 1.315 x 10 1.385 x 10
D. (calculated) 1.18, x 107% 1.25. x 107* 1.31_ x 107* 1.38, x 107%
v 8 3 7 1
A wA =g (v+D (49)
v e A 2 e

has been used by a number of workers.

(74),(75),(59)

In

view of the low number of analyzed vibrational levels for

ZnD,

it was not considered worthwhile to study the

variation of AV with v 1in any more detail than to note its
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existence. The variation of Te has been mentioned in

footnote (a) of Table VIII.

III.B.7. Effective rotational constants of the A %I state

If 21 states have their angular momenta coupled in a
manner approaching that of Hund's coupling case (a), the
Hill and Van Vleck term BV[(J + 1/2) -1 + 1/2 XV]

(cf. equation (3) or (6)) can be replaced by
Bv,effJ(J + 1), wx s {50)

where the effective rotational constant differs for the

(1)

two doublet components. According to Mulliken, for
doublet states
BV
v,eff=Bv(li-—v—K+...), ’ v wwi o)

where the + sign refers to the substate with £ = +1/2

(i.e. 2H3/2 for %I states) and the - sign refers to the

substate with I = -1/2 (i.e. 2Hl/2)' For I states, A = 1.
Often spectroscopists study the substates individually

and obtain the BV off values directly. In order to

5

obtain the true BV values, they then average the Bv,eff
values. In the present study, the true BV values were
obtained directly, since it was felt that this method was
more accurate. However, effective values were required
to calculate the RKR potential curves (section III.D.4).
These effective values were calculated from equation (51),

with higher order terms neglected, and are given in

Table XIV.



TABLE XIV. Calculated effective rotational constants for the

A 27 state. The true BV values are included for

comparison.
' 2 2
¥ By B, eef (“Myyo) By ops(Myyp)
0 3.7338 3.7229 3.7447
2 3.6470 3.6364 3.6576
2 3.4603 3.5499 3.5707

III.C. Vibrational Analysis

IIT1.C.1. Band origlins

The origin, Voo of a band is defined as follows.
If T" and T' are the total term values of the ground state
(X 22+) and excited state (A 2II), respectively, then the
wavenumber of the spectral line corresponding to a
transition between them is given by

v=rT"'-T"

[Te' + GV' + Fv'(J')] - [Te" + Gv" + FV"(N")], v s (D)

where the electronic (Te), vibrational (GV), and rotational

(FV) energies (in cm-l) have been assumed to be completely

1L

independent of each other (Born - Oppenheimer approximation).

Rearranging,

]

v [Tev = Ten] K [va _ GV"] i3 [FV'(J') _ Fv"(N")]
= v + vv + [FVV(J') - Fvn(N")]

= v : 2 [Fv'(J') - FV"(N")] 5 o ws £ 33)



ile

where

[Te' - Te"] + [GV' - GV"]. «s < (54)

The particular Vo for the 0-0 band is called Vg
For the %I state, the single mean rotational term
can be obtained from equation (29):

Fl(J) + FZ(J)
2

F,Q)

lZ_ l .1:* % lZ
B LU+ 11 +35lo+35p +q(J+2)]

1 13
- 2 2 42 P24
DV[J (J + 1) + 2J(J + 1) + l6] #:ndiw R}

Similarly, for the 22+ state, from equation (1),

Fl(N) + FZ(N)
2

RAN)=

— 1 i 2 2
BVN(N + 1) ZYV + 0 DVN N+ 1)c+ .... ...(56)

Then, for N" = J' - %—:
[F,' (3" - "] = [F,' (") - E "G - D]
=B, -BEMEE-D +B T -2+ 3y,
+ 2o+ 2p* + q*(J + D2] - 0
+ ()" =D NI - DT+ P2
-0, T+ D@2 - -1, ... (57)

where the prime on J has been dropped. Upon substitution

into equation (53), v_ 1s given by

e}
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1 n

% 1 1
* = = L " 2" e o ' By =
vk =y - {(B' =B "ME2-D +B T -3 +3F,

l l._ _]_-_2_ n ' _lZ 1‘.2
+ > [0 + zp* + q*(J + 2) ] 0+ (DV - DV )(J 2) (J + 2)

' l _l - '
- D, (J+2)(2J2 5) =D+ ... ...(58)

(The reason for the asterisk on vg will be discussed
shortly.)

At this stage, a problem is encountered. The author
is not aware of any method for evaluating O (other than in
the case of pure precession, where(g) O = -0). The effects
of interaction between states is often ignored when
evaluating v, —that is, the 1/2[o0 + 1/2 p* + q*(J + 1/2)2]
- O terms are neglected. Because O was unknown, this
practice was followed here also, and this was done by

defining a vg* as
1 1 1,5
®% = £ _—n% = -
vk vg + 2[o + 5p* + q*(J + 2) ] -0. «ux 58]

The quantity v¥ in equations (58) and (59) is still
not the true v, as defined by equation (54), however,
because a term which really belongs to the rotational
part of the energy, but which is independent of J and
which is not determinable from the spectrum, has been
included with the vibronic energy.+ This term (often
represented by the symbol BV<Ef>) has therefore not been
included in any of the rotational energy expressions given

in this text (for either the 25% op 27 states).

7 See references (1) and (76), for example.



114

Since most spectroscopists do not consider the
>
1/2 [0 + 1/2 p* + q¥*(J + 1/2) ] - 0 or BV<Li> terms when
evaluating band origins, the quantity that has here been

called vg* corresponds to what is normally called simply
V-

The terms 1/2 [...] - O consist of a J - dependent
part and a J - independent part. In view of the inclusion
of the Bv<ii> terms in with the vibronic energy, and
therefore in vg and vg*, the inclusion of the J - indepen-
dent part of 1/2 [...] - O in vg* is logical.

The J - dependence of 1/2 [o + 1/2 p#* + q¥*(J + 1/2)2]
- 0, and hence of v;*, consists of both the explicitly
stated (J + 1/2)2 factor and the hidden J - dependences of
p* and q¥*¥ (cf. equation (43)) and possibly also of o and O.
To obtain the J - independent value of vg*, vg* has to be
extrapolated to J = 1/2 (the lowest possible J value).

