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ABSTRACT

The rotational and vibrational spectra of sulphuryl chloride, sulphuryl fluoride and
dimethyl sulphone have beeri extensively studied. The molecular structures of all three

molecules and the harmonic force fields of the first two molecules have been derived

from the experimental data. Some nuclear i i Fermi
and Coriolis interactions of these molecules have also been investigated.

(1) C1,50,: The microwave spectra of nine isotopic species of sulphuryl chloride,
namely ¥$C1135'%0,, $CI¥CI5%0,, ¥C1 50, Ya¥cidsto,, ¥aiFs1o,, Sccitsto,,
37C1{5'%0,, #C1#5'0, and ¥CIY’CI¥$1%0,, were observed in the ground state over the
frequency range from 12000MHz to 84000MHz. The rotational constants and quartic
centrifugal distortion constants have been calculated from these spectra. The effective,
substitution and scaled structures of this molecule were evaluated from the rotational
constants. The nuclear quadrupole hyperfine structures of some transitions were meas-
ured. The nuclear quadrupole splittings of ¥C!$25'%0, transitions have been analyzed
to yield the nuclear quadrupole coupling constants of ¥Ci as: x,, =-33.25MHz,
Xop = -6.9TMHz, X, =4022MHz and n=142. The Raman spectra of ¥C§5'0,,
33C15'%0, and *C13'5%0, have also been observed in both the liquid and gas phases.
A Fermi resonance between the v, fundamental and the first overtone of the vy mode
has been analyzed. A harmwonic force field with thirteen force constants has been
determined from the quartic centrifugal distortion constants and the vibrational fre-
quencies. The harmonic force field has been used to obtain the average structure for
this molecule. The ground state average structural parameters of %C1j’§'60, are:
rso = L4134, rec; = 201124(10M , angleggy = 123.129(15)°, anglesey = 100.126T)°.

(2) F50;: The microwave spectra of five isotopic species: F{%5'60,, £335"%0,,
F{’5%0'%0, F#5'%0, and F#5%*0, have been measured in the ground state from 6000

to 120000MH:. A large number of satellite series were also investigated for Fj25'%0,



i

and F5'%0, and have been assigned to five vibrati excited state

(v3=Lvy=1,vs=1,v;=1 and vo= 1) of F{35'°0, and four vibrationally excited state
transitions (v = 1,vs=1,v;=1 and vg=1) of F#$'%0, The spectra have been
anulyzed to yield values for the rotational constants and quartic centrifugal distortion
constants for both the ground and excited states. The sextic centrifugal distortion con-
stants of the F{25"%0, species have also been determined. An effective geometry has
been obtained from the ground state rotational constants. The Coriolis interaction con-
stant §is was derived as 0.264 and 0.24 for F$5'0, and F#$'*0, respectively. A
complete harmonic force fic.i, with seventeen force constants, has been determined
from the quartic distortion constants and vibrational frequencies. The harmonic force
constants have been used to calculate the average molecular structure of F3%5'0, in
the ground state. The average structural parameters are: rg, = 1.40176(13)1,
ror = 1.53608(16) , angleoso = 124.907(20)°, anglepsr = 95.¢84(13)°.

(3) (CH3),50, The microwave spectra of eight isotopic species,

(CHYPS 1y, ("CD IS0, (YCHPS'00 , (“CHI)CHD)S 0 D),

(PCHYS%0,, ("CHy)FS 03, (*CH)(CH?S0,, ("CH;)XPCH1D)?S'0 1), were
observed in the ground state over the frequency range from 40000 to 85000MHz. The
rotational constants and quartic centrifugal distortion constants of the eight species
have been derived from the experimental data. Effective and substitution structures
have been obtained using the ground state rotational constants. The substitution struc-
tural parameters of (2CH,)$5"0, are:

rso = 1434323 , rsc = 1.772828M , renay = 1.0839OM, reun, = 1085824 ,

anglegso = 120.14(19)°, anglecse = 103.61(16)°, anglescyy, = 105.59(25)°,

anglescyay = 109.51(19)°, angleyyycuany = 110.38(11)°, angleg,cpun = 111.61(5)°.
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CHAPTER 1

INTRODUCTION

The very first microwave spectrum was obtained more than 50 years ago by Clee-
ton and Williams'*, who investigated the absorption of ammonia vapor at frequencies
around 20GHz since theoretical calculations had suggested that the absorption due to
the inversion motion of the ammonia molecule should be observed in the microwave
frequency region. Although the first microwave spectrum was the ground vibrational

state inversion spectrum of ammonia, we now usually regard the terms microwave

spectroscopy and rotational as being sy since mi stu-
dies normally lead to molecular information through the phenomena of changes in
molecular rotational energy levels.

The apparatus used by Cleeton and Williams was very simple, the ammonia gas
being contained in a rubberised cloth bag at atmospheric pressure. They produced the
radiation itself from very small split-anode magnetrons with anode radii of less than

%mm. The microwave powers available, and their detection methods, resulted in low

sensitivity for experiment; they were able only to show that there was a broad absorp-
tion band centered on a wavelength of about 1.25cm 181, After the second world war,
when the enormous advance in microwave techniques occurred because of the interest
in radar technology, the development of the klystron and the backward wave oscillator
provided microwave sources which could generate microwave radiation at high power
levels, the frequency of which could be accurately controlled and measured. The
invention of the Stark modulation technique greatly enhanced the sensitivity of
microwave spectrometers. Thus it 1s not surprising that, since then, the theory and the

of mi have both been improved greatly.

The introduction of more new experimental techniques is making modern microwave

spectrometers increasingly powerful. Modern microwave spectrometers are improving



in several respects with higher itivity, higher ion and an ion of the

useful frequency region being most prominent.

Because of the very small population differences of the rotational eigenstates
involved in the microwave spectrum, the intensities of microwave pure rotational tran-
sitions are particularly low. A useful method of raising sensitivity in microwave spec-
troscopy experiments involves the double resonance technique and consequent depar-
tures from Boltzmann distributions of state populations. An early example, made by

Okal'"l, of using the mi i double hni is the detec-

tion of AJ =3 transitions in the ethyl iodide; the absorption coefficients of these transi-
tions are not greatly in excess of 10™'em™'. Now, using the Fourier transformation
technique, it is possible to observe very weak rotational transitions in bimolecular
species held together by Van der Waals forces, such as krHCI 7 and, as well, hydro-

gen bonded complexes such as H,0..HF ) and (CH;);N..HF (8, The observation of

in i i i and i nonpolar
such as CH,CH.D, CH,CHD and CHCD, the dipole moments of which are usually only
107 - 10Dt and very recently, of a complex with nonpolar constituents, Hg...Ar (67,
have also been reported.

By far the most striking improvements in resolution have been achieved by the
use of molecular beam spectrometers, in which the Doppler widths of lines are largely
eliminated. This feature has proved valuable in measuring very dense hyperfine struc-
tures, such as multiplets in nuclear quadrupole splittings and especially the Zeeman
effect splittings. By using the molecular beam technique, Burie eral 91 obtained very
high resolution microwave spectra for CHyf showing very well resolved iodine nuclear
quadrupole hyperfine structures, with a half line width only 3kHz.

Because the spectra of many fundamental and light molecules fall primarily at
shorter wavelengths and also because the strength of the interaction between molecular

systems and electromagnetic radiation increases with decreasing wavelength, it has



long been an aim to expand the high resolution microwave techniques into the millim-
eter and submillimeter region of the spectrum(*'%9, The Q branch Ji . — J;1s-10

transitions of SO, were the first to be recorded at frequencies above 1000GH: ",

Microwave spectroscopy has now become established as a standard tool which is

ployed to study the structures of lecules in the gas phase. A
knowledge of the molecular force field, molecular electric dipole moment and nuclear
quadrupole coupling constants can also be obtained from the results of microwave
spectroscopic studies.

In this thesis, the microwave spectra of three molecules, namely F,SO,, C1.50,
and (CH;):S0,, have been reported. These have been studied using a conventional
Stark modulated spectrometer, and the molecular structures and harmonic force fields
of these molecules have been obtained. A very brief outline of the theory needed to
interpret microwave spectra is given in subsequent sections of this chapter. A more
extensive outline of the existing theory has been given in many excellent publications

CRABBIGIONE),



1.1 Energy Levels of the Asymmetric Rotor

The three rotational constants 4, B and C needed to describe the rotational ener-
gies of a rigid three dimensional rotor are related to the comesponding principal
monments of inertia by the following equations

"
L=
@)

Iy (LLD

o
(8m8)

h
k (87°C)

where

h "
= .07 ud MH: AE
G = S0979.07 ud Mz (1.12)

where Plank's constant i = 6.6260755(40)x 10/, sec. .
The principal inertial axes, a, b and c, are usually labeled in such an order that

A4 2B2C or [, <, <I.. An asymmetric rotor is one that has no two principal
moments of inertia equal, that is

I <hy <1, (LL3)

In the rigid rotor approximation, the rotational energies of a linear rotor, with

I =05, =1, , a spherical rotor, with [, =f, =L, and a symmetric rotor, with

Iy <l =I.(prolate symmetric top) or [, =7, </ (oblate symmetric top), can be

expressed in convenient equations because the rigid rotor Hamiltonian can be diagonal-

ized”. The non-zero energy matrix elements of symmetric rotors in the field free case

are only the diagonal terms, which are
KMIHUKM > =BJ(J + 1)+ (4 - B)K? (1.14)
and

<JKMIHUKM > =BJ(J + 1)+ (C - B)K? (L.L5)



for prolate rotors and oblate rotors, respectively. Here 1JKM> is usually used to denote
the wavefunction of the symmetric rotor; / is the rotational quantum number related to
the total rotational angular momenturn, and can assume any non-negative integer value,
and K is the rotational quantum number which gives the component of the total rota-
tional angular momentum along the molecule-fixed axis. If an external electric field is
present, a third quantum number M, which gives the component of the total rotational
angular momentum along the direction of a space fixed axis, is needed to describe the
rotational energy. K and M can be any integer in the range from -J to /. In the
field-free case, the Hamiltonian of a symmetric top is diagonal in the / and K
representation and is double degenerate when IK1»0. In addition to the double K
degeneracy there is a 2/ + 1) fold ¥ degeneracy.

For asymmetric rotors the Hamiltonian, however, is not diagonal in the J and k
representation and the rotational energies cannot be expressed using convenient equa-
tions as is the case with symmetric tops. For nearly prolate asymmetric rotors, the I

representation™ is usually chosen and the non-zero matrix elements are

KM \H KM > = ‘:‘lﬂ *CUUI+ D+ - %(B +ONK? (1.1.6)
and
| X
<IK £2MIH UKM> = :‘-(B ~CHUU +1) KK £ 1)} (SR W)
L
LU+ = (K K £2)?
The rigid: iltonian matrix is tridi The matrix can be factored into four

independent submatrices, if it is noticed that there is no matrix element connecting
even and odd K values and the Wang transformation®™ is used. Now the total angular
momentum J and its projection M on a space-fixed axis are still constants of the
motion and are still good quantum numbers. K, however, is no longer a good quantum

number and the double K degeneracy of the symmetric rotor is lifted. The energy lev-



els of asymmetric rotors are labeled as Jg,«, . Here K, and K. are the IK| values which
are obtained from the prolate and oblate symmetric limit, respectively. Another
method of designating the levels is using J., with t =&, - K.

There an: various parameters used to indicate the degree of inertial asymmetry.

One of ther is Ray's asymmetry parameter®™);

2B -4-C
e (1.1.8)

which becomes -1 for a prolate symmetric top and 1 for an oblate symmetric top, vary-
ing between -1 and | for asymmetric tops. Another parameter, Wang's parameter(*”

for a slightly asymmetric prolate top, is:

C-B K+
b T (1.1:9)

The value of &, is zero for a prolate symmetric top, and again increases as the top
becomes more and more asymmetric. The Wang parameter for a slightly asymmetric

oblate top is:

A =B el §
b= %-B -1 %0 @L10)

The value of 4, is zero for an oblate symmetric tep and increases as the top becomes
more and more asymmetric. For a slightly asymmetric prolate molecule, by using the
Wang asymmetry parameter the rigid top Hamiltonian and rotational energy may be

conveniently written in the form
H, - 7'(5 LOP a4 -%(a OBy (LL11)
and
By = 3@+ CUU D+l 2@ +OW, b, (LL12)
Similarly for a slightly asymmetric oblate molecule we have

H, = ?1(5 +AP +[C - %(B +A)H b,) (LL13)



and
B, = 1B + MU + D H(C - 3B + AW, b,) (114

with
Hiby) = P+ b, (P2 =P} (1.1.15)

and
H(b,) = P2 +b,(P2 =~ P}) (1.1.16)

The asymmetric top Hamiltonian can also be written in the following form by using

Ray’s asymmetry parameter
Ho=di +COP + 204 O (LLIT)
Here
H(x) = P2+ xP? - P} (1.1.18)

“The discussion so far has assumed a rigid rotor, with no effects of vibration or

centrifugal distortion. This simple rigid rotor imation can be fairly

used to describe low J rotational states. However, as J increases the error becomes
larger, because the effects of centrifugal distortion, which shifts the rotational energies
from their rigid rotor values, increase. The general theory of centrifugal distortion has
been considered in detail by Wilson, Howard and Nielsen!*I€lel®2l, They gave the
non-rigid rotor asymmetric top Hamiltonian as:

H =H, +H, (L1.19)

< A2+ BP} + CP2 + L TriuggP P}
453

Here the t's are quartic centrifugal distortion constants which are related to the har-
monic molecular force field*2, which will be discussed in section 1.6. There are six

different t's, they are T, Tomss Tecees Toashs Taacc» AN Ty ONly five combinations of



them can be obtained from microwave spectra howeverII¥7, Convenient combina-

tions of these 1's have been suggested by Watson**" and were used in this work. By

using these combinations, the non-rigid rotor iltonian in Watson's § ion4)
is:
H= H +Hy +Hp+ oo (1.1.20)
Here
H, = AT}+BI} +CT} (1.1.21)
Hy= =D, J* - DT} - DI} (1.1.22)
+d T2 +I2) v dyad + 7Y
Hy= HJ®+ Hpl'T? + He T (1.1.23)
+ HeIS + h\ U2 +02)
+hy U 413y RIS +18)
Here
Jo= T, £il, (1.1.24)

Because the amount of centrifugal distortion of a molecule does not depend on the
sign of the angular rotation, both of H, and H,. involve only even powers of the angu-
lar momentum. Here D, Dy, D, dy, and d, are quartic distortion constants, which are
combinations of the t's, as is shown in Table-12. H,, Hy, Hy, Hx, k), h; and h; are
sextic distortion constants, which are related to the cubic force field of the molecule.
For the calculations presented in this work, only terms up to H,; were considered. For

lighter molecules such as H,0 and H,S it is necessary to include higher-order terms!®,

If linear inations of ic top ions are used to construct the asym-
metric top wavefunctions, by using the above Hamiltonian the non-zero energy matrix
elements satisfy the extended rule Ak = 0, £2, £4, +6. The non-zero matrix elements are

CIKMIHVKM > , <IK+2MIH|JKM >, <JK+4M|H\JKM> and <JK £6M |H JKM>, which leads



to a heptadiagonal non-rigid rotor asymmetric top energy matrix. In the I" representa-
tion it is not difficult to evaluate these energy matrix elements, which are given as the

following equations:

<IKMIHIKM > = —;(B +CWI+HD+[A — ilm +O)K? (1.1.25)
D+ 1) =Dyl + OK? - Dek?
+HI + 1P+ Hyd 3 + 1K

+ HedU + DY + HeK®

WK 2M KM = [%w SC)+dJU 1)+ I (1.1.26)
-{[lu +D-KK £ DU+ 1)

- (K £ (K t.’.)]}

UKEAMIHIUKM > = [dy + hyJ(J + DI + 1) =K(K £ n]% (1.1.27)
I +D=(K K tl)]%[l(l 0
- (K 21K 23)]%[1(1 +D)=(K £3)K 4)]%
L
K 6MIHIKM> = hylJ(J + ) = K(K £ DI*[IJ + 1) (1.1.28)
=K £ K 22)]%[1(1 UK EK * J)I%
*JJJ+ 1)~ (K £3K xJ)].;‘[l(l +1)
~(K t4K £ !)]%[I(l +D-(K 5Kt 6)]%
Here, because of vibrational averaging effects, all of the rotational constants, as well
as, the quartic and sextic distortion constants, are effective constants, which vary from
one vibrational state to another. Therefore the molecular geometry and force field
derived from these constants are also effective and vary with vibrational state. A

simpler tridiagonal matrix Hamiltonian, the so-called 4 reduction Hamiltonian, has also



10

been derived by Watson"l. Because some of the molecules investigated in the
present work were nearly symmetric tops Watson's § reduction, which is the neces-
sary choice for molecules which are only slightly asymmetric, was used throughout.
The rotational energy states can be obtained from the ¢lements of the required
Jacobian matrix, which are usually derived by diagonalizing Watson's reduced Hamil-

tonian and refining the experimental rotational frequencies. The Jacobians are

;—E ) (1.1.29)

£

=<PYH
D, 5

_—= 6:

o AR
In this method, an initial trial set of rotational constants are used to calculate the
energy eigenvalues, from which the -alculated rotational frequences can be derived.
The difference between calculated and experimental frequencies can be used to refine
the rotational constants or calculate distortion constants. The procedure usually

requires two or three iterations to converge.
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1.2 Nuclear Spin and Line Intensities of Rotational Spectra

The presence of identical nuclei in a molecule can have important consequences

in the determination of the statistical weights of the energy levels and the relative

intensities of rotational bands®). Those i which remain unch; I by
an exchange of identical nuclei are designated as symmetric functions and those which
change sign as antisymmetric. It is found by experience that for Bose particles (with
zero or integer spins) the over-all wavefunctions are symmetric, and for Fermi particles
(with half-integer spins) the overall wavefunctions are antisymmetric with regard to

exchange of the identical particles, The complete wavefunction (,.,) is the product

of the electronic ion (¥, ), the (¥,), the rotational

wavefunction (¥,) and the nuclear spin wavefunction (¥,).
AL AAAN (1.2.1)
The transition dipole moment berween states i and j is
™ -J‘\v,u,w,dnj'w,uhw,n»J'w,u(\v,.n (122)

Here ¥, and ¥, are complete wavefunctions of state i and state j, respectively. The
symmetry operation which merely exchanges the identical nuclei does not change the
sign of the dipole moment (4, ky, 1) and therefore the integral will be zero unless ¥
and ¥, have the same symmetry along at least one axis. Generally both the ground
state electronic wavefunction (¥,) and the ground state vibrational wavefunction (¥,)
are symmetric and therefore, the symmetry of the total wavefunction is dependent on
the rotational wavefunction (¥,) and the nuclear wavefunction (¥,). Therefore for
Bose particles ¥, and ¥, should have the same symmetry; for Fermi particles ¥, and
W, should have different symmewy. For molccules having one pair of identical nuclei

with spin 7, there are

(T+L)A+1) (12.3)



symmetric spin wavefunctions and

na+1) (124
ic spin i For having three pairs of identical nuclei
with spin 7, the number of ic and anti i ions are
U+ 1P+ 1P 30+ D@+ D + 1) (12.5)
and
P+ D30+ DR DI+ (1.2.6)

respectively. Table-1.1 gives the spin statistical weights of the molecules considered in

this work.
Table-1.1
Spin Statistical Weights of C1,50,, F,S0, and (CH),S0,
Molecules CI:S0; FiS0; (CH3)S0;  (CD3%S0,

4 3n 12 12 1

n 1 1 3 3
a-type 00-0e 5 3 9 13
ee-e0 3 1 7 14

b-type e0-0e 5 3 9 13
0o-ee 3 1 7 14
c-type 00-20 5 3 9 13
ee-0e 3 1 7 14

Here n is the number of identical atom-pairs and the spins of %0 and '’C both are zero
which need not be considered. All the normal species of the three molecules are
Fermi particles so that antisymmetric rotational states have more peoulation than sym-

metric states when they are in the ground electronic and ground vibrational state. The
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spin statistics of an excited vibrational state are dependent on the symmetry properties
of the state. If the excited vibrational state belongs to an 4 symmetry species (in the
C,, point group) antisymmetric rotational states have more intensity than symmetric
states, otherwise symmetric rotational states have more intensity than antisymmetric

states.
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1.3 Moiecular Structures from Rotational Spectra

There are wo iviportant methods, microwave spectroscopy and electron

diffraction, used to determine the molecular structures of gaseous molecules. In com-

parison with electron dil i i has several and
disadvantages.
A of

(a) The structures of molecules in the ground state and in various excited vibra-
tional states(if the intensities are high enough for measuring) can be obtained
separately and directly.

(b) Sample impurities do not usually affect the microwave measurements. Mix-
tures are readily studied.

Disadvantages of microwave spect. .copy:

(a) Several isotopic species must usually be studied to obtain the molecular struc-
ture.

(b) The cocrdinates of the atoms which are situated near inertial axes are very
difficult to determine accurately.

(c) It can be used only for relatively small molecules.

One of the most i aims of mi is the accurate meas-

urement of the i of molecul The structures are

derived from the principal moments of inertia /,, I, and /.
L = I+ o)
T
Iy = Ema + o) 3.1
T
L= Xm@} + b)
T
Here a, b, and ¢, are the principal axes coordinates of the ith atom and m, is the mass

of the ith atom. The principal moments of inertia are obtained from the rotational
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constants 4, B and C as shown in equation(1.1.1).

The equilibrium structures of diatomic molecules and a few simple polyatomic
molecules, since the rotational constants are usually obtained in excited vibrational
states as well as in the ground state, in these cases can be derived by extrapolation to
allow for removal of the zero point vibrational effects*l, In more complicated
cases, however, it is impossible to obtain the required comrection of the moments of
inertia for vibrational contributions. Because of this several different procedures have
been developed, in which various degrees of correction for the effects of molecular

vibration have been i and different ions of moll structures have

been defined®I' IR, These structures all deviate from the equilibrium structure to

some extent.
Types of molecular structures:

(a) r., the equilibrium molecular structure is evaluated by correcting for all the
effects of vibration. The r, structure is the most interesting molecular structure to
cremists. r, is related to the equilibrium rotational constants(d,, B, and C,). The

equilibrium rotational constants, however, often cannot be obtained by experiment.
y=6 4 ws 4
L R R M (R SR
T T
-6 4 e q
B =B+ ol +5) = Ty + 50t o (1.32)
T T
wee 4 s 4
Co =Gt Lol + )= Ty + 50+ o
T T
Here a and v, et. are the vibration-rotation interaction constants, d; is the degeneracy

of the ith normal mode and v, is the vibrational quantum number of the ith normal

mode. If y and higher order vibrati tion i i are ignored, the

tion of equilibrium rotational constants still requires measurements of the rotational

spectra of molecules in excited states of all the fundamental modes of vibration. It is

usually i ible using mi to observe rotational spectra for all
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of the fundamental modes. For example, the SO symmetric stretch mode(v,) of F:50,

has frequency of 1269cm™'[27) and the population in this state is only 0.23% of the

in the ground vibrati state at room This ion is too
low for observation of the pure rotational spectra of this excited state and enough data
therefore cannot be obtained to calculate the equilibrium rotation constants. Kuchitsu
er al"08 have suggested estimating the equilibrium bond distances using the following

approximate formulas:

romr + 20 g 133)
and
o, = ﬁ%@i - ok 134

Here r, and r., which will be discussed later, are the equilibrium and ground state
average bond lengths respectively, d denotes an isotopic difference, u® and X are the
parallel and perpendicular mean square amplitudes respectively, and a is the Morse

«?and K are from the harmonic force field®.

(b) ro, the effective molecular structure for the ground vibrational state, is derived
from ground vibrational state rotation constants(4o,B,C) or moments of
inertia([0,1,%4%), which are obtained directly from experiment. For a diatomic
molecule, we have:

ro= (2 = (L2 135
8ruB, n

o

Here the rotational constant(B,) is an effective rotational constant for the ground vibra-
tional state. ro, however, is not the simple average molecular bond distance in the
ground vibrational state, but the reciprocal of the square root of the average inverse

square molecular bond distance:

(1.3.6)

rg=<¢
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Because of anharmonic vibrational effects, r, is usually longer than r, .
ro>r, (13.7)

Only three rotational constants can be obtained from one isotopic species(asymmetric
top molecule). Therefore, if a molecule has more than three geometrical parameters
the rotational spectra of additional isotopic species have to be observed for calculation
of the complete r, molecular geometry. And for the calculation, we are forced to
assume that the effective structure is not affected by isotopic substitution. Actually,
however, the r, structure is slightly different for different isotopic species, because the
zero point vibrational effects change when isotopic substitutions are made™. The
difference will be largest for a molecule in which the hydrogen atoms contribute a
large fraction of the moments of inertia, since usually the deuterated compound is an
additional species.

(c) r, is the substitution molecular structure, which is calculated using the method
developed by Kraitchman®!, In this method the changes of moments of inertia result-
ing from isotopic substitution of an atom are used to calculate the coordinates of the

substituted atom in the molecular principal axis system.

quz
P - P, P - P
Ial=[ (I+ )(I + ,: ’: )j
; "
P,-P, P -P, P =P,
b1 [—————(1 AT A e >] (1.3.8)
’ n
P - P, -P, P,
lel= [ (1 + T (l‘ﬁ)]

Here the I's and P's are the moments of inertia and the principal moments, respec-
tively, of the parent molecule and the P"’s are the principal moments of the substituted
molecule.
a= @+l =R
Py=d. +1, -1 (1.3.9)
e=U v L, =12



And

MO, (1.3.10)
Here M and M" are the masses of parent molecule and substituted molecule, respec-
tively.

