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: . ABSTRACT & - . e O
e : . The m{crpwave spectra of tertiary\butyl ch]q,g!de and tert'ary \
. = 4 iw  butyl broide were observed ‘{n the 8 to 12.4 Gz region using a stark
effect spectrometer w(th a 100 KHz square wave modulation. The T
absorption cell was a ten-foot section of S-band wave guide with a flat- - 4
o Stark electrode in the center of the Juide and parallel to the broad -
stde. } ' . E
’, A11 rotational. transitions took place at the dry-ice temperature
i i , o .
' with the ground vibrational state being most dominant. "From a partial
M ,

resolution of ‘the nuclear quadrupole hyperfine structure the rotational >
constant B and quadrupole coupling constant. eQq were calculated for the™
it two -domfnant. species of each mo'lel:ula.whe centrifugal distortion

constants were showh to be very small and no attempt was’ made to .evaluate st

- them. ' T .
The retationﬂ constants B; and quadrupe'le cj\ngng constants‘
4q were ovtatned for the four species (€2h7),6124, where X was C1%%,
%, 57, and 8%, The value eQq =.-52.28 +1.25 Mz for the case
. where X was c13-7 is a new result. -Thve remaining constants were found 6
“ be in good agreement with the values obtained previously by Lide a
dent), and Zet1, innewisier and Huttner %), The transitions A oets- J
work involved Tower _J_nimbers and frequencies than were used prev'lnusTy,

that {s, the J=1 + z and J=2 + 3 transitions: * .
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s N wows E L w Eop 2 ]
anplo_ys electromagnetic radiatmn in the,sub-mﬂnmeter to centimeter

. : nTdoueTion - ,

{ v g <
B Microwave spectroscopy is that branch; of spe:_trnsopy -which

range - that is, wavelengths from aboutﬂ 3 mn to about 30 cm or”

(

per second and is commonty used i\mi\crowave spectroscopy} The absorp-

Frequencies of 1 g1gahert\ta&00 gigahertz ‘(a g1gahertz is 109 cyc]es

““tion’of such radiation by moderate-sized polar mo]ecu]es at. pressures of

a few hundredths of a tnrr can beobserved and accurately measured by
equl‘ument Iarqely e’lectrwnic in nature... The outstandmg featuras “of *
microwave spectroscopy, fr‘am an experlmenta\ point of v1ew, are the\ease
with which frequencies can be measured to’an accurany of better than nne

part ina mmon and the . effectweness witn wmch adJacent ah&orptiona'

. frequencies can be resolved. even thuugh they flay be.separated by a mere

g
fractwn of a megaher\u = that 1s, to says by“less: than 1/30, ooo cf a wave-; o

number. Furthermore, 'a very small amonﬂt of matemal of the' ord,er uf a
m‘(crogram, s required. N - .

. In nearly all cases the absurption of the' e]ecf.romagnet\c radiatiun
pruduces a change of rataﬂonal energy in the ‘free gas molecufe.’ This
rotatwn is qmmtized and- governed by wsﬂ known quantum mechanical formu'lae.
To a, vnrst and very good approxiﬂat(on, a -hgid rotating body with three
principﬂ methamca] moments of inertia serves as an adeq\{ate mo'lecular

“

mode1 for nény of the observitions. :
A nuriber of types of 1nformat10n }bout individiat m!ecule,s can-

. be obtained by means of microwave spectrnscnpy. including very accurate®




molecular structures, dipole mqmentg, nuclear quédrubp]e coupling constants,
§ % magnetic coupling constants, low-lying vlbrat{ona;l f.requencies.' conformations

and energy differences of rotational isomers, to name a few.

1 1 1 1 1
/a" /a” 0" 10" /o"’ 10° 10° 107 10° 10° chs

TN | l looTcHz tooouuzl I | l

R :

: ) i wool 3p 30j2 03mm 3mm 3cm 30cm 3m 30m 300m " 3km
I

Fig. 1.1 ‘Chart showing the extent of the microwave region o? the E]ectro- )
magnetic. spectrum (from Gordy and. Cook, Chapter 1).

1.1 "The Chemich1 Compainds Used in this Experiment

; the spectra: of tertiary butyl chliride (both (1) ,c1201%
. and (¥ %01V 7) and.terttary hutyl “bronide (both’ (c12H). clzsrmand
) ) (CHH )3C12nr81) were observed in this[expeﬂment
Tertdary butyl chloride (2 -chloro-! 2—methy1propane) is'an organic
“compound, 1iquid at room tanperature. with a molecular weight of 92.57, a
mzlung point of —25 4°c a boiling point of 52 C, and a dens't_y of .
0. 8420 gm/cm
¥ s T&tlary buty! hromide (2 bromo-2-imethypropane) s an organic

" compound Tiquid+ at’ roon tuupgrature, with. a molecular weight of 137.03, a

melt1nq point of 16 2°C a hoiHng pojnt af 73 25 C,/and a density of
dzzosgm/cm oL s B e ¥y




'Jen . As well, the quadrupo]e :oupHng constant was measured for the C

iF 1sotope-only, and' then oniyrfrum a part1a11y resolved transition I

* Both tertiary butyl‘TﬁT“gride and terthr_y'buty\ bromide belong to
a ctlass of molecules called symetric tops, with the chlorine (or bromine)
nucleus.lying on the symmetry axis. The chlorine and bromine nuclei 'earh
have a nuclear spin of '3/2 and hence they act as quadrupole coupling
nuc1e1 Thus \:he rotatienal spectrum 1s no Tonger simple butxg\s split into
many _components of various intensities due to the. nuclear quadrupu‘le

coupling effects This theory is covered in Chapter 2. .~ = 3

" 1.2.a Previous Hork on Tertiary Butyl Chioride  »

The most recent puhHshed work on tertiary butyl :hlor(de was
that of Lide'and Jen!. From the unresolved J = 4 + 5 and the 0= 546

rotational transitions it was found that the effective B value vas

£3017.69 + 0.02 Mz for the (C12H3),c%1%5 spectes and 2953.54 + 0.02 Wiz

for the (CuHa)aCIZ(H:'1 spectes. A\partial resolution of the hyperfine
structure of the J'= 2 » 3 transition. of the €135 species was achieved,
which Ted to B, = 3017.72 % 0.02 Mz and a/quadrupo'le coupling constant,
eQq, of »56 9 %1.5. MHZ‘

The spectrum of tertiary buty'l chloride was, first reported by

Willians ahd Gordy . and structural parameters were calculated subject to.

" several assumptions. Previous to ‘the work of Lide and Jen , an invesﬂgation

of the compound was carried out by Muller, bﬁnnewisser.. and Ze113. but‘ the
(nforméltion available wasvinsufficier‘lt for a re'liab'le_determirpation pf
structures. !

In none of the. prev1ous work was the quadrupo]a hyperfine spectrum

resn'!ved. with the exception of the partial resolution’ a:hieved by Lide and
35
1




A thorough search oF the Hteruture revea1ed no data on this
molecule at frequericies below 18. EHI., 5 # of

A more 'complete tabu'latlon of micrqwavg spectrnl conistants up to i
1967 may be found .iA Mol ecular, Constants frnm M|crnwave Spe:tmscnpy by
Stark (Vol. 4, Group IT, Landolt- Bernstem. NumericaLDuta and Funcﬁanal
RelationsMps inScience and Technology)‘, or Microwave Spectra] Tables

(National Bureau of Standards Monograph ZO, Vols. I-! V)

1.2.b Previous Nork on Tertiary Bugy'l Bromide

The most recent published work on the mcrawave spectrum of

tertiary butyl honmme was that of Zeil, Winnewisser, and Huttner® me.
the J = 4 + 5 rotational transﬂ!nns»and the ‘resolvable hyperfine Spectrum, 3 i
it vas found. for the (C'%H )3 €127 spectes B = 2044' 2+ 0.05 MHz and ’
eQq = 511.6 +5 Mz, and for the (c”ua)aclzar ‘spectes B = 2028.3'¢ 0.05 .
MHz and qu =.427.4 £+ 5 MHz. 4 . '

v thurough search of the literature revea’l‘ed no data on this

molecule at frequencies’ be)ow 20 GHz.

For complete tabulation on this mol ecu1e up to 1967 one may refer

to, the veferences™®, - I B ‘( . 7%

1.3 The Present Stu% of the Microwave Spectrum of Tertiérz }‘Jntx’l Chlcriée

. Both spectra were observed in tHe 8.0 to 12.4 GHz. region using a

Stark [Effect Spectrometer w‘lth a 100 KHz square wave, mndu’lat1on. The'samp"lg ¥
vapor pressure was in-the rgnga '0.040 to 0.050 torr. - AlT spectra were

,'recorded at the dry-ice temperature.




Only. four species were. detected in.natural abundance -

(V2,61 201%, (00,0 61201%7, (cHong) M0 %, g (c1205) o0 2001,

No attempt was made tn ‘Idenﬁfy the less abundant species*.

In a11 cases the quadrupo1e hyperflne structure was part!a]'ly
obéerved and anﬂyzed thus leading to accurate values for B -and eQq.
The parameters thus found were cumpared with those prev1cus1y published,
except for . the (C12H3)3C12C137 species fur which no qu vias previously *

" determined by microwave spec‘troscupy " . . s
[ - d g
1.4 Method of Searching for Spectrum . . '

. Using the values of B, ‘and €Qq previously published as a first
apprmdma jon, a them—et1ca1 spectrum was generateaT‘«.n\is spectrum w?
then used ag a basis. for the exper‘lmgnta'l work. " Tngn, hayh\g foungf.the
requ(red'snecf}'um, new values of Bn and eQq were ‘evaluated. The agree- @ . |

‘ment between our values of .the molecular parameters and those previously ..
published was found to be’ good. |

12062017 spectes, had: o be: tréated differently. In © ..

The (C
this case ahiy By -was Known, to a_first approximation, as eQq had ‘not been
24 s . ! s
previously daterm'lned Hence from-a knowledge df the ratio of the nuclear
35
{4

moments of C and 5137 a value.of the eQq of (:['I37 was estimated and 'used

to generate a theoretical spectrum.. This' method proved ‘acceptable.
*Throughout- this thesis wherever the ¢arbon atom. is referred to.as C, the .
B® isotope 15 1mpneu. No experimental work vas performed on any

cnmpbunds containing other carbon isotopts.




CHAPTER 2 ) R

MOLECULAR THEGRY

{ In this chapter, only those aspects of the-tirory needed in the - A\

.main body of this thesis are given, and hence discussion is general‘ly AR
Hm!te‘d to symétr!c-tup molecules. There is no attempt to reproduce’
derivations; -in ‘most cases on'IY the npproprlnte fonm]ae are g1ven‘ v

3 Most of  the materm in this chapter was condensed from the

man& standard microvave spectro,scopy\.texts. part'qulgr]y Gordy and Cock7,

but_ al;o including Gordy, Smith Trambnruloa,. TMes amf "St:hawlnwg-,

Wol1rab™®, and Sudgen and Kenneyl

2.1, Symmetric-Top. Molecules T - T ‘-L
A molecule !n‘ which two of the.principal ‘ll;ments‘af i»erdla are

equail s a symetric top. >ln general ‘this condition is met v‘men the

molecule has an ;xis of symmetry which 1s trigonal or gruterlé’n A i

Hnar molecule ‘is ‘equivalent-to the case of a symetric top. in which the

* angular momentum about the symmetry axis s zero.

5 2/t The Rigtd Refor Approxtmation
* Let the ‘three principal lmenvtsAof inertia be Ia’ I-h.‘ and I -
The principal mumenzs of 1nert1a which ‘have their axes perpendicuhr tn B ¢
d ° 'the symmetry axis are equal. The mo!ecu'le is'a prolate symetri: top 1f '
g ) ‘a', the axis uf 1east moment of inertia (l \-b I )5 Hes a'lnng the
symmetry axis, The nwlecu'le s an ahhte symetric top If c', the axis' - A
', ek of greatest moment of inertfa (I =lp <1 ). Tes a'long the -symmetry Lx1s.‘




Most of thé symetric-top molecules cbserved- in _th'e microwave region are
projate. : ' ’
ol “1fthe 'a' axis is chosen a1ong the symmetry axis (l = Ih) and *
towi th I>2 = l’2 + P2 + le, whebxe P is the total anguhr momentum, the fey

+Hamiltonian operator of the rutatiunal energy may “be expressed as,

LR P

M 5 E . . .
i * :The eigenvalues of the Hamiltonian of Eq. 2.1 are the quantized

rptatiuna! &rrgies of the rigid prolate symetric top, .e.,

8 e ;[Ba(.m) - (A:B)K2) L, (22) |
where y [ : L ‘ )
‘ i ' . .
LR R 4

' : . 4=10,1,2, 3, ...
K.= 0- tl, 22,43, ndetd y 3

. -

. The magnetic quantum number_ M takes the values 0,1, #2, ..., ) but "o

the field-free rotor the rotational energids do not depend.on M.

The selection rules for the fleld-free rotor are

| W e o= aK

i
wd L which Teads to. the ru'le curresponding to absnrf)tmn of radh:tmnr 5
r
g T B J»‘].l,l . K>k . I




. which is the same as tt'at of the ’Hnear molecule.

-

Applying these rules to Eq. 2,2 gives the formula for the absorptio‘n '
(rgquencies\ for. the rigid symetric top

v= ZB(J»I)

P %
2.1.b The Nonerigtd Rotor .
Centrifugal stretching” is treated. as‘ a perturLation of H After.
pfarform{ng the appropriate quantum "mechanical calculatinns, one,arriyes at -
the energy ;srturbati’on due to centrifugal distortion (to Aa first-order ¥

approximaticn) as . ¥ . o 1
! Eél) = < higd?(a)? + 0, 3(a+1) %P+ oy (2.4

in which DJ, DJK’ and DK are the usna] ‘First-order centréfuga'l stretch"}g

. tonstants of the symetric-top‘molecule expressed in frequency units. - ‘

Addition of Eq. 2.2 and.Eq. 2.4 gives the expresslop for the ;

rotational energy of the non-rigid pro_’late §ymetr1c—t0p molecules as

1)

£y = B - (8) - 9%y .
S ? 2 % B
- DJK(J*I)K (2.5)
§
For’ the oblate symnetric top, (A-] E) in Eq. z 5 becumes (c- B) Applying
the absorption se'lectlon ruTexJ - J+1 ‘and K % K one gets the rotational ‘ ..‘
frequencies - - | ) o :
s V= 28(0n1) - apyan)? - 2ny,(ar1)i? ' : (2.6)




Z.Irc ‘Line Intensities

[ * . From Gordy and Cook”,

p. 155, one has.a formula for the absorp-
_tion cneﬁficient Gnax at the center of* the résonance corresponding to the “
frequency v = v'D, for which the |nax‘)mum absorption occurs. In the special

case where Jv; << T and (A-B)K2 < T,.as is truefor relatively low J

_transitions "~ § G'/
e T e =% 1 -’(%—5 (2.7)
5 . (3+1) : S &
3 ' | . . -
where L, . . s : ‘
g % : : 2 B
\I =611x104F|Cu2ugnglAE & ar
(av)y T k
A

and F - fractmn of mo'lec\f'les in the. particular state observed o
i= fracﬂona! concentration. of the isatqpi: spemes observed ;
T .= temperature of observation in ahso]ute sca\e
i u = molecular dipole mbment in Debye un1ts ; "R »,'
(A\:)l =-Tine breadth |n MHz fora preskure ofl -mm of Hg when T= 300°K
A,B = spectral constants in GHz units /\ )
v gK=lforK=0;=‘2furK>D

. Vp = resonance frequency in GHz.units

i £ g . "o ¢'= symetry nimber " '\\ . i b a
gyl = veduced nu:\ear[stitisticnl weight factor. g % b

: 4. - ’ .
2.1 Opttrum Regton for betection of Rotationdl Spectra . .

