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ABSTRACT

The B°= "> % Y and 5 *—> 125 ¥ systems of on
‘and OD were photographed at high resolution. The apparent
dissociation energy DO(A2v22+5 is calculated to be‘(188h7
¥ 1%5) cm’l_forvOH and (19263 : 15) cm"1 for OD. An upper
limit to DO(X21T3/2) of OH is deduced to be (35420 % 19)

em™L. Evidence for a dispersion hump in the B(2 5 7) state

which is about 100 cm™t larger than the hump in the A(2Z +)
state is presented.

The broadening of the rotational lines in several bands
of both systems has established a strong predissociation of -
the A(22§ *) state near v = 5 in OH. The lifetime of these
Predlssociated levels is - 10 1¥Vseconds; A definite}iden-

tification of the predlssoclating state has not been possible.}
| Newly discovered vibrational levels in the C( z )

-1

state have led to the followlng constepts, in em —, of the

OH redical in the G2 5 * state

e 89500 - Be

Te = = L, 247
D% = 29m18%15 Ko = 0.078
W = 1232.9 ¥ (v=0) = 1.09
WweXe = 19.1 ¥ (v=1) = 0.88

Rotational constants and spin splitting constants in the

2 + — :
AT Z ) and B(22~ * states, more accurate than previously

available are presented.
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CHAPTER I - INTRODUCTION

The hydroxyl radical (OH) is one of the more interest-
ing molecules in nature. It is readily formed in combustion
reactions.where its spectrum is often used to determine
the temperature of a flame (Dieke and Crosswhite, 1948).

The OH emission has been detected in the upper atmosphere
and 15 primérily reéponsible for the airglow (Meinel, 1950).
Recently, the radio frequency transitions within the two
lowest rotational states of'the radical have'been observéd
in astronomical sources (Barrett, 1968). Detection of the
OH emission has usually been accompanied by exciting sur-
prises. For example, it is almost certain that masing
action is responsible for the radio signals bf OH from
outer space and the mechanism for the masing actidn is not
yet understood. Detailed knowledge of the energy levels.
of the radical, which is the subject of this thesis, should

help to solve the problems encountered with the OH emission.

This thesis contains a study of some of the elect-
ronic states of OH. All of these states have been studied
previously but new vibrational 1eVe1s and new transitions
ha§e been observed. The energy level diagram of OH can

now be constructed very accurately up to 100,000 ent



from the ground state. The assignment of the electronie
and vibrational quantum numbers is unambiguously decided
by the new transitions:observed.

The emission spectrum of the radical was photographed
at high resolution. The assuracy of the wavelengths mea-
sured is 1073 X, which is 10 times and in some cases 100
times better than the raw data previously available. The
accuracy of the holecular constanﬁs in the states'sfudiéd,
such as internuclear separation and vibrational frequency,
has been increased by a factor of 10.

One of the most useful constants of the molecule is
the dissociation energy of the ground state. From a study
of the B2y t-— A2 5+ gystem, Barrow (1956) ealculated
the dissociation energy of the FC 2 state, the first
excited state. He'then determined the dissociation energy

of the ground state to be (35450 * 100) em~l. The B23t+—>

p2rt system of deutroxyl radical (0D) has been extended
to includé transitions to vibrational levels near the
dissociation 1limit of the A22:+ state.‘:The estimate of
the error of the dissociation'energy of the Azii*' state
has been reduced by a factof of seven or better. The
same error is transferred in calculating the dissociation

energy of the ground state.



The increase in accuracy of the dissoéiation energles
- of the excited states has made possible the detection of
dipole-dipole and higher order multipole interaction be-
tween the neutral hydrogen and oxygén atoms in the excited
states. The net effect of this interaction was found to
be répulsive and occurs at ;n internuclear sepafaiibn
much larger than that at which valence forces are pre-
dominant. . |

The high dispersion at which the transitions were
pﬁotographed revealed that some of the spectral lines are
broad. This effect was first observed in one of the 0D
transitions, the (0,9) of the B ¥yt — AZZ * system,.
by Bruce Nodwell in the summer of 1964, then an under-
graduéte‘research student for Professor Dalby. He, how-
ever, did hot see thevsame effect in OH, in fact, he failed
to observe the same.transition.in OH. The authof subse-
quently cqnstructgd a source of OH which consistantly
‘emitted the desired transitions with high intensity. The
line broadening was seen in both the F»B2 > +——)A2 % and
CZZZf-e»AZZ:+ systems of OH and 0D. It became evident
quite early that a pfédissociation occurs in the A2§:+
- state at high v's. The results were reported at the Con--

ference of the Canadian Association of Physicists, held



at Calgary, Alberta, in June, 1968. Later on in the same
| year, a paper was discovered in the literature (Czarny
and Felenbok, 1968) which reported line broadening in
the same (0,9) band of OD and in the (0,6), (0,7) and

(0,8) bands of OH. Our investigation is, however, much
more comprehensive. 1In 0D, the predissociatibn was
detected from v = 7Vthrough to v =13 and in OH from
‘v =5 to v =7. The sharp appearance of the transitions
involving v = 6 in OD and v = % in OH is crucial in decid-
ing where the predissociation is first noticeable. The
depehdence of the predissociation on the rotational
| quantum number was invéstigated in eéch vibrational level.
Although much data has been collected on the predissociatibn,
the theoretical explanation of the facts needs development.

Predissbciatiohs are interesting-because the inverse

process, pre-association, may be a &ery important step in
the formation of'molecales. When two atoms come together
in a collision, they form a ﬁquasi-molepule" at that
separation for which valence forces are large. The quasi- '
molecule performs one vibratioﬂ only for it has enough
energy to break the bond. If energy is lost in that
short time during which.the,vibration lasts (typically_
10-13 seconds) a stable molecule is formed. The quasi-

molecule can radiate to a lower closely lying vibrational



level. This transition lies in the far infra-red and is
- a slow process,ﬁﬁ‘lo-3 seconds. The quasi-molecule can
also reach an excited state by pre-association and then
radiate to the ground state. This transition lies in the
optional region and is much faster, = 10"8 seconds. Thus
the probability of molecule formation is about 10-5 per

10 by radiation to.

collision by pre-zssociation, but 10~
a lover vibratidnal level. For OH, the interest in pre-
associztion is even greater because of the masing action
obserVed in the OH'rédio frequency signal from outer
space. _

The 022f+'state-is very deeply bound and high in
excitation energy. ‘The properties of this state have
been determined from a study of the C2§f +-4?A22: *
system énd CZZ:+-97B22§ * systemi The fbrmer system
has only been recently‘obéerved (Michel, 1957) and the
latter is reported for the first time. The C2 ) * state
is not completeiy;understood yet. The“022:+—ﬁ-A22:+ _
system of OH was:extended to include transitions from a
vibrational level loﬁer in energy than the one previously
thought to be v = 0 (Michel, 1957). The same system is
reported for the first time in Ob. The corréct vibrational



numbering of the levels in the 022:+ state was deduced
from the isotopic reletions. The conéequential new
vibrational and rotational constants of the C221+ state
have been determined. A discussion_of'the electronic

structure of the CZE:+ state is also presented.



CHAPTER II - Basic Theory of Diatomic Molecules

In this chapter, the genersl theory of diatomic mole-
cules is outlined in part (a2) and the application of the
theory to the determination of the molecular constants of

the hydroxyl radical is given in part (b).

(a) General theory -

Moleculér theory is based on the Born-Oppenheimer
(1928) approximation.accordihgvto which the total wave
'funcfion of a molecular system is the product of elec-
tronie, vibrational and rotational terms. The approxi--
imation‘is good~becaus¢ the mass of the électron;isimuch~
smaller than thétvof'the'nﬁéleuss

In linear molecules, the c¢lassification of the elec-
tronic terms 1s based on the value of the component AN ft
of the electronic angular momentum along the internuclear
axis (4 1s Planck's constent divided by 27T ). This is
pbssible because there are no torques on the electron in the
direction of the internuclear axis. The projéctionAof the
electronic angular momentum_aiong the internuclear axis is
conserved classically and A is therefore a-gbod quantum-
number. For /\ = 0, 1, 2, .. the electronic states are
called E:)'77.) Zﬁ) ©~* . Although /A is a good quantum
~number only in the non-rdtaiing'molecule, it is often found

tb‘be a good quantum number even in rotating molecules,'

to a good approximation. -



‘The multiplicity of the electronic state is designated with
an upper secript on the left liand side and the projection
of the total angular momentum on the internuclear axis is
designated with a lower script on the right hand side, for
-example 'ZTTsa QTT%L . _ |

’ The electronic wave function has a symmetry with re-
épect to reflection at any plane passing through the two
nuclei, For A#:C , the brojection of thé electronie
angular momentum on the nuclear axis is = A % ., The
degeneracy of these states is two-fold. For such degen-
erate states, a réflection of the electronic wave function
at a plane passing through the nuclei can result ih ﬁhe '
same wave function or in the other wave function of opposite
sign. States with /\Ft<> have therefore both symmetries
but it is never eXpressed-explicitly because the energy of
 both states is the same. For A =O , the situation is
different. A ‘Zﬂkstate reflects into itself at any plane
passihg through the nuclei, 2 goes into its negative,
where the superscript denotes the symmetry with respect to-
reflection at a plane passing through the nuclei. - ~

_‘ In the Born—Oppenheime: approximétion, the eigenvalues
of the electronic part of the wave function depend on the
.—intefnuclear separation.A Thus, when the electronic terms
are eliminated froh the Schroedinger equation for the mole-
cule, there remalns a term dependent bn the internuclear

separation, which togeﬁher with internuclear Coulomb energy



céan be interpreted as the potential energy of the nuclei
in the field of the electrons. If this effective potential
is called U(r), the Schroedinger eduation for the nuclear
“terms reads ) : .

£ 2 =
(11-1) {~ A Vi vl (¢ = E W

9
EQS

-where‘;L is the reduced mass of the nuclei and '§7Q’_is

the Laplacean operator, with respect to the co-ordinates
relative to the center of mass of the nuclei. Typical
U(r) curves are illustrated in Figures 4, 14, 16. 1In

- the neighbourhood of the equilibrium internuclear distance
Te

, U(r) can be expanded in a Taylor series,

U(r) = URe+5)= Ue b swts —asS + b5*~--

Expressing §7Z'in sphérical:éo;Erdinates (fljgjtp) and

putting V¥ = K () Y (e, qg)) (1I-1) becomes

(II-2)', __;2%1 %}L_ Yo ( Ue 1—:;: “’-‘“JS’I-jCL5"3+b5“'+“"‘)K,Y .
2

P 1o 2k L3 )y :V'E_‘KV

2 _ : .
where P  1is the square of the angular momentum operator.
Equation‘(II-é) describes the motion of a vib-rotor. The
relative sizes of the terms in the expansions suggest

- solving

- %27&” + (Ue + ;{—/L(wezfz)x: E- X
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which is the equation of the harmonic oscillator, and
S - ,
Py = EoLY

T y Which is the equation of a
rigid rotor, and then treating the rest of the terms by
perturbation theory. The energy values in cm'l, are
(Herzberg, 1950) |
E(vd) _ . . . -

_—(;L—é’———- = L, (’U‘-t:i"‘)"‘u—"e .l'e(‘\:*+£:>z + WeY=w ({rvy-i{_)B._. .

&4B@JCH4)~0%(V+é)JQ+Q_QD€JXQf92_F .

where v =0, 1, 2, ..... 1s the vibrational quantum number.
J =0,1, 2, ... is the rotational quantum number.

and the constants are related to the shape of U(r).

_ The energy values are uSually grouped differently;

TE - W (U‘*"{f) ~ (g Xg ('L‘"*";l:.‘)%ﬂ- eye ("‘“*'i);'“' .
C _

(11-3) A BIUH) = DI )T+ HIPO )=
= G + FU),

where it is understood that'B, Dy, H are functions of v .

Dunham (1932) has solved (II-2) for any U(r) that can be

expanded in a Taylor series. For a fifteen term expansion

“of U(r) and with the Wentzel-Kramers-Brillouin perturbation

method, Dunham found a term in the expression for the energy
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which is independent of v and J and is

‘ : P X 2 ¥ »
Y . Be g o We + Ao We? We Ye
cC +

4 12 B, (44 B +

—

The selection rules for radiation are obtained in non-
relativistic theory from the non-vanishing of the matrix

element of the electric dipole moment, that is,
.(II—)‘F) ﬁﬁi.’b = </\le J‘\ e ‘/\7- Yz Jl > :FO

where m 1is the dipole moment. Since m is thé,component.

of a vector, the parity of the participating states must be
opposite. From the properties of angular momentum we must

have AJ=C i (Lendau and Lifshitz, 1965). Within

~ the Born-Oppenheimer approximation, <A, {Z X+ Z Y +3 z | A F01e
L=oyE] (‘)Lg}tj_b)_z; are the co-ordinates of the ith electron)..

If 7 is the direction of the internuclear axis, <¥©(x[Z 7>

= O only for p = P/ by a reflection through the
X# plane. Similarly <T iyl S Pl) “and ’
<ZP!'~Z{2P'> '#Ov for o =va only ( p=:-).

The theory of radiationless transitions is not as well  *
understood. We have not been able to explain the data on

predissociations presented in Chapter IX by the present
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theory. Since no photon is exchanged, the participating
states must have the same parity and A .J IO, 1t is

| assumed that transitiong from the discreet levels of a

bound state to those of an unbound state are brought about'

by terms in the Hamiltonian with the same symmetry character

as L.S or J.L (Landau and Lifshitz, 1965). The selection

rules can be derived from

(II-5a) LAV L
(r1-50) <AV
where 1 refers to the bound state and 2 to the unbound state.
Kovacs (1958) has disc&ssed tﬁe matrix elements (II-5a). His
results are given in Chapter IX. VIt is interesting to note
that Herzberg (1950) states that for . states, only states
of similer symmetry can interéct, but Landau and Lifshitz
(1965) state thé opposite. Herzberg (1950) also.states that
the rediationless transition is a strong effect when the |
lifetime of the discreet level of | A, > ‘is of the order
of 10-11 seconds or shortef. According to Herzberg (1950)
a strong effect occurs when AS=O and A A= .,'i"; for 2_
states, the parity of the ststes must be the same. The
llifetime of the predissociated levels of OH .is shown in

11 Seconds, but the other condi-

Chapter IX to be about 10~
tiohéheanhdt'possibly apply, Moreover, it is not obvious

how these statements arise from condition (II-5).
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(b) Application of the theory to the determination of

“the molecular constants of OH.

