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"Descr1pt10n~0f Finn“#MacCool and his peop]ea be:ng a humorous or quasx-_ i
. humorous 1ncur51on 1nto ancxent mygbology o e St Ty
Too great was he. for standlng. “The neck to. h1m was as~the ?
'bole of & great oak, knolled and seized together with muscle-hunps and- ?
< carbuncles of tangjed sinew, the better for good feasting and - contendlng\. &
with the bards. Each thigh to him was to the thickness'of a. horse's belly,\ ¥
narrowing ‘to a’ green-veined calf to the thickness of a foal. Thiud fifties ‘
of fdsterllngs could engage ‘with handball. against the wideness of h1s‘back-
side, which was wide enough to halt. the’ march of warrlors through a moun-f~
tain pass. - N 3
. T ._, . &
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S On the kcrseymere of the gu ted Jacket to his back was the :
,dark tzncture of the ivory slocs and the manivaries whortles of ‘the .ditches y
of the cast of Erin; for it was here that he would spent -a.part of the | ‘year .
with his peoplc,- ¢ourting and rummaging generous women, vibrating quick ¥
' spears at the old .stag of.Slieve Gullian,. hog—baitlng in thickets and engag-~ =
. ‘ﬂvg in. sapzent d1a1ect1cs\w1th the bag-eyed brahons. I ¢
. = The knees and,calwes to. hxm, swealed and~sua£hed w1tthoogawn5 o -
.and “Thomond weed-ropes, were hardened’ ‘by’ stainings of mead and.trickles of ., i
netheglin and all the dribblings .and drippings of his medher. for it was the A
"custon of Finn ‘to drink n;ghtly with his pebple. N R -
o v Iama bark tor bufféting; said;Finﬁ; o o \R
. ' I am a.hound for thornypaws. = | e - g
; 1 an o doc for syiftness. o o oL T 1
T an a trec for wind sexge. Y e SRR :
A am @ windmill. o . R i
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. The absorpt1on spectrum of gas-phase;carbonyl selenide . (OCSe)

in the 1nfrared ultravzolet and vacuun ultravxolet regions of the elec- '@ ¢
N 3 .2 B

of synthe51s of the compound which hds-been used in ‘the preparatzon of
selenium-lsotope OCSe, has been descrzbed A descriptxon of a novel )

'llght source, the em1ss1pn cdhtinuum produced by thch is suitable for .

WD

' absorpt1on spectroscopy of thc éitravxolet and vaguup ultrav1olet spect;flf\(_ .

3“reg1ons has becn included. " ‘,' « " : £
.' \\ . — ‘ﬁsn;,-‘l
The ground stato ?undamental v;brat;onal frequencies of carbonyl

. g

sclenide have becn deternined. The spectrum in thc ultraviolet nnd vacuun e

\
ultrav;olet regxons “has becn assigned to corrcspond to seventeoen clectro-
G‘} . -

nxc transxtxons of OCSc berational nnalyscs have been ncca:plished for

each of thcsc, and“the synnetries and elcctron confxguratxons of tho

'1 cxcxted clectronx» statés have bcen assigned. The ionization potentxal e
of OCSc ﬁhs becn measurcd. . |

Thc ma;orxty of thcsc transitxons havc been shawn to bo Rydburg 5 ;;;u,

-~

_ 1n nntuﬁ#.MQMnntun-acchanical calculatiéas hnve been: purforacd to predict Cox
tﬁo tern values for Rydborg fcrzcs :cabcr* and to a;d the analys;s cf
the spcctrud The spin-orbit coupling in Rydburb stntu» of GCSe hqs bn*n

f/,. o Lo .
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shown to be intermediate between'the cases (AgS} and (Qc,qu and'to
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. ~ . CHAPTER I o -
’ - INTRODUCTION A .

In this thes:s the mvesfigatmn of some electromc ‘states nnd
structures of the tri’ntomc moleculo carbonyl ‘selenide (0CSe), by use of
the éxparmental techmque of gas phase absorption spcctmsc}py, 1s rcported.

An elementary knowlcdge of quantum mecharucs -and group theory is nssumed

throughout C - i .
we ‘ — e R )
. 1.1, Separatmn of the W:wa Equatxon . ‘ S
R - - By - n

A molecule is a sy:‘{\tcm Q,f elcctrons nnd nuclci in whiéh tho nucloi

are, separated by distancos of the order of 10 9--' 10° -19 fn. The tine- : a

indepcndcnt Schmdingcf cquatiom for a systc: in uhich cnergy is consarvcd

. may be- written as '.\ “
= ﬂ,,,r ET""T ' _ . v e p,u
& : .. ¢ - e oL, - S
et 7 :

uhcre H 15 thp ,quﬂﬁtm-mechanical linniltonlan opemtor. Ep. are tho cnermr

) ci‘gcn\mlues and g are’ the comsponding e'\orgy cigcnﬂmctions Ti*n lattor

chnractcnzc the stationary states of the systm. I, m.clcar-and.:.-ele:mni
spin. and translation oE the nolcculc ds a 'vzholc. are negleetcd, t.ho mleml

imilmninn. H, ::ay be m.-ittcn as

- * 0."‘ ' .':', V‘wgﬁ. - 2 E I .. ‘
v a SRR -  dmg e @ 2
N » - .- [ o lod
B ---z%‘rv; A R I I
L i "y e A AT "A,i Al .7 A3 “AB i>§ “i3
k.*zcrc' h = ”wﬁ\is anack'a ceﬂ tent oo
8, ané‘!%a are the £3s3es. of’ “eié 1™ electren and ahe A nuclous,
‘_ ﬁ‘*c' pect ivalfq o " o ' aa
Tre : X _ G T i U
[ Y ) ‘ 4 - m:_
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i-? ‘
P
."‘\‘ .“< - . L . ' . . I!A-'
'Vz 1s the Laplacmn operator, ) .
ZA is the atomic number of nucleus A _ B L
‘Tup is the dJ.stance betueen particles a and B. and F, \ g
¢ is the absolute value of the electronic charge. _ ;
f N
‘ _Because of the mass difference between electrons and rrucle:., classical
R .
electromc. motmn occurs much nore rapidly than nuc}:snr motion. The Born-
Oppenhemer(n appronmtmn assumes that theso motions can be separated i e.,
_ i
?}Bv@l@tﬁr’iﬁsﬁibution is an 1nstantaneous function of a.ny nuclear confor-
- . _J’ s '.-.
mation. VT may, in tlus appronmation, be written as the product -' ¥
Yp =W Uy .- f-[l-'zl :
where ﬁ! are e1genfunctions of thc olectronic Haniltoman H with eigenvnlucs L
:1':,: . ‘ ' ' '_:-
“ E and. "’N are- eigenﬁmctians of thc nuclear Hamiltoman HN where -
iJ“é . ; . . S
?b§ S 202 P S
i - 2 i 2 L '
El*f: : : Ha = -1 g v, 2 : rA + X re | T . {13} R
3 Lt 111 Ai AL i>j £ 5 R o S
1 - for a- fixed cgclccr con't‘igurntion. The .gquation ‘::F;
‘;i’. ‘ . ,_J“. ) .‘ '._' . E . ,‘".‘._ ~.- '-' . ) . .. . . . . B 1""] . ‘.-_;
3 P -..“eve“E‘-"" T .
P is ‘tho Schmdinger cquation of thu clcctms r.::rving m tho fiold of thc fixcd
.
‘ nuclei and having a potential encmy U which is a functicn—of__electmnic i
coordizlatcs. U varics as the intcrnuclecr scpmtions are changed und |
thureforo the cigcnfunctions ¢, and ;thc eigcnvalucs E of equation [1 4]
dcpend on the nuclcar caurdimtc.. as parz:ctm IR ; " L
me nue 1car !L:ultonicn. “N is 3ivcn by_ L S
o _ ~g "z-,z-‘ o o B %,
HN - E_%_ z . ‘;‘.B . 50 S . . ¢ )
& S A A _fuﬁ‘ AR T SRR : o
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. The kl“etlc energy tern, "z igw- Va ; contains both v1brational and rotationol
A A
contrzbutlons. “In the rigid rotor (2, approximation. rotational and v1brational o

; motions may be separated

!

“The total wavefunction and the total. energy may - then be uritten as

s
\

Vp = g Yypp _¢'ROT S [1.6]
e Ep=Eo * Byrp* Bpor R U
%‘ respectively. |
§ | Where small interactions occur umong these components the mothods
‘- ' 7 ;
1 of perturbation theory may be applied to obtain closer opproxinations to oT Lt

and ET there 1nteractions are Iorge, the partitionings represented by
equations [1.6]) and [1.7],.ond;the approxinations on which the latter ore

based, are no_longer vali&.’ o o ST

1.2, Spectroso;pic Transitions _ "..: SR S

Transitions between tho stationory stotes of a noleculo nay- be induced ‘
by interactiOn with an oscilrating oloctronngnetie field(s) *If n torm | |
reprcsenting this interaction is- 1nc1uded in the nolocular Schrodiuger equotion,
it oay bo shown( ). that, for a system originnlly in a stato oharacterizod by .

a

the quanti ed enorgy E_. 0 & non~toro probobility arises of £inding tho systen

ina stnte of. energy E, if rodintion of enorgy

- E_
v s ““‘(s :.53 [13]

' ﬁas prescut. If E anﬂ E are given\in orgs. h in o*g sce.,ond c, tho velocity

C T of light in vanuo. in cn.sec -1 , then v is given in uavcnunbor units\(cn h.

Tbo qnonti ed.cnergies nssociated with tho nntxeus oE tho- elcttroos .

i
‘ d

-

hd 3 . . s o~



ek
=i
-
F-3
’

i TR )

5z
e Rt e o N e ) e T

and nuclei in a molecule extend ovér-a‘wide‘range and the quanta emitted-
K

or absorbed by a molecule in transitions betueen the various energy lovels

S e

assocxated with these mot:ons differ considerably'zn magnxtude. The spectra

correspondlng to these transitions are foughly divided in_energy and des-

cription as‘ .folloufs:_ -

R R TS

1. Pure Rotutional Spectra- These correspond to transitions batween the

rotationatzﬁnergy Ievels ‘associated with a V1brnt1ona1 energy level
AN

of the ground electronic state. .They occur in ‘the micrpwnve region _

1 ) o
. -

. ("0_1—100 cn-ll):‘ “ - | . ) . ‘ _ql(- B ‘ . ‘.ll

. . | S o
2. VihrationnL Spectra* Transitions between‘vibrational levels of Tho

ground electtonxc stnto nge rise to vibrational spcctrn in the

infrared regxon of thc clcctruaagnet:c spectrua ( 100-4000 a )
- Accompanying changcs in rotational encrgy givo riso to rotatioﬁnl

L} K s
f1no structurce in these Spcctra. : . :

3. Elcctronic Spcctra. Spoctra observed in the visiblo, ultraviolet ond
| . vacuun ultrav:olet regions (--104 2310 =] 1) are nssociated with
‘- elcctronic cxc:tntiun in nolcculcs. Changcaain vibratzonnl and rotn- "
tionnl energics nay also occur in thcsu cxcitations._

1.3, Selcctaon Rules )
The praﬁab;lity of an electric éipolnr transition betuecn two states.

 deseribed by thc total eigcnfuncticns v, aad Yy is prcpo:;ional o’ :ho squnrehm. )

O of the transition mﬁncnt integral M dcfich by ~
) L Ff[@n?%dy ' S 1.9}
: ' ' s ’ ._. . e .

where the integral is taken over the ﬁﬁbléfcanfiguratxcﬁ space of t&g nn;pculo'
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- uhere P und P are the elcctric q.ipolo zonent operators nssociated uith the |

T R R AT AT e AN R

' . ’ -
3 B ‘
! {_ ! ff! . |
and 7 is the. electric dipole nozent oiiei-ator. !ixéluding the 'rotatioiml"
lexgenftmction, the total exgenﬁmction of any, state of a syst may. be- ’
..approxmated(n. as (c.f. cquauon [l 61 ' y | _ B }
- A T
and P may be Separafed as o (
" ‘ | : . - ] ' L ‘ . .' !
PP, eF, . | R (B

L]

- charge dxstributions of the electrons and ‘nuclei, rcspectively._ Equut:lon

[1.9] nay be rcwnttcn,as -
t ©" : T \ t:q'. . | .. | .
_.H = I%Fn'%#tn J %vodro + I ¢v¢v§t I vef"etaodre L A [1.12] |

whero the singflo imd double prims sychols rofer to S,be t‘xppei' and lawer enorgy

states of a vxbmnic trmitidﬁespactively.- For a cmn nuclear cont‘or‘-'

:zation.t) and \': are orthogoual if thcy refcr to diffcrcnt elcctronic stntos.

- and the first tnm of equation (1. 12] v:mishss. 'l'ho purely electro‘iiic trans-

'itionmnt.givenby ey

H‘ jﬁ(rQ)Fé(r,Q)dt | IR _[1.131

' depends upoh tlm electmnic coordimtes r and tha nu:!ear ccordinates Q in tha

_ ctmbinina state‘n. ma approximticn gensrally mdu is that this intcgral is

calculated at the cqunibrim positicn, Oo of tha m.clei in tha initinx stato. y

ﬁ thcn b@ccm:n im!egm:dcnt oi‘ ruclear’ cnm-dlmtcs. and equatiun . 12] bccams

¢ .

. f
i s e W
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S functions has been given by several uuthors (5 6 7). The methods of group ) I

e e o

e e e SRR R A
-

a .'an allowed olcotronic tronsz:ionw) o . . B o -

M is nofi-zero S o . o

T

. in equnnon 1. 14] gives tho oagnitudo of the overlap for the vibrotional ; A

] . ‘ - B . ) o o : i
The symmetiy class:ﬁcanon of electronic and vibranonai eigen- |

AT

theory mziy be applied to t:he detomnanon of those trans:.uons for which -
(8) B 3 4 . - "

P -
. *

' The quant:ty M (Qo) i }on-zero only 1f the direct product of the

- FEH

irreducible‘representnt1on/tl .R.) of ¢ and ¢ " ‘ i

) | r(v ) ,7 r(¢ ). f o . pasy i
contams the I.R. I‘(P ), I‘(P y) .oy I‘(P ) Fx P y and P z aro the vector e

compononts of" P in the axis systm {(x, ¥, ..) of .the molecule. 'l‘he quantity
. : » ,

IVv¢vdTn _ | : o - _ > IISIGI

e1genfunctions in the conhimng olcctronic stntos. It is non-zgro only i

4rwax JCOR ~-_ o na
, o _

contmns a oomponent wh;ch transfoms as tho totolly symctrzc ropresontouon “

of tho molocular point group.

L 1

h'hcro N (Qo) is ero or non—.oro. tho oloctronic transztion is comonly
denotcd as forbiddcn or ollowcd, respcctivoly. The magnitude of tho quantity
in [1 16] dotermines the intensity distribution among mbromc cp:ponen.a of

Eloctric dipomr trunsitioms botﬁrcen diffom-‘olectronic states o£
mlcculcs closnfiod undor tho symotry point groups C and C . whcro tho |
x:olocuc; bomng to tho sano point’ group in tho co...bmr:g olectr:ﬁic stotca,
are .-..hm-fnzin ‘{‘oblc 1.1, The orion:o:ions of tho dipole moments for 'aliwed




| Inclusmn of the electronic spin eigenfunction in equatlon [1.6] B
v
1eads to the spin selection rule: for electronic transitions SR
. s : | |

AS. o 0 ] ”n

Al

L - - ‘d_-ﬁ-\ . ‘a ) "

hY

Stxles Tyeman. Strausz and Gtmnlng(n] havo reportenj the ultraviolet

s

’ﬁ:!:r A . "‘l N . ) > - . ' ~ - '
;i -where §'is the quantun number of the total electronic “spin, o S
E'ﬁé 'V . . N - ‘ | . . " - . . ': . .
7 1.4. Previous Work on Carbonyl Selenide - .

%‘ 1 i4 L] 1 - - Genﬁral . s ) ._ ) - -

3 ¢ Some mformanon on QCSo known prior to the present invcstigation. is
3 _ /. :

é lxsted in aTablo( 1.2,

:

;' .

i} 1.4.2, Prevzous InveStigations of the Electronic Spectnum of OCSe ' .
=

- gas-phase absorption spcctru:n of OCSe under low resolution. ‘I\ro distinct
regwns of absorption were observcd- | (l] a weak diffusé nl)sorption in the
2800 A- 2250 R rcgion, and (2) a n:uch stronger, apparcntl)n banded, syste::a in

, tho 2150 A-(1900 R) rogion. No assignnonts were mdc. ‘ '

M. Bavia, G. D. Lonardo. €. Galloni and-A. Tronbottluz) have recorded °
the gas-phaso absorptlon spectrun of non-—isotopic 0CSo both in tho infrared
(300-5000 ca-) ') end in tho ultraviolet (2600-1350 R regicns. Ko fowor than
seventcen cloctronic origins.have been assigned. Ekcopt,_fol- the first systes,

| in the 2500 K"'régloo. whero lh‘o bending vlbrathp;-vg. is—.‘roported activo. the
viorntional' structure associatecl‘ uif.h tll;o 'syétc:.s 'm' b-'cri nx’ml'y:ed in terss

of tho totnllv _;.y::::etric roraal aodos v and \a3. Tho slectron conf.\gurations

" and syzzotries of tho states wore. in gcmml » not given. Those Horkcrs could -

i _not‘**-idént;i‘fy the Rydborg. states associated wlth‘tho_frcquoncies)ahrf&wed in

o .- ) e CE
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~ )
aF 0 TEBEL I
- TRANSITION MOMENTS OF ELECTRONIC TRANSITIONS ~~ o
'OF MOLECULES BELONGING TO THE POINT GROUPS Coy AD C,
C., r* r w A o aieen <t
. . ) . \1‘ +
Py L f PPy £. £. 3
‘ : | . X
P2 ?x,py - £. E
i Pz Px,Py f. t
} P, PP A .
P_ ®
' PR
= : R - ° ’ k
C, A:‘ A 7y .
> p o N - ‘
y.l>z : . P’F. A ~
PPy A
NOTES: (i) £. dcnotcs an cloctric dipolar forbiddcn transxticn.
' (ii) Tho nolccu]e-ﬁxed Cartcsian coordimtes b 4 and y ha%m bccn'
chosen to defino the nolcculnr plane m the C s)r'-et-y group
a.':d the coomdmate to. definc tho ::olccula* axis in tba c
(103

point grcup These are m accord with in .matioml ccmcnucn
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Dipole momgnt: O 59 x 10718 o, 3-“-(.15) .

' L] « ‘ ;1 4 . ) . ! . . I 101
R o
"TABLE 1.2

N

INFORMATION ON OCSe KNOUWN PRIOR 0 THE PRESENT INVESTIGA?ION

H

Colour Colourless (gaseous and: 1iquid phases), uhite crystalline
(5011d phase) : S

Physi_ologicaL Foul odour, tonc(m)
~Melting point: | 122 1°c(14) . ' PR . . )
Boiling point: -22. 9°c1725 torx

o
v

Densitj" l 812 gs/cc (hqmd phase/4 1°C) (13)

Latent heat: of vaporization. - 49.3: cnl/gm(M)

Vapour pressure( V: 1) -5 -83.4 -63. 3 -,45.5' -30.6 -22.9

P () 10,0 23 1 91.2 254.7 505.0 722.9

'VMiscellaneous' Decoz:poses (i) uhen heated to 500°C (ii) ‘in the

prescnce of m;sture. and (1ii) in an electric discharge, to carbon
(13) | '

mnonde and selcnium

Gcomatrical structure in the gummi electronic st:su:t:(16 17,18},

0—C bond lengthla 1.260 &
‘,, .
C—Sg bond Iength = 1.71L,K

nngle = 180° .

&

V:Lbrational fz%::quencies of the grmmd olecmnic smto (gasecus phase]

-

Sy::utry Vibrntional Assigmcnt Fr uen o )

o . Cvy L 2021.208:80) g0 502

- | o _-;_,2 ; 46, 1‘39) 474(16) '465. 5(1?) .' '_ o
] vy . ez 10, 18) 643, 0‘1') '

3 2up - . 40202030 IR

o Cwiews 264,003 o |

o 2 smabites

L L R e S e it §

b

I P Y B L
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TABLE 1.2 (continued) = . . [
Rotational constants in the ground electrodic stnte(]’ﬁ)‘:- ST /
SN . . !
016.C12.5¢80 %y - 0amc et 0 7 ¢
X 000 : ' - o
‘ -1 '
016.c12_ge78 . Bygg = 0.1388 @ K o
 016.¢13_ge80 ‘= 28 ea=l S . .
| 016.c13_ge 'Booo 0.1328 cn | . .g\‘\
_Mean square amphtudes of vibration in the G.E. S.Gg) (T = 298°K)
9o Stretch = 0. 001224 R’
Ocse stretch = 0. 001594 X . e
F:E L] ' . ' N . - B . o<
tfc The subscript ooo indicates the zeroth vibrational energy. level. B
> ’
_ - . . . .. ! I L
\ S WL "
o L ¢ ) A 4
B . -4 . o
- -




TABLE 1.3 R s 2
SUMMARY OF OBSERVED STATES* OF 0CSe

State . T =~ . v vz vy , .

x (1% 0 20223 . 465.5.  643.0 . .

(Aror A 30480 - 440

>

[--N}

(* or'lmy 47055 . . aso

Ly
O

'ssses . ' 585

" 56021 - L '567\\\F_h’/ b

s6865 - (1500 ~ - . 565 °

t: O
L]

e 2 N

. " 58365 o _ s6s

v}

go1ss . . s;0 = R

Xt

6a3s6  (1828)° | 537

=t }

‘6as39  (7se) - s11

[ i)

66214 . -

=

‘66208 . st . L

Z

o157 (1916)% L sz -

Q1

68181 548

K

68296 963)° o830 - l"
- 9803 T oosn

i/

X O

o029 - T sz,

- ke

-~ 72088 - . '1 503

+ [ .

.\ ulldaminml -d

orzgin of F &3y be 'r (E) + v;(E). - , or:lf{n of Quay bQT m‘} * v;(ﬁ).
ongin of Lmy be T (ii} + v;(H) .___'_°origin o£ R :::sy/be T (R) * v;(‘R). :
~ L g .

Corigin of Y nn)' be T {1) 0 v; (I).

cLE o e T
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- EXPERIMENTAL WORK -

b2.1. Prbvious S)Fntheses of Carbonyl Selenide - '

The synthesxs of isotop:.cally-natural carbonyl solenide has heen
reported by several authorsuz’ 15, 21, 22) Pearson and Robmson(ls) prepared
VOCSe by flowing carbon monox:de over selemum heated 1o SOO"C The roported B
yield was 3.6%. by volume e ocse}clmser and Rister (5% prepared ocse in

36% yield by the reactmn ARySe3 + SCOCI.Z + 30CSe + 2A2CLg, - In this

‘5‘5”:3 method, phosgene was flowed at 1 .75 litres/hour over M28e3 heated to 219°C.

" The ther methods reported oaly trace quantzties of ocse.

e
-~ .

R

I 2.5. synthesis of Carhonyl'saenide fron Natural Selemiwm

i :

[j The method of Glemser and Rxslcrns) was attenpted, but o thi.ck-

“ﬁi walled scaled pyrex reaction tube was used mstead of a flow method. The =
reaction of 20 mg. M.ZSea (Mfa Inorganics) and phosgcne at 100 torr yieldcd oL
thc products, CO CO;. sz and traccs of OCSe. - ‘r e LT ..-

- A

With natural selcnmu, the muthods of Pcarson and Rnbinson(m) was s .-

cmpioyed in ordcr r.o obtain sufficient sa:::ple for a preliniua:y mvestigaﬁi\“_\
.of the spcctru:n of OCSQ. Fig. 2. 1 is a schmtic iuustrnnon of theo- oppara

ed Carbon nonoxidc gas (Matheson. 99% purity) was ﬂowcd fm a cylindcr

at a rato of 3 litresfhour over Se pcwdor (Sargcnt)‘hcated to -SQO‘C. 'rho

ptoducts wero collectcd m cold traps kept at liquid mmgen tcspcratm\-‘-_

e Ty e S T

Infrared ahsorption ncasurcmcnts confimed that the najor product'was 0CSe, - ]
Hl.th traces of CScz and COa. Fractionnl tr:sp-to-tmp disnnation at -96'6

ln:gcly re::ovc;l thcso izpuritics, ‘
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Carbonyl selenido 15 stable when stored nt room tcmporaturo, in a

% -

ok g

.

closed glass container.p It dccomposcs on contact with mercu:ry or stopcock S
grc8$c Jprieum N). . -_- o _ |
el °' o L

s
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Synthesm of Carbonyl Selenide from Solcmum Isotqpes

o

s “T‘(iz’_’fgm
EE <+ B eTE

o

| . Solemum has—six stable isotopes, the nstux‘al abundances of uhich
? are: Se 82, as% ‘Se, ao, 49 93; So 78, 23, 6 So 7257 ss Se 76 9. 12% %

‘ Se 74 0 96% Synthetic mcthods previously dcscribca did not. provc suitablo " R Z

z CERE

k for the 1sot6pic synthcsis of OCSc because of ‘their low cfficicncy. Also. th‘b‘ S,
"._f offensxvo od0ur and toncity of Se and OCSo :cquircd that the synthesis bo ‘

g

_ -tonductcd m a closed syst e, A new synthesis was dovoloped and is doscribod v

A L

X here' Thc 1sotopcs So"° rand Se"e, obtained fi*on Oal: _Ridge National Laboratory
" S
of the }Jmtcd Stntes Atomic Encrgy Comissiqn, uero uscd in thc synthcsis. T

T:hey hnd is‘otopic puritics ‘_o'f-".;?s an& 96%. :o%&:octivoly. Fig. .2 is a s - L
schcmatic illustrntion of thc apparatus uscd ; |
L l.. 3 m} of i 2 3 4—tetrahy&ronaphthalonu (Mathcson. Colcmn nnd Bcn)
and 15 ,mg. Se isotope ﬂoro placcd in- roacti;n tubc A._ After ovncuation, tho
(‘tubo was scalcd at thc constriction. Sinilarly. 1 2 g. of p-bronophc:vliso-
cyannto (Easman Ko&ak Rcagcnt grado M P‘I‘. 42’(;) vorc placed in “roaction tubo
B Thc rcactants in téubo A,. upon cmﬁxl- hcating to :OO'C pmduccd isotopic B
H’zsc 1'hc brcuksc;u wa.s thon broken and tho sto com.cnsed i,;:to rcaction : '_m
tubo B, kopt at hquid nitrogcn tcsxporaturo, whilo Tube a was kcpt at -"3'C '
to rcduco thc vopour prcssuro o£ bgth nap.‘mhqleno ard I.., é-totrahydro-
naphthalcno. Rcaction :tubo B isolotod by soaung at thc ccstml cowstriction. :

N
Has thc:; hcatod to 100"6 for 1-2 hou:s to c'mn-c co:m!c ro Teas ic:' of thc H«So.

(’T‘dis i"punty abso*bs st:ongly in t!xo U V aud \.’ b.u.. fcg.\.ms., Mgcr

-qx
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3 ,‘ the 2000 & - 1600 & region. .

18

/

pumped off at liquid nitrogen. temperature.' Vacuum dlstallation of the pro-

ducts at -96°C yielded hzgh purity OCSe, though some traces of CO and c02

-2

were noted in the I R spectrum of the products. The yzeld of OCSe was

. calculated to be in the range 70 80%

A varxataon of thlS synthetic method has been tested, for the pro-

duction- of OISCSe‘?End ol8cs)y from 0219 gas. Thls variation is described

®

“fxn Append1x A, I L L

-

2.4, Preparntxon of Carbonyl Sulfide and Carbon Disulfzde

Carbonyl sulfide gas, supplied by MatheSan (96% purity),- was purified
by repeated d;stzllat1on from a cold trap kcpt at —130°C until no ban&k which

could be attrzbuted to exther €0, or csz, could be observed in the spectrum in

. N
Reagent grade carbon disulfidc was dcgasscd and used uitheut fnxther

¢ _

purxflcatxon.
Infrared Spectra : _ o b ) S _ L 1'

LI 250 .o -1 regzon were

2.5.

‘ Infrared nbsorption spectra in thc 4000 <n
rccorded using a. Perkln Elmnr zodel, 521 grating spectrcphotcneter. All
spectra were rccordcd at TO0D tczperaturc The vacum wavclengths of ' "

absorption features wcre determincd with respccx to the vncuum wavelengths

of absorptzon pcaks due tc a thin polystyrcne filn. Thc infraxcd cells were

10 cn long “and wcre‘fittcd with KBr-uindcws.. Coll prcssuxen uere nct ccasurcd _

dzrect!y but were ‘estimated fron prcssurc»valuce rela.ionghips co be cf tho

order of 10 15 torr. The uncerf%inty on “the mcnaured frcqucnclcs was

estizated to-hc -..0 € l
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2 6. Low Resolution Electrom.c Spectra

All spectra reported here were measured m the gas pho.so. ‘l'ho ultra-
violet absorptmrr spectrum of carbonyl selemde vapour was recorded ot room
temporature on each of three low-resolutxon instruments._ a Cary Modo} 14
speotrophotometer, a Bausch and Lom&dModel 11 1 .5 metre concave grating
spoctrograph and a Hilger and Watts ‘Model 492 1. S metre Littrow-mountod

quartz prism spectrograph Plith the Cory mstrument, the scan rogion was

- 4000 A ~ 1850 K Fivo aml 10 e quartz absorption cells wore used, with coll

spectrographs were used to record spectra photographically in .the 3000 R -

‘was used in the socond ordcr of the gratmg. had a disporsion and rosolving - |

- {Osram XEBO high prcssuro lamp) provxdcd an gnission contimm:n in the 4000 X- s

pressures of from 5- 15 torr of OCSe. The Bausch and Lomb and Hilgor and Nntts

ey

2200- A ‘region, ‘A SO co long quart abéorpnon cell, filied with OCSe to a
pressure of about 2 torr,was used. 'lhe Bausch and Loxzb spectrograph. which

'power of 7 5 Klm and 70, OOD respcctwoly. ‘The souroo, a 250 w Xenon arc.

-

© 2200 R region. Ehotodocomposztion of tho sa:rplo was obsowed when this sourco,

which eaits radiation continuously to 1500 K was used and two mothods were
c:nployed to soloct wovolongths of A 2200 A: ‘ .
(1) a Corning 9-54 ultravxolot transmtting filtor pluced botwoen tho’
| sourco ‘and tho\con unit; and: " L
(2) a Sdtooffol 700 mu-ZﬂO QY. monochmantor which, ot its lnrgost sli:
A width, tra.msnittcd radmtion of mn 3 banauid:h in the 2500 A region.
No sazplo dcco*position could bo ob.,orvcd visnally whcn oithor of r.heso

nothods wore in uso.rf e - _ ‘
. The low-rosolution vacuam ultraviolet absorption of 0CSo, OCS and CS;
vapours were cbtained osing a ,!vzéPhorsqoo Model 225 1-zetro doudlo bean Scamung

-

*




- d
monochromator. This was eqtupped with a concave gratirng of one metre radius
of curvature ruled w}th 1200 lmeslm and blnzed at 1500 K in the first order.