Costain® has suggested that the zero point vibrational effects in substitution con-
structions are less than in effective constructions and that the variation in the structures
obtained from different sets of isotopic species appears to depend only on the uncer-
tainties in the rotational constants. The accuracy is independent of the mass of substi-
tuted atom, and therefore light atoms, even hydrogen, are located just as accurately as
the heavier atoms. Costain has also suggested that, for simple molecules

r < <rg (1.3.11)
Probably the most important quality of the substitution structure r, is that it often pro-
vides a better approximation to the equilibrium structure r, than does the effective
structure ro; it, however, has no well defined physical meaning.

Once every nonequivalent atom of a molecule is substituted, the substitution
structure of the molecule may be readily evaluated. Unfortunately, there are some ele-
ments which have only one isotope, such as F and P. If a molecule involves such
atoms, Kraitchman's method cannot be used and a substitution structure cannot be
obtained. If all nonequivalent atoms but one have been substituted, then the coordi-

nates of the remaining atom may be calculated by the center of mass conditions:
ay= -

DEER (1.3.12)

¢ ==
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Here a;, b, and ¢, are the coordinates of the ith atom, which is substituted, in the prin-
cipal axes system, m, is the mass of the ith atom, a,,5, and c, are the coordinates of
the unsubstituted atom and m, is the mass of the unsubstituted atom. The center of
mass conditions are often used to calculate the coordinates of atoms which are located
very close to a principal axis, because in such a case Kraitchman's method is unsatis-
factory®™. The molecular geometry obtained using the center of mass conditions is
not a true substitution geometry. The difference between this geometry and a true sub-
stitution geometry is reflected in the coordinates of the unsubstituted atom. From
equations(1.3.12), it is easy to understand why the lighter the unsubstituted atom is,
the bigger is the error of its coordinates. The center of mass conditions give poor
results for light atoms, particularly for hydrogen atoms®®l,

(d) r, is the average molecular structure over a specific vibrational state calculated
by partially correcting for the effects of vibration. The method suggested by Oka'!,
Laurie, etal. 3 and Kuchitsu®*! makes use of the "average” moment of inertia /g,
to calculate the r, structure. They gave the moment of inertia of the average

configuration as

d;
1 =1+ 04+ 560 (13.13)
T
A 4o
1§ =15 = X0 * 360, (13.14)
]

If we know the moment of inertia of the ground state 70 we have
a4
18 =18 = B &len (1.3.15)
T

Use has been made of the fact that the vibration-rotation constants caw be separated
into harmonic and anharmonic parts.
67 = &% * Etar (1.3.16)

The r, structure differs from the equilibrium structure only because of the anharmonic
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effects of molecular vibrations. Therefore it can be derived from the effective rota-
tional constants, if the molecular harmonic force field has been obtained™. Kuchitsu
has shown that r, >rs ©7,

method was

(¢) The r, structure by the "mass
by Watson®“), In this method, Watson used the inconsistencies in the r, determina-

tion as a means of estimating the vibrati ibutions to the moment of inertia.

Approximate equations for the /, values can be obtained if the isotopic changes in the

vibrational contributions are evaluated to frst order in the changes in mass, by a

method that is iall i to fi rd ion theory. It is then possi-
ble to estimate the approximate /, value of a given isotopomer by isotopically substi-
tuting in turn each atom of the molecule. Repetition of this procedure for several
parent isotopic molecules can allow a solution for an approximate /, structure, that is
the 7,, structure(41]. Watson gave the following simple equation to calculate /g:
1=y - 12 (1.3.17)
‘This method cannot be applied strictly to molecules containing very light atoms, par-
ticularly hydrogen atoms, and to molecules containing atoms for which isotopic substi-
tution is impossible.
(f) The r? structure is a near-equilibrium molecular structure obtained using a

and simplification of Watson's method and is called the

scaled structure. Harmony eral PV suggested this structure. The method uses a

minimal set of ground state isotopic moment of inertia data to evaluate scaled

moments of inertia, /2, which in turn lead to o IR is

to the relationf®!I6?);

gy = @e - LI (1.3.18)
and
-k (1.3.19)

ey



Here (12) is the scaled moment of inertia of the ith isotopomer, (1% is the effective
moment of inertia of the ith isotopomer, {I‘], and (%, are the substitution and
effective moments of inertia, respectively, of the parent isotopomer. If the ith species
is the parent species itself, equation(1.4.20) becomes Watson's equation(l.4.19) and
the r,, structure is obtained. For molecules containing no hydrogen atoms, this method
leads to structures which are close to the r, structure and more accurate and reliable

than rq or r, structures.



1.4 Fermi Resonance

In polyatomic molecules there are many vibrati modes. These

modes, whether overtones or inati are perturbed from their har-
monic positions by anharmonicity. It may happen that the transition associated with a

given vibrati mode ( overtone or ination) has an energy level

with nearly the same energy as a level involved in another transition associated with a
different vibrational mode (fundamental, overtone or combination). If the two modes
have the same symmetry, there is a perturbation caused by Fermi resonance. This
phenomenon was first recognized by Fermil'! in the case of CO,. The effects of Fermi
resonance are: (I) to push apart the two near degenerate vibrational levels, and (II) to
mix the intensities of the two transitions. The result is that the vibrational bands
which are involved in the resonance may be quite far removed in the spectrum from
their unperturbed positions and that the overtone or combination band may be more
intense than usual. The closer the unperturbed levels lie the greater is the resonance.
The major contribution to a Fermi resonance arises out of the anharmonic terms of the
intramolecular potential®?. When the resonating levels have very nearly the same
energy, the effect of Fermi resonance can be calculated from the standard quantum

of first-order jon theory®!™l. The result is given by the

determinant:

n
"
=
o=

=0 (14.1)

Here E° and E are the energies of the unperturbed vibrational levels; & is the
cubic force constant relating to the two vibrational levels and E°-E is the energy shift

caused by Fermi resonance.

L
0.4 g0 2 0_ g2
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5 = (k4 8d?

(143)

8 and b represent the separations of the energy levels before and after perturba-

tion, respectively. The eigenfunctions(¥) of the resulting states are the linear combi-

nations of the unperturbed eigenfunctions(¥°).
W oma¥+bY)
¥ =a¥- b

and

LR

b

The unperturbed vibrational transition moments are defined by
My = Wl >
My = luleo)>

The perturbed vibrational transition moments are given by

M = <¥ohule)>

My = CWolnlw)>

(L44)

(14.5)

(1.4.6)

(147

(1.4.8)

(1.4.9)

(1.4.10)

(L4.11)

The vibrational line strengths are the squares of the vibrational transition

moments. Substituting (1.4.8) and (1.4.9) into (1.4.10) and (1.4.11), using (1.4.4) and

(1.4.5), we obtain




(1.4.5), we obtain

IR AMEAS (1.4.12)
=aM} + b*M} + 2abM, M;

5 = <¥olulw)>* (1.4.13)
/] f]

= bM} + oM} - 2abM; M,

Equations (1.4.12) and (1.4.13) show that the Fermi resonance perturbation affects

the intensities in the two bands. In the case where one component is a fundamental

and the other component is an overtone or a ination with

intensity relative to the unperturbed fundamental, equations (1.4.12) and (1.4.13) can

" . b LS
be simplified. The measurements of the observed intensity ratio —S' can be used to
J}

give values of 2+ by assuming that the unperturbed intensity in the overtone or combi-

nation band is zero. The wavenumbers of the observed bands can be corrected for the

shift caused by Fermi resonance by

(1.4.14)

Where v is the unperturbed wavenumber, v’ is the observed wavenumber and p is the
observed intensity ratio of the two bandstI7l, Then from the observed frequencies
and observed intensities the unperturbed vibrational frequency, which is used to calcu-
late the harmonic force field of the molecule, can be calculated by equation(1.4.14).
This method was used to analyze the Fermi resonance between the v mode and
the v,+ vy mode in methyl cyanide by Duncan, etal.®), and to investigate the Fermi

between the state of the ic CH or CD hing vibra-

tion and the overtone or combination levels involving two quanta of CH; or CD; defor-
mation motion in CH3;X (X=F,Cl, Br,I,CCH) by McKean, et al.®l. Because it is very
difficult to get the cubic force constant, the above approximate method was used in

this work to correct for the effects of Fermi resonance.
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1.5 Molecular Vibrations and the Molecular Harmonic Force Field

The harmonic force constants of a molecule can be related by several methods to
the following experimental data®®;

(a) Vibrational frequencies.

(b) Coriolis coupling constants.

(c) Centrifugal distortion constants.

(d) Inertial defects(planar molecules).

(e) Mean-square amplitudes of vibration.

Coriolis coupling constants, centrifugal distortion constants, inertial defects and

mean-square amplitudes of vibration can be determined only for relatively small

Therefore vibratil ies are by far the most important experimen-

tal source of i ion for ining the force field. The greatest

difficulty encountered in this method is that the number of force constants is in general

much larger than the number of observed vibrati ies and several si

approaches, such as the methods called the simplified general valence force
fieldSGVFF)' and the Urey-Bradley force field(UBFF)'?, are used for larger
molecules to obtain simplified force fields. By larger molecules we mean all those
molecules for which it is impossible to obtain enough independent experimental
data(vibrational frequencies, Coriolis coupling constants, inertial defects, centrifugal
distortion . astants and mean-square amplitudes of vibration) to define a general har-
monic force field. For small molecules the number of available vibrational frequen-
cies, Coriolis coupling constants and centrifugal distortion constants, erc., often for
several isotopic species, is usually greater than the number of the force constants. In
such cases it is often possible to calculate the complete harmonic force

eldsmuanem,

For a molecule the vibrational kinetic energy T is a function of the nuclear velo-
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cities only and the vibrational potential energy V is a function of the displacements of
the nuclei from their equilibrium positions. We have:
2T = XMX = DE'MB™'D = DG™'D (1.5.1)

Where G is a matrix which is dependent on the geometry and the masses of the vari-

ous atoms.
G =8B (15.2)
and
=
Gy=X% MLB..BA, (153)
M

M is the inverse mass matrix. The B matrix is the matrix which transforms the Carte-

sian di X) to internal i )
D =B (15.4)
V = Vo $4,D, + 154,00, + %z/,,ku,u,p. (155

i “u gk

1
* 33 Z fuDiDyDDy *..
M0%4

Where the constants

% .[_%.]0 (1.5.6)
£ ’[W‘T:Tla sn
e [WZ;,VTE D (158)
T ’[WI%WL (159)

are linear, quadratic, cubic and quartic, etc., force constants. The zero point of the
energy scale can always be chosen so that ¥, is zero. The molecule in its equilibrium
configuration must be at a minimum of energy, so that f; is zero. The number of
cubic and quartic force constants is very large and it is impossible to collect enough

spectroscopic data for their calculation, except for a very few small molecules.



27

Fortunately, the contributions of cubic, quartic and higher order force constants to
molecular vibrations are much smaller than quadratic force constants and accordingly
the contributions of the higher order constants are ignored in the harmonic force field

approximation. Then we have:

w = 3= (1.5.10)
17 00,0, 1™ -
Once the T and ¥ are obtained, is not difficult to write the molecular vibrational Ham-

iltonian operator

H=T+V (L.5.11)

By application of the postulates of quantum mechanics, the Hamiltonian has the form:

L A Y
o= ogm £ Gpr = 00 (1.5.12)

E.B.Wilson Jr. et al. P demonstrated the very important relation between the

harmonic force field and vibrational frequencies and obtained the following secular

equation:
|FG-AE =0 (1.5.13)
or
GFL =LA (1.5.14)
‘Where E is a unity matrix and
A=dnv? (L.5.15)
=G (L.5.16)

The F matrix can be obtained from the molecular geometry and vibrational frequencies
by using equation(1.5.13). Usually, the symmetry of molecules can be used to simplify
the calculation. In Cartesian coordinates Fy is a 3nx3n matrix, in in :rnal coordinates,
Fp is a (3n-6)x(3n-6) matrix, while in symmetry coordinates and Fs is a (3n-6)x(3n-6)

diagonal blocked matrix. The relations between these F matrices cre

Fp = BFyB* (1.5.17)
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and
Fs = UFpU* (1.5.18)

It is not difficult to develop the unitary transformation matrix, U, from the group
theory, if the molecular structure is known(2](24].

In principle it is no problem to express the force constants as explicit functions of
the A's, which are related to the vibrational frequencies, and of the elements of G,
which is related to the molecular geometry and the atomic masses, by expansion of the
secular equation(1.5.15). In practice, however, this method is applicable only for very
small molecules. A much more powerful and convenient method is that a trial set of
force constants is refined to fit the experimental vibrational frequencies and other addi-
tional data, such as Coriolis constants, centrifugal distortion constants and so
ont331Is45%, In this method, an initial trial force constant-matrix, Fo, is supposed and is
used to compute the eigenvalues A, and eigenvectors Lo. Then the first perturbation

theory can be used to refine the elements of F, so that the difference between observed

and d ies, A = Ao, IS The most elegant way to refine the
experimental data is to generate the required Jacobian matrix J [P35
JAF = AA (1.5.19)

and the matrix elements of Jacobian matrix are

2%

3 " ColtLo (1.520)

a,

Ty ™ oo .s21)
By letting AF—0 and AA—0 these matrix elements can be obtained. The perturbation
procedure must be repeated several times using new trial force constant-matrices and

new eigenvectors each time until the difference between observed and calculated fre-

quencies is below a given limit.
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1.6 Centri and Force Fleld

One fundamental problem in the study of the molecular vibration-rotation spectra
of polyatomic molecules is the determination of the normal modes and the potential
constants of vibration. Once these normal modes are known, other parameters, such as
centrifugal distortion constants and Coriolis coupling constants, which depend on the

normal modes, may be d. C if i distortion constants or

Coriolis coupling constants can be obtained from experiment these constants provide

additional data for the inations of the normal i and the harmonic force

field“#), A convenient treatment of centrifugal distortion and general relations
between centrifugal distortion coefficients and potential constants in asymmetric polya-
tomic molecules has been given by Wilson and his coworkers[42](44]. The Hamiltonian
for the rotational energy of a molecule in the semi-rigid rotor approximation can be

written in the form:
H = L TusePos + 4 T TunPaPsPiPs (16
o aprd

Here the t's, the quartic distortion constants, are related to the elements of the inverse

harmonic force constants matrix and are given by the expression

o = 'lf,ﬂ"'ua(f")uﬂmw (1.62)

(o
~ ",“zu BLE VL

Here the I's are the equilibrium principal moments of inertia, a8,y and b are the iner-
tial axes, and the J's are the partial derivatives of the components of the inertia ten-

sor with respect to the ith internal coordinate D, 1

Wiy = (_‘l‘;_ﬂ)‘ (1.6.3)

-y,

Fodls




and
3
Vidle = g, Zm @58, + ) (164)
-2
Vil = sml'u} YB;00, *’u/ 58,1 (L6.5)

Watson derived the relations between the 's and the experimental distortion
constants(a,, A, bg. b, and b MIEIHT),  He expressed the experimental centrifugal
distortion constants as linear combinations of the t's, as given in Table-1.2.

Table-1.2

Relationships Between Centrifugal Distortion Constants

T, =-D;+2d,+2;

Ty =-D;=2d,+2d,
Te =-D; =Dy -Dx
T, =-3D; - Dy - 6d;
1
Ty =~(B + B, +B,)D; = 3(B; + B, Dy
= (B, -~ B,)d, - 6B,dy
1
Taa = 3 Taca
1
Top = 3 Taath
Ty =T+ T + Ty
Ty =BTy + BTy + BTy
Here 4, B and C are the corrected rotational constants. No more than five linear com-
binations of t's can be obtained from the spectra of an asymmetric top molecule.
For simple molecules the centrifugal distortion constants can be used to calculate
completely the harmonic force field. One example is the C,, triatomic molecule SCI,

studied by Davis and Gemy!"l, For larger molecules the distortion constants provide

additional data to employ in force field i A ination of vibrati fre-
quencies and distortion constants is now commonly used to derive the harmonic force
field of small moleculest®, As we discussed in (1.5), a set of initially estimated force

constants is used to begin the calculation process and to refine the experimental
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distortion constants. The Jacobians now are

ot | e oacct C
F, ——-——umymggl:al'.al(Fo')a(Fo')., + (F5 O FiM )

and

Fas

kg (F S e 3
oF, - A% w&?«uﬁmo e (']

(1.6.6)

(167
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1.7 Corlolis and the Force Field

The angular momentum of molecular vibrations can interact with the angular
momentum of molecular rotation so as to affect the rotational energy levels of the
molecule. This kind of interaction is called the Coriolis interaction, which was first
reported by Tellert®. The study of Coriolis interactions furnishes another type of
information useful for the refinement of molecular harmonic force fields. Coriolis
interactions can be derived from vibrational or rotational spectra. If a nucleus in a
molecule is moving linearly in a vibrational motion, and the molecule is also rotating
then the nucleus experiences a Coriolis force f, given by[49]:

fe = 2mV,w sind® = 2mP, x® (L7.1)
Here

m-the mass of nucleus.

7,-the apparent velocity with respect to the coordinate system attached to the
rotating molecule.

@-the anglar velocity of rotation referred to a molecule fixed coordinate system.

@-the angle between the axis of rotation and the direction of motion with velocity

=~

The Coriolis interaction perturbs the rotational energy levels and transitions. For

1 and ic top where there are

linear

vibrational states, there are very strong Coriolis interactions (the first-order Coriolis

For ic top ibrati ion coupling through the
Coriolis interaction can be large if two vibrational frequencies are very close to each
other and the direct product of the symmetry species of the two vibrational states con-

tains a rotational symmetry species®I31%4,

T(¥,) * T(¥,) > [(T,) and for T(T,) andfor T(T,) (1.7.2)
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Here I'(‘¥,) and [(T) are the group representations of the vibrational and rotational

symmetry species, respectively. This kind of i ion is called the d-ord
Coriolis interaction.
The relationships between the Coriolis coupling constants and their dependence

on the potential constants have been developed by Meal and Polo!s!l,

LFCL™ = ALY (1.7.3)
EG'coLt =0 (1.7.4)

Here F and G are the F matrix and the G matrix, respectively, and L is the matrix
which transforms the internal coordinates(D) to symmetry coordinates(s).
§=LD (1.1.5)
The C° matrix is defined by
C° = BM™Pyopit ' (1.7.6)
Here the u° are matrices of dimension 3Nx3¥ formed by N identical 3x3 blocks along

the diagonal. The blocks, usually denoted by the symbol (u°),, to specify that each

block refers to a given atom a, have the form

000

W)e=|0 0 1 (L.7.7)
0-10
00 -t

W=[00 0 (1.7.8)
100
010

(We=[-100 (1.7.9)
000

From equation(1.7.4), the Coriolis constants {° can be derived from the molecular
geometry and atomic masses. Then the calculation of force constants can be accom-

plished using equation(1.7.3). As discussed before, the Coriolis constants, together

with other i ata(vibrati ies and distortion constants, erc, are
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used to refine the force field of the molecule ™). The elements of the Jacobian

matrix required for this procedure are

(L.;Ln + iuh-) (1.7.10)

%] (LyLy + L, L
2 - 5 Gala + Lo ,,> g,
u

B sy, ke .
s E(Co), e 5(:0,. a, m

(L7.11)
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1.8 The Symmetry Mode Analysis of

C1,50;, F:SO; and (CH;),50,

All of the three sulphuryl molecules studied in this work belong to the C,, sym-
metry point group, and the structure of the representation generated by their vibrational
modes is

Ty =da, +ay+2b, +2b, (1.8.1)
where the CH; group is considered as one atom. The symmetry coordinates of this
class of molecules were given by Suthers and Henshall®" as shown in Table-1.3.

There is a relationship between the three angles in the X,S0, type molecule

e @
%ox?casT

Tcosoy =0 (1.82)
=

Partial differentiation of equation(1.8.2) with respect to each angular coordinates

derives the redundant symmetry coordinate:

@0 o & T
(cossin 300 + (osTsn)00 + sina B day (1.83)

. (@A® +bAD + c Aay + cAay + c Aay + ¢ Aay) -

@+ bl achH 0

The coefficients, a, b, c, and so on, can be evaluated from the experimental effective
angular parameters, ©, ¢ and a, for each molecule , which will be discussed in sec-
tions 3.3, 4.3 and 5.3, together with the normalization and orthogonality relations,

equation-1.8.4 to 1.8.6.

ae ~4c =0 (1.8.4)
af +bg -dc =0 (1.8.5)
al+bi+dc? =1 (1.8.6)

Then we can obtain the §; and S, coordinates for each molecule according to its

geometry.
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Table-1.3 C of the Sulphury

Species Coordinate Mode
o |- SR -
5ym % o T

s A0 - MI(; tin:)‘—nm, - boy) 050sg

i e bl B | g,
by | 5= LRLARD SO

- e
by | s $0 Ko,

Son (80, - Ay ; Aay - Aay) 01y

Table-1.4 C of Symmetry Coordi of
Molecules e g 2

Cl1,S04 33720 -1.1862 7.0631

F150, 31863 -1.2554 7.7516

The Coefficients are derived from the molecular geometries of CI,50, and F,S0,

obtained in Chapter-3 and Chapter-4,

The

are

shown in Figure-1.1 and X = F.C! or CH;. All of the modes are both infrared and

Raman active, except for the a, mode, which is only Raman active.
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0

X2

Figure-1.1 The Internal Coordinates of Molecules of Type X280;.

R, =50, & = <05K,
Ry =50, o= €0,5X,
dy = 5K, ay = 025X,
dy =SX: ay = 05X

© =<0s0 @ = <XSX
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1.9 Nuclear Quadrupole Coupling

Nuclear quadrupole effects in molecules were first observed almost fifty years ago
by Kellogg er al. ' Since then, quadrupole interactions have been observed as
hyperfine structure in the rotational spectra of many mol:cules. For a quadrupole
interaction, it is necessary that the nucleus possesses a nonvanishing nuclear quadru-
pole moment which results from a nonspherical charge distribution in the nucleus.

Such a distribution is found in nuclei with a spin angular momentum greater than

The most important parameter obtained in a nuclear quadrupole analysis is the

electric field gradient, which provides valuable i i ing the

environment of the quadrupolar nucleus. The vector model for the quadrupole interac-
tion in the absence of an external field shows that the nuclear spin angular momentum
T couples with the rotational angular momentum J to produce a total angular momen-
tum F:
F=r+7 18.1)
I and J remain as good quantum numbers whose vector sum is also quantized. How-
ever, M, and M,, which are the projection quantum numbers of / and J in the uncou-
pled representation, are no longer constants of the motion. F ranges from J +I to
-1
Fol s+l =1g+1=2,,00-11 (19.2)
The effects of a quadrupole interaction is to split a rotational level into 27 + | levels
and a single rotational spectrum into complicated hyperfine structure. The selection
rules governing transitions between these energy levels are:

AI=0  AJ=0,t1  AF=0,%1 (19.3)

The Hamiltonian of Casimif® which describes the quadrupole coupling of nuclei in a



molecule is of the form:

v

i
Hy = ;:Q, (g7 (1.9.4)

e+ 2FD - PR
(20 -0 @ -D)
Where the quantity Q, represents the electric quadrupole moment of the irh nucleus,

and ¢ the clectric charge.

.
a =<, (195

v

= <My =T GIMy = Dy,

Here v is the electric field at the quadrupolar nucleus. g; is the electric field gradient
along the space-fixed Z axis averaged over the state M, =J. g, is the only term in H,
which changes when an atom combines with other atoms to form a molecule. The
characteristic energy values for quadrupole coupling of a single nucleus with spin 7

and quadrupole moment Q can be written as:

C(CH+)=I(I+1)J(J+1)

Eq =<«Qas T - DT -1) (1.9.6)
where
CoF(F+1)=I(I+1)=-1(J+1) 9.1
For an asymmetric top one can write
eQas = T ke <PH (19.8)

THIXT+3) .5,
‘Where x,, is called a nuclear coupling constant. Laplace's equation leads to a boun-
dary condition on the nuclear coupling constants

Haa * Xob * Hec =0 (1.9.9)
and there are only two independent ,,'s. Usually the two independent constants are

selected as one x,, and the nuclear quadrupole coupling asymmetry parameter 0. For a



prolate asymmetric top we have

b =~ Xee )
o L el 1.9.10
n ( )

Those two constants can be determined from a first order analysis of of nuclear qua-
drupole hyperfine structure. The first order quadrupole energy has been worked out by
Bragg

PR - W, (b,)

bl

bo = LUIEL 3ty (gvys (1.9.11)

N ITETE
Where /(1.J.F) is Casimir function

1C(C“l)‘l(’*l)lil*l)

4
SO = TR e (h912)

and W, is Wang's reduced energy®.