- The ground state of the hydroxyl radical is x l.”
(the Latin letter X serves to identify -the lowest energy - -
T stat'e} ‘Three bound excited states are known, 122’:4',_
B22'+, 022+. (A, B, C label excited states in order of
ehergy): All measurements in this thesis come from a study
of the BZZ P A2§f+ and C2Z+—> A22-+ systems.
From the selection rules, the possible transitions of
a2yt — 25 * system are as illustrated in Figure 1.
N 1is the rotational quantum number, J 1is the total
ang»ul,ar momentum. __Thé paritsr of the levels is de_duced
»i__‘,rom the facts that the spin function is ind’epéndent of
inversion, that the symmetry of the electronic wave function
is given by p in 2 P , that the vibrational wave function
has no parity associated with it, and that the parity of
- the rotational wave function is given by the Spherical
| Harmonics. In Figure 1, the R branch for which A J= = |
and the P branch for which A )= —I are much stronger than
the Q branéh for which A J=0. The line strengths are

(Herzberg, 1950)

(11-6a) SJR - (J”+|)°‘~—‘:
| J7 ]




1
%
F.

7/1
Lz

26

.
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~ el . o
SN RO PN NS
X ()% 4
4 NVW < w
N = e =<
Nwéﬁ " g
> muv
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‘Strncture of a 2 — zi transition.

Fieure 1.
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L c :QJ"ﬁ~I
11-5b S -
( ) J 4J1/ _'_‘)—
(II-5c) S P - _uMt
. J Jt

where the deuble prime fefers to the lower state.
The.directly observable quantities are the transi-
tions Ry, Ryy Qs Qpy Ppe Pp- Writing these transitions
as the difference between energy levels, the molecular coh—
- stants can be deduced. The results are quoted in Chaptefs
'-v, VI, VII and VIII where the constants are evaluated.
The energy spacing between the levels with the same v
“'but”with'rotational quantum numbers N + 1 and N -1 is
the combination'relatioh | 'Lﬁﬁl F'< hf),

It is _easily Shown,that

_ASFCN) - RIN)=P(N) (43 —6D 27 ') 4

(-8 D’~‘rMH”)(N+:'f)’“ + 2 H(N+ )+
- Where the single prime indicates upper eleetronic.state
constants. Similarly | j

.AgFUU._r¢N4)—P(N+O_

| "
NYIT T N+ L (same but with )

gives lower electronic sﬁate constants. - The numerical values

of the combination relations provide a starting point for
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lebelling the quantum numbers associated with the transition.
---In—this thesis, the dissociation energy D° of the

ground state KX =T is measured. D is the difference
-between the energy of the lowest rotational level in

in X .1—”3& and the energy of the XQT]‘:;/& state for T — <o,
The X\lTIyL state is assumed to result by dissociation in
O(*R)+H(*)e The correlation of molecular terms with the
separated atoms and with the united atom is illustrated in
Figures 2 and 3. 1In the Figures, (J is the projection of

the total anguler momentum along the internuclear axis. In
Figure 2, M, 1is the sum of the magnetic numbers for the
oxygen'and.hydfogeh.aﬁoms simultaneously in a weak magnetie
field., In Figure 3, M, is’the-magnetic nﬁmber of the:
fluorine atom in agweak;magnetié'field.  The-fine-structuré
‘separation in Figdres‘é and 3 are taken from Moore (1952),- -
- The OH -poﬁentiai,welis'és:a fdnctién of intepnucléér dis-
;tancé are illustrated ih'Figuré-h.-.The'ehergy values in
Figure 4 are taken from Dieke and Crésswhite (l9h8);"

. Referring to Figure 4, the shape”offthe,poténtial'

function at large internuclear distances is not well known.

It is shown in Chapter VIIvthaﬁ-there is a hump in the -- -~ - — .
potential functions of the BZ,'Z'+ states which is about
100 ca~t larger than that in the A?'Zf+7state,, The origin |
of these forces is unknown but thought to be due to dis-

persive forces (London, 1937).
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lFigure 2, Schematic uorreﬂation of the molecular states of OH,
1ncludin? fine structure with those of the separated atoms
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: Figuref§a ‘Schematic correlation of the molecular states of OH includin? fine structure
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Chapter III - Experimental

The B2 *—> 2% % and the 2 ¥ A% * systens
of the hydroxyl radicai are much weaker than the well known
B *— T systen. See Plate I. It was found that a
discherge through Water'Vapour, aa this vapuur fipwed rapidly

tthrough a hollow éathoge produced the'desired systems 6f.OH
quite strongly. The vacuum system was designed to achieve
a fast pumping apeed of the_watervvapour., The éource of.
water was kept at 50° C, the vapour was then allowed to
enter the vacuum system through a needle valve, and after
traver31ng the dlscharge area, the vapour was collected by
~a 11qu1d nltrogen trap of larae area, The water_vapour
travelled a total distance of about 40 cm. All the flow
tubes were 2. 5 em in diameter exceot for the aluminum
hollow cathode Which was 0. 6 cm in dlameter and 5 em in
1ength. A dlffusion pump was used to bglng about the fast
pumping speed of all the gases formed in the discharge. A
schematic disgram of the apparatus is shown in Fig. 5.3 |

The power supply used delivered a maximum current of

200 milliamperes.and is the amount of current utilized.  -----

Tt was found that when the aluminum hollow cathode

- was clean, a bright red glow aopeared in the hollow cathode
area and the OH spectrum, as seen by a manual spectro-

graph, was very strong. As the discharge was maintained,



21

the glow became weaker and the discharge displaced itself

. away from the_hollow cathode. Within a few hours, the glow

in thephoilow cathode and the OH spectrum were very much
less intense. At the same time, the aluminum became covered
with a rough black coating, presumably aluminum oxide. When
this coating was removed with the help of a lathe and proper N

"51ze drlll and the hollow cathode put back in the vacuum :

"ga;system, a strong spectrum of -OH. was obtained again. The

v eakenlng of the spectrum due to the appearance of the coat- _
*;'fing on the hollow cathode llmited the length of an exposure,}:

. Mh;ch-lastedvfrom two.to.flve.hours.

’]__cQ The_” Drelimlnary investlgations of the Spectrum were

:donefon a.H;lger.medium"quartz spectrograph, from which

~,P1atetI uaS;made,, Eventually,_a‘Jarrell-Aah‘ 3¢ %‘meter'a ;W.pW;L.HW

Ebert spectrograph was used to photograph the regions from jfh
2500 - 2800 X in fourth order at a‘dispersion of 0.4 |
K/mm, -and from 3700 - 6500 A in second order at a dis-
.persion of l A/mm.' In the visible, the size of the plates
covered only 500 'A~ for a given angle of the grating.

Thus, the final measurements in this thesis'come_from‘lS

different exposures. . = . . ... .
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In phbtographing the far ultra-violet in fourth order,
a chlorine lens was used to absorb the unwanted radiatién
at 3400 Z;thich would have otherwise appeared in 3rd
order.

The wavelength stahdards on the plates originated in
uén iron-neon hollow cathode. Typically over 100 well dis- =
>"tributed standard lines were identified on each plate. The
wavelengthrof these standards was taken ffom H;M. Cross= "
white's (1967) tebulaion. o

For wavelengths above 4800 2, Kodak 103 a D plates
were used and below 4800 X, Kodak .103 a 0 plates were
used.

The plates were read with the aid of a Grant compérator,
with visual display (Tomkins and Fred, 1951) and digitalized
output. - As-has already~been menﬁioned,_some of:tbe lines
- appeaﬁédrbroad. The breadth of the lines was determined -
by measuring the observed full width at half maximum on the
"“viéuér'displéy of tﬁe line prdfile.'”Sincé'density fesbbnke
calibration of the plates were not made, the meaéured.half
widths of the lines only approximately cdrrespond to the

true half-widths. Neverfheless, definite conclusions on the
line breadths could be made, particularly those illustrated

in Fig. 16, 17, 18.
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The UBC IBM 7044 computer was used to fit disper-
sion curves to the standard wavelengths and then to inter-
polate from these curves the wavelength of the spectral
lines originating in the OH discharge tube. The progrém
used also converts the air wavelengths to wavenumbers, with
the aid of Edi%n's formula for the change in the index of
refraction of (dry) air at 15°C and 760 mm Hg (Coleman
et al, 1960). B |

(IIT - 1) n= 1 +6432.8 x 1078 5949810

146 x 10° -

+ 25540
41 x 108 -J}igﬁ

when J/ is the vacuum wavenumber in cm™l.

Appendix II gives the subroutine that fits the equation
(IIT - 2) y = B(1) +B(2)x + ... + B (N + 1)x.
to several experimental points (x, §.) , i = 1, NDATA.
The B(N) of equation (IIT - 2) are not to be confused with
the rotational B constants. The subroutine was used in
several circumstances, for example in finding the relation-
ship between AG (v + %) and v in Fig. lO,lland also in |
evaluating thé spin splitting constants ¥ s Whose plots

are given in Fig. 6.
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Chapter IV -~ Raw Data

The wavenombers of the epectfal lines identified as -
transitions in the energy levels of OH and OD are given in
tables 1 and 2. Proof of the identification of the transi-
tions is given by the combination relations which are given
in tables 3,4,5,6,7, and 8. Table 6 gives proof that the
v numbering in the 22T * state of OH is correct, that
vis, the'v = L in - the -AZE:JP etate-is the only one observed
in both the .-A—)X sy.stem-.and in the B~>A4 system. The -
 combination relations for this level as. obtained from both
'systems agree with each other, as they should.

- The three systems of OH and OD are shown on Plate I.
‘The-majorvpart of the B—> A system ie'shown on Plate II.
‘The (0,7) and (0,8) transitlons of the B—aA system of OH
" are shown on Plate III. The (0,9) and (0, 12) tran51tions
in OH and 0D respectively of the C~>A system are shovwn
on Plate 1IV.

The band origins of the bands photographed are given
2— . 2_
in table 9. LYo , the band origin of a 2 —> "2 transition

is the energy difference between J =% and J = 4.



1 2 1
(L,9) -
0 18058.76 . >
1 18063.57 18063.30 18038.72
2 18064.76 18064.30 .18024.05 . 18023.57
3 . 18062.59° 18062.00 18006..05 18005.42
4 .18057.54 .18056.80 17985.60 17984.79
5 . 18050.14 18049.18 17963.43 17962.45
6 ~180u41.1y 18039.99 . 17940.66 17939.u4
7 . 18031.72 18030.24 17918.62 17917.25
8 18021 .44 18019.80 17899 .87 17898.38
a . (0,8)
0 18238.U6 v .
i S 182u2.1y : 18211.56 '
2 18239.50 18239.21 18188.80 18188.45
3. ©18230.53 . . 18230.07 ©18159.67 - 18159.16 .
-4 18215.53 = -~ 18214.90. 18124.67 18124.02
5 .- 18194..81 118194.14 18084.20 - 18083.40
6 - -18168.94 - 18168.03 18038.81 18037.88
7 18138.48 - -~ 18137.u5 17989.15 17988.08
-8 18104.29 18103.03 - . 17935.88 - 17934.64
9. " 18067.22° 18065.83... . : :
(O,
0 19512.3 ' S
1 19512.3 19481.9
2 19502.5 19451.5
3. 19u82.8 - 19411.9 - '
L o 19853.3 ‘ : _19362.4 - -
5 19414.5 19413.9 19303.9 . .719303.1
-6 19366 .2 e 19236.2 19235.5 .
-7 19309.2 19308.5 19160.1 19158.9
8 19243.1 - '19075.2 IR
. (0,6)
0 21136.8
1 21134 .4 21103.8
2 21119.3 21068.3"
3 21091.4 21020.4
4 E 21051.0 -+ - 20960.2
5 - 20998.4 20997.8 . 20888.1
6 20933.8 20932.8 20803.7 - 20802.6
7 20856.6 20856.1 20707 .4 20706.6
-8 o 20600.2 20598.8
- - =I ZoF F TS F
Table 1. Wavenumbers in cm =~ of OH bands of the B> A~ Z = system.
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M | R, | Ry , P, P
(1,6) '
- .~;, - -
0 21795.2 . : o
1 21788.1 . 21763.2
2 21766.9 . : 21726.1
3 21730.6 T : , . 21674.1
11 21679.9 o o . . 21607.6
'S 21612.6 o - 21527.1
6 - B ’ o 21432.1
(0,9 .
.0 230u8.5 ' ’ "
1 23047.2 23016.6
2 .
3 22993.5 22922.9
1 - 22944y .22853.6"
5 . 22880.6 . 22769.6
.6 22801.3 : '22671.8 -
' o i L 22559.7-
_ (1,5
0 . 23710.6 :
1 . '23701.9 23676.8
2 .. 23676.8 - 23635.4
3 23633.8 23577.2
5 23495.4 23409.3
6 : S 23301.3
) L (l:’q.)-
1 25862.u0 25838.02
2 ~ 25832.88 _ ‘ ' 25792.09
3 25784.36 25783.92 25727.77 © 25727.24
y 25716 .78 - 25715.91 25644 .65 - 25643.88
5 : » ' 25542 .86 25541.94 -