 The rec1procal lmear dispersion of the instnment in the first order was

3 3 A/mm A McPherson nodel 630 (Hinteregger—-typo) vacuum U V lamp was uscd

TR IS ,m:.‘:._\
EOEAEtyrie

e

* as-the_ radxatmn source, the lamp bemg operated mth a stream of hydrogen,

at 2- torr pressure flowing through the capzllary The outputs of a natu.hed

Py

pair of E.M.I. type 96358 photomultiphers, mounted behind windows coated uith a

e

st
RS SRR b

thin layer of sodium sahcylnte, were connected to a Burr Brown zodel 1665/16
log ratio anphfler and thenco to a Hewlott-Packard Moscley 7100 strip chart -

reccrder. The deflecnon of the recorder pen gave dn-ec;tly the absorbance A

sy

i a : :
’f of thc sample at a gnren uavelength uhere - /
i . _ _ : . o
;T An‘l.oglloll',, _ - - {20
. ) ) \ . o L]

i\ R e e

and where I, was the intensity of light incident upon tho roference photo-

nultiplicr and I was the xntensxty of light t.ransm.it;tcd to tho ahsorption

g e

cell photomltipher. A wavclcngth counter attachcd to. tho grating drivc

ncch:mism vas cahbratcd ag.nnst knm absorptmn fcamrcs of ammonia and L

s

oxygen - togn aceyracy of *1 A. Cell pressures of fron 10 torr to 1 ¥ vore

: noasurcd uith Vacustat }..Lcod gaugcs nodels IG and 2G attached to the

absorption,ceilraHCh was of stainlpss steol 10 ea lonb.and was fitted with

LxF windws. The accuracy ‘of neasu;c...cnt of nbsorptmn features va'icd \dr.h ‘ '

thc sharpnoss of the spectra, but uas ge‘acrauy of the order of +1 .0 R to .

3080 T~ b

é.?. High Rcso!u ion. Electrcnic S“cs.tra &

High' rc_solutica abserption spcct:’*é of 0CSa were Tecoradd in the |
[ R . ' ' T

ra
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wEurtravzolet region (4000 A-2200 A) using a 21 ft Ebert spectrogreph of the

gir
% itype described by Klng(23)

:to those used in the low resolution photographic recordrngs in this region.

The cell, cell pressure and source were identical

it

a

Thrs Spectrograph used in the‘second order ef the grating, ha@ a dispers1on ..

e
w"s“-f S

S

{ and resolving power of 0.298 A/m and 320, 000 respectively.

T

ngh resolutxon vacuum ultraviolet spectra wore recerded using ¢ 21 ft

cff-plane Eagle-mounted spectrograph ~The design, constructxon, calibration '

and opeﬁat1on of thxs 1nstrument has been described by Rlchardson(24). The

T concave grat1ng. ruled with 1200 l:nes/mm, was, used primarily in the second
% order, in whrch the dispersion and theoretrcal resolving power were 0. 6 Klnm

and_spo 6oo, respcctively. The. practzcal reselving pewer was considerably

;'iewer- ‘The abserptxon cell. was 75 <a :n Iength Cell pressurcs in the 1~

: 1000 u Tapge were measured Hith an uncalibrated Consolxdated Vncuun Corporetion
thermoceuple vacuu: gauge, TYpe 6 T.C. 100 Order sorting was acconplished ;}

means of o LiF fbrcprism ‘situated. between the cell nnd the spectregraph slit,

o

. 2.8. Hclium Emissien Sou&céj

The Lyman sourcc, described by R;chardsentzg)

wis 20t used in thf
present work as a continuun backgreund for absorption studies in tﬁe'vacuu:
u. V (Schuaapﬂ)'regien. A ncﬁ“&ouree. superior in'spcctrescepic "'loanliness"

; and case of- naxntejancc, and ce*parable in c:issxon *e:en51=y to the Lyman o

sourco, 'was develepcd and i* dcscxﬁbed in det 1 heree

The uell known hopfield(zs} cmissxeﬂ ntznuuu c- heliun. ascribcd

--

, T3 transat;cn fron the upper. ‘E stat e to thu‘esstabie 17 * grcund state

8
.ef iles, extends fran 600 ﬁ o 100& A Mere recently, ef foarm, ,.,-'snnk
End'Larrabce(:

: N
6) hawe rcwor:ed a new c»atinu;n’c:*c*‘ 13 ITem 103 A-4000 A. o
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excited by a- ‘condénsed discharge through hxgh pressure of helium gas. The

new source is based on this 1nformation. | ’

'

- The. sourco, a modif1ed Hinterogger—[;?o gas d1schargo tuhe, was built '
.in the McMastor University machine shop and“fas designed to be nccommodated

on an optical. bench and attached directly to the absorption cell, A schematic

d1agram of the source and oloctrical circuit is shown ih Fig 2 3. A legend

-~

for this flgure is lzstcd in Tablo 2. lt o | -

Tho high—voltago power supply, a Univorsol Voltronics type BAC-22-160,
variable through the range 0—25 kv, 0 160 nA was used to chargo the Sprague

Model D4495 16 kV 0. 045 uF 011 filled capacitor through a fan-cooled

resxstor bank of 70 ka (Marvolohm 20kn ond 30 kﬂ—rusisxors}- The polority of .
" the voltago output was rovorsiblo, and gus usod in tho earth-positivo zode -

throughout th;s work. The carth terninal was: connected to boih the capacitor
- and the{proslxt of tho spectrograph which aotcd as the (ground) anodo..

Tha quartz cnpillary, suppliod by MoPherson Instrument Corp.. was 8.5
<o long x 7 wm 1. D w;th a surrounding jnckot for cooling‘untor. Thd\oloctrodos
were also cooled by n fanqlnstallod An tho haso of the lamp housing. diroctly
undor the coolxng vanes. Two slitb woro insorted betuoon‘tho-proslit and tho :

. coll window as aperture stops. Tho largo scporation of tho presliv and tho T
‘cell wxndou very offoctivoly roducod doposition on tho wiﬁdow of the brown
'polyooric notcriai charactoristic of such sources. _

H;gh-purity heliun gas. supplied by Canadian L:qu:d Adr Co. 1purity
99, 995%), uas,blcd froa tho tonk through a neodlo-valuo connected by copper |
tohing 10 an inort gos purifior (R B. \athis Co., ua.zvarn*a, Madel GP100}.
In this a titanium uotnl strip. enciosed ir a qunrt tube, was heated by‘ _

.uroace “to 900‘C at uhich tcwooruturo 1 s c}tu-ahso rpLien properties IoT such

BN
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- TABLE-2.1

) .- LEGENDFORFIG. 2.3 - . -

‘cbsorption cell, 7S em - . 4 s
extendable brass bellows SRR |
kstorage capacitor 0. 06 uF. lS kV T
‘ceramic insulator = Lo o
covar® alass-met}:l join’p - o | /
_ ,eooling vanes ', SR ‘ ' . L B
'cell windou Carg. 1“ x 2 ma
" fan o

'gas inlet' -
- gas outlet . :

: high voltago pouor supply : i,
S lamp housing. perforatad for botter cooling | | .
oscnlosccpo o : SR e

. pressure gauge, 0-760 tm. nr;eroid type I
Ps - preslit also elcctmde ' I :
. ‘quartvcapillnry. mu:Sm_(,on),vm(a.n)

R K - ballast. rasistors. 70 kn, fan-eoo;cd
.S ~slits, hérizcntal 2 m x 8 o, sminless stocl

~ slits, horizental, 2 m x- 12 m, brass

| T | .Penrson transfomr. mdal 110

LA hiah-voltage elect:odo, nhmimm R g

w 'waterout ' | o

Overall length cell, uim!au t roar: 5?._5 @tlSea
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. in the rear. of the lnmp housing, to an oscilloscopo, triggering at 250-300 cps..

-

|

3

1
3
g
:
E':
£
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inert gas'impurities'as Nz, 0,, CO COz and. hydrocnrbons are epcellent.

The outlet of the pur1f1er was connected by rlexxblo stainless steel tubing
to a Brooks ""Sho-Rate 150" flowmeter mounted on top of the lamp A needle
valve was connected between the gas outlet and an Edwards Rotary Pump (Model
ES75) to allow/cbntrol of the gas pressure in the lamp, The flow rate was.

.2 litres/hour. The ‘éntire system was vacuum-tcsted using a helium-leak

detector, -as it was found that even small leaks resulted in a complete loss .

of contznuum in the spectral reg1on of interest.

The lamp was operated at hellum'pressures of 500-600 torr, with the ‘
charglng voltage and current at 10 kV and ~90 mA respectivoly. At prossures ’
of greater than 100 tonr, the dlschcrgo becamo ;elf-triggerxng, and increosed
in _intensity with 1ncreasing pressuro. The firing rate was measured by con-_'

necting the output of a Pearson ‘Model 110 uzde band pulse transfbrner mounted

The ‘continuun has been observed in this work to oxtond from 6000 R -
1300 X. thlo the prcssure-broadenod and solf-gbsorbed emzssion lines of HoI
and Holl appear in the visxblo region of the continuum, the ultroviolot and
vacuun U V. regions are comparatively line- frco. Neak cmission lines of NI
OII CI CI1, obsorptzon bands of CO, ond thoe very Strong prc*suro-broadened
first mcnhcr of a Lynan series of HcII at 1640 4 X aro the principal featurcs

in the continuun in. theso latter spectral regxons. A quantitativo study of

the wavelength/iptensity propertics of the enission was not attezptod. chovcr. .
Fig. I of Refcrcncézég is considercd a roasoneble oporoxination.? L ’

Usshle photographic plate dcnszties in the V.U, rtgion could be -
obtained with cxposure tzres of froa.s ain, {2290 R} to 40 uia. (1306 3), uith

the spcctrograph slits sot dt 50 y. Fig. 2.4 shows toctsourte Jand cell

et e

Tt T v
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FIG. 2.4 The Scurce and Cell Arrang:
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' arrangement and Table 2.21is a iast of.the/

TR

o

'sSlon_fcaturcs_ooserbeo”in the‘

continuun in the 2100 3-1300 A regi l
The origin of the continuum lo/not certain. It has beLn f’ound(z6 27)

that the emission intensxty var1ed dlrcctly with that of the HeII enission |

features at 1640.4 A and 1215.2 R The conc1u51on wis drawn' that the relation-

ship of this contxnuum to the 1640 4 R emission line i qinilar to that of the RN

contlnuum of rare gases to their - Tesonance 11nes£28 ), and that the species

ch ,or perhaps Hoa * are involved. | ‘

‘The McPherson nodel 630 hydrogen cmission source, modxfied SO as to- L

be accommodated on the optical bench of the spcctrograph was also used for o \_'

photography in the 2200 K~l725 X region. Exposuro timggtwerc in the ronge -,;'
of from 2-4 hours | ‘ E . o -
- - [ ' .. . ! % " g

' -
q - . - s -
e . ' - - ' .

2.9. /ﬁﬁbtographic‘uatcrials '

Spectrn in the ultraviolet rogion were recorded on Kodak Spcctrun
Anflysis No. 1 photogranh1c ezulsion, while thoso in the V. U.V. rogion woro - -

rccordcd on Kodak Spccial Fglm Typoe 101-01,

2.10. ‘Mcasurement _ . X _
- The pcsitions of’spectcal featu:cs were. neasured by tvo ncthods
(1) Bya McPhcrson trnvelllng uicroscopc, which had a precision of 0. 001
This was conncctcd to a digitnl cncoder and a card punch, - o
.Computcr progra:ncs wcrc thcn nscd to intcrpolnto, by a least squares
method, t; tho pos:tions of the vnxicus absorpticn: fcaturcs obscrvcd. |
(2): By uso of Spcctral trz'wc:c'r cbtaincd on a Joycc-Locbl HX IIIC niczo- u
.gdcn51to*ctcr. cm?loying dircct tntcrpolatioﬁ hatwcc1 aﬁown vacuun ‘

froqucncics of Iro arc lintatzg} In thcso iwtcrﬁolaticns. Edlcntso)

"o . I T .. . " . .
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TABLE 2, z I ;i' ‘) B

PERSISTENT' mpunm pmmnes oassnvsn N ms HELIUM CONTINULM BN

Wavelength (K) " Intens ig’*‘. _Origin-i

1988.05 K | I S
19622 V. . Som-
R X N . aa - )
862.5 v ' S Nmre
\ 1862.2 s CoNme .
1 1857.5 vu GNP R
18841 s ! e “
L aére . v yoooe
d " 167000 o "s " ATIII ?
1 1essaze’ | B ar s
5 . 1657.9° S Y - S
1657.38 s” _} | C1 -
1657.005 s T cr . -
1656.28 s - N
©1640.4 . ' ws (difﬁxsc) Hell -~
11,5 . ° 5 e ‘
1605.5 o 7 "
) 1561.4 .
i - 1561.3 CL. i

1560.7 |
1560.3 -, cw
1545.5 (in absorption) . ... o 4th +ve
1509.86 (in absorption) ~whband" . - . CO4theve
. 14946 R | S
©1492.8 | v T NI e
19263 T @ .
-+ 1477.65 (in absorption) 'T“w" bard . 400 oth’ s ve
. 1467.45 (in: absorpg,icn) CaT ,‘ CO.eith_ « 90 0
o M4es33 w oo e

e

cI

. ® z'zn'n
(@]
[ ]

g

| Mo

u The intcr.sity of tha varions missio{:ratures vmcd maidarably. ,ﬂc;w“dit:& '
> © on tho condition and treatmeént of the gas, py:iﬁh* -and the care taka’a n
B ‘y degassing tho source and uetn! tubins.,.. B . R ,'.’ _

‘ w n woak. m = modemtely smug‘ S = stmg
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and order corrcctions wofe nppliqd : fll- f

- The varmtion in film sensiuvity and source intensi.ty\ with wa\m- Lo

Tt
‘/

) L

length in the vacuun U V region and uso of the predispersaon unit made

uniform photographxc emulsion densitias difficult to nchcho. Instcnd

—y

intensities’ 1n this reg10n were measured off spectrn taken on tho McPherson
model 225 scanning monochromntor. Several advantnges were thereby-gained ovor.
the method of emulsion dens1ties. (1) tho qunntum effic1ency“bf the sodiun

sal1cy1nte wzndows is approx1mately constant in'the 1200 A—2000 A region‘zs ), .

(z), fluctuations 'in" the source emission?intensity wore compensated for .in

the double beam operat1on‘ and (3) dccompcsition effbcts uore ninimal as tho -

4

o

ahsorption cell wns placed after tho mﬁnochromator. § ' E B
Absorptan intensitics of spectra! features rqcordcd in thclLV t:g}dﬁ““\; |

-‘Were mcasured as fBllows. hhcrodensitometor traces 6? all tho bands wero.

- o . .g»

taken Tbe Jojﬁe -Locbl instrument mcasured the optical dénsity of the photo-
graphlc imagc, which was approxzmately proport;onnl to' tho log of the trans-
mxssion cocfficiont of the sa:plo,at the uavolength in qucstion. Ihu intensity

data quofsg_fbi spcctral featutes obse ed in this region are proportional to

B, &1

. l

2.11. Tc:perature-sepcndcnco Hork ' L L | o
The tempcrature depcﬁdencu of the intcnsities of bands nppenring 1n

both the U.V..and v.u.v, ro*ions-o?’tho‘spgctrun was invcstigated AS o
uhzch was wound.with 1,5 ohnlft nichrcma Nire.

long quarts, coll was used,
‘ wrapped with- asbestos pspcr and ‘heated ¢1ectrically to ’SO'C\‘_Par the U.V.

[N -

‘nvcstzgations, the coll was placod in. the light path a* the" ﬁary 14 1nstru-

ment. Tho h;?her qn 1nstrn_c*t uas chd for these s‘udics in tha V.Y,

C:i .

By
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regxon but due to the danger of cracklng of the LiF windows, the ubsorption

' cell on thlS 1n5trument was not. heated Rather ‘the S cm cell w attached

dlrectly to th1s cell, and the §pectrum was recorded immediately upon intro-‘

duction of the heated gas. This method oéy;tudying the temperature-dependence
f absorpt1on proved qu1te eff1c1ent. P s
- ) S _ .
2.12. Spectrdl Observations | , - -
- 7 : . 7 T -
A brief description of the observed spectra is given in table 2.3.
/:." ) ‘g
\' AY)
. .,\‘ 7
AN
\\‘ . |
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“TABLE 2.3
. NOTES ON SPECTRAL OBSERVATIONS. ~ .

CARBONYL SELENIDE

s

2800 Aee 5000 A No absorptxon spectra observed in this region. Hxlger
Quartz mstrument pfed Pressure-patln le*zgr.h . 0.02 meter-atmos-

-

] pheres.
2200 A - 2200 A. Weak system of diffuse absorption bands Photographed
on low-resolutmn instruments (lhlger Quartz and Bausch a Lomb).
. .Assigned to a bent—linear transitmn.. 'lhe possibility that two _
electromc transitions are involved is discussed

2150 A - 1800 A. A series of strong discrote red- degraded absomtion

e

hands "Forb;dden" pseudo-origin duc to strong vibronic (Hertzberg-

St
t

Q Tell r) couplmg..Asszgned to a linearpline;zf intravalence shell

Pl

-

wo serics of ucak bands and a"scries of very

i S e,

tran 1t1on. Also.

[
=)
g.
[+

%”[ | all of uhich:me very dszuso. 'l‘hese are a.ss;gned

Ei%% ) | to Rydberg trans1tions of lincar OCSe. The uppcr states arise ‘
;é': | froa the confzguratm:r - (u) {s9). - L ‘ |

*13’ 1550 A - 1425 A: Four vcry strong serics of absorption bands Msigned &
ég .f ‘ | to Rydberg trans:tions of lincar OCSe. . B ‘ “

{'g 1450,& - 1210.l A: chcral\sorics of veory intcne;.e qbsqi-ption_ bands.

et
LR

Ass-igried ‘to Ryéberg transitions of linear 'OCSo 6n tha basis of
I

co:pankxons of cxpcrimcnta! and calculatcd Rydhcrg tcm vnlpcs.

3

, “The mlysis is~mado frca h.c?hersun muchmator recordings of _
) : & . L. :
thc spcctnm B o .o | - SN

sl




| TABLE 2.3 (cont'd.)
CARBONYL SULFIDE

1565 A - 1440 A' ‘Three series of absorption bands observed in this
region: '; | o | 6 o |
(i) a very intense, very diffuse'sdries;‘

L

(i) amwéak diffuse se;ies' and * .

(r11) a short series of weak sha:p-headed bands. o },

Series i) and (11) are ass:gned to Rydberg tranﬁitions and

-'(111) 1s an intravalence shell transition. All are linear-linear

-

transitions. The analogy betueen these serxes and thoso of OCSc

ey

i

- in the 1820 A - 1600 A regxons is discusscd

A RS IERY

: 4
CARBON. DISULFIDE

e -, o 7
1625 A - 1575 A: Very strong doublet thh sono sequcnco bands

Ass1gned to. two lznear—linear Ryﬂbcrg transitiogf. _ o . ..

-
' .
-

-

T R R R




s -CHAPTER IIT . ¢ Y

‘THEORETICAL coms:benawloﬁs B

__\, L] . + t -
The general theory of the classxfzcation of electronxc states and .-

the theory of electronic tran51t10ns have been discussed by various authors(S 31)

In this chapter the’ electronic energy states of . OCSe and such details of the

above theory as are essentiai to the v1brationu1 analyses of the’ observcd

i
A
1

1&
ke
Jies
IJZ

Pspectra will be discussed The chapter 1; 1nte9ded to be complementary to

S ol

e _af-:f,'f';

the analysis of the spectra reported in Chapter V. | R

3.1. Eiectrdnic Statesinf OCSe ?

m - " - . T . ’ N N

A T L R
\ .

3.!.1. Genoral o . o . ) 5 .. - | _ : h o ‘.
The molecules coz, ocs, csz, 0CSo and CSe, form an isoclectronic

series in that they cach contain sxxtecn valence electrons. The molecules

OCS and OCSé belong to the point groups C and C in the linear and bent |

confornations, respccti?@}y By the adiabatic principle, the olcctronic i

states of the two’ confornations can be corrclatcd _ | | o ":7 -

Neither molecular orbital nor valenco bond calculations havﬁ bcen
A=)

rcported for 0CSe. Accordxngly. the dis cussjon of the elcctronic statcs '
and clcctronxc energies of this molccuao is based on analogies uith tho -XL

calculntions availab!c for thc isoelectronic mnlcculo GCS
. . ) — - /-/ . ) . R
3.1.2. !o!ecular Orbxtnls for_the Lidear Ccnfbraation of 0CS, 0CSe . e

-

“The ground stntc clectron configuratfons of carbon. oxygen, sulfbr

.y and seleniun a.ons are:- e _ '
\ IR "R 2522§2P i_ ' :. s: R | 353

' 0: Ki zszéﬁ“ “;: so: ~§UH 45249“‘ - . @

a - . h ' . ’ L
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Of the szxteen valence electrons of the\molecules OCSIOCSe, four are

contr1buted by cnrbon and six each by oxygen and sulfur/selenium. The '
plectrons 1n.closed ‘'shells of the atoms contribute little to the bonding or

antrbondrngtcharacterxstics of the molecular orbitals...

L]
s

The relative energies and atomic orbital compositions of the moleculnr
. +

orbitals of 0ocs have been calculated by McLean and Yoshimanetsz)and by Rnbaleis,

-]

Mmmdemwmmm)m&mmmMuammmmmF

& methods of calculation, which employed a-large basis set of Sy P d and £

_I

ﬁ functions. The - latter authors used a Mull1ken-Wolfsberg-Helmholz QMWH) or °

4(-.—.—-7

2k

' "extended Huckel" treatment employing only s and p atomic functions. ‘In

e g

S ‘.-.r;ﬁ,"ﬁ?__’g’ﬁ e
i

both calculations, the atonic functions used vere the douhle-zeta functions
~of Clementrtsa) Theugh the calculnted energies differed substantially, the

| energy ordering of the molecular orbitals was identical in both calculetions*-’
The.energies ond ordering of the molecular orbitals of reference 52 aro. given
in Fig. 3 l.j.The lowest lylng ¢ orbitals, viz.-lo. 20 and 3a, are not shoun.

being cssentxolly sulfur, oxygen and carbon ls atomic orbitals, rospectively.

The 4o, So and Ix M.0.'s are essentinlly 2s, 2p, and 2, , A0.'s respectivoly (7
on sulfur. The fbllowlng is a.rough description of the A 0 composition and |
tho bondzng and . entibending characterrstics of the valence electron M O.'s. as
calculated by McLean and Yoshloine. N
60: 2s(C) and 25(0). Bonding.
2. To: A coabination of 35(5), 23(C) and 23(0) Bond;ng botwcen sulfur and
carbon ond weakly antibending between carbea and oxygen
Ba: 3s(5). zs(O), 2p, (), 23(0). and 2p_(0). ueakly nntibonding botween
Isulfur and cerbon and. strenuly bondieg hetween carbon and oxygcn '
2 2p, (©) nawp ,(O). Feakly bonding. . .
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_ 9a: (:oiuplex compositioh. Weakly antibondmg bctween S nnd C and wenkly
bonding between c and 0. o B o o ’ e

- ! |

Im A combination of 3p (S) and 2.’1)(x y) (0) Weakly bonding.

'l'his is the most loosely-bound filled M.O. Its bonding and nntibonding
char/;::erisucs and stability in the Iinear confomation of thc molcmlc L
largely determine the molecular \geomatry in various electronic §tatcs of thc t
molecule.l Thi.s is a particularly valid approxlmation for- Rydbarg stm.es,
the Rydberg orbital is non-bondlng. - St '

Of the unfillcd (virtual) M.0.'s of OCS, the 4n lies at louer energy
than the 100. 'Ihe fomcr, composcd of pr y(S), 2p ’y(C). and 22; Y(O) ‘A.O.'s
s ueakly antlbonding betwcen S and- C and C and O. - The ‘latter is. cm::poﬁed'of-
3s(S), Sp (S), 23((:) and 2'p (0) A. 0.'3 amlhis strongly antlbond:l.ng bcmen S ¥
“"and C, and weakly antibonding betwccn c nnd 0. | | a '

The approximation is now made that the enerm' ordcring of tho mleculnr '
orbitals of OCS and OCSc or at lccst thnt of thc M 0.3 90, 5:, 4 md 100, is N
similar, 'mc incluslon of the 3d electrons of selcnlun is consldercdmnlikcfy , .
to affect thls orderlng'("’sz The phenomnal lnrity in both t.hi nppcnmnco -
and the intcnsity dlstrlbution of tho mé:':’f 0CS.and OCSe s uyports this - _
app;oximnticn. _ In furthcr dlscusslon, the 15 and Sd olectrons of scleniun oo | K

" disregarded so that the smc mmbering schezo can be ecployed £or_ the H.0.'s . |
of 0CS and 0CSe, | | | o

©3.1.8. Ground Eloctronic sum of 0CSo o o L e
“To cbtain tho ground statc elcctrcn conﬁguration. the mlcculur . ‘.

,crbitals oro filled accnrding 0. thc A.:fbau Princlple. The mmd statc .

confxgumtlm is thcn o h o

- .....taa}"“(?u)“(@a)z(h) -m-‘I' 7
8. . L
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- Each non-degenerate (o) orbital is doubly’occupiod by electrons \E épposite‘

3.1.4. Excitea States of OCSe

v e

Spln whereas each’ two-fbld degenerate (n) orbital is occupied b fbur Ll

‘ electrons -This configuration represents a’ closed-shell arrangement and

only one glectron1c state can resulttsﬁ) The eigenfunction of this state

nust transform as the totally symmetric representetion of the C point group,

i.e.; as 1), Tlus is denoted by convention, ns x 1Z+ The 1inearity of

the molecule in the ground state has 'been coniimed bcr mcrewave work[%)

An excited electronic stato of a molecule. in which one or vore

electrons are promoted to higher energies usuelly result in a rearrongement

of electrofns and nuclei. uith&ospect to thelr coordinntes in the ground. etete._
In unsymetrical tnetomlc nolecul?es (type ABC), thoe steblo cquilibriwm con-

fomation of the mcloi in an excited stato ooy be either lfheor or bent,

The eigenftmetions are then clussified under the C or C syr.z:net:y point

groups, respoctively., '

'-l‘he Iower excited olectronic stntes of OCSe nost probably result from

- the electron excltation 4: - 3:. | The eethods of group. theory or tho vector

additaen of tho exiel conponente of the orbitel end spin anguler eoeente B3y -
be applicd to obtain tho eymetries end anguler eoeenta ot‘ the eleetrenic

- states reeulting from this [31:)3(41) electron oonﬂguretion. | 'l'ho smetriee |
of tho electrenic stntes resulting froe this eleetren coufigmtion ere then g

ebtained in the folle'eing fashion(w) '!he triple nntisetric p:oducrrofﬂ—v-—;—-_- .

E--) is

A
e

i s mm et

B

it - im e  ———— D S £ g

o ,.:,?,tf..;f::..{ i:;".".:":;:: R
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Since electrons in the 3v and 4n M.O;'nre‘noﬁ-equivalent;,the diréct-ptoduct'
SR T o
o x‘"EZ x T % 8.2..

] u

is taken. Six electronic stnte's (of the linear c'c-u;fo'mation) result, viz.

L3, 13) and ! 3).” By applicatmn of Hund's Rulestsa)the energy ordering
of these electronic States waul.d be expected to be s
. 3A<.?E,3E <la<12“'r.- B | R -

\. . ’ .ot [ ”
i.o., tha energy, relative to that of t.he ground clectmnic state, increases :

from left to right in -this ordering. Tho electron configuration

e (3W3(100)

| resulting from the single electron prozotion

AlOa._ « 3¢ , X

‘ —yibids .the electronic states 1,31 of the 'linanr confom'ntion. The éa;culated

energy separaticn of the M 0 3 90 and St is large (-6 o.v.). fT‘rnnsi:fionS' to
clectronic ‘states resulting from alectron pmntion fm the 90 M.O. sro then o

A} -, . . N

‘expected to cecur at ‘high energics.

3.1.5. Molccular Orbitals for the Bent Confomation of OCSc

: A qualnative correlation of singlo electwn mleaﬁar orbitul energica
in a triatoaic molecule of the type AB;. botwccn bont and linm ccnfomauons.
has been given by Walsh (39) This amthor suggcsted that tha cmelntion dingram.
cnllcd a Walsh diagrm. w3y also upply to Aﬁc-typo mleculos.. This cungrm is |

--.._‘._A- .

'/lfn in Fig. 3.2, Each M. 0. of » symatry comlates with o m-degmmtu '

orbitals, of 1* ard a" symetry. o£ tho bant confirmtion. whila eanh a N.o.
_corrclates with oac of at smetry. ‘rha M. 0.'5 of tha bcnt wnﬁmticm are o

-‘/.
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. overs do not occur for bond ﬂ.ngle;, greater than 120’ Fig. 3.2 ;.show':s that |

'Although no. quanntative estmates are possible, ‘some qualitative arguments " " ".;

33

R

G . C : i

'qumbered in the“ordér of increa.t:.ing eﬁe under the assumption that cioss-

0

changes in energy occur for each orbital as the bonding angle is vnried.

based on this .dmgram—may_be adv:mced regarding the probable equilibrium - <
conformations of ‘the eicﬁited'staieé._ of ABC-type sixteen valence-zlqectron e
molécules. - | . | o L _ i

< .

3.,_}_.6. Electronic States of the Bent Conformation of OCSe

The Aufbau Principle is sgain applied in the filling of the molecular
orbitals of the bent conformation. The electron configuration of the ground
electronic state is then O . ) — |

s an 33")2(123.)2 .o ‘ ' . - v
and the resulting olectronic state is of try IA' mis correlates w:lth_ ,
17" of the linear confomation. Both orbitals have encrgy oiniza corres-

Honding to the ,linear gcometxy and thc nolecu.le :ls cxpectcd to be lincar :ln

. the gro n\\ state.