By equating the derivative of % with respecg to J to,
T.zero nnd by solving for Jopt one can pred\ct the spectral regiqn vhere the

rotatienﬂ absnrptfon Hnes of symetric-tnp mnlecules are strrmgest The




& x ) ‘ 1 .
calculation is further simplified by setting K=0, since one is ogly
lnterelrsted in the gedieral’ spectral iregion, and thus the pmb‘len is reduoed

to' that of. a Pinear molecute.* Fron Gordy and Cook7 oné has’
o ® 5.5(1/8)* (2.8)

oo TR
(in H" 28 + 11(BT)% . " (2.9)

whlere B is in GHz and T is in %% Th'e optimum wévelength in millimeters s

i " ke ’ 300
. Kot b1 mm)im S ' (2.10)
ot J. .+ 11(BT)*
2.2 Symmetric-Top Molecules-with Nuclear Hyperfine Structure
Nuclei possess a spin angular momentum ! which 1s represented by

an 1ntegra1 or half-inbegrap quantum number I whose value is dependent on

/compos{tion ‘and structure ef the nucleus. Under proper conditions the
uclear spin angular momentum can couple mth the rotational. angu\ar -

momentum to produceé a. hyperflne structure |n the rotationa] spectrum. This

. charge distribution.

coupling,may be magnetic, or e'leétr‘u:. or both. The most impgrtant is )
e1ectric,'thai is, the electric interaction of.the T_o]ecula/ﬁ@]ds_mu_:
the nuclear moments. g .
' For a quadrupole 1nte‘ract|nn 1t |s ne:essary that the nucleus,
possesses a no%ishmg qua*rupn'le mnment which results from a nonspherical
charge distribitidn in the nucleus. Such a charge d{strihutign is found in
nuclei witha spftn angular momentum greater thin '’ 7. The interaction
between the nuclgar quadru;;o'le rioment Q and the electric f|e1d’ gradient’of
the molecule at the quudrupb'le nucleus’ provides a mechanism through which’

I and 3 can coup'le Q can. be eithTr positive or negazive, depend!ng on




. . & E 8 : 4
Mplecules  in the ‘qround state have singlet & e1g<_:tru’nic-states. 5
A11 their electrons are paired so that to a first-order approximation their
e'lectronic_magnetv’sm,',whether‘ From electron .spin or orl;ital motion, is
cancelled. When the #oTscules are nok rotating,, the molécular magnetism
is cancelied EV.EH in hi'ghe{ order's of approximation. However, the end-over-
- ent rotation of ‘the moTecule generates weak magnetic Fields which can’ %
“dinteract wﬂ:ni lhe nuc]ear magnetic moments to produce a slight magnetic
spﬂtting or. d1sp]acement af the- hues. This magnetlc dlsp!acement is
usuaHy one or two nrders of magmtude ]ess than the sphtting caused by
the.ﬂuadrupu]e coupling. - Hence we shall: concern ourse\ves with”the nuclear

quadrupole coupH'ng hyperfine structure only.

el guadrugole Interactjons by a Single Coupling Nucleus b

. Forsan external-field-free molecule the nuc1ear spin 1 1s coupled -
tn the molecular rotational angular -momentum Jto form a resultant F. A4n
£ Ehe first-order treatment, JZ iy stij1 a constant of the motion. .The goudl"
quantl‘xm number§ are now F, MF,' d, andv‘l.

(F = 0+, -1, 041-2, i [0

- Me

[0 P A (2.11)

J =0, 1,2, 35

Frnm quantum mechamca'l considerat(ons we arrive at agrst-
order appraximatwn for. the enerqy due to nuc!ear quadrupnle coupling in
a ting molecme ' .

(1) =

o2 i
W [3/4 c{c+1) - J(.J+1)I(M)] (2.12)




‘.

where .‘ T 1 ) & s ] [ :
fem L e - s 1w 2 <
e is the electronic charge = ) o oy ‘
i _Q is the nuclear quadrupole mment ) N

and ay is the average of the field gradient (the second-order
partial derivative of the potential at the nuc!eus in .

question) in a space-?l;(ed axis.

. YQ is a(measuré of" the deviation of the nuclear shape from spherical o
sygm;try. A po‘sj’tive Q indicates that the nucleus is elongated along the = .
sp'n,axfs.,.lnd is prtz’late;'a negative Q lmﬂc‘}tes _that the nucleus is

flattened along the spin axis, and is oblate. For a spherical nucleus, Q

~ vanishes. . ° = | : Mg

_)m' .

.. the sylm\etry axis,

[ Nuclear le Coupling in Symnetric-Top Moléciles

The most comon case arises from a sing]e coupling nuclet[s\on

he appropriate formulae follow: : . ° ¥ ) %,

rq I:IT”IT = 1:[ ' ’ . (z.u)
e’ where 9y is the field gradient a'long the symnetry axis. The resu!ting
first-order quadrupole energy of the symetr!: top is, .from Eq. 2.12,

L E‘gl?-eoq ﬁ"m—-]v(ur) o ‘u”f_.‘z'”),

! where v . ”
' . . V(J 1 F) 3/4 ¢ c+1 - { I+1 f J+1 ' iz‘“)

‘uand eQq is, genernl'ly referred to as the nuclear quaaf'upuiev-coupﬂng ‘constant.’




)

]

Selection r‘u?es, for hyperfine transitions 'in rotation absorption
are ’ = s

X - : |
gl L FeF S Fafl 1T Sy .
i : .

Hence' the rntaciangl frequencies ;erturbed by quadrupo'le coupling are

\
G

2 ; :
o Foe00 ‘:j%‘;_,—n— - r}vuu,x.r:) “YO.LE)

where F!' = F, Fxl, 'v

(2.17)

0 is the "unperturbed" rotatiar\a] frequency which

would be observed 1f there were no - quadrupule coupling. R
i Appendix B contains numerical tabu’!ations pf Y(3, l +F) fur various .
7 va1ues of J, I, and F as weH as the re\at!ve 1nten51tie§/f the individual

*-hyperfine components: ’

2.2.c Second-Order Effects in. Nuclear 'Quadrubo]‘e Interactions
d

I The first-order treament outlined above accounts very saﬁsfac—

tor(ly for .the. quadrupole hyperfine structure when the spac‘lngs of the
rotational’ energy 1e~qe)s are 1arge cnmpaxed with the quadrumﬂe sp’litting.
In this experiment it.was found necessary to apply second order corrections:
For the synrnetmc top molecule the expression for the second-order t
quadrupole energy is rather cnmp'licated and wiH not be “Feproduced here. :

" Appendix C contains a tabulation of the. second-order. qundrupole

jies for the linear and s_vmnetrlc top molecule for various vatues .of

enel

"‘.], I, and F,

Further -information ‘may be found in references.7 to'11.

=

2.2.4 Relative Intensities of Hyperfine Co ofponents

. The relative 1ntens1ties df the components of a hyperfine
llnntip'(et uf a parncular rotacinnal transltiun are given hy the fol'lowing B




= . molecule. The summation i over _a'l'l the nuclei and eléctrons. in the

. F+1 » F % .

"formilae abstracced' from Gordy and Cook Vet

For J-1+ J . - .
Craf Dot . g s B
LB @)@ it
P °

Y. -

. “B{0- m;(a LF4 1)(.1 Fole 1)(a FoI- z) . .

. where B is a constant whfch depends on the strenqth ‘of the unsp'ht Tine.
Appendix B contains’a tapu1ation of these relative intensities. ; S

.

2, 3 _Smetnc Top Mo lecu'les and Applied Electric “Flelds

"5 .One of " the basic requirsnents for the existence of a pure

rnta\‘.ional transnion ina ma1ecu1ar spectrum is the-présence uf a pen’n‘anervt

Cor induced dipo'le moment. ThIS permanent dipole moment may be represented :

;. by a vectur v whose magnitude is measured by the distribution-of charge in

the molecule and the distance between the centers of charge. This may be
" expressed as * t i S Y o K i

i, e1r1 e B

where e; is ‘the charge of thz ith partic’le and 7 is. the vector distance of ..

that m. particle -from, the origin of‘a coord1nate system Fixed in Jthe -

molecule. L - !




Existence of a dipole moment causes an interagtion between'a
ruming ma1ecu1e and a static electric field. The rotatlha'l energy
'Ieve1s of the molecule are perturhed by the external” f{e‘d thraugh this

interaction, which is called the Stark Effect. From the _Stark effect the‘

.most accurate evaluation of electric dipole moments of gaseous molecules

can.be made. ' It 1s also useful in the identification of pure rotational

transitions-and is widely used as an aid in the detection of-sp'ec'trai"'Hnes. *

5 o . )

1232 metru: qu Molecules without Nuc]ear guadrugale Coug’Hng »

“In m1cruwave spectroscupy the Stark energies can be eva]uated

% with s1gn1ﬁcant accuracy frnm perturba\is?on theory. Linea( and syrm\etrlc-

top mo'lem.nes hdve a dipole. riament. nnh« along the symnetry axis. The
first-order Stark energy is>s1mp!y the average of the Hamﬂtnman due 40, “

the electric field ke over the unperturbed rutationa] state Fpr the
symmetric-top molecuté one has . S &

i g R (y, v .o g i % ;
N B - gy ~ oo L, (2.22)
where M3 -J*1r~‘1+2..\ Gl i g .

3 ona] transiﬂon J + J+IWith the microwave e'le!;tric

For ar
vector paraﬂe] tn the St.ark ffeld € as .is the usual” expemmental case,
the se]ectiun ru]es a‘re K~K and MJ - Md' These condltions y‘l’eld “the

) frequency dlsp]acegnent from the unperturhed rotational Tline frequency as
: = A et o '

;

RS

§ 1y 2 afiie N Ky
w8 < 28] sty
" The ﬂrst-arder Stark: Ef{ect was derived an the assumpﬂcn ‘that

the dlpole moment e is 1ndEpendent of the E'Ieckru: fie1d . Actually, the N
.

gt




The, weak-Ffeld case: dz << eQq. 7 - K

a2 N " %

) ST . X
electric field perturbs the rotational motfon, giving rise to an additional

component of digole moment -proportional to the electric field: Thus oné . . -
may-compute the second-order’Stark energy and arrive af the expression
below for the symmetric-top mc]er.u!e A
@ 22 g(az )20 10 R (0r1) 24
s 'Z'h‘E‘ s
: l (20- 1)(Z\J+l) (JH) (201)(20+43)

9 Ly

L (2.28)

2.3.b Symetric-Top Molecules with Nuclear Quadrupole Coupling

The thém‘ry“invo\ved in treating the effects of. applied électric

fields on syxm\etMc top mu]ecu1es with nuclear quadrupole interactions is

commex and only a br\ef ont]fne will be given-here. . '

“In finding the chara er1sti: energies, 1t is tnnveMent to.

‘Eunsider three cases s‘eparatewﬂ

e.vieak-Field case, the lntsvmedia!e-
field case, and the strong-field case: The weak-and strong f'leld cases
are conslderab]y simpler than the (ntemediate—ﬁe"d case, and the greatest 4
vnumhev‘ of measurements ﬂnvg'lving the Stark effect_’ﬁavg been made 1nvo1v1f|g

“‘those stfplér.cases..  Perturbation théory. allous the derfvation of, closed
“formulae for the veak-and strong-field cases' fov- the intemediace field

case a’secular equation mist be solved., . / o . i

B The Stark interaction car be treated as a perturbation on’the g

hyperfine state. The fivjst-order Stark energy of a symetrictop mélecule

KM [F(F+1)+3(3+1) - I(I+1 & i
el 4 ",ue‘“_’TU'UWF_T‘_F[ e ): e 11 i - (2.25)
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The second=order Stark energy of a synmetru-top molecule s nqr-a\'(y only

needed when the first-order vanishes.. Thus forK=0-

@ UL\ ' yztz[M§ S F(FH)1I3D(D-1) - 4F(F+1)3(3+1)] .

£ (K0) = - TR (220
. where B - ’ ¥ - .\ . * “

: D =F(F41) - 1{13) +(+1) -, (2.27)

The' strong-field case: uc >> eQq’

In the strong-field case the applied e!zctr‘ “field is .
sufficiently strong to break down the “nuclear coupliﬁg" betwéen 1 and J byt
not large enough to perturb s‘ignif‘iéahﬂy the rotational state. For the )

synlnetlric-'top: molecule in the s_trnng-‘ﬂeld case the Stark eﬁerql:s are

4 N 2 . . X
. = ef L .
Q" FEI-T)(20R3)I(2-1) [J(+T) ~ : y oy B

x (3= aanead - 114 (2.28)

_ where

04, =342, L W

and 3 5 . sy
M oL, -I8D S92, L 4D
ey

The |ntemd1ate-f1eld case:
The' theory concerning the lntermedinte ﬁ»e'ld case is complex

but eésentluﬂy involves a cumbinatian\o; the weak- and stromg-field

" cases. Each individual problem must be solved separately and computers are

]

'necessury to perform the calch!ations. ;ltl suffices to say that M) and|M;
cease to-be good quantum nud;ers and that the selection rules for M are




5 .
M=0, 1. The formulae will not be reproduced here, but further. informa-

tion may be found in references 7 to 11..

2.3.c Relative Intensities of the Stark m onents

The ut&ia] intensities are’proportional to the square of the
dipole moment matrix elements. TFor no near degeneracies, the intensities
.are very weak. functions of the he'ld and the appropriate relative
intensitles are:
Without hyperfine structure: !
Intensity (a=0) = M2 ' ; L (2.29) .
. Intehsity ([ad|-1) = (32w T (2.30)

; . where J represents the 'Iarger of the.two J vllue(s.

With hyperfine structure: [ i~
" The intensities can be deternined by.a consideration of the
weak~ and strong-field 1imiting cases. Only the selecthm rule AN=0 is,

considered. In the 1limiting weak-field case the relative inbensitves ire
Intensity (s7=0) & 2 . S

y rmnsm (IAF; e (F2Wg) (2.32)

where F'.is the 'Inrger of. the two. F values. ‘In the strong -field Timit !

Eqs. 2.28 and 2,29 hold s'nca J.and H‘! are the good quantum numbers.

Rehtive Intensﬂies 1n the 1ntanne¢iate case where the Stark and quadru-

: poleAperturbaHnns are similar in magnigudz are more. d_lfﬂcu]t tp, obtain.
It is possible tn find ar; apprn‘x{m‘aig so\ntion' by |nterfmlé_t_ing betvee»'_ .

- -the weak- and strong-field intg-‘ns}itiu. ’ ) -
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i ;. CHAPTER -3

EXPERIMENTAL APPARATUS: AND TECHNIQGE

The essential features of any microwave spectrometer are a
source of monochromatic Yadiation with the proper frequency range, a
sample céﬂ , a detection system, and a Ynethod for vspectra'l pres’entation.»
These features are similar for any ahsorpHun spectronieter, e.g. infrared -
or optica] » except that monochromatic radiation is not a'lways used.
Microwave uscﬂlators .are essent{ally monnchrumatic. unﬂké the
conveitiona]” thermal sources for the infrared which produce a continuous
output spectrum governed h:ybth‘e"bhc;k body d%strlbutibn curve, and hence
‘requirg a dispersive prism or gr(a‘ﬂng. At"ner?v}ﬂ tevnp'eraiyres forﬁ g
. thermal sourcé (v 1500°K) the rad‘lat"on,peaks 1in thé vicinity |;f 3.5 ¢ \

" “microns and decreases rapidly ith increasing wavelengths_Heince, at

i m‘lcrownve frequencies the 1ntens1ty s so 1nw that electronic sources must

be used. T o . y -
The ‘e1eECromagneﬁc radiation produced by.the microwave oscillator = -
is transmitted through a conducting metal tube called a wave guide to the

sample.cell ‘and the detector. The cut-off frequencies:and modes of the

wave guide ar-e governed by boundary. conditions specified at the\que guide

‘walls. The sample cell must also act as-a wave quide, while at the ‘same .
.tirpe performing other special functions such as the application of '
éxterna'l electric.or magnetic.‘fielﬂs to the sump]e.and Smﬂ!tude modulation
uf the microvave signal. . . e B .