When there is more than one quadrupolar nucleus in a molecule, there exists the
possibility of coupling between the individual quadrupole moments by way of molecu-
lar rotation. The resulting hyperfine structure can become very complicated. Methods
used to treat this problem depend on the relative degrees of coupling of the two nuclei.
There are two cases. (1) One of the nuclei couples much more strongly than the other.
In this instance, the major contribution to the hyperfine splitting is made by the nuclei
which is st-ongly coupled. The weakly coupled nucleus can be treated as a perturba-
tion on the splittings of the other nucleus. (2) The degrees of coupling of the two
nuclei are of the same order of magnitude. This is the case we have to treat in CI,50,

3

which has two identical chlorine nuclei with nuclear spin b There are two possible

coupling schemes if a molecule possesses two quadrupolar nuclei having nuclear spin

angular momenta of 7, and 7y, respectively. First, we have

(1.9.13)

Iy
Yo+
oy ey |
v s
B
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Here 7T is the rotational angular momentum and F is the total angular momentum. F,
and F have the values J +1, to U -1,] and F, +I, to IF, - I}, respectively. Second,

we can have

~

L+

< (1.9.14)

F+7 =

-

o

Here T is the total nuclear spin angular momentum and I can have the values 7, + I, to
Iy = I,l. F has the values J +7 to I/ -7]. The second scheme was used in our calcu-

lation. In an ion, the total iltonian is just the sum of two

individual quadrupole terms given as

Ho(T\I) = Ho\ D) + Ho(T) (1.9.15)
. (€Qas) Ty e 357 - paph
37GT - hat, - @It Fhel -1
(€Qas) PR .37 r_an
#* AT - DL D) l)[l(lzl)z‘ Fhd -1

The required matrix elements of the Hamiltonian, <Hg,>, have been worked out by
Robinson and Cornwell*), and by Flygare and Gwinn'*? in their study of CH,Cl, and
€OCl,. To first-order, the matrix of H, is diagonal in the I 7,JF> basis. When !, =1,

the matrix may be written as

ORI T VD

<IHII> Ter-nhan-n (1.9.16)
L
Al lr+1> ’WB—” 1.9.17)
, .
AIHI#2> = ) s AlTAIY e (1.9.18)

167Q7 = DI, - 1)

Where

Xy = 2(eQa) £ Qan) (19.19)



x-
R X (1.9.20)
QUY=FF + ) =JJ +)-IT + 1) (r9.21

Iy + 1) = IP)(F +I-J)(F +J =L+ 1)(F +T +J +1)([ +J -F
wiry = Y D PIE ):’;_l»xunu ) 192

The other nonvanishing matrix elements, such as <+1IHylI>, <IIHyl[~1>, and so on,

may be obtained from the above elements since the matrix is symmetric.
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1.10 The Asymmetric Rotor Stark Effect

When an external electric field, £, is applied to a polar molecule, it interacts with
the electric dipole, i, of the molecule, causing a splitting of the rotational energy lev-
els, which results in the appearance of hyperfine structure in the rotational spectrum,
This is known as the Stark effect. The Stark Hamiltonian is given by

Hyape = ~ToE. (L.10.1)

=E Y du
ihe

where @, is the direction cosine between the space-fixed Z-axis and the molecul

fixed g-axis. In symmetric tops, the dipole moment is necessarily directed along the
symmetry axis, and hence it has a component along 7, except when K =0. Generally
speaking, if the dipole moment i has a component along the direction of 7, the split-
ting of the rotational levels by an electric field is directly proportional to the field
intensity E, i.e. a first-order Stark effect; if the dipole moment is perpendicular to 7,
the splitting depends on the square of E, giving what is known as a second-order Stark
effect. Asymmetric top levels do not show K-type degeneracy, and therefore tend to
show second-order Stark effects unless a rotational level is accidentally close to
another level, or if the asymmetry parameter is very small. Golden and Wilson have
calculated the Stark effect of asymmetric rotors by second-order perturbation
theory!*, For cases where the Stark splitting is small compared with the separations

of the energy level case) they derived the expression

2uE? N
mmnm) + MjBxa)] (1.10.2)

[E® e, =
Here y, is the component of the dipole moment along the g¢th principal axis of the
molecule, [E); .y, is the corresponding second-order energy shift for the M, com-

ponent of the J, energy level, x is the asymmetry parameter of the molecule, and

a=(4-C){(41+C). They showed that Eq.-1.10.2 could be put in a form utilizing Cross,
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Hainer and King's tabulated line strengths™**, A(/,r;/'1), between levels whose unper-
turbed energy differences are /% and E/%, where J'=J-1,J, or J+1. The resulting

relation is

‘M-l (1.10.3)

(EP Yy om, = WE' T £ -]

J@I-)r+y

s 3 )
M} AJT3/ 1)
z

e
TU+DRI+)

for

¥ 1?2 - M}
TAOI+hRI+3)

The line strengths can also be estimated using the eigenvectors of the asymmetric rotor

Hamiltonian and the relation

AT T T = T I rMId,, U MO (1.10.4)

2uM

If there are near degenerate rotational levels or if a transition exhibits nuclear quadru-
pole hyperfine structure, more complicated treatments are required. These have been
discussed in Gordy and Cook's book.”!

A valuable use of the Stark effect for asymmetric tops lies in the identification of
J values of transitions from the number and relative intensities of the Stark com-
ponents. Two kinds of transition can be defined, those in which /= 1, in which the
relative intensities of the components are (J+1)>-M* and /-2 for the upper and lower
signs, respectively, and those in which A/=0, in which the relative intensities can be
shown to be proportional to M2, If J changes in a transition, there will be J+1 Stark
components, where J refers to the quantum number of the lowe. level; these will show
a crowding towards the low M values, which are also the most intense. In Q type
transitions, where A7=0, there are J Stark components, (M =0 is missing), and the inten-
sities become greater for larger M, as do the displacements from the zero-field line.

Another value of the molecular Stark effect in chemistry is that it allows the meas-
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urement of dipole moments. Generally, the dipole moment of an asymmetric rotor
does not lie along one of the principal inertial axes of the molecule; therefore the Stark
interactions are rather complicated. The analysis of more than one transitions is then
necessary, which yields the components of the dipole moment along the principal
axes, and from these the total moment can be computed. If the dipole moment of an

asymmetric top is directed along a principal axis, such as occurs in C1,50,, the experi-

ment and calculation are much simpler. In this case, the dipole moment can be deter-

mined by measuring Stark shifts for just one Stark component.
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CHAPTER 2

EXPERIMENTAL DETAILS

2.1 The Microwave Spectrometer

A i i ially consists of a tunable source of

radiation, an ion cell ining the gas under investigation, a fre-

Auancv measurement device and a detector. The system used in this research has been
weanh- ' na previous report from our laboratory!!3.
“: spectrometer used for all of the experiments discussed here was a 33iHz

Stark i The mi radiation source was a Hewlett-Packard

Model 8341A synthesized sweeper, which generated output frequencies from 10MHz to
20GHz. The working frequencies were produced by using Honeywell Spacekom pas-
sive frequency multipliers. Model K2200N, TQ-1 and V2400N frequency multipliers
were used to double, triple and quardruple or sextuple the output frequencies generated
by the 8341A synthesized sweeper. Therefore, the frequency range from 6000MH: to
120000MH: was available in this work; however, the power available at frequencies
higher than 80000MH: was very little and only a few very strong lines were observed
in this frequency range. Frequency resolution from 1Hz at 10MHz to 3Hz at 20GHz
was available using the microwave synthesizer. The positions of molecular absorption
lines could not be measured to better than 20kHz, however, due to the finite linewidth
of these lines.

Stark cells of the type used in this research have been described in many previous
reports! A, Two different Stark cells were used in this study, both of which
were 10 feet in length. The first was an X-band cell having cross sectional dimensions

of 1.0x2.2cm and the second was a S-band cell with dimensions of 72x3.4cm. The
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smaller cell was set in an insulated box of 7 feet in length, which was used to keep
dry ice for cooling the cell. Each cell contained a thin copper plate, Stark electrode,

parallel to the face of the guide and so dicular to the mi electric

field. The electrode was held at the center of the cell and isolated from the brass cell
by thin teflon. A 33333H: high voltage square wave generator, made in the workshops
of Monash University's Chemistry Department, was used to produce the Stark electric
fieid. The output voltage of this generator was 0-3000 volts. The Stark cells were
connected to a glass vacuum system and the pressures, measured with a SV-1 Hastings
vacuum gauge and a DV-3M vacuum gauge tube, could be pumped to lower than
Smicrons by a mechanical pump. The samples investigated could be either sealed in
the Stark cells or flowed continuously through the cells.

The detector used at frequencies lower than 20000MH: was a Hewlett Model X-
281A back diode, at frequencies between 20000MH: and 40000MH: was a Pacific Mil-
limeter Products(PMP) Model 4-42-720-Q2 diode, at frequencies between 40000MH:
and 60000MH: was a PMP MOD-UD diode, while at frequencies higher than
60000MHz was a PMP DXP-15 diode.

The mi izer was by a Hewlett Packard Model 9816S

computer, which was also used to process the output data from an EG & G Model
5207 digital lock-in amplifier to obtain accurate line frequencies. In the measurement,

bidirectional digitally stepped sweeps were f d. The di d by

Biermann er al. ' was used to smooth the raw output data at first, and then, for sym-
metric lines, a least squares fit was performed to the smoothed lines, which were
assumed to have a Lorentzian line shape, to obtain accurate line frequencies and line
widths. The measurement accuracy was 0.02 MHz or better for strong lines and

0.05MHz or better for weak lines.



48

2.2 Samples

(i) C1:50,

Normal CI,50, (97%) was obtained from Fisher. The spectra of ¥Ci¥C1*s'0,,
3C1 25160, 33C1 #5160, and 3C1¥'CI¥$'%0, were measured in natural abundance.

33125180, and ¥C13S"*0, were prepared from sulfur dioxide (50, and *s'%0,,
respectively) by using chlorine as the chlorinating agent. *'5'*0, was synthesized from
Mg enriched sulphur (92.1 atom % of *s, MSD) and "0, (99.45 atom % of
180 BOC)."® Abc . U.05g s was introduced into a 150ml bulb; after the air was
pumped out an excess of *0,, about 50ml of gas, was introduced; then the bulb was
sealed up and heated to about 260°C. The reaction was improved by the help of the
discharge of a Tesla coil which produced ozone traces. After the reaction the gas was
transferred into another bulb at liquid nitrogen temperature. After the freezing of
%580, the remains of oxygen was pumped out and about 50ml of chlorine gas (Can-
lab) was introduced. The reaction between sulfur dioxide and chlorine proceeded under
a UV lamp at room temperature for about two hours. Then the bulb was cooled by
dry ice to condense the *¥Ci*5"%0, and the remains of sulfur dioxide and chlorine were
pumped out; then C135'80, was obtained as a colourless liquid.

Cly+ M50, + hv — €150, 2.1

3C1§’5'%0,, was obtained from ®0, and an excess of *5 using the same method as
outlined above. S was obtained from MCB.

The spectra of ¥C1C1*s"*0, and ¥C1¥'C1*s"0, were both measured in natural

abundance.

(ii) F:50,

The method used for the preparation of F,50, was the fluorination of sulfur diox-
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ide (50,) using silver difluoride (4gF») as the fluorinating agent I'I%I, A large excess
of AgF, was put into a small glass tube and dry SO, was passed through the tube

several times.
SO, + 248Fy — 24gF + F150, (2.2.2)

F#5%0, was prepared from §'0,. F,$'%0'%0 was prepared using 0 enriched
sulfur dioxide(72 atom % of '*0 ). The spectra of F'5'%0, and F's'*0, were meas-
ured in natural abundance. .4gF, and 5'*0,, in 99 atom % of "*0, were obtained from
Alfa. No lines attributable to sulfur dioxide could be detected in the microwave spectra

of the product samples.

(i) (CH 3,50,

(CH$25'%0, (98%), was obtained from Fluka.

(¥CDy)'s'%0, was synthesized by oxidizing (%CD#%5'%0 (99 atom % of D,
MSD), with potassium permanganate.'® The solution of potassium permanganate in
D% was dropped into (2CD,)$S'0; after stirring for five minutes (°CD;)$5'%0, was

and dried over sodium sulfate. After eva-

extracted using

porating the dichloromethane nice white crystals of (“CD,)#'5'%0, were obtained.
(UCD ){’S'60 + KMnO, + D160 —("CD){'s"0, + KOD + Mn0O, 22.3)

("CH#s'0"0 was made using an extension of the method suggested by A.
Okruszek ' to prepare labelled (CH;),S0. A magnetically stirred solution of (**CH i’
(0.062g) in CH.Cl, (3ml) was added at room temperature to a solution of #*0 (1.8g)
(97 atom % '®0, MSD) in pyridine (0.5ml) followed by dropwise addition of a solution
of bromine (0.88g) in CH,C!, (3ml). Vigorous stirring was continued for 30 minutes
and the excess of bromine was destroyed by the addition of anhydrous Nu#SO3 (0.3g).
Then the solution was dried with anhydrous Na,S04 and after the solvent was eva-

porated to yield (“CH)3?5"%0 .
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("2CH S + H{%0 + Bry + pyridine — (*CH3))S"*0 + HBr 224)

By oxidizing the solution of ('*CH;)#*$%0 in H,0, using potassium permanganate,
("CH,){5'%0 %0 was obtained as a white crystalline solid.

(CH$*S'%0, was prepared by oxidizing (°CHps. The (“CHp#S was syn-
thesized by the reaction of CH,l (9.3 atom % of "C, MSD) and NaFS.™ lg of
PCHyI in 2.5ml of ethanol (95%) was stirred and refluxed while 0.27g of Na s in 2ml
of water was added dropwise as rapidly as possible at room temperature. After the
addition was completed the mixture was refluxed for about two hours, then the
(“CHy)$s (boiling point 37-39°C) together with an appreciable quantity of water was
distilled out and condensed into another flask. No attempt was made to remove the
water since to do so would inevitably have led to an appreciable loss of labelled
dimethyl sulfide. Water did not interfere with subsequent workup of the sample. By
oxidizing the ("CH)}'S using potassium permanganate (“CH;)$S'0, was obtained as a
white solid. A mixture of "“CHy(50%) and "“CHy(50%) was used to prepare

(“CH,)("CH )"’ %0, using the same method.
BCHAI + Na2S — (UCH)S + Nal 22.5)
(UCH S + KMnO, + Hy0 — (VCH3){35%0, + MnO, + KOH 2.2.6)

(“CH),s%0, was prepared from 2CHy and Na,S using the method outlined
above. Na, ™S was obtained from the reaction of Na (99.8%, BDH) and *s(92.1% atom
of ¥s,MSD) in liquid ammonia.!"'%(') 0.12g of Na and 0.05g of ¥s were put in a tube.
After the air had been pumped out, the tube vas sealed up and cooled to dry ice tem-
perature and about 15ml of pure liquid ammonia was introduced into it. The tube was
kept at about -60°C for about 2 days after which time all of the ¥s had reacted with

Na. The remaining Na was destroyed by adding water at ice temperature.

2Na +¥S + (in liquid ammonia ) = Na*S (2.7
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The ottained solution, containing Na S, was reacted with “CHy to obtain (CH S
which was then oxidized to yield the labelled dimethyl sulfone.

(CH)(CH DS %0, was prepared by the oxidation of (*CH,)S(*CH.D), which
in turn was prepared by the reduction of monochloromethyl methyl sulfide,
(CH S (“CH,Cl), with lithium aluminum deuteride, LiAID,, in n-butyl ether!'",

4(CH S (CHCI) + LiAID 4 — 4(2CH S (*CH D) + LiCl + AICI, (2.2.8)
To a magnetically stirred solution of (‘*CH*S(*CH,CI)(3.0g, 95%, Aldrich) in Sml of
n-butyl ether(99%,Aldrich) was added dropwise at room temperature a solution of
LidlD 4(0.25g, 98 % atom of D, Aldrich) in n-butyl ether. After the addition was com-
pleted the mixture was refluxed for about five minutes. Following this the required

(“CH3)"S("“CH.D) was distilled out and used in the synthesis of (*CH)("CH.D)¥s'0,.
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2.3 Raman Spectra

Raman spectra were measured in digital format with a Coderg PHO spectrometer
equipped with a Coherent INNOVA 70-4 Ar ion laser. The 48804 line was used. The
Raman spectra of CI,50, were measured in the 100 to 1500 cm™' region. The spectra
of ¥Ci25%0, and ¥C1§5'%0, were measured in the both liquid phase and the gas
phase. The spectrum of *Ct*S'*0; was measured only in the liquid phase, because the
sample was too small to permit gas phase measurements. The differences between gas
phase and liquid phase frequencies of *C13%'%0, were used to correct the frequencies.
of ¥C1#'s"%0, measured in the liquid phase to obtain estimated gas phase frequencies
for the latter species.

The Raman spectrum of (CH,),50, was measured in the 100 to 1500 cm™ region
and the 2900 to 3100 cm™ region. The spectra of (’CH;)$%'¢0,, (CDy)5'%0, and
(MCH3)$%8'%0, were measured using crystalline samples.

The slit width used to obtain spectra was lom™ and the scan speed was
50cm™!/min. Four scans for both solid phase and liquid phase samples and ten scans for
gas phase samples were averaged. The resolution was believed to be better than

1.5cm™. S0, the vibrational frequences of which are known very well!'®, was used as

the internal standard to correct the vibrati quencies of the studied in

the present work. All of the spectra were obtained at room temperature.
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2.4 Infrared Spectra

The infrared spectrum of F,SO, was recorded at low resolution with a Mattson
Polaris FTIR spectrometer and at higher resolution with a Perkin-Elmer 283 spectrom-
eter.. Isotope shifts measured with the latter instrument are thought to be accurate to
better than 0.5cm™'. The gaseous sample of F,S0, was enclosed in a 10cm cell with
NaBr windows and measured at room temperature. F3'S'%0, was observed in natural
abundance. As we mentioned in Section 2.3, F5'0'%0 was made from a sulfur diox-
ide mixture containing '*0(28%) and '"0(72%), so that there was about 40% of
F{5'%0'%0, 52% of F{*5'*0, and 8% of F325'0, in the sample used. All of the funda-
mentals of F325'%0, were measured, except for vs, which belongs to the 4, species and
is infrared inactive. Only three or four strong lines were found for the

F5%0,,F15'%0%0 and F}*5'%0, isotopic species.



CHAPTER 3

THE MICROWAVE SPECTRUM, MOLECULAR STRUCTURE
AND HARMONIC FORCE FIELD OF SULPHURYL CHLORIDE

Microwave spectroscopic studies of sulphuryl chloride have earlier been reported
by Dubrulle and Boucher®™ in 1972 and 1974. In their work, the rotational transi-
tions of *Ct5'%0,, for J up to 18 only in R branch, and of 35ci”c13s'0,, for J up to
I8 in R branch and up to 60 in Q branch, were observed and assigned. From these
microwave data the rotatioual and distortion constants of these two isotopic species
were derived. The distortion constants of *Cl#*$'%0,, however, could not be reliable,
because only 14 lines of low J R-branch transitions, without @ branch or higher J tran-
sitions, were used to derive values for all the 3 rotational constants, 5 quartic distortion
constants and 7 sextic distortion constants. The number of the calculated constants

was greater than that of the observed lines employed in their calculation. An effective

geometry, ing only four i for this molecule,
was not derived from the six available rotational constants of the two isotopic species
studied in their work. The number of isotopic species was insufficient for them to
derive the substitution geometry.

Durbrulle and Boucher®™ did not report any chiorine nuclear quadrupole split-
tings in their work. The nuclear quadrupole coupling constants of sulphury: chloride
were only reported by Suzuki and Yamaguchil*! in 1981, as y, = 50.14MHz,
Xw =40.37MHz and . = -95.51MHz. However, they only quoted another author’s result
and did not give any details of the expcriment or the calculations.

There is no microwave report on the evaluation of the electric dipole moment of

sulphuryl chloride. The dipole moment of this molecule was measured by Coop and
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Sutton using a dielectric method in 193901, They made the measurement using
a gas phase sample and obtained the value of 1.795(5)Debye .

The r, geometry of C1,50, was obtained by Hargittai from an electron ditfraction
investigation by using a constant scattering function in 19687, The next year, the
geometry was recalculated by using a complex scattering constant, as:
F(SO) = 1.404 £ 00044, r(CIS) = 2011 £ 0.0054, <(0S0) = 123.5 £ 0.8%, <(CISCI) = 1000 £ 0.7°
and «(CISO) = 107.7 + 04 ™1° . The same author derived the molecular parameters again

from a joint least squares of the electron dii ion data and the

constants obtained by Boucher(™.

Since 1944 there have been several reports about the vibrational spectra of

C1,50,™ using infrared , Raman and

methods7®8Y,  The first attempt to calculate the force field was made by Siebert®,

who refined a seven parameter valence force field which gave only poor predictions of

et al, (' perf d a normal inate analysis,

in which only the nine diagonal constants were considered. In this work, they
assigned v, <vo by a very simple calculation. Wilson er al. ™ and Suthers er al. " did
this calculation again and obtained nine and thirteen force constants, respectively. In
their work, they suggested that v;>v,, contrary to Stammreich's conclusion!'®".
Although they obtained reasonable agreement between observed and calculated vibra-
tional frequencies, there were still several difficulties with this work. The first was
that only nine vibrational frequencies, observed for one isotopic species were used to
calculate nine or more force constants. It is apparent that the data were not sufficient
to fit so many force constants. Secondly, the effects of Fermi resonance were not con-
sidered in their work. The effects of Fermi resonance in this molecule cannot be
ignored as we will discuss later. The third problem was that the molecular geometry

available to them was only an early electron diffraction geometry. If more vibrational



data for additional isotopic species or data from other sources, such as distortion con-
stants, and a better molecular geometry were available, the force field would obviously
be improved a lot.

Therefore, it was worth reinvestigating the spectrum of this molecule in order to
define better molecular geometry and harmonic force field. It was the aim of this

work.

3.1 Observed Microwave Spectrum and Assignment

The microwave spectra of nine isotopic species of sulphuryl chloride, which were
BaPs'o, Fcciso,, Bc1Psto,, Parats®o, Fc¥so,, PCcris“to,,
€1 S50p 160, *C13'S'%0, and »CICI*5'%0, were observed in the frequency range
from 12000MH: to 84000MHz. All of these isotopic species have b-type transitions as
noted by Dubrulle and Boucher in whose work only the spectra of ¥C!#5%0, and
Her¥cr¥s'0, were measured®™l, Therefore the selection rule are ee-oo and eo-oe.
There should be some very weak a-type transiions for the isotopic species
CC¥s'0,, Ye'crs o, 3C1Yc¥s'%0, and FCiMCiMs'o,; they were, however,
not found because the dipole moment component caused by mono-chlorine isotopic
substitution to lie along the a principal axes is quite small. Both Q-branch and R-
branch transitions were observed for all of the isotopic species except the last three
species, for which only R-branch transitions were measured. The number of observed
transitions and the highest observed J values for each isotopic species studied are
listed in Table-3.1 and the observed transition frequencies are listed from Table-3.2 to
Table-3.10.

In addition, many of the transitions studied exhibited nuclear quadrupole

hyperfine structure due to the presence of two chlorine nuclei; both the nuclei of ¢t
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and 't have spin 32. The hyperfine splitting due to the chlorine nuclear quadrupole
interaction was not observed for most of the transitions, which were singlets with nice
symmetric line shapes. Some transitions, however, appeared as symmetric triplet
hyperfine structures with a strong component at the unsplit line position. The split-
tings of low J transitions were big but they were always overlapped by stronger higher
J lines and, as a result, we were unable to measure very low J lines. Only about
twenty hyperfine structures of high J transitions were observed in detail in this work.
Two examples obtained by us are given in Figure-3.1.a and Figure-3.1.b, which show
the nuclear quadrupole hyperfine structure of *C1#5'0, for the 43,50 = 43,43, transi-
tion around 35298.5MHz and of *C1C1*$"%0, for the 37:,,-37y,; transition around
55232MH:, respectively. The nuclear quadrupole coupling constants of *Cl,$"0,

were derived from the hyperfine splittings. The theory for the rotational spectrum of
an asymmetric top containing two nuclei of nuclear sp’ % presented by Robinson and

Comnwell™" shows that four degenerate hyperfine components always exist at the
unsplit position when the two quadrupolar nuclei are equivalent. Actually the spectra
generally showed symmetric patterns, Figure-3.1.a and Figure-3.1.b; therefore, average
frequencies of all the peaks or the frequency of the center peak were assigned to the
rotational transition and used to calculate the rotational constants and distortion con-
stants for this molecule.

The rotational constants and distortion constants of ¥C1 #5"%0, and “c137ci¥s'0,
from the previous work of Dubrulle and Boucher®!" were used as the initial values to
predict the spectra of these two species. The transitions of other isotopic species were
located with little difficulty by using the rotational constants calculated from a prelim-
inary effective structure, which could be obtained after good rotational constants of
31’590, and *C1¥C1*5'%0, had been derived from their spectra. Some of the lines

measured in Bubrulle and Boucher's work were remeasured in this work; the frequen-
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cies differ in the two works by about 02MHz. Because of the spin statistics, as dis-
cussed in Section-1.2, the eo-ve transitions are stronger than the ee-vo transitions for
all of the ¥Ct,- and ¥'Cl,- species, which helped greatly in the assignment of the tran-
sitions.

All of the measurements were done in a 1.0<2.2cm Stark cell cooled to dry ice
temperature. The samples were pumped continuously through the cell, in which the
presure was controlled in the range |-5 microns. Very high Stark fields, typically

2000-4000V /em , were employed for the measurements.