If the Iover excited states ro:sult fraa tho aingle eloctro prc:otion
4r « 3:, the following electron confimtions :mql olectronic sta of tho

bent confomaticnaroobtained [
Confiszuraticn ,, Elcc;gnic" States .
Ground _Sta;te K .7..(3:;“)_3(.123')2 "‘A'.-‘_.‘_ —
Excited States '..;(ﬁ-ilz(izﬁ")(ls.a') | lll“\'..-:"a.ﬁ'.j 1 and 2
T Lleaaznzassy | W W s od 8
| '...(swznza-)(aa") A W5 wmd 6
| : ...(sw')(m') (w-) R TURE ORI APPe O




=

Those states. resulting from an electmn conhgu;ration in which the
13a' M.0. is .singly or doubly occupied are expected to have bent equilibrium
) geometry, viz, states I, 2, 3 cmd 4 which correlate with the states 15 and
34 of the linear eonformation. A predictien of the ‘equilibri geometry of -
~the molecule in the electmnic states 5 and 6 is difficult since the energies

I . -~ ‘
of the M.0.'s Lﬁi*—ud\a" vey Oppositely with chnnge in bond angles ABC. ., -~

* These latter states correlate with the states 17 and -"I' of the lincar con-

formation. States 7 and 8, which correlate with 1J* and 3]*, ore expected to ~
be stable in the linear conformatien. as are the states 1 3I! resulting fron |
the electron pmmotion 100 + 3r. LI

- A calgulntion of the totnl energies ef the leuer electronic stntes of
the isoelectronic molecule M.:S has been published by Rabalnis McDoneld
Scherr and. McGlynn(SS). These results are shm in Fig. 3 3. The ,greund stato
is lineer, es erpectetl .0f tho electronic states’ arising froa the ...(3w)3(4v)
configurntien. 'the'nolecule is predicted to be bent in the states lc(‘k‘f;&
1]7¢IA") and TA('A") and lineor in the 1{‘(1A') state. |

The electron configurations and symetry species of thc ground nnd 2

. ,Iower excited electronic states. of OCSe. in beth llneer end bent eonfomatlons, P

are given in Table 3. l, together vlth the neleeuler confomtien predicted fer

-each of these states, Blectric dipolar trensitions thet exe allowed or for-
P
bzdden by the selection rules {Chapter 1, Seetlen 1 3) are iedi.ceted a3 sueh. _

o

3.2. Vibronic Couplin& ) : ; _
‘l'he solection rules eutlined in Chepter 1, Scctlen 1.3 are derlved -
through eppllcetien of the Bem-Oppenheieer Apprexlmtlen. In pelyatcmie

r:elecules. interactions ef vibretioml ond electrenic cotiens: occur ehich
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render this approximation invalid. This effect is generally treated by first

order permrbg‘tion mothods. The vibronic. terns V y in the electronic Hanilton-

R o o i e 8Tt

ian He of ‘a molocular system are, in a highor approximation thaxi that of ‘Born

-

and Oppenheimer, varinblo functions of the nuclear coordinatos. Where such

B

Hy = (He) + ) (aqu o Qu L S highor terns | | [3.1] W

" where Q, are the normal coord__;indtes of the u nornal vibrations, and the sub-

terns are included He is given by

script zero refers to tho'oqnlibriu_m conformation in the ground state of the-

oolecule. . The first-brdor correction to the olectronic Hani;ltonian

2 aQu ° Qu . .-:f‘_'_"f - . (3.2)

perturbs t,ho set o s which aro tho oloctronic oigcnftmctions of Ho, in tho

.,

[ e ¢ o e it e & e K A e i ! B P
N O S - . . :
i . - - - B - - . v . .

Bom-Opponhoimor Approximation, ovaluatod at Qu = 0, The mixing, through this

perturbation. of tho oigonfunctions of any two electronic states i and j is- Ao

inversely proportional to tho square of tho difforonco of tho zoroth-order b

;i.
energxcs of these stntos (Bj - Bi ). Two cases of vibmnic coupling are dis— o :
cussed briefly hore. These are: Q) Typo (A) or Rom'xor Coupling. and (2)
Type (8) or Herzborg-'l‘oge’r Coupling._ Both are considorod"to be due to tho

sane phenmenon, 1.o.. dopondonoo of tho oloctronic oigonfmctions upon rucléar

. . b
coordinntes . L

- .

~  3.2.1. Typo (4\) Couplin&., Ronnor Effoct _
| “The possibinty of dogonorato oloct:onic states occurs in moloculos
classified under tho C_, point g:oua. ihero the axial component of olectronic
angular momentum, A, u noen-zero, two olectronic :natcs rosult, which axo, in

.eroth-ordcr approximtioa, dogmorato. Howower, if tho moloculo is o‘astortodi

\J

» i




such that the syumetry of tko_equilibriuo nuoioar conformotion is deotroyod.”
‘these electronic‘statgs are no longer dogeoerate by reason of symmetry. Tho
two ezgenfunctions for‘the distorted moleculo correspond to difforent eloctron
d15tr1but1ons and the potentialrsurfaces roprosentiﬁg thoso states zro, in

: general d1f£erent functions of the d1stortion. For a linear ABC-type molo-

cule in free space, such a d1stortion ogcurs during tho asymmetric-bonding
vxbrat;on vz. This has vibrational angulnr moasntun ussociated‘with it, and
the electron1c and vzbrational motions may interact. The vibrational enotgy
levels in the two stites may be strongly perturbed by tho intoraction, and a
complex SHectrun results. This internction, first suggosted %& Tollor‘do 41)

was subsequentlx fbrmulated by Ronner(42)

The separation of the potential surfaces is a function of the strongth .

‘of vibronic: (Renner) coupling. Three nodol casos have boen doscribod in the.

literature, for which potential surface diagrams are shown schomaticolly in

Fig. 3.4. Theso cases aro'

{a) . weak Renner Effect. Tho ninima of both pé%cntiol surfaces, donoted

u* (rb) and u” (rb), where Ty is tho ‘coordinate of bending in a plano con-

taining - the oolecﬁlo, occur at rh = 0, Both o!octronic states are stablo :

. in the linear conformation. Excitation of tho bonding vibration, V2, -
results in a snall separation of the potentinl surfaces of tho olactronic
states. v1bron1c cnergy oxpressiona hava been derived by Rannor{‘zj for
the T clectronic stntes and by Maror and Travis(AS) for [ statea. ",{

(b} Internediato Remner Ceupling. ln ‘this caso. an cnergy oininun is achievcd

-~ br nngular distortion of tho ooloculo from tho linear conforzation.

- ) and U™ (rb) rcproscnt.soggxato non-dogcnoruto oloctronic states £br

all r, #0. The niuioa in thoso'potentiol surfaces correspond to 'b v 04
, ~ _

e o e Mo el = A R R e e A
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for. U (rbl and‘eb #.0. for U:(rb). Since these potential surfaces are in
contact, the molecule may (classically) eonvert-from.one surface to the
other, and only levels of vibronic'SYmmetry,I+'end 1™ may be definitely

assigned to u' (rb) and U} (rb). respectively. The sign of the Renner para-.'

N\

meter deternmines the relative energies of th
by U’ (rb},and U (ry).

'ty Pople qu‘Longﬁetgﬂiggins

Strong Renner Coupling.

occur at Ty # 0. Cnsd'(c) coupling has been eensidered’by Dixon

\
L}

A theoretical treahme

and n/w; for a 5 electronic state) 1nd1eates the magni

ln state.

t

coupllng. To date, no atteapt has been made to calculate

However, as suggested by Renner(4 ), a qpalitative estimate nay bo obtained -

38

elelectronxc states represented

case (b) has been given‘.'

In this case, ‘the winima in both petential surfaces
(45,46,47,48) .

‘ﬁ_gnitude of the Renner Coupling. Th er coﬁpling constant (¢ for 2 n

of the Renner |

-~

30 paraneters,
and they are nornally detéinined froo an nnnlysis of expericmental data.

froz a consideration of the symnetrles of close- ying electronie states.

In a sixteen valeneotelectron triatoaie melecule of C

syemetry, tho
¢lectronic states 1[’ 177 and 15" vesult fron the sane (:)3(1) eenfiguratien{

Excitation of the degenerate bending vibration nnmgnterily disterts these

states to the bent conformntion.“in uhieh their vibronic syemetries aro given

by the corrolatxon.:

G

S
! lA' B -~
iAﬂ o _
lA; . IAH

\

Provided that the encrgy separations of theso states are not large, thoso of

a

. . . S . B P L S
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‘the same symmetry may interact to repel each other, i.c., there is Remner

-

lcoupling in the A state, and the coupling may bo considered to ariso‘via“
the 1nteraction with close-lyxng statos of the same symmetry. An illustra-_.°
tion of this approach is npparont in the A (1A") « X (lz ) "and B (1AM + X (1I )

transitions of HCN observed in ab;prption by Herzberg and Innestdg). The

| electronic configuration of the ground (X) state is (o)2¢m)" and the A and B

" band of vibronic cnorgy

excited s:ates have beon shpwn‘;o result froo the electronupromotion h
(o)z(n}3(w) + (o)z(u)“ The R (A") electronic state has boen assignedfao ono,
. ‘component of a Renner—Split 1& stato and the B state as ‘A“, which corrolates
with the 177 state of the linear conformation. Tho analysis of tho spectrun )
indicates thgt the molecule is.strongly oont, in both the A‘and B‘s;ates. the

energy separation of whose-electg?nic origin bands is ~2500 ol

-
¥ Al
-

' 3:3;2. Type (B) or Herzbérngollor Coupling

Vibronic intornction of this typo moy oix zoroth-ordor olcctronic

.eigenfunctions o (r,Qo) vhen either totally or non-totally sym:otric vibrations R

arc excited, A detailed trentment of type (53 coupling ‘has been given by
Hochstras'sezm. ' Only the rosults of i.mportanco of this thesis will bo

&ou — ' o S -
-~ If the eigenfunctions. oi(r,qo) and oj(r,qol. o£ closo~1yin3 olectronlc

stated here,-

states 1 and 3s aro mixed through cxcitatlon of o normal ‘vibration p in i,

-  Ew zg . hv(i) _ - ) . |
- ooy
ooy oppcar in thoﬁspccttum corresponﬂina to tho tronsition 1 - 0. B iy tho

purcly elcetronic energy of tho transition i ~-0, and hv(i} is tho cnorgy of

th

a qunntun&ofﬂtho uth vibro;ion in tho i oloctronic stato. The conditions
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"
such thnt tho energy E nppears in tha spectrum are:
(i) the electronic trunsition j +«'0°3s olectric dipolnr nllowed,
and (i1) r(Q ) = Ty (., ) % iy (r.Qo)]
where r(Qu) the‘irreducible rapresentation of the normnl poordinate Qu of

the U th normal vibrntion in i, may be totally or non-totnlly symmetric.

The electronic transition i + 0, which mny bo electric dipolnr allowed or

if_‘ the mngnitude of the quuntity ' ) _ - - ‘f

Ty

[

forb1dden is then said to "borrow" intensity m thp'transition } +« 0, The

inténsity of the vibronic componqnt of energy Els 1nverse1y proportionul to

(Ej - Bi)

where E is the zeroth-order energy of tho state k. Tho trunsition botweon
the vibronic stntes ¢1 und w has- the' polgrization of the vector trans-
forming as r(Qv) ) ) < 

¥hen the trnnsition i 4-0 is elaetronicnlly nllowcd tho porturbation
can causs the. npponranca of relntivoly wenk additional bands 1nvolvin3 siﬁ%le-
quantun excitations of non-totally symmetric vibrations in the spectrum, then -
-the trnnsition i«0 15 forbidden, only tho bands rcsulting fraa tho portumba-
tion appenr. These may ndfxﬁih both cases, o3 false or- pseudo-origins for a
- spectrud involving excitation also of various qnnntn of totally syzmotric -
vibrations. - The perturbing stato ¥ is another excited olectronic statn of:
the nmolecule. then tho 'eroth-ordor gruund stato oigcnfunction °l ‘i3 dis-
tortcd by cxcitntion of an nntisymmutric vibration in that state, additicnal
bands cay appear in tho spectrum.tﬁruugh opuraticn of the sezs purtuxbntlcn

ncchnnisnixii. o .,' . L -

5,
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3.3. Ry&berg ﬁanoit'ior'ns‘..-- S | - R - ' -
3.3.1. General

Molecular orbitals are formed, in ‘the LCAO/MO approxmauon. from :
valence shell atomic orbitals of the atons of tho molecule. Electronic
transitions in which tho olectronic configurations of the pmicipnting
clectronic states may bo described in tems of thew M 0. ‘s are callod
mtravnlenco shell transitions. In the highor energy region of

spectrum, ban%s mny be observod which comspond t 'transitions excited

molecular orbitals in which the principal quan

number (n) ofrt;ho ntonic
orbitals is greater than the value (m) in the valence shell bf an in;oérnl
qoantity, o o | . |
| i.c., na mil; mz‘..n#s.'..:.-;.-. R _ ‘ [3.!;]
n then definosr o sories of oxtravalonoo sholl or Rydberg trnnsitions. the ~.
electronic origin cnergies of uhioh.nro given approxinately by
L%t zzmn—mz o cTy o S Ba
Here: o is tho wavenuzber of tho origln band of the speetnm comsponding‘ |
to tho trunsition to tho extravnlcnco shen orbital of ind_cx .
- muzber n, - | , P
E o, 13 tho uavem...bcr of t.ho\sorios Iixzd.t. 'l‘his correspcnds to tho
| ‘ ioni zation energy of an clectron frou a valenco shell M. o..
R ‘13 tho Pydbcrg constant for infinito mss (109 737.4 ca” )
| s .is tho chorgo on/the core (2 sl for a nw:ral atoo or. raole:ulo).
S is the quantun dot‘ect, ST '
ar.d the tern vnlws. T e are the enorgy d:ft‘e-c*xcm &owm ths doniza-

ticm potontial and tzxo elootrcnic origlm -0f t!‘o nmbors of a sorioo. |

u
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1
3

Bquation [3 4] was originally dorivad for atoms whera th‘o f:Leld o ’
'expenenced by the Rydberg electron is. closo to spherically-symmetﬂc. For . ‘
an electron in a Rydberg molecular orbital the core field devintes _somewhat -
fron this symatry, and the fit of the spectrnl enorgzes to equntion [3. 4] L
lmrproves as n, and consequently t.he size of the Rydberg M. 0., increases. ' :
' Where the series limit is not observed the adinbatic 1onizntion potentials
zmay be obtained. approximtely by extmpolntion of tha obs*ewed Ty to 'l‘ = 0.
“The ‘energy of the first ionization potentinl of tho molecule comsponds to )
the energy of fomation of tho mlecular :lon. .usuauy in 1ts ground electronic

state.’ ST e . R S -
"lbleciilar RydBoﬁQ' Or'bitals‘--nre'classi.f‘ie;d‘ imder'thb molecular poiht,év

group symetry. ‘nwy are labelled nli‘i, whero n and £ are tho principnl and’

- orbital angular monentm quantua mmberé. o3 pecti.vol)r, of the orbital in - hY

the atonic description, and Ty 13 the irredueibla representation (I.R. ) undor f E

- the molecular point group symotry The L.R.! 's of 5, p and d atoxic orbitals

under the C, and G point gwups are given 1n 'l‘able 3.2:"The zoroth-ordcr o

' 'dcgcncrncies of the p. the & and the £ atomic orbitnls are rcmvcd under the

reduced sy::netty of tho nolecule(so)

Accordingly. nt:mic orbitalsqf tho

" same principal qunnmnmbor t‘om mlecuIar Rydherg orbitals "which differ
in cnermr and sovoral series convergins to tho smo 1on1:ntion limit nay be _
uobserved ‘l‘hcso di.ffarences dccrcasn for the higher energy nc::bers of cach .

series since the potential flold bccms closar to boing Spharieaux-&m:ﬂc. .

."'9'- -

.

* For un& asc-typo nolecnles. sm of thesc series
usag, nps. upu, nds. ndwmndndﬁ.. _f _': .

there tho spin-crb!.t ccupling ia mau. thm selecﬁan mles govamiﬁs/ deerg

s
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transitions aro those outlined in Chapter I Since those trnnsltions are

atomic~ 11ko in nature the additlonal npproximato selection rule AR = ::l ‘ -
_must be included, whorou!. is the_ (atomic) orbitol-angular moment\m of the
Rydberg electron. o ‘ | |
In molecular Rydberg transitlons :lnvolv:lng weakly—bondlng or non-
bonding electrons largely localized on one atom. tho following cznplrlcnl
correlations are found bctwoen atomic and molecular serles S
(1) o, is often chnnged considorably frorn oton to moleculo, the change
- being usually in the diroct.ton of highor energy. _
'(2) Thc torm vulucs 'l' and the quantum defect § vary only slightly from . o
(sn ‘ . B

¥

aton to molecule’ _ gl
. - {L‘r" o ‘- ) "::'J;.

-
-

o WuNE

:.“}.3.2. §-Values : _— _ - J

§, the quantun dofect, has been used 'to chcractorlzo the various

Rydberg sorics of atons and noloculos(sz). Fcr' uclocules containing only
first-row atoms, § is small (<0.1) for statcs dorived €fron nd Rydhcrg
clcctrons, sonewhat lnrgcr (0 . PR 0 5) for np cloctrons cnd largost .{0. 9 - 1. 2)

for ns olcctxons. mo offoctivo qu.antm mmbcr n' given by

L .

-

n* . n'- 8
is then non-mtegral and z-dcpondcnt. 'nxo mgnltudc of 6 Toflects tho
deviation of the coro potcntiol from o coulmb flold. This dcvlatlon nrlscs

frc:: polnrlzatlcn of ths -imer valence oloctrons by the Rydbezg cloctron.

and from tho varying dogrccs of" ponotration of thc Rydberg electron into this -

coro{s"'). mllikcn“") hos lntcrptotod tho veluo of & as ‘tho mgniwdo of

o

!.he jrward. p!mso shift. rolatlvo to hydrogon, of. tho nodca and lcopo of tho
© radial part of tlsu _olgcafxmctlcn of the Rydbezg olcctron.

T e

-,':;s, . <
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TABLE 3.2 .' | S
THE' YRREDUCIBLE REPRESENTATIONS OF SQME ATOMIC ORBITALS .

_ UNDER THE C_ AND c"ﬁ‘mm GROUPS "

At_.o'mic.Orbital o | " ‘C-s— : | - CW
s a' 0

-~ - -
¢
> .
o
. -
"
& -
. PR
KX
k-]
. .
. = .
L4
? = }
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In molecular Ryoberg series, some complications aﬂse in the oeter-ﬂ‘
mination of the values of both 6 and T .. These are, briofly. | | .
(1) & decreases rapidly with increase in L, becominé negligible for % > 3{
(2) There is a small dependence of & on'n. Some-euq:iricnl fomu}pe des-. -

cribing this dependence have been given by Condon and Short‘leytss)
_(3) At small n values, the quantun mmber A of tho. axial component ‘of '. !

orbital angular momentum of the Rydberg olectron 1..6 uell deﬁned.

Where this is 5“‘3581)' ¢°up1ed to the molé'cular axis‘, several Rydherg e

wievels corresponding to the same valua of n nndJ Bt dxstinguishcd

\r

‘ by A, occur. onmples aro gi\ren in Section 3.3.1. 'mese levels are,

e . . ’ ‘
in general non-degenerate. - R

o

(4) At large n values. the energy separation botueon successive nembers of

a Rydberg scries bccomes cquaJ. to or loss than the energies of nucleor‘ -

motion. Coupling of nuclear und electronic notion occurs, lendipg to -

a breokdm of tho Born-eppenhoimer oppruxinntion. %, but not A, is
woll defingd in, ae limit. This phenonenon, comonly caned " uncoupling"
has beon discussc& bymnken‘?} and Herzborg(ss) L

(5) Several Rydberg states. vhich differ apprecj.nbly in enorgy ma)t result
£ro5 ¢ the sano electron cogxfiguration. there spin-orbit couplina is o
lnrgo, tho nomel soloction rulos (Chaptor I, Section 1 5) are violntod '

nnd transitions t0 sevml of theso states my bccomo anowed.- 'r mt

21:?

thcn bs app:oximtod by the ccntxoid of the origin energies of t.hese

‘transitions. | (

3.3.3. 5nin-orhtt ling

Coupling o? tho spin zad orbiml ongular mmtn occurs in mloculoa-,_-‘v»---—- _

and the cou?ung mch:miom oro mio,,ous to those discusse:i for otmtss’%) :

L
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weak spin-orbit or (A,S) coupling 1n molecules is- analogous "to Russoll-
Saundexs or (L S) coupling :ln atoms, and strong spin-orbit or (u ,m) coupling '.

{  in molecules .‘is analogous to (j ,j) coupling atons. - The trons:ltion from weak

rbit coupling in ‘the Rydborg sories of statos associated with
the eloctron o figurat:l.ons 1) ...( ) core(m)Ry 4 and (ii) ...(11) coro(m)!{yd

is of importance :m this work In OCS and OCSo, all of tho statos msulting

from t.hese ccnfigurations are. oxpoctcd to bo stnblc in tho lineor conforpution

-

',(see Fig. 3.2). TR e
S . Ay 8 -
(i) (n )corc(m)n d ‘ Tho states It and 1 result frc:n this oloct.ronic con
figuration. Howovor, weak coupling oi-‘ n. t.ho quannm ‘mzmber of the oxial
- copponent of t.ho totul orbital angular nomonm, u.m} L, _thc quantun mmbcr
of the uial’ componcnt of the total spin cngular nononttm, results *"&_ npntt:lng
of the enorgios of the three spin-orblt conponcnts of the triplet: sztotoé Thoir
cnergies are then givcn by ) ' ' '
"r0 - T, uwm S e  [3.8)
whoro 'r is t.he onorgy Gin el ). includina tho offocts of spin-orbit coupnng. .
ﬂﬁ‘a couponmt stnto, e .
T is tho energy of tho otnto in tho ohscnco of spin—orbit coupling,
_m is the spin orbit coupling parmtor. | ,.,,,,.. _ T ‘G N
The mgnitmio of A! increnscs rapidlr with tho atcc:ic m::ber of tho atc::.s __ C\

/ -

e

'fpmiogthonolccnlo. o '_ ot . R

Tho ‘encry spuemg (in = of the 11 and 31 states, ! hero dezsted X,
is duo to intor-oloctron ropmsicn. Gcncmny, in the caok coupling caso. :
1x] > at). Thcso splitt!ngs are inuscratcd sc‘cmticauy in tho ﬁmn'o

bOlW. . ‘. X . ' . . d -;l




- 1 -...-_._....‘...__1 S : . ;

/_ K ﬂl . ]

. T 1 s -, ' |

coro(m)Ryd < X ‘ ' . . 4 ) Energy o

f HO‘..’?JIO . ) R .

: \LB .’:_ A/23 o _ )
. n \ .: A ,, n L . . ) Y:JJ.. A
' “'rt"f"‘z,aﬂz' I Lo
. O _ Electrostatic 7 spin-Orbit. |
.J _ S chulsion / 0" Coupling . I - | .

) 'l'he subscripts on the smctry spccies for thc electronic states arc values
¥

of’ the quantun numﬁers a for the axial component of thc total angulnr mcnttm
about tlie iriter-nuclear uxis, sm. Q is givaf by '“? R
|A+£| S i o

o

RN

In t.he casc of strong spin-orbit cohpling. t.he spin and. orbitnl
M of thc coro and Rydbarg elcctrcns aro scparntely couplcd.
. The spin- nnd orbital nngu}ar mcntn of tho valence core.. ‘here dcscribcd by
the electron configuration '....( )3 3ire m strongly cm:plcd in (A S) coupling
and givc an axial co-'*ponent of total tmgulnr mcntu:x about thc intcnnu:lcar _
axis n‘h Tho. totnl :mgular ‘pozentun-of tho] Rydbcrg olectron, i; is then .
\coupled to 2 4\ 'Ihc electran conﬂmn'nuon cnd rcsulting statés for tho |

o
-

'nolocul.ar coTo, whmn L] 113, 3/2[ .‘ : | . g | |
' ,i\ .2”112“
7__---.(‘"129@-.-:-‘;"' S S RS mm _.
_ b ‘_\ ‘ V 33!2 ‘
R Cnm upm-o:m Cc.r;liaﬂ _ :
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' . . " o

From equation {3.5], tho enorgy soparation of tho zﬁ and 2“3}2 states 15

equal o A, tho siin-orbit coupling constant for the (u)3 coro ‘eloctron

configuration of *E: monopositive ion. Sinco the = valonco M.0. is morééi\

! © “3/2 state lies at lower energy.
. The states: rosulting from (ﬂ ,m) coﬁoling arec classified nccording
to- th01r value of a, which is a woll defined quantun nuzher at any strongth
of spin-orbit coupling Two states result for ecach n-valuo(°7). which are,
in zoroth order approximation, degenerate. Yhen tho finor interactions of
the eloctrons are tnken into nccount, tho degeneracy of oach pair with

n>0 rcmains, but each pair with & 0 is split into non-dogonorato Y(O )
and 17(07) states, whose oigonfupctions aro symstric and antisymmstric

respectively, uith rospoct to inversion in o plano containing tho polecule.

The states rosulting from the weak and strong sgin-orbit coupling |

-;ascs nay then be correlated nccordina to O. Intorocdiato cases correspond

to variations in tho strength of tho coupling of tho notions of tho Ryddorg

h ]

electron to tho intornuclear nxis. This corrolatioo is shoun schematically

v

in Fig 3 5.

¥

Similn:ly. a corrolation dingran for the oloctron configuration

)

)coro(n')nyd
is shown schcnntically in Fig. 3. 6. It mnnt bo exphasized that tho enorgy
ordoring,in (A S) ccupling,of thn states rosuitins from this coafiguxa;ion
is not known. Tho L. H. S. ordoring shova A; assuzed and the correlaticn by
u-vnluo are n;do on tho basis of tho non-crossing rulo(sa) |

,In 1CH .u) coupling. o is the only ?good“ quantun anber nnd the

[
selection rulos for‘olcctronic9trznniticns are:

m-o.ﬂ and o«fao o R,

nay be drawn. botwaon these liniting coupling casos., This -
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Fig. 3.5. Schematic correlation between {A,S) and (G_,w) couplin};_for | )
3 o . B -
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1

In th& case (n)core(no)R ar the transition m o« xlt only is

allowed  in (A,S) coupling. As the strength of spin-orblt couplisg
incrcascs. intra-cbnfigufation mixing of tho o1gcnfunction5 ofutho n1;
and M, states occurs ). The "Bn" transition Q) « i12+(0+1<thon
""borrows" intensity from ihe"vc “‘transition lnlti) - i1£+(0f). In the
limit of "ideal"™ (n »W) coupl:ng, these transitions have equal intohsity,
and their electronxc or1g1n energios are separatcd npproximatoly by A(SQ)
Because the strength of the spxn-orbit coupling 1ncreases rapidly with

1ncreas:ng ualue of n, the spectrn of Rydberg series, corresponding to the

elegtron propotion . voi(r )con(no)Ryd « (" show three main effects:

(1) The ratxo of the intensities of the “B " and "C " transitions,

I,.B ../I,.c e 1ncreasos with increasing n to the limiting valuo of 1.
\
{2 Thc scpnratlon of their olectronic orig1n cnorgies (in e ].

(u"c " - "B "), is a positz:c quantity, intormediato‘in nagnitudo
- betuetn X and A, and tcnds to linmit valug A as the coupling strength '
* 1ncné$5cs. ‘. ‘ o o : : ‘ a
(Sj Thc xntcnsity of the 3n0 - Xlx ©H tgansition i3 oM, sinco intra-
conflguration nixing can occur only for states of the same Q- vnluc( )
In the case (’)core‘“")nyd' only tho transition 1z* (o ) « xigt (0"

15 alljucd for a11 coupling strengths. All other states, in (n ,w) coupling,
of a-value f or1l, cotrelaté with triplet states in (h,b} couazing The
1ntcnsxt16g?0f transxtions to thcso states fron tho ground clcctr;::: zate
are ‘expected to be low cxccpt in tho cas50i uhoro tho aforc_cnoio“cd "borroﬂing"
nechanisn operates. This zay 1cad, in couplinb cases close ¢ the (“c,u} B !
limit, fo‘gnhanccd intbnsity of tho 3" {O*) - X‘E (0 } :.aﬂ5at.o* a» the w0
3" szates corrospond to mixtures of the é:'go .:o:poncnts} ars 1; szates of

T~

Wooe
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(,S) coupling. - I D | i
! : 'v v ~— . ) f I- ). ;
3.4. Oscillator Strengths of Electronic Transitions | S ‘ }:f

A mcthod of mcasuriég the intensities of eléctroﬁic-transitions has— ,

been given by Mulliken and Riekecﬁo) S | o
The oscillator strength )
s ’ . . ’ . ’ - i

. 2 - .
io me d -9 - . .
£ = ﬁeZN fio kvdv =.4.3 x 10 I °vdv\ S ‘ [3.?;

deflnes the 1ntensity of a tran51t10n betwecn the clectronic statcs oand i .

P-
1nduccd by the interaction of the molecnlo with olcctronagnetic rndiation,

where: _
m?néd ¢ aré the elcctronic‘nhss and charge, respectively,
- -N is the nuzmber of molecules per unit volune, in the state 0,
k, and EV aro the absorption nnd cxtinction cocffxcicnts, rcspccﬁivoly, o
" and fa is.a qunntity proportional to tho square of the absolutc value of

io

‘the clcctronic transition mcmantcﬁl)

Mullikcn and Ricke have shown thnt, if the intensity envelopo of tho

mnlctc spcctral systea is triangular in shape. a good approxination to

f e d is avllz.' This Jatter quantity is the width (in en ) of the intenqity
envelope of thc wholo ;;éctral systca at an intcnsity.vgluu cqunl to yi}f the

-

intensity maxxnun.
“fn/’/f¥hqwstrongest transitions obsorvcd in molecular-sy*tc:s are thOaO

allowed transitions in which an clcctrcn is promoted to a zolccalnr Rydderg L

oraltJl The ascillator strcﬁuih of tho first memdber xf such a Rydhurg serics

Since the tra“siticu probability is inversely pro-
2 tba i“tcnsi ey of |

45 of thc uréer of unitY-

;erth&al to the cubc o¢ tﬁe L &34 n;ition frequency




~ parr of holccule' is given by

51

cceeding members falls off> Allowed and fbrbidden 1ntrava1enco shell . {:ﬁ
transitions genera{}& hnve oscillntor strengths in tho rangos 10! -1073 | e
“and 10 4. 10'6, respectively, although perturbntions such as vibronic and I ?ﬁ

spin-orbit coupling may sffect these values, LT

3.5. Vibrational Isotope Effoct

Molecules. of identical éhehicalﬁcompositioﬁ\but which contain atoms
Hof different atomic masses have identicnl electronic structures and the "‘ ]
potential function under the 1nf1uonco of which the: nucloi vibrate is the &
same to a very high dogroe of npproximation. Becauso 3? the difference in J
‘masses the vibrational eigenvalgp§. and conscqucntly the vibrational fre- . 1. é;
quencies, aye changed. The magnitudes éf.vibfhtibnal-isotppe offects may
be used to identify the various normal vibrations.’}y‘ o o
Isotope calculations are based ‘on tho harnénic oscillutor npproxinn-

t1on and therefore hold rigorously only for zor th—ordor fundnncntal fro-

- quencies mJ. Howovor. since tho nnharmonic constants X, k aro smnll the

obs c‘rvcd furida

.engal frcquencics g may be used in place of Wy to obtg}q a

—

. 1

reasonable app: imntion to the v:brational isotopo shifts.