Detection is normally by crystal detector, and ampricatlon 1s 1

genera’l'ly achieved by eith? de-hand or narrnw-hmd system using




- frequency markers. produced by m|x1ng a sample of the microwave .rarHat-Ion

i of spectral Hnes, a system mamng use nf the Stark .effect was used in

=20,

varymg degrees of frequency or amplitude mdu!a:,.mf The nbsorption Tines -

“are displayed on an uscﬂ!ascope or chart recorder alung with a set of

with.a known reference frequency.

Part A Exgerimenta'l Apparatus |

3.1 The Stark-Modulation Microwave Spectrogr‘gph - An Introduction

To provide greater sensit\vity and to aid 1n the idenuficatlon

this experiment. It 4s usually referred to as the Stark»modulatian method

‘and the technique is w(de'ly uld “in’ microwave spectroscupy. | " "
Briefly, the. Stark-modu]ahon scheme ‘makes use of ﬁrrnhange ln ’

the absurpcion frﬁquency of a molecule when ‘the molecular energy levels are .

perturbed by an externaT electric fiéld, i.e. the so-ca'l'led Stark effect.

The hask: peinciple used 1sdthe mdula{ion 6f the absorpnon of the gas at

ca lnw radiofrequency (100 KHz) by the app’l'cut'nn of a ‘square wave voltage

i

to an eVectrode 1n the wave guide. thus creating a tlme—dependent alternat‘lng

Stark effect.. - . R i

Referring to F!g 3.1, microwave energy from the source is passed

. through the gas to be studled which 15 confined in a wave guide cell by

transparent mica (or Mylar) wﬂndows at each end. If the sou\‘ce 1s tuned to

an absorption frequency there |s a d!mn(shed amount of power received at

the crystal detectar. The absurptian frequency of the gas 'Is being

" o8 u‘lternate'ly sw’tched between twa frequem:'les correspunding tp the peaks

and trnugh& of a 100 KNz square wave electric field based.on zero vo'!taqe.

Hence; the $ignal reaching the crystal detector is amputude—-mudmated ata
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100 Kfiz rate and may be amplified and presented on an o\sci'l!niscupe_ or chart
recorder. Fig. 3. Z‘Shnws ‘a Complete block ‘diagram of the:system used: Thg
3 components will be discussed Tater. R
The spectrum observed using the Stark- Modu'lab‘lan Spectrograph is
considerably more compiicated than that given by the simpler spectrograph’
but on-the other hand, gorresponding]y»more information is disp'layﬁd.
The bptimum Stark-modulation frequency is somewhere in'the ;
netghbourhood of 100 KHz. . This 15 seer after considering the following
:facfors (1) by detecting and amp'llfymg at a frequency of 100 an, orie
. avoids the Tower freq:tncy region where there s a high crystal and source
noise; (2) at higher frequencies the capacitive reactance of the wave g_uide
i © cell becomes ngow that it is difficult to obtain.& good amplitude square -
wave modulation volvtage; (3) if one uses modulation frequencies higher than.
about: 100 Ksz,’the true 3bsorption Tine shape becones distorted. E
[’ . 7 - The ma‘in advantages of this syste] over straight detecé{on and
L amp'liﬂcation at'audiofrequencies without.ary Stark:modulation are: -(1)
_gvea\:er sensitivity ahd hence more’ successful | in detechng weak absarahon
.‘hnes, (2) there are readny available cnmne?cial receivers and amplifiers
il t 1n ‘the 100 KHz region; (3) spurwou; responses caused by standing waves Jnd .
othe(‘ frfzqnenqy 'sensitive devices 1n the wave guide system arg eliminated; v
(4) va 100 KHz' responsé is obtained only when one tunes the source thmugh
an a-hsorpt(an 'Hne, and (5) the Stark pattern of the’ absorption Tines 15

present and’ s nften useful in identifying the trans‘tinn and for measuring

[~ the dipole moments.” - ; "
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3.2 Descrigtion and Dlscussian of Comgunent

Sources: The microwave radiat\un sources were two Hatkins-do‘msnn Backward»

" vave oscﬂmo:s, Models WJ-2020-2 and, WJ-2019-1, calted X and J bands,
respectively. The X band has an absolute frequency range of 8.0 to 12.4 GHz
and the J band has ah absolute frequency range of 4.0 to 8,0 GHz. -Power
.output from both these oscillators is in the ranée 50 tS 100 milliwatts.

The appropriate Bactward Mave Osciﬂator tube was mounted in the

Hewlett-Packard Sweep Dscinator. Model BGBUA The n:apabmt-les of the .
8690A are too numerous to menrian and we only availed Of a few off its

‘features. The BWO tube; when mounted in the HP Sweep Oscﬂ'latur. is tuned _
by a continuously variable ramp vo]tage which is swept by a sing'le turn .
500 K-nhm putentiometer. , The maximum sweeping time provided is 100 secnnds

“and the frequenc_y region bejng ‘swept can vary from the full range of the

© BHO tube (about 4 GHz)  to about 5 MHz. Hence the 51 west sweeping rate
' avallab}e on the unmodified Sweep Oscillator would be about 3 MHz per minute,”
This was found to DL unsuitable” for this experiment{ for a variety of reasons
“to be discussed laéer; As.a rgsult d slight modification in the sweeping
civ;cuit was made. ! The 500 K-ohm. potentiometer was fremoved and rep]a‘:ed by’
a res{stance consisting of a 220 K-ohm vesistor followed by a 50 K-ohm ten«

) turn potentiometer and\then another 220 K-o\hm res{stor, aﬂ in ser{es. The
50 K-ohm ten- turn potentiometer was then conriected to the shaft, uf a 4 tn

24 Volt'D.C.” synchronous motor. ' By varying the d iving-voltage of the.

' nibter it was pcsslble to obtain a wide varfety of slow sweep rates.

Precautions were taken to shield this motor driv device from the other -

electronic equ‘l pment .




.Freguencz measurement:' The microwave energy output of the BWO; via the HP
ss%un, was fed thrnugh a 3db couplef with one portion nf the electro-"
magnenc energy going- to the Labsorption cell and the cther portion going”
to the frequency measuring device, v1a a variable, atte}mator. The.
frequencies were measured on a. Hewlett-Packard Electronic.Counter, Mode]r
5245 eqy‘lyped with the Hew]et‘t-?ack‘ard Frequency Convercér 3 to12.4 GHz.‘
{’Mnde], 52550, The un'It. was "caHb»‘ated in the 'Iélmratory using thzf‘
rotational absorption 'Iipes of carl;uny] sulf‘ide.'
The absorption celli' Referring to Fig. 3.3, ‘the absorption cell ias ‘mde
of a ten-foot piece of! S-| band wave guwde, interior d‘amenslons 2. 840 1m:hes
by 1.340 mche$_ The ends of the cell were vacuum sea'led with mica or

Mylar windows -utilizing the appropriate 0 rings and vacuum grease. The

. s A
ends also had Flanges, on tu whx‘ch tapered.sections - of vave ginde could be
attached to-facilitate the further attachnenf: of :the appruprnate X— and

J-band equipment. The 1nter1or d|menswns uf the X- ‘and J-band wave guide ~

" are 0.900 inches by 0.400 inches and 1.372 inches by 0.622 inches, respec-

tively. The cut-off freqdenmes fur tJne comnant TE 10 mode for. the S J,
and X wave gnndes are 2.078 GHz. 4. 301 GHz, and 6.557 GHz, respectwely
The m!crwave radiatvun passes through a seﬂes of wave guide
sections and:then into the absorptiqn cell which holds a small amount of -
samp]e’vapnr The radiation is linearly polaMzed and used in the dum'nam:
TEm mode fur the rectangu1ar wave guide, ° " . .

The TE10 riode {s the mode for which the Towest frequency Df

propagpt1on,|s possib'le. Tms TE ortransverse electric wave is
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i requires that the

A

. Y

characterized by a transverse electric He]d nmnponent m;h no ax{al ) }1
electric field. The electrlc ‘Field vector 1s normally oriented parallel £
to thé shart side.of the wave guide.. However, since electromagnetic théory
Iie!d strength appruach zero at the guide walls, if they

are consldered perfect cunductors. the maximum field strength {s placed at
the center of the wave guide. The magnetic’ field fonns closed. Toops whose
aianes are parallel to the b;ide side of the wave guidé. L

The cell s directly, connected to a vacuum system and 1s sealed |
from the ai’:nos'pnere by transmitting win&ows‘. The windows in our part!cular
cell were uriginaﬂ_y made from thin sheets of mlz‘.a uhut after some
consideration and ~!7e_st1ng it was decMgd to rgp\ace fhe mica with My'lar of
ab‘out. 0.5 mil thickness it was found tﬂa't Mylar caused 'Htt‘le if an} 1
reﬂections and had no significant absorpt on band in our region nf
|nterest. CIn add1tinn 1t was cunsiderab'ly tougher and more ﬂexih'le tlmn
ffca for this experiment. i 2 g

A thin (ahnut 1/8 inch ‘thick) brass septum. insulated from the
wave guide and para“el to the wider edge,- ran almost the entire length af
-the cell. Insu!ntion was provided by mn:hined strips of Fefton’ extending *
the Tength of the wave guide. A s'lot of apprapr(att{h}o&/ss was machined .
.into the insulator. to r‘lg{dly hnld t\he septum at- the. center of the cell.
The septum and insulator strips were npered fear :he ebds of the ce'll to

reduce umvanted reflecﬁons. 5 LA

. The functionof the’ sepI m is to intcoduce modulation onto bhe -

mi:rowave energy passing through he‘ceH‘ 'uhen the vapar is exposed to

,nn electric f|e1d. a sthNng of .the energy. leve]s (stark effect) occurs.

The Stark: effect Teads to. the measurement of dipole moments und serves as

’ .




T R lero-bidsed squarewave modu'laﬂnn is convement fnr the study of.

a means of identifying rotatin‘né'l transitions.” About two-thirds alohg the

length of‘the séptun an insulated“ead was taken from the side of the.
septum and through the shorter wave guide wall and thence to-the 100 itz \

square, wave generatov : % P f

The wave-guide ahso\:pHDn cell was ‘enclosed by a wonden box -

(m‘ide of ons-ha'lf inch plywood and. insulated with one-inch styro- fuam) to.
house dry Ice refrigerant. The hox terminated about 6 inches frnm the;
- cell windows. This arrangement allowed one to chﬂ] the samp‘le tn near a

dry ice temperature by one daﬂy fﬂHng af cri s.‘led dry” 1ce. Asbestos,

abuut oné-sixteenth of an tnch th1ck was fastaned (by glue and staples)

A heatmg wire enc'la$ed in glass tubing r

. to the styro-foam. severa] e ‘I

i lengths along the botcom of the bOx TPns a'l]owed one to ra1se the

tempe\rature of the samp]e gas to' 100 C. e L

'A <., The entire absorption cell.was connected toa _vacuun’system- by

“an outlet.through I!:he ruad s\de of the wave' guide about one-’ Lhird a'long

its length. L . 4 . L . -

igna]’modu}ation, The s|gna1 was’ amphtude modulated by a zero -biased

1100 KHz sqﬂare wave generatur purchased from Industma\' Cumpunents

e was cantlnunus'ly variable up to ZDIJD volts.

Incorporated.’ The yal

rotauonal spec/t;a\b\e/x;ause this technique aHows the absorption Tine as &
weH as its Stark components (M= degeneracy)/to b observed s{munanenus!y.

When ‘the- electric field is absent, the unperturb d absorption 'Hne is

“detected; wher{ the: electric field is present, Stdrk components of the

transit!nn are. nbserved “The two sets of Tines Tan be presented w1t‘u

o
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. opposite phases. allowing the ‘Stark components to be easily disﬁnguished

front thetzero-fie]d Hnes Introduction of modulation 1ncren§es the
sensleity of the spectrometer with respect to viﬂeu nperation by allowing

re'latweu. narmwband; amplification and phase-sensitive dete:uon,

" Detection: The output, signal from the sample ceH vias, detected- by a

'Hew'lett-Ppckard Crysta'l Detector. Modé1 wXAZGA (negative biasw) The
detector element ‘was suppHed wnh the unit. . The oytput of the crystal

' detector was fed into. ; preamphﬁer (purchased from lndvstr{a’l Cnmpunents :
Incorporated) and thenC to the 100 KHz square wave receiver (also
purchased from lndustr‘al Components Incorporated). /

A microatmet r connected to the crystal tem\ina]s was used to
give a measure 'of the average current through the.crystal and also served
as a means. of mon'tarir‘g the pcwer passsng through the absorptinn cell.

The signal strength depends rnughly on the first power of this current.
From the pr‘e-amp'l(ﬂer Fhe signal was fed to a 100 kHz amp]iﬂer equ{pped 3
with phase-sensit{ve detection or more speciﬁcany tne above mentinned

100 KHz Receiver. Th1s‘ receiver had a number of ‘bandwidth selections
ranging from 1 cyc'le to 100 cyc'les' An additional two bahdwidths viere
added, 0.1 cyc!e and 0 025 cyc'le » by sultably modifying the interna]
circuitry of the receiv r. . ’ , h

N ¥ . i

Display:” The nutput s1g‘na1 from the 100 KHz receiver was dlsv'layed ona
Hewlett/ Packard Model 71003 Strip Chart Recorder.. Frequency markings were N

periodically _ami randoqﬂy made on the same tracing by comparison with the

frequency ‘meter reading.! The paper speed was formally 0.2 inches per -
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. minute, whﬂe the voltage ‘scale was usuaHy operated at 1 volt fun scalé

deﬂection

Pressure measurenent: At first the pressure in the ahsﬁrption‘cel'l vas

measured by a simple mercury manometer located in the glassware portion of

the, spe:n‘nmeter Hwevgr, it was soon fo(md that greater accuracy in the

pressure measurement was required and thus ah ionization-type vacuum
gauge was connected to. the absorption cell (the cell was provided with twg

suitable designed inlets/outlets; one of which was used to pump out the

" U cell and admit the sample, the other]was connected to the vacuum gauge]

Ini this experment the Hast‘lngs Vacuum Gauge Mnde] sv1 was used

Vacun systen: * A block diagramigf the vacuun systen is shoim in Fig. 3.4 "

“The manifold is equipped with a number of stopcocks and test tubes for
_maximu;n convenience in handling the gases. The vacuam system is connected

“to the absorption cell'via a suitably machined wnve iri the ‘broad side of

the wave guide. The diagram is essent‘laﬂy self-e; anatary, The vacuum

system and absorptinn ceH were flrst evacuated by .a r‘oughing pump (Welch
Scientific'Model 1402) and then a higher vacuum ‘was attained usinga
mercury diffusion pumpz A liquid nltmgen trap :ondensed most vapnrs

before they reached the pumps. B




- s * 2 o ‘__.wum,».m SNTEA WE 38 NEBUIPS (R e b
S E I , "Aoz1 suiow ,
. ) .,holom,.od ,