The vg*'s so determined correspond to the energy separation
between the J' = 1/2 level of an A 21 vibronic state and
the N" = 0 level of an X 2Z+ vibronic state, where the

J' = 1/2 level of the A %I state is the average of Fl(l/2)
and the hypothetical F2(l/2). Note that the vg*'s are

not exactly equal to this energy separation, due to the

J - independent terms, 1/2 Y% and DV':

1
%%° = - [eeir® !
ve LR Vo T IR Rl o el P -+ (60)

where the superscript zeroes are used to denote the

J - independent part of Y, and vg*. The value of Vs for




115
(4)

ZnH given by Huber and Herzberg is for essentially
this same energy separation, so the values of Voo for ZnH
and vgg° for ZnD can be compared (see section III.E.1).
However, Huber and Herzberg apparently have included the
[1/2 Y% - DV'] term in with the vibronic energy—that is,
VE*C = Vo, 1/2, N" = 0 for Huber and Herzberg's ZnH
value.

The values of v for the transitions between the J'
levels of the %I state and the N" = J' - 1/2 levels of
the 22+ state were calculated from the term values, and,
using the experimental values of BV', BV", DV', and vy
vg* was calculated for each J value. Graphs of vg* as a
function of J were then plotted. It was expected that the
curves would asymptotically approach the J - independent
vg*° values with decreasing J, but in general this was not
the case, as shown in Fig. 22. This resulted in some
uncertainty in the manner in which the vg* curves should
be extrapolated to J = 1/2. The v§*° values listed in the
form of a Deslandres table in Table XV were determined by
following the experimental points to as low J values as
possible, then extrapolating, even though the behavior at

low J was not asymptotic. Another possibility was to

ignore the low - J points and extrapolate from the

1 Actually Y; in the nomenclature of equation (60), which is a

modification of that of Mulliken and Christy.(z)



(a) '
23.,391.84
N
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23 391.6
23 391.4 1
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J
(B)
24 901.51
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J
FIGURE 22. Determination of the J - independent value of vg* — that

is, vg*°. This is the value of “3* at J = 0.5,

types of behavior as the curve approaches J =

shown. (A) 0-0 band. (B) 2-1 band.
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*
Deslandres table of band origins, v

*
° of the A 21 - X 257

TABLE XV. 0 system. The horizontal and vertical
differences are included (small type).
v" 0 1 2 3

Vl

0 23 391.50 £ 0.15 49g9.79 22 301.71 £ 0.3  1432.58 21 269.13 + 0.3 969.6 20 299.5 <+ 0.5
1320.08 1320.01 1320.02 1320.0

1 24 711.58 + 0.4 1089.86 23 621.72 + 0.5  1932.57 22 589.15 + 0.3  ggq.¢ 21 619.5 + 0.4
1278.58 1278.60 1278.55 1278.75

2 25 990.16 * 0.3 1089.84 24 900.32 + 0.2  1932.62 23 867.70 £ 0.4  ggq.4 22 898.25 + 0.4

LTT
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moderate - and high - J points and possibly introduce a
bend in the curve to achieve an asymptotic approach. The
large uncertainties listed in Table XV allow for this
second possibility. It is felt that the former method is
probably the correct method to use, so the Vo values in the
table are probably better than would be indicated by the
accompanying uncertainties. The constancy of the AGV + 1/2

values (see next section) lends support to this statement.

IIT.C.2. Vibrational constants

The vibrational quanta, AGV + 1/2° were calculated

from the band origins:

K _ G** - *k
BGv 4 179 = (v'+1) - G (v")

= \)g*o(vv+1’vvt) _ vg*o(vl,.\,ll) . .(618.)
" %% B G** - G** "
GV" + 1/2 = (v ) - (V )

VERS (v, vHL) - vRRO (v, V) -+ (61b)

These ére included in Table XV, written in small type.

The various possible values for each vibrational quantum,
listed along horizontal or vertical rows, are in good
agreement with each other. The averagés+ of these were used
to calculate the vibrational constants in the (usual(3))
manner described below.

%
But first, the AG_, values (for the 2I state)

+ 1/2

BN

' The values involving v" = 3 were not included in the averages for

k% .
AGV, +1/2° since they were of lower accuracy than the others.
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were corrected for the term 1/2 (o + 1/2 p¥ + q¥*(J + 1/2)2]
* %
neglected in the Yo determination. They could not be

corrected for the neglected Bv<fi> term, however. Thus

* % *
the AGV, + 1/2 values were converted into AGV, + 1/2 values.
This was done by means of the equation+
AG* —A** 1 ]_* &
v+ 172 = 86y p1yp T Qlo PR A atl
1 1
= —p* *
+ 5[0+ 3p* + a*], . ... (62)

The corrected and uncorrected values are given in Table XVI.
The correction for the neglected O term could not be made

for the 23' state.

TABLE XVI. Vibrational quanta for the X 25% and A 21 states.

+1/2 A A *

v v+ 1/2 Gor & 172 %S 4172
1/2 1089.83 1320.03, 1320.10,
3/2 1032.59 1278.57, 1278.71,
5/2 969.5. - -

In the following discussion, the asterisks have been
dropped for simplicity. To be consistent with the
nomenclature used in this thesis, a single asterisk should
be added mentally to all the following G and AG values

for the %I state and a double asterisk for the ZZ+ state.

+
" J has been set to 1/2.