Table-3.1
Number of Observed Transitions(N) and the Highest J Values(J) Observed

for C1,50, Isotopomers

Isotopic Q-Branch | R-Branch | Total
Species O ™[O ™|

saifseo, | 84 95 [20 50 | 145
saciso, | 87 116 | 25 47 | 163

ssgpst

75 68 | 22 43 111

BadiciBs®o, | 18 73 21 33 109
Bc1Fsto, 59 18 19 26 44
Tc1 50, 21 24 24

Badic¥s o, | 66 17 21 27 44
BC1s'0, 20 45| 45

BCICIFS 90, 20 14| 14
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Figure-3.1a The 43,25-43,s5 Transition of ¥Ci#s%, Showed a Symmetric Triplet
Nuclear Quadrupole Hyperfine Structure with Frequencies of 35297.575, 35298425
and 35299.262 MH:.

Figure-3.1.b The 37y,-375,; Transition of 35C"Ct’s %0, Showed a Sy mmetric
Triplet Nuclear Quadrupole Hyperfine Structure with Frequencies of 55231.995,
55232.635 and 55233.268 MH:.



61

Table-3.2

Observed Rotational Transition Frequenciestin MH2) of *Cl#5'0,.

I K, K. - J° K, K Frequency Deviation
7 4 4 - 6 3 3 38776.749 -0.020
8 4 4 - 7 2 5 44932.233 0.007
9 9 0 - 8 8 L 61409.128 0.031
9 2 8 - 8 1 7 37356.287

9 1 9 - 8 0 8 35554.928

o 1w o - 9 9 ! 68379.513

0 9 L 9 8 2 65714.248

0 9 2 9 8 1 65714.248

o 7 3 - 9 6 4 60364.177

10 s s - 9 4 6 55723.059

0 o0 10 - 9 1 9 39407.105

0 3 7 - 9 4 6 39422.109

1 2 10 - 10 1 9 44922.587 X

1 0 2 - 10 9 I 72684.864 0018
1 9 2 - 10 8 3 70016.638 0.004
1 9 3 - 10 8 2 70016.638 0.032
11 7 5 - 10 6 4 64615.489 -0.051
133 10 - 12 4 9 54735.358 0.040
14 1 13 - 13 2 12 56458.582 -0.026
14 3 1 - 13 4 10 59140.624 0.009
14 5 10 - 13 4 9 65266.166 0.042
1“4 4 1 - 13 3 10 60515.144 0.011
4 0 14 - 1 5 13 54849.139 -0.044
15 2 13 - 14 3 12 61926921 -0.065
15 4 12 - 14 3 Il 64004.996 -0.043
15 2 14 - 14 1 13 60320.395 -0.052
15 3 13 - 14 2 12 61976.153 -0.056
15 0 15 - 14 1 14 58709.163 0015
6 9 7 - 16 8 8 21613.493 0.029
16 L 16 - 15 0 15 62569.021 -0.027
16 5 12 - 15 4 11 70777.595 -0.031
6 0 16 - 15 1 15 62569.021 -0.018
17 4 14 - 16 3 13 71404.002 0.025
17 4 13 - 16 5 12 72272.946 0.069
17 7 10 - 16 8 9 57387.771 0.008
17 6 12 - 16 7 9 56504.279 -0.029
17 6 12 - 16 5 1L 79134.054 -0.005
7 0 17 - 16 1 16 66428.866 0011
17 1 17 - 16 0 16 66428.866 0.008
18 0 18 - 17 1 17 70288.560 -0.031
18 9 9 - 18 8 10 20684.201 -0.054
18 2 16 - 17 3 15 73514.667 0.000
18 5 14 - 17 4 13 77342.629 0.007
18 L 18 - 17 0 17 70288.560 -0.032
19 4 16 - 19 3 17 24932.883 0.033
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Table-3.2 Continued(1)

J K, k. - J° K K Frequency Deviation
200 20 - 19 1 19~ 78007838 0.04T
20 5 15 - 20 4 16 21065.160 0.000
21 5 16 - 21 4 17 22992.806 0.017
24 6 19 24 5 20 28333321 0011
24 7 17T - 24 6 18 20970.385 0.010
25 12 13 25 1L 14 28064.652 -0.025
26 12 14 26 1L 15 27407934 0.020
26 8 18 26 7 19 20369.007 -0.020
26 6 20 - 26 5 21 28993.283 0.03”
27 9 19 - 27 8 20 25416999 0.033
28 8 20 - 28 7 21 25549.885 -0.005
28 12 16 - 28 Il 17 25325233 -0.006
28 9 20 - 28 8 21 26966.051 -0.040
30 12 18 - 30 19 21957.165 0.018
3l 1021 - 3l 9 22 21372147 0.012
32 13 19 - 32 12 20 25321856 -0.055
32 11 2t - 32 10 22 18207473 0.003
32 8 25 - 32 7 26 36618360 0.012
33 13 21 - 33 12 22 28849.709 0.016
33 1122 - 33 10 23 20404321 -0.036
33 12 21 - 33 11 22 18012388 0.036
34 14 21 - 34 13 22 31152769 -0.020
35 16 19 - 35 15 20 37426424 0.036
35 12 23 - 35 1l 24 19768847 0.045
36 17 19 - 36 16 20 40539216 -0.007
36 14 2 - 36 13 23 24740482 0.016
36 13 23 - 36 12 24 19343159 0.031
36 L 25 - 36 10 26 29214157 -0.081
37 24 14 - 37 23 15 61547357 0.002
37 17 20 - 37 16 21 40038426 -0.007
37 16 22 - 37 15 23 36505143 0.039
37 12 25 - 37 1l 26 25059555 0.020
38 15 23 - 38 14 24 2828972 -0.041
39 15 24 - 39 14 25 26079.623 -0.034
39 10 29 - 39 9 30 40177670 0.036
40 13 27 - 40 12 28 26902463 0.052
40 17 23 - 40 16 24 37850359 -0.053
4l 11 30 - 41 10 31 40585013 -0.032
41 15 26 - 41 14 27 22514024 0.084
43 18 25 - 43 17 26 39694864 0.003
43 15 29 - 43 14 30 35298395 -0.019
44 16 28 - 44 15 29 23764438 -0.005
44 17 28 - 44 16 29 36623914 -0.031
44 15 29 - 44 14 30 24477617 0.008
4 5 39 - 44 4 40 61036490 0.044
47 17 31 - 47 16 32 37289570 -0.028
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Table-3.2 Continued(2)

I K, K - 1 K, K ' Frequency Deviation
47 17 30 - 47 16 31 25006.765 0.038
47 19 28 - 47 I8 29 40171697 0.030
47 7 40 - 47 6 41 61429.695 -0.057
48 17 31 - 48 16 32 24623.002 0.020
48 17 32 - 48 16 33 38139.648 0016
48 8 40 - 48 7 41 60736290 -0.007
50 17 33 - 50 16 34 27640261 0.057
50 19 32 - 50 18 33 40353959 -0.025
51 19 33 - 51 18 34 40299243 0.016
51 18 33 - 51 17 34 25940.702 -0.046
52 18 34 - 52 17 35 26961.793 0.035
52 20 2 - 52 19 33 37733532 -0.006
53 19 34 - 53 18 35 27474346 -0.018
53 18 36 - S3 17 37 42725872 0.079
57 20 37 - 57 19 38 28580780 0.007
59 22 38 - 59 21 39 45838158 -0.005
59 22 37 - 59 21 38 37643431 0.022
60 25 36 - 60 24 37 56696.702 -0.008
60 25 35 - 60 24 36 56559.781 -0.035
60 22 39 - 60 21 40 45813745 0.052
60 21 40 - 60 20 41 45849972 -0.051
61 25 36 - 61 24 37 55675067 -0.021
61 20 41 - 61 19 42 39758754 -0.005
63 22 41 - 63 21 42 31229912 0.074
64 27 38 - 64 26 39 62013763 0.008
65 27 38 65 26 39 61209717 -0.056
65 26 40 65 25 41 57006.305 -0011
65 23 42 - 65 22 43 32381485 -0.056
66 24 42 - 66 23 43 37142063 0.001
66 22 44 - 66 21 45 39322291 -0.022
68 25 43 - 68 24 44 41346012 -0.036
69 28 41 - 69 27 42 62228159 0.052
73 29 45 - 73 28 46 63430394 0.039
73 23 50 - 73 22 51 56201.667 -0.026
74 29 46 - 14 28 47 62509.833 0.087
74 25 49 - 74 24 50 40394914 -0014
76 27 49 - 76 26 50 38300.840 0.051
78 25 53 - 78 24 54 56742819 0.027
78 27 51 - 7 26 52 37890.197 -0016
79 32 48 - 79 31 49 71676493 -0.024
79 28 52 - 19 27 53 56975815 0.026
80 32 49 - 80 31 50 70812.545 0.007
80 25 55 - 80 24 56 0.0600
80 30 51 - 80 29 52 -0.078
8l 24 57 - 8 23 S8 0.056
82 29 53 - 8 28 54 0.004
84 33 51 84 32 52 -0.010
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Table-3.3
Observed Rotational Transition Frequencies(in MHz) of *Ci¥C1%s'0,.

J K, K. - 1 K/ K ' Frequency Deviation
6 5 2 - 5 4 I 37438.686 0.018
6 S5 1 - 5 4 2 37453050  -0.092
9 9 0o - 8 8 1 60911.700 0.037
9 9 I - 8 8 0 60911.700 0.037
9 0 9 - 8 1 8 34778813 0.059
9 3 9 - 8 0 8 34791.760 -0.080
o 10 0 - 9 9 1 67829.065 0.006
10 10 L -9 9 0 67829.065 0.006
0 9 -9 8 2 65122.501 -0.005
n 9 2 - 9 8 1 65122.403 -0.100
10 L w - 9 0 9 38563.194 -0.033
10 L 9 - 9 2 8 40086.161 0.027
10 0 w - 9 1 9 38558.110 -0.020
10 2 9 - 9 1 8 40270.564 0.050
no1 0 - 10 10 1 74746.141 0.014
no1t L - 10 10 0 74746.141 0.014
I 10 I - 10 9 2 72040.110 -0.007
i w2 - 10 9 1 72040.110 -0.006
211 2 - 1110 1 78957.253 -0.071
12 8 4 - 117 5 70804.759 -0.036
13 7 6 - 12 6 7 72284.604 0.013
14 8 7 - 13 7 6 79105.869 -0.009
14 8 6 - 13 7 7 79160.245 -0.079
4 2 13 - 13 1 12 55269.957 0.078
15 2 4 - 14 1 13 59042.187 -0.058
15 3 13 - 14 2 12 60697.935 0.031
16 3 4 - 15 2 13 64449.126 -0.027
16 0 16 - 15 1 15 61213.800 0.033
16 1 16 - 15 0 15 61213.800 0.020
17 1 17 - 16 0 16 64989.132 -0.028
17 0 17 - 16 1 16 64989.132 -0.023
18 1 8 - 17 0 17 68764.496 0.026
18 0 18 - 17 1 17 68764.49% 0.028
18 2 6 - 17 3 15 71975.120 -0.018
18 3 6 - 17 2 15 71979.879 -0.024
19 1 18 - 18 2 17 74139.191 -0.038
19 1 9 - 18 0 I8 72539.753 0.051
19 0 9 - 18 1 18 72539.753 0.052
19 2 18 - 18 1 17 74139.191 -0.090
20 1 v - 19 2 18 77913.923 0.030
20 2 9 - 19 1 18 77913.923 0.010
20 0 20 - 19 1 19 76314.934 0.087
20 120 - 19 0 19 76314.934 0.087
22 8 ¢4 - 2 7 15 12700211 0.067
22 1L 12 - 23 10 13 26045.193 -0.015
24 - 23

2 63507.214 -0.003
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Table-3.3 Continued(1)

IOk K I k' K Frequency Deviation
2424 0 - 294 23 1 63307214 -0.003
24 9 15 - 4 8 16 14392.813 0.026
25 15 10 - 24 16 9 64658445 -0.064
25 9 6 - 25 8 17 14129.150 0.026
25 15 Il - 24 16 8 64658445 -0.061
25 14 1L - 24 15 10 67709.483 -0.021
25 14 12 - 24 15 9 67709.483 0.048
25 12 13 - 25 11 14 28730576 0.030
26 19 7 - 26 18 8 49593912 -0.068
26 15 1L - 25 16 10 69121.577 -0010
26 15 12 - 25 16 9 69121577 0.001
27 23 4 - 21 5 60637717 -0.022
21 23 5 = 2T 2 6  60637.717 -0.022
28 14 14 - 28 13 15 34401970 0.063
20 23 6 - 29 n 7 60517458 -0019
29 23 7 - 9 2 8 60517458 -0.019
29 21 8 . 228 7 64714.006 0010
29 21 9 - 28 2 6 64714.006 0010
20 IS 15 - 29 14 16 37329.980 -0.039
29 14 15 - 29 13 16 234012.064 0.063
30 IS 15 - 30 14 16 37002181 -0.068
30 14 16 - 30 13 17 33544250 -0.034
31 14 18 - 3l 13 19 33222544 -0.008
31 14 17 - 31 13 18 32968402 0.076
31 15 16 - 31 14 17 36628960 0.024
31 7 25 - 31 6 26 37153.654 0.001
215 17 - 2 14 18 36192230 0.060
32 12 20 - R 1 21 19704711 0072
315 19 - 3B 14 20 35814775 0.005
34 12 22 - 34 (I 23 18319751 0011
34 15 19 - 34 14 20 35032.608 -0.065
35 10 26 - 35 9 27 35624418 0.0s1
35 15 21 - 35 14 22 34830878 -0.041
36 17 20 - 36 16 21 41461.800 -0017
36 16 21 - 36 15 22 37937.349 0011
36 16 20 36 IS 21 37765.631 -0.027
37 26 12 - 37 25 13 68246.861 -0018
37 26 11 - 37 25 12 68246861 -0018
37 16 22 - 37 15 23 37418161 0.002
37 16 21 - 37 15 22 37065260 0.056
38 14 24 - B 13 25 22477.700 0.089
38 17 22 - 38 16 23 40553.227 -0.067
38 17 21 - 38 16 22 40457261 0.009
38 16 23 - 38 15 24 36877.191 0.035
39 30 9 - 39 29 10 79248727 0.058
39 16 24 - 39 15 25 36341382 -0017
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Table-3.3 Continued(2)

I K, K. - J° K' K' Frequency Deviation
39 17 23 39 16 24 40032583 0.024
40 30 10 40 29 Il 79176301 0.059
40 24 17 40 23 18 62150376  -0.058
40 24 16 - 40 23 17 62150376 -0.058
40 14 26 - 40 13 27 21053768 0.100
40 17 23 - 40 16 24 39068825 0.022
4 30 11 - 41 29 12 79097955 0.089
4 16 26 41 15 27 35462846 0.005
41 17 24 - 41 16 25 38113631 -0.012
41 18 23 - 41 17 24 42547629 0.032
4 18 24 - 41 17 25 42661105 0.038
4 15 27 - 42 14 28 22606611 0.046
42 18 24 - 42 17 25 41869118 -0.078
43 18 26 - 43 17 27 41509395 -0.022
43 18 25 - 43 1T 26 41046062 0.029
44 16 29 - 44 15 30 35509659 0.033
44 18 27 - 44 17 28 40898144 0.088
44 17 28 - 44 16 29 37404842 0.015
44 25 19 - 44 24 20 64393401 0.007
45 17 29 45 16 30 37165505 0.017
46 24 23 46 23 24 60904615 -0.037
6 5 42 46 4 43 65988588 0.080
46 24 22 - 46 23 23 60904615  -0.033
46 18 29 - 46 17 30 39756885 -0.047
46 4 42 - 46 3 43 65988588 0.080
47 18 30 - 47 17 31 39328104 0.021
47 24 24 - 47 23 25 60632425 -0.058
47 24 23 - 47 23 24 60632425 -0.046
48 22 26 - 48 21 27 53655913 -0.008
48 17 32 - 48 16 33 38023685 0.071
48 18 31 - 48 17 32 39076618 0.068
49 22 28 - 49 21 29 53195644 -0.028
51 28 24 - 51 27 25 71965676 -0.049
51 28 23 - 51 27 24 71965676 -0.049
55 24 31 - 55 23 32 57432225 0.020
56 31 26 - 56 30 27 79945254 0.087
56 31 25 - 56 30 26 79945254 0.087
56 25 32 - 56 24 33 60603782  -0.022
56 24 32 - 56 23 33 56847996 0.006
57 24 33 - 57 23 34 56198679 0.003
58 24 34 - 58 23 35 55467966 0.021
59 31 28 - 59 30 29 79278566 0.069
59 24 35 - 59 23 36 54631206 0.033
60 26 35 - 60 25 36 62207991 -0.030
60 26 34 - 60 25 35 62199244 0.028
62 26 36 - 62 25 37 60965081 -0.029
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Table-3.3 Continued(3)

J K, Kk - I K/ K  Frequency Deviation

§ 25 3 - 6 24 30 56851.506 0067

63 26 37 - 63 25 38 60248780

67 27 40 - 67 26 41 61412429

68 27 42 - 68 26 43 60770295

70 28 42 - 70 27 43 63369.121

70 28 43 - 70 27 44 63552022

72 28 45 - T2 27 46 61832045

73 28 46 - 13 27 47 60 75652

74 28 47 - 74 27 48 60022905

74 29 46 - 74 28 47

75 29 47 - 75 28 48

75 30 46 - 15 29 47

76 29 48 - 76 28 49

79 27 52 - 19 26 53

80 30 S50 - 80 29 5l

81 31 51 - 81 30 3

8 32 51 - 8 31 S5

8 25 57 - 8 24 58

8 32 54 - 8 31 55 68398 598 .0

87 33 55 - 87 32 56 712884l1 -0.023
Table-3.4

Observed Rotational Transition Frequencies(in MHz) of ¥C1#5%0,.

/K, Kk - J K K  Frequency Deviation

11 0 - 10 10 1 69852.433 -0.082

11 2 - 10 9 1 67602504 -0.008

I 1 1 - 10 9 2 67602.504 -0.009

111 1 - 10 10 1 69852433 -0.042

2 12 0 -1t 1 76303.799 8

2 10 3 - 19 2 71801875 025

2 10 2 EE S ) 3 71801.875 -0.032

2 11 2 - I 10 1 74054335 0,025

12 11 k - 11 10 2 74054.335 025

2 12 1 -1 0 76303.799

14 1 13 - 13 2 12 55106.290

15 2 B - W 3 2 60336244

15 0 15 - 14 1 14 57443.809

15 1 5 - 14 0 14 57443.809

6 0 16 - Is 1 15  61224.890

16 1 6 - 15 0 15 61224.890

6 1 15 - 15 2 14 62667.674

17 5 13 - 16 4 12 71346574

17 0 17 - 16 1 16 65005814

7 1 17 - 16 0 16 65005.814 X

17 3 4 - 16 4 13 69349926 0024
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Table-3.4 Continued(1)

Deviation

s K, K. - J K’ Kk Frequency
17 3 I5 - 6 2 14 67902.733
17 4 4 - 16 3 13 69416.863
18 5 4 - 17 4 13 74881.629
18 0 g - 17 1 17 68786.897
18 1 18 17 0 17 68786.897
B 1 7 - 17 2 16 70228.576
[: 17 - 17 1 16 70228.576
18 2 6 - 17 3 15 71678.634
18 3 5 - 17 4 14 73139.538
19 3 16 - 18 4 15 76920.534
9 0 9 - 18 L 18 72567.787
M9 1 19 - 18 0 18 72567.787
19 1 18 - 18 2 17 74009.050
19 2 B - 18 1 17 74009.050
20 2 9 - 19 1 18  77789.418
20 0 2 - 19 1 19 76348.530
20 120 - 19 0 19 76348530
20 1 9 - 19 2 18 77789.418
21 1 21 - 20 0 20 80129.208
210 21 - 20 1 20 80129.208
22 1 22 - 21 0 21 83909919
2 0 2 - 2 121 83909.919
38 2 13 - 38 25 14 56438779
38 26 12 - 38 25 13 56438.779
39 27 13 - 39 26 14 58707.196
39 27 12 - 39 26 13 58707.196
42 27 16 - 4 26 17 58331619
42 27 15 - 42 26 16 58331.619
45 28 18 - 45 27 19 60324.326
45 28 17 - 45 27 18 60324.326
48 9 39 - 48 8 40 52951.509
48 10 39 - 48 9 40 52951.509
48 5 43 - 48 4 44 60804233
48 6 43 - 48 5 44 3
49 28 22 - 49 27 23 59598.354
49 28 21 - 49 27 22 59598.354
49 6 43 - 49 5 44  60367.141
49 7 4 - 49 6 44 60367.141
SL Il 40 - 51 10 41 53107.746
5112 40 - S0 1L 41 53107.746
51 28 24 - 51 27 25 59147.986
51 28 23 - 51 27 24 59147986
52 3 21 - 52 31 22 69032.872
52 3 20 - 52 31 2l 69032.872
53 32 22 - 53 31l 23 68869.517
53 32 21 - 53 31 22 68869.517
54 32 23 - 54 31 24 68695.137
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Table-3.4 Continued(2)

I K, K. - J° K/ K Frequency Deviation
54 32 22 - 54 31 23 68695.137 -0.046
56 32 25 - 56 31 26 68311.146 -0.058
56 32 24 - 56 31 25 683l1.146 -0.058
56 12 45 - 56 1l 46 60564.972 0.000
56 1L 45 - 5 10 46 60564.972 0.000
59 2 28 - 59 3l 29 67635629 -0.070
59 32 27 - 59 31 28 67635.629 -0.070
59 14 46 - 59 13 47 60668.491 0.002
59 13 46 - 59 12 47 60668.491 0.003
61 33 29 - 61 32 30 69757.802 0.046
61 33 28 - 6L 32 29 69757.802 0.046
6l 32 30 - 6l 31 3l 67108.772 0.000
61 32 29 - 6L 31 30 67108.772 0.000
6l 14 47 - 61 13 48 61413410 0.006
6L 15 47 - 61 14 48 61413410 0.002
62 33 30 - 62 32 3l 69501.838 0.000
62 33 29 - 62 32 30 69501.838 0.000
63 12 52 - 63 Il 53 70871.197 0.039
63 1l 52 - 63 10 53 70871.197 0.039
67 35 33 - 67 34 34 73472.568 -0013
67 35 32 - 67 3 33 73472.568 <0013
67 14 54 - 67 13 55 72588.162 -0.043
67 13 54 - 67 12 55 72588.162 -0.043
69 35 35 - 69 34 36 72877.872 -0.048
69 35 34 - 69 34 35 72877.872 -0.048
70 3 36 - 70 M 37 72553.526 -0.002
70 3 35 - 70 M4 36 72553.526 -0.001
70 3 36 - 70 33 37 69714.643 0.000
70 16 55 - 70 I5 56 72708.958 0.003
70 15 55 - 70 14 56 72708.958 0.003
70 34 37 - 70 33 38 69714.643 -0014
7135 37 - 71 34 38 72209.486 0.034
71 3 38 - 71 33 39 69322.806 0.040
71 34 37 - 71 33 38 69322.806 -0.005
71 35 36 - 71 34 37 72209486 0.038
7236 37 - 72 35 38 74678210 0.008
72 035 37 - 72 34 38 71844261 -0.021
7203 38 - 72 34 39 71844261 0.029
72 36 36 - 72 35 37 74678210 0.009
74 3% 39 - 74 35 40 73974073 0.013
74 3% 38 - 74 35 39 73974073 -0.008
75 3% 40 - 75 35 41 73590.124 0.021
75 36 39 - 75 35 40 73590.124 0.032
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Table-3.5
Observed Rotational Transition Frequencies(in MHz) of ¥c1¥ci®s%0,.