. Two mcthods have bccn used to. calculnto the vibrationnl isotopo
shxfts for the isotopic paxr 0CSo°° and 0CSe”8, The first is due to Tollor -
and Rcdlxch( “),,wh showed that, for an isotopic pair;?tho product of tho
~{i)/uw values for the vibraticns of a given symotry type is indcpondcnt of .

the potcntial constants arnd depends only on the-nasses of the ntans snd the

_ Lccmctric11 itructure of thc uo!ccule. Thc gcncral forzuln for any 1sotop1c

]

| [ R Dyayf1 08
(1) u‘:“} S ugd) / o Y= .(M(i))t(lin)a (;}(' )) (l( ))’ SRS
=5 ) te- e ) W)
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E

where: the superscript i refors to one of tho iaotbpic pair,
W] ,W2sesaslip arc the zeroth-ordor frequencies of the f genuino : Lo R j;:“*

vibrations of the symmotry type considored _ o 1~&a;;

m;,Mmy,... are the masses of the representative atons of.ﬁho various

a ’

sets. Each set consists of tho atoms thuﬁ aro trnnsfofmcd into

one another by the various symmotry operations of the moloculnr -

point group,‘ : _ ) o ;15?
.9, B...-are tho mumbers of vibrations anch sot contributas to tho

symmetry type considered, o - " | g \

M is the total mass of the moleculo, _\ 32
t is the number translntioﬁs of the symmotry typo considorcd,_ ‘ :
'Ix, Iy and I tho moments of inortia of tho nolcculo nbout : fé
' the x, y/an axes through the centro of nass, and )

dx, &y and &z are 1 or 0, dopcnding on whothor or net tho rotation ) ) :

.about the X, y or z axes, respectivoly, is a non-gonuino ‘

vibration of the symmetry type considered. -Hith rospoct to

a,B,t éx,sy.cz, degenerate . vlbrations aro counted only. ‘oneo. |
A calculation of the vibrntionnl potential cnergy distribution. as » L\u o

4

shown in Appendix .25 shows the degroo of locnli.ntion of any noresl vibrntion
of a molecule. If a particular nbraal vibration » can be shown to involvo
mainly that part of tho molecule which doos not contain tho "jsotopic” atcn.
tts frequency W, is 1nrgoly unaffcctod by- tsotopic substitution and tho 4
factors‘us )/m is almost unity._,
The second methed ccploycd in the calculation of vibrat&cnal isotepo
shifts.is duo to Adol(GS) for crd- tom isotopa effect in 8 triutcmjc nalcculc. ,
Hcrc. tho known ground state para:ctera nf the mslcculcs (c.f., Tnble

o




ij 1.2) 'were used in Such calceiﬁtiOné. Providcd that the chnngcs in vibrationel
)f \

i frequency, force constant, nnd geometry are small -on electronic excitation. i
! L
1 the results are a reasonable approximatio&>to ‘the excited state vibrationnl ' i
ROt N
isotope shifts. : ‘ _ . oL ]
* . RS
- - T - .
. f .
1
“'i’ -3 ;} )
‘. .
e 1
. - a4
. .
. - . -
. . . . 3 -
- - R ‘- L4 s ._:—
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jprompted renewed interest in the analysis and assignmant of Rydberg trans-

’-féhcrc Yzﬁte,S) are spherical harmonics, and

i

CHAPTER £%_

MODEL POTENTIAL CAICULATIONS ON THE RYDBERG STATES
n . OF LINEAR ABC-TYPE MDLECULES

]
e

4.1. General T | J | . S

Recent advnﬁces«in the theory of Rydbarg tbnﬁnitionn(5°'54 60'71)'hn;:o

itions of polyatomic molecules. New ways of calculating the’ tegm values,

Tn, for the members of various Ry&befg §erip§_of diatomic ﬁnd polyatomic

éoléculcs have bcen}in&ésfigafed. In thpge calculntibhs, the‘finer"int?rl _i

actions of thé motions of thc“core and'Rydbo;g electrons are largely ignored .
In a Rydberg trgnsition, the electron 15 excited to an orbital lnrgo

in szze relative to a singly-charged core. Mullikon(SA) has shown that, if 5

the potent1n1 ficld experienccd[by the Rydberg olectron is ngso to a-

Tstcr1ca11y symetric coulomb field, the cigenfunctions of this clectron.

"Ryyl’ ~

(x) ire a solution of the ono-nlectron Schrodingor equation fbr tho Nth

(Rydbcrg) elcctron in the average fisld of the. other N:l electrons. and 5

(i1} have the gcnernl forn of tho-hydrogen aten solutions to the Schrodingar: '

el T
B

s Fee

equation, i.o., . ‘ S Lo

T

Yaya = meév,_e)_-f{m(r_)'” | . (R

J‘\

»

- ‘ -' -
The approach _described here was developed by F. R. Grecn£n3(64} for _ )
calculaticns on the Rydberg states of linear ABy~typo woiccules.

% .
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L R —(r; axg hydrogen like radial factors (c f. Chnptor III, Sclﬁ‘?n

d«..,,ﬁ-'i,.._.-..,.____ -
3.3, 2)

——

The totnl electronic eigenfhnction of the system, ¥, in this npproximd{ion,

is glven by

(.0 N-1) cN) Ao .
¢ ¢Core _ Ryd . - o [4‘21

- where ¥ ... is the core wavefunction in the average fiold of tho Rydberﬂi

3
¢
TR

eledti‘on;

: o S . Lo . .
In. this independen: pnrticle approximation, the YRyd rust be ortho-
gonnl to the core solutions of the one-electron Schrodinger equation with -

the Hamiltonian H, i.e., uhere

P - ——

H *Ryd CRyd YRyd e e
and . . o
H-d"corta " €core ?coro' - [4-4]1

' " . o ' .- 4.5
<VR}'d’¢C0r0>-"._o' S P { ']

13 cquation [4.5] is not satisfied)ﬁdmgn trial solutions °Ryd nay varintion-

ally "col1apse™72) into the core.. | . .
 Accurate core eigenfunctions are difficult to obtnin, cspecially for

open- sholl coro electron configurations. Howuver, this difficulty,and tho

constraint. of cquation {4.5] on the cigenvalun cquntion ray bc replaced in

. wodel potcntial thcory(72) by adding a suitable nodol potcntinl v‘, to B

~
a--'l"

and solving the new cxgcnvaluo aquation ' '  ;; - ‘ E?‘

4.
(H» VL)¢R)’d a cRYd ¢Ryd [ 6]

where the. °Ryd ‘are not subject to orthogownlity ccnstraints. but tho oigen~

—




5 - . r—-" ' M !
i L oo
‘vqlue, pyd’ is _unc_hanged(?z). v, ::cprcscnts the} po_tckinl ﬂoid. q..uo to ST
the nuclei and core electrons, expérienced'.by the Rydborg electron. To |
account for- equation [3.4], this potential rust vary as -1/r at lnrgo T.
In molocular cnlculations,v must have the sycmotry of the noleculnr fram- |
work. Equation [4.6] represents o massive sizplification in the a‘[:proa;h | N
to the calculation of: Rydberg state tern val;zes ovei the solution of‘\tl'w .
‘Schrodinger equ’atlon £or the "N-electrdn systca.  However, by a suitable‘
“choice of V,, some physical insight into tho;'pir-obl'cns of tho calculatioh,
and a botter mdemtm@ng .of the limits 6f thg rodol uset_l, nay bo oﬁtai\ged.’

-

The model potential calcilation described here is in two parts. |

1 . f
- .

These aro:

7('1) seni- enpirical calculations of Rydberg stnte tern valucs for various
atoms. The paramaters in tho nodel potential aro varied to cbtain a |
good fit of the experimantal and calculntcd tern values. This pro- ‘ /
cedure is essentiauy a quanti defect (6) fitting dcvico. snd

(ii) calculations on mlemlos, uhero the mlecular vodol potential is

* approximated to a limear supcrposition of the best-ﬂt codol potcntials

‘of tho co*ponem: atcns

This npproach is soncwhat sinilar to that dcscribed by Botts-and -

Mckoy(f’g) ‘ _ o o ' ®

4.2. Atomic Ca.hbratic'l

The radial part of tho Schrodinner equaticn for tho t:ydroﬂen atcn

' hns thc fomas)--

__1_3_‘2' P G 1003 ) AN e
2r;dr“%‘.[8‘r 22 ‘.-.' | - .
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| shere the R (r) are the radial parts of the hydrogen eigenfunctions, and °

E_ are the onergy‘eigenValues.q-Substitution of

¥
., P,.=rR,
F@ TR .
yields the equation o e
a2 S ‘.
-3, (2 Ly ek e8]
2 ar2, 2r? ,‘r. (r) (r) o o
Equation [4.8] may be rewritten as-
L ¢ Tl €' : S |
where h s < ' ' : B
3 . |
B
~dr? 2x? | _
' - ' ) ‘l-\\\H“"(” R
Solutions to equation [4.8] for thé hydrogen aton “f°gggﬁkf¥ff G e
. n foo\ 2+l FAR S o
o = gfje ) ()™ eon ()
n2{me)tP3»N\N"/ . . A - .
\f uhcrc the Lzz*l(zr/n) are thc associated laguerrc polynnmiuls(74) The En
arc then given by - .o L | r=4fﬂ* e
o Cl Il “ll ;
= = | P. P . , '14.11]
E_ [Pn(r) WP @) dree == 491
. . & - o ' o
. and the tern values (in en 1) of the hydrogen spectn written as
T . R/nz_'& e o ) i ' {4.6]

-1
R is thé R)oocrg ccnstant = 109?37 ca

‘ For ny—clcctroa nto.s, thc tcrn»valuﬁs oE a~Pydbcrg series cny bo -

described in gcod approxizaticﬂ by cqnnticn {4.12) if n. tho principal

A

s

v
. .
Ak e e e 1y ot -

[y
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quantum number in the vhydreg‘en description, is allewed non-integral values.

The Tn are th_en written as

ToeRme o [4.13]
where n*, the effective quantum mﬁnbnr, is given by - . o
) om0 S | P [4.14] .

;o

The quantities n*, n and 8 haVe alrendy been discussed. =The one- electron

. & -

Schrodmger equation for 8 Rydberg eleetron in such a system may be vritten e

(L6, ael) Ly )60) - e G) [4.15]
S F a2z 2 T | o

i

RN

or, by ue-og‘egua;ion [4.3]-',’ as
[H + I)r + v (r)] G(r). = ¢ G(r) - | ‘ | [4.16]

Here, v () 1s same model potentini whieb describes ‘the field experienccd by

a Rydberg electro -ina m:my-electron aton. lt is here assuncd that G(r) can

be appmximated as a linear cembination of bydregen functiens. i.e.,
. Ve | : 8.7
G, (r) { c P T . 1417

S . =
! [ ':\“ e
g - |

W

. The purpose of thxs approximatmn is to retain the hydregcnv-like ‘haracter
5
of all Rydbefg orbitals. By application of the usual vnrintionel proeedurea )

of setting up the sccular equntion, clexents of the fom :

Y

Moo 1?(r)W*1/r+V(r)I<P(r?dr L
¢ w I.PnEfJ‘“ p_(2) ¢ ,ij.pn(r)[l?r + vg(rayvﬂ(r}-dr . [a.18]
' 0 : S ; . .

e M s s



s =

‘are found . Jhe. first integral in equatiou [4 18] :ls t,he energy gxpmssion " . P

for the. hydrogen atom. Hence . . RPN ; .
H = E I .
m. ~n N J B RS
where ® .
1= rp (r) ['... . v_’.(r)] ptrydr. . P . [_4'.’19]

In the evaluntion of the I n’ the form of tho model potcntial chosenis thnt
- first applied by I. V Abarenkov and' V. Heine(n) ‘to calculations of Rydbcfrg

¥

state ‘term vglues for atoms and nolecules.: v (r) is nppmxim.ted as tho st

oL ' W

of two quantities* -

'? ’ (1) =a constant potential s A, insido a core of radi.us »ro. nnd - | N
5: ' | ‘ (2) ‘a coulombic potential, -Z/r, in tho rcgton Tg. " = Hcro, Zis

; ‘ ' '}‘ ’ tho effective charge of the nton. - : -—- ‘ J -

f‘ This model poteﬁtinl is rcpresmtcd schc::mticauy 1n the £ guro bolow.

pOtcnti.nl fo points in spaca. ‘However, the boundary condiéf; that the _AL__ ' &

Clearly, Dni]::entinl distribution is not. a rcprcsentntion of the truo T )

potcntial approach - -l- at lnrgo T is satisfied, nnd :hn constnnt coreptcntinl

A rcprescnts an nvcrago value in’ 9 region in which t.ho trua potential st i
have o complicated form. . " 7 |
- ._ V(r)=A _' (r{rol--‘l o
S I B o z(" « -Zr (x> g) - o N

Vo(_r) R ' f. ' o




"_Thu integr&l in aqﬂatidﬂ_[4~223?i§'df'gh§gf°r”

TR e I e SR

The potcntia} fiold, duo to thoﬁcbro olectrons and nuclei, oxperienced

u

by-a Rydborg cloctron in/tho core region’ is physicnlly, a continuous function ‘

r. In the mathematical modcl A roprosonts tho average of this fiold.

Accordingly. it is not cssentinl in theso calculations to patch the wvalues of
' v

e core and coulomb potentials at T Equation [4. 18] then yiolds

‘ T : - 1 N . l o ts
In.n I_ _Pn[?)[;-f A) Pm{r) er+ Iﬂ P (r)(l/r - llr) P (r) dr
.0 o B TR To
P [/r + A P(x) dr |
P 0 -2 , o o YN
Substitution in equation [4.10) yields, for s-functiofs. (£ = 0)
' | | 16(n-1)ltﬁ-1)l 1/2 r r(m*n)/mn 1 2r 1, 5r.
Ho 5 E + k LGP G )[-+ A]dr [4 201
e n*m*(n1)3(m!)3 | - '
The associated lagﬁéré polynonials are described by the relations. e
‘ ’ . . | ’ . . N
2£+1 : - n-f-1 i ‘
n+2 ( ) = B * le f:-.owg Bn-l-lx c _
fe., ’ ' L, ' ' o
n-1 - ‘ : - ' : ‘
U | . : r " - . '
TULI(x) = B x¥ .. : : o [4.21]
n- rno nr . ' ’ ’ E
. = eetons 75) e ' .
where the B are given by standard'e;pressions . Sub;titutipn of | K |
 equation [4 21] into [5/14] yields | - | *
.- X - . . “t:\. . V -v - L ‘ - !
H = E + [16(1}- )l(u-l)!]uz “Il T 3 B. fgﬂt*zf['(’"“wm] .
n'm’(nl) H{al se0 t=0 :
. (n1) Paty L [%fA]dr [4.22]

-

14

o e
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S . L 61 ‘
} AL -
f. which can be integrated by parts to yield .
o .1
-. 1 =i ‘l-e*uro nw
e noogntl . k=0 (n-K)!
Calculations were carried out with the aid of a CDC 6400 cou;pufor. The.;;ct;s -
_of-basis functions 15,...,‘1-(3; and ép.....gp Qere used. The cigen'fu'nctlion; |
| obtained z.‘xs‘variational met.h;ad solutic;ns to equation [’4(10] fomed.an“‘o’rtﬁo-
normal' set. A and ;-0 werp treated as j)arameters and were adjusted to i:btai'n
;, a good fit of ‘the calculatqd and )dbsezfved tern values for the nS‘aﬁd np
| _Rydberg series in cﬁrbon, ox)'fgen,;hs;xlfuf and selenium. Some of these resuits’
arc listed below. All quantities are givc;. in atomic units (a.u.)
{ S '7 /
OXYGEN s-SERIES Ty = 2.520.05 - A = 0,0220.005
n 2 '3 & 5 6
T * (obs.) £.15048  0.06199 ' 0.03381 0.02127 | 0.01461  (76)
Tn“‘{caic.) 0.15075 .  0.06192 0.033657 0382113 0.01450 ' )
. ‘ L o .
SULFUR s-SERIES . ‘1, = 2,5¢0,05 A= p.szzo'.gi
n :2 3 : "d' | 5 | -
T * (o.b's.) 0.12858 © ° 0.05560  0.03115 0.01992  0.01384)  (76)
‘ T (calc.) 0.12-8:56 0.05544  0.03102 0.01984 ' 0.01378 |
OXYGEN, i:-_s‘snfes Ty 2.5_;0.0;. S A w-0.1920.005 R IR
n 23 & s T e ' |
~ . T.** (ebs.) 0.09659 ‘0.04.4626"‘ itf’;ﬁzﬂn\a “G./oua-s_‘ S _(1176) |
YT (cale.) 0.09763  0.08457  0.02562  0.01667  0.0171
' ‘Av'crage,;pf 3Smmpomnt tumvames | o . i -

“r o e
‘Average of P co
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SELENIUM p-SERIES 1y = 3.2t0.05 A = 0.09:0.005
n 2 3 4 s 6 |
. Tn’"(obs.); 0.08190 0.04119  0.02558  0.016031 0.01163  (76)

T (calc.) 0.08397  0.03981 ' 0.02353  0.01562  0.01115

' The-set (A, ro)» “hiéh gives n’best fitof T (calc.).to T (obs.) for ) ;?:
allyn of a given series is not found to be unique. Rnther, a wido ‘Tange
of (A,ro)-values may be used to generato T (calc ) values which are within

5% of Tn(obs.)._ This range is illustrated sc@pmatignlly in the figure below.

X\ S-aseries

Plot of A ‘_ VS

P-iorlol \

To (a.u.) for best
! : .
N\ fit.

o=

" In order to retain sone physickl"?igix,ifigance for é':__paramtt:rs. all values

-

of r used are in the range of known ionic core radii, i.e., 2-4 a.u. Inthis
region, dA/dr is closest to unity and the calculated energies are insensi- *
tive to small changcs in ‘these parameters, thus facilitating the fit to the
experxmentnl data. i N f | o - . ‘ it

| The lowest energy oigemraluo eigenfmctions of the calculated series | ~f_ié
are denotcd "2s" and "2p" for a1l atcns as the lmest cocfficients t:i in the |

ngcnfunctiom are. thosa of thm hydrogun 2s and 2p A‘O. s, respbctively. _By |

,1'?4
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.and vy is SOme'suitable model potential. Afform of V 1* suggostedty

.S. A. Rice et. a1(7°) is a sun of atomic potentinls described by the para-

Ci.e., atoms g N

: AR

v N
use of a modol potential, solutions of tho one- electron Schrvdinger equation o 'hié
yield only model wnvcfunctions. The distinction must be made botween these

nagn (or "2p") eigenfunctions gcnerntcd from a linear combinntion of hydro—

~.genic eigenfunctions in a non-coulombic fiold and Slntor-type 23 (or 2p)

functions, which are derived from the true solf-consistent effoctive potentinl. . f;}
The value of T for which the radial probnbility dnnsity 15 a mnximum illustrates

thxs distxnction. This value is A5 &.u. for the former’ olgenfunction nnd ~3

a.u. for a Slater-type 2s function. , b ;_- . | __’!

4.3. Calculation of Molecular Torm Values

The theory can now bq'aﬁplied to the linear ABC-type molecules OCS
and OCSe. The model one-electron Hamiltonian, inthe Born-Oppenheinmer , '
. . ) . / . .
approximation, for the Rydberg~electron in molecules, has the forn

e - L2 :
Hy TV Y

~ : s "

where the v2 are kinotic energy operators in the cbordinate systemchosen .

Mol

metqrs,calculated in the atomic calculation,

WV, L V . V

4.23]
Mol Yi 4. ]

_.I. . . o

Each aton i has its own cgrélregioh, which is taken to be a sphere of

r#dius‘rio centred on.the ith nucleus, ‘vi is_;henrof the form .  %
V., = -52./r N ' v ,(ri » ro) .

’ o v :' T : il U [4:28]
‘Vi -Ai_ ‘ 3 (ri f ro) ) .




Dha =t

e e T W S e

where 5zi is the partial (nuclenr) eharge associated with ntom i If the ;

N
molecular core has net charge Z then.

" atoms’ . o o
Z, = ; 8z R o _ R [4.25)

For tho series 0CS and O Se, the - fbllowing ossumptions are made

(i)' The value of TD f T the car?on ntom, rc. remains unchanged in the

L

series ) ' - S g - \

) (ii) Te = Toxs the value of Ty fbr the oxygen aton,

(iii) For ABC- type molecules 0Ccs und 0CSe, rox Te ® Tegr the C-0 bond

o length (a.u ) and Tg Se . S‘Se C' the S,Se-c bond length [u u.).

Ground electrouic state.bond lengths were used in these calculutions. The bond -

lengths are found to be- little ‘changed in the Rydberg stotes of 068(77)
Assumption (i) can be justified fron known molecular chargecﬂstri- .

butions._ Bader and Beddell(79) have shown that charge pOpulatxons in such

co fragments undergo only‘smnll changes as the bonding environment -is

changed. Accordingly, only a fsnall change in’ Tc 1s'expected in the pair

0Cs, 0CSe. Assumption (1ii) [gives an ro-value in the range 2 4 a.u, ; which
- 4‘)

'is used in the atomic calculations above. These\assumptions are supportcd

by evidenee from electron d ity‘dtagramS'for the eolcculos coz and OCSF7§):a
These diagrams are based on wavefhnctions colculated by Mclean and
Yoshtmxnocsz) for these molggyles. "Heeks and Rice(72f%have shggested that
thc moébl potential radius, T Tos should be chosen to be roughly equal to the )
core radius and should contein ~95% of the coro éloctron density' Simple "

| volume-charge distributien calculatione for-these diegrems 1ndicate velues,
for each of the constituent‘ etom. of "redii" within w’hieh 95% ofthe B

n

- olectron denslty ls_ceaflneda These are in the rnngo ‘of 2. a- 2 .5 a‘u.ibr rt o

i
L - LI

T : ) 7




and r
electron is

only slightly.,

0’ in both QCO and OCS, nnd n2.9 a. u. for t

s Whon tho'Rydberg

he electron distribution| Assumptions (1), (i1) and

65

emov*d from the valenco coro, these values should decrease.
. : , A
culations encflose most of the core electron density and reproduce closely

(iii) are therefore considered both reasonablo and intuitivoly appealing.

The r values choson'in tho nodel potential for these cal-

-

2 The form of the molecular model potential used is ropresented schcmaticnlly'

in the figure below.

-

® e,

'afoms
i

4,by.0,]

+

ﬂm J" A (r )[H(i) . 1,,1

ocs:

'\

‘This leads to ﬁntrix 6icm§nts of the . forn

atm

f L
j

Teg " Tc™ rox.F 2.19 a.y.
| Tog ™ é . - 2.94 a.u.
.0C§o: Te.o ™ Tc ™ Tox = 2,19 é.uur
;rC}So = rSc 7 3.23 a;u.
) S
“The paramoters used in theso calculations were' v
0 A(s) w011 A(p) = -0.025
C:  A(s)'= 1.1 _A(p) = -0.15 .
E - 7 . R ) . .// \.,:'
S:  A(s) = 0.085 - A{p) » 0.052 ”
Se: A(s) = -o;oa | Alp) = 0,09

zolecule, the Schrcdinger equntion can be written as

.,ﬁgrj)lﬂo(ri) . "F?iJ;“

vti-jm (r,)dr o

For a one-centre cxpansién of functions ‘about an atom 1 of the ABC-typo

{4.26]




SR

- ~

i - Upon substituxion for V(r ) fori=} and i p j cquatxon [4.27] becomos

Hﬁ;? = [m¢ (ri)H( ) (ri)dr [w¢ (ri)[--* V(ri)]¢ (ri)df
0
atoms

) ' [”¢ (ri) V(rj) ¢ (’1) dry [4.28]

j#i

...

E:" gy analogy with equations [4.16] - [4.19]’(inc1.). equﬁtion {4.28] way-bo

" written

; .'Hﬁigvu gn(nsm) +‘1u¢ngfi)[%z;f V(fi)] ¢m,(ri)dti
- 0o - : . ’

atoms

. + ' [”¢ (r ) v(r,) ¢
e‘r . j;i 0 i h)

‘{4.291

o Upoﬁ’Substitution of tho model potential dascrlbcd by cquntions {4.24) ond
. | ’l-\f?:',.; ’

{4.25) the first integrnl.of equqtion {4.29] is given as
1, " : 1
[ oyt virlogrpes [ oty )[ PRI
_ _ . _ 2

.
o

- . o ‘ |

i’ _ + ["o ¢n(fi)[-—-- -—J¢ (ri)df . {4.30)
1 " r . "- ) )

1 ' B { . : ?

I

[l
fo

which is readily evaluated as beforc, The socond integral of equation [4 29],

be wrttten in the gencral forn L

o

_denoted as e nay _
- ['¢ (rllv(rj)¢ ’1“1 [_¢ Vb ¢ dr, [4:31)
B2 _ . . , L ' :
- @ G . -
vhere s~and p functions,

not necessarily adjacent.
are used in tho cnlculation, thred

a and b ré'er to-nuclei.

denotad by Qn and ¢“p spﬁctivnly,
types of integrals ara obtained‘ffum eqqgtlonu[h.311 Theso are:  ~

. i

: )

. ~
e s
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i .
| . ) ) .\1:';1“ 'l‘.:‘*‘__ 4 . .
i ; .55 a b a . . - ‘7:7'.. |
. R Jf¢ns Voobns 4T _ : [4.32]
S B : | |
'f ) , sp ﬂ._ a . b a . ’ : : | r
oI IS T S | Lo | |
o *np ¢mp Ta - : - [4.3)
0 . . ‘

~-~The.method of evaluation of these integrnls is given by Groching(64).
Two other variables are obvious.in the preceeding discussion

i (i) For a linenr ABC-type molecule. the fUnctions can be expandcd about

“any of three nuclear centres., -Trinl calculatioqs on 0CS"and OCSe

i B o lnd1cated that the term values wcrefmodéraéély;inscnsitive (£8%) to

Q‘, ; 1choices'of nucleds £br ihislbne;centrb oxﬁnnsion ‘As discussed in
§ Chapter 111, Section 3.3.2, in molecules ‘containing large end-gtoms,
&he molecular T (obs,)_and 5-valucs are little changed from thoso of
the larges;”atom.' These obsorvatlons suggest that the Rydberg olcctroﬁﬁ;§.
density in such molocules is largely localizcd on thesc atoms . .

: Accordingly, in the final calculations for the molqculcs OCS and OCSo,

thc functions were centred on thq sulfur and seleniun ntoms, respectiyely.“

(ii) Th® charge dl#;rlbution 82y uagitﬁkeﬁ. in the ?inal'chlculatlohs, to . |
h\. be'+1/2_e caéh for S/éc agd 0'in OCS/So.' This honfdélocall:ed distri-

bufiBn ls consldercd rcasonablé, as_tho sum of théfEﬁﬁdrcs of thg

coefficients fbr  and 0 A.0.'s are largest in the. (calculated) o
e highest- filled Sn' M., of ecsm). Other distributions were used also,
7 but the results were insensitive to chnnges in the distributions.
g Termn values calculated for OCS and OCSe are given in Thblcs 4. 1 and

4.2, respectlvaly. e K -7_‘ '\ o N s
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These result; are used in thc'analy;is of the spectra of OCS and
0CSe reportcd in Chapter V. The assumption is made that the model potential T
chosen for these calculatlons adequately rcpresents the potentlal field

prcr1cnced by a Rydberg electron outside the ...(n)3 core elcctron conflg;

uration of these molecules.

)

The wvalues calculated are term values. Approximate values of trans-
/

ition cncrg:cs (Thw for Rydberg state « ground state tran51t10n§"hay bc

obtained (cf. equation [3.1]) if the ionization potential (I.P.) of the

B

.molecule is Known, .
. ] Jd

“The calculated values of T, (OCS) and T (OCSejaﬁro almost Equai -

(--24000 cm l) - So a%so are the calculated values szo(OCS ,50) (*160003cn )

and T p ;//5,50) (~17000 cm™ ) The flrst membars of corrcsponding Rydberg

trunsxtx ns of these moleculcs should, to a good approximatjon, bc scparntcd

-

in cncrgy by the value of the quantity I.P, (OCS) - I.P.(0CSe). Thls pro-_‘f & :
dicted "phasc shift" of thq/c/;rg1es of analogous transxtzons in 0CS and OCSe’

is supported by tho cxpérimcntal rcsults for those molecules rcportcd in~ -

Chapter V. : - . o ' ' o~

Robin (80 ) pas given an analysis of expcriﬁcntnlly-dctcrainéd tern

\ﬁlues in the Rydbcrgrgpeétra of ‘a2 wide varioty of nolecuics'viz:’o;idcs,

amines, olefins, ketones and.pafafins. For each of these molecules, the

tern values for therfirst s, pand d series members are uithih the ranges

-24000-40000 cm-l,'l7000-22000 cm‘l .and 12000-14000 == 1, rcspcctxvcly For -

s

rolecules of low molccular weight, the term values tend to thc louer ranze - s P

|

fimits, Thc results of the model potent1a1 method calculatxons shou excellent

L4
agreement with these lower vafes.  * °

. S ’
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CHAPTER V

- f

DESCRIPTIONS™AND Aﬁm:sss OF THE OBSERVED SPECTRA

This chapter is sub- dlvided into three sections viz.'.

0bserved Absorptlon Spectrum of 0CSe

B. - Observed Absorption Spectrum of OCS

.. Observed Absorption Spectrum of CS2

Though the analysis of the electronic spectrum of OCSe constitutes .

the main subject material of this workz the details of. the spectra of ocs.

and CS .are 1ncluded to support this analysis..

(e

oy

S AT

It is assumed (i) that all of the observed electronic spectra'
rcsult from electronic exéitation from the ground electronic 5tate

' that the transxtlons are plcctric dipolor The large (>10 4 oscilletor
strcngths meaSured for theso trans1tions and observations, in the spectra,

of frcquency intervals'corresponding to. excitotion of ground stato vibrationaf

" notionms), support these ossumptions.

e

]

T e

Observed Absorption Spectrum of 0CSe

The Infrared Spectrum of OCSe

- The molecule OCSe has been shown, by mdcrowave uork(16 ), to be f;
11ncar in the ground (x ‘z ) electronic state. Tho (elessical) descripticns

. and the synmetries of the four normal vibrations of lincar

* -

Norcal vibration .Description-
vy I stretch
va. (douhiy degenerete]\ﬂ-bending
‘ stretch

Vi )
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The frequencies of measured bands in the infrared spectra of OCS'enn

ocse®® and ocse

78

‘correspond to v1brational transitions from the zeroth vibrational level of
the x IE state. .The selection Tules governing vibrational transitions and

.- term value formulae have been given by Herzbergtal). Bgnds_are ciassified
.as parallel (i1} or perpeﬁdicular (.L) according to whether tho non-zero~"

componcnc of the v1brationa1 transition moment is in the dxrection of the )

"thls work diff?; slishtly from thos&-previously reported - [c f. Table 1. 2)

H

T

are given in Thble 5.1.

a

-

These £requencies ure presumed to

Y

5.A.2. Vibrationnl Potential Enqggy Distribution nnd Isotope Shift

No. rotationnl fine structure could be resolved in any of theSe bands.

- .

. The. vibrational ‘potential energy distribution in the ground state of ,

OCSe has been calcuIated as described in Appundix A, 2.