Table [. Wavenumbers in en™t of OH

bands of the BZZ+

+ ,
- AZZ system.
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e

N Ra ! P 1
—_ (2.13)
1 18038.0 . . 18026.3
2 18039.9 - 18020.2
3 18040.14 " . 18014.2
- : . 1soou.9
(1,12)
1 18114.4 - 18099.6
2 181144 ©18090.1
3 18111.6 18077.7
4 18106.7 - 18062.9
5 18099.6 18046.1
6 - - 18090.1 | 18027.1
7 '18078.1 18077.7 n 18006.0
8 18066 .0 18065.3 . ©17985.1 ~17984.5
9 '18051.9 18051.1 - 17962.1 C 717961
0 18036.7 18035.9 - =
"(0,11)
1 18267.2 ©18250.3
2 18265.4 ©18238.1
'3 18260.0 . 18221.8
4 18251.2 18202.0 °
5 18238.9 18179.0
6 - 18223.6 18152.8
7 - 18204.8 | 18123.2
8 18183.4 18182.9 , 18091.0
9 18159.0 18158.4 - 18056.3 18055.7 -
10 18132.2: 18131.5. 118019.2 17018.3
11 . 18103.1 18102.3 17979 .8 17978.9 "
12 18072.2 18071.3 | 17938.0
13 ~ 18039.9 18038.8 17896.5 17895.5
14 18006 .6 18005.4 17853.4 17852.3
15 17972.8 17971.6 17810.1 17809.0
17767.7 17766.0

Table l.. Wavenumbers in crﬁ”l of OD bands of the 3

2

Z+—-b AZZ+ sys teh :
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2 Ry | P2 1
(1,11) | |
0 18814.5 o
| 18812.8
2 18809.0 18784.2
3 18801.0 . 18767.0 .
y 18789.5 ‘ 18745.4 -
5 18773.1 18719.7 =
"6 18753.1 18690.9
7 -18729.2 18657.7 18657.1
8 18701.7 _ 18620.9 18620.4
9 - 18670.6 18670.2 18580.9 18580.1
10 18636.1 18635.2 18537.6 18536.7
11 18598.2 _ . 18597.4 18491 .4 18490.5
12 18557.4 18556.4 18u442.6 - 18uu1.7
13 18513.9 18512.9 18391.6 - 18390.5
14 18467.9 18466.8 18338.0 . 18337.0
15 18419.7 18418.2 1828Y4.2 18282.9
16 ' ' : 18228.8 . 18227.4
(0,10)
0 19190.33 e -
‘1 ©7.19190.83 '19174.34
2 - 19186.56 19158.89
3 o 19177.11 19138.69
4 19162.78 - ~19113.57
5 - 19143.89 - - 19143.61 19083.91L - - - - 19083.54
6 ©.19120.23 19119.79 19049.37 190u48.92
7 -19091.95 15091.31 - 19010.33 19009.77
8 19058.99 © 19058.37 18966 .85. 18966.21
9 19021.73 19021.05 '18919.09 18918.38
10 18980.29 18979.53 18867.26 18866 .47
11 18934.83 18934.07 18811.55 18810.68 .
12 18885.58 18884.67 18752.19 - 18751.317"
13 18832.78 18831.82 - 18689.43 18688.41 .
14 18776.69 18775.538 18623.63 18622.u8
15 18717.65 18716 .43 18554.95 18553.80
16 18655.96 18654.70 18483.96 18u82.60
17 18592.00 18590.62 18410.90 18409.61
18 . 18526.45 . 18525.07 18336 .44, 18335.08
19 18459.63 .18458.20 ) : - 18261..35
20 S - 18185.81
21 18109.58 - 18107.71
' N e . -1 SO 2.+ 2+ :
Tabled,. Wavenumbers in em = of OD bands of the B"X —> A" 3 system.
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N R, Ry ) - P, P,
(0,9

0 - 20307.9 :

1 20307.4 . v 20290.9

2 20300.7 - -~ 20273.3

3 | - 20288.1 - 20249.7

Y ‘ 1 20269.4 - 120220.2

-5 .20244.8 20184.7

6 20214.3 201u3.6 20143.3

7 20178.2 20096.7 20096.2 -

8 .. 20136.2 20135.7 - 20044.0 20043.5
- 9 20088.4 ~ 20088.0 19985.8 19985.1 .
10 20035.3 20034.8 19922.3 19921.6
11 19976.7 19976.1 19853.7 19852.7
12 19912.5 ‘ 19779.5 1 19778.5
13 1984y.2 19843.3 19700.6 19699.8
14 19770.6 19769.1 19617.2 19616 .2
15 19692.1 19691.2 19529.6 19528.2
16 19609.6 19608.2 19437.2 19436.1
17 19522.9 -19521.8 193u41.1 19339.9
18 19431.6 19430.2 19241.6 19240.0
19 19337.1 19335.6 19137.3
20 19033.2 19031.2
21 18924.8 18923.1

(1,9)

1 20852.5 20837.8

2 20844.1 20819.6

3 20828.9 - 20794.8.

4 20807.2 . 20763.5

5 ~ 20778.8 20725.6

6 . 20743.9 ¢ . - 20681.4 - 20681.0

7 20702.5 20702.1 20630.5

8 20654 .4 20654.2 o

9 20600.0 20599.4 20509.6

Tablel . Wéveﬁumbers in cm-?L of OD bands of the B22+~—~> AZZ-+ system.

20510.3
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N R, R, P, P,
| (0,8)
0 21589.6 _ _ _ . :
1 21588.1 ' ' - 21571.7
2 21582.4 , : o
3 21564.0 _ v - 21525.4
L 21541.8 . j - 21u492.8
'S - 21512.3 - ' ‘ |- 21452.1
6 21u76.4 o * 0 21u05.1
7 21432.8 _ o -+ 21351.3
8 . S 21291.0
9. 21326.6 j . 21224.7
10 121263.4 - S - .21150.3
11 21194 .4 o T 21071.3 .
12 21118.0 . T - 20985.0
13 _ 21036 .4 - o . 20893.0
14 . 209u8.7 20947.8 . 20795.3 20795.0
15 20854.9 _ : . 20692.3 . 20691.0
16 20755.3 20754.1 TR j
17 1206502 . 206u48.9 - 20469.0 .20u67.7
18 '20539.6 20538.2 20349.7 203u8.2"
19 204241 - 20u22.5 . 20224.0
.20 20303.3 = 20301.7 : £ 20095.2
21 19963.6 ~ 19961.9
22 19775.7 19774.3
K R P - ' R P
. "(1’8)' LT ' ' . '(137)7'
Q 22135.3 o '
1 22133.5 - 22119.0
2 22123.4 22098.7 23547.5 _ ‘
3 - - 22105.2 22071.1 23528.8 23u94 .8
y 22079.4 122036.0 .. 23498.9. 0.23456.3 ¢
5 220u6.2 21993.2 - 23462.6 23409.5
6 - 22005.7 21943.1 23416 .6 - - 23354.3 - -
7 21957.2 21885.3 23362.6 23290.3
- 8- © -21901.3 21820.7 - 23300.4 123219.5
g 21837.8 217u8.4 - ~ 23229.6 23139.2
10 o ' 23150.0 o B
11 23061.4 22955.0
(2,7)
0 23920.5
1 23915.1 23903.5
2 23899.8 23880.6
3 23874.6 23848.3
oy 23839.4 23806.8
5 23795.4 23755.2"
6 237u0.8 23694.5
7 23676.1 23623.3
8 23543.4
9 23u52.7

" Table . |. Wavenunbers in cm—l of 0D bands of the 822'_+ > AZZ+ system.
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N

24665.88

24665.28 '

i
K R, R, P, P,
(1.6)
1 25118.41 25103.70
2 25104 .84 25080.u8
3 25082.08 . . © 25048..0Y4
4 1 25050.25 25050 .04 25006 .64  25006.32
5 ' 25009.23 36008.80 24956 .02 24955.58
6 . 24958.93 . 24958.36 214896 .26 2u895.74
7 2u899.35 2u898.76 2u827.58 24826 .84
8 - 2u830.78 24829.98 2U749 . 8Y 24749.08
9 24752.92 2u752.21 214663.10 24662.26
lo 503 | eHbbe.

Table %. Wavenumbers in_‘e_m_-1 of OD bands of the BZZ+ > A22+ system.

-
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MBI O

NoOUBQADdEO

Wavenumbers of the C “Z_"-— A*L" systen,

¥ R, R,y P P
~ OH (0,9}
0 37254.59
l 37259.87 37257.90 - 37233.178
2 37262.36 - 37269.14 37219.,39 37218.13
3 - 37262.36 372587.90 - 37202.20 37200.08
4 . 37259.87 37254.59 37183.08 37179.98
5 - 37256.22  37250.09 37162.67 37168.74
6 . 37252.72 37245.67 37142.49 37137.65
7 - E R : 37124,30 37118.57
8 37111.03 37104,38
- OH (1,9)
o 38448.89 - .
1l 38454.08 38451.82 38428.38
2 38456.09 38453.30 "38413.67 28412.78
- 3 38455.03 38451.82 38396.,17 38394.56
4 38451 .82 38447.61 383756.47 38374.14
5 38447.6]1 38442,62 383bb.bl 28352.38
6 38442.62 38437.24 38z34 .52 38330.80
7 - 3831b.47 38310.98
OH (1,8)
39286.60 .
. 39286.,60 39284.95 - 39261.03
39278.79 39£76.00 - 39236.44 39235.47
39262.,74 39259.23 39203.80 39202.15
392258,.,83 39234.73 39163.58 39161.12
39208.03 39202.94 39112.84
o . R 39062.15 39058.02
0D (0,12)
. 373787 ’ '
37381.6 37380.4 3736741
37380.4 31378.7 37357.2
373765 37574.2 37444,9 37343.6
373699 37367.1 37329.2 37327 .4
37360.9 37357.2 37310.9 37308.8
: ' 37290.4 37287.8
37268.3 37264.8
oD (0,11)
1 | 38079.5 | 38065.4
2 38074.8 38073.1 38052.2
3 38065.4 38063.4 38034.3
4 38062.2 38049,3 38011.5 38009.6
5 38034.3 3803G.5 38984.5 37982.2
(3] 37953.5 37950.7
Table 2.
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BZ* state of OH.

0OH v=1 BZ"
N 1,9 1,4 1,9 1,4 1,6 1,5
Ay F, AR A F A6 ALF Ay F
1 - 24.49 24,38 24,73 24.38 24,9  25.1
2 40.74  40.79 40.73 40,79  40.8  41.4
3 56.59 56.69 56.56 56.59 56,5  56.7
4 72,01 72.13  71.94 72,03 72.3
5 86.74  86.71  B5.6  86.8
6  100.55 100.50 -
7 113.00 113.06
8  121.43 121,57
"O0H v=0 BT
: AR AR AJE A LF AL F
1 30.58 30.58 30.4  30.6  30.7
2 ) 50077 50.70 51-0 51.0 o
% 70.90 70.84 70.9  71.0  70.6
4 90.82 90.85 90.9  90.8  90.7
5 110.73 110.62 110.7 110.0 111,0
6  130.16 130.16 130.0 130.1 189.5
7 149.38 149.33 149.4 . 149.4
'8 168.32 168.40 168.8 -
Tébi,e 3. Combination relations in cn™  for the



5
N 2.7 2,13
AF OfF
1 11.6 11.7 ’
2 19.2 19.7
3 26.3  26.2
4 32.7
6  46.3 ]
7 b2.8
_- 0D v =1 Bt
SN 1,12 1,11 1,6 1,12 1,11. 1,6,
B S T A S
2. 24.3 24.8 = 24,36 24,3  24.8 24.36
4 43.8 44.0 43.61 - 43.8 = 44.0- 43.72
~ 5 53.4  53.4 53,21 03,4 53.4 - 53.05
6 65.0 62.2 62.67 63,0 62.2 62.61
7 72.1  71.5 71.78 71.7 72,0 71.92
8 80,9  80.8 80.94 80.0 81.3 80.91
9  89.8  89.7  89.82 90.0  90.0  89.95
10 98.6 98.5
11 106.8 . 107.0
12 114.8 . 114.9
13 122.3 “122.4
15 135.5 135.3
N 1,9 1,8 1,7
O, F b, F ALF
1 14.7  14.5
2 24.5 24,6 _
3 34.0 34.1  34.0
4 43,7 43.4 42,6
5 63.2 - 63.0 53.1°
- 6 " 6246 62.6 62.2
7 71.5 71.9 72.2
9' ot 89-7 8904 90-5
10 o |
11 106.4
Table 4, Combination relations in em~' for the

BT stste of OD. _ :



W =30 O IO

OD =0 Bix"
¥ 0,1 0,0 0,9 0,8
s3F iR AlRC ALR
16.9  16.31 16.5 16.3
27.3 27.67 27.4
38.2 38,43 38,3 38.6
70.8 70.87 70.7 7.3
8l,5 . 81.62 81.5 8l.8
92.4 92.14 . 92.2 .. . ..
102.7 102.64 102.6 101.9
10 113.0 113,03 113.0 113.1
11 123.3 123.28 123.0 123.2
12 133.40 133.0 - 132.9-
13 143.4 142.36 143.6 143.4
14 163.2 1563.06 153.3 153.4 -
15 162.7 162.74 162.5 162.0
16 ' 172.04 172.4
18 190.01 190.0 189.9
¥ 0,1 0,10 0,9 0,8
CALRL AR OF, Ay F
1 1649 "16.31 16.5 16.3
2 27.3 . 27.07 27.4. .
3 38.2 38.43 38.4 3846
4 49,2  49.21 49.3 49,0
5 60.0 60.07 601 60.2
"6 70,8 70.86 - 71.0 7173
7 81.5 81.55 82.0 81.8
8 91,9 92.16 92.1 B
9 1102.7 102.67 102,8 101.9
10 113.0 113.06 113.2 113.1
11 123,.4 123.36 123.3 123.2 .
12 133.3 133.36 . 132,9
13 143.4 143.40° 143.4 143.4
14 1563.1 163.10 153.0 152.8
15 162.6 162.65 163.0
16 172,01 172.1 -
17 181.01 181.8 181.1 :
18 190,00 190.3 190.,0 .
19 199.0 °  198.5
Tablzs 4.

Gombination relations for the B *7°*
‘state of 0OD. : '

36
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state of QOH.