J K, K. - & K’ K ' Frequency Deviation
9 9 0 - 8 8 T 56484.849 -0.049
9 9 I - 8 8 0 56484.849
o 1 - 10 10 0 69289.964
m 1w 2 - 10 9 1 66998.526
[ A (| - 10 9 2 66998.526
110 - 10 10 1 69289.964
2 1 I - 11 10 2 73401.009
2 10 3 - 119 2 71107.230
12 10 2 - 1 9 3 71107.230
1212 - 11 10 1 73401.009
13 12 1 - 12 1l 2 79803.277
1312 2 - 12 11 1 79803.277
16 L 6 - 15 0 15 59902.244
16 0 16 - 15 1 15  59902.244
17 4 14 - 16 3 13 68015821
17 0 17 - 16 1 16  63600.718
17 1 17 - 16 0 16  63600.718
18 3 16 - 17 2 15 70186.658
18 0 18 - 17 1 17 67299.151
18 1 8 - 17 0 17 67299.151
18 1 17 - 17 2 16  68737.692
B2 17 - 17 1 16 68737.692
18 2 16 - 17 3 15 70184.905
8 3 15 - 17 4 14 71640.454
9 2 18 - 18 1 17 72435.562
9 0 19 - 18 1 18 70997.477
19 1 9 - 18 0 18 70997.477
19 1 g - 18 2 17 72435562
20 12 - 19 0 19 74695.736
20 0 2 - 19 1 19 74695.736
2102 2 - 20 1 19 79831.211
21 2 - 20 2 19 79831211
34 26 9 - 34 25 10 57914254
34 26 8 - 34 25 9 57914254
37 26 12 - 37 25 13 57649.282
a7 2 I - 37 25 12 57649.282
37 25 13 - 37 24 14 55232.635
37 25 12 - 37 24 13 55232.635
38 24 15 - 38 23 16 52653.261
38 24 14 - 38 23 15 52653261
39 26 14 - 39 25 15 57430.176
39 26 13 - 39 25 14 57430.176
44 24 21 - 44 23 22 51525.025
24 20 - 44 23 21 51525025




Table-3.5 Continued(1)

J K, K. Frequency Deviation

6 41 55266.660 -0.005
47 7 41 55266.660 -0.005

8 42 55570.606 0.020
50 9 42 55570.606 0019
S 30 22 68097.670 -0.028
5L 30 21 68097.679 -0.019
519 42 54918.443 0.002
SL 10 42 54918.443 0.001
5126 26 57779.638 -0.009
51 26 25 57779.638 -¢ 007
52 31 22 70434.079 0.020
52 1l 42 54205.877 -0.006
52 31 21 70434.079 0.020
5230 23 67935792 0.000
5230 22 67935792 0.000
52 26 26 57507.889 0.010
52 26 27 57507.889 0.003
52 10 42 54205.877 0.001
53 31 23 70279.761 0.009
53 9 44 57877463 -0.010
5331 22 70279.761 0.009
53 30 23 67762905 0019
53 30 24 67762905 0019
53 10 44 57877463 -0.010
54 31 24 70115201 -0.035
54 12 43 54940.506 -0.010
54 30 25 67578.333 0.008
54 30 24 67578.333 0.008
54 11 43 54940.506 0.008
54 31 23 70115201 -0.035
55 31 25 69939915 -0.011
55 31 24 69939.915 -0.011
58 32 27 T71927.730 0.009
58 32 26 71927.730 0.009
59 33 27 74292.545 0012
59 32 27 71727.106 -0.060
59 32 28 71727.106 -0.060
59 33 26 74292.545 0012
60 32 28 71514.100 -0.005
60 32 29 71514.100 -0.005
61 33 29 73899.818 0.047
61 32 30 71287.789 -0.012
61 32 29 71287.789 -0.012
61 33 28 73899.818 0.047
68 34 35 74860.882 -0.019
68 34 34 74860.882 -0.019
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Table-3.5 Continued(2)

J K, K. - J K, K  Frequency Deviation
69 35 35 - 69 3¢ 36 74574596 0.049
69 35 34 - 69 34 35 74574.596 0.049
69 34 35 - 69 33 36 71775932 0.036
69 34 36 - 69 33 37 71775932 0.034
70 35 36 - 70 34 37 74271326 -0.028
70 35 35 - 70 34 36 74271326 -0.028
71 34 38 - 71 33 39 71068500 -0.017
71 3 37 - 71 33 38 71068.500 -0.004
73 36 38 - 73 35 39 76124788  -0012
73 36 37 - 73 35 38 76124.788 -0.011
74 36 38 - 74 35 39 757874l 0.186
76 37 40 - 76 36 41 77964.627 -0.008
76 37 39 - 76 36 40 77964.627 -0.007
78 37 42 - 78 36 43 77236534 0.002
78 3 4 - 78 36 42 77236.534 0.007

Table-3.6
Observed Rotational Transition Frequencies(in MHz) of ¥Ci#s'%0,.

P A A K, K. Frequency Deviation
o1 0 - 10 10 T 6966l.121
i 1w 2 - 10 9 1 67427.094
o - 1 9 2 67427.094
o1l I - 10 10 0 69661.121
2 12 0 - 1 11 1 76094.376
2 10 3 - 11 9 2 71624.172
2 1w 2 - 1 9 3 T71624.172
12 1 2 - 11w 1 73860.816
1211 I - 1L 10 2 73860816
12 12 L - 1L 11 0 76094.376
15 L IS - 14 0 14 57352459
Is 0 15 - 14 1 14 57352.459
16 1 16 - 15 0 15 61127.382
16 0 6 - 15 1 15 61127.382
17 4 14 - 16 3 13 69315.961
17 3 5 - 16 2 14 67803.724
18 4 15 - 17 3 14 73062.881
18 0 18 - 17 1 17 68677.015
18 1 18 - 17 G 17 68677015
18 1 17 - 17 2 16  70121.360
18 2 7 - 17 1 16 70121.360
18 3 15 - 17 4 14 73037964
19 3 16 - 18 4 15 76812.155
9 0 19 - 18 1 18 72451.740
19 1 9 - 18 0 18 72451740
19 L 8 - 18 2 17 73895.638 0.002




Table-3.6 Continued

J kK, K. - K, K. Frequency Deviation
92 18 - 18 1 17 71895.6’-8 -0.008
49 32 18 - 49 31 19 689

49 32 17 - 49 31l I8 68930. I 17

50 32 19 - 50 31 20 68792448

50 32 18 - 50 3L 19 68792448

50 28 22 - 50 27 23 58881.592

50 28 23 - 50 27 24 58881.592

5128 23 - 51 27 24 58641.666

51 28 24 - 51 27 25 58641.666

52 28 24 - 52 27 25 58381564

52 28 25 - 52 27 26 58383.564

§3 32 22 - 53 31 23 68320.602

53 28 25 - 53 27 2 58106.011

53 28 26 - 53 27 27 58106.011

53 32 21 - 53 31 22 68320.602

56 32 25 - 56 31 26 67747.195

56 32 24 - 56 3l 25 67747.195

59 32 28 - 59 31 29 67052.696

59 32 27 - 59 31 28 67052.696

ie-3.
Observed Rotational Transition Frequencies(in MHz) of ¥'ct#5%0,.

i K, K. - J° K, K  Frequency Deviation
9 9 T - 8 8 0 0.023
o 1w 1 - 9 9 0 0.000
mw 9 2 - 9 8 1 -0.040
2 9 3 -1 8 4 -0.067
2 9 4 - 11 8 3 272 0.040
310 4 - 12 9 3 79590! 906 0.041
14 L 13 - 13 2 12 54100.673 0.066
15 I 4 - 14 2 13 57794.530 -0.012
I5 1 15 - 14 0 14 56200719  -0.060
15 0 15 - 14 L 14 56200.719 -0.013
5 2 4 - 14 1 13 57797.398 -0.040
16 L 6 - 15 0 15 3 0.010
6 0 16 - I5 1 15 0.028
17 L 17 - 16 0 16 0.016
18 0 18 - 17 1 17 0.003
18 1 18 - 17 0 17 67280, l91 0.001
18 4 14 - 17 5 13 73227.723 -0.004
20 0 20 - 19 1 19 74666.104 -0.007
20 L 9 - 19 2 18 76257.537 0.045
20 L2 - 19 0 19 74666.104 -0.007
20 2 19 - 19 1 18 76257.537 0.019
21 L 20 - 20 2 19 79949.849  -0.034
2 0 21 - 20 1 20 78358972 0.033
21 2 20 - 2 1 19 79949.849 -0.044
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Table-3.8
Observed Rotational Transition Frequencies(in MHz) of ¥ci¥'ci*s"0,.

J K, K. - J K, K. Frequency Deviation
I 0 - 1010 69093.139 0.003
1 1w 2 - 10 9 1 66817.999 0019
1o 1 - 10 9 2 66817.999 0019
no1 I - 10 10 0 69093.139 0.003
12 11 I -1 10 2 73201.863 -0.021
12 10 3 - 1 9 2 70924376 0.023
12 10 2 - 11 9 3 70924376 0017
1211 2 -1 10 1 73201.863 -0.020
1337 7 - 12 6 6 67774.025 -0.064
16 5 2 - 15 4 Il 66670,798 -0018
6 0 6 - IS5 1 15 59804.065 0010
6 1 6 - 15 0 15 59804.065 0.006
17 4 14 - 16 3 13 67912.764 -0.077
17 0 17 - 16 L 16 63496.329 0.002
17 1 17 - 16 0 16  63496.329 0.001
8 3 15 - 17 4 14 71538443 0.048
18 0 18 - 17 1 17 67188.533 0.006
18 1 18 - 17 0 17 67188533 0.005
18 1 7 - 17 2 16 68629.610 0.024
8 2 17 - 17 1 16  68629.610 -0015
8 2 16 - 17 3 15 70079.313 0.062
19 1 9 - 18 0 18 70880.653 0.002
9 0 19 - 18 1 18 70880.653 0.002
20 L 20 - 19 0 19 74572,692 0.000
20 0 20 - 19 1 19 74572.692 0.000
21 2t - 20 0 20 78264.627 -0018
210 21 - 20 i 20 78264.627 0018
49 31 18 - 49 30 19 67856.659 0.001
50 3t 19 - 50 30 20 67711203 -0.037
5131 20 - 51 30 21 67555700 -0013
52 3L 21 - 52 30 22 67389499 0015
53 31 22 - 53 30 23 67211960 0.045
57 32 26 - 57 31 27 68973612 -0.001
57 32 25 - 57 3l 26 68973612 -0.001
59 32 3 - 59 31 29 68524458 0.007
59 32 27 - 59 31 28 68524458 0,007
61 32 30 - 61 3l 31 68015441 0.022
61 32 29 - 61 31 30 68015441 0.022
64 33 32 - 64 32 33 69885932 -0.027
64 33 31 - 64 32 32 69885932 -0.026
65 33 33 - 65 32 34 69589.144 -0.037
65 33 32 - 65 32 33 69580.144 -0.036
66 33 34 - 66 32 35 69273673 0032

66 32 34 69273673 0.034




Table-3.9
Observed Rotational Transition Frequencies(in MHz) of *ci#s%0,.

J K, K. - K, K. Frequency Deviation
51 5 - 140 T4 58599.750 0010
s 0 15 - 14 1 14 58599.250 0014
6 ! 6 - 15 0 15 62451.685 -0.037
6 v 16 - 15 1 15 62451.685 -0.029
17 5 i3 - 16 4 12 73732397 0.020
17 0 7 - 16 1 16 66304.119 0.000
17 1 17 - 16 0 16 66304.119 -0.003
17 2 5 - 16 3 14 69537.120 -0.003
17 3 4 - 16 4 13 7113559 0.016
17 3 5 - 16 2 14 69544.693 -0.018
17 4 4 - 16 3 13 71276.566 0.009
17 4 13 - 16 > 12 72228.179 0.022
8 4 5 - 17 3 14 75075.234 -0.025
18 0 18 - 17 1 17 70156480 0.033
18 1 18 - 17 0 17 70156.480 0.032
8 2 6 - 17 3 15 73388.I8 0.004
18 3 15 - 17 4 14 75012.338 0.001
18 3 6 - 17 2 15 73391.236 -0.005
19 2 18 - 18 1 17 75618.888 -0.047
19 0 9 - 18 1 18  74008.727 0.038
9 1 19 - 18 0 18 74008.727 0037
19 1 18 - 18 2 17 75618.888 -0.017
20 2 9 - 19 1 18 79470.571 -0.039
20 0 20 - 19 1 19 77860.858 0.017
20 1 20 - 19 0 19 77860.858 0.017
20 1 9 - 19 2 18  79470.57L -0.028
Table-3.10
Observed Rotational Transition Frequency(in MHz) of 3*C1Ci*s%0,.
J K, K. - J K, K. Frequency Deviation
5 1 I5 - 14 0 14~ 57328239 -0.018
15 0 15 - 14 1 14 57328239 0014
16 1 6 - 15 0 15 61096.250 -0.008
16 0 6 - 15 1 15 61096.250 0.004
18 1 g - N 17 68632.077 0.002
18 0 18 - ¥ L 17 68632.077 0.004
19 2 18 - 1o 1 17 74002.257 0.022
19 0 19 - 18 1 18 72399.866 -0.002
19 1 9 - 18 0 18  72399.866 -0.002
19 1 18 - 18 2 17 74002.257 0.022
20 - 1 20 - 19 0 19  76167.586 0.011
20 0 20 - 19 1 19 76167.586 0011
21 1 21 - 20 0 20 79935179 -0.008
21 0 2t - 20 L 20 79935.179 -0.008
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3.2 The Calculation of the Rotational Constants and Distortion Constants
of Sulphury! Chloride.

Watson's § reduction iltonian in the I” , equations (1.1.20)
to (1.1.28), was used to fit the observed rotational frequencies and calculate the
required constants. The constants of ¥Ci#''%0, and ¥CiC1¥s'0, obtained by
Dubrulle and Boucher®™ were used as trial values in these refinements. For these
two species, more and higher J transitions, including some very high 7 lines with low
K,, which are very weak and not observed in previous work®!™, were measured and
much improved constants were eventually derived, as shown in Table-3.14. Both R-
branch(J up to about 25) and @ -branch(J up to 80) transitions were measured and so it
was not difficult to calculate values for the rotational constants and all of the quartic
distortion constants, for six species, which were 33C1 560, ¥c1’'ct?%s'0,, ¥c13's'%0,,
BcrdcrsBo,, $c1#s'%0, and ¥C1¥Ci¥s'%0,. Because the experiments on the species
3C1 35190, #C135'°0, and PC1YC1*s'%0, were done in natural abundance, only a lim-
ited set of R-branch lines could be observed. It was impossible to derive all the quar-
tic distortion constants from only the R-branch transitions. In order to fit the rotational
frequencies for these three species, the following procedure was used. At first, a har-
monic force field was derived from the distortion constants of the previous six species,
togi*her with the vibrational frequencies. Then the distortion constants of the latter

three species were calculated from the harmonic force field. The calculated values for

distortion constants were then used to fit the
Good fits, yielding values for three rotational constants and several distortion constants
were obtained for 7'C1#5'%0, and *C1#'5'%0,. Only Jo, = =Dy~ and Jiy =0 =10yt
transitions were measured for ¥C1°’C1*s'%0, and so a good estimate for the 4 rota-
tional constant could not be derived. A value for the rotational constant A calculated

from the effective structure, which was obtained from the first six species, was used to



fit the experimental lines and to allow refinement of the other two rotational constants
of this species. All of the resulting rotational constants and distortion constants,
including the calculated constants of the last three species, are given in Tables 3.11 to
3.13.

No sextic distortion constants were required to fit the experimental frequencies,
even though transitions with J up to 80 and beyond were assigned for some species.
The standard deviations of the fit were smaller than 0.05MHz for all isotopomers inves-

tigated, as shown in Table-3.13.
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Table-3.11 Effective Rotational Constants of Cl,SO » Isotopomers

Isotopomer A (MHz) B (MHz) C (MHz) X
crs'e0, 3485.85392(54)  2344.24647(55)  1930.31011(57) -0.468
BOTCs60,  3459.36647(46)  2293.79236(49)  1888.07484(44)  -0.484
3132510, 322649981(59)  2278.77573(75)  1890.88090(70) -0.419
Berer’s%o,  3201.87425(43)  2230.92443(67)  1849.59852(78)  -0.436
BciPs'o, 3217.44368(71)  2278.8688(16) 1887.7939(15) -0412
3ci’ci¥sto,  3192.55831(78)  2230.9922(27) 1846.4880(13) -0429
c1 590, 3430.6048(18) 2245.567(13) 1846.9493(16) -0.497
¥cris'eo, 3473.6588(15) 2344.3374(14) 1926.5949(10) -0.460
Brcr¥so,  3446.7949(*) 2293.8655(51) 1884.3577(57) -0476

Table-3.12 Effective Moments of Inertia of C!,50, Isotopomers

Isotopomer 1% (amuA?) 1% (amuA?) 1% (aumd?)
Bcs'o, 144.97997(2)  215.58271(5) 261.81234(8)
Ber’cris%o,  146.09005(2)  220.32465(5) 267.66894(8)
Bc1s'to, 156.63382(3)  221.77654(7) 267.27173(10)
Bcric®s%o,  157.83848(2)  226.53345(7) 27323713(12)
»erFsto, 157.07470(3)  221.76748(15) 267.70878(22)
Boici¥sBo,  158.29907(4)  226.52657(27) 273.69742(19)

s,
Bc1dseo,

SCICI¥s0,

147.31484(8)

145.48896(6)  215.57435(14)

146.62288(*)  220.31762(49)

225.05632(131)  273.62906(23)

262.31721(14)
268.19695(8)

*--Calculated from the effective molecular structure.
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Table-3.13 Quartic Distortion Constants of C/,52. (sotopomers

Isotopomer D, (kHz) D (kHz) Dy (kHz)

a1 steo, 0.4704(11)  -0.7362(2) 1.6750(5)
Brcriso,  04468(5)  -0.7102(2) 1.6557(3)
e s 'to, 0.4268(10)  -0.6218(5) 1.3281(7)
Badci¥sto,  0.4143(10)  -0.5999(3) 1.3121(3)
Bc1s'to, 04296(21)  -0.6189(21)  1.3266(21)
eci¥sBo,  0.419721)  -0.6013(14)  1.3180(20)
Tci 50, 0.4335(88) -0.6957(39)  1.6597(*)
B3I sto0, 0.4647(15)  -0.7362(*) 1.6638(*)
Bavici¥seo  0.4480(73)  -0.7104(%) 1.6634(%)

Isotopomer d\(kHz) dy(kHz) £ (MHz)
Bcrs'o, -0.12751(1)  -0.000033(7)  0.0360
Baverisiéo,  -0.12322(3)  -0.00094(2) 0.0491
Baristo, -0.11338(2)  0.00190(1) 0.0385

“ersto,  -0.1096(1) 0.00118(3) 0.0228
ci34s'%0, -0.1146(7) 0.0012(4) 0.0287
Barrci¥sto,  -0.1120(4) 0.0013(*) 0.0294
c3is'o, -0.1196(53)  -0.0010(*) 0.0448
B s¥0, 0.1278(*) 0.0001(*) 0.0262
Baci¥steo,  -0.1233(%)  -0.0005(*) 0.0134

*--Calculated from the harmonic force field of Table-3.25.

e--Standard deviation of the fit.



3.3 The C: of the of Sulphuryl Chloride

The effective principal moments of inertia of all isotopic species studied are given
in Table-3.12; these were derived from the effective rotational constants of Table-3.11.

The ground state effective structural ro, were calculated princi| using

the effective rotationu constants of ¥Cij’s'0,, ¥ci¥cris0, ¥cis'o,,
015180, $C12 S0, and C1YCI¥S®0,. An uncertainty 0.1% Of the observed
value was assigned to these rotational constants in a weighted least squares fit. The
principal moments of inertia of ¥'CI;25'%0, and *C1$'5'0, were also used in this calcu-
lation but a bigger uncertainty, 0.2%, was set for them, because they were obtained
from only R-branch transitions. The principal moments of inertia of ¥C1¥Ci¥s'%0,,
which were not well determined in this work, were not considered in this calculation.
Since there is no light atom in this molecule, the differences in the effects of zero
point vibrations for different isotopic species are expected to be very small™!. The
resulting effective structure is listed in the first row of Table-3.14. The effective struc-
ture was used in the calculation of force constants, which will Je discussed later.

‘We have obtained sufficient isotopic data to calculate all of the structural parame-
ters of this molecule. Two partial substitution structures have been obtained for the
ground state. One used ¥C1f’s0, as the parent species and *Ci$5'%0, and

BOICIYS0, as the substituted species. The other used ¥Cij’s'0, as the parent

species and *'C1{25%%0, and *C1'ci¥$'%0, as the i species. The

of ¢l and O were derived using Kraitchman's method, equation(1.3.8). Due to the
symmetry of this molecule, the sulphur atom is on the symmetry axis and buth the sul-
fur a coordinate and the sulphur ¢ coordinate are zero. Because the sulphur atom is
located too close to the mass center, a good estimate of its b coordinate could not be
obtained by Kraitchman's method®¥% and the b coordinate of sulphur was therefore

calculated using the center mass condition, equation(1.3.12). The principal axes
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coordinates of *C1§’s'%0, and *Ci#?$"0, are given in Table-3.15 and Table-3.16,

pecti The ituti are listed in Table-3.14, which shows that
the two substitution structures are almost the same.

Two different scaled geometries have also been calculated with *Ci%s'0, and
3125190, as the parent species, respectively. The scaled constants derived from equa-
tion(1.3.19) were p, =0.99256, ps =099812 and pc = 099716 for ¥C1s¥0, and
P = 0999610, pg =0.998324 and pe = 0997528 for °C1*25'%0,. The scaled moments of
inertia were obtained using the above scaled constants and the effective moments of
inertia, in Table-3.12, according to equation(1.3.18). The same procedure, which was
used to calculate the effective structure from the effective rotational constants, was
applied here to derive the scaled structure from the scaled rotational constants. The
results are also shown in Table-3.14.

The calculation of the harmonic force field will be discussed later, however, the
resulting force constants, Table-3.25, are used in this section to derive the harmonic
vibration-rotation interaction constants, the zero point mean square amplitude, «*, and
the zero point perpendicular amplitude, K, from which the average structure and equili-
brium structure of sulphuryl chloride could be evziuated. The average rotational con-
stants, A., B, and C,, were obtained by equation-1.3.15 and are listed in Table-3.17.
At least two isotopic species are required to derive all of the four geometrical parame-
ters, therefore the isotopic variations of the bond lengths should be considered in the
calculation of the average structure. The isotopic variations of bond lengths were cal-
culated from «* and K, both of which were derived from the harmonic force field™!,
using Equation-1.3.4. The values of the Morse anharmonic parameter were
a(S0) = 20724 and a(SCI) = 1.7064 ™%, both taken from Kuchitsu and Morino's publica-
tion™, where the value of a(SC!) was the average of a(S,) and a(Cl). The mean

square amplitude of vibration of the bonds and the mean perpendicular amplitude, as



well as their corresponding isotopic changes, are given in Table-3.19 and Table-3.20.

The isotopic variations of the average bond lengths 5, were evaluated using equation-
1.3.4 and are listed in Table-4.18, which shows that the values are about 10 to 107 .
The obtained average rotational constants and the isotopic variations of the average
bond lengths were applicd to derive the average structure for this molecule by a least
squares procedure, which we had used as well to calculate the effective structure, A
crude equilibrium structure was evaluated from the average structure, with the help of
equation-1.3.3. In the calculations of both of these structures, the normal species
331325180, was the parent species. The results are collected in Table-3.14. A theoreti-
cal structure of this molecule was also derived, for comparison with the experimental
structures, using the 6-31G* basis set and the Gaussian-86 program®®3.

The different structures show only slight variations from one to another. The SCI
bond lengths follow the trend r, >rg >r, >r2 >r, >rypuimso. The SO bond lengths also fol-
low this order, except ro, which is a little shorter than r,. Table-3.21 gives a com-
parison of the structure of C1.50, with that of 50, 1%, C1,50 W% and SCt, (. The
50 bond of C1,S0, is about 0.0154 and 0.024 shorter than that of 1,50 and SO,
respectively. The SCI bond of CI,50, is only 0.0044 shorter than that of SCI,, but
more than 0.064 shorter than that of C1,S0. The 0SO angle is about 4.7° bigger than
that of SO,. The CISC! angle is about 3.2° biyger but 2.6° smaller than that of /.50
and of CI,S, respectively. Figure-3.2 and Figure-3.3 give the principal axes orienta-
tions of ¥C13%5'%0, and ¥C13C1¥5 140, respectively. Because of the unsymmetric isoto-
pic substitution of Ct, the ¥CI¥'Ci¥5'%0, species has C, symmetry and the principal
axis b no longer divides the C1SC! angle equally. The angle between S*°C! bond and
the principal axes b is 40.552° and the principal axis b has been shifted from the 050

plane by about 1.82°.
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Table-3.14

The Molecular Geometries of C1,S0;

Parameter Bondso /A Bondscy/A Angleosol® Anglecis [°
ro 1.41217(10)  2.01065(10) 123.230(15)  100.117(7)

r(@) 1.41249(74)  2.00934(167)  123.300(72)  100.099(92)
r, (M 1.41232(95) 2.00978(178)  123.326(90)  100.081(95)
r2(I) 1.41211(10)  2.00866(10) 123.476(15)  100.035(6)

r2(IV) 1.41227(10)  2.00897(9) 123.447(15)  100.033(6)

r 1.41347(11)  2.01124(10) 123.129(15)  100.126(7)

r 1.41186(21)  2.00705(18) o **

T Aniro 1.4096(2) 1.9985(0) 123.571(0) 101.257(0)

(I) Obtained using **C! 250, as the parent isotopomer.

(IT) Obtained using *C13?5'%0, as the parent isotopomer.

(I) Scaled geometry, using **C1;%5'%0, as the parent species.

(IV) Scaled geometry, using *°C1;%5'0, as the parent species.

(*) The ab-initio calculation was done by using the GAUSSIAN-86 program
with 2 6-31G* basis set®,

(**) The angles were assumed to equal the value obtained in the r,

structure.
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Table-3.15

The Substitution Principal Axes Coordinates (4) of ¥’ %0,.