Table 5.2) show that the vy and v3 vibrationai motions are nlmost completcly

(- 85=) localized 11£

e Coghnd CSe fragncnts. respectively. The vibrag}onnl

The results (c £f. _f

1sotope shifts foiﬁvl, uz ann ua may thcn bo calculntcd accor&ing to’ the

~\M_Rcd11ch-Tcllcr product ruio (c f Chnptcr 3, Section 3. S ) i ugi)lul is

assumed to be unity

o cn!culated by the nethod of Adel. .

for v3 is distinctivcly larger thnn thoso for vl anu vz.

Tnblc 5.% lists thcso results, togethor uith thoso

Both nethods show that tho isotopo shift

Littlo chungc in

thcse shifts. cnlculntcd for :he ground stcxc, is oxpcctcd for excitcd

“electronic statos.

o

g S :AOSQ

of 0CS¢

5. A 3.1. Dcscrigtion

In the sped%ral rcgion,SOGG R - 28&0 R e nhsorptica by”QCSe cculd

Y
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Description and Analysis of the
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2700 R- 2200 & Aso
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‘ molecular (2) axis or, at a right Fnale to this. The frequencies measured in R
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be ob"&rved at pressume-path lengths of 0. 02 m-atm. Hoﬁever, a weak s ‘. i
absorptxon system oecurs 1n the reglon 2700 K - 2200 K & spectrophotometer - : g
(Cary 14) trace of whxch is shown in Fig. 5 1 R ‘ﬁhn. W - ’ i*?
~Under hlgher resolut1on (Bausch and Lomb and H11ger Watts spectro— . éﬁ
'graphs) th1s absorpt1on system showed the features: '
(i} two moderately strong series of diffuse bands and
7¢%)) two*deak series of diffuse»bands._ o . ‘;

No decrease in the diffusenbss of these bands could be observed when

& -
r

" (1), the system was photographed under.the hlgh resolutlonkof the Ebert

instrument ~or . e S ' - & -

(i) OCSe§0 was used in place of OCSenat R 7:. ,. 7' . . ‘M K . 3
':-It was therefore concluded that the bands of th1s system are genninely diffuse.
As alI of the observed bands appcar equally diffuse, the mechanisn respons:ble o
'15 probably that of- predissociation by eleetrouic trnnsition {Case I predissoc- o _?
1at1on) These bands ‘Thave been reported as diffuse smder high resolution by ’ :
- Bavm Di Lonardo. Gallom and 'l'rmnbcm:i“z )‘ and in the flash photolysis of

-

sol1d~phase (77°K) OCSe at A > 2200 A, dxssociation of 0CSe. to the preducts _ '_'
| .f:o (1% + se (19) is rcpdrtc_t!.

L | , _ o _
Alss, the bands of the analogouqs absorption systen of 0CS (zsso R - me R)
have been reportcd as. d:lf’f’uscc{82 ) [photodissoeiationeof gas-phase "oCs at
A > 2200 A is reported t.o yicld the pmduets co (lz ) # s (‘DB) ]{11)

. 'me vacuun frcqueneies. relativo 1ntens1ties nnﬁ assignments of theso
bands of mnat aro’ given in Table 5.4, The analysis is- iru:wploto, as, ™,
clcctmmc origin eould be nssigmd. mwmr, the bands vm assisned o

"oux' progressions vi.. A, B < and D, and mmhered eonsecutively as, ms.bm

,'\




TABLE 5.4 . C . -
-~ MEASURED BANDS,OF ocse™ - - . ‘_ N
"IN THE 37600 cu™" (2659.5,R) - 42700 e (2301.9 R) REGION X

. ; . - . ) v o Ty o . - ‘: a
Sand Freguency . (cm 1)- Relative Intensity *E - _Assz qnf
I N N Progression -~ Number
< 37647.8 "5°'S§vara1 diffuée*féétﬁrgs-toofﬁeak forﬂmeisﬁrehqnt. S

37648

3703; o

38117
38414
38528
'_158353
38780

. 38844
39034

39227

. 39304 -
(39400)°
39493 .

9725

39862

39953 .

o 40040

J T S
37949 - |

L o A - T

. 1.18 '.'(/f%’f - B S _.m;
. W . .‘i-j-unﬁssighed_ |

B

11 S A w2 !
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LTI,

Ry

me2

“ne3

 pe3 -

-

Vi

e )
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e Ly
Band Frequency . (cm 1)_

R T

7

402&0 

. 40378
$u4osm; .
40510. o
40598 .

. 4@720' o

" 40806 '
41038
167

.. 41237

- 41472
3 41567
;j4164§
" 41808
4;8&5
- 42076
aan2 e
" 42469 ;

-

‘4?667

.- y I. *
- .-Relative Intensity *

aze

‘_.@-7\'

230
b'\ﬂz;lﬂ;g

L e

1.0

3
-

Vacuun wnvenumbcr unlts (cn )

* alog I ahsorpticn. Thxs quantity is nxbitrnrily set to unity £ur tﬁo

band at 37647.8 cafl
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FIG\’)Z Spectrngram of a Portzon of the
2100 A - 2700 A Absorptlon System of OCSe.

(The emission 11ne 1s that of Hg at 2537 A)
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. 5 , . .
- of” these progressions. A low resolution spectrogram of a portion of %h:ls - g

.:u

spegtrum is shown in Fig. 5.2.
i Y . ‘
The strongest bands of the. absorption belong to the A and B progres-. °
sxons The 1nten51ty of the rth member of the A progression IA I;-l

(rA g =M ,....,n+11 m+11) ‘I‘he 1nten51ty maximum in ‘both the A and B

progre551on5 occurs at appronmately the same frequency and in-all’ four .
progre551ons, the frequency inteﬁafbemeen successive bands was ~450 cm -1 o
Under low resolution (Caxy 14) the results of temperature-dependence stud:.es

of absorption mtensities were mconclunye, thé effect of the increase in~

 temperature on the spectﬁm was to great"ly reduce the sharpness oé -the

‘observed bands. " No temperature-dependence studies were attempted when the -

~

-absorpt:.on was - photographed under higher resolution.

- 5.A.3.2' Analgzs

o The meosured oscillntor strength offth’e orption (here@ssmed to

correspond to a singlo electronic transxtion) is g Sxﬁ\

| This value

. ‘hould seeq to preclude a trxplet-singlet transition, reng red allo-ned through
spm-orbit ‘coupling, ‘as being respons:ble for the absorption. ‘I‘he ‘similar -
f-value (2x10” )(33 _) of *the analogous absorption systen (2650 R - 2000 &) -

_of the lighter isoelectronic c.olecule OCS supports the analysis of the systoa

in tems of a singlot-smglet transitien. " ‘ e >

- The sxnglet states resulting from tho olectron conflguration . | o :

(3:)3(41:) of linear GCSo are

EE P
. 1 nnd‘z T o SR

' -.A'I'he elcctronic trnnaition ‘!: - i 1t only 13 electric dlpolar ollewed 1n

»

linear _confimation.. hccotdios to the walsh dingrm (Fig. 3. 2} end the etato

L3

F - - . . . . o,




y O

LN

energy calculation for the isoolectronic moleculo Ncs (F1g. 3 3], the

-

moleculq OCSe should be bent in the electronic states. pe (2a), IA" (IA) o~
and lA" (111 ). From tho NCS™ calculation, the- - enexgy ordering of these®
E ’s‘tates.}s ) - ‘

ey o

l& _
' .-.tTo{_!Al.(lA“)} < .Io{lA.l(I}:-)}' ....< T {IAgi(lﬁ)} } '
Some argument,s are now presented for an altern n'e; enexrgy ordering of
these states.' 'Ihese°are. ' T R |

N P . - . X - 4

{1) If the on!ering (Hund's Rulo) in the line%rxonfomation is « '

r e

T 0y <T(‘£J. __
the ‘calculated ordoring :lmplies a violation of tho "diattmic“ non- . - ..
- crossing mlo( 83) for the two "‘A" statos. Such violations are .. - Fh

| o Y |
.rare for polyatomic molecules( 84,85 ) o ) ; . 0

_ (ii). In the lowe::t cnergy absorption syste:n of coz (1750 A - 1200 b,
| the excitod stato in the transitiun imrolved in-the absom\tion ' |
hes been menuﬂea(“ 87) 43 18, (1) (@80 = 122‘ R
_ '(i“ii) In Csz, tho lowest energy nbsorption systms. observod in thM _
. reglons 4300 x: ssoo R ('r -'3.25 ov) and 3400 X - zsob R L L
. (T, -~ 3.7 ev),, have benn assignod to comspond to <£ho transitions '
_-3,\2 2 2+ x 12; (88 ) £~ 2,10-'4)(33) and 1A, (1%), E |
1B, () + X 1:8 ®) 5. 2, mo“‘ (333, respectively. G
(v) e 1" (1) state is, fron (), (i) and (111), expected to bo -
ata higher enorgy. rolative to that of tho ground stato. than
oithcr of the bem: cbnfomtion coutpon ts of tho ’b stato. /‘l)(
pr (MTnnd ll\" (1a) statos m tﬂmer) coupononts of the 15

stato, :and thoir potential surfaces my be rcprosontod as. in Fig




. B - . ..
- .

3.3. The Renner coupllng in the lA state 1s, in’ this case, expected to be

]

strong and the 1A" (1A) state is expected to be the lower-energy component

) (c f. Chapter 3, 5qgt10n£3 2.1.).7

The energy order1ng of these states, viz.

<T {lA"(ln)} <T {w(lm T {1A-r(1z )}

"y .

_is thery considered reasonable._ | .“'Rd e LT .

[ '

Aftentat1ve assagneent is nqwiprOposed:--Tee.eXCited electfonic"
state in ‘lved in the transition ceEponsib}e for. the 2700 K 4:5260 K,-
-absorpt1on system- of .0CSe is hos likely 1AW derxved from 1a of ‘the l1near
conformnt1on. The traﬁsxt1on is bent-llnear and,,by appl;catxon of the
. Franck- Condon. Pr1nc1ple, activxty of vz s the exc:ted state bend;ns _ 'J
v1b;atzcnal motzon is expected. The frequency 1ntervals o? ~450 <o F are
thercfore ass1gned as qunnta of vz . The nlternqtive ass;gnment i LY
v3' - 450 em 1, requxrcs a decrease of ~30% fron the ground x) stat vg
. frequelcy (644 cm” ) The u3 frequency has been deternined in this uork '
to be cons1stent1y -in. the range S00- 580 cm fbr higher energy excitcd
states of OCSe.' | -

ot

" The rapid decrease in ‘the iutcnsxties of bands observcd to lodcr .

. "f‘ y ’ v .

frequcnc1es then: 37648 cn -1 suggests an olectronic origin in this regxon,

" as a fairly regular increase 1n 1ntensity is observed fgk tands to higher :
- frequcncxes than thxs._ Bavia, Dxllonnxdo, Gallonz nnd—Trcahotti observed

soce hnnds of the A and B progressions. and nssigned the band.of the A
,wrogrcssion at -39034 o -1 as the origin {00) band Qf the trnnsition

ALY or law (‘A) - x 1z . These<authors essigned tho cezbcrs of‘the

B progression’ as 237 0, andcthe_bandfa:;38§44 < o

was gss;gpcd_es the ?ho;“';

1
r
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& baﬂd fa15e~or1g1n (3 ) of the B progress1on. The results:of the present : v
1nvestlgat10n 1nd1cate an electron1c ori |
/I

] "'Hl-
cm ). However, the v1bron1c a551gnment of, the members of the A and B’

k. C |
progress1ons as 20 and ZE 32, respectlvely, -of the one electronlc transi- o

[ =1
" i . :

tion is consxdered reasonable on the\bas1s of the follou1ng evzdence.

*

gin at lowe; frequencies (<380005’

- (1) The _appearance of the bands of both prOgre551ons is s:milar.

F

SR T S T S T e e

(ii) ;The 1ntens1ty maximum in both progre551ons occurs in the same

'reglon [40806 cm” (AJ and 40598 cn” (B)] oo,
L AT B See vl
(iiiy The energy separat1on, “n+i f:vm‘l 1 (1 = 1,...,10), 15 close to
(644 Yy, B * L

! "

(;v) If the tran51t1on is to an excxted stnte in which the molecule is j

e

-

bent,’ the 1ntensities of vibranxcftransit1ons 1nv01ving excitation - S

"~ of v1 , the exc1ted state (essentially) C-O stretchxng motxon. are
_ . Y ‘
expected‘to be low., Also,.zf “1' uere excxted in progreSsion A or - 2

B; the energ:es of the (A and B] members of maxxmun 1ntensity should s
Ibe dxfferent by an amount roughly corrESpondzng to the | ul frequency.

;The observed dxffcrence (~200 cm ) is considered too small to allow

»

an assxgnnent involvang ul (u; '- 2027 cn'R)

—— b .

¥ . L

(v} The frcquencx_xntcrvals‘xn both the A and 8 progressxons decrease Z
fron -660 (<.} -1 to -390‘ta -1 touards higher frequencies. Theso ’ E

1nterva15 are similar, thhin mcnsuremcnt accurncy linats (esgg\

*30 .- ) fbr correspondxng progressxon menbers, i.e.. fbr the
‘cabers nei (A) and dief-1 ¢ e SRR N "fﬁur°“ SR o

-ﬁ’r..

: Thc possxbilxty that tuoﬁelecttonic transitions are’ involved canrot

e dlscounted The' ncabers nf progressians c nad D ceuld not e assigned S R

as xibrcﬁxc cn:ponents of the 1&“ (1&)'* X ’3 zransit:on frﬂﬂ tae preﬂeﬁt i
2 , | | . : g
\ - -] - . B . { . ' o

v - .




- m energy 1:6 the IA" (ln) state.

OCSe, tyo or more electmnic transitions a,re involved - E

o detemine the difference in nolecular geometry between the grouhd and

o

‘ con-espond to vibronic transitiom to this a1 (IA) state. -

| The Bond Anjle in the 1A"' (’A) State

= o,
. .

T‘bis uethod my be applied to the IA" (‘&) * ‘I trmititm by assmlng

. ' . excltetien.t uybeepyreximtedtotbegmdsutebeeﬂns

' . “» ‘ . 84 ls

. - A!

‘ il
. . ' i o a ° B i‘

. i
data. As the hlgher energy Renner component 1A' (1A), should be close ' :

the C and D progression members may

Breckenridge
and. Taube( 82) have suggested that,

)

in t.he nnalogous absorption systém of - v

e e g ey r e s e o

B A

Xl

S W
It was “°t P°951b1° t° carry out Frnnck-f.‘.ondon Effect calculations R o

i e, 2l gt
PRSI0 e A

3

. exc1ted states. as the overlap :lntegrals (c f Bquation [l 16]) cnnnot be
: calculated when the exac: analytlcnl foms of the eigenftmctlons in the _'t.!-: [
' combinlng states are unlmown However. Dressler ané Ramsay'{go) hmfé given

' TR S -‘—\ o '
. ‘an approximate wethod for celculating the chanse in. bdnd angle between ' o 4
' electmnic states imrelved in a trmition. pln ‘this nethod. the equetlon UL

‘ --k (ea) - AB S C [5 1]

fs w where . ‘.; = «c*“*r\e«—w-«; o N i - ?
. ae s’ the diffarence in bond angle, ﬂ _ = _ R ,

"6 13 the Tcrco eo_ns.t,ant :Eor the bendlns vibntlonal uetlen in L :

t.hc exc:lted state“’of the transltion. and SRR ; Cowm

e ol WA DR MR

., AE 1s,t.he mra)rdifference betveen theerlffnbendendthebaeds '. R
ef unxiw absoxytien 1nten:ity. “

.

ATHRLAE ) Lo A S W Eo B 20

[ e R TS T ISP PRI TATIGREOR P ST TE R EIw A8

| (1) thewof the odginbmhcwmcn u:d L e
'“cu) in\vieuefthémllmmmymfotvzmelmlc

F

s
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sode force constant ky (2.769 x 10* ™ /raa.) 18 ). yence

- 3100 el |
and. 20 - 473 radians (~27°). E T
~ which gives .tlgp'OCSe bonfi ang;e of the molecule ih the 1Av (1_Aj .state as .
153°. L S A
Effects due to "quasmnearity"( oL 92'933 or to "axis- switching"(94 j

o

could not be cbserved in the spectnm, although N Lo,
(1) for OCSe bond angles of 150'-180' "the value -ofl thﬁ iothﬁdﬁal
o) constant (A) for rotational motion about the top (a) axis 13 a

| “’sensitive function of- the OCSe -angle (l\.15 .{qlc ) u 17 S cm

1 prr——n

N grotmﬂ (x) stste bond lengths assumed). S

{ixj the equ:l?ibritm uis-switching anglo(“} at an OCSu bond anglo of
153° is- calculated to be -8.9° (ground (X) stato bond lengths nssmd)
The absence of quu.si-linear effacts in tho spectnm, .e., uhm the

intervals between tha vibrntionnl lmls associated tdth the: bcnd!,ng of the

bent molecule. show a minimm at an encrmr comsponding ﬂpproximtelr to

_ that required to stra:lahtcn the mlecnle. 1s taken to indicate that the

height of the potcntm barrier to linearlty 15 lma (>3000 ca )

e .
. . a——
. & ' . . s -

SAdLL escriztion o
Abmmummmofmommmnsol-xml |
region, !hidaismdtst:ung&thmthuinmmoiuﬂm. -‘l‘hismm

| mmmﬂmlywwsmz.mmmunmw

' “Bavia, Di- ‘Lomardo, Gallont m mm‘u’ e R
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A
The bands of this systm were bhotographed under high resolution :

S . -

(Eagle instment) All appear very di ?se. Temparature-dependence studies -
of absorption intensities proved inconclusive. . The. bands wore assigned to

a single progression with frequency intmal of 480 o -1 decreasing to

370 cn”? towards highcr frequancics. A spectrcphotompter (McPherson) tracc

‘of this absorption systu is repmduced in Pig. S 3. 'rho mcasured 4
’frequencies and relative intensities of the observed bands u:e given 1n

'rable 5.5. 'lhe bnnds of OCSeso appaar cqually diffusc as those of Ot':Scalmt ‘
and a strong absorption contimm underlies the  banded absoi-ption (see |
-Fig. 5.3). Accordingly. tho genuim diffusaness of theso bmds is atxributod

to (case I) predissociation by electronic tmsition. : 1 o o .

5.A.4.2. Analysis - ‘_ o ) n
The vibratiml annlysis o£ this nbsorptim is inmplete. as no.
-electtonic or:lgin band could be nssimed in confidcnce. ‘l‘!w csciuntor \ l
strength value calculated for this absgrption system is 0.8¢10 3._ A largcr a
oscillator strength value (mo'z; s reported( 33). -for the eomsponding
(875 X - 1628 l) absoxption systu of OCS 1'ha olcctronic tgansition cor-
- responding to tho bandcd absoq;tion is tlm-efm mst likely of the twa
’singlet-singlet. L L k w0 v

A discnssion of tho enaray orderin; of thc linglet elccmaic sutes L

- arising froa t.ha cxcitad electm ccnfimtion of 0(:50. ...(3:)3(41). as
‘been given in Socticn S.k.s. m ordering ccmidured mt mscmtlo uas

o

80
Sou.o difficulty was. mteud u!mn ncordin: thia u!mrpticn vith OCSo
as traco quantities nfcs;;mpresminmo ‘sseple, The absorption .
‘bands of CS3 in this region were. graphed under high resolution.. The' S
zeasured froquuciosmmlﬂn itita ofm&mlsmgimin
&ppcndixa. . ;

e adi

-
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IR ,'/ TABLE 5.5 | ,
MEASURED BADS OF 0CSe™® IN THE 46650 el '(2143.6 K. - 54800 ™l <
| Cusmsbymoom . 0T e

. I : R
“*‘"‘Eé’-"")‘""“"’_' S e e Grome B
:lnt,:n (1-0.\...13) ;. o ST

‘680 e - ro.zg S om
47094 T S : S04 e
ass w o6t w2 T
48072 A L a0, 10 S me
w0 ger . hAS omd o
45000 .o o, 1.80 - pes
49121 e TS T por assigned
49444 - 280 . .m6 .
‘496707 L 442 e v | - not assigned
9886 . 7T 33 my

50078 | R w. . not assigned
s0337 . 400 - mes '
sor72. abo S
51201 540 - - @m0 - PR
5113 L 640 | wmm o4
52037 - S60 0 mel2 .
52460 e 1S S ¢ L
52856 Jooses 0 e L Y
ss275- 898  wms
53665 L e 938 ane o

sz - et 990 0 aae
sa786 . v - ‘.'.-.10'._10_- -om_ o

Q.

"

Vncu;.m nvomm (cn ) Estimtad mm-mm accuncz sso cu R
**Values are nbwrbm rctios. .o., lox l‘,ﬂA /lna lqﬂg. B 13 chasm o -
as the band at 48072 qa : |

%eotext. < - i

- . R




transition 1)\"(12 ) +ﬂ§ 11: is then considered reasonahle on the following ,

88

! .

T {lo'icioj} <T, {15\_'_*(1{5)‘-},' T ‘{’-m'(‘l‘z‘) < T S
'l'he molecule 15 expected to. be linear in the 1* state only of this eonfig-
uration and in both the IlI and 3!1 states of the electron confzguration
(31r)3(100) (c £. chaptor m, Section 3.1. 6) e

The assignment ef this absorption system to the bent—linear

J

I
(i) ‘The - Franck-Condom intensity d.istri‘bution nmng the nineteen m@tb

’— of the progression indicates a large change in geomotry.

) -370 cm ) between progression

(ii) 'Ihe frequency intemls (-480 o

| members are sinilar to those of the 2700 & - zzoo A OCSe absorption,
where they uere assigned to vz' (c f._section 5. A.S ). A sinﬁar

' assigment 1n this case is eonsidered rensonab e. 'l'he lrmg pro- _

gression in \!2' is eonsistent uith the assi zent of ‘a bent confor- .

mation excited stato: N j“ '-fi P o N

M&comsmding (1875 A - 1625 A) nbso:ption systea of OCS, the

frequency mtmals bot-reen progrcssinn nenbers m reported(sz )

to bo .’m the rangJ -560 cm -1 to -500 m 1 'moso intnmls \m'e

', assignoo to' vy (o,ocs - ‘520 oo h. A calmlnticm of Ao (c-8r S L
'Bquat.ion [5 1)) £or t.his abscrption mten givoe m axcltod s”ﬁ‘i‘:e- et e
3

 bond ”‘819 of 143’ (AB - ?000 wt (32), SKD . 3.31%10" ) 1/::4(“ )) _

(3.v’) mtare thc origin bond (00) eneru of tha OCSe ahse!ptien la takcu to
o ;‘bo -wmo arl mm, m l.anm!o. leni and ‘rreabotti havo m!;ued

Sombands of thlsaystmuorophntominthhmt meb:ndsm

slightly di€fuse and rod-degraded, and the f-rﬁu intmis_ ’ 3
progresslen nmbors m 1:: the rciorted ﬂ- o -_-500 ca 13




I

the origin band at 47055 @ ), B is -8100 @™l and 86 is ~.765
D | >rad1ans (44" ) This calculation gives a bond angle in the An(l:")
. 'state of '-136‘ 'l'he absﬁnce of quasi linaar effects :ln the spectrum o
'mdicates a potential "barrier“ to linearity of >8000 cm (c f. “

hl

. Dixon( 913). If the analysm_of the Bxcited state (A1)} in the 2700 K
_- 2200 A OCSe absorption system is mrrect -the relati\re nagnitudes
of t.ha potential barriers to linearity :hx the trmxsitions cm
pondins to these ([2700 R - zzoo R and z1so K - 1820 K) OCSe

N

absorption systens (>3000 m nnd >8000 cm > reWhe!y) precludes -
tha assigmenbof ‘the latter absorption system as corresponding to

‘ﬁ'l...-

the. A tranai:ion to tﬁo higher enermr Rennar component IA' (15). o
"'7. 2"‘»

(v) The presence of & close-iying 1A."(1£ ] stata is consistent with the

- analysis of the 2700 K 2200 i OCSe abso:ption systm (c.f£.. SR

Section ‘5. A 3. and Chapter 3, Section 3 2, 1 ] and with the predictefrl

(c £. Fig. 3. 3) non-lineaxity of tbo mlemle 1n this suto.—..- | '

SAS Descrigtian and Analy_gis of tho 1820 x - 1510 K Absogtion ﬁ
.-:-.-ofocsg TIPSR S : :

L ’

5.A.5. 1. Descrigtion B T : ]? )

A very stmng. banded absorpﬂ.on systm ¢f OCSQ. mch sttonaar ﬂmn
tho lower froquency absorptions previonsly d.lscmsed. occurs in tho 1820 l -

1610 & region, -A 1ow-moluuan M:P‘bcmn mchmam-) mca of this

absorption is rcproduced in Fiz. .4. Spoctn of the spcﬁ.es m“ and -
25678 trm mco:ded m:dar t!m Mgh resomticn o! tho I-:agle vmm mumt

The fouwing ahsorpuon fcam vere nbsmed , -
m a series of stmg lharp-headad m-demdae m um l mx x;. |

L

;Ja{(
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FIG 5.5 S
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ectrogram of a Portion of the
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L1600 A --1825 A-Absorption System of OCSe.
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(ii) a senes of moderately strong. very diffuse bands (1793 3 - 1691 KJ

(iii) a. short series of very weak slightly diffuse. Ted-degraded ‘bands
g0l K), and - - e S

L

- {iv) a series- of very Strong very diffuse bands (1?14 K - 1610 K)

- The vacmm £requenc1es, isotope slufts. appearances, relative . ‘
mtens:.ties and assigmnents of the bands of this system are given in 'rable_ o ‘
5.6, and a portion of ‘the spectrum, photographed under h:lgivresolution. is
reproduced 1n FJ.g. 3 5.. No ratatienal fme structure could be resolved in

any of the band.s. —__

5.A.5.2. .Anagxsis - , | . |
" The strong, sharp—headed red-degraded series of bmds observed in
_ the. 1820 -1 x region of‘the OCSe ehsorption spectm are assigned to |
v;broruc components of t.he singlet-singlet. linear-linear intrmlenco shen
transition, D 2" - X 1}: E ‘lhe fonowing evidence :ls presented ‘for these :
ass1gnments. e e R DO o
The neasmd oseinator stmo(r value of this transition 13 _
1.0 x 1072, ;tceordiugly. the unalysis is 1n tems of an alloved slnglet-
singlet transition.-, \ N ', , ' e S
' the bznds to m m-fmqumy (red) side of the
first .strong band at 55595.? cn (80) increase uhen the gas is. heated (cf. o
Fig. 5.8), 'mese bands. of uhieh the wost. ptunlnent are at- 54951.2 ca (ao)

and 55131.6 et [80). mveak and areobseﬂed oely et im:reased pressums

‘l'he intensities

of the ahsorbing gas 'n:e frequencles (55595.7 m 1. 54951 2 el l) . 5“ S

-1

—' znframd spectm ef m, \dxmthey uere awlseed to v; endvz » m-

~ el and (55595.7 ! - Ssis16 @) 4501 o = mmmmutho_*’;?f
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pectively (cf,. Section 5.A. 1. )._ The vibronic assigmnents o (sssss 7 ém ),
z (55131 6 cm ) and - 3 (54951 2 cm ) aro then cmidered reasonable. The
neglig:l.ble 1sotope shifte (-0 3 cm’ ) for the 55595 7 cm 1 band. supports tho |
03 assignment for this band ' o B '

Some argu:ments may bo presented for th.is assigumen’t of a linear 5 :
scace These are: o B e
(1) 'l‘he mtensity dieribution among tho bands assigned to vibron.ic compon- o
_ents of this’ transition 1ndicates that the molecular gcomecry in Dis .
 little changed fron. that in. the ground (I) state. 'The strongest bands
(¢f. Table 5. 6) are those assigned to o° 0’ , 33, 213 and 1. an qthers
‘are compmtively weak, eSpecially those to- the lmv-frequency sidco of tho
(i)~ By application of the anck-Condon principle. act:lvity of vz'.' cho | ..
excxted state bending vibrational motion, is expected u‘ thc mloculo is
bent in the D state, No long progression in vz is obsmed. -Indeed, ‘
-vhile the' band nssigned to 2 is strong and that assigned 2 is very ueak T
a band correeponding to 25 is not observed althougb the latter component | ."-
s alloued in both linea:r and bent. confomtions. _ B | ’
(iii) For the parallel bem:-linear elocu'onic transmons IA (ls ) - x:%::
theO andzobandsshouldbcsoparatedinemgyby "-'{A -(a+cn. _’
where A, B md C are the excitod atcto rotetional constants Por OCSe
bond angles. in the rnnge 146' - 179' tbe uolccule OCSo ia alnost u i’
accidental prolate syuotrj.c wpti.o.. A > 'B v C) A :Ls cclculntod to R
be in the rango of 11.2 m'l (146') - -ll'-|4 (17‘9')- 'hi“ B snd < _-.':-0_7-" i 3
are both cclaxlated to be ; =13 c&jx fcr all bmd angles dn thh Tange.
. Alt.haugh gro:md state bond xmms lero usod in sheuo calculctions, mll

0




changes in these ‘distances affect the;e values only slightly. :

Because the frequency -.mterval vfoo) - u(21) is, within B ~_3 . |
measuremenﬁ accuracy limits eacactly \32“ the nolecule is T |

lughly unlikely to bo bent in the oxcited stat% D 'l'he ) A‘\":“' -
assignment D(IA") may also be excluded on the basis of a |

‘similar argument ( 95)

If the molecule is linear in the excited state D(lz ),
v1bron:: transition 22 is forbidden by the selection rules derived . |
through application of the Born-Oppenhoimer approximation [cf L e
'_Chapter l Section 1. 3 ). The obsorvation of the band assigned 20 |
may be explained in toms of Herzberg~1‘eller vibronic coupling. ‘l‘ho |
ground state (X 13° ) eigenfunction is mixed with the eigenfunction |
of an excited stato of & symetry throuxh excitation of vz"(w] in X ‘.

(cf Chaptor 3 ‘Section 3. 2,2, ). | B ' ' g"
 The st:rong bands at- 55621 2" (ao), sms P (80),
56588 8 . [80), 57155 1 ’m (80) and 57721 (80] m assignod :

..to 23, 5-, 2333 and 2332, respectively. Pm those assiments,

v2'(80) = 425.5 ca”} and v3'(80) w 569 5 e’ Bavia, D1 bonnrdo
Gallont and Trmbetti( ) analyzed the bands ot 55595.7 ca™! and
56021.2 cn as the origin bmds of m oxecmmc trans:lt.ions. linu-'
evor. the obsemﬁion of the bmds usignod to 21 (at 55553.6 &'1(80))
end 3] (at 55520.2 ca” 1(80)) and thesintler vi? intervals from 0 an:l

| (569 s @l and 567.ﬁm 3 support themalysis prosontodhm

The vibratiml uowpo ahifts. tvn-\'ao). for bands in the z‘s“

progression. hﬂicate a shit‘t of ~¢3 cn lqmm °f v;. T'hia 35“‘ 1’ in o
: oo ’ . . ) g . - e

e

Ij ’ ;

wlal




.
o~

' good agreement with that calculated for quanta of vy" (ci‘ Section 5. A 2, ) | ,
Although small the isotope shift for the. band nssigned to 2 (+6 7 cm ) .'