! - .. opIsine
~0f .JUap

1189 votidjosqy of




82y

" part Bi Experimental Technigue

' 5 Throﬂghoutv the éaurse of the éiperimenta] portion of this thesis‘
& nusber of, _cherfcal -conpounds were used, namely, tertiary buty! chloride;
tertiary butyl brumde. amnonia‘ tr{methy] tin bromlde,.Freon 11, methyl B
alcohol, ‘and carbonyl su'lflde, The main body of - expemmental work

: cnncerneﬁ tertﬂary_buty] ch]oqiqe and tertiary butyl bromit‘;e. Work on ‘

one or two of the other compounds ' is reported in the latter part of

Y Chapter 4. P ‘ ' i

©3.3 Preparation of the Sample for Analysis -

. Tertiary butyl chlorlde and tertiary buty] brdmde were both
handled in*much the -same manner for this experiment The step-by-: step
procedure fu'l'lnws &

The smaH bottle of compound was taken to the chem1ca] prepara-
twn raorn\ Utﬂlzmg the fume huud‘a small amount (about 5 ml) was placed, .
ina test tube using'a medicine drnpper. The ‘test tube containing the u®
compound was then placed in a bath of Tiquid nitrogen contained.in a‘Dewa.r
flask. This conbination yas then rénovéd from-the fume hood and taken:to
the microwave spectroscopy ‘laboratory. oS ; A\

The test ‘tube (still in the bath of Tiquid nitrogen) was placed

on the glassware system, say at position T2. Previous. to this the

absorption cell ‘and qhssware had been evacuated us'Iug the. ruughn\g pump
- and mercury diffusion pump to a pressure of 0. 001 to O 005. tarr (a 1ower .
pressure was difficult to obtain with such a large volume absurpt{nn cell).
Valves V1 to VlO, inclusive, are c'lused va1ves V11 to V13 are’open. It

G N
n shuu]d be-noted that - the mercury diffushn pump, was not p\aced in operaﬁon

LA M N A
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when th:e_pressure excgeded nbou? 0.100 torr as it is,hasicuvny ineffective ./
at those higher pressures as _well as being ha‘m_fui to the pump. In those
Cases where pressures weré above 0.100 torr, the: pressure was reduced by
closing valves.V11 and V12 and opening valve V10, When the pressuré had

- reached .a suitable level to use the mercurﬁdﬂfusion pump; valve V10 was

c'Iused and va'lves Vll and V12 opened. Note that the mercury diffusion

pump is never used alone but always in conjuriction with the roughing pumu.
Valves VZ and V8 were opened and all. non-condensib'le vapors pumped off
Valves V2 and V8 were, then closed and the compound alluwed to 'thaw by
removal- of -the Tiquid ni,tmgen bath.v It was then refrozen and che pumpmg
' " pﬁcedure repeated, " This 'freezing followed by pumping' séquence was

repeated several times ta eliminate as much _forei’gn.matgria] as possible

(1t must: be vémembered thatvcnnta‘minants do not affect t?;g spectrum of the
compound being studi.ed. put c‘ontr!buie,‘a partial pressure mak1ng absolute

"'pressure meusuranents 1mpo§s1b1e?. ﬁft‘er a ﬂnul’re-tha;rlng, the sample
"was in ‘the 1iquid form and ready for introduction of its vapor into the
ahsorpthn cell.

. Valve V13 is closed, effen:tive!y isolaung the system from the
vacuum pumps. Vdlyes V2, V8 ‘and. V¥ were opened and enough vapor was »'

‘, o allowed to enter the absorptinn cell to malntain a pressure of 0. 040 t.n .

{, s “.. 0.050 torr.. Valves V2 -and V9 were then c1osed, The sample s now ready Th .

S fer ‘analysis. Previous to'this Tast step 1t was found advisable to flush
the cell severa1 times wlth ‘the sample vapor, and this was_ a:cnﬂlpﬁshed by

) allowing vauor to enter the cell until equ1'|1brlum was reached between the
cell and test tube vapor pressgreg and then pumping out the cell pe a vacuum

Be ) . of.0.001 t¥0.005 torr. "Then the.sample vapor o bé analyzed was used.




3
P
[

v =
« . In section 3.3 it was mentioned that & sample vapor predsure of

/

'.3.4 Optimum Sample Vapor Pressure for Analysis

.0.040 to 0. 050 torr was used for analysis. This pressure range was
decided [xpon after \:nnsiderab'le experimentation to observe Hne shapes
and thg effects.due to pressyre broadening, poier saturation, etc.

The figures on the following pages are copies, oF e actusl

a experimental tracings of an absowption 1ine. of tertiary butyl.chloride.
The .rotational transiL{ou shown is the J= 1‘ K=1, F=5/2:to J=2, K~1 F= 7/2 #

"ot (CIZH ) CRC135. The 1ine frequency was approximatew 12075 MHz and.
has a tneur‘etlcal intensity of 40 000% Far that particu‘lar K 'levE'l. Yhe
Stark_ voltage was- 100 volts zero-based square wave. The time constant was
40, seconds .’ Such a large iime constant eliminated mnst nolse and other

“fast responses and’ cunsequenﬂy considerably smoothens :he tracing. but
however 1s adequate fur the purpose needed here: . In, addition, the 'Iarger
t(me ::olnstant tauses an apparent fre‘wency smft of  the absnrat{on ]1ne ﬁ
qepemﬁng on the rate of sweep. The sweep rate was approximateu 0.7 ‘MHz
per. minute'.,“ k " .

The unbjased crystal curr'ent‘ can be considere<j as a vqgiguranent’
of “the microv;ave power level in the'cell. _The cr‘ysta'l‘cx‘nrv“ént varied from
25 mjcru-u‘mps to 150 micré-amps and the snmph"hpor vpress‘ure‘ varied Afrom
about 0.030 torr to ‘about. 0.085 torr. From the”resu‘]ts of these tracings :
and other constderations' 1t vas decided to perfor the analysis at 50 to

" 100 micro-amps crystal current and about?0.050 torr sam le vapor prissuv‘e, ;
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3.5 Method of Predicting and Analyzing the Spectra
: From the rotational constants and the quadrupole-coupling

. ;unstan*iv:n in reference 5 for-tertiary butyl chloride and tertiary
butyl bromide and using the equations of Chapter 2, it was possible to

calculate the expected spectra for the various transitions.

. After analyzing our obsérved s'pectra we m;ticed sHéht changes g

. in the B s and eQq's from those previous‘ly published.’ Hence the ca'lculated

hyperfine spectra appearing in, Appemﬂx E reflect the B's and eQq's -
obtatred in this experinent.. We note that the spectrum for (GHy)yccr®® -

31+ 2 entends from 12058.08 MHz to 12101.40 Mz, for (CHy),CC1Y7 g1 > 2

fron uaoa 94 MHz to- 11837.60 MHz, (cns)_.,cnr” J=1 + 2 from 8052.00 Wiz to
saoa 12 Mz, (£H3)3 €879 <1 = 3 from 12138, 72 MHz ‘to 12387..61 M.Hz,

(CN3)3 CB" u) l =+ 2 from 8008.80 Miz to 6221 54 MHz, and (CHa)SCBr

J=1 + 3 from 12063 56 MHz to ¥2272.20 MHz. - A1 calculations included both
the f1rsc— and secund—order mclear quadrupule :orrecnon energles. The
theoretical intensities of the campnnents varied from 1 000% to 40. 0001
for th\J ]2 transitions and from 0. 2041 to 35.71'! for the J=2 -+ 3

vtransit(nns. The intensities refzr only to thac particular K Tevél. -

Figures sbwlng the thenretica]l spectra appear an tne pages. fn‘llowing
Section 4.1.  ° : . i . - gl

® The analys#s of the spectra proved more difficult than earlier

. anticipated. A cnmpnr{son was made with the theoretical spectra.and th\s

method proved quite guud. The ‘molecules were assumed to be in tne ground

vibrational states and weaker v1brational satellites from “other vibrational

states uften complicated the |dentif1catio‘h of the weaker Tines.- In

. R L i




additwn. the Stark-components, although in opposite phase to the ‘main'
Hnes. uften cowlicated matters.

3.6 QObserving the Sne_c >
From the resu]ts of Sect{on 3.4 it was decided tn use a sal\p'le

vapm— pressure of 0.040 to 0.050 torr with a power level converted to l

slightly.negative Mased crystal _current of 50 to 80 micro-amps.

. *+ ‘The experimental setup and cumponent‘s were, disc;lssed‘ln Section
© 3 2. . It suffices to add thut for the work an tertiary buty? Ch107‘1de and
tertiary butyl brom‘lde the 10-second timé constanb was used. Us1ng the
-motor drive mechanism the swee;.aing rate was .l to .4 MHz per minute. -No
appm‘rent frequency shlft_wns' di‘scerned when- observations were taken on
sweeping high to Tow frequu‘lcies‘and then from low to Méh frequencfes. *
Any apparent frequéncy shifts were much less than other errors, e.g. 1
ﬁ'equem:y mrkmgs, 1nter1)ohtion of read‘&ngs- eté. Thus it was not found
»ecessary to sweep h| botn directions. The temperature of the absorption
ceﬂ and enclosed vapnr was maintained. at or near the dry ice tmrature

_of -78°C by f"'Hng ‘the- wooden box enclosing the cell with’ dry ice. The —
observations’ bahlnated had Stark - vnltage; rangmg from 100 V to -500 VA

i ’Observations were- taken at’ other Stark vu‘ltaggs but are not reported here.
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CHAPTER 4

RESULTS AND DISCUSSION “j ) #

The methods of evaluation of the rotational constants, the unsplit .

: frequencies, quadrupo'le copling constants, etc., outlined in this chapter

apply specifically to"the symetric:top molecules tertiary butyl chloride

."and tertiary-butyl bromide. As mentioned previously some work was uerformed

* on several other chemical ‘compounds. . Ore of these ocher compounds 1s

'quadrupo'le coupling may be written as

discussed in Section 4.6 - Miscellaneous Results.

4.1 Method of Eva!uaﬂng eQq, v, and B, and Results

The rotat1am1 frequencies of a symwetﬂc-top molecule with

‘.v=v+qul:—(m-I}E(JHIF)-V(JIF)] @1

Equat!un 2.17 -only ‘mc'ludes the Hrst-order quadrupule energy

: To it we may add a usua'(]y much smaller second—order quadr_up_u1g energy. - '

Rewriting we have

If we subtract the quadrupole energy 'contrihutions from Eq. 4.1

- We can evaluate vo and hence determine the distortion constants DJK and DJ

as well.as the rotaﬁonﬂ constant B by using Eq. 2.6

o 2841 S ‘“’J,("*”3 - ZD‘,K(JH)KE 3 e ‘(2.65 ]

vyt Flleoa) . Fz[eoqﬂ e T




A

It is obvious that D) must be evaluated before an exact measure-

ment of B can be made, for even the lowest J transition 0 - 1 the first:

centrifugal stretching térm does not vanish entirely.

In this ex‘riment the thedry vas employed in th& ful}ow‘ing manner:’

‘For each |ndi~1|dua1 K Tevel uf each J transition of both-molecules *
only thDSE CDﬂ\DOnentS with a thEOl"EthBl 1ntens\ty* greater than 8.0% were
used in the calculptions. (lote that the intensitics considered are Ay

* relative to that particular K level only:) Positive identification of
~conponents with intensities less thah 8.0% vere assuned to be practically

O A . S T T L ’ s M

. Thcse dtcéved Ve HradiohEtas WoFa Ehoi i téanihitRs toraiot
€. 4.1, Sincd F) (e0q) >5° F,((e00)21, 1€ was decided to approximate the

F,1(e0q)?) contribution and hence we were left with a set of first-order

i

4

v equations.in eQq, ) 3

§ e = vy + Fy(eq) # F, (approx.) . (a.2) i

Tables forsevaluating the first- and second-arder quaarupme energies are -t

given in Appenmces B and :. respectively.. To approxmate Fz[(qu) 1 in
‘ ‘Eq. 4,1 the ‘vilue'of qu used vas that obtained from the literature, or. ~ +.° P
ntherwise. as nut'Hned in Chapter 1: .
"
: Hence 1F there weré five cbservations for a given K'level .and .

I a given J transitmn. there would.be five equations of - the ‘form 4.2. By 5 L

using all possible ‘subtractions of these equations we would obtain a number

. of values for ‘eliq; These yalues are tabulated in Appendix:D. Arbitrarily

accep_tir;g only those _components which were separated by greater than
By

*The relative ‘intensities oé individual 1ines hdve. been given as‘a percentage

of the intensity of-the entire J » J+1, K » K transition.




10 U MHz for teruary butyl chlpride and greater than 30. 0 MHz for
te“tiary butyl bromide an average eQq was obyained fnr each K Tevel.
‘These eQq's are tabulated in Table 4.7

Using-the averdge value of eQq:obtained -above we ca!cu’late[the

‘\':0 for ‘each of the five equations of form 4.2. These va's~are then

averaged to obtain an average Yo for each K Tevel. These values are
tabulated in 4.7, | ‘

. Using the value of Yy for each K Tevel. obtamed above and
substituting it into Eq. 2.6 an attempt was made to eva'luate the distortion
constants Dy and dJK However, since the v, ‘s for the K leve'ls were 50
c]ose together no reliable determination of these d(startion cohstants
could be made, except that they were very smaﬂ, and hence ignored.: This
was expdcted fur‘such large and fair'ly_ heavy mo'lecu'lesv. The B's were then
direct]yl evaluated and are -tabulated in Table 4‘,‘Z:far eaqh K Tevel.

SAMPLE CALOWLATION JH %

'7 For the 0= 1 » 2 rotatfonal transition of (c‘zua')aplzm35
there ara six suitable observed lines for the K= 1 Teve . ,!’p’ey are: |
- YF 7 vobserved Intensity '
Transition [MHz ’ %
vzeise 1hiergo o T 8.333. 5
-3/2.+.172 12079.30 £..10 8.333 .
7/2%5/2.. . .12075.05 ¢
5/2 + 5/2 12066.50 +
T 32«32 12064.30 +
V5/2 < 3/2 12067,90 +
"N




» Sdg |

Errors ifi the observations are those obtained by estimating the recording

and reading of the observation.

12087.90

o - 0.250000"eQq + 0.04 °

In the format of Eq. 4.1 these observations may be written as:

g £.05 =y (i)
B . oo 12079.30 * .10 = v - 0.125000 €Qq-+ 0.03 (11)
12075,05 % .05 v = 0.060715 eQq + 0.0i (311) L \ .
1206650 05 = v, + 0.064286 eQq + 0.02 - (w)' ; ’
12064.30 + 105 = v, + 0.100000 qu‘ +0.02 ’(v).
= 12057.90 .10 =.v, + 0.189286 €Qq.+ 0.02 (vi) :
i i ‘ The errors in .the second-order quadrupole =pergies dre correé'pundingTy very
small and hence neg'lected. - :
From all possible subtnctions of these equat!uns satlsfy'mg the
criterid that the s:paratinn of. the components inyolved by greater ‘than’
_10.0 Mz, nine measurements of g were bitatned. They were:-
- 66.95 & .44 MHz . -'67.43 % .20 | - 68.06'+ .45 5
' - 68.64 + .44 - 66.62 + .49 - sa.o§ # 22
"= 6783 £ .37 - 68.29 % .25 R PO DU ®

The errors in these measurements of eQq were obtained as the square root

of the 'sun of ‘the squares of the errors in the ‘two observatforis In_vo‘lv'ed.
- TR

»" " .From the above nine measurements the average valuér of ‘elq for
the K=1 level would be -67.72 MHz. The devfation. of each”of the nine
measurenents from the mean va1ue of -67.72 MHz would be 0. 77 0.99, 0. u.