Atoms a b c
s 00 0.51404(29) 0.0
o1 00 1.18440(8) 1.24308(7)
02 00 1.18440(8) -1.24308(7)
ca 1.54049(10)  -0.77674(21) 0.0

cr2 -154049(10)  -0.7767421) 0.0

Table-3.16

The Substitution Principal Axes Coordinates (4 ) of *ct3%s"0,

Atoms a b c
N 00 047925(19) 0.0
ol 00 1.14998(7) 1.24308(7)
02 00 1.14998(7) -1.24308(7)
crl 1.54036(13) -0.81100(28) 0.0

ci2 -1.54036(13) -0.81100(28) 0.0
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Table-3.17 Average Rotational Constants of C/,50,

Species A, (MHz) B, (MHz) U, (MHz)

Sapsto, | 3481984 2341976 1929010
seCsto, 3455537 2291592 1886825
sapsto, 3223000 2276646  1889.601
SacPsto, 3198484 2228854 1348359
sapsio, 321404 276739 1886514
BocMso, 3189478 2228922 1845258
vOpsio, 3426825 2243417 1845739
Sapsio, 3469799 2342077 1925305
Sorcitsio, 3442985 2291656 1883108

Table-3.18 The Isotopic Variation (4) of Average Bond Lengths of C/,50,

Species drso Brousg droig

513510,

Bcrcrs %o, -0.0000474
CIs v, -0.0000196

sc¥ci®s®o,  -0.0000276  -0.0000290  -0.0000718
3134510, -0.0000401  -0.0000748

Bcr’io¥sto,  -0.0000481  -0.0000848  -0.0001221
¢35 %0, -0.000016 -0.0000567
sC1s0, -0.,0000192  -0.0000505

Bcici¥s'%o,  -0.0000272  -0.0000605  -0.0000984
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Table-3.19

The Parallel Mean Square Amplitudes (4 ) of C/,50

Species so sse s¥ct
scisteo, u? 0.0011982 0.0019712
savc?s'bo, W 0.0011982 0.0019712 0.0019421
d<u?> 00 0.0 -0.0000291
s, ut 0.0011507 0.0019690

s -0.0000475 0.0

savici¥so, Wt 0.0011507  0.0019690 0.001940
sw?  -00000475 0.0 -0.0000316
SeiPs'to, u? 00011396  0.0019435

sw?  -0.0000586  -0.0000277
sarci¥sto, W 00011396  0.00194435  0.0019140
Swh  -0.0000586 -0.0000277  -0.0000571

e steo, u? 0.0011981 0.0019420
swd 00 -0.0000292
¢l psko, w 00011875  0.0019456

s -0.0000107  -0.0000256

sarats'o,  wt 0.0011875  0.0019456 0.0019163
sw>  -0.0000107 -0.0000256  -0.0000549
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Table-3.20

The Perpendicular Mean Amplititudes (4) of C1,50,

Species s0 s3cr s¥er
19510, K 0.002109  0.000851
Bavaristo, K 0.002117  0.000861 0.000824
5k 0.000008  0.000010  -0.000027
150, K 0.001981  0.000870
5k -0.000128  0.000019
sc¥adsto, Kk 0.001989  0.000880  0.000842
8k -0.000120  0.000029  -0.000009
Baisto, K 0.001967  0.000855
o  -0.000142  0.000004
saveitsto,  k 0.001975  0.000865  0.000827
o  -0.000134  0.000014 -0.000024
Ycis o, K 0.002125 0.000833
ok 0.000016 -0.000018
Berseo, X 0.002095  0.000836
8%  -0000014 -0.000015
Saria¥sto, K 0002103  0.000846  0.000809
8 -0.000006 -0.000005 -0.000042




Table-3.21

Comparison between the Structure of 1,50

and these of S0, 0, 1,50 7138 and sC1, ()

Parameter Bondsold

Bondse, A

Anglegsol° Anglecysci®

re CISO, 141217(10)  2.01065(10)

Cl,50 1.4278(5)

50, 143217

2.0744(3)
2.0140(30)

r,  C1,S0, 141186(21) 2.00705(18)

50, 1.4308

n QIS0  1.41249(74)  2.00934(167)

123.230(15)  100.117(7)
96.955(1)
102.74(30)
119.535

119.33

123.300(72)  100.099(92)

CiSO 14347()  2.074403) 96.820(14)
sciy 2014120 102.64(20)
3¢ 350
a a
o o
b
s
s o /
(] €,
356, 37l

Figure-3.2 Principal Axes

Orientation of *c125'°0,

Figure-3.3 Principal Axes

Orientation of *ct¥'cis"0,
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3.4 The Harmonic Force Field of Sulphuryl Chloride

As discussed at the beginning of this chapter, there have been several papers
concerned with the molecular viorations of sulphuryl chloride™IIPSITTBIFoUSIEN, [
these works, however, there still are some problems which have not been satisfactorily
resolved. The first is the assignment of the v, and vy modes. There are two lines
around the frequency 370cm”'; it is very difficuit to determine which of them is v, or
vo using only the vibrational spectrum. That is because both of the modes belong to &
symmetry species and are related to the vibrational motions of the 0SO group, so that
both the depolarization properties of the Raman spectra and the isotopic substitution
shifts of the vibrational spectra do not distinguish between the two modes. The second
is that Fermi resonance has never been considered in previous reports. The third is
that the force feld of this molecule has not been well refined using a sufficiently large
data set. Therefore in this work we remeasured the Raman spectra for this molecule in
both the liquid and gas phases and reinvestigated the force field using both our vibra-
tional spectra and rotational spectroscopic data.

The Raman spectra of *Ci¥5%0,, ¥Ct2$80, and ¥CIs'%0,were measured in
both the liquid and gas phases. The spectra of these three species in the liquid phase
are given in Figure-3.4. The gas phase spectra were weak and the v, and v, lines were
not observed. Figures 3.5, 3.6 and 3.7 show the gas phase Raman spectra of the three
species over the frequency range of 1100cm™ to 1250cm ™. There are three transitions;
in each case the strongest line was assigned to v, and the lowest frequency line was
assigned to the symmetric stretch of a sulfur dioxide impurity™!, The third lines
could be overtone 2v, or 2vg bands or a combination band v, +v,. Mantz et al
assigned this line to 2v; or v, + vq in their infrared work. After analysis of our Raman
data, we did not assign this line to 2v, nor to v, + v,. Because the v, + v; mode belongs

to the b, symmetry species and the v, mode to the a, species, there is no Fermi
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resonance between these two modes and therefore the third line could not belong to
vy + vy mode. By making a comparison between Figure-3.5 and Figure-3.6, we found
that the frequencies of the v, mode and SO, are about 60-70cm™" decreased, however,
the frequency of the third line is only about 7em™ decreased, because of the double *0
substitution. In 33C1#?5'0,, the third line has a lower frequency than v,; conversely, in
c15'%0, and 3°C1*$%0,, the third lines have higher frequencies than the correspon-
denting v, modes. As we know that the v, mode is the 0SO scissors mode and the vy
mode is SCI asymmetric stretch, the ®0 substitution should change the frequency of v,
and therefore 2v, a lot, but not that of vy and 2vs. Actually, the v, fundamentals are
observed at frequencies 567.5cm™, 552.5cm™" and 545.7cm™', Table-3.22 to 3.24, so that
the frequencies of overtones 2v, should be about 1135.0cm™, 11050cm™ and
1091.4em™!, for *C1#'5'0,, *Ci#$"0, and *C1#S™0,, respectively. Therefore we
assigned the third band in each case to 2vs. The vy line were too weak to observe in
the gas phase; however, the 2vy lines were very strong due to the Fermi resonance
between the v, and 2v; modes. Group theory also tells us that both the v, and 2vg
modes belong to the same symmetry species, a,. The method discussed in section-1.4
was used fo correct for the effects of Fermi resonance. The intensities of the involved
lines were calculated by assuming their line-shape functions were Lorentzian functions.
The observed intensity ratios, p, were 0.194, 0.349 and 0.803 for *ci#'s"0,,
3¢1$25'%0, and ¥CI¥s'*0,, respectively. Here

Iy,

T (34.1)

where 7, and I, are the observed line intensities of 2vg and v,, respectively. The
bigger the value of p, the stronger is the effect of the Fermi resonance. Then the
corrected frequencies of v, and 2v, were derived from equation(1.4.14). The observed

and Fermi resonance corrected frequencies of these modes are listed in Tables 3.22 to
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3.24. The calculation showed that in ¥C1§2§-%0, and **Ci#s'*0, the Fermi resonance is
much stronger than in ¥C13'5'%0,. The effect in 3C1#5"®0, is the strongest; the inten-
sity of 2vg is in this case almost as great as that of v,. The reason is that the substitu-
tion of *0 and ¥s makes tile frequencies of v, and 2vy shift towards each other. The
Fermi resonance increases the frequency of v, for the C1%§'%0, species by about
5.4cm™, but decreases that of *C1 35", and »C135'%0, by 11.0 and 13.9cm™, respec-
tively.

This molecule belongs to the C,, symmetry point group and the structure of the
representation generated by its vibrational modes has been given in equation(1.8.1).
Because of the asymmetric substitution of !, the C,, symmetry is decreased to C,
symmetry. The a, and b, species of C,, group construct the a’ species in the C, group,
and the b, and a, species of the C., construct the a” species of the C,. C, symmetry
was used in the force field calculation. The symmetry coordinates were derived using
the method discussed in section-1.8. The effective structure was employed in the force
field refinement process.

The vibrational frequencies, Table-3.22 to Table-3.24, and the quartic distortion
constants, Table-3.13, were used to derive the force field for this molecule. All of the
gas phase Raman frequencies were used and 1% uncertainty was assumed. For the v,
anl vy modes, because no gas phase frequency was obtained, the liquid spectra data
were used and a 3% uncertainty was assumed. Half the Fermi resonance corrected fre-
quency of 2vy was assigned to vg and used in the calculation. The distortion constants
of ¥C1¥5'%0,, BCITCIT§ %0, 3C13510,, $CIP'C5%0, and ¥C1 #5180, were considered
in the force field calculation, the distortion constants of other species were not used in
the calculation; however, they were used to check the calculations. Duncan®® sug-
gested that in force constant calculations, uncertainties of some 2-5% of the individual

values of the distortion constants should be used, even if the precision of their experi-



92

mental determination was much greater. In this work a 3% uncertainty was assumed
for these distortion constants.

Because the frequency of v, is much higher than that of v, v; and vy, the data
obtained is insensitive to the off-diagonal force constats £, £, and f,, these were
constrained to be zero in the calculation. For the same reason, the force constant f»
was also assumed to be zero.

Two different calculations were done to facilitate the assignment of the v, and vq
modes. The first calculation(I) assumed that the frequency of v, was lower than that of
vy as suggested by Stammreich!"l. In the second one(Il) the frequency of v, was
assumed to be higher than that of vo, as was suggested by references [79)] and [81].
All the other conditions were the same for the two methods.

The calculated vibrational frequencies are listed in Table-3.22 to Table-3.24, the
force constants are given in Table-3.25 and the quartic distortion constants are shown
in Table-3.26.

The force constants derived from method(T) and method(Il) are almost the same

for the «, and a, symmetry species; for the b, and b, symmetry species fs;, foo and

f3s show big di The vibrati i by the two methods
both agree well with the observed data. Therefore, it is very difficult to determine
which assigament, (I) or (II), is correct, using only the vibrationai frequencies. The
quartic distortion constants, however, show some important differences between
method(I) and method(II). In method(I), all of the calculated distortion constants agree
very well with the constants obtained from the microwave spectra. In method(ID), only
the distortion constants D,, D,c, Dg, and d, are in accord with the observed data; d,
cannot be fit at all as Table-4.26 shows. Therefore we assigned the v, mode to have
a higher frequency taan the v, mode. The harmonic force field calculated from

method(I) was used to derive the average and equilibrium structures for this molecule,
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seztion-3.3. The calculated quartic distortion constants of 'CI#§'0,, 3ci}s'o,,
BCIC¥s'0, and PCICL¥s "0, were used to fit the rotational frequencies.

In another calculation we tried to use the same procedure as above, but did not
correct for the Fermi resonance. The observed v, vibrational frequencies could not be

fit well in this case. The di between the and observed

frequencies were 1 to 15cm™, for the three isotopomers, which were much bigger than

those obtained in method(I) and method(II).
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Figure-3.4

The Raman Spectra (cm™) of **C1§25'0,, ¥*C1 250, and **C1 50, in the Liquid Phase.
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Figure-3.5
Gas Phase Raman Spectrum of *ct#35'%0,,
which Shows Fermi Resonance between v,
and 2vq. The Lowest Frequency Line is *5'0,. nzs8
1151.0
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o, aal
Figure-3.6 - '
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Gas Phase Raman Spectrum of ¥ct#%5'%0,,
which Shows Fermi Resonance between v,
1g2.7
and 2vg. The Lowest Frequency Line is ¥5'%0,.
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Figure-3.7
Gas Phase Raman Spectrum of *C1#5'%0,,
which Shows Fermi Resonance between v,
10955,
and 2v. The Lowest Frequency Line is ¥5"%0,.
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Table-3.23

Vibrational Frequencies (in cm™ ) of **C13%5"0,.

Mode Raman Calculated
v Liquid Gas @ m

vy 11234 11402 1i51.86 1153.58

1151.2°
va 5472 552.5 553.19  551.92
vy 398.5 396.5 396.88  397.58
Vg 211.0 2085 21070  210.19
vs 266.3 2n2 272.01  271.83
Ve 13705 13926  1394.14 1393.50
vy 352.0 35060 373.64
vg 585.9° 585.48  588.57
vo 3772 378.33  354.08
2vy 11827

1171.7°

a--Fermi resonance corrected.
b--Half the frequency of the 2vs Fermi resonance corrected overtone.
(D)--Assumes that v; < vo.

()-Assumes that v, > vy
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Table-3.24

Vibrational Frequencies (in cm™ ) of ¥C1'5"%0,.

Mode Raman Calculated
v Liquid  Gas [} m
Vi 11149 11287 114302 1143.90
11426

v 540.7 545.7 545.84 545.19
vy 398.6 3962 396.86 397.53
vy 210.6 2072 21029 209.71
vs 266.2 2721 27201 271.83

Ve 1351.8 13740 137325  1372.86

v 3482 34831 37113
ve 5730 51260 57610
v 3773 37833 353.79
2v 11599

11460°

a--Fermi resonarce corrected.
b--Half the frequency of the Fermi resonance corrected 2vg overtone.
(T)--Assumes that v; < ve.

()-Assumes that v; > ve.
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Table-3.25 The Force Constants of C!,S0

a WD
1m
2m
2m
m
3
4m
40

ay 50
5(I)

by 6(1)
6(I
m
(m

by 8D
8
90
oy

10.6842(1322)

10.6842(751)
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.9018(95)
0.9034(55)

10.6801(1276)

10.6351(736)
0.0000
0.0000

2.3399(1517)
2.7543(1162)
-0.5020(613)
-0.3669(255)

2.7874(650)
2.8092(450)
-0.2026(261)
-0.1828(168)
0.2652(192)
0.2439(118)

12134Q261)
1.4016(186)

1.8327(1505)
1.3487(587)

1.1998(333)

1.2040(222)
-02390(373)  1.2678(321)
-0.1867(285)  1.2237(230)

(D)--It was assumed for this refinement that v, < vy

(ID-It was assumed for this refinement that v, > vy

‘The units are a/4™ for stretch-stretch, a/i™ for stretch-bend and aJ for bend-bend

constants.
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Table-3.26 Quartic Distortion Constants of C/,S0

Prameters afisteo, Baarso, Yasto,
Dy Observed 04704 04468 04335
Calculated(l) 04693 04517 0.4369
Calculated(IT) 0.4700 04527 0.4380
Dy Observed 0.7362 -0.7102 -0.6957
Calculated(T) 0.7318 -0.7068 -0.7023
Calculated(IT) -0.7368 07128 -0.7092
Dy Observed 1.6750 16557
Calculated(T) 1.6760 1.6564 1.6597
Calculated(Il) 1.6774 1.6586 1.6625
dy Observed -0.1275 0.1232 -0.1196
Calculated(T) -0.1273 0.1229 -0.1195
Calculated(IT) 0.1272 0.1228 -0.1194
dy Observed 0.0000 -0.0009
Calculated(T) -0.000! -0.0006 -0.0010
Calculated(IT) -0.0011 -0.0016 -0.0019
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‘Table-3.26 Continued(1)

Parameters BaFsto, Fa'aso, Basto,

D,  Observed 0.4647 04480 04268
Calculated(T) 0.4686 04510 04316
Calculated (1) 0.4693 04519 04311

Dy Observed -06218

Calculated(I) -0.7362 -0.7104 -0.6231
Calculated(IT) -0.7435 0.7187 -06189

Dy Observed 13281
Calculated(I) 1.6838 1.6634 1.3345
Calculated(IT) 1.6881 1.6883 13284

dy Observed -0.1134
Calculated(T) -0.1278 -0.1233 01132
Calculated(IT) -0.1277 -0.1233 -0.1128

dy  Observed -0.0007 00019
Calculated(T) -0.0005 00018
Calculated(@l)  -0.0009 -0.0014 00006
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Table-3.26 Continued(2)

Parameters scr¥cris®o,  YaPsto,  Baa¥svo,
D;  Observed 0.4243 0.4296 04197
Calculated(I) 0.4155 0.4312 04150
Calculated(IT) 0.4153 0.4307 04148
Dy Observed -0.5999 -0.6188 06013
Calculated(I) -0.5992 ~0.6275 -0.6029
Calculated(IT) -0.5963 +0.6251 06018
Dx  Observed 13132 1.3259 13180
Calculated(I) 1.3167 1.3419 13233
Calculated(II) L3116 1.3380 1.3204
dy Observed -0.1096 -0.1146 0.1120
Calculated(IT) -0.1095 -0.1135 <0.1098
Calculated(IT) -0.1091 -0.1132 -0.1095
o,  Observed 0.0012 0.0012
Calculated(T) 0.0012 0.0020 0.0013
Calculated(IT) 0.0000 0.0008 0.0002

(@)--Assumes that v, < v,

(I)-Assumes that v; > v,
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3.5 The Nuclear Quadrupole Coupling in Sulphuryl Chloride

An initial prediction of the hyperfine splitting of *C1#25'%0, was derived from the
rotational constants and distortion constants calculated from the observed unsplit line
transition frequencies and the quadrupole coupling constants given by Suzuki and
Yamaguchi'l. Analysis of our observed splittings by a least squares fit yielded the
quadrupole coupling constant values reported here. All of the hyperfine structure
observed in the present study was treated with a first order Hamiltonian. The method
discussed in Section-1.9 was used in the calculations.

For "“Cl*’S'%0,, the rotation C} interchanges identical chlorine nuclei and the total
wave function raust be antisymmetric with respect to this operation. There are a total
of (2, +1)( 20, +1)= 16 spin functions. The total nuclear spin, 7, can have the values

of 0, 1, 2,and 3. In this molecule, both 7, and I, are 3, 50 the nuclear state with the

fowest 7 value should be antisymmetric. Therefore for symmetric rotational levels,
ee-oo, omnly antisymmetric nuclear states, those with 7 =02 exist and there are
(2x0+ 1)+(2x2+1)=6 nuclear states. For antisymmetric rotational levels, eo-oe,
only symmetric nuclear states, [ = 1,3 exist and there are (1x2+ 1)+ (3x2+1)=10
nuclear states. The splittings of the antisymmetric rotational levels are more compli-
cated than those of symmetric rotational levels as shown by the prediction, Table-

3.

Figure-3.8 and Figure-3.9 show the splittings and i
of one symmetric rotational transition, 43,55-43,43, and one antisymmetric rotational
transition, 48,;3,-48)33, and the comparison with the observed patterns. For each of
these transitions there were some peaks predicted to have bigger splittings, however
they were too weak to be observed; therefore only the three strongest peaks were

measured in this work. Table-3.27 gives some samples of the calculated and observed



quadrupole splitting frequencies.

The values of the coupling constants obtained are x,, = ~-33.25MHz and n = 1.42,
Because of the C,, symmetry of this molecule, we have!”, assuming the SC! bond to be
a principal axis of the quadrupole coupling tensor

oS00~ Xpcsh, 5
cos'6,,

Ky = Kee (352

Kua €088, = Xapsin'y,
os'8,, ~

353

The principal values of the quadrupole coupling constants are given in Table-3.28

together with some data for related molecules. In the calculation of x,, and .., the

effective geometry obtained in Section-3.3, 6, = ilﬂmr, = 50,0585°, was used.
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Table-327 Examples of Hyperfine Structure in Transitions of **Ct{§'0,

F F" I I"  Frequencyp, IMHz  Frequencyo, IMHz

651 = Su

6 5 0 0 37835.117 37835.131
4 3 2 2 37833.719 37833.742
5 4 2 2 37833.719 37833.742
7 6 2 2 37833.719 37833.742
6 3 2 2 37833.719 37832.353
S8 = B

9 8 0 0 37354.939 37354.974
7 6 2 2 37356.229 37356.257
8 7 2 2 37356.229 37356.257
10 9 2 2 37356.229 37356.257
9 8 2 2 37357.489 37357.540
94 = 8y

9 8 2 2 53345.477 53345438
7 6 2 2 53346.438 53346.462
8 7 2 2 53346.438 53346.462
10 9 2 2 53346.438 53346.462
9 8 0 0 53347.447 53347.486
1055 = 94

10 9 2 2 55720.877 55720.826
8 7 2 2 55723.019 55723.053
9 8 2 2 55723.019 55723.053
1 10 2 2 55723.019 55723.053
10 9 0 0 55725220 55725279
3y = My

34 34 2 2 37283.272 37283294
32 32 2 2 37284.810 37284.825
33 3 2 2 37284.810 37284.825
35 35 2 2 37284.810 37284.825
36 36 2 2 37284.810 37284.825
34 4 0 0 37286.386 37286356
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Table-3.27 Continued

F F" 1 U Frequencyoy, IMHz — Frequencyy, IMHz

3927 = by

36 36 2 2 37860.015 137860.078
34 4 2 2 37861.488 37861.524
35 35 2 2 37861.488 37861.524
37 37 2 2 37861.488 37861.524
38 38 2 2 37861.488 37861.524
36 36 0 0 37862.952 37862.971
43520 = By

43 43 2 2 35297.575 35297.604
41 41 2 2 35298.425 35298.455
42 2 2 2 35298.425 35298.455
44 44 2 2 35298.425 35298.455
45 45 2 2 35298.425 35298.455
43 43 0 0 35299.262 35299.306
Boxm = oy

38 38 1 1 40177.624 40177.657
37 3 3 3 40177.624 40177.449
40 40 3 3 40177.624 40177.660
41 41 3 3 40177.624 40177.710
39 39 1 1 40176.267 40176.324
36 36 3 3 40176.267 40176273
42 42 3 3 40176.267 40176.374
38 38 3 3 40172.954 40178.944
39 39 3 3 40178.954 40178.991
40 40 1 1 40178.954 40179.043
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Table-3.28

of Y1250, and Related Molecules

% 3¢50, st Salchy  Yoifsing
fu  =3325(0.18) -37.85

s -697(0.07) -10.01

See 4022(0.39) 47.86

n 1.42(0.01) 153

fu 54.70 55.14* 39.17 37.09 21.00
T 40.22 4037 47.86 39.83 21.00
K -94.92 9551 -87.03 -76.92 -420

a-Reference[141]
b-Reference[13]
c-Reference[145]

d-Reference[146]
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Observed

Calculated

\ |
62958 L 383008 MHz
434300

p———414122

p—————424222
444422
45 4522 ;
434322 ¢

Figure-3.8 Nuclear Quadrupole Hyperfine Structure of *C125'60, in the 43,529 - 43,45

Transition. 1
j



Observed
r Calculated
3
3 | ’
38137 —| 38143 MHz
45 45 3 3 494933
484811 48 483 3
515133 474711
46 48 3 3————/[————50 5033
494911

474733

Figure-3.9 Nuclear Quadrupole Hyperfine Structure of **C1$5'%0, in the 48,73, - 4863

Transition.
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3.6 The Dipole Moment of Sulphuryl Chloride

The Stark effect of the 6, —~ 5;; transition of ¥C15'%0, was used to measure the
dipole moment. The calculated zero-field nuclear quadrupole hyperfine splitting of this
transition is small and actually both the zero-field and Stark-shifted lines showed no
evidence of hyperfine structure. Because of the C,, symmetry, the electric dipole
moment of ¥*C! 5 %0, coincides with the b-principal inertial axis. Therefore the dipole
moment can be determined by measuring Stark shifts for just one Stark component.
The frequencies of the Stark component were measured in the field range from
3000Vem™ up to 5000vem™'. Because the Stark effect was second-order and very slow,
in the lowwr field range the Stark component was overlapped by the zero field lines.
The electrode spacing was measured precisely by observing the Stark effect in the
Liia=0 — Ogoumo transition of *5'é0, whose dipole moment is accurately known. A
very accurate measurement of the electric dipole moment of *5'60, has been made by
Patel er al; their value of 1.63305(4)Debye '*l was used here. The electrode spacing
was obtained as 0.4601(14)cm. The observed frequencies(v) and shift (v) of the Stark
component of ¥Crs'%0, are given together with the applied Stark voltages in Table-
3.29. The results show that the Stark effect is second order. The expression for the

Stark shift has been derived using equation-1.10.3 to be
BY(By2 sra0 — 533 wm0) = 2.38886x 1073 E? (3.6.1)
where dv is the frequency shift in MHz and E is the electric field in Vem™. A linear

least squares analysis of the Stark data gave the slope % =3.372(9)~ 1077 MHz V™,

which was converted to the required value % cF 7.138(19) 10 MHzV*em™ by using
the electrode spacing of 0.460lcm. The electric dipole moment w, = 1.729(13) Debye
was calculated using Equation-3.6.1. The previous value obtained by using dielectric

measurement was 1.795(5)Debye (510533,
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Table-3.29

Stark Shifts in the 643 y=o ~ 533 sreo Transition of *CI 250,

v V(MHz)  SVMHZ) Vs, - Vew (MHz)
0000  35327.596 0.000 -0.015
1370 35328.159 0.563 -0.009
1442 35328273 0.677 -0.009
1615 35328475 0.864 0.015
1782 35328.625 1.029 -0.027
1864  35328.723 1127 -0.029
1996 35328918 1322 -0.006
2140  35329.170 1574 0.045
2245 35329312 1716 0.032
2388  35329.495 1.899 -0.009
2417  35329.531 1.935 -0.020

*.-v,,, was calculated by using vy = 35327.596MHz and

%‘; = 0033721 MHz V2,



)
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Figure-3.10 The Stark Shift in the 653 s 533 w0 Transition of ¥ct's*°0,
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CHAPTER 4

THE MICROWAVE SPECTRUM, MOLECULAR STRUCTURE
AND HARMONIC FORCE FIELD OF SULPHURYL FLUORIDE

The first investigation of the microwave spectrum of sulphuryl fluoride was
reported in 1951 by Fristrom®™l. Seven ground state lines were measured, six of which
were assigned to the J =1 —2 and J =2 — 3 transitions of F#*5'0, and the other to
the 1,,—2,, transition of F#S'0,, The spectrum showed that the molecule is an
almost-spherical rotor and that the molecular symmetry axis is coincident with the
principal inertial axis a for both of these two isotopic species. Lide and Mann reinves-
tigated the microwave spectrum(8s}(86] and found only a few new ground state lines
for the two species in the same series, J =1 —J =2 and J =2~ J =3. Because no
high J transitions were observed, centrifugal distortion constants cannot be obtained
from this data alone. The rotational constants were calculated using the rigid rotor
approximation and were used to derive an effective molecular geometry for F,S0,,
Table-425. A number of satellite transitions were also measured in this work and
assigned to three different vibrationally excited states(vy=1 or vs=1, and v,= 1 or
v = 1) according to their symmetry. The average value of the dipole moment obtained
from Stark effect measurements on three J = | — 2 transitions was 1.110(15) Debye. A
Coriolis interaction between the fundamentals vya,) and va,) was suggested to explain
the anomalies in the rotational constants reported for the excited states.