OH v=29 A>T
AR kR
C —> A B>A' C-—> & B->A
N 0,9 1,9 1,9 0,9 1,9 1,9
1 35.20 35.28 35.20 36.46 36.11 & 24.77
2 B57.67 57.90 57.93 57.81 57.27 57.52
3 79.28 79.62 79.56 79,16 79.16 79.15
4 99.69 99,57 99.58 99.17 99.44 99.18
5 117.39 117.30 117.37 116.84 116.83 116.92
6 131.92 132.14 131.97 131.53 131.64 131.52
7 141.69 141.62 141.29 141,29
OH v =8 A%s T |
CALFR ATE - AVER  AYR
. .C>A B-5>A C->A B—>4A
-N 1,8 0,8° 1,8 0,8 )
-1 - 50.16 50.03 51.14 49.65
2  82.80 82.98 82.80 - 82.46
3 115.22 115.17 114.88 114.85
4 146.64 146.40 146.32
5 176,68 176.70 176.71 176.73
6 . 206.05 | 205.65
v=17 v = .6 v = o
B>A  B—> A B —> A
AL F ALF A F
N 0,7 - 0,6 1,6 0,5 1,5
1 60.8 68.5 = 69.1 75.2
2  100.4 114.0 114.1 124.3 124.2
'3 140.1 159.1 159.3
4 178.8 203.3 203.5 223.9 224.6
5 . 217.4 247.9 247.8 272.6 272.4
6 254.7 291.1 %21.0 .
7 291.0 334,53 : -
‘Table 5.. Combination relations for the A



7x*lf

OH, as obtained from the -A-Z_ —

(Tanaka and Koana, 193

{

4y,

3y
.o

%

I AT NAPAE A5
AR pSER AT AL
N 1.4 1,4 41 4,2 | 4,3 4,4 4,1 4,2 4,3 4,4
1  80.94 80.94 80.7 8L.5 8l.4 0.5 - 80.9 ,éi.l 80.3 81.3
2 135,16 134.62  133.7 134.,1 '134.1 152,8‘ 183.2 133.6 134.7 132.9
5 189.00 188.23  188.4 188.1 187.9 187.1 :1'88':.4 186.2 186.7 188.4
4 241,96 241,50  241.8 242.0 242.3 241.9 242;_0 241.‘5 242.9 242.0
. MNabhle 6 Comblnation relations *’or the v = 4 level of the A 7 ' state of

BT ASJatem and the - A 2**> x5 System

g€
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Table 7. Combination relafions for the AS
state of OD.

o0 v=12 A’z T
Afr AR AR AR
B>A C->A B4 C—>A4.
'F 1,12 0,12 1,12 . 0,12
1  21.6 21.5 ° 2l.6  21.5
2 36.7 B6.8: B36.7 = B6.6
3 5l.5 51.3 51.5 5l.2
4  65.5 65.4 65.5 65.6
. 5 79.5 ‘ 80.3 7905 79.5 h
6 93.5 . 92.4 - 93.5 92.6
7 104.9 ' - 105.6
8 116.1 116.6
0D v =11 A3 "
S T S R N - ALE ALK
‘ B-—>A B->»A .C->A .. B>A - B-~—>A - C-—>A
¥ 1,12 0,11 0,12 1,11 0,11 0,11
1 30.3 | . 30.3 , o
2 o "45 .8 ; 45 o4 - 45'1 - _45 o]8 45.4 45”01 ~
3 63.5 63.4 63.5 63.5 63.4 - 63.3
-4 . 81,3 81.0 8l.2 - 8l.3 81.0- 80.9
5 . 98.6  98.4  98.6  98.6 98.4  98.6
7 132.2 13246 132.7 132.6
"8 ..148.2 ... 148.5 149,07 149.0
9  164.1 164.3 165.0 164.5
11 ' 19305 1l ' 195'6 19304
12 206.6 206.7 206.9 206.9
13 219.4 218.8 219.4 219.0
14 229.8 229.7 R29.6 229.1
15 -289.1 £39,.2 239v4 '
0D v - © -
VA AN
B — A
N 1,6
2 70,37 - .
3 98.20 98.52 !
4 126,03 126.51 :
6 . 18l.65 181.96
7 209.09 209.28
8  236.25 236,51 .



OO0 OB G-

oD

OO ML =

state of 0D, obtained

from the B—>A system.

v =10 0D v=29
AR AR AR AYR Aife BYR
¥ 0,10 0,10 0,9 0,9 1,9 1,9
31.44 - 34.6 34.2
"52.19 BT 7 ) 57.6
72.99 e e 80.6 8006 ’

. . 93420 . 93.57. . 103.3 - 103.3
113.41 113.86 1256.8 126.2 125,8 126.2
133.56 133.85 148.2 148,7 147.8 148.3

. . 1683.39 1563.58 170.3 170.8
172.86 172.93 192.,3 193.1 192.4

191.73 191.90 213.9 214,1

10 210.18 210.37 234.8 235,2

- 1Y - 228,10 228.22 255.8 T 256.3

12 245,40 245,63 276.1 276.2

13 261.95 262.19 295.2

14 277.83 278.02 314.7 315.1

.15 £92.73 292.99  333.3. 333.1

16 306.76  306.82 350.9 - 351.3

17 319.52 319.62 . 368.0 . 368.2

18 ’ - 329.27 384.4

9. — . 239.26  .398.,4 - -399,0 _ _— —

0. .350.,05 - 3b50.49. 413.,3
0D v = 8 0D v =17
AL R AR ALF FSUS AF
,".:,M:’_.“'."“f.o’s L 008 - - 1!8 1t7 217
62,7 . . 3645 - 39.8
62,7 62.4 ' 66,7
86,.8 87.3 91,2 93.0
111.1 112.0 119.3 119.5
136.7 136.3 lad, 4 143.9
© ..~.161.0 160.9 172,5....172.,1 e
185.4 185.0 197.1 197.5
-208,1 208.8 223.3 223.4
232.6° '

10 266.3 -

11 278.4

12 301,5

13 322.8 T

14 343.9  344.7

2156

l6 385.9

17 4056.6 405.8

18 i 424.8

19 443.6

20 460.6 o

Tehle 7. Combination relations for the AYsT™

Lt A B, | wea



RS E

o v=0 c¢27
ALK ARy
0,9 0,9

26,10 24,12 © S
42,97 - 41.01 - .
60.16 57.82-

76.80 74.61
93.55 91.26
©110.23 108,02

ORGP E o

0B v=1 ¢ ZT
CLALE T AR AR AR DT
1,8  1,9..-1,8. ..1,9..

25:97 25.69. 23.92 .23.,44

" 42,35 . 42.42 . 40.53 . 40.52
 58.94 -658.91 57.09 57.27
75.28  75.36 - 73.61 73.48 S ,
092,10 290420 - 290,83~ - - e
108:10 . - - 106.44 - -

| soomape =2 o0

op wv=o0 ¢zt
AR AR AR AR
8,11 0,12 0,11 0,12

=

140  14.5 14,0 - 1Z:5 o T
22.7  23.2  20.9  21.5 -

1.3  31.6  29.1  30.5
40.6  40.7  39.7  39.7
49.8  49.9  48.3  48.5

o i € o 1

Pable 8. Corbinstion relations for the c?yt T

state, both for OH and OD, as obtained from the

C-> A systen.
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OH B — A

viovt I i (o) VLT (e
0,8 8 18228.3 1,9 4 18050.5
'6,7 8 19502.0 - 1,6 4 21786.5.
0,6 6 . 21126.6 1,6 4 23702.1
0,5 4 23042.0 1,4 B 25864.9
oD © B -> A
v,y 1 L, (e vyt T A (e
0,11 9 ‘viszsé.Q'A- - i,ig_ .8  18017.0
0,10 10 19184.8 1,11 3 18806.6
0,9 10 20302.4 1,9 "5, 20849.3
0,8 10 21584.2 1,8 5 2213l
2,13 2 18031.6 1,7 5 . 23558.9
2,7 4 23916.8 1,6 4  25127.6
O0E ¢ > A T o0 C-> A
v',v'" I iﬁ@ﬂi).%iufv‘. \ANRAL i; L{éﬂv
6,9 9 '57é45.9' (E;Chel; 0,12 8 37374.8
,9 9  38440.5 o011 8 38075.2
8 8 39277.9 39278.1 - e
7 40551 .6
7 . 42862.6
.6 . 44450,9

Table G . Band ofiginsAof the bénds.photographed. The
marvimua intensity is taken arbitrarily at 10; the relative
intsnsity i§bstimated by visual inspsction of the plates.
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'cafrloms #OR PLATES

Plate I. The three systems of the hydroxyl radical
. (paze kY4), . | | -

" Plate II. ihe B—>A system of the hydroxyl radical

(page 4&,':.

- Plate LLI. The (O,8)and (O,7)¢tgansitions-oﬁLthé
"B~—9Avsystem'in‘pﬁ; “The_diffgse-charactér
~of the (9;7) band shows a predissocistion - -
~of the %% stato. In the (0,8) barid the
) wa#elengths of B(l)'and”P(5) are 5480 and
. 5528 4 rasnectively; iv Gde’ (0,7) band the
_Waveléﬁgthé of H(i).and P(5) are 5124 and.
5179 X'respectihelyili@be ﬁwo_strong'sharp '
lines betwsen P(é)-and 3(7) in the (0,7

band are masnesium lines. (page %6

Plate IV. Some bands of the C—£>A'system'at high
resolution. ~In the (0,12) band of Ch, the
wavslengzth of P(1) is 2675 4 and of P(7) is

o
2683 A. (page 47
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. Cens o s 2 + 2_ +
Chapter V -~ Spin splitting in the C¢C°Z , B = ,

A2 p * states.

Ihe spin splitting coﬁstant ¥ is calculaﬁéd in this
chapter for the C, B énd A states. Contrary to the deduction
by Czarny and Felenbok (1968) that 5 changes_sign in the A
state, evidence is presehted that it is posit;ve thtoughbut.

The relative size of.K in each state is discussed.

The line strengths of the branches of a -22f-9 ZZi
" have been given (II - 6). According to these formulas the
Py and Ry spin components have a greater intensity than

the P, and R, compoﬁents, the difference being more notice-

2
able at low J" . This criterion was used to pick the_R1 and

P. components froa the R components in the (0,9)

1 | : 2 .2
band of the C—» A system of OH, where the intensity of the

and P

»Pl cdmponents is consistantly gréater.than,that of the,P2
components. See Plate IV *, However in the (1,9) band
of the C—>A system of OH, the P, component is more
inténse thdn the P, component excépt in P (2) and P (3).
In the B—> & system, the same conflicting evidénce

is found. In the (0,8) transition, discussed also by Czarny

- and .Felenbok. (1968), the R branch indicated that the shorter .

- wavelength spin component has greater intensity. HdweVer,

* The R branch in the C-—> A bands reverses upon itself,
with transitions often overlapped. Consequently, the
information from the R Dbranch is not as dependable.
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. &

P (2) and P (5) have the opposite pattern. Moreover,
| P (6) and R (4) have the longer wavelength spin'compdn-
ent visibly perturbed, as they are much weaker than theore-
tically predicted. Equations (II —.8) represent poorly
the intensity patténn observed both in the C—>4 and
B—>A systems. Fortunately another way was found which
det_e'rmihed the sign of ¥ * | | N

In the (0,8) band of the B—>A system of CH, the
‘weak PCQil(l) transition.wés found at the fre@uenéy pre-
dicted by the calculated value of ¥ for v = 8, but at
higher frequency than P (1). This implies thatvin. v=2_8
of 82X % 7 =1} 1s lover in energy than J = 3/5 1in
the N = 1 level (Fig. %) and hence 3 is positive. Czaray
and Felenbok also observed the same FtQHL(l) transition
at higher frequency then P(1).

The (0,6) and (0,7) transitions in the B—> A systenm
of OH appeared broad and the spin components at low N's
could not be resolved. However, at N =5, 6, 7 the spin -

components were resolved and the splitting is comparable to

# The assignment of the spin component in (0,9) band
of the C—»A systems turns out to be the same as
that already indicated.
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that in (0,8); implying that the magnitude of ¥ has not
changed very much. The nagnitude of‘x'in v = # is also
- large, as measured from the sharp -(l,4%) transition.
Michel (1957) quotes § in v = 6 to be ~0.02, but he
does not give the resolved spin éomponents of the transi-
tions from which the value of § was calculated. Our .
results indicate that § in v = 6 is % 0.18 em™l, Un-
fortunately, no splitting in the (0,5) nor (1,95) transi-
tions, both of which are broad, was observed. If thefe is
a change in the sign of ¥ , which is unlikely, it would
have to take place between v =% and v =6. From the
| observation of the ﬁ?‘i(l) transition in v = 8, ¥ is
positive in v = 8 and is probably positive thfoughout the
A state as showh ih Fig.“7; In order to make the combina-
tion relations for thév A staté from the C—>A and B —> A
systems agree with eaéh othef, the longer frequency com-
“ponents of tﬁe C—>A transitibns had to be associated
with the F; levels, ¥ has the same sigh in the ¢

state as it does in the A state.

The relationship (Herzberg, 1950)

(V-1) P -P,M =(¥-8" N-% (I+3"
is plotted in Fig. 6 for the (0,9), (1,9) and (1,8) bands
of the C-—>A system of OH. By similar plots, the ¥ 's
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of most vibrational levels were obtained., The data from
OD in the C-—>A system is less accurate because the lines
are broad.

The spin splitting constant can also be calculated

from the combination relations, that is, (Herzberg, 1950)

(V=2 A R(N) = A R(N)= 2X
Equation (V - 2) gives very accurate values of K'_in the
C state because it is large in that state)énd reasonably
accurate values of § in the A state. |

All the measured spin splitting constants are given

in table 10.