0.29, - l 10, 0.57, 0. 34 . 0. 37 and 0.15 MHz, respecﬁve‘ly. leading to an

uverage deviation of- 0.51 MHz. -

Haanwh-l’le the average error 1n €Qq” “due - tn ;
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. the error in reading the observations is 0.38 Miz. . By combining these

ferrors by the square root of the sum nf ".F squares method we arrive at the’
error in the average eQq as 0. 63 Mz, i.e. eQq = - 67. 72 ¢ .63 MHz. .
Subst{tutiwg the above average value of eQq in equanons (1) to
(n), six values of u’ were nQﬁamed They uerr ;'
12070.93 + .17 MHz 12070.93 ¢ .07 ‘12071.05 + .08 )
> 12070.80°% .18 12070.87 .+ .07 12070.70 + .16

The errors in these measurenents ‘of vy were obtained as ‘the dquare root of
the sum of thQ squares of the errors-in reading the observations and the
error in eQq. - o ' L
an the above s(x measurements the average value of o fnr thz
K=1 Tevel would be-12070.88 MHz. The devutions of-each- of the six’
measurements from she mean value of 12070.88 MHz would be 0.05,.0.08, ~
0.05, 0.01, 0.17, and 0.18 MHz, respe_ctlvely. leading to an average -
deviation of 0.09 MHz.. ‘Meanwhile the average error in v, due to_the error
in reading the observation and the‘,error in eQq was 0.}2 MHz. By cmﬂnll\g
both these errors by the square root of the sum of the squares method, we
arrive at the error in the average v, as 0.15 l‘le f.e. v, = 12070.88 =
-15 MHz. E
i " This ‘nvlerngﬂ\g methﬂd of evaluating eQq and subsequent’ly W and
B was cnns1dered more approprhte in this yper!ment than the "(east !
»squares Fit method.: This is so m@in'ly becayse greatest weight should be
given to the note widely-spaced conponents of agiven hyperfine multiplet
in evaluating eqq. Towever, a‘s.a ‘test, the 'least squares fit' method was
aisa used in .a number: of t‘:usés a‘nd the results are given in Table 4.7a.
Figs. 4:1 to 4:8 and Tables 4:1 to 4: 8_show the observations and results as

discussed in tlﬁs chapter.

t
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b : B * : . o© Aiso (3,2, 51e-(2,2, ) 4.082%
o . . : . - ~ ond (3,2.2)«(2,2.3.) 0.204 %
| T : @ Also (3,0,5)4-(2,0,8) 24.490%
@ Ao (3,2,31+(2,2,3) 4000%
. @ Aiso (3,0, })«(2,0,3) 10.000%

: X €1 © A1s0.3,2,$1442,2,3) s.224%
: . E ond (3,2,3)+(2,2,8) 0.286%

]
—
pe

VAP A S NN 1Y 16 | O T
W'm,"b‘mﬁﬂ 1%-0.2¢Qq 14-0.1eQq Y %+0.1eQq _ 1,,+Q.28Qq 1,;+0.3eQq

4 i = s

Fig. 4.4./- Theoretical ‘nuclear quadrupole hyperfine spectrun for ‘the J=2 + 3 rotational
; “ transition of a symnetr1c top molecule wﬂh a slngl&couplinq nucleus havinq

a sp‘ln of 3/2. . This figure follows from Fig. 4.3




TABLE 4.1.
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!

The hyperfine structure of the J = 1 » 2 rotational

transition for (CHy)€C1%. |

Ko F v (observed) v (caleulated) vouo - veaqc
Transition  Transition MHz - MHz - MHz

0 12 « 32 . 12101.40

-0 3/2 32 12084.35 + .10 12084.49 -1

0 7/2 «5/2 12072.50 £..05 12072.38 +.12

0 §/2 32 12072.50 & .05 . 12072.38 +.12

0 1/2 « 1/2 - 12071.05 £ .05 12070.93 2

0 3/2 « 52 12067.56

0 _5/2 +5/2  12055.25'% .05 12055.46 Y

0 Cyp e 12054.02

1 1/2 «1/2 12087.90 & .05 - 12087.85 +.05

1 ‘32 « 1/2 12079.30 £ .10 12079.38 I.ua»

1 7/2 <52 12075.05 + .05 1207500 .05

1 132 « 52 ’ .. 12072.59 A

PO Vi R T - 12072.60

1 ' &/245/2 12066.50 £ .05. . 12066.55 -.05

1 232 « 32 12064.30 1 .05 12064.13 +17
! §/2.+ 32 12057.90 £ .10 12058.08 X1 EE
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TABLE 4.2, - The hyperfine structure of ‘the J = 1.+ 2 rotational,

“transition for (Chy)ycc1¥

K

F

v (observed)

0 v (caloufated)  vopo = veare
Transition: Transitfon MHz MHz MHz
o V2«32 v oy 11837.60
0 32+« 32 1182450 + M0 | 11884.54 -.08
0 I 7/2 +'sf2 11815.60'¢ .05 11815.19 +.41
0 5/2°+ 3/2  11815.60 + .05 11815.19 +.41
‘0 12« 12, 11814.03 £ .10 . 11814.07 Y
0 32«52 . 1181147
‘o 512 « 5/2 .+ 11802.12 i
0 Y2 12 11800.25 + .10, 1180101 -.76
‘1 - T i/2<1/2 11826.65 + .15 11826.92 -2
1 2« 12" 11820.12 .05 11820.39 -2
1 7/2:+ 5/2 . 1181750 + .10 11817..00 +.50
1 2z 11815.15 i
1 LYz« 32 )
L1 . 5.8z 11810.48 -
1. 2l , ¢ 11808;61 J
fa 52« 3/2 1180400 .10 11803.94 +.06

RN




The hyperfine structure of the 3

., = 56, -

transition for (CHy)yCBr"°

=1 2 rotational

K E vv(nbs‘ei_v;vgd‘) v (calculated) = vy, o -»vc'a']vc
Transition Transition. Miz MHz Mhz
PR S 2 i 8306.12 ‘
e 5/2 « 5/2 8294.29
0 - 32 es2, x 8204.43
‘o 1/2 ~ 1/2. . 8176.40 £ .05 8176.70 .30
0 72+ 52 8166.03 ¢ .05 8165.96 X
T 0 . 5/2+32 816603t .05 8165.73 +.30
0L ;32«32 8076,10% .20 8075.86 +.24
0 - 2«32 7946.44 - '
1 b2« 372 827569 £ .05 8275.76 -0
1 32« 3/2 - 8230.40 = .05 - - 8230.36' +.00
1. 7. v5/2«5/2 - 821157 £ .05 . 8211.54 4037
7 12«32 p 8167.16 ‘
1 y2~82 . 8166.14
1 7/2-+ 5/2 8146.47 # .10 8146,25 +.02
1 32 «1/2  B8115.15 ¢ .15 8155.20 -.05
S Vi I Vi I 15 *8052.00-

8052.00 ¢ .

0.0
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“TABLE 4.4.. The/hyperfin

287 -

e structure of the J = 2 + 3 rotational’

transition for (cws)al:aw79 :

v {observed) v (calculated) v,

12198.70 £ .15 12138.72.

. ¥ \ ul obs-~ Vcalc
,Tran:sitxon Transition MHz Mz MHz
o\t 12387.61° ¥
0 5/2 «7/2 % . 12328.85
L0 3/2°+ 172 . 12290.85 £ .10 12291.26 -4
0 52«32 12290.85% .10 12290.40 . +.45
0 5 \ ' 7/245/2 12259.33% .15 12259.28 .13
0 9/2 «7/2 12259633 + .15 12059.38 23
o 5/2 « 52 ' ’ 12200.53 X
- 6 L /2.« 3/2 12161.75 + 110 . 1216183 -.08,
o . ' t12071.97
! 12348.46
;] % ' 12304.05 -
1 12283.48 + .05 12284.35
1 T/ w572 . 12283.48 £ 108 12283.38 .
1 3)2 <12 . 12052.10 £ ,05- . 12251.78 ¥
i i 9/2« 7/2 12252.10% .05 _  12251.88 +.22
1, 0 5/24+52 .12239.50 % .05 . 12238.97 ) +.53
o1 3/2.~3/2 12188.20+ .20 . - 12188.58 " =38
£y, 1 ., Y252 i x 12143.19 = 5
2 Vap s I 1238879
Tz, s ey . ' 12357.12
2 7/2«'5[2 . 12357.89.% .10 .12357.90 0
i .2 323 . : 12268.14
* g 52« 3/2 : 12266.47
2 5/2 < 7/2 cae 12229.47 * :
2 772+ 7/2" 12230:80 £ .20 12230.25 4,55
20 e2er2 128904200 0 1222941 -0
2. yre a2 -.02

T
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TABLE. 4.5: The hyperfine structure of t!ue’d‘ = 1% 2 rotational
: : 81 E '

transition for. (CHy)4CBr

L

K L FC v (observed) . v (calculated) “obs" Seate
. Transition. . Transition’, MHz g “MHz Mz .
' 0 “32« 12 8221.97 £ .10 8221.50 +43
0 5/2 « 5/2 811:57 £ .05 8211.76 -1
0 Y252 8136.43 '
Q- Yz+12 - . 8113.54 : :
- 0 7/2 « 5/2 8104.50 £ .05 ‘- 8104.53 =03
;. S0 /232 8108.50t .05 8104.37 4 -
L0 3/2+3/2 028,85+ .20 ' 8029.05 -2
0 12 « 32 | 921,04 . -
1 52+ 3/2 819590 £ .10 8196.01 -1
. 1 3/2 + 3/2 ¥8188.07 £ .05 8158.01. °  +.06
: | 512 « 5/2 o Bus
= r y2eyz .y, 8105.07
1 3/2.+5/2 . . B8104.36 W
1 7/2 «'5/28087,90 £ .10 8088.09" -.19
R Lo 3212 B06L70% .20 0 B0BLTE . -.08
1

o LTM2e12 800,20 +,20 1 8008:80 +40
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- TABLE 8.6. The hyperfine structure of ‘the J = 2 + 3 rotational.

I

transition for (Ciy)y0or®

1

LK F - v (observez_i) v (caleulated) Yobe™ Vs
Transition. Transition - MHz . ! ‘MHz MHz i
0" 72 «7/2 1227230 + .15« 12272.20 +.10

0 5/2+17/2 .. 12222.96 =
-0 3/2 < 1/2 '12191.35 .10 - 12191.65 .30 .
0 ' 52+3/2 12191.35 ¢ x10 12191.05 T 40
0 72 <5/2 12164.96
) L 92.+1/2 1216504
o ‘s/2«5/2 12115.72 S
0 32+ 3/2 12083.66 =
0 3/2 « 52 1200833 '
1 7/2+7/2 12239.50 + .05 . 12239.32- +.18
1 5/2«7/2 i
1 5/2 + 3/2 " 12185.55 % .05 .32
1. 7/2 «5/2  12184.90 + .10 -.14
& W3/2«1/2 1215885 + .10 +.14
I 9/2 « 7/2  12158.85 * .10 3 +.19
1 Bj2«5/2 12147.80 £ .10 12147.68 L.og
1 3/2 «3/2 1210540 + 420 . 7 12105.78 -.38"
1 3/2 +'5/2 F 12067.79 . -
u bl " :
2 etz C 122075
T2 5/2«5/2 12247.00 % .05 12246.27 +.73
2 7/2% 5/2 . 12247,00 .05 12246.82 +.18
2, 3/2 % 3/2712171.00 £ .10 12171.57 -7
g s/2 «3r2 1arnook 10 1217039 +.61
2 5/2 « 7/2 < i . 12139.51 ;
2’ C7f2 «7/2 12140.80'% .10 12140.Q7. +.73 0 7
2 9/2«7/2°12138.70 £ ,15 ' 12139.26 -:56
2 12063.20 +.20 © 12063, -.36

~32+1/2
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TABLE 4.7, ‘The hypothetical’ unsp1it rotational frequency v , the

rotational punstaﬁts‘ Bo' and ti_ié quadrubu’ie coupling -

. constants eq in tertiary butyl chloride and tertiary
butyl bronide . ; \ :
) “Molecule [ Koo " Values in
3 . ’ . i Transwiqn‘ Transition . MHz
b (eHglseer®® 12 o vy . 12070.93 ¢ .21
b P _ By 3017.73 £ 05 l
g X Q4 L 67.16 £ 1.14 N
(cua)acm“' ) 1 v, 12070.88 % 15
o : B, - 017.72+ .04
L -67.72% .63
(eg)eer¥ 1wz LR 11T
' g ’ B,  -2953. K
p . s €0q - 54,
CTN:S L I 1 Ly, 1813
’ B, ¢ 2953.46 ¢ .09
neQq - 52:28 % 1.25
R RN T R 0wy . BUELTLAN2E
! o 10 B, 20M.18.x .05
& _eQg.  511.24 % 1.49
Aedgear™ a2t Sy BUT07 £ a7
x: B, 208427 &.04
. S ... eQg - 512.29 % .95 .
; , ; 95
: . ! » ' by . /
) .




* TABLE' 4.7, continued

“Molecute ) 3 ) L ke V.alues in
Transition Transition MHz
(500 2y 0 v, - 12265.352 .3
. B | B,  2044.23 % .10
' eQq . 512.73 £.7.54
(cHp)yCer’® 23 1 v 1226537 £ .3
: [ B, . 2084.23 x .09
X . e0q 501.94 + 7.73
(oo " B3 2 vy T226s.a7 « 17
: "By . v 2044.25 + .04
eQq 51238 £ .67 -
(o) yeor® 1.2 8113.50 + .26
w 2028.39 + (07
: / 478,86 + 1,11
CARCIE N B} 811373 £ .32
. 5% 2028.43 + .08
421.29 £ 1.61
IR S I 0 vo | 12170.04 £ .3
. o T By | 2028.38 506
eQq = . n.a.
(engee® 23 1 v, 1216997 % .13
O B By, 2028.33 % .02
P [ g 42195 + 2.40
. (cuz)atar’“‘u 243 i vy . 12169:68 = 46
i B, - 2028:28 £ 08
l.’ p €Qq 429.15 £ 2.28




(for comparison purposes only)

Y e ) :
TABLE"_II_.h‘ Vo1 Bo' and ebq obtained by a Teast squares fit method

Molecule ot 3858 K- - Values in -
. -Transition ~ Transition MHz -
(n)yce1®™  1s2 1,y 10m.7
d ’ 8, 3017.72
) eq - 67.88"
(GHy)yect™! 1+2 [+ 4 v TI813.96
- B, 2953.49
N eQq . - 52.16 - .
BRCAR 142 1 N BIT7.05
» L By 2044.26 -
el 512.14
{oh)yer’® 253 2. vy . 12266.37°
T By ' 2044.23
élg 511.69
fcna)a‘caral, 1+2 i1, Y% 8113.77
S . By - 2028.44
_ .f eQq - 428.34 -
(cHp)cor® iv3 2,1 v, 1216977
[ . [ 8 2028.29 - -
5 elq 428,95 | °
A g

©



3 g i o o B
¥ ’ TABLE 4.8. (Observed spectra] constants in tertiary‘ buty! chloride and
tertiary buty] bromide

g J o Previcus Values*  New Vaues
Mfﬂecu]e Transition . Wiz . T MHZ
()13 1wz B 300769 .02 3017.72 4,04
; & Yg ; T elg . -66.9 ¢ LS - 61.72'¢ .63
(eHy)c0r® 1+2 8 2953.54 £ 102 2553.46 + .09
eQq ot obtained -52.28.+ 1.25
(CH373CBr79 TS B 2044.22 ¢ .05 — 2084.27 £ .04
: 2 g eQq 511.6 + 5 . 512,29 +°.95
(cHy)year® 243 B . 2084.22 ¢ .05 2084.25 +7.08
y “eQq. | 5116 5 < 512,38 & .67
(eHp)yer®! . 1.2 B [ soomans Y5 owsass 0
3 : el 4 27,29 16T
(cHy) car®t 243 B . 2028.34: .05 2028.28'% .08
eQq  427.4 x4 42915+ 2.28

; A 5 T
*As can be séen Frop seci:iqns 1.2 and 4.7, the previous values-of -the
spectral const_gnﬁ wére obtained from- higher rotational. ‘tr'anslti.a‘ns
thai those used 1n this work.. Lide and Jen(?) obtained the’rotattonal

" ¥ constants .of terciury butyl cMoride from.the J 4+ 5 and J=5 +6

‘ E trans1t10ns. and the quadrupa'le _coupling constant cf (CH3)3CCI35 from

the J-:Z*J transition, [whne the constants of ternary butyl bromide <

were found-by Zeil, \rﬁnrmwisserI and Hnttner(s) from ﬂhe 0455

‘transition. . : ”
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Figi 4.8,

" of tertiary butyl” bromidé

Trace of ‘severd| " quadripolé components belonging to the rotational transition =2 - 3/

- (CIZH ) 1287 and (C!ZH ) 12681 - The trarsition was

swept at a' rate of about 0.16 Wiz per-minute using.a ten-second time constant. The
hur\zonta] scale s frequency mz with a spot Frequency 1ncﬁcated by the verticaL

up’ ‘arrow.  The direction 6f increasing frequency is indicated by the hnr!zontal
arrow. The frequency marks occurevery 1.0 Mz~ The .Stark vultage, Vi is as

"The cell. pressuf‘e was about O.E)SGVtorr “A

indicated on"each individual figuré,
vertical scale in mm volts is s\‘mwn on each fvgure to a1d-m the cumparisnn uf
1ntens|t|es The hyperhne transumn and ubserved Yrequencwes are showu above the

trace w‘lth a vertical Huvm arrow pomhng tu the se‘(ected frequency of the component.