The gas-phase electron diffraction geometry of F,S0, was determined in an early
study by Stevenson and Russel®” and later refined by Hedberg er ai. ™). Hedberg
et al. pointed out that an accurate geometry for this type of near spherical top is not

readily obtained by electron di ion and that a ic structure
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should also include a careful treatment of vibrational effects.
Many studies of the vibrational spectrum of F.S0, have been carried

outPIBIBIOICNGI which, however, have yielded neither a definitive nor a complete

some force field calculations have been per-
formed %I ysing the vibrational frequencies of the normal isotopic species only. A
nine force constant Urey-Bradley force field was obtained by Toyuki®! and several
valence force fields with seven to nine force constants were derived by Wilson™. In
all of the force field calculations, Lide's microwave geometry®S was used. As we
discussed above, because of the limited isotopic data and the neglect of vibrational
effects the reliability of Lide's structural parameters was unclear.

We wished to determine a very accurate molecular geometry for F S0, to estab-

lish i the assi of vibrati and also to d

an accurate harmonic force field for this molecule. This required the precise determi-
nation of rotational constants and, for the first time, centrifugal distortion constants for
isotopic sulfuryl fluorides and, as well, additional vibrational data. In the present work
the microwave and infrared spectra of F,S0, were reinvestigated. The microwave
spectra of five isotopic species, F25'°0,, FI51%0,, F’5'0"%0, F#5'°0, and F#S'%0,,
were measured, of which the last two were done in natural abundance. All together
more than 550 transitions were observed. Several vibrational lnes of Fis'®0,,
F3$§'%1%0 and Fs'%0, were obtained. The Coriolis coupling constants between the
v, and vy, and between the v, and v, states have also been calculated. From these data,
good effective, average and approximate equilibrium geometries and, as well, the

molecular harmonic force field were derived.
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4.1 The Observed Mi Transitions and Assij for

Sulphuryl Fluoride

The rotational transition frequencies and rotational constants of F’5'0, and
F5'%0, obtained by Lide™! were used to obtain the initial high frequency predictions
for these two species. Both of these species have a-type transitions with oo-oe lines
stronger than ee-eo lines, Table-1.1. Because the Q-branch transitions of these two
species were out of the microwave frequency range used in this work, only R-branch
lines were found. At high Stark fields, several hundred to one thousand voir.cm™, the
low K, lines were strong and symmetric. For high X, transitions, however, low modu-
lation fields, typically 5-20 volrcm™, were suitable. As the Stark field increased the

high K, lines were as a of their very fast Stark

effect and a slight non-zero basing of the square wave modulation voltage. Several
very weak lines of F!$%0, with K, =2, such as 4, — 3ps, werc measured, and
greatly improved the accuracy of the values determined for both the A rotational con-
stant and the quartic centrifugal distortion constants.

An effective structure derived from the rotational constants of the above two
species was used to obtain the initial predictions of the rotational frequencies for
F#5'%0,. Because, as we know, F#35%0, and F}'s'%0, both are nearly spherical tops,
it was very difficult to decide what type of transitions F#25'30, had when we made the
initial prediction. Therefore three predictions, with a-type, b-type and c-type selection

rules, were made. The i spectrum was i by b-type

which means that the '®0, substitution rotates the principal axes of the molecule. Due
to the nuclear spin of fluorine, eo-oe transitions were three times stronger than ee-oo
transitions. Figure-4.1 gives two b-type transitions 45, ~ 3,5 and 4,4 ~ 3, with fre-
quency 37400431MHz and 37410.035MHz respectively, which show the nuclear spin

statistics of fluorine. Both R-branch and Q-branch transitions were eventually found.
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Some very weak lines with AK, =3 or AK, =3, such as 43y —3o, 415 = 3y and
27700 =2T1443, have also been assigued.

Both a-type and b-type R-branch transitions but only b-type Q-branch transitions
were found for F%5'%0'%0. In fact, examination of the relative intensities of a-type
and b-type lines for this isotopomer siiowed that the p, and , dipole moment com-
ponents were of very nearly equal magnitude, Figure-4.2, For this species many Q-
branch transitions were measured. Figure-4.3 illustrates the Jy -0 — Jay-2 and
Jygg-38 —J315-3» Series Q-branch lines, which show almost identical spacings between
two neighbouring transitions; small Q -branch splittings are observed since this isotopo-
mer is a near symmetric rotor. These Q-branch bands formed a band head at the
higher frequency side with the transitions J; — Jy-11, Which helped a lot in the assign-
ment of the Q-branch lines. The intensity of the Q -branch lines increased with J up to
a maximum, then decreased. This isotopic species was the only species studied for
this molecule not to have C,, symmetry, and Figures 4.2, 4.3 and 4.4 show no effects
due to nuclear spin statistics.

The spectrum of F#$'0, was obtained in natural abundance and only 17 R-
branch frequencies were measured. This species also has b-type transitions.

A large number of satellite series were found for F3’5'%0, and F3%5'*0, and these
have been assigned to five vibrationally excited states of 1250, and four vibration-
ally excited states of F5'°0,, rospectively. The five satellite series of F325'°0,, that
were labeled as the X-, Y-, U-, W- and Z- states following Lide®%®, all had a-type
transitions except for the Y-series, which had c-type transitions. All of the four satel-
lite series, that were labeled as the K-, L-, M~ and N- states, of F35'%0, exhibited b-
type selection rules. The five lowest vibrational fundamentals of F5'0,, v, vy, Vs, V1
and vy, have vibrational frequencies 552.2cm™, 385.0cm™', 384.0cm™, 544.0cm™ and

539.3cm™, respectively. At room temperature, v, and v, state satellite series lines have
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about 16% of the ground state intensity, and vy, v; and v, state lines are only half as
strong as the v, and vy state lines. The transitions of the S species have only 5% of
the ground state intensity of the normal species and the ratio does not change with
temperature, therefore it was no problem to differentiate 'S species and excited state
satellite series. Another very important source of information, which helped a lot in
the assignment of the satellite frequencies, comes from the molecular symmetry and
the nuclear spin statistics. From the normal mode analysist™®®!, vy, v, and vy states
belong to cither a; or a, species, v; and v, to either b, or b, species. As we know, see
Section 1.3, that, for 4 species, the oo-oe lines are stronger than the ee-eo lines(a-
type), the eo-ve lines are stronger than the oo -ee lines(b-type) and the oo -¢o lines are
stronger than the ee-oe lines(c-type); for B species the case is the opposite. After com-
paring the intensities of the satellite series, Figure-4.4, and considering the spin statis-
tics, Figure-4.5, we assigned the U-state to v;, the X- and Y- states to v, or v, tiie W-
and Z- states to v, or vo for F#35'%0,, and the k- and L- states to v, or v, and the M~
and N- states to v, or v for F§5'%0,. Because there is no difference between the
intensities and spin statistics of v, and vy and of v; and v, it is very difficult to distin-
guish between them. After we discuss the Coriolis interaction between these excited
states, we can assign them; this will be discussed in Section-4.5.

The ground state lines were measured at dry ice temperature and the excited
states at room temperature. All of the experiments were carried out using a 1.0x2.2cm

Stark cell, in which the sample presure was controlled in the range of 5-10microns.

The frequencies between 6000~120000MHz were i The observed

are collected in Tables 4.2 to 4.15.
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Table-4.1
‘The Number of Observed Transitions(N) and the Highest J Observed

for F250, sotopomers

Isotopic | R-branch | @-branch | Total

Species J N J N N

Fis%o, |10 s6 56
F¥s"o, | 11 88 |60 52 | 140
Féisoto | 8 70 | 70 244 | 314
Fiso, | 7 26 26

Fi's0, 8 17 17

Figure-4.1 The 45, —3,, and 4, « 3,; Transitions, with Frequency 37400.431MH:
and 37410.035MHz Respectively, of F#25'®0,, Which Show the F Nuclear Spin Statis-

tics.
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Figure-4.4 The Intensities of 7,; — 6, Transitions for the Ground State(65281.984MH:)
and the K -Excited State(65281.165MHz) of F{*550,.
Ground state

K-Excited state,

)

Figure-4.5 The Spin Statistics of L-State Transitions of F#5'%0,, Which Shows that

716 — 6:5(65581.129MHz ) is Stronger than 7,4 — 6, 5(65602.965MHz ).

N6 625

726-615
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Table-4.2

Observed Rotational Transition Frequencies(in MHz) of £#35'%0,.

K K. - - K, K’ Frequency Deviation
2 1 2 - I 1 L 2024421 0.001
2 0 2 - t 0 1 20257.48° -0.011
2 I 1 - 1 1 0 20276.25° 0.006
3; 1 2 “ 2 1 L 30412.41" 0.014
3 | 3 2 1 2 30364.64" -0.006
3 0 3 - 2 0 2 30379.791 -0.023
3 2 2 . 2 2 L 3039031 0.045
3 2 1 - 2 2 0 30400.748 0.029
4 2 2 & 3 0 3 40847.354 0.093
4 0 4 - 3 0 3 40496.618 0.002
4 1 4 - 3 t 3 40483.513 0.050
4 3 1 - 3 3 0 40526.667 -0.031
4 1 3 - 3 L 2 40545.743 -0.023
4 2 2 - 3 2 i 40541.540 0.072
4 2 3 - 3 2 2 40518.114 0.081
5 2 3 - 4 2 2 50683.926 0014
5 0 5 - 4 0 4 50609.771 -0.036
5 1 5 - 4 I 4 50600.675 0.028
5 1 4 - 4 1 3 50674.855 0.025
5 3 3 - 4 3 2 50656.822 0.088
5 3 2 - 4 3 1 50662.563 -0.051
6 3 3 - 5 L 4 61285232 0.007
6 L 6 - 5 1 5 60716.397 -0.024
6 0 6 - 5 0 5 60721.841 -0.015
6 2 5 - 5 2 4 60767.488 0.036
6 5 2 - 5 5 1 60786.894 0.002
6 3 L s 5 5 0 60786.894 -0.020
6 3 4 - 5 3 3 60787.895 0.033
6 1 5 - 5 L 4 60798.056 0.005
6 3 3 - 5 3 2 60802.271 .

6 2 4 - 5 2 3 60824.389

6 2 4 - 5 0 5 61249.193

7 3 5 - 6 L 6 71696.313

T [ 6 - 6 3 3 70427.710

7 1 7 “ 6 1 6 70831.080

1 0 7 - 6 0 6 70834.001

7 2 6 - 6 2 3 70888.631

7 1 6 6 1 5 70914.930

7 6 2 - 6 6 1 70917.404

7k 6 1 - 6 6 0 70917404

7 5 3 - 6 5 2 70919.271

7 5 2 - 6 5 L 70919271

& 3 4 - 6 3 3 70945.72!

i 2 5 - 6 2 4 70960.864

*-Reference [86]
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Table-4.2 Continued(2)

7

E
Eal
)
Eal

Frequency Deviation

5 71432.901 ﬁOlS
4 71667.810
3 72002.300
3 81062.259
7 80945.010
6 81026.884
5
1
2
6
7
4

81045.310
81047.861
81049.379
101373.805
101332.622
101322.518

SS®®emen | <
DR W N W —
V00N OV 00 B 1 L |
R N Y
DO O — — £ Lo b —|

10

Table-4.3
Observed Rotational Transition Frequencies(in MHz) of Fis'®0,.

ol
el

- ¥ K, K Frequency Deviation

19471.597
18734.015
18880.952
29737.609
28090.255
28134.916
28271.043
28764.255
40602.327
37400.431
37410.035
37763.635

omn—on

0
1
L
2
2
2
L
1
2
3
3
2
i 37645.409
2 37978.762
0 36692.974
3 39938.289
2 39389.783
1 38703.876
3 40351.243
2 40602.361
0 39316.542
L 39388.236
1 49248813
4 46696.606
3 47136.761
3 47202.185
2 47313.356
2 47900.153
2 49087910
0 49222.031
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Table-4.3 Continued(1)

x

<

ol

Frequency

Deviation

B et L R R R R R TR PR R R

PNPEWDNOLANE LN —ONNNA UL & LI LI N = O~ OV U Un s s 0 3 0 03 19 1 e

—Na\m\IJONU&UIO\OOOOO—-ON—MN&K&L—JJ’—MMa\m\l-—-—N-—Nwab&ub&mmO\O "*

PPORRPPEILINALLIILIILNNNORN NARRRARRRAG U U L1 LA U L L L Lh LA Lh Lr i G

N EAN LR AN ANN WO~ A UUA R LLAANL RN~ A NN &R~ AWON AR W10

Nwmma\a\-—-—-Nubuxtnsl\lN-—-v—‘NNMU&NL&J&&MMG\OOMN'—J\ONMWN—&&&M— "’(

59123.405
55989.883
56452.219
56467.451
56817.984
55283.376
56697.845
57057.877
60615.934
57887.951
55510.128
60245.780
58649.872
58854.721
60424.377
59114.352
69000.594
65281.984
65749.468
65752.477
66191.671
66264.136
66387.420
65918.728
69285.231
67002.657
68659.083
67915235
68678.972
68591.343
69003.508
78536.581
74574.091
74574.091
75506.820
75524.336
76123.716
77028.774
77941.964
78502.999
88767.512
84803.311
84806.965
85251.205
85322.819
©3124.235
88409.552
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‘Table-4.3 Continued(2)

7 K, K. g K, k' Frequency Deviation
10 2 9 » 9 Z [ 93625.680 -0.055
10 0 10 9 L 9 93157.746 -0.023
10 1 10 - 9 0 9 93157.746 -0.023
10 1 9 - 9 2 8 93625.680 -0.053
1 4 8 . 10 3 7 103861.598 0.048
1t 0 I8! - 10 1 10 102449312 0.019
1t 1 1 - 10 0 10 102449312 0.019
11 i} 10 - 10 2 9 102917.114 -0.005
1t 2 10 - 10 L 9 102917.114 -0.007
1 3 8 - 10 4 7 103857.611 0.044
I 4 7 - 10 5 6 104312719 -0.024
17 3 14 % 17 2 15 6723.636 0.093
18 4 15 - 18 3 16 7191.699 -0.028
18 3 16 - 18 2 17 7680.766 0.007
19 3 16 - 19 2 17 7659.640 -0.045
20 6 15 - 20 5 16 7136.561 0.014
20 5 16 - 20 4 17 7635.103 0.049
21 6 15 - 21 5 16 7101813 0.052
21 4 v - 21 3 18 8103.399 -0.045
21 4 18 - 21 3 19 8595.005 -0.027
21 S 16 - 21 4 17 7606.408 -0.005
22 o 16 - 2 6 17 7573264 0.008
22 2 21 - 22 1 22 10034.209 -0.021
22 6 17 - 2 5 18 8075.790 0.031
23 21 2 - 23 20 3 7229493 0.087
24 24 0 - 24 23 1 8433.758 -0.059
24 8 17 - 24 7 18 8007.522 -0.014
24 22 3 - 24 21 4 7592.568 -0.028
26 23 4 - 26 22 5 7884.000 0.070
26 L 25 - 26 0 26 11901.308 0.003
26 7 20 - 26 6 21 9452514 0.001
26 9 18 - 26 8 19 8439.474 -0.064
27 17 10 - 27 14 13 10747.669 -0.039
27 7 20 - 27 6 21 9420.004 -0.020
28 25 4 - 28 24 5 8612287 -0.09
29 19 10 - 29 16 13 11803.887 0.041
30 28 3 - 30 27 4 9768.256 0.045
30 8 23 - 30 7 24 10827.226 -0.021
30 9 22 - 30 8 23 10324413 -0.068
30 15 16 - 30 14 17 7053.243 0.057
31 0 21 - 31 9 22 9771.523 -0.005
31 5 26 - 31 427 12285.270 -0.007
35 17 18 - 35 16 19 7735.081 -0.023
37 13 24 37 12 25 11046.135 -0.049
38 31 8 - 38 30 9 10471.273 0.001
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Table-4.3 Continued(3)

7 K, K. - J K K Frequency Deviation
39 29 10 39 28 11 9359.510 0037
39 1 28 39 10 29 13027.964 0.088
39 14 25 39 13 26 11467.372 -0.026
39 27 12 39 26 13 8193.266 -0016
40 28 13 40 27 14 8621.341 -0017
40 1 30 40 10 3 14002.426 0013
40 21 20 40 20 2L 8415.825 0.066
42 24 19 42 23 20 7425.835 -0.020
4 2 18 44 25 19 7271.131 0.028
45 30 15 45 29 16 8743.339 -0.041
45 2 23 - 45 21 24 9750.560 0.033
47 26 21 - 47 25 22 7208.541 -0.044
48 25 24 s 48 24 25 10006.315 -0.021
50 3 20 - 50 30 21 8264.334 -0.035
50 30 21 = 50 29 2 8004.403 -0.007
54 2 23 = 54 31 24 8541.857 -0.055
56 31 26 - 56 30 27 10048.031 0.042
60 36 25 E 60 35 26 9305.988 0037
le-4.4
Observed Rotation Transition Frequencies(in MHz) of F{ls'°0'%0.

IK, K. - J° K K’ Frequency Deviation

3 L [T 0 229297472 0.050

30 3 - 2 1 2 29026771 0.027

3 0 3 - 2 0 2 29186.309 0.049

3 L 3 -2 1 2 29137.894 -0.013

3 L2 -2 I 129287242 -0.0

4 4 L -3 3 0 40542.706 0.068

4 0 4 - 3 1 3 38774.140 0.026

4 0 4 - 3 0 3 38885291 0.014

4 1 3 - 3 2 2 38503314 0.057

4 L 4 <« 3 1 3 38842646 0.049

4 L 3 - 3 1 2 39037.838 -0.029

4 1 4 - 3 0 3 38953.783 0.024

4 2 3 - 3 2 2 38950556 0.059

4 2 2 - 3 2 L 39022.123 0.004

4 2 3 - 3 1 2 39485062 -0.046

4 2 2 - 3 3 3 39896.206 0.002

4 3 2 - 3 2 I 40068.111 .

4 3 P - 3 2 2 40113924

4 4 0 - 3 3 1 40543529

5 3 2 - 4 2 3 49896.867

5 0 5 - 4 1 4 48504.497

5 0 5 - 4 0 4 48572925

5 L 5 4 I 4 48542544

5 1 5 - 4 0 4 48611.003
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Table-4.4 Continued(1)

ol

Frequency  Deviation

PULNUANTRRRR— ——NBEANANRAATRLALTLONLBUENNANR A — LN L& BB

BN 5 0®00®0E®EEELININIILIINLINININNNNNNNARRRRRARARR U UL UL LAY S
BN e PN e OO NN S WWINN e m OO NN S NN OO UL WL NN

48775.857 -0.05T
48800.224 -0.032
48677.708 -0.017
49125.002 0.036
48716.397 0.005
48733.366 -0.059
49762.389 -0.049
58455495 -0.019
58218.697 -0.017
58256.813 0.013
58238.405 -0.007
58276.510 -0.014
58496.778 -0.005
58398.490 -0.023
58574.045 0.004
58747.544 -0.027
59721.378 -0.053
58455.495 0.039
71118.169 -0.010
67921.567 0.004
67941.243 -0.017
68198.535 0.039
67931.230 -0.002
67947.690 -0.018
67950.926 -0.004
68198.507 0.011
68112.363 -0.004
68336.445 -0.039
68200.742 0.026
68283.657 -0.007
68211.384 0.002
68219.646 -0.054

BN G NNNNNNNNNNO RO AORRRRRRRRARRRNANNNRNNNNA R AR EREA S
G I N S O OV A 10500 I € 0o ot O 0 40 10 o e B o 00 e N Rl 28
O A AU UL IO~ NWL AR NARNANAR ——BAWEENAAUO N — N LW X

68196.532 0.009
68196.532 0.004
71118.169 -0.009
77937416 0.018
77611.376 -0.036
77627.104 0.023
77631.670 0.012
77621.993 0.005
77720.182 -0.012
77819.371 -0.044
77935.778 0.025
77961.445 0.041
77937416 0.019
15 6960.283 0.027
15 6944.602 0.050
16 7386.594 -0.017
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Table-4.4 Continued(2)

J K, K. - I° K, K. Frequency Deviation
25 19 6 - 25 18 7 8289453
26 20 6 - 26 19 7  8740.705
27 24 3 - 27 23 4 10570550
30 19 11 - 30 18 12 822908
34 033 1 - 34 32 2 14660.59
34 32 2 - 34 31 3 14198855
34 24 10 - 34 23 Il 10504.090
35 20 1S - 35 19 16 8612.745
36 36 1 - 36 35 2 16032.521
36 30 6 - 36 29 7 13257.603
37 3% 2 - 37 35 3 16023972
37 3 3 - 37 33 4 15097.514
37 31 6 - 37 30 7 13709960
37 27 10 - 37 26 Il 11858933
3 38 0 - 38 37 1 16943467
38 37 L - 38 36 2 16478957
38 3% 3 - 38 35 4 16015013
38 33 5 - 38 32 6 14625308
39 038 1 - 39 37 2 1693d.274
39037 2 - 39 36 3 16469.677
39 036 4 - 39 35 5 16005634
40 39 2 - 40 38 3 17389.838
40 32 8 - 40 31 9 14141226
40 38 2 - 40 37 3 16924.641
40 30 10 - 40 29 I 13214036
40 20 20 - 40 19 21 8487019
40 37 3 - 40 36 4 16459961
40 36 S - 40 35 6 15995700
40 24 16 - 40 23 17 10412591
41 41 0 - 4 40 I 18312133
41 40 1 - 4l 39 2 (7845744
41 34 7 - 4 33 8 15057410
41 39 3 - 41 38 4 17379915
41 38 3 - 4l 37 4 16914721
41 31 10 - 4l 30 Il 13665829
4 37 4 - 41 36 5 16449874
41 36 6 - 4l 35 7 15085431
42 492 0 - 4 4 1 18769.032
42 4 1 - 42 40 2 18301921
42 40 2 - 42 39 3 17835561
2 39 4 - 42 38 5 17369691
2 27 15 - 4 26 17 11788545
2 8 4 - 42 37 S 16904284
2 3 5 - 42 3% 6 16439328
42 36 7 - 4 35 8 15974.764
43 43 0 - 43 4 1 19226211
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Table-4.4 Continued(3)

K. ! K, K. Frequency Deviation
T - 43 4l 2 18758.537 0.009
8 - 43 35 9 (5963.513 0.020
2 - 43 40 3 18291451 0012
3 - 43 39 4 17824.963 0.027
S - 43 38 6 17358955 -0.006
5 - 43 37 6 16893.387 -0.059
6 - 43 36 7 16428326 0.008
L - 44 43 2 19683.891 0.032
1 - 44 42 2 19215384 -0.036
7 - 44 36 8 16416828 -0010
2 - 44 3 18747.703 0.049
9 - 44 35 10 15951750 -0.025
3 - 44 40 4 18280508 0.002
4 - 4 39 5 17813873 -0.045
6 - 44 38 7 17347818 -0.008
I - 44 32 12 14556.996 <0043
6 - 44 37 7 16882.157 -0.002
2 - 45 43 3 19672.691 0.035
2 - 45 42 3 19204202 0.006
8 - 45 36 9 16404.866 -0.008
3 - 45 41 4 18736336 -0.048
4 - 45 40 5 18269.137 -0.027
18 - 45 26 19 11735086 -0.002
5 - 45 39 6 17802482