120

The second and third differences are defined as

A2G = AG

v & 1 & 3j2 " B8

v+ 1/2 oo » (63

A3 A2G - A%G
v

v+3/2° S Cv+2 ERACL)

+1"

In terms of the vibrational constants, the term values
of the anharmonic oscillator and the above AiG values
,(i = 1 to 3) are given by the following expressions:

Be %% OLezmez Ye¥e 1 1.,
G(v) = [— + + ] + we(v + EQ - wexe(v + 50

4 12B 144 B 2 4
e e

13
+ weye(v + 2) Foe o ses(65)
AG il -aw ¥ )y = (2 - By e D
v+ 1/2 Wo We¥e WeVe WeXe Vo 2
+ 3y (v + D)2 (66)
ee 2 R
2 . _
A°6 , 1 = ~Qux - 6w y) + 6wy (v+ 1/2) v K67
3 -
836, | 4, = 6u.3, , ...(68)

where higher order terms have been neglected. The term in
square brackets in equation (65) is an approximate

expression for YO of the Dunham formula (equation (8)).+

o
This constant term, which is a result of anharmonicity,(77)
is often not included, but it does, in fact, contribute to
the zero point energy.

Equations (66) - (68) yielded the values of w_ ", w_x_",

e ete
and w_y " for the X 23% state listed in Table XVII. For

(78)

¥ As pointed out by Bunker, the expression for Y00 given by

Herzberg (ref. (3), p. 109) contains a misprint.
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TABLE XVII. Vibrational constants. The values in the column
labelled "Corrected" were determined from the

*
AGV +1/2 values (Table XVI); those in the
*
"Uncorrected" column, from the AGV

*
+1/2 values.

Uncorrected Corrected
Wy 1141.54 ——
wexe 24.29 o
weye -0.962 —
w ' 1361.49 1361.48
e 7 7
1
wexe 20.730 20.693

the A %I state, data were available for only three
vibrational levels, so only two vibrational constants,
we', and mexe', could be obtained (fable XVII). This was
accomplished by setting w.¥, to zero in equations (66)
and (67).

The values of Wes W Xy and We¥ g in Table XVII may
have small errors in them, the magnitude of which is not
known, due to the neglect of Bv<ﬁi> and 0 (if O depends
on v).

The origin of the band system Ve (that 1s, the
electronic energy separation of the two states) can now be
evaluated (equations (54) and (65)) using the vibrational
constants evaluated above and the previously determined
v§*° values. An average was taken over the nine bands
having the smallest experimental uncertainties (v' = 0 - 2

em~l. If the

?

v" = Q - 2), yielding Vg ™ 23 279.99
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Dunham Yoo term is omitted from equation (65) (i.e. if
Yoo is considered to belong to the electronic energy,
rather than the vibrational energy), the value obtained is

1

v§*° = 23 280.54, em™~. The latter type of value is

i
the one which 1s usually reported.

The vg*° values were re-calculated from this average
vé*° value (the latter one) and the vibrational constants,
and the differences between the experimental and calculated
vg*° values were obtained. These differences were small
(£0.03 cm"l) for the bands in v' = 0 - 2, v" = 0 - 2; and
£0.11 cm—l for the remaining three bands, v' = 0 - 2,

v" = 3) and appeared to be random, so no further adjustments

of the vibrational constants were made.

ITI.C.3. Vibrational terms, effective terms, and effective

constants

Vibrational term values G(v) were required for the
determination of the RKR potential curves (section III.D.4).
These were determined in the following manner. Asterisks
have again been omitted from the G and AG values and are
to be added mentally: one for the 2II state and two for
the 237 state.

G(0) is simply the zero point energy and was

calculated from the formula

G(0) = Fw -lwx +-];u)y e w5 ...(69)

NI

The Yoo term was not used (cf. equation (65)); the G(v)
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values determined here can easily be converted to those
that would be obtained if Yoo were included by adding the
constant terms +0.1lg and —0.386 em™t for the A 2T and
X 22+ states, respectively (obtained from the term in
square brackets in equation (65)). The we¥g term was not
used for the 21 state.

Each of the remaining G(v) values was then determined
by summing the AGV + 1/2 values up to the appropriate
vibrational level and adding this sum to the zero point

value. The values are listed in Table XVIII.

TABLE XVIII. Vibrational terms of the X 22+ and A 21 states.

The term Yoo has not been included.

v &) ') @ v 6 )
v v
eff,201/0 eff,213/2
0 564.579 675.5660 675.742 675.390
1 1654.409 1995.667 1996.00 1995.2l
2 2686.999 3274.382 3274.6l 3273.7S
3 3656.576 —_— _— s

For the %I state, G values were required for the individual
substates. These effective values were calculated from

the true values by means of the equation

1 1 1
' ~ ' = ' = —p* *
(Core ™) peran = 6'(V) 2 3B 'K, + S lo+ 5% + q*]
+ = (2-Y)(o+2pt+qr) -D " (70)
* X, v 2 v ?

where the + sign in * refers to the F2 substate and the
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- sign refers to the Fl substate. This equation is
obtained by means of equation (29) by setting J' = 1/2.
That is, the effective G'(v) values are defined as
corresponding to the lowest possible rotational level of
each vibrational level (again, this is a fictional level
for the F2 substate). These effective values are labelled
as preliminary, because the final values will have to be
referred to the bottom of the potential wells, and the
zero point energies (which will differ for the two
substates), at this stage have not been evaluated. The

differences between adjacent (Géff(v)) values

prelim

gave AGY o /5. erf

1 1
constants (we, offs weXe, eff) were calculated for each

substate in the same manner as described previously.

values, from which effective vibrational

From these vibrational constants (Table XIX), effective
zero point energies were calculated (equation (69)), and
finally the remaining Géff(v) values were determined
relative to the bottoms of the potential wells of the
two substates in the same manner as before. These are

given in Table XVIII.

TABLE XIX. True and effective vibrational constants for the A 21 state.

True constants Effective constants
2 2
172 T3/2
'
Wy 1361.48, 1361.89 1361.1O
wx ' 20.69 20.8, 20.6,

ee 3
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III.D. Derived Quantities

Before deriving quantities from the spectroscopic

constants, the magnitude of the terms neglected, according

(27)

to Dunham, in expressions such as (71) below will be

considered. The neglected terms involve the ratio

Bez/mez. For ZnD, this ratio has the value 8.866 x 10~

for the X 22+ state and 7.697 x 10_6

for the A 2] state.
ZnD is sufficiently heavy to make these values quite small.
It has therefore been assumed that the higher terms can
be safely neglected, at least 1in the expressions for Be’
and we.+ They may be of more importance in the expressions

for Oy D and Be,<3) but these were not of primary

e’

concern here.