" The zero. field, (uw) transitions are sametines. uamany ‘obscured.by the Stark-components

(doim). L e g R
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i

i
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Similarly the “least.squares fit' method used only Tines with 1ntens|tles 1

v -greater than 8.000%. The results.of hoth methnds were very similar.

. Calculations for each individual K -level for e ch J transition
for both mol ecu‘les were perfurmed in.d similar manner to_the above samp]e

" ‘tatculation.

42 CaHbration of . the Frequency Meter

LR As prevlnus]y mentioned, the HP E'lectronic Counterl and' L
FrequenCy Cunverter were factory caHhrated by the Hew]ett Rackard Company
but as a check we used OCS (carbonyl su1fide) as‘a frequency standard and

nbserved the rJnHawinq resu]ts 2 & »

TABLE 4.9, Frequency calil{)ration using the J=1 « 0 Tines -

“'of carbony? sumde 015 12632 g e
. Number of P Accepted . Ratio
Samples - ' .- MHz - . Frequency* . Acc./0bs.
‘43 12162,973, - 12162.975 *1.0000005
A L ol . A
185 121629485 12162.979 1.0000026 -
Mean . 12162.953 . —. 7. 1.0000022° =

From the above results we gét a welgnted average for . frequency B
accepted: frequency observed as 1: 0090022. ¥ i 3
' .+ Hence, for th!s experiment the frequenc{es observed would' have ta be

cted by multip'lying by 1.0000022, a neg'ligﬂﬂe correctian in most-cases.
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C ey
4.3 guadmgole Coupling Constants' Ratios

i i o . From Fuller and Qohen » we have the following resu1ts obmned

from micr?wa\}e spectroscopy:

35

N = S dofBLon g 1.2704 :
L . oo Sef T a1 12768 [ .
S B : = GetyCl - 1te70
o . . ] ClcN -, 1.2682
& : ek CHafl 11,2691 ¥ ol
[ L Average  1.2703 '
and, % b ' . «
¥ : I . ta
Qo of Br . eron o197 .
Dol SGOfBET o Uohge g7
i . | BrC1 1.1963 o
¢ PRy o LATEE o v 0 e
Average ... 1,197
From our éxperiment we have the following values:
: of. 0% | 6772463 . g5 s 033
eQg.of C1P * - 52.28.% 1.25 I
TP o L 79 i k E
- of Br—-_ 512.34% .81 i 196 + ,006 *

etg of Br %428:22 % 1,95
he results of tMs expev'hnent compare favorab1y wH:h those .

. previqusly observed, .~ l

4.4 The EFfect of Small Changes in elg

It is useful to examine ’ the effect that a'small ‘chaiige 1n ‘the

quadrupole cuupling_consu‘nts would have on the ﬁrst-rav{d second-order




4.5 Some Exgeﬂmenta'l Prnb]é’ns ‘and Their Solutions

P
i

‘ -
e

quadrupole coupﬁng corrections and hence the determination Pf the

rotaﬂonal constant , This. 1s also important. in the calcu!atinns since
X

the second-order quadrupole :oupHng currection was urbitrarﬂy subtracted

" and thy, reducing the equatlu?s 4.1 to 4,2 fram second ordean qu to

first order in eQq. % J " Nod -

For the J= l + 2 transition of tertiary buty] :Moride a change

: 1n the eQq of 1 Hiz wuu]d cause a maximun change in the flr‘stJ‘-urder .and

second-order nuclear quadrupo'le correction energles of 0.45 Mﬁz and 0. 001\ P
MHz, respective]y. Simllarly for the J=1 +° 2 transition:of tert!ary
butyl- bromide we have 0.45 MHz and 0.01 MHz. Simﬂarly for the g2 23

tmnsitinn of terti, ry. huty'l bronide we have 0.38 MHz and 0. ol‘MHz ‘ ’1 \,

. Thus the manner fn which the secohdmrder nuclear quadruptﬂe

currection energy has been treated in sectlon 41 is reasonablg and ' "]

entire‘ly Justified in th{s experlment . ‘ 5
[‘ -

The vacuum sxstem: It was very difficult to achieve a h|gh vacuum, that
1s less thav_| 0.001 torr. This was partiaﬂy due to the Targe vq'lumg of .

the absorption .ce'l'l and g\asswa}*e and the numbevl of potential trouble i

spots. However, suffi:'enﬂy gnod vacuums' were mintalned to. perf'orm this

resear:h. as discussed” ln Sectiun 3 3. .
| : . \

'Freunency scabﬂizntion vc1tag ¢ fluctustions, etc.: The electronic”

‘equipment was. very yulnerable :to f1 uctuations in the pover mains caused » .' v
by such tMngs as start-up of heuvy equipment 1n the' vicinity, times of.
high power consumption, ‘etc. 'nns was manlfested in mstnbﬂity in tI:!
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"

o

. cnnsidered represﬁntaﬁveh Other prnlﬂems encountemd and. partiany

-8

frequency readings, noise on the tracings. This was partially eliminated -
by p]aciné lso]atinn transfnme‘rs between the equipment and the mains.
Another “solution was to nperate the equipment during the evenings or njghts

when interference was at-a minimum. o+ w oW ‘

Stark ‘ieasurenents: Ilue to the nature of the compounds it was found . 2

difficult. to measuré any Stark components. "It was obvious that they/ were

present but. the1r numbers were too great and sometﬂmes too weak for
rel!q‘b'le detqrminaup_n. For quaHtaHve pubpose\s, F1gurs 4.9 shows the

second-order-Stark pattern ‘af .a Tinear molecule;

Tevvfgergtui‘e measurement : Aﬁ observations on tercﬁry Butyl c‘hlorldme 'nn&

‘tért{ary l{utyl bromide were taken at the dry ;ice temperéture." As a check

on the temperature of the ihsOY‘PHﬂn ce!l thenmeuphs were fastened to
1ts outside and vpngges measured by a differential yoltmeter., These
temperatur"e‘ubservat.iovn_s wére not reparted here, but it suffices to say
al ';«ere within tvo to three &egrees ‘of the dr} ice temperature after the ;

box enclosing the ceﬂ had been filled with dry ice for one- ha]f to one
“hour. T

" These are just a few of the proh)emsvencnuntered but may. be

solved would fnclude: :the motor dr{ve mechanism to nehieve a slow sweep it
‘rate; the filter cbange in the receiver to give larger time censtam:s-

the rieed for crystal element$ wH:h very high s1gnal to noise ranos,
reflections in the guide; break\ at “high vol tages' phasing of signals

Eur thé phase sens(tlvz detector. dJust1ng the vre umquier for nax:f mum 7
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o G
results; ‘groundin§ problems; l*aintami ng a ba‘lanced rece!ver."presence nf e |

"”’, -ammonia in the guide: inability to detect the tri-methyltin brom!de spectrum.
§ N < .
s, .6. Miscellaneous Results - Amonda - »

During the early stages of the experimenta'l porﬁan of this thesis
we v}ere examining the”ammonia spectrum in n effort to look at previously
*“identified Tiies and To discoveF. nW Tines. 'This wis part of the 'setting
' of the nicrowve spemoscopy lab. This: eventually Ted to sone compbta-' o

tional work on the anomaloys K=3 1nvers{on 1ines of N”Ha which is reported

. .below: : - RS

The normal nverston lines of WHg can'be predicted as vmc(a K)

by us1n§ an, empirical formuh such-as Costain' 515 for all pairs of J3K

va!ues‘ except those_with K=3. In the K=3 case, Nelsof and Demmmnlﬁ 17

have shgwn that the frequencies of these Hnes can_ye compqted from T
U = g3+ (1) Ay () T PR (aay; 5

according to Townes and: Schawlow’ phere AJ = 3.5 X 10'4. This formula g(vves‘

dood results.for J < 7. but the error grous rapidly to 384 Mz at 9=14. The %

frequencies of these K=3 lines are reported in the N.B.S. Mic;nwave Spectral %

Tables5 for a1l J values from 3 to 14 with the exceonn of J=13.~ ‘

The quantity ﬂ\, was computed by u 1ng the d(fference betwgen the .
ubser’ved and ca]cnhted frequencles (um -Eh’)»and was fPl_m?,.f drop d >
avery Tinearly with 1m:reaslng values of J(3+1). ™ R

| el W complted: fron 3 rev1sed form of Costain's formula fitted
_to forty-five Tines from the" mcrumve Spectral fables with frequencies .
below, 16 GHz. Cos’tain s formula- ls essential |y

! D b S, , i 2 L)

. .___4_ o
where s s'a uﬂynomdal of degree n in J(J+1) nnd’K2 We used as. v the

calg




o

ol : i 5
- 1
- . = B N o
tw o % :
' P ’ * N - b % 7
“'TABLE 4.10. The uneffrected, corrected arid observed fFehueuc(;s of
, certain NMH.3 ines withlk=3’,/’,\ F .
L ; R REPRRN S
=0 7. 8 9 10 e
v 18072,9 . 16342.3 148600.2 12887.6 11239,7
calc ! R S
(uncorrected) N E
v(d;3) 18020.9 16455.4‘ 14377.0 13296.5 10535.7 '~
{computed) 3 W e
" . e
. v(0,3) 18017.42 .16455.13  14376.56 - 13296.37 ** 10536.30
(observed e N 7 o
12 B 1 15 - ke
Veiia 96'785.8 8245.1 5935.3 5763‘.2 — 4744.6 E.
(uncorrected) B A 2 »
v(J;3) ' L . B 5 !
ﬁ(cmputed) 10837.2 ' 6437.7 - 9669.2 1766.1 10442.4
v(0,3) N 20
® (bbserved) 10836.10 i© — 9670.78 - — ==

i




tion of the e(q agrees wi th that prnvlous'ly reported ' o~

averable of the results :from polyfionials of the 4tn, sth, and 6th degrees

. -
in J(3+1) 'and KZ The resu¥ing -vulues of AJ plotted agﬂnst J(341) .
deuced a line of negaﬂv! s?npe that is'very nurly stulght up to J-lq’

o chh by a least Jsquares fit c: represented as *
< A,y L 3.57501 x 10 [1 - J(0+1)/1475.63) MHz. - . - (4.6)
PR T S S e
with arl R.M.S. error of0.61 Mz over th,é range J = 7'8. 9,.10, 11, 12,

and 14, A o s e Gy
Thu frequenc!es predicted using eq. 4.6 lave an R.M. S error of'
2.3 MH: compured to un R. M S. error’of aoﬂm ohtnned vTen k has ™ the

~

cnnstant value 3 5x 10 ik
4.7 sumary of nesuﬂs ot e, 7 - g R .

Tme 4 8 gives a suunary of tnqutv\i‘ consm;ts 1r: tertﬁry‘
butyl chlorme arid tertiary butyl brqnde‘ Our results ure in good L
agragnent with the previously aeumﬁ\ed values. Hvaer this uperiment
has mm the folloving: ’ ‘ 1

(% )szhas ! o B
( Préviously the sp‘:trum had. been observed in the reg'lnn 18 GH:

to 42 GHz nVrm J-I i 3tod=6-+7. A parﬂa'l resn)ut(on of the hyper-

fine structure of the J=2 +3 transitlon vas ach(eved “fon. the rmlning

. rotutienn! tnnsitwns no hyperﬁne struc!ure was resolved. He have

extended that covernge by including the Je1 4 2 trlnsitiun in tne 12 GHz

Eg{nn with a pqrtm resolutlon of the™ h,yperﬂne structure “Our ‘observa-




Jes-

ol B
a9t : 5 i
-ty )c‘2c137 G % o an gl

R Prev1ous1y the. spectrum of this less dominant (25%) species of
tert!ary buty! éhlo’ride had" been obsérved ‘in -the region 23 !S“z tn ‘a1 GHz
or.-from-J=4 = 5 to J =6+7. No quadrupole hyperfine structure was - =
reso!‘ved. He have extended thnt ‘eoverdge by hm'lud{ng \‘.he J=1'+.2 ’
transition in ‘the 11°Ghz reégion with a partial reslﬂu:ion “of ‘the hyperHrie
structure, . From the Hyperfine strycture we have detem\lned a vame for

the quadrupo’le ccupHng cunstant eQq: - £ o .
(Cle 1 cl’zmn, Eope { N

Previous’ly the spectrum has been observed (n the- reginn 20 GNz

..t0'40 GHz or fer J=4 + 5 to J=9 + 10. A partm resulutifm of the’ hyper-

fine structure of the J=4 + 5 trans{tdon was chieved; fgr the remaining
rotatiomﬂ transmons no hygerfine structu e was resolved. We have

extended that coverage -by includ!ng the J=1 S2and J=2 > 3 transiﬁipns in

the B G{iz ‘and 12 6Hz ‘regions, respectively. A ritial | resolution 'ef"ch
hyeerfine structure of both thoEe, transitions was achieved. 1 0ur-observations .

of the qu s agree with those pi evious]y reported.

H)CIZBI-' ! : IR 5

Prev1nusly the spectrum had been ohse‘rved in the region 20 GHz
t0 40 GHz or from J=4 » 5 to J=9 > 10. A partial rasolutian of thevhyper-v- g
f1fre structure of’, the J<4 + 5 tr;ﬁsit‘ion was reported; for the remaining
trans‘;tiuns no hypérf&né structure was resolved. We have extended that

5 cuvara'ée by- including. the J=1+ 2 and. J=2 + ‘3 frapsitions in the 8 GHz and
» X1 9 i

12 Glgiz r’egiuns..respect‘lve!y. A-partial resolution of the hyperfine
g ) * s a . *




structure of “both those transitfons was achieved. " Quriobservat

the eQq's ug.l:'ee with those-

Y4
o1 -
R
ju

previgusly reported. :
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' The fﬂﬁccien YfJ.I,Fl and the/ relative 1Ntensities are tabulated
“for nuclear spin-3/2 and the J values 0, 1, 2 and 3.