~ The variation of the.sﬁin—splitting constant is shown
in Fig. 7. The minimum at high v's is real as is obvious
from the different slopes of equation (V - 1) for the (1;8)
and (1,9) bands of Fig. 6. According to Van Vleck (1929)
the major contribution to the $pin splitting in a*'?jz state
arises from the non-vanishing magnetic moment of the elect-
ronic angular momentum due to rotational distortion. This
splitting is proportional to 54ﬁﬂy where B 1is the-
rotational constanﬂ and ‘i/ is the energy_separation to the
nearest 27[ state. The experimental data at low ,v's'bears

out Van Vleck's theory, since
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¥ (v=0,0D) — 0.6 = 0.55
g (v=0,00) —  I1.09
¥ (v=0, 0D). . 0.13 = 0.57
¥-(v=0,0H 0.23

Bn) — p2= 0.53
B (om) ”f)

Perhéps a more  qgantitative“application of Van Vleck's
theory can explain, not only the minimum obserVed_in Fig. 7,
but also the relative éiées of the § 1in the A, B, and C,
states. For example, in the A state, the B values de-
crease linearly up to v =5 by 304 (Fig. 9); in the same
range, ¥ decreases by 25%. In the C state, the B
value decreases linearly in going from v =0 to v =3

by only 6%; in the same range, ¥ decreases non-lin-

early by' 45%.
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Figure 6. Spin splitting in the P branch of the
C—>A system of OH

P(N) Py (N}
b (em™)
?_

.6'=-
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State v OH ‘State v oD
3 a _ . c 0 0.6
c 2] ——— . o L
1 0.88 ° - —
0 1. 09 - _ B—>A
< = 12 0.1
C-»A - B-»A " - 11 0.10
A | 10 0.08
9 0.18 0.20 o 9  0.09
8 0016 0016 ' A .8. -
7T - ¢ : : 7T -~-
6 'y 6 -y
¥ ¢ 0711
. A->X
. A->X L S
: : S | 0.14 €
3 019“ o 0 0. 08“
2 . 0. zo - - |
1 0.21°
0  oO. 22
B 1  <0.05
B 1 <0.03 - 0 < 0.05
0 <0.03 | S

-3

Table 0. Spin sp11ttings ooﬁstants,'in cm .

© ~g, Michel's value is 0.67. mee

b. Michel's value is 0.87.° S

¢c. "he lines of the (0,6) and (0,7; bands are
broad and the spin components could not be ‘
resclved at low M. AT nN=5,6,7 the splittinzgs
observed weres comparable to those,in-the’(o,a),
band, indicating that & in v =6 and 7 is
compa*ab‘e in mavnitudn to that in v--8.- See
FPig. 2.

d. vhese are caleulated from the data of uinke and ’

, Crozsswhite (1948) :
e. Calculated from the data of Uu*a and Nlnomlya

- (1943)
f. Calcqlatai from the data of lshag (1957)



v (cm™')

1gure 7.

Spln sp’ittwno constant in A?Y T The first four points

in the OH curve are taken from Dieks and Crosswhite (1948).

For v=6,7 in OH, ¥ is estimated from a few transitions only.

“In 0D, K for v= O is taken from Ishaq (1937) and for v=1 from
: _ : Oura and Nlnomlya (1943)

OH

$
. ’i o 4 R 2
O.I“ ‘ \$ ;l: S -
‘ | o ol
x . | w
/

0 - v (OH) o
g 0 L 2 3 4 5 G 7 8¢9 |
i | | | v (oD) _
) i i [ [} § i i 1} i H [} i b

0 2 3 4 5 6 7 8 9 1011213

g6
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p
Chapter VI - Rotational Constants in the
2+ 2+ '
A2 , B Z , czz+states.
The rotational constants are found from the relation-

ship (Herzberg, 1950) .

o AF=-% AR AY
N - | 4 4
Nty N+z

-

(VI - 1)

| .
= (FB-cPt 2L i+)4—(~—£b4—349)(;%4-&)’%[2&@%) |

ir ¥ is positive., Usually ¥ and H are so small that
tﬁéy‘é;é not included in the gquation. The left hand side
of équation‘(VI - 1), without the ¥ , is plotted against
(N + %)2 in Fig. 8 for' the v = 10 1level of A?=E:+ of oD.
It was found thaﬁ even at low (N + %)lvalues thé éorrection
due to the ¥ could not be noticed in the Figure. For the
C state where ¥ is very large, it was found that the
correction is demantatbry.invorder to make any sense of the
curves obtained. Fig. 8 shows the necessity of a three term
expansion of the rotational energy in v = 10 of Azﬁi-*

of OD since the last six points deviate considerabiy from

the straight line.
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~ 2, \3
(VI = 2) F () = @N(NED =D N+ + H NN +)

The rotational constants of the A, B, and C states are
given in table 11 and are plotted in Fig. 9.

Assuming that for the C state,

(V1 -3)  B_= By~ K, (v+¥)

A

then B, = 4,247 cm_1 and <><e = 0,078 em™ L.

"Testing the isotopic relations in the C state,

Bo(oD) . .25 o a4 . A3 o
By S mas - 052t s po= 05T

ATﬁe agreément is excellent. The B-e value of OH glves

(o]
o= 2,048 A,



~. oD Bzt — A'ZT

Nt
(cm™)

(wed)”
ol v '

100 a2 300 e,
f : f

i

AL F
N+3

_ 2
Figure 8. vs (N+3}) for v=10 in the AQ‘Z+ state of OD.

38§
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0H o o )
‘State v B D H Statev B p H.
'3 & S 7T ¢t 0 2.25
28 —-m- T . :
1 4.246 0.2 .
0 4.213 0.2
B 4.347’cm 'r%é:0.078 om .

Bo(OD) . 2.25 _0.534 ;7 = 0.529
B, (OH) ~ 4.213 '

1 4.119 2.91 15 2 1.947 1.89
0 5.086 0.929 B 1 2.445. 0.448 0.16
- S 0 2.745 - 0.250 0.12
9-.5.888 8.63 30 13 2.44 :
8 8.342 4,94 . 12 3.682 4.27 12.2
7 10.09 3.41 ' 11 4.566 1,33 0.74
6 11.44 2.65 ) 10 5.239 1.04 0.30
5 12.63 2.26- . ... . 9. 5,781 -0.848 0.22
4 13.51° 2,00 ¢ A 8 6.276 0.778
-3 '14.222 £.06° | 7 6.658 0.613
2 15.8287 2.06 6 T7.046 D.644
1 16.129 2.03 . 3 .8.068 0.55
0 16.916 2.04 2 8.393 0.55
1 8.714 0.54
-0

-91057 - 0.55

. =) ’
Pable 11. Rotational’ constants in ¢m ; the D values
are multiplied by 10’ snd the H valuss by -10%°

&.
b
Ce.

d.

Michel's value is 3.96.
Michel's value is 4.12. - .
From & study of the A° 2-”‘X " systen, this valuer

. is 13,494,

The rotstional constants in the A*?”’state for
vx0,1,2,3 , in OH and 0D, are tak=n from Barrow
(1956) ‘ -
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30 (0 20 O ¢ B

f oo o > o ©
" = e em

—

N —~-mp

&~ A-a~a— — 7
O ' . 1 L ) 1 [ L tlo\Q@\“ L
o | 5 [ I Vs

-t

Figure 9. Rotational constants in the A’L state. The D
-3 ; , ~6
values are maltiplied by 10 and B by —10 -
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S, 2 +
Chapter VII - Dispersion Humps in the A &  and
82 5 * States and the Dissociation

Energy of OH '

(a) Vibrational Quanta of 2yt ,
The vibrational quanta were calculated by taking com-
bination differences between corresponding lines of two

bands having the same upper state, that is,(Heszberg, 1950) :

= G0 = G (i) = (Bu = Buyr )N (N4

(Vi - 1): RQ’\/,"(N>'— Rv'vz" (N) = Pv"v/' (M - PV»-'-V,_"’ ( N) -

Greater accuracy was obtained by adding to the combination

—- ;..differences ( 5\?," - EV:." ) N (N +1), where B indi-
cate-s the B value as obtained from the combination rellra-v-
Vt;ions,' and piotting the‘résulting value against N (N + 1).

5 typical plot is shown in Fig. 10, where AG(8.8) is \

obtained from the C—>A system. The vibrational quenta

are given in tables 12 and 13, togethsr with their experi-

mentai values.

(b) Dissociation Energy of A (2'Z+).
In Fig. 11, the experimental values AG (v + %) for

' 2
the A( 2. +) state of OH and OD are plotted against v.
AG(v+3) = G(v+1) - G (v). | |



® _ | . 62

-8 31

10 50

N(N+1)

Figure 10. A plot of equation (VII-1) for the (1,9)
and (1,8) bands of the C-——>A system, thus giving
A3(8.5) of the A*Z* state.
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v A"(V-F;% AG(exverimentalj~-AG(calculated]
-+ experimental ' S )
M-
4© 54  ge
o] 2988.6 % 0.1 0.1 0.1
l 2795.()&4 "0.2' ’065 -0.1. -
2 25693.5 <~ 0.3 0.4 00.1
3. 2385.6¢ - 0.0 0.1 0.1.
4 2162.4X 0.4 -0.7 0.3 -0.5
5 ) 1915.6:0.6 008 "0.7 -0.5
6 1624.8* 0.2 -0.1 0.2 -0.5.
7 1275.8:0.2 "Ool OOO 0.2 .
-8 837.6 0.2 0.1 0.0 0.0
9 Coe 287.7% 288.8% 297,9°b ‘
9.9422 9.94564 9:9773 v-intercspt
18843 18844 18854 D° (cm™')
7ablele. b°(43ZY) for oH.
a. Taken from Barrow (1956}
b. Caleculated AG. A
\C;_ c a -8
ol . : .
- 0 3084.08 3083.71 3086.28
"1l =189.315 -1388.311 -196.559
2 -4,07045 ~4.79355  3.06261
3 0.941340 1.14894 -2.09590
4 -0,176504 -0.202176 0.451410
5 0.00114100 -2.,0619602
6 0.00233706
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LBG(exnerlmental)—AS”(calculated)
experimental M
A, :54. 6°
0 2214.56°% ‘ 0.1 0.1 0.0
.1 2111.56, 003 -0.3 Onp
2 2007.5 % 0.2 00.2 0.0
3 1900.9 1901.0 1901.6°
4 1791.9 1752.0 1792.6% -
5 1678.6 1678.7 1678.9 b
6 11588.3* O.5~ 0.1 -0.1 0.0
7 1427.9% 0.5 0.2 0.2 0.3
8 1281.5%0.3 -0.7 0.3 -0.7
g 1117.4% 0.3 0.7 = 0.8 0.6
10 - 924.8t0.2 -0.1 -0.1  -0.2
11 . 699.8+0.3 =0.2. . =0.2 0.0 .
12 433, 9::0.5’v 0.1 0.1 'O'Ob
13 S 7.3 120.4°

’117.7 _ll

13,832 13,631 15.845 v-intercept

19260 19260 19264 D° (cm™')

Pable 13, D°(A*Z¥) for OD.

a. %eken from Rarrow (]956)
b. Calcu‘ated /‘G. ‘ S o
8 e PRI 6’ e
0O 2264.88 - 2265.00 , ,"22bo 46’
1 -99.9520 ~100.229 0 -104.192
- & =l.77224 -1.561107 ©1.24785
3 0.3058¢7 . 0.,272176 =0,551900
4 <-0.03695356 -0,0340381 0.0782618 .
-5 : -0.0000890593 -0.00735406"
6 .

0.000179802
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A G(V+L) vs v for the A*s ¥ state of OH

‘and OD ;he area under gach curve from V=

O to the v- intercept is D° (A Eb .

o
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The area under a curve from v =0 to the v - intercept
is thed issociation energy D® of that state.* The area

was obtained by fitting polynomials

‘(vi[-g) A C(’\"N ) Z_= C V

(=0

r_end performing the integration. The results of the inte-

~ gration are given in tables 3 and 4 for =4, 5, 6. +

. When the AG(v + 1) were 1ncreased by adding to each their
Vexperimental values, D° was increased by no more than 3 cm -1
in each 1ntegration.} Similarly, with the AG(v + %) each de-
creased by the experlmental error, D? decreased by no less
i'tnan,,3pcm~1"in each integfatipn, The major error in‘estaa
blishing ‘Do“f(A? Z:+)rafigés'ffom the extrapolation of the

curves of Fig. 11, beyond the last observed experimental

"“point."The'pdlyEOmial'fittina“and the integration were done

vby computer, and double precision was used to remove round-
off errors., All the D° (A. P ) values in tables 3 and &

converge to a value with a spread of * 7 ecm " in oW and

* A detailed calculation is given in part (d), where the
same calculation for 3 points is done by hand and checked
by computer. -

+ Tt was found that with M<Ih equation (2) gave poor re-
production of the exnerlmental AG . With M? 6, the
least squares deviation did not change signlficantly and
the calculated A G curve behaved peculiarly at low v's.
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3 cm—l in OD. Moreover, the values of the dissociation

enefgy .Do (XV;TT}ZK) for OH as obtained from the'QH data-
and OD data are in excellent agreement  (following sgction).>
_“Aésqming_that-the poﬁential curve of the_A?fZL+' state be-
haves_ﬁnormally" beyond.the 1as£ observed vibrational level,
the accuracy of the extrapolation 6f the OH curve is 10 cm™!
or bétter, and.of the OD curve it is 5 cn~l or better. wWe

- Judge a conservative error on D° (A2§: +) of OH to be & 19. .

cm'l.
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(¢) Energy levels in OH and 0D

To facilitate discussion, the energy-of--the vibrational
'levels in OH and 0D are given in table 14%. The J = 1} level
of v=0 of X (M3, of OH is taken as 0.0 (all units in

~,_cmf;) The P, (1) transition of the A—2X system of OH

{ .
is 32m+o 6 (Dleke and Crosswhite, 19l+8) The dissociation

limit of A §: of OH is then 51287.6 = 15, from table 1lk4%.
: ' + _
Taking the dissociation limit of 25 orom and 0D to be

coincident, from tablelh the v = O level of AZEE;+ of OD
| is 3202%.6. The (l) transitlon of the A&—=>X system of |
wOD is '32528 5 (Ishaq, 1937) and the J = 1% level of v = O
- of Xy, of 0D 1s - 503.9.
“ The difference in energy of the v =20 levele of OH and
~-0D in the X ( ZTFyi) state -comes from the different vibra-
tional frequencies of the‘two_molecules'and_from the zero
point correction (Dunham, 1932). The total difference is
',calculated,ﬁo?be 498.1 (Appendix III). This is in ekcella
enf agreement with the experimental’value (503.9 :-15).
. .The minima of. the potential curves of OH and OD are not
expected to eoincidevbeeause of electronic isoﬁope shifts.
‘Bunker . {1968) calculates these shifts to be of the order . . ...