. is outside the estimnted measurement accuracy limits (14 - ) andrnas quite .

‘ obv1ous whon photographic enlargenents of the (0(;5378 and OCSe“] spectra -

TR A Lt T e KT b AL E PR

. were/compared B e

In the assignment, \iﬂﬂo) - 1669 6 cm ., The negligible vibrational
1sotope Shlft (+0 7 cn ) for the band ossigned to 1 s,upports this assign-

' ment Excitation of the totally symetric stretching vibrational motions

LT ) N
B L s Nt e b ) e T e il A"k

v’ and v3' in'D is consisten!: with the assignnent of the: transition n - x

ST - e .-1.____;_ -,_,.,,i--’«--;—-'*‘;- ' o St
‘.~~w— "a-" = e .

"‘“ﬁ‘

to a linear-linear transition. A -
The false origin bnnd assigned to 2 (56021 2 @ (80)3 is. a8 for-

e T T L L el

A_ bidden vibronic component of D - x and a Herzberg-'rener vibronic cqupling
nechanism is invoked to account for its. intensity.- Under the c point group
the linear-linear smglet-singlet transitions (£rem, X) 11! +X 3 and '
. lz - x ‘!: only are electric dipolnr ollowed 'nm verycstrong diffuse bnnds ‘
 observed in the OCSe Spoctrun in the region ana k- 1610 K are assigned to 3

‘Vibronic conponents of the allowed P. n(l). - x l!: transition. Intensity

VR

: "borrowmg“ fm this transition is oonsiderod o reosonable nochanisn uhereby
the intensity of the 213“ oonponents of the D + x transition my be explainod
‘The assignment of- D as being ot‘ 3: symtry fouows t‘m tno discussion of
Chapter 3, Secti):o 3.2. 2. bcw:so the noml vibration vz in D is of hd
smotry.- | e Sl e T '

L T TRg SV PPV SR ENE TSP RPN

™ The structure of‘*o.; 03, 3; and, 1033 bands should thon be di!ferent o

froa that in bands assigned 255, (e vibrenic trmnsitions £ o 2" and !
R+ r* are'polorized || and _|_ mspectivel)'-) ‘Siace o rotntional‘ fine .
structuro could bo resolved in any of those hmds a band contm mlﬂis _:_

fni P




was not att'emoted /‘/ Also; tho bands assxmxcd 2 appear vary slightly
_diffuse Thlichffusoness is attributed to {Case I) predissociation.‘ _
" The D 15* state most probably arisos from the electron configurauon
(3n) 4r). In Section 5 A, 3., whero tho relative energies of the singlet
. states ansing fmm this . configuration were discussod' the 1}: state was
‘predicted to Iie ‘at slightly highor energies than the lA"(lz ) and 7y (ln)
‘ and 1A' (1) states. Also, 0CSe was predicteﬁ to- bc linoar in the 1:: state .
(cf. Table 3.1 from a consideration of the. Walsh diagrsn for ABc-typo zole- \
cules and fmj tho caloulations reportod for m:s (cf Fig. 3.5). The' o \ |
assignmcnt 0(18 ) is therefore considered reasonablo. | "
' The very stror;g vory diffuse series of bands observed in tho 1714 R
- 1610 A region are assigned to oorrespond to vibronic components of 2 |
separate elcctronic transition ViZa P. H(l) + x 15*. Vibrational isotopo y
Shlfts were not. dotemined for thoso bands as tho ostinated msurement

-1

accuracy was 15 @', The measurod 5scillator strength value of this : - o

transition is S x 10 2 "'me bands are thc stxongest observcd in the U. V.u' '

-1

and'V.U.V. absorptionspeotnmofOCSo(c ‘~38=10311tromolo " )

1‘ha first (1owcst eoorgy) stmg band obsorved in this rogitm (at
58367 cm” ) is assignod to the origin (Oo) of tho B~ X n-nnsition. The. voak o
diffuse band at (E(0 ) - 646). m“ - 57721 @™ is accordfngxy sssigned oo
"(Tcmperatm-o dopendence studios of tho intensity of this band um immlusivo.)_
. The vibratiom anaiysis of tho bands (cf. 'roblo 5.6) riolds, for . |

‘ﬂm E stnto. Ce

iz m' B AW
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These values are simiiar to those obtained from the analysis of -

the bands of the D - x transition, uhere the similerity of the calcnlated
and observed \ribrational isotope ehifts allowed an tmambigueus assigmnent
:of the exclted state vibrationnl frequencies, Alt‘hough the E lnfl) end
D 12: ‘states must arise from different electren eenfigurations, the
smilarity of the vibratienel frequencies in D and E is not unexpected -
in view of the (postulated) mixing of the eigenﬁmctio‘_; of these states
' through the Herzberg-'l‘euer vibronic ceupling mechanism, _ _
. The Frenck-Condon intensity distribution mong the vibronic con-
| ponents of the E - x transition indicates a snnu chnnge in noleculer .
geometry in E frem that in: x Excitation of the totally symetrie “ |
vibrational motions v; and Ug in.B is consistent uith the essignment of a
linear excited state in the trmsitiem S ? | _ |

' The moderately strong diffuse absorption bends of ecsc obsérved in
the 1793 A - 1691 A regien are. assigned te the linear-linear electrenic
trnnsitidn a 311(1) - x 1: . 'l‘he neasured oscilleter strength of thie
: transition is 1.7x 10 'l'he banads assigned to vibronic cmponem:s of this
transition fom a pregressien in nhich the frequency interval is -5{36 o 1
This intervel is assigned to V3 i At higher ptessures ef the absorbing | -
gas, no further baeds oﬁ\this presressien eeuld be ebserved at ftequenr.ies
< 55757 cm _The first nmber of this promsﬂon (811 55757 f-‘n l) 18 there-
- fore nssigned to the origin bnnd © ) ‘me mnmncss of the bands is
© ateributed to (Case n predissocint:lcn. B I AR |
__ nro very week slmtly diffuse. red-dexnded W "m a‘” °b”"“°‘ o
in the region of the n - x eris:ln bmé W sm observeﬂ ‘“‘1" “ Mﬁh"
pressures (-5 tot'r OCSe in nn abacrbina path "f 75 a} m"”' mld not ”




ass1gned to vibronic components of any ef the previously nentiened transi-
u,ons. 'Iheir frequency interval 559 em 1 Ty is assigned to \!3 in the upper '
state b of the transition b ”(0*5 * x end the first rof these bands. at
55832 cm” , is tentetively es.v.igned{zs the origin band of this trunsition.-

- These ' features may be bands ‘b:E 3 sample impurity However, a4 check of the

lmmm spectra of the peesible impurities (.‘.Sez. 2se, ;coz and R, 0

revedled no such features at these ftequencies.

In- the preceeding discussion the e, b and B stetes have been essigned
to nu), (0*] and H(l)' respectively. The quantity in brackets is the
value of the quan*tmn m.mber n (ei-‘ Chapter 3. Section 3.3. 3 ).. ts are
' now presented uhieh sup'port these essigments, n:nd which indicate that an of
‘these states a.rise £rom. the electron configuration ...(3-)3 ' “"”nyd » o
‘ which the Spin-orbit coupling is 1ntemediate in strength between (n.s) and
- (ng,w) cOUpling (cf. Fig.l .5) ‘mese erex f’_.. S
") -As has been previously stated the bamls usimed te E« x are by far
_ the strongest obsmed in the abserptien spectrun of oCSe- (: -3 8:10
_ litre nole cm )~ ‘l‘he resu!ts of Bavia. DiLenude, Gelloni md ‘l'rou-
.“betti( 12] cenfim this obsmation. . Of the ebsorptien feetures nhieh
occur in eelecnlar spectreseepy ef tlia U.V. end v.u.v regions, these
which comspoud to noleeuler Rydbarg tremitions are l:nmm to be the '-
-eost intense.. Also. in e gim Rydbers eeries. tﬁe first uwber is. '
in general tlie nest intense (ef Chnpter 3, Sectien 3.4 ). For the
walogous: 1570 l_ - 14301 umrption mw of 0!?8; Cpax 4 1 =10t |
| 1itro eole len It is exmsidued mst msmble, therefere. to essign;. :-
E to.a einglet deerg stete ef ueear OI::Se ' . _
(ii) “The Pmck-ﬂeu&n intemity_“distributien mng the bands e£ E—s..!

imiicetes a m\chenge in ne!eculer ’mtry’ in E fm thet in x._—_ B




~The 00 and 33 bands are the strongest and the intensity of each .
succecdmg menber of the 30 progression falls off narkedly. Because |
the Rydberg orb:ltal is, by definition, non-bondmg and the :'nr M.0.
‘15 veakly bonding (of Chapter 3, Section_ 3. l 2. ) th? molecular
geometries of OCSe in its: Rydberg states should be little chtmged
from that. in its g:ound (‘n stato. _ Although this argument does not .- B
exclude the possibility that E <X is an intravalence shell transition.
the observed intensity d.istribution in this transitio? is oousistont
with this prediction. S . o SR ,
(iii) According to ‘the results of the model potential nethod calculbtions |
for OCSe (cf. Table 4. 2), the largest 'rn valus (24080 m") is Toe o . -
The Rydberg state.-. of O&e uhich lie lorest m energy relative to. | o
that of the gmund state, should then result from the electmn config- " .
uration -‘-.(sn) (Zso)m 'ﬂwso states aro (n. 3 w-lvn.}“ (o?j'? , L
3T'n)and""’(z)' | I
' .{ivj 'rhe ionization potential of OCSo [I P. (OCSe]} has been measured.
this Iork (cf Section 5.A. 8, ), to be 81436 : 100 cn (10 1 ev,
X 2, OCSe average) ' From equation (3.41, 0y, (0CSo) is 57356 ca” -1,
e the E and a states are correctIY misnﬁ» the “‘“3‘ of tho To -
| values for theEa-x endo«-x trmiuonsoaybeukenasbeins an '

,.a.\‘v H

726 a, “This qmti;y is 57062 el The excenont N
agreement botleen the sem:l-elpirical b‘&-mm and the value’ froo the
. experimental data provides snppm for the pment lquthesis. TR
(V) “The bands of the a--xmummm-mum :hosoofz x. |
- mo"em umm"mmocbmwn-x. uhichhasbm c_r

assigned to s siuglet-singlet iotrmlmeo s‘hell tmsition. m bmés

' approximtion to o




| N B
of-a - x have been as:ngned to .a single progressz.on in \Jg . ‘
’ ‘ assigm:lent which is compatible with the frequency intervals essigrted .
to v3' in other excited statos of OCSe and with the predicted 1inear-
/ity of 0CSe in the a state (Franck-(':ondon Principle) Although the
measured osclllator strength of the 8 + X transition (£ - 1.7 x lO )
is of the’ magnitude of- that of a singlet-singlet transition, the
| ass:.gmnont of transitions as- singlet + singlet or triplet - singlet y
T on the basis of f-values *is not a valid procedure in cases. where th .y
' spin-orbit coupling is strong (this point has bcen discussed im0
Chapter 3, Section 3.3, 3) 'Ihe spin-orbit coupling in atomic: selenium o
s strong,‘ and tends toward (j »J) coupling, ‘which is analogous to .
| (n s0) coupling in molecules. Accordingly, the spin-orbit coupllng in
' Rydberg states of OCSe should be strong because the Rydberg orbitnls
are expected to be lergely localized ‘on the selenitm atom The |

. intensities of triplet - einglet transitions of ocSe should then be

—

2

enhanced in cases nhore the t plet state arises from a configurotion

mvolving a Rydberg orbital. ri A o o t‘

(vi) The correlation of electronic stetu, vhich e;iso from a {'] coro(m)Ryd |

“electron configuretion, betwecn tho (n,e} and ‘0 »¥) ooupling coses, | . z

has been discussed in Chapter 3, Section 3.3.3 Also iecludcd there was

a discussion of the relative intensities e.nd the energy sep_prations of

transi‘tions to the ':mtu;vibrmem onoryllqevol's of these-stotos

from the ground stnte. If the states E(‘n(n) nnd u(3nm) both ariso

fron the conflguration {t)3(o). then the velue of {'r (F.) ‘I‘ (e)} = 2610
should ?e interuedieto hetwoon tho valoe of X, the sinslet-trlplet

enErgy scparntion in pure (a s) oonplins. end the’ valuo of A. tke spln- :
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Orbit OOUPHHE constant. fOl‘ ‘the (u)3 core- configurafion of the nolecule- . .
- - iom OCSe . The value bf x for OCSe is unknoun Howevef, for most
| m°1°°“135» le >> fa]. A(X 211 OCSe ) has been measured in this worrk
" tobe -1453 & 100 al, Then, for coupling strengths intermediata '
between those in the (4,5) and (q, ) cases, { T (E) - T (a)} = 2610 ca 1
is conszdered a reasonable value for . the enermr separation of the
smglet and trip;et states of the [u) e om(zse)R y d cenfigu:mtion. _
(vii) -Where the nm and nm states arise from a (w) (c.v)Ryd configura-
' tion, the transitions n(l)'_* X' and Hu) «X have been ‘denoted C and
B, respet:tiw.rely'(96 97 ) Towards the (R W) lmit the ratio of the .
' mtensitj.es of these transitions IB/I should :lncrease to unlty (cf. ‘
- Chapter 3, Section 3 3 3 ) The ratio of the oscillator strengthg, ef
the a - X(B] and E + X(C) transitions 1is -0 34 which indicates that
the couplmg is indeed intemedlate betueen cases (A s] and (n ,u) ‘
(viii). The correspending (1570 X - 1430 K) absorption systen in OCS is re- -
' markably smilar 1n nppearance and intensity (e - 4. 1x 104 litre
-mole cm ) to the OC.’Se spectrun 1n thc 1714 1. 1610 R region (cf.
Fig. 5 9) 'Ihis fomer systexn has been photegrnphed under high resolu-
tion and analyzed [cf Section 5 B ,l ) 1n tems of transitions to the
Rydberg states n(l) and 311(1) of the ...(3:)3 | (ao)kyd. configuration
,‘ of OCS, All of the bends nssigned to these trnnsitiom are very dlffuse.
' (ix) A1l of the observed bands assigned to the E - x and e - X (but ot |
i CD - X) trnnsitions are very diffuse. 'lhis phemmmn is attributed
to (Case l) predisseeiation. 1.e., radiationless transitien toa neis!:—
beuring electrenic stete nhich 15 either diseeciative err has 2 mll o
‘potential ninim for sme displacmnt eeerdinnte. | -‘et.tenath ef | o

- -




S L
the predissociauon indmates that it is. homogeneous. Eand a mst

- then be of- the sama symetry, and in {a ,u) coupling, of the sane

’/-
s

n-value(98 ). The assignment of the prechssociating state is d.is-

cussedinSectxonSAG B '_'_;.‘_, ' PR

<(x) The bands assxgned to the b Hmt) + x 1t transnion are red-degraded
shghtly d1ffuse and very weak '11us assignment, though tentative. is -

-

consxdered reasonable if the assignnent of a H(II is oorrect. The
energy separanon of the 3!1 and 3llo+ states of ‘the (m>(0) configura-

tion should be small for weak spin-orbit coupling(97 %9 ), as should
the mtensity of the II(O,,) - x 12 tran;.ition (cf. Fig. 3 5)

B

s.A'.s.s Bond Lengths in the b and E Stites .
If the rotational stmcture of the bands of a spectru@ cannbt bo
.' resolved several mothods nay be used to obtain approximate \ralues for them

' exc1ted state bond lengths Sona of these are: ) The rules of czark

‘and Badgeruoo)

. u’hich mlate the experinentally-detomined ground and.
excited state frdquencies and bond longths end (m Franck-Condon calcu-
-lotlons, in which the mtios of the intensities of vibronic tronsitions are
related to chnnges

these methods yiel

tho nomal coordinates of vibration. ‘In gcnoral oo

, t.-. uhich are in poor osrement uith bond longths

(and anglos) accurately dotemined by other mans - Both of thoso uothods L
ohtainCOaBdCSobondlengths mmemmsnazes )

of OCSe. o o i |
cmrk's mlo 1susedhminthefom R \j ‘
, -'3 I t13 | | e o SRR (5 l]
re "’.o _-'-' _ro_,.-."e: S S _

™ where r, and LA m tho bond xength md thn vibrational fmqomcy tn a giw.m

’
. - . . . : . o




states, respecuvely) Badger‘s rule is 'used here in the form

-105
electrom.c state (double prme and pnme Synbolc refer to ground and excited

-
r []

v, (te | 1j) - Je.'ré - dy }3 : | {‘\ [5. 2]

where re and ‘% are as before and 4, j is a constant. The magnitude of 4,

[y

i)
depends on the row of the periodic tahlo to which atoms. i and j» which form

A

the bond, belong. Values of d} j ! have been given in the 11terature(mn

Some of these are, "_ o S ..;. *';‘-,“ , .
Rowr(atoﬁ‘i). 2 SN .1_‘“'_ 1:7 1
. Row (atom j) 1 2 T ‘4 E

. . ) ] - vyt

‘dij 068.094 1.06- '118 - . _
' Both of ;:aj)_gﬂes uere developed for diatomic molecules. for which
they-yield only oderately accurate values of excited state bond lengths

When these rules are applied to polyatomic aolecules. it is necessary to

- ‘treat each ‘bond as a separate diatomic noleculo. 'Ihough the calculations of '

the v1brational potential energy distribution in OCSe (x 12: ) [cf Section o

5.A.2.) 1ndicates that the vl and V3 vibmtional nodes are almst completoly

'(86%) localized in- tho Co.and CSe regions, rospectively, the results of those

bond length calculations for OCSe eust be eonsidored to be high:ly approxinato.
A method of calculating excited stato bond lengths in- triatoaic (102)
molecules has boen given by Coon. Dellanes and Loyd.. 'l‘his method, a
qunnntative applicatien of thc Fraack-Condon principlo, has beon adapted |
in this work for applicatioxi to linear ﬁBC-typc molccalos and applied to the
o and E states of OCSe._ Tho adapted nothod is. given in Appeedlx A 4. nxe '
totnlly symetric nomal vibrationa (u; and v;) only are ecnsidored Tho

assxgnr.ents and. rexativo intoasitios of tho bands oi‘ tho D - X and
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transitions and the frequencies asmgned to" v; and v3 in both excited states .
- have been given previously./,i 'moso quantities are used. in the Franck-(:ondon
calculations. - | '

The (D and E state) bond lengths for OCSe calculat?dbby each of these -
methods are gwen in 'I‘ablo 5.7, together with-the excited state rotational
constant (B') ca;culated for each of the Franck-Condon structural possibilinos.

‘ Bepause ‘the bands of D +« x are red-degraded it is reasonahle to assume
“that tho mtational constant in D is' less than that in x (B“ a 134 cm (80))
A choice must still be made botweon tho Franck Condon posS1biIities (1) and

o

[w) The latter is in agreement with the results from Clark‘s and Badger'
rules in ‘that both bond longths incroase (r "= ], 160 K r, e" ] 1 711 A) \ '
Also because the D state results from an electron promotion fron the "bonding“
37 M.0. to the antibonding 4r M,o., an increase in both bond lengths is
expected. “The bond lengths rCO x 1 24 K and r - 1“‘)3 . are then considered
to be the most reasonable of theso calculnted for tho D stnto of OCSo. o -' e
The higher frequency bands of EeX appear to bo red-dograded wluch
suggests that B’(B) A B"(X) E has been a.ssigned as a Rydberg state of OCSo.
© Again, because tho promoted olectron is removed fron the 3w n.o.. which was
stated in Chaptor 3, Section 3 1.2. to bo ueakly bonding between So and 0, an
“increase in both bond Iengths in E is expectod Also. because the Rydborg B -
orbital is non-bonding, tho bond lengths in E and thoso in the groxmd stato 2 )

of OCSo .. ATE expectod to be sinilar. Althougb tho lnttor qunntitios bavo

‘:- LTI
MRl

" not been detemined in thisrwork a couparison of bond lengtbe in'tho ground _
electronic states of ooz, csz ond N ,0 with thoso m the ground states of C0,°,
CS?_ and Nzo respectivoly. rc\rools that tbo bond lengths in tho onic
species are, v:thout oxception, incronsdd ovor ghoso 1n the mlectncsfw”‘
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. asymp_ptrcallly ‘to the ground state

-t

The bond lengths (ca1¢u1,eted) for the E state ,are then taken to be -’
T = 1.22 A,. Rego, = .75, R (Frnnck-Condon (iv)) ~The valués are in poor ©

agreement h‘lth those’ calculated by the rules of Clark and ‘badger Again,

1t is . emphasued that the: smplicity of the medel choeen for these calcq- -

lations allows little confidence in the eccuracy of -these results.

~

|| C— N - 4 . Fl

5.A.6, Predissociation in the Lower Bxcited Stntes of OCSe

'l‘he dii;‘fuseness observed in the U.v. and, V. U.V. (2100 3& -‘1610 R

£l

rezion) absorption SPectra of 0cse (and OCS) impedes the unambiguous ass:lgn-

ment of their spectral featu;res. A mechanism is now proposed to account

- for this diffuseness of the OCSe spectra | : .0 :

_ The absqrption continmnn underlying the 2150 - 1820 K and 2700 -
.2200 A absorption systems of OCSe corresponds to tlxe ::ransition I« X 12
" This n state which arises fmm the configuration ...(.'m) (loc), is the
predlsSOCIating state responsible for the diffusef;ess obseWed in the spectra
' corresponding to: the B 1 nm, b nm,\), g n(ll’ C (IA") B IA' and A (1A") |
. X 1}: transxtions (and for’ the slight diffueeness of the 2 3 bnnds of the

D~ X transition) EIt: is a dissociative stnte and its energy conver“ges

esociation imit DOC S , of OCSe.
" The folioig.ng nrgtment

These are: } “‘ ca ~ . N

(i) From a consideration of the (calcule,ted)"}rn ‘efiergies of OCS ’;::f Fig.

a2

S‘_:ww“‘%

3. 1y, the 13y stntes ;rising\ £ron the coﬁfiguration ...(3:)(10::) are
predicted to lie ciose in energy to ‘the singlet states arieing from the v
---(3*') (41:) configuration. Aiso, fm the Ialsh diagrzm {cf Fig. 3.2),

'OCS is predicted to be linoar iu ‘Ehese 1,3y etetes. ; fn, the sinpie des-

)

. e ' o e -
3 - Joo SR R
* 5 '_ e ',‘ ) . R .

R ST RS s TS 1T AT R i T e e

o advenced in support of thie hypothesis. : 7
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cr1ption of the bonding propcrties of the OCS M 0.'5 given in Chapter [ v

3, Section 3 1.2., the lOa (vzrtunl) M 0. 'was stated to be strongly .
ant1bonding betneen the S and C atoms. A strong poss&lity then

exists that the states aris:mg from 3 a configuration involv:lng this

M 0. are either d1ssociat1ve or fve a smali potential minimum for tho
coordinate of 'ext'enszon of the S-C bond. By analogy, these consider- -

Jations also apply to OCSe. - R . _
(ii} "The, absorpt:.on contimnm underl)ring the 2150 - 1820 A system of 0CSe

is strong £ ~ 0 8 x 10~ ) The a]:sorption continuum wh1ch underlies -

the analogous (1875 & - 1625 9 absorption system of 0CS (£ -7 x10%

T pral T At e e
Fer g L

s also very Stmﬂg( 33)- This suggests that the upper state in the ' © ik

. o2
transnmn respons:.ble for the continuum in OCSe is a smglet state ' : 2;

.
it
i
27
L
- N
!
o
-
-
K
e
E T
&
Fa

- and that ‘the transition is allowed.

(111) Photodissociation of gaseous-phase 6CSe at wavelengths >2200 X has been.-
reported( 1 J. ‘The d.xssocdatmn products are CO (18 )+ Se,; (ID ). By |
applzcation of the Higner-ﬁitmer rules, the predxssocmting state must
be of Il or 1z” or 14 symetry. - If the assignments of the upper states
{IA"(IA) 13*(%) lan(iz” )}of the tranS‘ltions respons;lble for the

BN _’ 2700 - 2200 A and 2150 - 1820 A absorytion systems of OCSe are correct, )

the predissociating state must then be of Iy symetry. i

(iv) " The diffuseness gﬁsmed in thé bands of tho é - i. 2+ i and 5 - X

transxt:.ons. and in those bands of the D - X transxtions assigned
330 nay also be attributed.to prcdissociatmn by this I stato (cf. _

Sectiun 5 A 5.). The sharpness of the bands of D« X assigned 90. 31

and 1 3" is cnnsistent uith this interpretation. bccause the predissoc-

iation ¥ - 11 is forbxdden (in tho Born-Oppcnheincr approximtion)
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(v) ﬁe correlation,‘in (A;.s) »,'coupl:'mg, between the louer-euergy exc;ted
=  states of OCSe and those ‘of Co + Se is shown schematzcally in Fxg. 5.6.
On the left“ of this fxgure are the energies of the obse:rved states of "I“
" 0CSe. The energy of the zeroth v:.brauonal level of the ground (XJ
state is set to zero.‘ 'l‘he thermodynamc quant:ties ‘used m the con-
struction of .this d1agram are o I
S(.C) o (sublimation energy of carbon) 170. 9 kcallmole(m“
S(Se) o (sublimati,on energy of selenium) 49 .4 kcal/mole(w“
D 0) (bond energy of 02) : 119 1 kcal/mole(lm) |

D (COY (bond energy of carbon monoxxde) 9 14 ev(m“

Atomic energy Ievels of Se I have been given by Ruedy and Gibbs (105) o SR

_ | R

For the purposes of the diagram the average of ei:e energies of the 3pg L . :?
@ S ‘

components is used. R C e ‘

Mso, T (3nr) 0 = 48687.5. cn “105’ = 6.08 ev.

LS

" The predissoczating state I and the ground Q() state“nost probably

correlate w:.th coclz ) + Secln ). oI this is S0, D"(OC-Se] ~4 ev. The "

C mrm e 5wy
Rttt SR

dlffuseness observed in the first (Iowest ﬂenergy) strong band of the "
lan(lay « x gt :ram,mon (2700 - 2200 % system) at 37648 cn”l (-4, 67 ov)
supports the present hypothesis. The latter value is considored to bo o o
| up;;f imit to D(OC-Se), 1.e., D(OC—Se) € 4 67 ev. D(C-Sc] for. the diatemic ' -
| mollmc has b en reportsd to be 521 ev(m“ | . N
'. No arguments will be presented for the other correlar.ions shm in
Fig. 5.6. Tho:effects of spin orbit (n .m) eoupling and the considereble
uhcertainty in the values of thcmodynmie quamities ébed io the constructien
| of thc diagrae rendcr orgmnt (v} somuhet tentati.vo. ' B

.
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5.A.7 Deécription and. analysis of the bands of OCSe in the 60800 et}
®

(1567 4 A) - 68295 cn” (1464 2 A) Region

5.A.7.1 Descn]:_»uon
|

A strong, banded absorptxon system of 0CSe occurs in the 1570 A -

" (?

_"1460 A regmn A McPherson monoc}womator trace of J:lu,s absorption is '
r::produced in F1g 5.7. The bandc of OCSe and OCSe hzwc been photoi
graphed in: this work under the h1gh resolution of the Eagle ‘vacuum

spectrograph A spectrogram of a portion of the OCSos_o- spectrlm in this

1

region is shown in Fig. 5.8.. The apsorption' features observed in this

region are classified, by intensity and appearance, as follows:

Ci) A seriés of moderately strong dxffuse bands These are assigned.

—— w8

to nbrom.c components of the electronic transinons ¢+ X (cuf.

.. -

Fig. 5.7) - Bands,assigncd as nembers of the prmcipal p;-ogres- '

1

sion are separated in energy by ~ 527 cm” . In this progression,

o hr e

which' extends from 1553 ; - 1516 ; the first and second ncnbofs ) o
-are the most intcnse. The dxffuseness of the bands is atmbutod
ato case I predxssocmtion. .. .
fii) A senes of very strong. sharp, red-degraded bands. Thcoo are
assigned to a separato electronic transzt:on viz.F - X . Suc— .
~cessive members of the pru;cipal progression, of which the s cond
- neober is thc/gost intcnsc. are scparat’od in energy by " 506

1 " The prmcipal progrcss:on extcnds f‘m lS&.: A - 1514 A
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(111) A series of strong, red degnaded, sl1ghtly diffyse bands whxch

N

extend from 1510 A‘- 1442 A Again. in the pr1ncipal progression ,

in which ‘the frequency interval between successive bands 15 .

~ 522 cm l the f1rst and second members are the most intense
These bands are asszgned to the electron1c trans1tion G + X.

The slight diffuseness of the bands is attributed to cese I pre— '

dissociation.

(iv) A short series of weak slightly diffuse, red degraded bands

’M,//' These are ass1gned to a single progre531on in which the frequency

ek
E

1nterva1 between successxve memhers is 498 cn 1. The fxrst
member is the most intense. ‘These bands are assigned to yet
another eleétronic trans1t10n viz d + X. The progression exs
.tends from 1508 A - 1486 A. :_‘ ‘ 7_ ) ‘\“?/
v) A series. of moderately strong. slighly dif?%se. red-degraded .
bands wh1ch'extends‘from 1467 A,- 1434 A. These bnnds. of which
the first member is the wost intense; are aseigned to a single.
| ;nogneSSien belonging to the ;ranSitien H« i. "The intengify
 *6£ sncceeding genbers decreases parkedly and the frequency intape |
-1 e b

val between the bands is v 539 cn
~ . >

dihefnabsorption bandsiof-OCSe in this region have been assigned :

“to hinor progressions beienging totho¢ « X, F+ X and G+ X transi-

tions. The intensities of bands assigncd to the lattor progressions

are generally lcss than the intensitxes of the bands of the corresponding ‘

zajor progressions. The £irst aenher of each ninor progression is |

L
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v o, : : ’
is the most intense. The interval of % 1350 cm-ltbetween the first - g
members of the major and minor Progressions is prominent.

In thls work, high resolution photographic recordxng of the OCSe
absorpt;on spectrum is complete only to A > 1464 A

L

Rotational fine structure could not be resolved in any of the

bunds of this absorptxon systen.

w -

The vacuum frequencies, vibrational. isotope shifts, appearances,

relatxve intens1t;es and assignments of the bands. of this system of

OCSe are g1ven in Table 5.8.

;S A.7.2 AnalZsis |

"The frequencies quoted in thxs d1scussion are those measured for
OCSeao, onless.otheru;se spec%fied. _

The intensities of tho.\ferfweak bands at 63755 o™l and 63893

1 increaso slightly when the temperaturo of the nbsorbing gas is

;ncreased _ The energy soparations of these bands from the first (lowost
energy) strong bands of.toe rajor progression in c« X and:F fq& nro
(64388‘.6-63:155) ~ 638 o} and (64537/4-63893) ~ 644 "), vespectively.
Both of these gm:mes,m-.mm neasureoent. accmcy lio;ts of tgzo
_gl‘ouod state freq{.gm, -'aus". ‘ 'ﬁ’xo“bands ‘at 64333.5;5'1 and 64537.4 cn"
are assieneo'as the'origiofto %) bands of sepaxate electronic tranei-
tions’ ¢+ X and FeX, respectzvely. The assignncnts 63755 !
(3,° e+ X % - and 63893 ca -1 ‘(3 Fe x) follov. The negligibie vibra-
tional isotoyo shifts-noasurod fbr the origin bands of clﬁ x ond F - x

(-2. }ca” b and o 4—:&:-. respectively) support tbe 0. assigmments.