III.D.1. Bond lengths

The rotational constant Be is related to the
equilibrium internuclear distance ry according to the
well - known expression

h
8mlcI
e

«s+(71)

Ie = ure2 . ...(72)

By way of comparison, Bez/me2 approaches 10_3 for H2 and here the
extra terms become of importance. Values of 10_6 are usually
too small to be detected. Calculations have not been performed

to check this in ZnD.
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Ie is the moment of inertia in the equilibrium position,
Bu is the reduced mass, h 1s Planck's constant, and c¢ is
the velocity of light in vacuum.

The internuclear distance or "bond length' can also

be defined for the vibrational state v by analogy with

the equilibrium value, as follows:(s)
g SO F Y (S . (73)
v 8n2cu |r?
v

where [l/rZ]V is the mean value of 1/r? during the

vibration. The internuclear distance is then defined as

" [5—‘1/2 (T8

v

Values of Ie’ Tys and r, are given in Table XX. The
value of r_ is slightly smaller in the A 21 state than in
the X 25' state, and both values depict a fairly long
bond. Within each state, By increases with v due to the

effect of anharmonicity.

IIT.D.2. Force constants

The force constant k measures the force required to
stretch a bond by a given distance and is thus related
to the strength of the bond and to the shape of the
potential curve. The value of the force constant at the
bottom of the potential well, ke (i.e. the value for
infinitesimal vibrational amplitudes), can be obtained

from the vibrational constant Wy by means of the well -



TABLE XX. Moments of inertia and bond lengths of 642nD.(a)
(A) Equilibrium values:
> ;
Ie(kg m<) re(nm)
R 28T 84285, x 10747 0.159 3,
A2 7.411, x 100 0.151 1
1 9
(B) Effective vibrational values:
x 25t A 21
® 2 2
Iv(kg m*) rv(nm) Iv(kg m%) rv(nm)
0 | 8.356, x 107*7  o0.160 5, | 7.497, x 10747 o0.152 0
1 8.6330 X 10—47 0.163 17 7.6756 X 10_47 0.153 86
2 8.9503 X 10_47 0.166 14 7.8626 X 10_47 0.155 72
3 | 9.3209. x 107*7  0.169 6 e _
3 3
(a) The following quantities were used to calculate the above

values from the Be and BV values:

c = 2.997 924 58 x 10° m-s~ L.

given in Table XXIV.

known formula(3)

1 [k
Ye T 2mc nooe

(79)

h = 6.626 176 x 10

The reduced mass of

34 Is,

64ZnD is

xuw 76)

12T



The values given in Table XXI for ZnD are typical of

fairly weak bonds. (For comparison, the very strong

bond in N =N has a force constant of 2295 N-m"l in the

(4)y

groﬁnd state. The force constant 1s greater in
the A 21 state than in the X 25’ state, and this is
related to the shorter bond length already noted in the

A 211 state.

TABLE XXI. Force constants.

kg (N.m'l)
X 25 149.91,
A 21 213.25,

ITII.D.3. Dissociation energies

If the vibrational levels can be represented accurately
by*
Gl) = w09 25 - gk 0o + D2 (76)
e 2 e e 2 &
with higher powers of (v + 1/2) being negligible, then
the dissociation energy measured with respect to the

bottom of the potential well, De’ or measured with respect

¥ As shown below, this method of determining the dissociation

energy yields only approximate results, so Yoo can be ignored.
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to the zero point energy level, Do’ can be calculated

from the well - known Birge - Sponer equations:+
me2
De T s s ud7a)
e e
(1)02
D, = o % sk I)
0o 0

These equations are obtained by finding v the value

max’

of v at which G(v) (or Go(v) when referred to the zero
point energy) no longer increases with increasing v
-—i.e. the derivative dG/dv (or dGo/dv) is set equal to

zero. The value obtained is:

w

- © 1
Vmax © 2w x % ...(78a)
e’e
Yo
Vux - 3oz ...(78b)
0“0

The value of G(v) (or GO(V)) at which this occurs is
the dissociation energy. Substitution of the expressions

for Vnax into equation (76) then yields equations (77a)

and (77b)——G(vma ) = D _; GO(V

X e’ = Do' The relationship

max)

between De and DO is

De “D, + G(0) . PP

(This derivation has been repeated here, because it has

* The relationships between the vibrational constants used when energies

s cos)s

are expressed relative to G(0), the zero point energy (wo, w X

and those when referring to the bottom of the potential well

(3)

(we, w X, ...) are given by Herzberg.
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been extended to include the next higher power of
(v + 1/2) (see below)—a method which is not as common.)
Dissociation energies obtained by this method are
often in error by a considerable amount (usually high,
often by as much as 40% or more).
An alternative approach is to plot AGV + 1/2 against

v. The area under this curve 1s the dissociation energy

. +
Do’ since

v
max

De = G(vmax = . AGV ...(80a)

v=-Z

max

Do = Go(vmax) a vz=:0 AGv +1/2 ° -+ - (80b)

If equation (76) describes the situation exactly, then
the curve will be linear and the area will give the same
value of DO as equation (77b). Otherwise, this method
gives better values than equation (77b).

For the X 2I' state of ZnD, equation (76) is not
exact; a value of wexa,corresponding to the next higher
power of (v + 1/2), has been obtained. Still higher terms
are probably needed to describe the situation exactly, but
these are not available. A plot of AGV + 1/2 against v
is not linear in this case (Fig. 23). As an aid in

extrapolating the plot, the value of A can be calculated:

20 x - 3wy = 2//(w x )2 - 3w (wy)
e’e e’e e’e e e’e
v = oo o COLA)
max 6weye

t AGV is the value intermediate between AG and AGV

v+1/2 -1/2°
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BCyn 4+ 1/2
1000 -
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0 4 8 12

FIGURE 23. Determination of the dissociation energy of the
X ZZ+ state of ZnD. The dissociation energy Do

equals the area under the curve.