‘of 5~10 cml.*

~*  Appendix VI treats electronic isotope shifts in greater
detail.



oH oD
State v Ener,gy o . v Ené rgy
-1_X?TTWi o o o 0 -503,9
- Calcalated dlesooiation 11m1t 35419.9
0 = 32440.6 0 32024.6
1 35429.2 1 34239.2 -
2 38222.2 2 36350.7
2 40815.7 "3 - 38358,2
A5t 5  45363.6 5 42051.6 .
6 47279.2- . 6  43730.4 -
_ 7 48904,0 " " 7T . 45288.7 ..
8 50177.8 8  46716.6
.. 9.. 51015.4 9 47998.1
| 10 49115.5
11 50040.3
12, 50740.1
13  51174.0
caleulated dissocistion limit  51287.6%15
0  68406.1 0 68300.3
Byt 1 69065.8 1 68847.2°
SLE e 2 69205.1
Calculated dissocistion limit  69212.3
0 88261.3 0 88114.9
c. st %  89456.0
3 91731.0
calculated dissociation limit 117679

Lab1914~ Energy values (cm ') of the vibrational
13vels., The dissociation limit.of.the 1 state 19

~calcenlated from the A G's of that state. 7The
dissociation limic of the X, B, 7, states
is dediaced from atomic -data,
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The énergy separations O ('D) - O (311) and 0 ('S) -

0 ('D) are well known (Moore, 1952); (Fig. 12) The cal-
‘culated dissociation limit of 0 ('S) + H (38), i.e. OH
(825 %), is 69212.3 % 15 and that of 0 (3P,) + # (38) is

| 35419.9 + 15. The dissociation limit D° of the hydroxyl
radical is the difference between J = 1.5 in v =0 of

X T, and the dissociation limit 0 (3P) + H (*S) which
1s (35%19.9 = 15) cm'l.+

isotope shift in the ground state were known. D° (A

-+ A slightly better value could be obtained if the élecEronic
zZ )
of 0D could then be used exclusively.



(em™ x 1000 )‘_
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Figure 12. Atomic data used to calculate DEUX*T) .
fhe vibrational levels observed in CH are also shown.
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(d) Dissociation Energy of B?ff{+ State

For the B state, the experimental vibret ional quanta
are, for OH, AG(0.5) = 659.7 cm™' and for OD,AG(0.5) =
546.9 cm'_'1 and AG(1.9) = 357.9 e, For a three term

V‘expantiOn of the vibrational energy, that is
| ar-) = VoA~ ‘” T 1 4 .L 2 1 -~ : K ‘
G(‘)*Lhﬁﬁ*zy‘w<1qu*z)Twﬂtyﬂgrfé)3
then _ _
G{u+i) = G (V) = L~ Wede Qvt 1) + We Yo (3 vz“‘-, Cu | 3/4)

Using the isotopic relations, one must solve

659.7 e~ QW Ne + 3=25L9¢ij~e
69 = pe = RpTWeXe +3-05 pPWeYe
3579 = pe= 4p e e + 1225 0w Ya

The solution is
: ‘ -1

1

We = 976,5 cm
WeXe = 109.3 cm™

"i/‘e<_-j‘v;=,=--20.99cm"l

l .
A»so, b, o
AG Q5= 119.7 cm

AG(i-5)= 252.2 cml

To find the v intercept of theAAG(v) curve, one needs

to solve

46 o = We =2 WeXe (V+ L)+ 3Weye (G+T)
v |
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which gives Vg, = 2.512,

The dissociation energy,-De of the B2§Z'+ state is then

S e e NS G o 3 -
Dy = wﬁkxc-r‘ii)-—w.exechﬂf{f)"+w‘.3.igug~k_‘z>:1355 cn™t

It is difficult to assess the error, since the B2§§_+ state

is very shallow and the isotope relations were invoked.

Predissociation by rotatio;‘has been reported by Felenbok
(1963) for the B® Y. % state of OH, who determined the disso-
" ciation energy of the B state to be 1315 em~l. Felenbok ‘
gives convincing evidence that N = 15 is the last rotational
level of the v = 0 state. He did not see the same sudden
drop in intensity for the v = 1 level and assumed that |
N = 8 is the last rotational level in v = 1 as he saw no
more levels. We have seen N =9 in v = 1 and assuming
that this 15 the last rotational level, the limiting curve
1

- of dissociation gives an apparent p° (B2§:,+) = 1360 cm”
This value agrees extremely well with that obtained by the
A G (v) method. |

The limiting curve of dissociation has been redrawn in
Fig. 13 with the energy measured from the v = O of the
X (QMTEyi) state of OH. This procedure has the advantage

* Predisso;iation by rotation is a consequence of the term

P et

A . 3

Tr* &”41“<|f’£6 t ) in equation (II-2). Herzberg

- (1950) discusses predissociation by rotation and the
limiting curve of dissociation in great detail.
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that .the errér in establish:;.ng the v =0 1level relative
to the éinimum of the B22+ state is absent. F;rom |
Felenbok's data F (15) in v = O 1s 1165.2 cm = and
| “Loras)
and F (10) in

from our data, F (9) in v =1 is 347 cm

in v = 0 is calculated to be 1312.7 cum™t

v =1 is calculated to be Uul7 ch_"l.

The dissociation limit of the B2 3.  state is found
from Fig.13 to be 69323 em™t. A lower limit, from Fig.l3.
is 69265 cm—l. Fa comparison, from table 1%, the disso-
ciation limit of the. B2

(69212 ¥ 15) em~t

5 * state is calculated to be

, from the AGvs v curves of Fig. 11,



- 69600

¢400

| N(N+I)
69200 . 1 1 % 1 2 1 AR

4

(o] 20 120 Q00

Figure 13. The limiting curve of dissociation for the _
B3 ¥ state of OH. The energy is measured from v=0 of XlH@a,
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(e) Discussion

The dissociation energies D° (A° % ™) of OH and 0D
as calculsted from the areas under the curves of Fig. 11
predict the dissocistion energy D° (X 27T§§_) of OH to
be (35420 £15) ewt. - o

The dissociation limit of the B ¥ " state is simi-
larly deduced to be (69212 ¥ 19) el above v =0 in
X (-QTEVA) of CH. Direct calculation of the dissociation
limit of B(2_.Z Yy is 69323 en™! and our estimates of
error do not>reduce'this value to the deduced value. That
this discrepancy is not due to errors can further be seen
from tablel4, where v = 2 . in the B2 5 * state of OD is
extremely close to the deduced dissociation limit of the
'B(2§Z +) state 2nd we have seen N = 9 in this v =.2 leﬁelir

L above N = 0. Either the extra-

which lies 159 cm”
polétion of the curves of Fig.rll does not follow the
.dashed portions, or dispersion humps are causing the dis-
crepancy. Since v = 13 in 4 (2Z +) state of OD is only
11k cm-l-from the_éxpected dissociation limit of A (ZEZ +)
and v = 9 in OH is 272 cm™® from the seame limit, and D®
(A?E: +) of OH and OD both prediect vD° (X QjTFQ&l ) of OH

to such a good agreement, we cannot believe the first
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alternative. It is quite possible that the dispersion hump
in the B (22:*3 state is about 100,cm-l larger than that
in the & (2 *) state. *

We have no way of knowing how large the hump in the
A'(z E;f+) state is. Assuming that the dissociation energy
of the A state is given correctly by the area under the
AC curves of Fig. 11, an upper bound to the dissociation

1

“energy of the ground state of OH is (35420 % 15) em™ . "The ~

true diSSOCiation'energy is less by_an amount”equai to.the
~height of the dispersion hump of the - A (22:+) state,

‘The slope of the limiting curve of dissociation pre-
dicts the maximum value‘of the hump in the BZZif'of'OH

[ L
state at an internuclear distsnce of 3.8 A,

* Kolos and Wolniewicsz (1265) have calculated a'dispérsion
hump of height 105 cm~! at 7 = 4,75 X . in the ‘1T3
state of AH2._ ) ,
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Chapter VIII - Vibrational constants of C(ZZ )
‘ ana B(2x ™

In the investigation of the C state, a vibrational
level was found below the one labelled v = O by Michel
(1957). 1In this seotion, proof is given through the iso-
topic relations that the v numbering in the C state . as
given here, is correct and that Michel actually observed.
that (1,8), (1,7), (1,6), (3,7) and (3 6) tranoitions of

the CaA>A system of OH.

(a) Vibrational Constants of the C state,

The measured AC(0.5) of OH is 119%.7 cm™ . Michel
.Imeasured,ﬁu(l 5) +AG(2.9) = 2275 cm l. With these values,
(g = 1232.9 cn™ and WeXe= 19.1 cu™l. Using the igo-
topic.relations it is straight forward to calculate G(O)
both for OH and OD and the Dunham zero point corrections,
(Aooendix III) Since the v =0 energy are known, table
1%, it is found that the energy of the minimum of the

1

potential is (87650 ¥ 15) om~! for 0H and (87668 X 15) em™l

for OD. The agreement is quite good. *

* Because of electronic isotopic shifts, the two minima
are not expected to have the same energy.
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The next Z'Zi'+ stafe allowed by the Wigner-Witmer
rules beyond the 82§:+ state is 0(3p) + H(}P), arising
from the configuration O(ls 2st2p ) + H(p). The dis-
sociation limit of this state lies 82259 cm™l above the
disSociation 1imit of the grohnd state of OH.(Moore, 1952).

-Slnce terms of 1ike specles cann%t cross and taking the
state

dissociation energy of the groundAglven in Chapter VII,
D° (C = ) = (29418 = 15) em™*.
Te for the C ii state of OH is obtained by adding

to 87650 em l, G(0) and Yoo of the ground state.

(89500) cm-l}

Te

- The elecﬁrenic energy ievei ef Oﬁ including. the C
state is given in Fig. l4. The identification of the C
state with atomic states has always.been debated (Barrow,
1956),'Miche1 (1997). There is now no doubt about the Te
value of the C state. Some 22:+ states allowed by the
Wigner-Witmer rules beyond B ZE are 0(3P),+ H(2Pl aris-
ing from the 0(1ls*2s’2p") + H(20), O('D) + H(*S) arising
from oQs*2s®*2p?) + H(gs), o('D) + H(®P) from 0Qs*2s*2p™)
+ Hep), 0('s) + H(?S) from 00s*2sisp™) + Hls), and
possibly 0~ + H' or 0" +H . The energy of these states
above v = 0 of X (*TT34) of OH is 117678 = 15, 133546 = 15,
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133546 £ 15, 133227 L 15, 133267 £ 40 and 138984 =160

cm respectively. The election affinity of oxygen is
(1.#65_1 0.005) ev (Branscomb et al. 1958) and that of
" Hydrogen is (0.77 £0.02) ev (Heisner and 2Armstrong, 1964),

‘Michel correlated the C state with 0 + H'. This
may be so, but because of the non-crossing rule, the dis-
sociation limit of the C state is O (°P) + H(P).

| Iﬁ‘is intéresting to note that AG (v + %) vs v
curve for the C state has positive curvature, rather than
the usual negative curvature of Fig. 11, The dissociétion

1iﬁit of the C state by linear extrapolétion is

De o w*’l

_ 1 e
T 4 Wwe Xe ‘

= 19900 em ,

but D® has already been given as (29418 = 15) en™L,
(b) Vibrational Constants of the B state.

The B state is very shallow, in fact only two levels
have been seen in OH and 3 in OD. With the help of the
isotopic relatiohs and using all the observed vibrational
quanta of the B state, it has been found in Chapter VII -
(d), that

€

e = 946.5
WeXe = 109.3 cm"'l
WeYe = =20.99 em™ -
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F

Although these constants feproduce the observed AG (v + 3)
exactly, they predict, for elxample, 4 G(1.5) for OH to be

- 272.2 cm"l._ The energy of the v = 2 level of OH would be
69318 cu™', which very likely does not exist (table 14).
In view of this awkward situation, the meaning of the vibra-

tional constants of the C state is not very clear.
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00 (2p) |
100
= O(s)+HE)
Bt
O(D)+HES) |
sof Ly
" _oenHhs)
%0 i 1 3 x(A)

| Pigure 14, Ohserved bound states of the hydroxyl radical.
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| s 2 +
Chapter IX - A Strong Predissocistion in the A 2

"State of OH

(g) Gaydon Predissdéiétion

A weak predissocistion in the ”A? Zl+lstate of OH was
first detected by Gaydon and Wolfhard (1951).  These investi-
gators found that in the - A—X system, the intensity of
thé trensitions originating in the v =1 level of AZEZ *
become abnormally weak beginning at 3= 22%4. They found

the ssme weakening of intensity for all the levels in

v = 2. Charton and Gaydon (1958) have later found that
the v = 3 levels is also affected by thé weak predissoéia—

tion. Naegeli and Palmer (1967) have found that all the -
levels beyond J = 29% in the v = 0 level are affected

by the predissociation too. Naegeli and Palﬁer (1968)

have aisb studied the predissociation in 0OD. This pre-

dissociation at low v's, henceforth referred to as "weak

- predissociation® -or- "Gaydon-predissociation™ is characterizede=-:--

by the fact that the levels with J = N + % are affected
more than those with J = N.- 4. To explain this fact
Gaydon proposed the theory that a slightly attractive ZZL-
state is responsible for the predissociation. Thié,theory

is shown in''-Figure 15. ~ - °~ = Because of the strict
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Figure 15. Gaydon Predissociation

selection rules A J = 0 and the parity must be same, the

only way th%§¥tggﬂﬁl‘lgvel can be predissociated more than

the F, level is that the 25 ~ is repulsive.