Al T~ .- .
£
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All of the bands assxgned to c «X ara diffuse. The frequency

1ntervals ‘between successive bands 3331gned to the major progressxon of

T L.
this transxtlon are 2526 cn ", These intervnls are assigned to vs e

Because the bands are diffuse, the vibrational isotope shift, whxch is
predlcted to be NZ -3 e /quantum of vs excited, is inside the o

measurement accuracy limxts fOr all Ievels of c + x Houever, this 03
a551gnment is consisten? with the “3 frequencies ussigncd in other “

s

electronlc trans;tions of OCSe, and with the v3 assignments of Bavin. o
D1Lonardo, Gallon1 and Trombcttillzl Ac uill be shown, the stnte c is
most probably a Rydberg stateqof lincar OCSe. By npplication of the

rpranck-Condon princxple, act1v1ty of v i/ﬁyd “3 .. the excited state

_totally symmetrxc stretching vibrationa txons, is expected if OCSo

"1s lanear in both comb1n1ng electronic states in the transition, Tho

weak diffuse basd at 65738.9 c” 1. assigned to 13 ofceX. mis.. - .

2} as$1gnment will be shown to bo conqistent with the assignuents at

this frequency 1n thé naighbouring F and G stntcs. Frnn the assignmcnts

of the bands at E i ' thc excited state vibfatlonnl frcqucncics aru.

- El

: A i“- - 14564 cn 1'.- :
e _-‘_\:3 u5267cn1

 The Franck-Condon intensity distributicn unnng vibrunic cumponcnta |
of ¢ « x ind;cato a snall change in, gecmctry upon electronic excitnticn.
| Indeed the vibratipnal structurc associated uith the Rydbcrg trnnsitions L

of 0CSe is highzy chnractcristic viz. a short v progrcssion nnd‘n _
' ¥ e &

shorter “1 +n 5 ‘ progression. In a,given trnnsicion, tho.uust iu:enso_ur

(ﬂcands occur iu the £brmcr pmogrosslon. Thcsc charactc'istics hnvu becn s

£
‘e .

. . . Lo . ' Cr
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noted prevmusly in tﬁe assignments of the bands of the E + X transi-
/mn (c.f. Section S.A4). T o
The bands assigned to F+ X aresharp hoaded und red-degrided, S
. The strength of the predissoeiauon of the bands of c + x and G « X |
suggests that themechanism is that- of homogeneous predissociation
' Accordmgly, the excited states F and c G must bu of different syrmetry,
_'and where spin-orbit coupling is strong (ﬂ ,m), of dlfferent Q
quantum number(ga) ‘ . d ' B o '
In the precedmg discussion, the bami at 64537 4 =) ! has been
- assigned to 0 of F « X The frequency 1ntervah of A~ 506 - cm -1

between the sharp-headed bands is assigned to v
-1

3 . The 1sotope shift

‘of +° 4.8 cm . for the band assigned 3 =is only slightly outside moasure-

nment accuracy limits (t 4 cm'lj This- shift is qualitatively very

obvmus hovever. uhen photogruphic emlargments of the spectra of

78

and OCSe are compared and it serves to confim the 3' assign- :

-ments; The sharp-headcd band -at 658926 cm is nssxgned to 1 01‘. becauseo
N Eh i the negligidle isotope shift (—O 9 cm'l) measured for this-

1 1 -1
s o , 508-cn , )

band and (iii) in this assigmnt,

‘band and (11) the observation of the band,assigned to }

‘to_the lugh frequency side of the 1, !

the \31 frequencies .’m c and F are approximately equal as would be ex-

g

pected for. close-lying elect:mnic States. : S , ..

Thevezyweakbmdof?*! at 63466 ca’,

calcuiatien of v in"F as 392 @ 1

cssignod 21 allows

The bonds of G- e X fom the most extensivo series in this -
‘x‘Smn of ‘the OCSe spectm The firs: strong. band of this series, st |
09.3 e .1 is ossigned to the erigin (O ) of c - X This dand is |
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overlapped by the rotational structure of t.l(g 1-0 ?ﬁl/of/tho fourth

positive system of C0 . The presence of the latte band, an absorp-
tion feature of the helium source continuum used in the photographic
work, may obscure the sequence bands which should occur ‘to the-

low-frequency side of this origin band. Agam, because G is most
probably a Rydberg state of lmear OCSe, the molecular geometry in .

G is expected to be little changed from that in the ground X state. and,

the origin band of G +_i is expected to be strong. The 0, © assigm:ent.

~of. this band is therefore reasonable. Also, the small vibrational iso-

tope shift measured for tlus band (+ 1. 5 cm ) allous conf:.dcnce im

this asngment.‘ The assigmments of the bands of G+ X are consistent’

with the assign:&ents in the c « X.and F « X transitions, ie. a short

3 interval and a weaker progression of bands migned

to 1 13 n._ The large: nbmtzoml isotope shift (+5.8 co )for chn 3 5

band of G « x_ supports‘ the 'v3 ‘ assxgmnent. The isotope shift is '\»02

@ /quantun. The vibratiohal frequencies in G are, from tho present

% = 1376.8 ca) and "3? .« §22.1 o™},

. The E; X nnd H+X transitions .both consist of single progres-

assignments; v
sions The first s;:rong band of each is assigned to the origin band -
L --k - o )

of -the transition. The frequency intervals betweén successive bands,

which are %498 ca™! in d « X and 4 539 & in M« X , are assigned to

- S
] . S

- . Ll - —

v in the d and H .states, respectivcly. P TTe L e

3 \""‘rﬁ'”‘ ptt

It now remins to assign the syrmeatries of the excited states
- "- ~ qh—
<, F G, d and H and to speczfy the electron canfigurnticns fron which

they arise. To this point (cf. sections 5.A.1-5.A.7), all ‘of the ¢

<

. PP 79 33
singlet states arising from the cunfigu%ons--- {n)sc-v_r).--'-—(.!s) (10c)

wr
1Y
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~

nnd-(31r) as’b)kyd have been assigned It was noted 1n Chapter 3

Section 3.1, 2 that the next (to Im. louest energy M.0. (9!1) lies at

'b6ev. belewthe31rM0 energylnocs ’l‘hec, G,dandu stntes

" of 0CSe then most probably arise from the Core-Rydberg electmn con- .

.. figuration -=-(3m)° (Ryd)

The ¢ and G ‘states’ are nssigned the symetries 311(1) and lIII.'I,).
- respectively. 'lhese states a:dse from the electm confimxmtions
: ___( )core(ZW)RY a- Sone evidence exists for these assigmaeﬁts viz.
'For strong @ ) spin-orbit coupling, the tran.-.mon.-. c‘nm . x‘z
&&@d c H(l) * ?2 are both alloved inC, symtry 'Ihe measn:red
oscillator -strengths of these transitions are 1. 1='t10'2 and 1.8x10° 2
_ respectively. The ratio of theseo: oscillntqr strengths is 011/, 018
: ~ 0. 56 It should be noted thet this value is. lewer tlmn the ratio of
the oseillator strengths of the a X and E + X tran.sitions (0.34)
assigned in Section 5.A. 4 as _spin-ozjie '8, 0) components, 311(1) and -
lI(l), respectively. of the eonfimation ---(311)

CO‘I‘O (250 3Ryd m°

larger valus (0.56) in the present case 1ndica.tes a clcser appreach

to ideal (@ _,0) couplihg. From Fig. 3.5, the quantity T M) -

T, 2l(1) should then be mm in‘magnitue than 1, z‘rrm -T, n-"nm
These quantities are 1820. 7 ca” md 2610 ¢n” respectively. This
qualitatlve ‘agrecment botveen theoretical prediction and experiaeﬁtnl
data offers suppert for the. present hwpetheels. Mso, 8 w,lue of 1820 7
ey forthiseaeryseparadenisinpodegremntﬂthdauebtnned
for other mlecules 1n vhich seleniwm is the eeeauwent atoa of grea

Lo Vd . - ) -
testmssie. o"-'___ N

N

B L

o a

n S mgtaepripe
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‘(a) The energy separation of the zeroth-vxbratmnal energy levels of -

NH (1) and 31'[ (1) states of the ---(wg)com(Zpo )Ryd configura-

tion of CSe has been measured( ) to be 2019+40 gn 1

t
8

(b) The sp1n—orb1t coupling constant in the Zni ground state of tho
radical HSe has been reported(m” to be 1815*100 co 1

From Table 4.2, sz“(calc ) for OCSe is 15943 ‘@l, The firsc

~

ionization potential of 0CSe is, from this work, 814362100 'cm'l (?II

ocse’ average) c.f. section 5.A.8). Then, from equation 3.4, 0(2pd)0CSo

1

-is 65493 em™ ", If the G -and c states ‘are correctly assignod, the nverago

A

of tho T -values for the G+ X and c * x transitiom; nay be. taken as

1 ' N

.bemg an approximation to 0(21:0] This quantny is 65298 9 The.

ekcollent agreement- bo:u:en- tho caf\lated mid oxporinontol tom values
supports the present nssignmohts o |

All of the bands as:.igned to G +x andc - X (but not F - X)
are diffuse. The diffusenoss observed in tho bands assig'qed to transitions

&
to lower excited states of OCSo has been ottributed to prcdissocintion

by a noighbo;ri:g{‘.d;.ssociatuo (1) stato (c f. Scction S.A 6)
The bands atc +Xand6¢-x aro not as difﬁzso as’ thoso at

E«X. It is not, . however, tmreasonable to nttributo tho difiuscnoss
of the bands of the _fornor ;ransition to prcdissociation by thi_s ‘1}1(1)
state. | The analysis of ¢ and fi. as being of the sazmo syczotry and a
Quantuz- m.:nber is consistcnt with this intarpretation.

The mlogous (1420 A - 1550 A) ohsorptxon systes o. 0CS has bccn
. mvcstigated by several authors(” 77,108 109). This absmtion systm '
is rcmrkably sipilar in sppearance and intcns::y to the oCse. spccm:n
in the 1560 A - 1420 A reglon. W(IGS) has sssigned the smotnes

lr
of the cxcited states in four glectronic tra 3::2&.3 of XS ui’:s‘,h

;
Ly
i
i
;-
i
i
.
v
iy

|
¥
!
|
i
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”--these states arise were not specified. As will be shown in Section 5.8.2.,

aliowed transition. " As has been proviousiy'stated the fact that the

122

occur iﬁ th”is'spectral region. These are: E 1 or 311(1), 1or 311(1), i
lor3

Jnay and' R 15 0%, However, the conf;gurations fron which

good e\mQYe exists for tho ass1gmnent of E and F to the states 311(1) B

and M(1) r spectlvly,of the ---}(3n)com(zpu)ny 4 configuratxon and for the’

assigment of N to IE (0 ) of ‘the conf:.guration ---(31r)3 (2pm). N
'I‘he measured oscxllator strength (2.4x10" ) of the F « X tronsi- L )
tion of 0CSe is largor than that measured for either G+FX (1. BxlO ) or ’

¢+ X (1/1x10 ) 'I_f_lus is taken to indicate that F_*-l.l is also an - B

bands assigned to F o« i\a.gsharp-headed indxcates that the sym=etry, -

and ﬂ quantum nuzber, of Fis different fmﬁot of either cor G. In .

the "'iscussion of the correlation of the states, nhich ariso fron tho

°°“f18“1'“ti°ﬂ/ "'(“)core ﬂPﬂ)Rya between the spin-orbxt coupling cases - .

(A,S) and (Q ,w) {c.f. Chapter 3 Sect}on 3.3 ,3). it was pointed out
) D 1.+

~ that the transition L)+ x‘r* s fully allc\red in both oouplim;

cases. F here assigned the symetry z (0 ), cost prohabl)r arisos fro:n

the 0CSe configurntmn (3ﬂ)com(2p1r)nyd. Also, T Zp (calc) for CtSo :

, .fron Tablo 4.2, 16782 - F 1. The scparation of the origin enorgy of

FeX from L.P. (OCSo) is' v 16899 & ‘ This agrocmcnt of the calcula-

~r

K

_tcd and cxpormcntal -tern’ valuos is obvious support for tho pmcnt ' o

Y

assxgn:aent .

1

The nssi@nent’s of tho symotrics of d a.nd H is somcxhat tonto:hro. .
The measured oscinator strengths of :ho d+ X and HeX trwioiom

are 3/7Zx10° ond 8.6:10 3, rospoctivo!y. Bﬁzmo the bmﬁs assignod .
to theso° transitions are slightly diffuse, it is probablo that :hoso a K

P
R R
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states (d and H) are both of 2 quantum mumber 1. It is ‘unlikely. that
either d or A arise from the electren conf:.guratmns ---(31:) !

coretzP“)Ryd
because, as has been dlSC‘ﬂSSEd in Chapter 3, Section _3.3 3 the transi-

tion (from i' 1%y to the state ‘12*(0") of this ‘configuration should
alone be-of observable intensity. Rather, an assigrment of these states

in terms of the conf1gurat10n ---(31:) (:'»dl)Ry d of 0CSe is }rmposod

) -

It was stated in Chapter 3, Sectmn 3.3.1 that, for molecules
containing a large end-atom, the molecular and large end-atom torn ‘values
for correspondmg Rydberg series members should be similar. For

atomic selenium, the largest tem value for the d Rydberg series is
. (76) . :
v 13380 em -1 . 'l‘he average of the T,- - values of the d -+ x and H - x

1.‘ -1 1_

transitions is v 67221 cn 'l‘hen 1,P.(0CSe)-67721 cn

- If the l'atter_ qixan‘t'i"t).";is‘ eaken as an approximation to ‘I'Sd‘of 0CSe, ‘the

agreement between-'this vaiue and the Sel  term value allows scme confi- o

= 13715’ cn

dence in the present hypothesis.-

However, a problem which arises ‘in’this assigmnent is the fact

core(m)ityd’ '
3 R - o
"-(%reﬁd“)nya ---(311) co m(3‘:!:3)“)"1. are possible. The corre

" that seve_ral F (t{) (m!)RY d configurations. vxzr«(Sﬂ)

-lation of states, bétween the coypling cases (A,S) and @, .w), for tho
first two of these cenfxguratmns should be similnr to the comletlem
‘shown. in Fxg.‘s.s and Fig. 3 6. For the states rhieh arise from the
‘configuration ey (Sn) (3&6), a comlntien diagrm zay also be drmm
If a Hund's rule erdering of theee stetes {in (A,S) ecupunmis assmed
then . S :

) Transitions (fm X2 to the states '1(1) and S2i) onty =3
this eonﬂgumtien should occur with obsenable inteesi:y ard
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" (ii) . The separation of tho origin energies of those transxtions

' ---(:’m) oore(w)nyd or" from ~--(31r)

. applied here to obtain ostimtos of tho bond longths Teo and Teq

]

should be intemediate in magnimdo bemen |x] and lnl and should
tend. towards IAI as the coupling npproaches pure (0_,0).
Tho separation of tho origin enorrgios of the d+*Xand H« x
tron.-ht:lons is’ '\- 1861 [~} 1. 'I‘his quantity :ls similar in magnitude to

tho valuo of T (G + X) -‘T (c - X) If tho difﬁwonoss of the bands

of d + X and H <X 13 attributed to predissoczation by tho dissociative
i state, then the. assig:monts d 3n(1) and n (1) are reasonabie, -

However, .it is not possiblo. on tho basis of the present expérimental
evidenco, to stato uhother d and H ariso fron tho conﬂguration '

5.A.7.3 Bond l.on in tho ¢ F and G stntos

Soveral mothods. by lﬁioh the bami lengths in the ucited states -

_of 0CSe may be caloulated havo boen givon 1n Section S.A.5. 'I‘heso aro

fsin thea

excited statea c. F and G. ‘nto assignmnts and intmity data quoted

in Tsble 5.8 havo boen usad 1n theao calculations.: Becanso |

) . m of thmtates m Rydborg sutos of linonr OCSa and

(1) The chk—(:ondon inter |
comems ofc~ /x. Fo:mdcq-xm remrublr siniln- .

)

ity distrihutims mg vlbmic |

. - and
[ %
(un mo Frmck-{:ondm intmlty mxim lios clm to t!m origin
in oaoh cnse. ‘*}"_ - ‘

S e ge
bo only slightly ohmgod fm r.!w mlawhr gemtry inX't. |

X \:10 nolooular gom:rios 1n c. P ond G m oxpectod to be slmilnr end

1,

o “ g 7




et o

125

The results of these calculations are shown in Table 5.9, S_in'ce |

the excited electroq comes, in each case, from a bonding oi-bital bond ) L’
lengths are expected toincrea.ée. ~ The bands assigned to F e X and

G+ X are re.d-degraded Then, B (F] zmd B (G) < B (x ). An increase

in both bond lengths, from those in X(}z*), is expec_téd in Rydberg

"

states of OCSe (c.f.- Ser.t ion 5,A.5). . Accordingly, 'th'e bond lengths

of Franck-(:ondon possﬂ:illty (nr) are chosen in each case as the dest

approximations to the actual bond lengths in the c. F G states of

OCSe.' The similarity of these calculat

bond lengt_t;s to those .
calculated for the E (Rydberg) state (g[f. Table 5.7) of OCSe should =

be noted.

5.A.8° Descnptlon and Analysis of the Bihds of OCSe in the 68295 cn . L

(1463 A) - 82165 en” (1217 A) Region,

. 5.A.8.1, Descnnnon . L L ~

The McPhersen monochro::iator was used, in this work; to ‘record,

v . ' i ® ‘
at dow resolutign," the sbsorption spectrum of OCSe vapour in the 1464 A -

1217 A rcgioh. A're'cording‘of the spectrun in this region is reproduced “
in Fig. 5.?'. The absorption bands have been arranged into sevoral

‘progressions in which the frequency interval between successive pezbers

-1 -1

~ 1350 cn'l is also pmminent in thc spoctnu. ‘me follwing foatures |

- are dxsnngmshable (c.f. Fig. 5.7): |
: . o
ol . . o . -1
(i) "Sovcral zoderately strc‘ag bmds of frequency interval of 530 cs
«  which are assxgncd to tho H - X tmsium (cf. S“ﬂ\sty .7). The

first cechor of this series is t.he‘ ms; inteasg.

-
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Possible Band Lengths for OCSe in the c. E and G States.
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_These .are assigned to correspond to . | S

* vibronic components of G «X (cf. Section 5.A.7), The ' !

(ii) A series of ﬁoak bands,

mtens;ties of these bands decmase to highcr energies.

(iii) A short series of moderately strong bnnds wvhjch form a
progressxon of frequency mterval of » 511 cn 1. These are
asngned to t.he electronic transition 1« ! The first venber

of the progressxon is the most intense. These bands extend

from 1439 A - 1408 A - , L

(iv) .A short series of strong bands, which are assigned to another
' | electronic transition viz. e - x The bands are arranged into
“two progressions. The frequéni:v ,interval between th§ bands
of the major progress:.on which extends from 1423 A ‘5685 A
is 527 cm l. ~The :ecom} renber of this progression is the
. most intense. "1'he first (and most “intense) mnbe'r; of the
first and second progre'sﬁon‘s are scparated in energy by ~ 1397 cn'l.
(\})_ A'series of very intense bands, which are assigned to the E o ;
electronic tmsition.;*i These bands, which f;iru'iﬁ B

“1, oxtend fron A ‘ k

4

progression of frequency interval of ~ 512 ¢m |
v l1388A-1359A.andare.nexttothebandsoftheﬁox'_ -
transition, tho wost intense featums ocbserved 1n the (l:Se '
nbsorption spcctrum 'rhe intensity decmases somuhat
unifomly from the first to the lnsr. mecher of tho progressicn,
| (vi)  Overlapped by the bands of Jex are_a weak series of bands which

1 'nm&c '

forn.a pmgression of frequcncy intervals of ~ 506 cn
bands uhich encnd fm 1381 A - 1363 A are assimcd to the

transzticn f- 1. : ' 3 SR

5
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(vii} A short series of weak bémds, which fofm a progression of " -
frequency iflteurvali" of v 482 cm"l, ‘extenés ‘from 1348 A - -
1330 A. The first member is the most ihte_nse. :l‘hose_bands
are assigne}d to the tr:méiiibn l-( - i - _ - |
o~

(viii} 1In the regmn 1330 A - 1212 !\ the OCSe absorption spectnm

@

cqn515t5 of a very complex series of overlapping bands. -These ]
bamjs 'could"no‘t be :Iarranged into progressions in a repeate.'&" - “
» - frequency i.nterval. They remain unass;.gned I!owéirer? these
| bands appear to convergc to two strong, broad, equnlly intense .-

i
absorptlon features at 80710 co -1

and 82163 e @v - 1453 cn )
These latter features arce asngned to tho limits of the Rydbetg
seri'es of 0CSe i.e. the average of the energios of thcse
absomnon features correqponds to the cnergy of formtion

/
(from OCSc) of OCSe m xts ground (x I!‘) electromc stat{a.

The measured frcqucn‘cies rclntxve ~int.en.-1ties, gn_dﬂas_signmnts

of these bands are given in Table 5.10.

" 5.A.8.2. Analysis

As has been discussed in Section S. a 7, the absorptim spectm_
which corresponds to a Rydbe:g tmsition of OCSe shows a distinctlvc
1ntcnsxty distnbunon and frequency interval pattern. - Tho intewal of. .
~ 500 cm -1 has been consistentlv assigned in this work, and in that of

savia, Galloni, Di Lenardo and rrom'aem“”

to "3' Also, t}xe intewal
of ~ 1370 cn ! has been assigned previcusly to “1' - Atl of the oxcited
"clcctromc s?'atcs here discussed arc, zost prodably, Rvdperg states of

linear OCSc ~They arise fron the sazo “core” eleczron configuration

v g o

(-
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'*-; P -"rhnm 5.10 L
Measured Bands of OCSe in tha 68295 " (1454 A) - 82165.cm 1
(27 &) Refion.
Band Frequency*(c@f¥)'i Relg;ivq lntensxty - l  A Assignmcnt ,
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. TABLE 5.10 (cont'q) -
| ~w
d Frequency (cm °) Relative Intensity Asszgnnnnt ]

e _'Electranic Vibronjc -

7306 . 43

$

73383 P

0

e Mt MWt Gyt Catetr G
L p ..
M opuo D D M b X
C?tiC’h-

B S

£ A

4

a6 3 -bg--[lnu)«‘-"“:*]

8

| 74660 o 21 . 1
|

/ © 7515%. L e 12 32
| R A T A P BN
75626° . S uad
75873 . Sl e o C u.a
76263 o o T T T U8,
67383 S T N o wa.
76775 . - o . .u.a.
77340 . ) . - S R L . . ’ u.a, ‘
77658 : B I ' 1 S
7130 .- ..
78113 : e e "_ ' : B g.a. o
78570 Ly ) T ;"  . Uad. B .
787 o FE R SR s v.a. :

o808 - e ,%
80710 o B SE ],‘“'-i,uu. Rydborg series linit (2n3!z<jf§\ |

g1208 - . o E (2113,201:& R

g2163 ' . o o gydb_e:g‘;sm_-i_es%mr‘(zﬁil'z ocse*)

SR - - I : Lo paiy
- et

e

W

4

L

S Vacuum uavenumberSo{ca ) Estinsted accurncy 30 . -1,

Valuas are absorbmw mi.ns, ie. loa!wl / xog OII B is dmm
. \/ﬂ;%f

as tbcl origin bmd ofc X {maa 6 o} (c.£. Fg. 5.7).
u.a, e unassiﬁned~_f‘ ,‘_:: f'"ﬁ- '_'-f'f Z  ,f. - 7 o - B L

A
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-- (3“)3 Because Rydberg orb1€als -are, bv definxtion largely ndn-,a~ IR

bondlng. it is hardly surpr1sxng that these ”l ' arid v*'frcquencies should
v

"be very sxmxlar in each of the Rydherg stntes of OCSe

Y -

The assxgnments of the’ “l and vs frcquencies in th é ﬁ I, h,

J £ and K states are can51stent Nlth the previous assignmnnts of these

quantxtxes. - Also, the a551gnments of the origin (00) bands of these u

“a

transitions which. 1n each casg, is the first (louest-energy) strong band

o

._observed 1n the spectrum COrrcspondlng "to the transition, is consxstcnt

Hlth the Franck-Condnn‘tntcnqxty dxstribution expccted fbr a small ',?

f" “""“—--..

change in molecu}ar geometry upon elettronic excitation These

a551qnments are tentattvc. pending a high resolutxon study of thcse

-

'absorptlon fbatures Howevcr, these vibronic assignnents nre, in general

in agreement with those of Bavia, Di Lonnrdo, Gallani and Trombetti{lzl
(c.f. Table 1. .33, B

LS 1t "

The excited states H nnd 0 have been prcviously assifned {c.f.

Section S A, 7)._ Fron the nvailnblc expnrimtntal evidencsd, tt is not -

P0<51ble to assign unanbigunusly the Qymnctry of thc oxcltcd state I.
ﬂowcver. it xs p0531ble that I is a comp;nent statc of thc -~
(3= )3 (Sd)R d configuratxo?ﬂ' The nuighbdhring d and il states have

hccn assigned (c.f. Sectfon 5. A, ?] ns-states which ariso fron this

confxguration. The ncasurcd oscillator‘ strength of the I+ x

A -
transxtton is ml SXIO 2 ﬂj-~‘ L » .

“l

The separation of the origin onergjos of thc'o . X (f ~ 2 .6:!0'21
and J - x (f ~ 3 5:10 ) transitions fﬁ 1737 €= 1 (Setn bands assigned '
to thésc transtticas wore rctordtd photographically under high te:olutiun,
The bands apncar to.bc s&atp-htaﬁcdjtnd rcd-deh:a»e§.1 o : '

o E ) .

- . Q

o«




_ The cxcited states ¢ and-J arc assigned the symmetrics .3n(1) and l/!l(l)' R | i

" the cchfiguration - (3%) (3pc). " The separation of the origin cnergles
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A i

respectively,because - ' : E - ' ?‘

(1) T3$CI (calc.) of 0CSe "is, fr;)m Tablo 4.2, 10953 _cm‘.l. .If%g: |
average of the T ;valucs fot/the ; +.i and 3 ;‘i trnnsitions |
(~ 71053 cm ) i's taken as an npproximatlon to 03 (oﬁs.);

the energy Bcparatxon of the 1.P. of 0£Se aad this latter -~ : -
l ,' v L: . A :“ a, " ‘

~ quantity is 10284 cm == T (OCSe).

- L -

(ii)  The energy sepnratlon of the origin bands of the e + X,
and J « X transitions is 1787 cm 1. This value, and tho S
ratio of the “meas‘un:d oscillator st_rcnqths of ; - irnnd :! - i |
{0.74) are consistent with the e:'cp'ec__tcd increase in lthc
strength of shin-orbit coupling from thatrin the configuration

3 " ‘ < L X
_ —
‘(h);orc("sa)Ryd (c.£f. Section 5.5. ). | . X

(iti) The excited stato E has been assigned (in Section 5.A.5) to theo
coniponc‘nt state 1Il(l) of the (3;)3‘. .(Zfso) honfiguratitm.'

The bamls assigned to E « X are the most intense observed in

the 0CSe absorption spcctnm It is therefore reasomﬂ:te to " B
assign the vcry intense bands of the c - X and J -« X transxticns

47 .. - - 7
to the sccond (35) Rydberg s-series mesber, -, )

= ‘me excited states f‘ and K are asslgnod to II(II and . I'(I) of

I

~
! .0

we

of these trmsftxons (1801 e ) and the ratio of the masurcd oscillator
8x10-3

' strengths of the £~ x and XX tgan;'itlons (T'b—ﬁ'-"' » 0. 68) WP'POH

.-

thcse assign=ents. Also, where the svcragc value, 472 (7 | {f - I) .

T (I - X)) s 73276 cn - is taken as an nppronnatm“ r.cr a.s ,good agree-
o -

»
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-
3

ncn} is found between this ékperiméntal,valuc and the calculated

- -1
(frof Table 4.2) value of °3po ( 73547 ).

The complex scrles of absorpt1on bands of OCSc which occurs
in the 1325 A - 1250 A region, are not a551gned in this work. However,
these bands appeﬁr to converge to two bggad,‘equally intense features

1 -1

at 80710 cm ~ and 82163 cm . These features are assigned to the

limits of the Rydberg series of 0CSe. The encrgy‘sepaﬁption of these

fearures (1453 cﬂ;ll_is assigned to the spinadrbit coupling constant

in the xzn grOund state of OCSe . The equal 1ntcn51ty of these features

o

1nd1catcs that the.couplxng is near the purc (Q .w) 11m1t.
In e.v. units, I.P. (OCSe) is then ~ 10. 1 e.v. ( x Y OCSe

l.

averagc) This slight increase over the value of I.P. (Sel) = 9.75 e.v.
1s consistent ulth the increase found for I. P. (OCS) - 11 2 c. v.(77)
over 1.P. (SI} = 10.357 c.v.(7®) o ‘ 1
The molecular écoaetry and the vibrational frcquencxcs in the
X 2“1 ground state of ocse* should then be scaewhat similar to‘vnluos
.for these quantities obtained- for thé higher energy Rydberg states of

. ' i L& LA ] S +
QCse i.c. ~ 1.23 A and Teso b 1;?46A~;;~vam1350"§p s V5 ~390 ca

Teo
and “s ~ 490 e, ' g ’

The orxgxn cncrg1cs and the assxgn_cnts of the obsorvcd Rydborg

(76)

-1

series of OCSe are given in Table S 11. Also included in “this table pre

the calculated a'valucs for the 0CSe Rydbcrg series.

<
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oo TABLE 5.11 . ‘ L ,
| _ o AV '
0CSe Rydberg Series. Comparisqn of Expe_rimental and Calculated Energies.
0.1 0.3 - | -\\ - we
n »(00) n(l) v(qo) (1) Av ‘v(average) 3(obs.) an(calc.) :
-1, -1, -1, - -
(em 7} - (cm~1) (') (e (e
nsa: '
} 58367 - 55757, 2610 © 57062 - 57356
o . . | o 0.06
3 72086 70259 1787 71153 | 70483
.- L. - - 15200
» " §2163 80710 1453 81436
npa: T , :
L) . \ ) * R
2 66209.3 > 64388.6  1820.7 . 65299 | 65493
u | C - 0.57 |
3 74176 -+ 72375 - 1801 73276 . 73546
i - A S Ca . 76699
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5.8.1 'Dcscr@ption and Analysis of the 1565 A - 1438 ;4 Absorption

System of OCS C [ : - !