P
i} . w X, * V/(woxo) 3mo(woyo) ...(81b)

max 3w °
070

These equations were obtained in the same manner as
equations (78a) and (78b). The + or - sign is chosen
(according as Wy, is positive or negative, respectively)
so that the value of v _  1is positive. For the X 25+

i = 1
state of ZnD, from equation (81), L - +2.7.

The dissociation energy can be obtained by determining
the area under the curve, or it can be'calculated. The
latter method avoids the problem of accurately
intérpolating the graph in the region between the

experimental points and the calculated point at Vmax'

It can be done either by substituting the numerical value

of W orciot into the expression for G to obtain G(vmax) or

Go(vmax) (= D, or DO) or by substituting the algebraic

expression for v into the expression for G to obtain a

max

general expression for De or DO (analogous to equations

(77a) and (77b)). The expression for DO iB:

2 _ :

. - 3wo(w0xo) + Zwo//(moxo) 3w0(woyo)
o 9w y
o’o

) 2(moxo)3 + Z(moko)z//(moxo)2 - 3wo(woyo) o
27(w°y0)

This is a considerably more complex expression than
equation (77), undoubtedly the reason why it is not
normally used. If still higher power terms of (v + 1/2)

beyond the @5 term are required to fit the observed

132




133

vibrational levels, analogous equations could be derived
but would be too complex to be of much practical use.
Even equation (82) is of doubtful value.

An easier method would then be to calculate successive
values of G(v) or GO(V) from equations like (76) but with
higher power terms included. The maximum value of G is
the dissociation energy.

For the X 25' state of ZnD, equation (82) yields a
value of 8'06 x 103 em™ T for Dg.f From equation (79),
the equilibrium value is D = 8.62 x 103 em™l. If the
Wa¥e term is omitted, a linear Birge - Sponer eXtrapolation
(equation (77)) yields DI = 12.1; x 103 em~l—considerably
different from the above value, which should be the better
value. The inclusion of the WaZg term (if available) or
the graphical equivalent (more AGV + 1/2 values to plot
against a wider range of v) would probably further refine
the 8'06 x 103 em™! value.

For the A 2I state, only the vibrational constants
Wg and w X, are known. By the above methods, the best
that can be done is to use equation (77) to obtain a
value of Dj = 2.172 x lOLl em™t and D, = 2.239 x 10u em™ 7.

An alternative method is available for determining

+ e . .
The superscript on Dg indicates that this is the energy required
to dissociate the molecule from the lowest rotational and
vibrational level of the ground electronic state to the normal

atoms.
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the dissociation energy of the A %I state. As can be
seen from Fig. 1,

D (A 21) =D (X 22+)+\) - % ...(83)
= = Ip - 13 © 21 o 2y

where v + is the electronic energy separation of
eZH_ZZ

the two molecular states (= v§*° = 23 280 cm'l) and

v3 . is the energy separation of the first excited
P -5

Ly T

state (3P) and ground state (!S) of atomic Zn (32 567 cm ~).

9 p 4 lOu cm'l.

The dissociation energies quoted above are not

The value obtained is D_(A 2M) = 1.7

expected to be very accurate. In addition to the neglect
of higher power (v + 1/2) terms, at least one, and possibly
two, factors have not been allowed for which can cause
considerable errors. First, as already discussed with
reference to Fig. 1, the X 22+ state is most likely involved
in an avoided crossing between two 22+ states. Since

only the lowest vibrational levels have been observed and
since this region of the potential curve is 1little
perturbed by the other 22+ state, the experimental
dissociation energy might actually be closer to that of

the fictitious unperturbed state than to that of the

actual state. Thus, the value obtained i1s expected to be

greater than the true dissociation energy.

(80) for the three

An average of the three values given by Moore
components of the triplet atomic state is given, since it is not

known to which component the 211 state correlates.
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Second, for states which have ionic character, the
opposite effect has been observed to occur in a number of
molecules—i.e. dissociation energies obtained by the
above methods are smaller than the true values. This may
have some effect in ZnD; the possibility of some ionic
character has been discussed previously (section I.A)..

(16)

Stenvinkel has obtained a value of

Dg = 6'86 x 103 em™! for the X 217 state of ZnH. Since
there is very little isotope effect on electronic energies
(see section III.E.1l), the values for ZnH and ZnD should
be almost identical. The difference is due to the fact
that Stenvinkel had data available on more vibrational
levels for ZnH than are presently available for ZnD.
Using data from levels closer to the dissociation limit
allows a more realistic AGV + 1/2 versus v curve to be
plotted—i.e. the factors discussed above which affect
the dissociation energy determination are more likely to
be better taken into account. Thus, the value

Dg = 6.86 X 103 em™T is probably closer to the true

dissociation energy of the X 2Z+ state of ZnH or ZnD

than the value 8‘06 X 103 cm-l determined here.

ITII.D.4. RKR potential energy curves and Franck - Condon

factors
The Rydberg - Klein - Rees procedure 1is the most
practical method for determining a potential energy function

directly from the experimental vibrational and rotational
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spectroscopic constants. RKR curves for the X 22+ and
A ®1 states of ZnD have been calculated by means of a

(81)

computer program by Zare. For the 21 state, effective
curves for the two substates were calculated. The
classical turning points are given in Table XXII, and

the curves are shown in Fig. 24.