The lifetime of the v = 0 level of Azéf * of 0H is
0.99 x 10-6 seconds (Bennétt and Dalby, 1964). Since the
Gaydon predissociation in the Px +.state'was detected
- through small intensitfﬁchanges, the,lifeﬁime of the
v = 1,2,3 levels cannot be too much different from 10-6

seconds. The Gaydon predissociation is thus weak.
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.~",

In summary, the characteristics of the Gaydon pre-
dissociation are the following. | _ |
(1) it sets in near v =2 in OH
_(2) one of’the spin components is effected more
than the other
(3) it is weak

(b) Strong Predlssoclatlon

o Recardlng uhe oredlssoclatlon at hivh v's reported
in thls work, it was detected through broadening of the
rotational transitions. The "average" full width at half

maximum is. 0.6 cm-l. From the Helseanberg relation,;”

AE-At = *&

~

the average lifetlme of the prediseoc1ated levels 1s ==
-11

10 seconds. The predissoclatlon at high v's 1is thus -

strong. ’

Plate IYIshows the (0,8) and -(6,7) traositions
of the BF—>$. systeﬁ of OH. Since'theee transitiohs‘begio
in the same upper state, thevpredissociation occurs in the |
lower state. The line broadening cannot be due to thermal
broadening, Stark broadening, nor collissional broadening

because some of the OH lines appear sharp and others do not.
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The molecular .H2v lines identified also appeared sharp.

The broadening due_to_these effects is,calculated in

_Aooendix V. R S

It was found that the varlatlon in half-width is very

different_from band to band. In the (0,8) and (0,11) bands
6f 0D, the transitioné begip broad, but become veryvéhafp _

. at.high  N.-.The very opposite is true -in the .(0;9) band. -
“In (O 10), the transitlons are broad at first, then sharo,

and_then,broad again. These results are summarized in

Fig. 17 and 18. 1In each of these Figures, the black dots = - .

-refers to an unresolved P transitions, the .cirgles.:. to

R transitions. The large dots refer to spin unresolved
components, -the -small dots to spin-resolved components.  The
 dotted lines were obtained by subtracting thé'calculated
éyin splitting from the unresolved transitions.

In contrast to the Gaydon pred153001atlon, both spin

components_are equally affected, w1th Bur. exoerlmental error.. -

The Maximam half-width of the rotd ional levels within
a vibrational state is plotted in Fig. 19. The strong pre-
dissociation becomes detectable between v =6 and 7 in OD,

1

‘which is about 13,500 em™~ above the minimum of the AZEE *

state. Fig. 19 should be taken for its qualitative features
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rdzare 16, some electric rotential
curves of the CH molecnle. A new

.predissociation has heen observed

to set in somewhere betweem v: 4 and
v=5 in the A?x % state. The dottled

and dashed curves are hypotketical.

= 0('S) + H(®S)

~0('D)+H(?S)

,,0(?P)%H(asy'7




i‘igure __17. Variation of the full width at half msximam of the v"otatiornal levels of v=10
.of A®Z¥ in 0D. The linear extrapolation at low N values was obtained by subtractlng
‘the cdlzulated spin doubling Lrom the unresolved P and R transitions.

|

half vudi’h o R ———— |
(em™) R 'O RWMN)  ©° R | |
2 L o ,' ' - @ P (N*) .',._0' Pz




| |

‘half  width

. Pigure 18, Varlatlon of the full w1dth at half maximum of the

(Cfﬁ—w ' rotational levels of the predissociated vibrational states of
. CD. 'he dashed parts of the curves were obtained from the unre-
A_- ' » solved components by subtractlng from the width the calculated

spin spl*ttlng.;

68



Figure 19. -The maximum full width at half maximum of the rotational levels
within & band. Lhe predissociation sets in at about 14500 cu”™' ehove the
miminum of the A*Z™ state. Czarny and Felenbok (1968} have observed tha
v=8 in OE is also predissociated. - f

“half width (cm’)
.
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only. Since the data fof 0D bands comes for 20 transiﬁions
in each band and that of OH from 7 transitions only, and
since the half breadth is strongly dependent on N, the .
two curves would ?robably look more alike if more transi—

~ tions had been seen in OH.

. The observed facts regarding the strong predissociation
can be summarizéd as fdllows: o
'(l)rjit'is.strong |
' (2) it becomes detectable between v =6 and 7 in OD
(3) the predissociatidn shows definite dependence on
,the'rotatioh
(%) within the accuracy of the‘experimehtal érréfy

- both swin components are equally broad.
(¢) Reconciliation with theory:

Present theory péfﬁaining tolprediSSOQiations can be
summéfized as follows
(1) According to the Wigner-Witmér’rulés When O'(3P)‘and
'H (28) combine, the resulting states are )(jJTT; 4’Tf,
4T 5T |
(2) On the basis of selection rules for predissociation,
- interaction . between A2 Z * and either of 471—’ 22? 42”

leads to weak effect.
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(3) Kovacs (1958) has calculated matrix elements for per-
turbations; Between 2 3 * states and '251", 45!:’ T
his calculations show no - J denendence. '

(%) The extent of predissociation depehds on the overlap
between the wave functions of the repulsive state and the
bound-state‘; The:OVerlaﬁvis very sensitive to the vibra-
tional state and to the effect of rotation.

- . - e R . B . - e e . - . - 4-; -— 1 —
- In apolying these results, none of the 4fFT,,.Z ; 2

‘can account for the strong predissociation observed at .

Interaction between 25 and 21T Leads to strong
effects. If thé: 2TT cbmes frbm 'O.(lD) +H (ZS); pefhaés
it is bodhdiasréhowh in Fig. 16. Predisgociaﬁidn.then
‘occurs in two steos, fiﬁsﬁ to the ZTT and then to the 2X.~*

It is also possible that the ‘szjT.ground state comés" :
sufficiéntly close to the ~Av state near v = 5 at hiznh v's
'that'predissociatibn takes place through the X 2TT ground
. state. Fig. 17 and 18 show that the predissociation de-
pends on the quantum nuumber N. If a ZTT is the pre- |
dissociatihg‘state, a linear dependence on J is expected.
“Such an effect>is not observed. Moreover it is not known

what features of Fig. 18 are caused by the effect of



93

rotation on the amount of overlap.
Gaydon's theory that the 2 2" is responsible for
the predissociation at-low v's is appealing. Conceiv-

ably his theory holds when the 2}:’- is repulsive and

2 +
cuts the 4 2. curve near v
T, . 5

2at m> R, . The
same 2. could then cut A

z. + again near v = 5 at
7 <7, causing the strong predissociation. |

| Recently Michels and Harris (1968) have calculated
pétern't;ia.l curvés Afor OH. ”TIA')-eyAfi’nd t‘hat 42-: QZ " and
4T|’ are all repulsive with 4y cutting A T * near

v =2, °F% " near v =3 and4T|"near_"AV=4-.
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. 10T
In summary, we haveAbeen able to decide which state

~is responsiblp for the strong predissociation at high v's

in the A 2; state, nor if both predlssociations observed
in the A state are cuased by the same state.

Michel (1957) observed a sudden decrease in intensity

- in the (1, 8) band of the CZZ +—% A2 . * system beginning

at N 9 ‘and suggested that a ored153001at10n of the A

state,occurs near v =8, We agree-with bis_findings for

~the C—> A system and found the same effect in the B—> A

systém., ﬁowever; the same sudden intenéity decrease re-

mained in the CE?&ARSY§tem'when the bands were photographed

__on. a.much faster instrument than the high resolution .

spectrograph, but many higher rotational levels appeared

" in the B—> A system. Thus the intensity drop is due to

the C state rather than the A state. Horeover the inten-

- sity distribution depends-Ve:y mgch'on the wayVOH ié fo:med

from water. Michel (1957)'also formed OH from water. We

thus recommend caution in the interpretation of these inten-

-sity anomalities.

Referring to the (0,8) band of OH shown in Plate IIE,
Rl(H) or the longer wavelength component of R(4) is weaker
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3

than it shoul& be, by comparison to tﬁe components of
R(3), R(5) and R(6); Ry(5) avpears fuzzy. Py(6) also |
also shows the abnormal inténsity but the two components
of P(4) and P(5) are quite normal, We are unable to |
eXplain these small perturbations, except that they are

due to the upper, or B state.
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F

2 +
2 System

Chapter X - The cgz *— g

The c Z *—}B }: Syste'n has never been observed
—‘preV1ously, but its transitions can be oredlcted exactly
from table 1k, In fact the (0,0) trans;tlon of the C—>B
was found and tbe”frequenciee:areAgi&en on table 15; It
'is.eaey to Vefify from codbinetion belatione that the“
assignment is correct. The (0,0) band of 0K, although
about 10 times weaker than the (0,5) band of the B—» A

- system, -appears in a cleen region and was quickly
identified from its structure. ‘The heads of other bands
‘predlcted by table 1% have been observed Fven the (l 1)
7band of the OD system has been found at its ‘predicted fre-
quency. Thera 1is thus no doubt about the v .numbering in
. the C state and about the position of the € state in the

energy level diagram.



N R, R,

0 19865.75

1 19871.20 19870.89

2 19876.51 19675.56

3 19879.70 19876.51

4 19881.96 19878.94

5

N A, F By ¥y

1 2656.96 25.63

2 42,12 41.17
3. - BY9,45.. 58,03 - . -

4 76.49 74,71

97

19845.24
19834,39% _

19820.25 19818.48

19805.47 19804.23T

19789.43 19786.31

"IV - M  sam
Az_ }_l /XL [‘_l
31,36

50.95  52.41

71.04 71.33
90,27 90,20

*A hydrogen line occurs aﬁ the predicted value of the
other P (2) component. The line quoted is probably

B,(2). |

A+This Jine blends with an iron standard line.,

_Table 15. The (0,0) band of the ¢’ "—>BAEY system

of OH.
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Chapter XI - What now OH?

This chapter discusses problems which have arisen from

the research on the OH molecule and which are not resolved.
The exact size of the dispersion hum’in the & state
should be measured. This can be done by detecting ore-
dissociation by rotation in the A2 X * state of OD. With
just slightly more extensive data than that presented here,
it is very possible to see this effect. The details are
given in Appendix V. The same result can be obtained the-
ofetically since the interactions are very}well known,and‘
‘existing computer calculation of atomic wave functions are
- reasonably good. » » |
. The detaiis of the-pfédissociations described in
Cﬁépter IX also have to be explained by theory.
The excitation of the OH molecule is peculiar. The
| intensity of the transitions in the B—> A system falls to
e wwu ... very small.values beyond N = 8 (Fig.[IT). .The calculated . ... .
temperature of the OH molecules in the B state is well
below room femperature. Excitation of N » 8 have been
observed in the B-—> A system on a faster instrument than
_the 3.4 meter spéctrograph. Czarny and Felenbok (1968)
have found the same intensity distribution. In the
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(0,6) band of ﬁhe B-» A system, they.found that the rota-
tional temperature is 130° X at low N and 350° K at high
'N. The temperature in the (0,0) transition of the A—> X
system has been measured by Carrington and Broida (1958)

who obtained T = 669° K at low N and T = 2750° K at high

N and by Méinel (1967) who found T = 610° X at low N

and 20800° K at high N. The intensity distribution in the

T C=3A system (plate IV ) seems £ be Qualitatively'ihé‘samé.v
In each of these cases the OH was produced from H20 and the
peculiar 1nten51ty dlstrlﬁutlon nay be a fesult of the mode
of formation of OH. Although no quantitative results for 0D
exist, from plate IV, the C—>A system of OD has- .quali-
tatively the same peéuliar intenéity pattern. In the B—> A |
system of 0D, the intensity drop is not noticeable'until

N = 20.

Many closely spaced lines without any obvious structure

. o o :
- have been-observed between -3900 ‘A and %100 A, The spec- ~ """~

trum is different for the H2O and D,0 ‘sources. it is
conceivable that these are transitions from the higher
vibrational levels of the C state to the B state. The

emitter of these lines is at present unknown.
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The éoparatus‘described in Chapter III with HZO as
source should yield a rich spectrum of OH in the vacuum
‘ultra-V1olot.' By 100&1nc at Fig 14 one cannot help but
-Afeel that there are other deeoly bound states of OH hlgher
";n energy than the C state.- In any case,_the c-ﬁ'A“system
will certainly appear (the tail end of it is reported heré)

and the C—-»X system will orobably be observed too (Felenbok
and Czarny, 1964%).

One of the reasdné for undertaking this'project Qas

" to observe H20+. Its spectrum is predicted to occur in

the near'infra—fed. We have investigated up to 6500 i and

- have not seen it. It is very strange that the -hollow
cathode, which Supposedly brings out épectrum of -ions,
faiiéd to bring out the OH+ spectrum. We have observed

the doubly ionized oxygen lines at 375%. 697 i, 3757.239 2,
and = 37959. 871 X, whose excitation énergy is 36.5 ev. Other
-0 IIleines?wefewalso seen; We don't-understand why=thesé>“~vm
highly excited lines from O III were observed, but ot lines,
whose excitation energy -~ 15 ev. were not observed. Perhaps

a different source should be used to detect H20+.
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In the B—> A and C—>A systems, the lifetime of the

lower levels has been dhown to be”‘?tflo-ll seconds, which

' is much shorter than that. of the upper state. .Population .

inversion, one of the conditions for lasing action, occurs -

naturally in these systems} It would be interesting to

bqild.a chemical OH laser.



102

BIBLIOGRAPHY

Barrett, A. H. 1967. Science. 157, 881.
Barrow, R. F. 1956. Ark, fur Fysik, 11, 281,

Bennett, R. G. and Dalby, F. W. 1964%. J. Chem. Phys.
40, 191k, ' -

‘Born, M. and Oppenheimer, R. 1927. Ann. d. Physik, 84, 457
Branscomb, L.'M.'Qt al. 1958. Phys. Rev. lll, 50 |
Bunker, R. R. 1968. Jour. Mol. Spec. 28, L422.