5.B.1.1. l)escriEtion

A very mtense banded absorritmn system of 0CS-occurs in tk [
spectral rcgmn 1564 A ~ 1438 A This' absorption system has been previously \ -l
investigated under low resolut.ion By’ soveral amﬁorstss’ 7, nqhﬂml | |
b'ands_ of this system have been photographed, in. this ﬁor&,' under t; ¢ high \
- resolution of the Eagle instrument. The f'ollowihg features were distinguished |
_ in the spectrum:' |
(i} ' The dﬁminant fent.ure c;f ;his absorptiim’ _'.".ystem is a serieﬁ of very Y L
| intense, very diffuse bands. These are assigned to & progression -

-1 1

“in a frcquency interval which decreases froa ~ 840 ca.” to 725 em | _.

for the hxgher-e_norgy progrossion mnberg._ A ninor progrossion of
. relatively weak bands may also be distinguished. ‘me .firs_t
meobers of thc mjor and‘ ninor progressionﬁ. are separated by the
-frcqucncy mtcrval of % 1742 em 1.
(i1) A short sories of relativelv weak red- degraded bands which appear .~
to be sharp-headed. 'mese are assigned to a progrossion in a
| frequcncy interval of ~ 730 cm l . - o ¢

B
A

L 4
(iii) The men:bers of the najor progressian in series (i) appear to be
m@rlappcd by a series of weak diffuse bands. EnEtever. the. -

gcncral diffusencss of tho :.pcctnm dxd not allow the soasuTe-. | E-eunstl

.ucnt and assignmnt ot' thesc bands.

The mnsurcd frcquencies'. dnseriptims. relative intensities and

ass:gni;cnts of the bands of OCS in this region sve piven _;r_: Table 5:12%
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A low-resolution (McPherson monochromator) recording of the spectrum js

reproduced in Fig. 5.9.

5.B.1.2.n -Analysis

- The intensxty of the abso\\tion band at 63930 cm (but not
that of the band at 64094 cm ) increases as the temperature of the
absorb}ng gas is 1ncreased, (c.f. Fig 5.9). ‘The energy separationx

1

of this band and the strong band at 64788‘cm‘ , 858 em 7, is Elose to ' .5

the value for v;‘ {0Cs) (858'9 cm'l)(SJ These bands a?e assigncd %o

the v1bron1c components 33 and Og of the electronlc transition E « X lz’ e
The frequencv intervals of from ~ 840 cm -1 to n 725 cm { for the other

bands asqaned-to E « X can bc asszgned in confidence to ui‘ This

ass1gnment is consistent with the v 1ntervals assigned fbr various

S(33 77)

cxcxted ‘electronic states of OC The intervals between the

bands assigned to D« x (c.f. Table 5. 12) are also ass1gned to “3' In

-1, (5
the assignment of the-bands- of E +x v m1742 e (v - 2062.2 e )( )
The band at 64094 fl

thc tran51t1on 3~ x. Those [serlcs (111)}'bands, uhich overlap thc ' “\7;
-1
intense bands of E + X, form a progre551on, thh the band at 64094 cn ,

-1 - ‘ .
in a frequency 1nterval of ~ 800 e . | : .

The cxéitcd statcs‘é -and & are most probhhly of the symsetry
‘rn.:;j
"{1) and’ H(l),rcspectlvely, nnd they arise froo the (31) orctzs )Ryd

configuration of linear OCSc. Thc rclatxvc intensities and cnergy

séparatioﬁ of the origin bands of the 3 « x and E o-x transitxons
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P : : L PR
(0.24 and 694)cm 1) are consistent with this intcrpretdtion. [For : . .l

ocs' (x%1,) A = -370 ca ' (77 and for cs,’ & Jr A= <4404 e 1)y,

1

The bands assxgned to E + X are the most 1ntense features of the OCS :%%

sbsorption spectrum (¢ = 4.2 X 10 Liter mote™! 163} atso; the b
! - :

L W 81

agreement bétween the value of Yoso (Qbs.) (herertaken-to be the cent-
roid of the origin energies of the 3 « i and é.+ i trans%tions; 64411 cm'l) ‘ - i%
and that of cZSO_(caié;)'OCS'= 66104 tm'l offers support fo? those assign-
ments. , ‘ ) o | ] . o

‘The sharp-headed red- degraded bands observed in thxs region are

3551gned to correspond to V1bron1c components of a separate electronic

transition viz. D + X. The excited state D is, by anaIOgy with the A

ass1gnments d{;cussed for OCSe in sect1ons 5 A.4-8, most probahly of

N )

12+ symmetry and arises from the conf1gurat1on --(Sw) (4n) Because

51mllar predISSQCIBtIORS mechanlsms are expectcd to be operative in

1

0CS and 0OCSe, the relative sharpness of the bands of D« x indicates S

that the state’ D is of d1fferent n—value than the states 4 -and E.
Act1v1ty of the totally sxpmetrxc stretchzng v1brations “1

and v is consistent with the lxnear—lxncar nss1gnmcnts of thcse trnns-

J .

-

itions. T ) ’ S _ o

&
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5 B.2 Rdeerg Transitions of OCS

The. electronic states a and E of OCS have been shown ((c £, | e '

Section 5.B.1) to arise from the configuration - (Sn) e oretzso)Ry a4

(108) -has imrestigated the OCS speetru:n in the 1450 A -
1350 A region and has a551gned the symotnes of the oxcited states of
four electronic transitions of OCS which occur in this region. viz.

£l °’3n;ilz+ FLor 3y L 3, I O 3« X1 ana W0 . R

- Some evidence is now presented for the assignment of thé E and F -

states (Kopps designation) to Rydberg states of linear acs. 'lheso
states are of 11(1) and n(l) symetry, respectively. 'nxey erise from

the configuration —— (n) (ZPU)RY d' The evidence is-

core

(1) The bands assigned to the (B)E - x and (C)F «X transitions are
double headed. This indicates a.AQ = 1 transition. - )

(n) The separation of tho origin energies of the E - X and F «+ X |

-1 This value is consistent with that found

" transitions is 528 e |
for (vg -vg) in Section 5.5.1 (694 ca” ) and with the value found!’?)
for the spin-orbit coupling constant. A in the ---(u) core of tho
pcs moleeulo-ion‘ (-370 ca )* if the eoupli_ng in the Ryd_berg statcs is
intermediate i&otneen (a',s‘) and ‘gn;,_e).i\ sigilar rointionship betugen.
the values £or (v - 'a" in the first (2sﬁand 2po) Rydberg series
| membo_i's of OCSoand the A constant in thd ---l(!)"'.' core of OCSe®
‘has been described in Sections 5.A.4-8 fe. (V. - B.‘] 259 > (Y -g) .
2po >fal. _ o . "€ I
(1i1) Froam Table 4.1, © 2po (calc. ) OCS is 73350 m ‘nxo nverago of ' ’

the T, - values fer the (Kopp's) F. - x eod F ad x trnnsitiem

0
(71172 e ) zay be tekenas an approximtien to 04, (ehs ). Tho |

" reasonablo agrement betroen thesc quentities is sup?ort for the

T~ . N
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prescnt a551gnments.

Also, it-is reasonable to aséign the excited state N { Z )(108)

, 1.+ .+ 3 ' . .
as the.s;ate E {0 ) of the - 'n(sﬂ),core (an)Ryd-conflguratlon.

The agreecment betﬁeen the-values of °2 tr.tobs.) 0CS,, in this assign-

ment (31817 cm )(108) and the value. of o (calc ) OCS (from

Table 4 2) (73191 cm ) is support for th1s hypothesxs

A series of-strong absorptlon bahds of OCS ~ 77000 e~ hos | 7‘ 'ﬂ

been a551gned( 3) to correspond to the second (here 3s) s- serxes

membcr of 0cs.

-
b

~ Matsunaga and Watanabe(77) havé_repoftcd the enc;gies_pf two

Rydberg series of 0cs, which'converge to the first ioni:ntion

potcntlal of the molecule. These energies -are g1ven, approximately,

by the relat10nsh1ps. _
RI series:- vy (cm ) '90216 - [Rj(n‘o 0. 425)2]
RII se;Ees <V, (cm ) = 90580 - [R/(n + 0.425)7 ].
where n = 2,:,4 5,6,7 in both equatlons. The nagnxtudc of the
3-value (0. 425) indicates that both are p-series. The fact that
two scrlcs, of 1dent1cal a-value, and .in uh1ch ‘carrespending ' -':.g

members are scparated by agprox1matcly the spxn-orpxt couoling

(5) o
constant, A, of the xzr ground state of ocs’ (- 37’ ca” }

indicates that these are po- -series.

¥

The cnerg;es of thc Rydberg serxcs of OCS, ) those assignoents. e

o

and the calculated (£rom Table 4.1) ©n -»alues,._r oGS are cezpared

-~ A

. in Table 5.13. f
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TABLE 5.13

OCS‘Rydbefg Series. Comparision of Experimenthla‘and Calcula{ed Energies., .

0 v ) - vRy’na)

Av
(cm_l) (cm-l) (cm*;)
nsaJ g 4
53788 “ 64094 6394
577273 76831 442
3 - - -
~ 90580 ¢ 90210 1§:§*'370
APJ .
1 71a310008)  50915(108)  go
: o os1210077) goga0 ) 370
1 84990. " 84620 370
5 86880 86500 _..__ 380
o 87950 87570 ... 38050
T 88570 88210 360 - .
90580 90210 370
npo . .
A G v
RIORANON
[E
; 71817(108) i

30580

' . !

1

v(average) u.Bb(obs.) ’ on(cnlc.)
-1. . LN
{cm' ) (cm l)
64411 66104
. 0.15 .
77052 N 79509
- 84249
90395
Doz - | 73990
0.36 : R
81025 ; . 82331
0.42 .
. 84805 85562
A 0.42 .
86690 . 87175
0.43 K
87760 .. 88102
‘88390 et - 88685
90395 "
. :.r\.f
d
an(calc.) j
-1
(= ')
73191 }
82011
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TABLE 5.13 (cont'd) ' . © - L L

: See text for, dis'cusg_sion.
: Where the relationship Tn = R/(n+a)2 is used. . ' ;

: From 1.P. (OCS) = 90395 cn™ -(X’I, average).

. From I.P. (OCS) to 2"1/2 ycse® (90580 cmfl}, L
. _ Rrg
-
~ "ﬁ .
» c,r, 2
% '
5

1 L
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5.C.1, Dcscrlptlon and Analysxs of thc Absorpfuon Spcctrum of cs&__

the 1500 A - 1650 A Reglon.

1.1 Descrlpt1on. )
The absorption spectrum_ofzcszvhaq beenh recorded in this region,

A"low resolution (McPherson‘honochromator)‘recording of the spectrum

is reproduced in Fig. 5.10. The spectrum consists of two very intense

sbsorption bands, together with some weak satellite bands te the low-.

-

frequency side of-eaéh of the strong featurcb Under high resolation,

v -

some rotat1ona1 structure, of these bands coulé be resolved The bands

appear to be very slightly red- degraded and double-headed The measurcd

frequencies, ‘relative inténsities and assignments of these bands are - "

v

1

given in Table 5.14. . T : (P:dj/ .
5.C.1.2. E - - o

A551gnment. cﬁ,{/ |
The strong features of 62082.6 cn”* and 62767 5 ¢b - are assigned

1 ¢
as ;;Z\2:131n bands of the electronic transitions (B) nu(l) +« X 2
Y . ‘
In (1) ~ XIE . respectlvely These states. arise from the con-
8
-1

t1guratxon -~ (n ) (ch ) The weak bands at 61963 6 cn. und 62016.2 o

are assxgned to V1bron1¢ conponents 1: and 1,, respectively, of the first.

»

-qf.these trapsitions. - - ; s

These nssxgnmcnts are cons1stent wzth the, following obscrvatiuns;.l

1i). The small change in the frequency of v [w66 ca ) upon electronic
| cexéitation is. expectcd bccausc the h1ghcst filled M. 0. -and the .

Rydberg orbxtal of CS, are largely non- ~boading. iTh C s bond

lengths. in thc ground clcctronic states of s, ( ) and €S, { Ié} i

}44‘_9,'
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Fig..5.10. Low resolutisn -
absorption spectrum of
CS, in the 1560 X -
1650 X region.
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. b
. TABLE s.14‘ | | .
Heasured Bands of CS,’in the 61900 cn’ 1 (615.5 A) - 62800 ot
| (1592.3 A) Regibn. co - R
. - ) _— \ .
“Band Frequency (cm 1) Relative Intensity - Assignment /
B ' Electronic Vibronic -
| o n 2
1 61963.9 R 15
' 62016.2 v, 1y
_ o 3 rylot 0
162082.6 Lo n,Q) « X7 e 0, :
' X 1 1.+ 0
62767.5 : 3.8 () «X E_g U

- : . . . | - .
Vacuum wavcmmbers (cn ) F.stinted accuracy - 2 o . '

Absorbn?ce ratio log ojl-y Iog O/I ' B is chosen as thc band at .

-

62082.6 CI




(11)
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are 1.554 A and 1.564 A, respectively. The fﬂjﬁc.of 2} in
xcte? J) €5, is 657.98 cm_l](s) : . o —
N T

N —
The cncrgy scparation of the origin bands. of thc C and B trans—

itions is (vc —yB) = 674.9 cm 1. If the- spin -orbit couplxng in
3 P L
the -—--("gl (2pou) configuration of CS, is intermediate between

(7,S) and (hc,@), this value_is consistent with the valucs of the

spin-orbit coupling constants, A, measured for the -ground elect-

" ronic states of cs (A = -440.4 @'y and 0Cs * = 372 a1 8),

- (1)

(iv)

v)

(6

Greening ®*) has calculated. Ty (€5;) to be 18128 o). The I.P.
of CS, is10.079 c.v. 81290 cm -105) | Then o, (cnlc ) = 63162 a

cm-l. The agreement betwcen thxs valuc and the value for thc cen-

. troid of the origin. -energies of the B nnd c tran51t10ns of G,

(62425 cm ) is bupport for these aSSLgnments.

The ratxo of the intensities of the or1g1n bands of the B and c - -

’ transxtlons, C/IB n0.26, is consistent with the 1nterpretat10n ie.

the coupling is -intermediate between (A,S) and (Q ,u);

Tanaka, Jursa and LcBlanc(log) have asa1gned thé Rydberg scrxes

of cs, which converge to the fxrst ionization potcnt1a1 of CS

' Thc’cnergies of members of these series are given, approxlmatcly, by:

RL:- v_'= 81735 - R/(n * 0.59)% ¢+ no= 3,4,5,...
RIT:- v_ = 81299 - BA(R + 0. s6)2 - noa 3.8.5.. |
The 3-values for thcsc ser1es indicate that they age p-scrics - -

-1
The bands of CS, at 62082. 6 ca 1 2nd 62767.5¢cn say be’ the ne2
o, | -
members of the RII and RI serxes, respactxvely. ' . : :
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g

SUMMARY AND CONCLUSIONS o | .

-

An eff1c1ent method of synthesxs of Selenium-isotope carbonyl
sclenide (0CSe) has “béen’ developed in thls work. So, also, has.a new : y o
LmlSSiOﬂ contlnuum source for absorption épcctroscopy of the u.v. and ‘W,¥~“"-\
V.UV, reglons. - : I o _- | ' /t

The ground state fundaméntal frcquenc1es of v1brnt10n of lincar

OCSL have been determlned from an gnalysis of its infrared nbsorptxon

‘ . -

o

spectrum. ‘ o ' ' -
The electronic absorption spectra of both of the 1sotop1c o

sbecies. OCSeS. and Oc5e7? in the u.v. and v.u.v.’ spectral rngons
. have been’ recorded under h1gh resolutlon. Spoctra due to both 1ntra-val-
ence shell and Rydberg transitions have been observed. Vibrntxonal
'analyscé have ‘been accomplxshcd and in several cases, the nolecular
structure in the excited sta;cs has been determxncd by a quantxtativcf . o
app11cat1on of the Franck-Condon Principle. | ' o .

' Thc three regions of absorpt1on, which lie at louest CNErgy,
Correspond to intravalence sholl trans1txons. For two of thcsc, tho

Cchrlmcntal results suggest that the molecula ‘is bcnt in tts cxcitcd

electronic state and‘that photodxssociat1on of the molecule octgrs at

these enérgie;.

[N
o

The Rydberg sor1es of 0CSe have been analyzed in tcrhs-qf'thoA
‘ symmetr1es and electron configurat1ons of the excxted (Rydherg) ‘states.

Quantua—mechanzcai calculations of the term valucs of Rydberg

serles nenhars of OCSa (and<OCS) hava been dcscribed and perfornmd.

-~
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Although “the model chosen for tthc calculatlons was conccptually

simple, cxcullcnt agrcement was found bctwcen the calculated and obs-

' 3}

erved, quant1t1es for both of the molecules 0CSe and OCS.

Thc spin- orb1t coupling in the Rydbcrg states of- 0CSe (and

»»»»»

OCS) has been showﬁ\zi.be intermediate in strength between the cases

(A,S) and (ﬂ ,w) and To tcndltowards the latter for higher cnergy

-

states. The ionization potcnt1a1 of 0CSe has been measured.
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- APPENDIX A.1
. ) o ‘ ’ - . -
. A METHOD FOR SYNTHESIS OF 0'%cse From 0,'°
) .

/ An efficient method of synthesi&‘of this species has been tested
whcfc:Ozls and!nat;ral selenium were used. I; is a variation of the
synthesis of the iso;bpic species OCSe80 and 6CSe78 described in‘Chapter
11, Sectipn 2.3. In this var;aiion; Ols'is incorﬁoratcd in thc.rcactant
isogyanate. | -

Phenyl isocYaﬁide (¢NC)‘wastpreparcd in reasonable purity by two -

methods: ] - : . - = - . .

s L . i
(i} that of J. U. Nef(llo), which involved the reiction of aniline and

chlorofo%m in, ethanolic KOH; and

(111)

(11) that of I. Ugi and R. This nmethod involved thg reaction

of pot5551um tert -butoxide {(CHS) COk] ph05phorusrquchloridc (POCIS)
| and N-phenyl formamide (¢NHCHO) o f | ' ‘ \
The latter method was found to. be the more cff1c1ent The infrargd
;pcctrum of the pur1f1ed product matched that of Ugi and Meyr
| St01ch10netr1c quantltles of 0 gas and Hg were rcactcd at 350°C io
produce red powdered mcrcur1c oxide (HgO) The isocyanxdc was distilled

into this vessel and the mixtore ‘was #;;IEE\QE 150°C for 10 nin. Oxxdatxon.

of the isocyanide to the 1socyanate by this methpd is known to be an - .

&

eff1c1ent process. ocSe was thcn synthes;-ed as prcvxously .described.

Thxs method could also be adaﬂtcd for productxon of 0 CS andiO CO

the h drolyszs -
by the Substltutlon of H, S\and H,0, rospectively, for H.Se in Yy ‘

ot the 018—1socy§natc.‘
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APPENDIX A.2

CALCULATION OF‘THE.dﬁOUND STATE VIBRATIONAL POTENTIAL

ENERGY DISTRIBUTION '

The clements (Vi]uk'of the potential energy distribution matrix
[Vi] are defined by(llz)
‘v e ¢ - | A2.1
vhere, for the uth normal vibration of frequency vy Au and v rclated by-the

5.

cquation __ .
A = dnZe?y ? ' ' B (V3
H 1] . .
/ . . -
and J¢k; an element-of the Jacobian matrix [J¢],‘is defined by
. o - E . ]
P . ow | [A2.3]

;, is the kth force constant. | o o
For each vibrational frequency v, , the elements qf [Vll are required

.
-,

to be normalized, i.c.,
n ¢ _ - o
DT °
v k=1 ' S

[A2.4)

 where n¢ is the number of ¥orce constants.

Consi@éring only the totally svmmctric norsal vxbratxons, vy and v3,.
of linear carbonyl selenide, the totally symmetric xnternal coordinates are
defined by : 1:. ) L o - o

ERL R SR N (a2.5)
53 = 43 - %2 -

s e 4t caocpment jving the
where §. is the one-dimensional Cartesian displaceaent °°Qrdin%tc grvs g .
1 o ) X o




. . it
-lh\Plchmcq} of atom i from its equxllbrlum pos1t1on. Thc relnt1onsh1ps_ BREER
between the clcments C- and n, (the mass—welghted Cartesian dlsplacemcnt7'Qf’*{u\h‘u ;,
voordinates)” and between n, and the normal coordinates Q are given by ' ST
Kiug{ 8 The equation i . ” | -
‘ e, . ‘ ! Sl '-‘T‘Aj-. . - . . v
) [s1 =, [H][Q] ‘ ! : . , : : [Az.ﬁl
can be dcrlved(ﬁiz) through use of these relat10nsh1ps. In th1s equatlon, .
. ‘
[5] is the column matrix of Sy and Sj ang
h h 21y + 2, | L1q + 1'3 v ' o ‘ '
‘ 11 13- f-*11 Y ka1 ¢ 13 ¥ %2 .
[y = = Lo ke
h3y has 231 + k31 - %23 *+ 133 ‘
4L | 4
where .. = v/, 2...'.mi-is'the mass of atom i and 24, is an element of. the
: ij i i3t o o _ S
matrix [L]) defined by | o . | .
] = (1] {Q N SR b )
.The relationship f////' _ o , :
¥ - 2. o e ' .. [A2.9]. )
Ik T Ry o - ' a
can be shown to hold-fbr'the totally symmetric normal v;brat%ons_(vx and v3)
of ocsel 23) |
The known ground state vibrational frcqu°“C1°5 and ‘h° atontc passes
(24 ¥

ray be used to calculate the forcc constants and the. [L} matrix elcacnts |
e
- atozic .
ia this calculation the model choscn is that of-a lincar.ABC typc triat _

; - ; t thc
‘molecule in which the atoms.arc restr;c;ed to- mot1on in the dxnfgszon o A

between-ad'nccht
molecular axis. Stretchxng forcc constants ka3 and kpe _ J

: : . o assuzed
atoms only are con51dercd, i.€., 1nteract10ns between atons Ajﬁnd‘: are &

o . -

- ‘ ] el : S
to be negligibly small. - - P
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APPENDIX.A.3 . -
MEASURED BANDS OF CS, IN THE 46700 en™} (21013 A) -

51300 em”l (1949.3 A) REGION.
i K - )
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. - . o APPENU[X A 3 (cont'd)

‘Band Frequency em” )

49048 AR
Cdszes . N oo
' 49278.8 . “ \_.' b
49358.6 |
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49703.8 <
49786.5 .
. 50059.2 . N “
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. 50482.9 - - -
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| §1237
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hl .

“Vacuum uavenumbers (cn )
observed bands are shghtly d:fque md red-degraded

-These valu‘és are .Jésti_x_nat_cs, relntivc to tho 1nt

~~

Cate)

e 5.

Estinatcd nccuracy 5 ea . an of the

cnsitxes of ncxghbaurinﬂ bmdse




.\ . APPENDIX A.4

- FRANGK-CONDON CALCULATIONS

'I‘he Franck Condon Pr1nc1ple may be applled to obtain a quentitative 5-
- estimate of the structural changes in molecules upon elect:-omc ex(.itation.
The theory developed here is for the case uhere the symmctry of the molecul‘o
is the same in both electromc states mvolved in a tr:msition _
e The osc1llator $trength of a vxbrom.c transition frora the vibrationul\

level v of the ground electronic state to the vxbranonal level v‘ of an’ -

excxted electronxc state may be wntr.en as Coe | ~
'/ . . ' - ) '.
Vot T gt / ) .. T
S XX [ b (@9, (Q“)dQ l2 o C [Ad.]
where K'is a constant
av"v" '“\'\

is fne uavemmber of the vzbroni,c %rms;txon, and _
Q" and Q' fepresent collecuvely, ’\e nornal coordinates for tho

ground and excited statcs, respcctwely. N

-

The totnl \ubratlon wnv unction e (Q) can be untton as tho product of )

a wavefunctmn ¢1(Q1) for euch Qi i. e,

?V;Q)'n_ifl‘¢ilqi)‘_ o _.' S ;

whero n N SIN-S for a .linear noleculy with N muclei. Then .
S Lo N ,
o fV's“" a'; oV:'“ 1. I [n ¢j(Q J][n ei(Qi)]dQl.....dQ11

‘ ‘ ' ao2)
The groum! :md excited stnte noml eoordinates are rolated by :ho cqna:ion _ E
) : " 1'. . _' ) - . '.i ’ (Mé}
B L T o PR



o

If the symmetry of the molecule 1s the same, in both states in a

tran51t10n‘v/ # 0 only 1f r(Q ) .r(Q.) and d £ O only'for-totally

5ymmetr1c ‘hormal coordinates For: those transxtions which- orig1nate from

the zeroth v1brat10nal ‘level of the ground electronxc state, the ground

state wavefunction may be assumed to a good approx1mat1on 10 be. spherzcally

. symmetrzc Then the ground state normal coord;nates can be tnken to be

parallel to those of the exclted statg. Then, equat1on A4 4] becomes
. ) : ‘ - <
TR e ’

R
.and equation [A4.1] becomes -

Q;- = Qi + di B | - e | T .[Ai.S]'

f?',o = Kk o#',o | F’v.,olz

o R L
‘where the vibrational transition moment MW" * is given by

P A T M, (v | S [
- 1=l L f' A
and *’1("'.-;0) = [ Qi(Q;)' Q;(Q;' -o(di) dQ._i - N : - : Faa.a?

183 afprogression for only the -ith ﬁornal vibration in the execited state is

considc:cﬁ,‘thén

. R B
vi,0. vi 0 M. 6x,0)
Ceis e ny

The, § (Qi) can. .bo expresscd as harnonic oscillutor w§vo£unctions. i. o..‘.

3

\' 9 (Qi) - N in "f"&’ w‘p’(-—-—u q;),:

\

N and Vis the vibrational frcquen:y (in o )‘oi the ith nnrnal

vzbra:lon are rciatcd by

‘[Ad6)

1'2.: e a9

A




2 _ 4n2c _ A . ’
N TR Y o S (Ad.10}

e 'Né is a normalization-constant,given‘by
i_ R 7 - - a '
- 172 vy 1/2
N, o= (e 2My

[a3.11]"
i

A
N

and . H (a. Q ) is a Hermlte polynomlal of order ' AN
1

The values of M (v ,0) for harmonlc oscxllatur wavcfunct;ons centred °

at dxfferent points on a g1ven normal coord1nate axxs have bcen evaluntcd in

\

closed ermflls) The most useful values: of M. (v G)/M (@ 0) are: .
iixi (51,0) Fa s vy

¥

| - R - 1a4.42)
f : oo ‘ ! .
M. (0,0) a1+ Bi] - ‘
| ‘ a2 S .
M.(2,00 .1 280y | L ,
-, 5 [- i 1 - Q -,af)]._,_  [A4.13)
. M,(0,0) - v’z‘uesi)‘ (hsi) . R . ‘__ e
- " v G o S E
= ‘ : I Ad. 141
wh§r¢ ‘ Bi‘ﬁ a; fay | | {7 : S | [ ]
] ') R . ’ ! . . . .
2 <q. - s - - [M 15}
and ‘.y iy di | . ) '

if the assignﬁgnts tb “and v b) for two bands of thc spectrua d1££er for _
: bnly fhe ith totally symmetric vibratxonal-;n#p of the excited stato, the
.pcak-nﬁlecuiar cxtinctién cocfficients of”thesc baﬁds (c' nna'cb); the |
g frequencxes nt vhich thcsc bands&grc cbservcd (c ‘and ¢ } and’ the - tranaxticn

.
‘ mozments fbr the bands arc rclatcd by thc expression

Fa % !**.(“i-aio)'lz' L ) - [ad.ae)
-, a PR AP - . N . v . ' . ’ .
. a T My t,.u)

. "The rclatxoﬁship bctwccn thc cxtinct101 cocfficients aud the absorp:ic&zh4/

xntensztics of thc bands of a sPcctrun is

N % - v 3

.-"n(viii) . o CL-




.o
- ¥

. _‘ R I’
€ = Afet . [A4 17]

where A 1s the absorbance (cf equat1on [2 1]), 2 the length of the nhsorbxng

column of gas (1n cm) and c tha concentratlon of the gas in molcs/lere.

-
)

f
In thls -work, absorbance ratxos A /Ab and band frequcncxes for. any

two bands -a and b of the spectrum of OCSe could be measured fron HcPherson .
monochromator traces cf. Chapter 2 Sectxon 2.6). Analysxs of the spcctrun
3 yxelds the vibratlonal frequenues of the vy and v3 vxbrational zotions of

‘the ground and exc:.ted "electromc states. The nomal Zoordinates -coTTeS~

ponding to these motions are totaIly syn:metnc m linear OCSo .

The normal coordinate-change; di may»then be calcul_nted by:use of
'equations [A4.10] - [A4.17]. Because the R.H.S, of eqdétion.[Aﬁ.IGI is a
squared quant:ty, the signs of the d are not detornincd i.e., for cach -

¢ o
totally symmetrlc normal coordinnte Q d may be oxther positive or ncgntivo.‘

?

In hncar OCSe Ql and Qs are totally symetric, and four possible cxcitcd

state structures arise from this - 11culntxon. each of ;Lich could nccdunt ;
_equally well for the observcd 1ntcnsity distrxhution. |
'I'he cqlculgtgd di"‘ the ‘changes in the noremal coo_x-dimtés upon
.clectrdpic tﬂ:xcitﬁtion'my be gtlatcdjto.chanécs ,in_bbnd mxgt_hs. In}\mtr‘ix'. ‘
" for, cquatibn [ﬁftd] nay.beAﬁrittcn as | |

* .. 4 - -
- .

w
‘\\

‘me relationsmp betvccn ni, thc nass wcightpd Cartesign displncc':.‘...r: | W

coordinntes and Q 1s, in mtrix for:matiaa. _



The method of calculauon of the [L] matrix has been described by several -‘ :
. ‘\ N . . , :
authb;s( 8,24 ), For the excxted state . I -\\. )
Lo nl = [L"l,_[,q?-] = w1 [Q"] ,<;+fff‘*'[01 C - [aea20)

Relative to the t;qulhbnum confomatmn of the ground state ( [Q“] = 0),

v

equatmn [M 20] becomes

L

Because the- szgns of the di are undetermned;; the ncgative sign is disreghrdod

-~

For each atom 1, n, is related to the Cartesian displncement coordinata g, by
| r. -="thi):”1/42h;:' B N . 23 B

. ci is t.he physxcal. dzsplacement of atom i from its equilibrimxﬁition in -
ch

\Ehe ground electronxc state upon electronic excxtntion. The e ar; i in 3
--\ S _.,.. [ S ‘ h
the e’quilibrium bond ler';gt;hri 3 ;.of~_ the ground st.nto upon elcctqronic_,c;citn— :

tion is then given by
- ! \.\
. :’:Co . 'Ar"- = ' -

YT ci S [54-23]
_—-}_—.z': - : . P

In linedr OCSo, four- possiblo structurcs result froa this calculntion |

P

'for each excited state (Ql' “and QS' m both totally symctric) Other

cvxdenco, both theoretxcal and experincntal my bo available vhich facilita_
a choxco between thesa possibuitics. _ - o " 1
‘ 3 . * l . | §
LA 5.

e 5 it et T
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