TABLE XXII. Potential energy curves for the X 22+ and A 21 states
of ZnD calculated by the RKR method. The true or
effective Go(v) and BV values used to calculate the

curves are given, along with the classical turning

points.
N Go(v) BV rmin(nm) rmax(nm)
2+

X <& 0 0 3.3498 0.148 20, 0.173 03
1 "1090 3.2426 0.141 39 0.185 27
2 2122 3.1276 0.137 27 0.195 27
3 3092 3.0006 0.134 29 0.204 78

2
A Hl/2 0 0 3.7229 0.141 08 0.163 75
1320 3.6364 0.134 58 0.174 36
2 2599 3.5499 0.128 27 0.185 07

2
A H3/2 0 0 3.7447 0.140 64 0.163 3l
1320 3.6576 0.134 l4 0.173 92
2 2598 3.5707 0.127 82 0.184 6l

The intensity of a band is proportional to its
Franck - Condon factor (the square of the overlap integral
for the two states involved in the transition). The
proportionality constant includes a factor for the

population of the initial state. Franck - Condon factors
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have been calculated with another program by Zare.(8l)

These are given in Table XXIII.

+
TABLE XXIII. Franck - Condon factors for the A 2 - X 25 system

of ZnD.
¥' 0 i 2 3

V,
2n1/2 0 0.779 0 0.181 1 0.032 8 0.005 5
1 0.203 0 0.425 4 0.252 2 0.084 7
0.017 8 0.351 8 0.206 2 0.210 4
2n3/2 0 0.758 4 0.193 5 0.038 6 0.007 2
0.220 2 0.385 4 0.256 8 0.094 2
0.021 0 0.371 6 0.168 4 0.202 6

The Franck - Condon factors are in good qualitative
agreement with the intensities of the bands observed in
the spectrum. The 0-0 band is the most intense band.
The 0-1 and 1-0 bands have similar intensities to each

other and are of lesser intensity than the 0-0 band.

III.E. Isotope Effect

The effect on the spectrum of isotopic substitution
is discussed both for the hydrogen isotopes and for the
three most abundant zinc isotopes. Since the change in

the reduced mass of the molecule is much greater upon
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exchange of deuterium for hydrogen than for interchange
of the zinc isotopes, the isotope effect on the spectrum
is much larger in the former case than in the latter.
Very accurate reduced masses obtained from mass spectro-

graphic data are given in Table XXIV,.

TABLE XXIV. Reduced masses'®’

amu kg
SYznH  0.992 183 5  1.647 586 x 10~ 2/
66ZnH  0.992 650 2 1.648 361 x 10”2/
68znH  0.993 090 2 1.649 091 x 102/
S4%2aD  1.952 585 3.242 396 x 10727
66z0D  1.954 394 3.245 398 x 10727
682nD  1.956 100 3.248 232 x 10°27
(a) u = ulmZ??H gD . Calculated from the masses listed
Zn mH or D
in ref. (82).

IIT.E.1. ZnH versus ZnD

The total displacement between corresponding band
lines of two isotopic molecules is the sum of electronic,
vibrational, and rotational parts:

Av = Av_ + AV + Av ...(84)
e v T
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The potential energy curve of a given electronic state 1is

generally assumed to be invariant to isotopic substitution
~f .. Ave is assumed to be zero. However, due to partial
breakdown of the Born - Oppenheimer approximation, a

small isotopic shift is often observed, especially for

the lighter hydrides. Bunker(78) has given an approximate
expression for this shift:

Av
e

ve(ZnH) - ve(ZnD)

0.000 068 [v_]
+ [B,'(zoH) - Be'(ZnD)][<f'2> - A'2 +8'(S'" +1) -£'2 - '2]

- [Be"(ZnH) - Be"(ZnD)][<E"2> - A"2 4+ 8"(S" + 1) - "2 - Q"2],
...(85)
An average value of L for ZnH and ZnD can be used in this
expression. Theory has not yet been developed for the
evaluation of the term <ﬂ2>; Bunker suggests using the

very approximate separated atom value:

-
s &
<L = [Ly(y + 1) +1, (L, + D], ... (86)
LI " o= n = 1 =
where LH LH LZn 0, LZn 1. The approximate
value of Ave predicted by this method is, when the %11/2
1

substate is involved, 3.6
-1

s 2
9 cm —, and for the 113/2

substate, —3.62 cm Interestingly, the shifts for the
two substates are in opposite directions but of similar
magnitudes.+ These shifts were not compared directly with

experimental values, since the Vg value (vg*°) determined

+
- Footnote on next page.



(4)

here for ZnD and that given by Huber and Herzberg for
ZnH involve the 21 state that would exist in the absence
of spin - orbit splitting, rather than effective values
for the two substates. An average of the two predicted
values of Av is +0.04 cm'l, and this can be easily
checked with the observed value: -6.8 cm—l.f Agreement
is not good, which is not surprising considering the
approximations involved in the derivation of equation (85)
and especially in view of the approximation involved in
using equation (86) and also especially in view of the
fact that the B<fi> terms were neglected when determining
the "observed" shift. The approximate formula used to
calculate the Yoo terms may also have contributed to the
discrepancy. The conclusion of the author is that until
better methods are available for determining <T2> and
<fi>, electronic i1sotope shifts are difficult to study.

The vibrational isotope shift is of considerably

larger magnitude and the theory is better developed.

T Note that this does not mean that the A 21 substates themselves

shift by about equal magnitudes in opposite directions energywise.
The X 22+ states are also involved and the shift in these is the

2 2
same regardless of whether the other state is Hl/2 or H3/2.

! In calculating this shift, the ve value given by Huber and Herzberg

(23 276.9 cm ) was corrected for the [1/2 y -D ] term (see the
discussion below equation (60)) (23 276.8 cm )——Y was properly
included as a vibrational term here. The final value (23 273 2 cm )
is now defined in the same manner as v;*° (= 23 279.99 cm )

defined earlier in this thesis for ZnD.
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To a good approximation, the shift is given by the
(73)

equation

_ _ i - _ ) l _ neon l
A\)v =V, -V, (1 p)[we (v' + 2) W, (v" + 2)]

A
- (- e lugx, (" + P2 - wx "+ P2,

...(87)
where the superscript i1 denotes the isotopic molecule
and will be used here to refer to the heavier isotope.
The Wy and W Xg values are those of the lighter molecule.
The constant p is defined as
" 1/2
o = [—Ej , v 00 k88)
15

where p and ui are the reduced masses.