Carrihgton, T. and Broida, H. P. 1958, Jour. Mol. Spec.
2y 273,

Charton, M. and Gaydon, A, G. 1958 Proc. Roy. Soc.
' (London) A 245, —

’ COIenan, C. D. et al. 1960 "Table of ! Wavenumbers" Vol. T.
U.S. Dept. of Commerce. National
Bureau of Standards.,

Crosswhite, H. M. 1967 "F, - N, Hollow Cathode Standards".
Unpublished. : :

Czarny, J. and Fglenbok, P. 1968, Ann. Astrophys. 31,
141, '

Dieke, G. H. and Crosswhite, H. M. 1948. "The ultra-violet
, bands of OH - Fundamental Datan,
Bumblebee series, report #37, Nov. 1948,
Dunham, J. L. 1932. Phys. Rev. 41, 721.
Felenbok, P.  1963. Ann. Astrophys. 3, 393.

Felenbok, P. and Czarny, J. 1964. Ann. Astrophys.
27, 244, -

Gaydon; A. G. and Wolfhard, H. G. 1951, Proc. Roy.
_ . Soc. A 208, 63, .



103
Herzberz, G. 1950. "Spectra of Diatomic Molecules®,
, Van Nostrand Co., Inc. -
Ishaq, M. 1937. Proec. Roy. Soec. A 1959, 110.

Kolos, W. and WOlnieW1cz, L. 1965. Jour. Chem. Phys. -
. R _3, 2429

Kovaos, I.~ 1958. can. J. Phys. 3_,‘309;

Landau, L. D. and Lifshitz, E. M. 1965. "Quantum Mechanics -
‘non-relativistic Theory", Pergamon Press.,

- London, F, 1937. Trans. Far. Soc. 33, 8.
‘Meinel, A. B. 1950. Astrophys. J. 111, 555.
~-Meinel, H.- 1967. ~-2. Naturforsch, 22a, 977.
Michel,- A, 1957. Z. Naturforsch.  12a, 887,

‘Michels, H. H. end Harris, F. E. 1968. Int. J. Quant.

Chem. Vol,., II s, 21.
Moore, C. E. 1952 "Atomic Energy Levels" Vol I, :

BN . .. Cireular 467, U. S. Dept. of Commerce,

National Bureau of Standards.

Naegeli D We and Palmer, H. B. 1967. J. Moi;-Spoo.

Oura, H. and Ninomiya, M. 1943 Proc. Phys. Math.
Soe. Japan, 25, 355.

Palmer, H. B. aﬁd Naeaeli D. W. 1968. J. Mol. Spec. 28,
17. , -

Stone, J. M. 1963. "Radiation and Optics", McGraw -

Tanaka, T. and Koana, Z. 1934, Proc. Phys. Math.
Soe. Japan, 16, 369.



10%

Tomkins, F. S. and Fred, M. 1951, J. Opt. Soc. Amer.
_)j'_]_.', 6)""10 »'

Van Vleck, J. H. 1929. Phys. Rev. 33, u67.

Weisner, J. D. and Armstrong, B. H. 196%. Proc.
. Phys. Soc. (London) §3, 31.

Wigner, E. and Witmer, E. E. 1928. 2. Phys. 51, 859.



105

Mppendix I - The isotopic constant

The isotopiec constant j) is defined by

— [ M
£V

where [ is the reduced mass of OH and /,LLL' is that of
- OD;’""Fr'om'—'~He’rzbe'rg---(-l9-50*)-;- e et

L= 0.948376
M= 1789403

Phas
P = 0.529996
P

= 0.3858W



106
Appendix II  - A program for least-squares polynomial

approximation.

Sdppose that throggh the set of points (QXL,Bé ),

¢t = 0,L..7, one wants to fit the polynomial

Y= b+ bix 4+ b x4 oo - b x™
under the condition. of least square errdﬁ B.
- T ) » o - ) A
g= 5 (betbX e +by,x -~9¢)
=0
, _ o _ |
0= O -2 5 (botbxor- b, X =Y, )x -<=o,;»-~
(“)bﬁ =0
LR ~ '7? G.x, R
et U= X @-3)& = L_\o Jo
o Vbbb, bn,,,: CEN
| \j—l‘ b‘?—iﬁu-;bi t - '-""‘.U-m + (v\y)
: X -
t
1)';;77 b"’ ‘+Umr‘ b s '+U;-‘m v Qtry>’f‘)

The Db's can now be solved: by Cramer's rule. In the program

the b are replzced by B (k + 1), the number of para-

meters are N and the number of data points are N D A T A.

The actual program used, and given in the following pages,

was taken from the Library of Programs, UBC Computing Centre.
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The parameters that best represent the AG(v + 1)
quantities in the B state (Chapter VII) were calculated -

by hand” and by éomputer. The results were the same,

The variables X and Y éppear in the main program.
Their DIMENSION in the main program is NDATA. The usual
"CALL POLYET (X, ¥, N, NDATA)" in the main program
will intrOducé'compilation and execution of the_sub— |

‘foutihe.
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FORTRAN SOURCE LIST

ISN SCURCE STATEMENT
0 + $IBFTC POLYFT
-1 4 SUBRCUTINE PCLYFT (X,Y,N,NDATA)
2 * DIMENSIGN X(NCATA),Y(NDATA)
3 % DIMENSION A(10,10), V(20), VY(11),8(10)
4 4 DIMENSION EP(500)
5 % COMMON /COEFF /B
6 % COMMON/RMSE/E
+ C ' :
7 # PRINT 323, W, NDATA
10 + 323 FORMAT(1H-46Xy4HN = 5,13, 5X, 8HNDATA = , [3/)
$ C -
$ C ~ BEGIN CALCULATICN OF POLYNOMIAL COEFFICIENTS
¥ C N IS THE POLYNOMIAL DEGREE
$+ C NDATA IS THE Nb. OF DATA POINTS
11 4 NP1 = N+l
12 # NP2=N+2 '
13 % N21=2%N+1
14 # E=0.
15 # DO 100 I=1,NP2
16 ¥ vii)=0.
17 * 100 vY(I)=0. ]
21 # DO 106 I=NP2,N21 Lo
22 * 106 ViIl)=0.
24 + DO 105 I=1,NDATA
25 % VY1) =VY(1)+Y(I)
26 # VY (NP2 )=VY(NP2)+Y(T)%Y(1)
27 # T XX=X(1)
30 % DO 101 J=2,NP1
31 % VIJ)=VI(J)+XX
32 % VY (J)=VY L) +XX%RY ()
33 % 101 XX=XX%¥X (1) ‘
35 % DO 105 J=NP2,N21
36 £ V{J)=V{J)+XX
37 # 105 XX=XX%EX({1)
42 +# " V{1)=NDATA
£ C ABCVE BUILT UP V,NOW BUILD UP A
43 % DO 102 K=1,NP1 ,
44 % DO 102 L=1,K - SR -
45 ¥ KSL1=K-L+1 R
46 % 102 A(L,KSLYL)=VI(K)
51 # DO 103 K=NP2,N21
52 % LS=N21-K+1 N
53 % DO 103 L=1,LS
54 % KLNP1=K+L-NP1
55 % NP2L=NP2-L
56 ¥ 103 A(KLNP1,NP2L)=V(K)
61 # DD 104 K=1,NPl -
62 * 104 ALK,NP2)=VY(K) _
£ C WE NOW SOLVE A MATRIX A OF N+1 ROWS AND NP2 COLUMNS
64 % DO 399 I = 1, N
65 % [P1=1+1
66 % DO 399 J = IP1,NPl
67 % G=A{J, /AL, 1)
70 % DO 399 K = [Pl, NP2
71 % 399 ALJ,K) = A(J,K) = A{14K)*Q
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FCRTRAN SQURCE LIST POLYFT

ISN SOURCE STATEMENT
75 % BINPL)=A{NPl,NP2)/A{NPL,NPL)
76 % DO 301 [=2,NP1
17 + J=NP2-1
100 # JPl=J+1 .
101 +# BlJ)=A(J,NP2)
102 #* 0O 302 K=JP1l,NPl
103 + 302 BlJ)=B(J)-B(K)*A(JyK)
105 # 301 B(J)=B(J)I/A(JyJ)
- 107 % DO 398 I = 1, NP1
110 + 398 E = E + B(L)xVY(I)
112 # E=VY(NP2)-E ‘
113 % ESUM = 0.
114 % DO 333 K = 1, NDATA
115 # TS = B(1)
116 * DG 95 MM = 2,NPl
117 # ML = MM-1
120 # 95 TS = TS + B{MM)*X(K)*x (ML)
122 # EP(K) = (Y(K)-TS) * (Y(K)-TS)
""123 # 333-ESUM = ESUM + EP(K)Y - © e e
+ C
$ C END CALCULATION CF PCLYNCMIAL COEFFICIENTS
* C -
125 # NP1l=N+1
126 % "~ "PRINT 310, (K,B(K),K=1,NP1) -
133 + 310 FORMAT (7X, 2HB(I1,2H)=F12.5)
134 - XN = NCATA :
135 % E = SQRT (ESUM/XN)
136 % PRINT 340,E :
137 % 340 FORMAT(1HO,1CX,24HLEAST SQUARES ERRO = ,F12.5)
140 #* RETURN C
141 # END

NO MESSAGES FOR ABOVE ASSEMBLY
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Appendix III - Zero point Energy.

Knowledge of W, and WX, for a molecule means that

G (0) can be determined since

"G (0) = We o WeXe
2 B

The minimum of a potential curve can then be determined.
' The following table gives these values for several elec-

tronic states of OH-and 0D.

State o OH" - oD

XYl 1s46.9 0 ] 1349.4
: 3.14 2.58
AXSY | 1866.5 - | 1140.7
2.58 1.60

25T . : ' *

c 'L 611.7 447.0 70
-0.99 | -0.50

On the bottom line is given the Dunham zero point

correction term Y,q 5
v = Be+CKewe + Aot L™ Wede

°e 0 1RBe 44 B, 4

* PFrom isotopie relations.
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Appendix IV - Thermal broadening and Pressure broading

of Spectral Lines.

Some spectral lines in the spectrum of OH and OD were
observed to be broad. The increased breadth is not due to
thermal broadening nor pressure broadening because transi-
tions from the same upper state were observed to bé broad

and sharp ( in OH, the (1,4) and (1,9) transitions are
sharp, but (1,5) and (1,6) afe broad). Nevertheless, the
'classical line breadth due to temperature and pressure
“can be.célculated.  According,tovSt0ne (1963) 5Rédia£ioh
and Opties", the half width of a spectral line is given
by S _ :

2 We (a gy
AN C - M/
. where ), 1is the frequéncy of the transition

c is the speed of,light';= 3AX»1019 'cm/séc
~k is Boltzmann's constant = 1.4 x 10"16 erg/deg
T is the temperature &= 330°K

M 1is the mass of the mdiecule
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For N\ = Looo A and for molecular hydrogen
M= 2x1.7 %1072 gy,
' 10
A = 2.5 x10 / sec.

This is inj a factor of lO-less than that due to pre-
dissociation. In fact, several H, lines were identi-
fied and they are all sharp. )
~From Stone, the half width of a spectral line due
to pressure broadening is
« _ B\NFT DP
¥ = (Me:'*r‘)‘/z

where D 1is the dlameter of the molecule and P is the
pressure. The maximum pressure is that of H20 at 50° c

-\L- X
which is 95 mm Heg. Taking D~ = 10 om , then for H

?g 22 > ;L-4rC>ge// sec.

‘ThusTeollisionsMinfthe;QLBSSieaL sensefdo noteeontribute~sf~ '

at all tb the half width. As long as the effective dia—

meter of the molecule is less than 10“ A, collisions

are not important..

5
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. - : 2 +
Appendix V - Predissociation by Rotation in the A 7
‘state of 0D

The magnitude of the dispersion hump in the 4 state

could be determined if predissociation by rotation were

- observed in the 425 * state of OD. From table 14, the

v =13 level is 11k cn™t from the expected limit, v = 12

is ~5%8 cm"l5"t = 11 is 128% cm'l, v =10 is 2172 em~1
. D - o va lues,
and v = 9 is 3290 cm™l. From the By it is expected that,

excluding rotation, N = 8 levels are bound in v = 13,

N =12 in v =12, =17 inv =11, W =20 in v = 10

and - N = 24 inv = 9 The N = 18 level has been seen in
=11 (o, 11 tran31t10n) and N =21 in v = 10 (0, 10
transitlon) | It is thushqgtte possible that predissocia-

;tlon by rotation~ean-be~detected3in the A2§: * state of

-

OD w1th little modlflcatlon of the technique descrlbed 1nﬁt

the thesis.
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Appendix VI =~ Electronic isotope effect

 The accuracy of the dissociation energy of the A2§§ *
state of OH and 0D, as presented in this thesis is just
outside the range 6f detecting glectronic isotope shifts.
-This effect arises frob the difference in the shape of the
potentiai well for two molecdles, of different isotope,
e.g. OH and OD. Imagining the molecule to be neither
vibrating nor rotating, the electronic motion is still
-present since the molecule is held together by the elec-
trons. The electrons in furn drag the nuclei behind then.
Because the center bf mass is different for OH and OD,
the ehergy to "keep thé molécule'at minimum® of the potén-
tial is different for OH and 0D, Mathematically, this
effect is due to the breakdown of the Born-oépenheimer‘
approximation. Bunker (1968) has calculated electronic
isqtope_Shifts in several molecules and they are typically

_of the order of 5~10 crn"l

. The,agreement of his theory”‘w
with éxperiment'is-not bad. | | |

For OH, Bunker's formula predicts that OH potential
wells are deeper than the OD potential wells by 6.7, 51.1,

- 0.7 -and 4.50'cm"1 in the X, A, B and C states respectively.
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Experimentally, we have obtained (5.8-+ 15) cm—1 and
( - 3.6 * 15) em™ L

for the X and A states respectively.