~—~— e . o
YOI 34 csmz - 1;;;1}414«-1) 5. J -
were C = F(Fbl] - 1(14) - J(J‘\l) and F ‘takes the vn\»es L, I+, ...
a1 - R o 5 "
y ¢, The qudrupnle energies are given by - 1 . i "
T etq (2043) o
. P _q"..a_. v({ F)

’ ThF uwruprim 9 For l 'Hmur. s,vmetrin nr asymotric rutor
“must be used. The[ relative. Intensities have been nomlized such that the

sum of the Intmsities of the various hyperflne cwpomnts of a- tr{ns(tlon

is 100. The 1ntu|s1t1e for the J+1+ ) tunsltions are obtafned by

reversal of the arrows in the entries for J Jﬂ. Thus the entries for 2 =
" F+ F4l correspond to F41 + F and those for F + F-1 to F=1 +F.

£ »
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UBLE B.L. Energles and Felatile intensities of nucedr

hyperﬁne structure .

i "
: i
S Relatjve Intensities
. . B R 5
B i o
9 FoUNOLLE) e Faf . FoFl,
0 ¥z 00 L 50000 - 33.03 715667 I
1 . 5/2  0.050000 40.000 9.000. ™ '1.000"°
1 .3/2° - -0.200000 21,000 . T0:667 - 1.667
1 :y2 ., 0.250000 8,333 8.3 .. - 0.0
2o eome o wmaie \‘\4 082 .. 0.204
2.0 5/2. '-0.178571 . .20.490° | 5.224' . - 0,286
20y 0o 16.000, * 4.000° 0.0
‘2 1/2 ¢ 0250000 10.000 0.0 0.0
A
37 a2 . nosam .33 2.415° " 0.066. _
(3. T2 | 0166661 25463 03023 . .0.085
/3. 82 -0.050000 ~ 19.133 " 2,296
3.7 32 0.200000 - 14.286° . 0.0°
v i L iy
e . -
B A
ON &
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Bemf 5 o
* . NUCLEAR QUADRUPOLE SECOND-ORDER CORRECTION ENERGIES

./’ >
g : A

- FOR LINEAR OR SYMMETRIC-TOP MOLECULES -
FOR LINEAR DR STMIETRIL-TOE ILESE
P . 4 - ;

i 2 g - 5 -
T o abtain Ef?) the entries given below are to'be multiplied by,

2 .3
. the factor “=5l=x 1077, Ny

f » '
TABLE c.1. For 1= 3/2,‘nuc1ear quadrupole second-order correction - 5
; energies fn‘r Tinear or syv‘vme‘tr‘ic-tvp molecules z 0
o U R k=0 - ZkT1 k=% k=3 »
e Y e 0t Coee -
N . 4 g ™ . «
E R ‘1. .52 ' -'6.0000, -.9.4688 . - 2 4
.. ‘1. y27 -azs0  -0.875 . < P
1/2 0.0000  -11.7188 o B
272 - 40999 - 5.6487. - - 7.2855 ’ :
. 2 b2 2,186 (24561 co- 38675 .. - s iy
§ 232 7 10.4167- 5,2082 - -10.4170 . i A
2 .1/2 . 0.0000 - 11.7188 0.0000 ° . 1
/ Far C T g T "
3. 92 3.0864 . -3.8520 - 5.3818  -5.3858
3 | 3 Ty - Lo 0.21767 3.4721 1719
,\ Y40 08 52 . 6.0000  3.4466 - 2.6082° . -7.3244
3 yz 2250 5.6668 10.4170° °0.0000. - I
7 : N
: ‘4 -
. ¥
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| "0 APPENDIX D

OBSERVATIONS USED TO CALCULATE THE MOLECULAR PARAMETERS.
B im o

The t‘ablas m{ the following peges of this A.ppend'(x ‘contain the'%
observaAtions and related calfu]ations used to ca]cmétg thel mo'lecujlar
« parameters eQq, Bb‘ and Yo for-‘the J=1-+ .2 rotatjonal transitions of
','(cle X Clémas Cle ) c1zc137 . C12“ ) 125,79 21y (ClzH )4 czem_ i
and the J=2 + 3 rotational transitions of (clzy ) 125179 and - g
(CIZH ) Clz 81 and F are o\:served hyperfme components af a given
K mu'ltiplet‘ The. in&ensxties given are relative to that parndﬂar K
“Tevel only and follow from Table B.1. .Av {5 the frequency difference in
MHz between the F, and F1 cgmpnhent;. Using thé amnpr!ate. factors from
Table B.1 the indfvidual eQq's were computed. Further an& completg
details on-the method of calculation of the molecular parameters may be
fuun& in Secu‘un 4. 1 Jhe relative intensities have been narmaHzed $0

that the sum of the h\tensit\es of - the various hyperﬁne camponents of

a transition is 100, g " | 5 ! i
: , : g
6 Y
. Shne
3 ¢ ’




sl

TABLE D-.1. Observations used to calculate the parameters eQq, Bn. andlvnb

- of the 3= 1+ 2 rotational transition of (CHy)ytc1®®

T

~12.79+.11
=y

[3 5, R . Intensity o "‘eoq
Transition Transition = Transition' *'F, £ MHz~ Mz~
0 3/2«3/2 ° 7/2«5/2, 10.667 40.000 -11.83:.11 -66.25¢.62
0 3/2«3/2  §/2+3/2 10.667 21.000, -11.83:.11 -66.25¢.62
0 ..3/2,«3/2+ 1/2+1/2 10,667 8.333 -13.28+.11 -66.40+.55
0 3/2+3/2  5/2+5/2 10.667 . 9.000 ~29.09x.11 -67.88¢.26
o 72«52 52+ 32 40.000 21000 000,07 .
0 7/2 «5/2  1/2+1/2 40.000 8.333 - 1'.451.07 © -67.67:3.27 ’
0 . 7/2 < 5/2 © 5/2 «5/2 * 40.000 -9.000. ‘-17.26%.07.. -69.04£.28 .
0 5/2+3/2 12«12 21000 833 - 1.45£.07 -67.67:2.27
0 5/2+3/2 5/2«5/2 21,000 9.000 -17.26:.07 -69.04+.28°
0 J1/241/2° 5/2%5/2° 8.333 9.000 -15.81£.07 -69.17%:31
‘1 T 7/2+5/2 _3/2+'3/2 40:000° 10667 -10.76:.07 ' -66.95:.44
T1 “T/2 « 5/2° . 5/2+3/2 40.000 21.000 -17.16:.11 -6B.64.44
Sl 7/2«5/2 1/2+1/2 40,000 8.333, -12.80%.07 -67.83:.37
1 72«82 32« /2 40.000 8,33 - 4.23r.11 -65.60:1.71. -
1 7/2+5/2 . §/2+5/2 40.000° 9.000 - 8.56£.07 -68.48.56
1 3/2+3/2 5/2+3/2 "10.667 21.000- - 6.40%.11 -71.68:1.23
1 32«32 12e 12 10.667 8333 -23.60£.07 ° -67.43+.20
1 T3f2«3/2 . 03/2+1/2° 10,667 8,333, -14.99+.11  -66.62¢.49
) 32+3/2 5/2+5/2 10.667 9.000. - 2.208.07.  -61.6081.9
1 5/2+3/2. 1/2+1/2 21.000 - 8.333 -30.00+.11 -68.29+.25
1  5/2+3/2 - 3/2+1/2 71.000 8.333 " -21.39:.14 ' -68.06%.45
| 5/2+3/2 &2+ 52 21.000 9.000 48.90£.11 -71.20+.88
St 1/2«1/2 . 3/2«1/2_ '8.333 . 8.333 - 8.61¢.11 -68.88+.88
1 3/2,«1/2  5/2+'5/2.- 8.333  9.000 -31.40£.07 ° -68.09+.22
! 3/2+12 5/2+5/2 .8:333 9.000 -67.57+.58




s ' TABLR,D.2. Obseyvations usad to calcuhte the. pnumeters eQq, B, or and Y

of the J = 1+ 2 rotational transition of ““3)3“‘37

k- o F Fy Intensity v €Qq
Transition - Transition Transition - Fz\ Fy MHz . MHz
0. 3/2+3/2 © 1/2 +5/2. 10.667 40.000 - 8.89:.11. -49.78:.62
REC 32+8/2 - 5/2+32 10,667 21.000 - B.89£.11 -49.78:.62
0 3/2+3/2  1/2+1/2 - 10.667 8.333 -10.46:.14  -52.30+.70
0 3/2+3/2 32«12 10.667° B.333 -24.25:.14 -53.89%.31
. 0 7/2+5/2. 5/2+32 40,000 21.000 . 0.0 +.07 '
0 7/2+5/2  1/2 +1/2- 40.000 . 8,333 - 1.57:,11 -73.2715.13
"o 7/2+'5/2 3/2 «1/2° 40.000 8.333 . -15.36t.11 Ls6.50: a1
(e 5/2+3/2 g/z «1/2 21.000 8.333 - 1:§7:11  -73.2745.13
0 . 52+32 5/2+1/2 21.000 8.333 -15.36t.11 -56.59:.41
) 0 L1212 32«V2 8333 8.333. -13.79:.14  -55.16:.56

7/2+5/2. 5/2+32 40.000 21.000 ~-13.51:.14 -54.04%.56
72+ 52 1/2+1/2 - 40.000 8.333 - 9.13:.18  -48.23:.95
7/2+5/2 /3/2 ~1/2 40.000 8.333 - 2.60:.1T. -40.88:L71
5/2+3/2 12«12 21000 8.333 -22.64:.8 | -51.54:.41
S/243/2° Y2«l2 21,000 8.333 -16.1lsll -BL26LIS
12+1/2 3212, 8.333 8.333 .- 6.53t.16 -52.28:1.28

o et




v e e . e
TABLE D.3, Observations used to calculate the paranieters‘ eD‘q‘, Bi], and v

~

of the J =1 + 2 rotatfonal transition of (CH3)3‘CBF79

N
i3 N Fy Intensity w ol ety
Transition Transition Transition - f, fl " MHz' Mz
i) 72«52 5/2.«3/2 40,000 21.000 0.23:.07 ;. &
0 7/2 «+5/2 * 3/2 «3/2 40.000 1:0.567 91.32¢.20 - 511,39:1.12
S0 2« 512° 12 +1/2 40.000 8,333 d0.612.07. avgi12s3.27
0 5/2+3/2 3/2+32 21.000 10.667 91.55:.20 3»55:1.1,2
0 5/2<3/2  12'<1/2 21.000 8.333 10.38:.07 - 484,3943.27
-0 3/2<3/2. Y2 +12 10.667 8.333 101.93:.20, _509.65¢1,00
Yo s 5/2«3/2 3/2+3/2 '21.000 10.667 ' 45.64+.07 511.174.78
17 5/2+3/2 /2«52 21.000 40.000 128.00+.11 512.00%.44
ot 5/2+3/2  5/2+52 21.000 9,000 63.94+.07 . 511.52¢.56
1. 52«32 32+12 21,000 833 16100516 512.272.51
1 5/2+3/2° 1/2+«1/2 21,000 8.333 224.99:.16 512.17+.36 .
1 y2e3/2 T/2+52 10,667 40.000 - 82.36£.11 ' 512.46+.68
o1 3/2+ 32 .'5/2.«5/2 10.667 .9.000 18.30:,07  512,40:1.96
i 32+ 3/2° 3/2+1/2 10.667 ,8.333 115.36:.16 51271271,
1 32+ 32 1/2+1/2 10:667 8.333 179.35+,16 512.43:.46
1 72 «5/2. 5/2+5/2 40.000 9,000 64.06+.11 512.48+.88
1 wzes2 32z 40,000 8333 33.00:18 - 513.34:2.80
1 2«52 1/2«1/2 40000 8.333 96.99+.18 , 512.404.95
1. 8/25/2. 32+1/2. 9.000 B8.333 97.064.16 512.774.85
. &% 5252 1.2+1.2 9000 8.333 161.05:.16 52.43%.51
.. 32«12, 12+ 12 ‘51’1.92:1.is

'8.333

8.333  63,00+.21
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TABLE D.4. Obséivations used ‘to-calculate the parameters €0q, By, and v,

of the Jo= 2 + 3.rotatfonal tr:

ansition of (CH)sCBIY°

RS v
3 F, - Fy . lntené1t:f T oy €0q .
Transition Tranlsi fon ' Transition Ey \ MHz MHz
0 ‘372 «1/2 5/2 + 3/2 10.000 16.000 0.86%.14 ¥
0. 3/2 «1/2 7/2 +5/2. 10.000 24.490 31.26+.18  504.98+2.91 :
o 3/2 «1/2 9/2 +7/2 .10.000 35.714 31.36+.18 .506.59+2.91,
0 5/2 « 3/2, 7/2 < 5/2. 16.000 24,490 ' 32.12+.18- 518.87+2.91
0 5/2 « 3/2 9/2 + 7/2  16.000 35.712 32.22+.18 . 520.48£2.91
0 7/2 + 512 9/2 « 7/2  24.490 35.71 0.10¢.21
1 5/2 «3/2 7/2 +75f2.. 16.000 24,4968 0.06%.07
1 L 32 2+ 1/2 16.000 10,000 30.83:.07 493723‘11.12
1 5/2°+ 3 Z \9/2',«”— 7/2  16.000 3{714 31.84+.07  495,29+1.09
1 7/2 « 5/2 3/2 «1/2  24:490 10,000 - 30.89:%07  508.77+1.15
1 7/2 « 5/2 9/2 + 7/2 24,490 35.714 . 31.90+.07 .510.40£1.12
1, 3/2«1/2 ' 9/2 +7/2 -10.000~35.714" 11.01%.07 o "
222z 922 2490 3714 12805614 512,208.5
& . 772« 5/2 3/2 « 1/2 24,490 10.000 219.58¢.18 ' 512.36%.42
2 9/2 +7/2 3/2 <12 35.714 10:000 91.53£.18 . 512.57+1.01
Fat
: .




i - " & o
-103 - " .
4 ’ ko s - -
: : A | .
TABLE D.5. Observations used to ca"lcu'late the' parameters .eQq, Bn’ and Yo' ‘&
' of théd = 1+2 rotational transition of (o) CerS! !
I F R Inténsity & eQq
* Transition . Transition Transition - FZ ! Fl' MHz' MHz
0 7/2 + 5/2’ 5/2 «3/2°  40.000 '21.000 0.16+.07 - . )
0 7/2+5/2 ' 3/2 +3/2 -40.000 10.667 ' 76.63:+.20 429.13:1.12
0 T 7/2+5/2 3/2 +1/2  40.000 8.333 116.701.11 .7 429,95+ 41
0 7/2 «5/2 - 5/2 «5/2 40.000. 9.000 106.90+.07  427.60+:28
0 5/2+3/2 3/2 +3/2 .21.000 10.667 -76.79:.20  430,03£1,12
.0, - 5/243/2 3/2 +1/2 -21.000 8.333 . 116.54:.11 429.36%.41
: ] 5/2[+3/2 '5/2 +5/2 21.000 9,000 106.74%.07 426.96+.28
0 - AIZ+3/2 3/2 +1/2 10,667 -8.333 193:33:.22 429.62+.49 3
0 . 3/2+3/2 5/2.«5/2 10,667 9.000 183.53:.20 428,24+.47 “
0 3/2+1/2 5/2 «5/2 8.333. 9,000 B.Bot.tl *457.3245,13

5/2+3/2 " Y2« Y2 21.000 ‘10.667 38.07+,11  426.3841.23 - -~

5/2+3/2 7/2 +5/2° 21.000 40.000 107.14%.14. 428.56%.56" 7
/2372 -3/2°«1/2 21.000' §.333134.52¢.23, " 428.02£.70
5/2+3/2 12 +12 21000 8.333 187.61:.22 427.08%.50
3/2+3/2 772-+5/2 -10.667 40.000 69.07:.11  429.76%.6! 3
3/2+3/2 3/2+1/2 10,667 8.333 96.45:,20 - 428.67£.89 - |
3/2+3/2. 12«12 10.667 8.333 149.54::20- 427.26%.57

7/25/2° 3/2+1/2 10.000 B8.333 27.38+.22 425.92+3.42
7/25/2| 12«12 40,000, 8333 80.47:.22° 425.13¢1.16
3/2+1/2 1/2 « 1/2 8.333 . 8.333 ' 53.09+.28 424.72£2.24

F e ey
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TABLE D.6. Observations used to calculate the parameters eQq, éc, and-vy

o a2 Foratant] SRUREYLIEN oF (cHy)gnr®!