It follows from equation (87) that the band system of
the heavier molecule will be contracted relative to that
of the lighter molecule, since p, as here defined, is
less than one. With one exception, the v_ values were not

v

compared quantitatively, since the Vo values given by

(16)

Stenvinkel for ZnH were defined in a different manner
from those obtained here for ZnD. Qualitatively, the
contraction of the ZnD bands relative to the ZnH bands was
observed. It was possible to quantitatively compare the
Yy values for one set—the v' = 0 - v" = 0 transition—
since the value of Ve given by Huber and Herzberg(u) for
ZnH did correspond in definition with the value calculated

here (and called Vééo) for ZnD, after making the small

correction for the [1/2 yJ - D_ '] term (see the discussion
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under equation (60)):

Avv 47.0 (observed)

Av 45,21 (calculated from equation (87)),

v=0
Agreement is reasonable. It is not intended to discuss
here the reasons for the small difference. One obvious
possible source of error will be mentioned: the approximate
formula used to evaluate Yoo (the terms in the square
bracket in equation (65)). Other sources of error have
been discussed in the references cited by Johnson
(raf. 73, p. 181).

A good approximation to the rotational isotope shift

(3)

is given by the formula

n
Av. = v._ -V
T o5 r

' pz){Be'J'(J' +1) - BN'(N" + 1)}

w (1 = 93){ae'(v' + %)J'(J' +1) -a"(v"+ 12'-)N"(N" + 1)}
1 1 1 l‘. | 1 LB_

- (1 - pL’){De [J'2(J' + 1)2 - ST % 1) S 58

_ DenNnZ(Nn & 1)2}

- " ' ' iv ' _l, ' _]é
(1 -p2){B,'[(v' +3)I'2Q" + 1)2 - 3I'A" + 1) + 7]

" " !-_ " "
- 8, (v" + SN 2(N" + 1)2, ...(89)

where the Almy and Horsfall centrifugal distortion
expression has been used for the %I state, though
equation (91) below may not be valid for these. The 2I

state complicates the use of equation (89). A\)r values



could be calculated for each substate by means of the
formula as written, using effective values of Be', ae",

D,'s and B ", if the 2% - 21 interaction (A - doubling,
etc.) is ignored. Alternatively, the formula could be
modified by substituting the Hill and Van Vleck expression
(equation (3)) for Be'J'(J' + 1); then the true Be',

ae', De', and Be' values would be used. However, the
relations obtained from equation (91) below may not be
valid in this case (but see below). Also, the 2f - 21
interaction has again been ignored. This neglect of the
27 - 201 interaction would mean that the Avr values would
be expected to be even poorer than those normally

obtained from expressions like equation (89), since the

£ - I interaction parameters (p,q, etc.) would be altered
by isotopic substitution. In view of these complications,

and since Avr would be small compared with Av equation

v
(89) has not been tested directly here (but the isotope
effect on the individual rotational constants has been
tested—see the following paragraphs).

The isotope effect can also be expressed in terms
of the individual vibrational and rotational constants.
Kemble and Van Vleck(83) have shown that if the potential
curves of the isotopic molecules are regarded as identical,
and if the vibrational - rotational term values are written
in the form of equation (8), then the vibrational and

rotational constants for the different isotopes can be

related as follows:
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Y, 1
Ym ap £+ 20) ...(90)
Zm
That is (c¢f. equation (9)):
.
w,o = Pwy ...(91a)
i 3 = 2
w X, pow X, .(91b)
5 - .3
wYq Pow Y ...(91c)
B pls ... (914d)
e e
i_ .3
oy e, ...(91e)
n - b
De o De ...(9lf)
q. - o5
B o Be . | v« (928}

These relations have been assumed in the expressions given
earlier for Av,, and Avr.

To test these relations for ZnD versus ZnH, values
of p were calculated from them. These are given in
Table XXV. Comparison with the very accurate mass
spectrometry value shows good agreement, particularly for
the values obtained from we', wexe', and Be'. The
especially good agreement in the latter case is somewhat
surprising, since the rotational terms of the %I state were
not expressed in the form of equation (8). The agreement
becomes increasingly poorer as £ or m increases, a result
which can probably be attributed to the fact that the

usual, mechanical expressions for Y become increasingly

£Zm
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TABLE XXV.

Comparison of the values of p obtained from the spectral

(3)

constants with each other and with the mass

spectrometry value—for 64ZnD versus 642nH.

Mass spec. value 0.712 838 3

Hi
we
. 0.710 09
w 0
e
~w X "1/2
< e,,] 0.663
w X 7
L e e
wl
WY, 1/3
- -1.3,
_weye
W vd
e
ey 0.712 74 .
e
o x 'T1/2
2 .] 0.712
w X 2
L. e e
‘Be"l‘l/Z
5 0.713 3,
e
Fa "L/
- 0.727
L e 8
y "ta1/4
[ - 0.602 g
Ye -
-Be'i 1/2
= ] 0.712 8,
- Te
o '1a1/3
L] 0.71,
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poorer approximations to th as £ or m increase, due to
the increasing importance of higher order terms. This
effect has been discussed by Crawford and Jorgensen,(8u)
who give more accurate expressions to account for it. The
only particularly bad value of p (even the wrong sign)

is that obtained from weye". This is probably because the

weye value was calculated in the absence of an weze term

for ZnD but with an w2y term for ZnH. WeZg is actually

(4)

larger in absolute value than Wo¥e for ZnH. The two weye
values are therefore not comparable. Other possible

reasons for the discrepancies in the other p values are
discussed in the references cited by Johnson (ref. 73,

p. 181).

IIT.E.2. Zinc isotope effect

The reduced mass changes by only a small amount upon
changing the isotopes of zinc (c¢f. Table XXIV). Therefore,
the isotopic splitting is very small. The three most
abundant isotopes of zinc, followed by their natural
abundances (%) are °“Zn, °°Zn, and ®%zn; 48.63, 27.90,
and 18.75.(85) Lines due to these three isotopes have
been clearly resolved in the spectra (Fig. 25). The
relative intensities are visually in agreement with the
above natural abundances—exact intensities were not
measured.