K " Fp Fy Intensity Av © . elg
Transftion  Transitfon Tramsition . F, I MHz T Mz
0 3/2 1/2. 5/2 3/2 10.000 .16.000 0,602,144
1 5/2  3/2 712 5/2 16.000 24,490  0.59:.11
e ! ' §/2 3/2 . 32 1/2 16.000 - 10,000 26.31.11 420.9611.76
1 5/2 32 .9/2 7/2 16.000, ° 35.714 . 27.02%> A7
1 2 52 . 3/2 1/2 '24.4% 7°10.000 25.72.14. 423.63:2.31
=1 ‘M2 520, 9/2  7/2. 24.490 35.714 -26,43:.14 422.B§t2.24
1 . 32 y2 9/2 7/2 10.000 35.714 0.71%.14 B%
:(v -2 72~ 512 52 32 24490 16.000 76.04x.11 425.83t.62
2 72 52 9/2 7/2 -24.490 - 3'5.714‘ 107.803:.‘16 431.20%.64
2 - 772 5/2 3/2. 1/2° 24.4%0 10.090 184.07+.20,  429.494.47 |
2: 5/2 .3/2 9/2° 71/2 *16.000% 35.714‘ 31.76+.18  444.63:2.52 .
2 5/2 - 3/2 32 1)2.16.000 -10.000 108.03+.22 ~ 432.12+.88
) 9/5 72 32 1/2. 35.714  10.000 76.27+.25 427.1241.40 ,
.
g g
r
1
v A =]

s
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P APPENDIX E

B o S,
THE_CALCULATES- WYERFTHE SPECTRA FOR TERTSY> BUTYL CALORIDE -
. : : AND TERTIARY BUTYL BROIDE = .~

w * The ‘tables on the foHowtng pages of this Appendjx contatn tr.\e
cuTcuhtgd_ nu_clear quadrupole hy;v:erﬁne spectra of the J=1 + 2 rotational
S8 transition for (¢12;):61201%%, (c1hy) 121¥7, (1) 01 %8r7® ana
P o (CIZH3)3CIZBrBl, and'the J=2 + 3 rotational transitiohs for -
' (CIZH:’)aclzﬂrjg and (Clzﬂa)aclzﬂrm: K'and F havé their usual. meanings -
in microwave spectroscopy. The dintensities given Lre relative to that
particulaf K level only and fol Tow from.Table B.1: -Using Eq. 2.17 and o

Table B.1 to find vy p1us the first-order carrectiun and TabTe B 2 to

Find the stcond- orde correction, the Qectra were calculated. Further el

and comp]ete detans on the moiecuhr thenry used in this portiun may be
! o .~ found in Chapter 2. In calcu]ating the hyperf{ne spectra, the "Q ‘s and

i . 4 Bu‘s used are those tabulated jn Tabl 7 wlth the faﬁvmg important .
5 considerations on. the €Qq's: i - : }

- for (¢124,),¢7%01% eag = -67.7273,8.63 Mz throughouts -

for (c124,) 010177 e0q = -52.78 + 1.25 Mz throughdbes T o

o™
. for (12

Hy)o€1%8r7? leq = 512.33 £ 1.16 M throughouts and |

B for (c'4 Haaaclzsrél “elq = 423 24279 Wiz throughout.
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TABLE E.1. The calculated hyperfine spectrum af the d = 1 + 2 rotational

% - transition for (CHy)ycc1®®

S ) FT . Relative . 1stOrder . Znd Order v,
Transition oTransition Intensity. .Correction’ Correction 2nd Order
] s A Mz Mz MHz
) o V2«32 1667 30.47:.28 © 0008 1210140 .
L0 32«32 10,667 0 13.56% 13 - 0.02  12084.49
T & * )
. 0 7/2 52 40,000 . 1.45% .01%, 12072.38 =
BE .0 5/2 <32 31000 1.5 £ .01 12072.38
) 0 2«12 1833 0 12070.93 ¢
00 Y /2 ez 1000 - 3.39 £7.03% '12067.56 .-
. : 0 45252 9000  -15.48 £ .15 % 12055.46 -
2 Y2~z 8333 -16.93 ¢ .16 * 12054.02
¢ g i, ]
1 ‘Y212 8,333 ¢ 16.93% .16 - 12087.85
v 1 2«12 . 833 8.47'+ .08 12079.38
N 1 252 . 4000 411% 04 12075.00
L S 32«82 1000 .. 1.69 % .02 ® 12072.59
- 1 V2«32 1667 1.69 £ (02 12072..60.
[ 52«52 9.000. = 4.35% .04, 1206655 .
1 2«32 100667 -6.77+.06 002 -12066.13 .
1 52 «3/2 21000  -12.82 4-12 .  0.02  12058.08
o7 5 5, &7 "
P E N 5 g o 5 T
v j N Nt ’ ‘ [
- - =
L}
| y .
< . ‘ :
. a .




- 107 - )
'
‘ s . e 3 : T
| L
1 ,TABLE E.2. The calculated hyperfine spectrum-of the d = 1+ 2 rotational -
o “+ transitton for (CHy),6c1Y ) o b
L . = K - CF Relative ~ 1st Order - 2nd Order  vjc
Transition #Fransition Intensity  Correction - Correction _2nd Order
e ol LT MHz s Wiz L MHz
0 /2«32 1.667 23.53 & .56 .0.002 1183760
o 3/2«3/2  10.667 10.46 +'.25  0.01- . ,11824.54
0 7/2+5/2  40.000, - 1.12 +.03 - 0:002¢ ' 11815.19 . .
-0 5/2 « 3/2 . 21.000 1122.03 - w0 11815.19
0 Y2+1/27. 833 [ 0 . 11814.07
0 32«52 1.000 - 2:61%.06.. 0,01 11811.47
0 5/2+5/2  9.000 © -11.95 % .20 0.003 . 11802.12
0 32 +1/2 8333 . -13.07#.31°  0.01 . 11801.01 -
i ' b
1 V2«12 - 8,33 13.07 £ 31 7 0.02 1182692 *
. 1 3Y2+1/2 8333 . 6,50 %.16.. 0.02 11820.39
1 7/2 « 5/2 40.000 317+ .08 0.003 11817.00  _
! 3/2«5/2.  1.000 . 181 .03  0.01 11815.15
1 12+ 3/2 - 1.667 1/31'+ .03 0.02 - .11815.16
1 Y5282 0 9.009 - 3\360x .08 0.01 11810.48
“1 @ 2«32 10.667 . -5:23:.12 0,01 11808.61 ,
1 5/2+3/2° 21000 -9.90 +:28 ° 0.01 . 11803.94
. J N
y » ) -
N -4 ; ) p %
. #
e s :
i i o
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TABLE E.3.
transltinn for (CN3)3CBr

The calgulated hyperf‘lne spectrum of the \fﬂ 1+2 ’rotat‘onal

w Relat]ve>

K F !  1st.Order:  2ed Order Veate
Transition, Transition Intenslty Correction g Correction . 2nd Order
: ¥ * Mz UMMz —~MHz
0 3/2+.1/2 8333 - 128.08+ .29 ' . 1.34 8306.12
-0 _5/2 « 5/2- " 9.000, 137:10 £ .27, 0.49 g 8294.29-
0 32«52 . 1.000, 5.62 +.06 0 2.11 8204.43
0 Y2+ 12 8333 - * 0. I 8176.70
. 0 7/2 +.5/2 40,000 .- 10.98 % .03 0.26 ) 816536
0 5/2+3/2 - 21.0000 -10.98¢°.03° ° 0.01 8165.73
0 3/2 32 10.6677 - 1024705 .24 1,63 - 8075.86
t o0 12 w32 1,667 -230.55.¢ .53 ", 0.29 7946.44 -
j ) 3 sl 2
‘ " S 5/2'+ 3/2 " 2000 ©96.98% .22  8275.76
1. 32+ 32 10.667 51.23 + .12 ' 8230.36
s © B/2+5/2°  9.000 32.94 £ 083 azn 54
1 12«32 1667 -12:81% Jo3 © 2.90 8167,16
1 3/2%5/2 7 1.000. - 12,8 ¢ .03 = . 1.88 6.14
Lo 72«85z 40.000 - 3Q.11¢ .07 0.49 45.45 .
1 "3z 1/2.- 8333, -64.04% A5 217 - 8115:20
1 12« 172 -128.08-+ .29 - /- 3.01

+.8.333

8052.00 -,
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o o - TABLE E.4. The ca1cu1ated hynerﬂne spectrum of the J =2 + 3 rotational
g L » transition fo (GH3)3CBr
<
[ F . - Relative = ' .ist Order ". 2nd Order . eale
Transition . Transition: Intensity Correction, ' Correctfon '2nd Order
§ Mz oMz wz |
% i 0 772 7/2 . 4.082 <. >'121.98 + .28 0.28 12387.61-
- 0 B/2+17/2 0.204 . T /6Z.2Tye.14 < 1,29 12328.85 s
0 3/2+1/2  10.000 25.62 ¢ .06 0.29 12291.26
Cos ; 0 5/2 « 3/2  16.000 © | 25.62°t .06. .-0.57 12290.40,
L . 0 7/2+ 5/2 - 24.490 .- 6.10 £ .01 oo 12259,28 )
¢ .0 9/2+7/2 -35.714 .. - 6.10 ¢ .01 0.13 °  12259.38, *
! 0 5252, 5.224 - 65.87 £ .15 1.05 12200.53
0 T3/2+3/2 4000  -102:47°% 23 -1.05 12151.&?
0 3/2+5/2 - .0.286 --193.95 £ .45 | 0.57,  12071.97
. 1 2«2 4.082 82:34 + .19 0.75 - 12318.46
1 52+7/2° 0204 . 37.513%,09 1.17 © .12304.05
Los%s g 5/2+3/2  16.000 19.21 % 304 --0.23 12284.35
g:;‘il 1 72+ 5/2. 28490 18.30 £ .04 -0.29° " 12283.38
1 3/2+1/2 10,000 -12:81%.03  -0.78 . .12251.78
1 8/247/2  3/.714 - S13.72£.03  0:23 12251.88
1 5/2+5/2  5.224 - 26.53+ .06 0.13 . ° . 12238.97
1 .3/243/2. 4.000 . -76.85+..18 . 0.06 .° 12188.58 .- ' '
Yo 3/2«5/2  0.286° -122.59 t .28 0.41 12143.19
3 . & . - o
2’ 3/2°«5/2 . 0.286 1.83 12358.79
2 §/2 «5/2  5.224 0.16 - 12357.12
% 2 7/2 «5/2  -24.490 | 0.9 azas.90.
i 2 32«32 4000 2.67° . 12268.14-
2 5/2«3/2 | 16.000 Ly 1.00 . - 12266.47
) 5/2«7/2 - 0.204 . - 36.60 £ .08 ~-0.60 = 12289.47
2 72 +7/2 8.082 0 - 3%6.60%.08 138 [12230.25.
] ). : . 9/2 < 7/2 35714 - - 36.60 + .08 0.24 12229, .

v3{2 ~1/2 '10.000 -128.08 + ,29 ' 1.33 12138.72
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vv TABLE E.5. TNe ca]cu'(ated hyperﬂne spgctrum “of the J = l, 2 rntntinnal

. transition for (CH3) CBr

6

K F.° Relative

1st Order 2nd Order. Veale
Transition "Transition ‘Intensity~ Correctjon  Correctfon 2nd Order
o R MRz Mz “MHz
0 2«12 8:333 107.06 +-.70 0.94 8221.54 ,
o 5/2 «5/2  9.000 97:88 ¥ 164 " 0.34 8211.76
"o 32«5/2  1.000 - 2141 % 4 1.48 8136.43.
0 12 +1/2 8333 oo o0 elase
0 S7/2 <52, 10.000 o= 9.18 & .06 0.17" 804,53,
.0 5/2 « 3/2° -21.000 - 9.18 .06 0.01 8104.37 -
0 '3/2+3/2 10667 - - 85.60 % .56 115 8029,05 .
L0 12«32 1.667  -192.70 £ 1:25  0.20 7921.08, .
N % e
5/2 « 3/2. 21,000 81,06+ .53 121 ¢ 819%.01 ¢
32«32 10,667 42,82+ .28 1.45 8158.01
8/2+52  9/000 | 27.53 £.18  1.08" 8142.35
L1/2<3/2 1667 - 10.71 & .08 2.08; 8105.07
3252 1000 %1071 % .08 1.33 8104.36°
7/2+5/2 40,000 ° - 26,00 £ .17 . 0.35 8088.09
32«12 8.333" - 53153 & .3 1.83 8061.74
y2+1/2 833 8008.80

~107.06 + .70

~ pue




TABLE E.6: - The cafculated hyperfine shectrum of the J = 2 » 3 rotational N
S ransition for (oy)ycer®! . .

K E Relative 1 Ist Order 2nd Order "cal‘c
. Transition . Transition Intensity Correction . - Correctfon. 2nd Order
g o L L ¥ MHz MHz MHz
0 7/2:+7/2  4.082 10196 +°.66 . 0.20 w2272.20 "
0 "s2+7/2 . 0.208 52,00 + .34 0.92° . 12222.96
3 0 3/2«1/2  10.000 2141+ .14 © 0.20 12191.65
Lo 0 5/2 « 3/2. 16.000 21,41+ .14 - -0.40 ' 12191.05
0 U7/2«5/2 28490 - 510%.03 | 0.02  12164.96 -
0 9/2 \: 7/2 35.714 q.og 12165.04
P 0 s/2le 520 . 5.2 0.74 12115.72
. 0 3/2«3/2  4.000 -0.76 - 12083.66
L0 3/2.« 512 -0.286 0.40° ~ 12008.33
& . . 1. 72<2. 4082 0.53 12239.32
[ i 1 v 52+ 0.204 0.82  12204.14
; ) 1 5/2«3/2  16.000 -0.i16 12185.87
772 « 5/ 24.490 0.2 | 12185.04
i <y - 100000 -0.55 - 12158:71
3 92« 7/2 . 35.714 0.16 12158.61,
1\, .52<«52 520 0.09° - 12147.88°
. ; 1 S/« 32 4,000 0.04 12105.78,
% y 1 ©. 32+ 5/2 0.286 5 0.29 12061.79
B 32«82 0286 ° 76.47 £ .50 1.3 12247.45 *
| . 2 5/2«5/2 52283  76:47 % .50 0.12 12246.27
W i 282 24490 " 76.47°% .50 © 7 0.67 12246.82
i 2 3/2 « 3/2- 4,000 0 1.89 . 1217167
Y 2. sz w3/2 16000 L p 071 12170.39
2. 52«1/ 0.204 - -30.59%.20 0.8 12139.51
- 2 "2 7/; 4,082 " o 12140.07
2 92«72 35718 0.17 12139.26
. 2 32«12 10,000 - 0.94 . - 12063.55
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