0

The measured splittings of the lines of the P12

branch of the 0-1 band are given in Table XXVI. The
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Zinc isotopic splitting in the
of the 0-1 band of the A 21 - X 2% system

Frequencies of the lines are

the left hand side (in cm_l).

FIGURE 25.
of ZnD.
given on
order of increasing frequency:
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079.82 22 078.76 30738 28
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081.57 Lk 5
] 22 081.91 22 082 . 3¢
83.42 —— —
22 083.90 5% 08% 24
093.46
£&193 .85 22 094.29
104 53 22 104 94 22 105 37

P branch
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TABLE XXVI. Zinc isotopic splitting in the A 2T - X 251 0-1 band,

OP12 branch. The observed values of Av are tabulated.

J" 64znD - 66znD 64ZnD - 68znD
4.5 -0.39 -0.83
6.5 -0.48 -0.82
7.5 -0.48 -0.83
13.5 -0.52 -1.05
14.5 -0.34 -0.79
18.5 -0.41 -0.84
average -0.44 -0.86

electronic and rotational isotope effects are expected to

be very small and the observed spliﬁtings are expected

to be predominantly due to the vibrational isotope effect.

Although there is an increase in Av as J increases for

J between 4.5 and 13.5 in the tabulated values, possibly

due to a rotational effect, the irregularities with J
greater than 13.5 leave this interpretation in doubt.
The splittings in a greater number of lines would have
to be measured to obtain statistically valid evidence
for or against. This was not pursued further. It was,
however, observed that in some branches where the
isotope splitting was too small to be resolved at low
Jd values, it was often large enough to be resolved at
high J values. Thus a rotational effect was at least

(16)

qualitatively observed. Stenvinkel has studied the
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rotational zinc isotope effect quantitatively in ZnH.

In view of the discussion in the preceding paragraph,
the splittings listed in Table XXVI were averaged. From
equation (87), the vibrational isotope splittings were
calculated to be -0.432 and - 0.838 cm"l, respectively,
for the ®*ZnD - °®ZnD and ®*ZnD - ®%ZnD splittings.
Theservalues are very close to the observed average
total isotopic splittings, -0.44 and -0.86 cm-l, thus
confirming the expectation that the vibrational isotope
effect makes the largest contribution.

Mrozowski(ug) has observed a very small nuclear
isotope shift in ZnH. No attempt has been made to look
for this in ZnD.

The magnitude of the zinc isotopic splittings
varied from band to band (vibrational effect) and with
J values within the bands (rotational effect). The
splittings were often not large enough to be resolved.
Thus, when measuring the spectrum, the accuracy was often

limited by the blending of these lines.
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CHAPTER IV

CONCLUSION

Although methods of analysis have been chosen so as
to attempt to achieve the utmost accuracy wherever
possible, this goal has had to be tempered to achieve
results within reasonable time limits. Hence, certain
approximations have had to be made, involving the neglect
of higher order terms, as has been mentioned at the
appropriate places in this thesis.

The molecular constants of ZnD have been evaluated
primarily by the traditional, graphical method. The
combination differences (and other differences not
specifically called "combination" differences) that were
used in these graphs were obtained from the term values,
rather than directly from the spectral line positions.
Some of the advantages and disadvantages of using a
term value approach have been mentioned, and this has

been further discussed by Albritton et gl.(66>

While
the graphical method is conceptually simple and provides
the spectroscopist with a good '"feel" for the data, it
is recognized that this approach has limitations. It is
not particularly useful for determining higher order
terms—at least, not without becoming complex.

Since the effects of the higher order terms (which

result in non-linearities in the graphs) usually become

more pronounced at high J values, the parameters have
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been obtained from the data in the low and moderate J
range—the particular values of J (or N) used in evaluating
the parameters have been given in the appropriate tables.
No attempt has been made to model the system over the
entire J range. Thus, in this sense, the present work

can be considered to be a preliminary analysis of the
spectrum of ZnD.

Another disadvantage of the graphical method is that
it is difficult to estimate the experimental uncertainties
in the molecular constants obtained. Albritton et g;.(66)
have pointed out that the estimated experimental
uncertainties are, in fact, often unduly optimistic.
In view of this problem, error limits have generally
not been explicitly stated in this thesis. The expected
accuracy of the derived parameters 1s indicated by the
number of significant figures—except were the method of
evaluation itself is only approximate (in particular, the
Birge - Sponer method for dissociation energies), in
which case the number of significant figures stated for
the calculated results are based on the assumption that
the method is exact. Because of the difficulty in
estimating the experimental uncertainties, the meaning of
the last significant figure has to be interpreted more
loosely than the usual definition: thé error limits may
in some cases be somewhat more than *1 in the last
decimal position, but should be less than *9. Where last

digits have been given as subscripts, the uncertainty
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exceeds *10 units of these digits and the above inter-
pretation (£ *9) still applies to the last figure
preceding the subscript.

Spectroscopists are increasingly using statistical
(rather than graphical) methods to evaluate the molecular
parameters, the most common method being that of least
squares.+ This more readily allows for the determination
of higher order parameters (e.g. by the methods of
Veseth(22)), and thus the data can be fitted over a
wider range of J values. These methods are also better
for estimating the experimental uncertainties.

One such statistical method has been devised by
Aslund(68) and incorporated into a new computer program
which evaluates the molecular constants and term values
simultaneously. (The earlier method of evaluating the
term values, then subsequently using these to obtain the
molecular constants has been criticized.<66)) This
program has now been obtained by this laboratory and,
although not available in time for the work presented
in this thesis, is intended to be used to further
refine our knowledge of ZnD.

Despite the increasing use of statistical methods in
spectroscopic analysis, the traditional methods are still
of considerable value for the preliminary analysis of a

spectrum—hence this thesis.

% "An introduction to the least - squares fitting of spectroscopic data"

is provided in a chapter by that name in ref. (86).
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