7 - 45 37 8 16870437

3 - 46 42 4 19192538

4 - 46 4l 5 18724.713

9 - 46 36 10 16392.377

5 - 46 40 6  18257.367

16 - 46 29 17 13128234

6 - 46 39 7 17790574

8 - 46 37 9 16858.252

12 - 46 33 13 14995494

4 - 47 43 5 19649.123

4 - 47 42 5 19180482

5 - 47 41 6 18712.631

10 - 47 36 11 16379.419

6 - 47 40 7 18245203

9 - 47 37 10 16845463

23 - 47 23 24 10247.539

5 - 48 42 6 19168.136

6 - 48 4l 7 18700.072

13 - 48 34 14 15433218

7 - 48 40 8 18232.615

10 - 48 37 [l 16832232

I - 48 36 2 16365.897
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Table-4.4 Continued(4)

S K K. - I K K  Frequency Deviation
48 31 17 48 30 I8 13563.049 0029
48 32 16 48 31 17  14031.647 -0.048
49 4 6 49 43 7 19623.885 -0.058
49 38 1l 49 37 12 16818471 -0.024
49 27 22 49 26 23 11647.994 0.064
49 43 6 49 42 7 19155282 0.007
49 £ 7 49 41 8  18687.142 -0.003
49 37 12 - 49 36 13 16351790 <0044
49 41 8 - 49 40 9 18219474 -0011L
50 47 3 - S0 46 4 21020683 0015
50 46 4 - 50 45 5  20550.081 0043
50 43 7 - 50 42 8 1914199 0.003
50 38 12 - 50 37 13 16804.231 0021
50 4 9 - 50 40 10 18205.960 0031
50 42 8 - 50 41 9 18673.748 0006
50 37 13 - 50 36 14 16337.202 0.007
5L 49 2 - 51 48 3 21950.788 0.000
st 4 3 - 51 47 4  21478.618 0012
5t 45 6 - Sl 44 7 20066523 0010
51 4 8 - 51 43 9 19597.071 -0.043
51 33 18 - 51 32 19 14448.839 0043
5L 43 8 - 51 42 9 19128238 -0.022
5L 4 10 - 51 40 11 18191.894 0.002
S1 49 9 - 51 41 10 18659.868 -0011
51 37 14 - 51 36 15 16321956 <0013
51 38 13 - 51 37 14 16789.347 -0.022
52 3 18 - 52 33 19 14900.428 0030
52 43 9 - 52 4 10 19114.057 -0.020
5. 37 IS - 52 36 16 16306.093 0043
5230 22 - 52 29 23 13011371 -0.069
52 38 14 - 52 37 15 16773970 0012
52 35 17 - 52 34 18 15369.544 -0.009
52 42 10 - 52 41 11 18645549 0.005
52 41 11 - 52 40 12 18177.321 0043
53 51 2 - 53 50 3 22869313 -0.007
53 38 15 - 53 37 16 16757983 0027
53 4 11 - 53 4l 12 18630.699 -0.025
53 47 6 - 53 46 7 20978975 -0.023
53 41 12 - 53 40 13 18162346 0016
53 4 10 - 53 43 Il 19568.532 -0.001L
53 37 16 - 53 36 17 16289.701 0023
53 43 10 - 53 42 11 19099435 0006
54 41 13 - 54 40 14 18146.809 0033
54 42 12 - 54 41 13 18615440 0032
54 46 8 - 54 45 9 20493451 -0.020
54 43 11 - 54 42 12 19084.263 -0042
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Table-4.4 Continued(5)

J K, K. - J K K Frequency Deviation
S& 37 17 - 54 36 18 16272.601 0.027
5 5 3 - 55 51 4 23313.981
55 49 6 - 55 48 7 21892.804
U5 4l 14 - 55 40 15 18130.666
55 37 18 - 55 36 19 16254.801
55 48 7 - 55 47 8  21420.576
§5 42 13 - 55 41 14 18599.555
55 44 12 55 43 13 19538.115
55 43 12 - 55 42 13 19068.715
6 sS4 2 - 56 53 3 24250.195
6 S0 6 - 56 49 7 22350.223
56 47 9 - 56 46 10 20933.544
56 37 19 - 56 36 2 16236.350
56 42 14 - 56 41 15 18583.252
56 45 11 - 56 44 12 19992.166
56 32 24 - 56 31 25 13871.857
56 43 13 - 56 42 14 19052.535
6 41 15 - 56 40 16  18114.069
56 35 21 56 34 22 15294452
ST 33 24 57 32 25 14324962
57 53 4 - 57 52 5 23757.822
57 52 S5 57 51 6 23282459
57 5l 6 - 57 50 7  27807.988
57 3 2 - 57 3% 2

57 M 23 - 57 33 u

ST 46 11 - 57 45 12

57 45 12 - 57 44 13

57 4 14 - 57 &£ 15

57 4 16 - 57 40 17 .

57 4 15 - 57 41 16  18566.320
57 44 14 - 57 43 15 19505.801
58 S6 2 - 58 55 3 25172.887
8 55 3 - 58 54 4 24694.742
58 41 17 - 58 40 18  18079.100
58 43 L5 - 58 42 16 19018.785
8 4 16 58 41 17 18548.933
58 45 13 - 58 44 14 19959.224
59 44 16 - 59 43 17T 1947143
59 45 14 - 59 44 15 19941948
59 41 18 - 59 40 19 18060.723
59 43 16 - 59 42 17 19001.146
59 42 17 - 59 41 18 18530.928
60 43 17 - 60 42 18  18982.894
60 54 6 - 60 53 7 24183.545
60 s3 7 - 60 52 8 23707392
60 42 18 - 60 41 19  18512.407
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Table-4.4 Continued(6)

J K, K - 77 K K ' Frequency Deviation
60 35 25 - 60 34 26 15206.264 0.017
60 48 12 60 47 13 21338545 -0.020
60 41 19 - 60 40 20 18041.778 0.028
61 57 4 - 6l 56 5 25599.500 0.025
6l 56 S5 - 6l 55 6 25120.634 -0.002
61 44 18 - 61 43 19 19434954 -0.008
6l 42 19 - 61 41 20 18493196 0012
61 55 6 - 6l 54 7 24642817 0.042
6l 43 18 - 61 42 19 18964.102 0.028
61 52 9 - 61 51 10 23214604 0.031
61 41 20 - 61 40 21 18022.193 0.042
61 46 15 - 61 45 16 20377.1°8 -0.018
6l 47 14 - 61 46 15 20848.812 0018
61 50 Il - 61 49 12 22266385 -0.003
62 58 4 - 62 57 5 26060.973 0.021
62 43 19 . 62 42 20 18944.678 -0014
62 42 20 - 62 41 21 18473412 0.003
62 51 1l - 62 50 12 22722127 0.037
63 57 6 - 63 56 7 25562.533 0.011
63 43 20 - 63 42 21 18924.673 -0.043
63 42 21 - 63 41 22 18453.044 0.034
63 34 29 - 63 33 30 14649071 -0.013
63 49 14 - 63 48 15 21756516 -0.031
64 61 3 - 64 60 4 27467.990 -0.011
64 60 4 - 64 59 5 26985222 -0.022
64 59 5 - 64 58 6 26503.679 0.083
64 53 11 - 64 52 12 23634369 -0.056
64 50 14 - 64 49 15 22210812 0.018
64 58 6 - 64 57 7 26022998 -0.015
64 54 10 - 64 53 11 24110452 0.050
64 56 8 - 64 55 9 25064.869 0.008
64 46 18 - 64 45 19 20319973 0.005
64 42 22 - 64 41 23 18431962 -0.009
64 55 9 - 64 54 10 24587.167 -0.028
65 42 23 - 65 41 24 18410219 -0.056
65 6L 4 - 65 60 5 27448.116 0.041
65 60 5 - 65 59 6 26965421 -0.032
65 59 6 - 65 58 7 26483.826 -0.100
65 46 19 - 65 45 20 20299.818 0.003
66 60 6 - 66 59 7 26945.193 -0.077
6 57 9 - 66 56 10 25504.055 -0.034
66 48 18 - 66 47 19 21224.646 0.005
66 59 7 - 66 58 8 26463916 0.058
6 58 8 - 66 57 9 25983.489 0.008
66 52 14 - 66 SI 15 23120.083 0.004
67 51 16 - 67 50 17 22625.121 -0.006
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Table-4.4 Continued(7)

J K K - K, K. Frequency Deviation
67 56 Il - 67 55 12 25005349 -0.042
67 53 14 - 67 52 1S 23575169 0.033
67 S5 12 - 67 54 13 24527.867 0012
68 S0 18 - 68 49 19 22130.083 0052
69 49 20 - 69 48 21 21634.577 0.037
70 47 23 - 70 46 24 20664.349 -0.087
70 48 22 - 70 47 23 21138373 0012
Table-4.5
Observed Rotation Transition Frequencies(in MHz) of F15'%0,.
J K, K- J K, K. Frequency Deviation
2 1 -1 1 0 20264.11° -0.049
2 0 2 - L 0 1 2024551 -0.069
2 1 2 - 1 L 1 2023221° 0.002
3 0 3 - 2 0 2 3036217 -0.035
31 3 - 2 1 2 30346.737 0.023
a1 22 - 2 1 1 30394332 -0.034
4 1 I -3 1 2 40521917 -0.031
4 1 4 - 3 1 3 40459.648 -0.002
4 0 4 - 3 0 3 40473455 0053
5 1 4 - 4 1 3 50645439 -0.036
51 5 - 4 1 4 50571003 0025
6 5 P - 5 5 0 60750421 0017
6 0 6 - 5 0 5 60686922 0014
6 1 5 - 5 1 4 60763.539 0.090
6 1 6 - 5 1 5 60680.887 -0.001
6 2 5 - 5 2 4 60731899 0006
6 3 4 - 5 3 3 60751623 0.060
6 3 3 - 5 3 2 60764.754 -0.034
6 5 2 - 5 5 I 60750421 0035
7 5 2 - 6 5 1 70876.549 -0.079
7 0 7 - 6 0 6 70792947 -0.035
7 1 6 - 6 1 5  70875.162 <0016
i 1 7 - 6 1 6  70789.673 -0.005
7 2 6 - 6 2 5 70847.320 -0.040
7 3 4 - 6 3 3 70901665 0.045
7 5 3 - 6 § 2 70876.549 0019

*.Reference [85](86]



Observed Rotational Transition Fﬁduencies(in MHz) of FHs"0,.

J K, K - I K’ K Frequencies Deviation
6 6 -5 5 0 59093.082 0.007
6 1 6 - 5 0 5 55971150 -0.022
6 2 5 - 5 1 4 56450.133 0.050
77 L - 6 6 0 68975.760 0010
7 0 7 - 6 1 6 65259.968 0.016
7 1 7 - 6 0 6 65259.968 -0.021
7 1 6 - 6 2 5 65729.689 0011
7 2 5 - 6 3 4 66176435 0.044
7 2 6 - 6 1 5 65732373 -0.040
7 3 5 - 6 2 4 66243.004 0.025
7 7 0 - 6 6 L 68978950 0.033
8 7 2 - 1 6 1 78476.332 0.054
8 0 8 - 7 1 7 745483816 0.061
8 1 8 - 7 0 7 74548816 0.056
8 3 6 - 7 2 5 75502.029 -0.067
8 4 5 - 1 3 4 76094918 -0.020
8 6 3.1 5 2 77908.184 -0.071
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Table-4.7
Observed Rotational Transition Frequencies(in MHz) of F{3S'¢0,

(X-excited state, v5=1, a; symmetry.)

Eal
&5

K, K. Frequency Deviation
20227.. 534 -0.083

30336 922 -0.075
30339.09 0.023
30341.328 -0.028
40449.188

0

1

1

2

2

1

3

3

2 X

3 50568529 -0.023
4 50561.193 0.017
1 60680.348 -0.024
4 60681.980 0.030
5  60672.980 -0.030
3 60678.658 0.055
2 60678.658 0.043
5 70795.144 -0.030
6  70784.624 -0.002
5 70790.288 -0.002
3 70791300 -0.030
3 70792.193 0.007

NNNNNOAAROUUERRLBWNNN N
N T-N-NVIVIVITIT N NIRRT TNIN PP S

1
1
[
1
0
1
1
0
1
1
1
5
1
1
3
3
1
1
2
3
4

LN W U O O O
AROUOWAAUNUAWLERANWWNN—

Table-4.8
Observed Rotational Transition Frequencies(in MHz) of F3s'0,
(Y-excited state, vy=1, a, Ssymmetry)

I' K, K. - I K/ K. Frequency Deviation
2 2 1 - 1 1 1 20251.58° -0.044
2 1 1 - 1 0 1 20218.15° 0.014
2 2 0o - 1 1 0 20236.36" -0075
3 3 0 - 2 2 0 30358.29° 0.020
3 2 L = @ 1 1 30328.187 0.050
A 3 T - 2 2 1 30378.279 0.031
4 4 1 - 3 3 1 40505.790 0.063
4 2 2 - 3 1 2 40456.128 0.046
4 3 1 - 3 2 1 40439.368 0.000
4 3 2 - 3 2 2 40470442 0.024
5 5 1 - 4 4 1 50634.188 0.024
5 4 1 - 4 3 1 50552.427 0.002
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Table-4.8 Continued

J K, K. - I' K, K. Frequency Deviation
6 6 1 -5 35 1 60763.550 0.011
6 4 2 - 5 3 2 60667.358 -0.047
6 5 1 - 5 4 1 60668.006 -0.023
6 5 2 - 5 4 2 60709.831 -0.081
6 6 0 - 5 5 0  60746.583 -0.036
7 7 1 - 6 6 1 70893.802 0.075
7 | 2 - 6 4 2 70771.664 0.009
7 6 1 - 6 5 ) 70787.070 0.095
7 4 4 - 6 3 4 70810.979 -0.083
/i ] 5 - 6 1 5 7081L.725 0.031
7 3 5 - 6 2 5 70811.725 0.022
7 7 0o - 6 6 0 70881.002 -0.071
*-Refrence [85](86]
Table-4.9

Observed Rotational Transition Frequencies(in MHz) of F335'°0,
(U-excited state, v;=1, a, symmetry)

J K, K - J' K/ K  Frequency Deviation
3 1 3 -2 1 2 30488.624 0.045
3 i 2 - 2 1 1 30506.555 -0.020
4 3 1 - 3 3 0  40664.674 -0214
4 0 4 - 3 [ 3 40658.986 0.020
4 1 3 - 3 1 2 40674.490 0.050
4 1 4 - 3 1 3 40650.730 0.020
4 3 2 - 3 3 1 40664.674 -0.069
s 3 3 - 4 3 2 50830.721 0.039
S 1 4 - 4 1 3 50841419 0015
5 1 5 - 4 1 4 50812279 -0.020
6 1 5 - 5 1 4 61007.126 -0.065
6 1 6 - 5 1 S 60973238 -0.062
7 2 6 - 6 2 5 71155.186 0.037
7 0 7 - 6 0 6  71139.301 0.009
T 1 6 - 6 1 b 71171.522 0.005
7 1 7 - 6 1 6  71133.716 0012
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Table-4.12
Observed Rotational Transition Frequencies(in MHz) of Fis'®0,
(K-excited state, vs=i, a, symmetry)

Eal

K. Frequency Deviation

29580.864 0.031
28475352 -0.042
28126442 0.080
39187.892 0011
38595324 -0.056
58948.089 -0.018
57006.913 0,

T
1

2

0

1

0

3

2 57679448 -0.007
1 58999295 0039
0 68812305  -0.001
6 65281165 0008
5 65776208  -0.006
4 66269994 y
4
2
1
0
7
7
6
5
4
3
1
1

66276.541
68754512
68836.640
78669.583
74571.126
74571.126
75065912
75562.037
76074.108
76715294
78292.776
78680.721

0900 09.09.09.09.09 00 00 4 4 ~d <1 < <1 1N O O O it s ]
P AV R BN~ O TN WN O AW oW X
N AN NBE O~ NUNAN—O WA~ =W o] X
NNNNNNGNNNoOoO OB LWRNR S,
OB U O 1 O L1 3 3 O A 3 N U 8D 0 O 1 )

i Table-4.13
Observed Rotational Transition Frequencies(in MHz) of F3’s'*0,
(L-excited state, v,=1, a, symmetry)

i I K, K - I K K Frequency Deviation
3 T 3 - Z T Z 28000956 0027
4 4 r - 3 3 0 39261647 0.023
6 6 1 - 5 5 0 59017260 -0.009
6 0 6 - 5 1 5  55893.505 0.001
6 1 6 - 5 0 5 55895.621 0.017
6 2 5 - 5 1 4 56348652 -0.008
6 4 3 5 3 2 57895582 -0.019
6 3 4 - 5 2 3 57032659 -0016
6 5 2 - 5 4 1 58562280 0.004
6 6 0 - 5 5 1 59018830 0.000
7 6 1 - 6 5 2 68472323 0.023
70 7 - 6 1 6 65175274 0.022
7 1 6 - 6 2 5  65581.129 -0.031
7 2 6 - 6 1 5 65602965 0.057
7 2 5 - 6 3 4 65867287 0.003
7 6 2 6 5 1 68455671 -0.024
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Table-4.13 Continued

J K, K. - J K, K’ Frequency Deviation
8§ 8 T - 7 7 0 78760.135 0.038
8 0 g - 7 1 T 74456.345 0.046
g 1 8 - 7 0 7 74456345 -0.059
8 2 7 - 1 i 6 74874.827 -0.033
8 3 6 - 71 2 5  75356.495 0.018
8 5 4 - 7 4 3 77114611 0.009
8 6 3 - 7 S 2 77857.793 -0.004
8 8 o - 7 7 1 78760.135 -0.035
Table-4.14

Observed Rotational Transition Frequencies(in MHz) of F*s'*0,
(M-excited state, vo=1, b, symmetry)

J K, K. - J K K Frequency Deviation
6 6 1 -5 S 0 59151.806 -0.024
6 0 6 - S 1 5 56010.691 0.075
6 6 o - 5 5 1 59158.759 0.064
7 1 6 - 6 2 5  65767.765 -0.066
7 1 7 - 6 0 6 65307.135 -0.005
7 2 6 - 6 1 5 65772221 -0.024
7 3 6 - 6 2 4 66290.079 -0.011
7 4 4 - 6 3 3 67059.356 -0.026
7 5 3 - 6 4 2 67976.738 0.035
7 6 2 - 6 5 1 68632215 0.034
707 0 - 6 6 1 69046.529 -0.026
T 7 1 - 6 6 0 69044.410 -0.09
§ 0 8 - 7 1 7 74603.292 0.015
8 1 8 - 7 [} 7 74603.292 .00
8 7 1 - 7 6 2 78570.133 0.055
Table-4.15

Observed Rotational Transition Frequencies(in MHz) of Fi’5"0,
(N-excited state, v,=1, b, symmetry)

J K, K. - J K, K  Frequency Deviation
6 0 6 - 5 1 5 55774592 -0.041
7 0 7 - 6 1 6 65027.892 0.014
7 1 7 - 6 0 6  65027.892 -0.009
7 1 6 - 6 2 5  65542.889 0.047
7 2 6 - 6 1 5 65544.749 0.056
7 3 5 - 6 2 4 66091.688 -0.022
7 6 2 - 6 5 1 68575.751 -0.022
8 0 8 - 7 1 7 74281271 0.026
8 1 8 - 7 0 7 74281271 0.023
8 1 7 - 7 2 6  74796.420 -0.100
8 2 6 - 7 3 5 75310450 0.004
8 8 o - 7 7 L 78907.512 0.021
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4.2 Infrared Results

A low resolution scan of our oxygen-18 enriched sample of F,S0, in the region of

the v, fundamental is shown in Figure-4.6. We were able with the spectrometers avail-

able to scan the regions of all the stretching fundamentals only. Even at low resolu-

tion three of the fundamentals show Q-branch features easily attributed to F#35'0,,

#51%0'%0 and F#25'%0, respectively. At higher resolution the Q-branches were shown

to consist of number of peaks forming a pattern which gradually degraded to low fre-

quency. No isotopic structure was observed for the 887cm™' band, though, even at
high resolution.

Our measured vibrational frequencies, reported in Tables 4.29-4.32, represent for

each isotope the wavenumber of the strongest Q-branch feature discerned from high

resolution scans.



271.4

Y, Fundamental

I

12448 12238

Figure-4.6 The Infrared Spectra of the v, Fundamental for F#§'%0,, F25'%0"%0 ang

Fs"0, Species.
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4.3 Calculation of the Rotational Constants and the

Centrifugal Distortion Constants of Sulphuryl Fluoride

The observed line frequencies were used to calculate the rotational constants and
quartic centrifugal distortion constants. Because one isotopomer of this molecule is a
slightly asymmetric prolate rotor, the constants were derived using Watson's S-
reduction® Hamiltonian in the /” representation.

Lide's rotational constants®I®él for F325'0, and F$*S'60, could only predict accu-
rately very low J transition frequencies (/<4); quartic distortion constants, all of which
were assumed to be zero in Lide’s work, were needed to fit the higher J transitions.
For F#$'0,, only three quartic distortion constants were obtained; Dy and d, were
constrained to values calculated from the force field discussed in Section 4.6. No sex-
tic distortion constants were required to fit the data obtained for these two species.
Th~ ground state effective molecular geometry derived from the effective rotational
cor *oats of F8'%0, and F}$'0, was used to obtain rough estimates for the rota-
s+ W' constants of F5"%0,, F{’5'%0"™0 and F3'S'"°0,, which gave reasonable predic-
tions for the low J transitions of these three species. As higher J lines were found,
distortion constants were required to fit the obtained frequencies; Q-branch transitions
or higher K, transitions were needed to obtain a good Dy value. Three different
representations(l,, 71, and I11,) were used to calculate these constants for F§25'°0,; the
results are summarized in Table-4.23, Several very weak lines with AK, =3 or AK, =3,
both in R and Q branches, were measured, which helped a lot in the distortion constant
refinement; all of the quartic and sextic distortion constants , except for H,, were
derived for F{25'%0,. Even though more than three hundred lines of F§'0'%0 were
assigned, an accurate value for the distortion constants d, could still not be derived;

because this isotopomer is almost a prolate symmetric rotor d, is expected to have a



small value if Watson's S-reducti iltonian in an 7

is employed.
Several quartic distortion constants of F})5'%0, were constrained to values calculated
using the force field described in the last section of this chapter.

For the F5%0, and F}’5'%0, excited states, there were insufficient data available
to derive values for all of the quartic distortion constants. In these cases the distor-
tion constants of the excited states were assumed to be the same as those of the

corresponding ground state.

All of the derived spectroscopic constants are collected in Tables 4.16 to 4.22.



‘
(.
H

145

Table-4.16

Effective Rotational Constants of F250;

Species A (MHz) B (MHz) C (MHz) x
Fis'0, 5134.8874(32)  5073.0761(11) 5057.0581(14)  -0.5884
Fis%0, 4941.7625(7) 4831.4802(7) 4646.3812(8) +0.2533
FPs“o%0  5096.0749(10)  4894.7017(12) 4844.6137(12)  -0.6016
F#5'%0, 5135.196(57) 5070.0471(41)  5054.0649(39)  -0.6060
FHs'o, 4939.8697(62)  4831.6884(77) 4644.7311(67)  +0.2669

Table-4.17
Effective Moment of Inertia of 7,50,

Species 1% (amuA’®) 1% (amuA®) 1% (aumA?)
Fs'%0, 98.42066(6) 99.61983(2) 99.93478(3)
Fs10, 102.26696(1) 104.60128(2) 108.76830(2)
Fs'%0%0 99.17025(2) 103 25021(3) 104.31771(3)
F¥s'0, 98.41692(108)  99.67940(81) 99.99449(8)
F#s'o, 102.30603(105)  104.59681(186)  108.80678(121)
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Table-4.18

Quartic Centrifugal Distortion Constants of F,50,

Term Fiis'0, FPs"0, Fiis¥o'0 Fis'eo, F#s%0,

D;IMHz 1.4912(73y 1.1795(44) L111(11) 1.51939)  1.180(S5)
Dx/MHz  -1.576(27) -0.04869(82)  1.0085(6) -.57(12) -0.0615¢
Dy/MHz 2.370(13) 0.11266(97)  -0.8541(2) 1.94¢ 0.119¢
d\/MHz -0.0252(71)  -C.15624(36)  -0.0356(19) -0.0309¢ -0.157
da/MHz 0.1402(36)  -0.02319(14)  0.0027(37) 0.1476° -0.0223¢

Hylktt: -0.00767(76)  0.00590(11)
HplkHz 0.00967(83)  -0.01039(17)

HylkHz 0.00500(9)

hlkHz 0.00058(21)

hylkHz -0.00027(14)

hykiz -0.00049(3)

! -0.5884 02533 -0.6016 -0.6060 02669
& (MHz)  0.026 0.036 0.033 0.048 0.043

a--Where no value is given for a constant it was constrained to zero.
b--Number in parentheses represent one standard deviation in the units of the last digits quoted.
c--Constrained to the value calculated from the Fit I force field.

d-Value of Ray's asymmetry parameter.
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Table4.19

Effective Rotational Constants of F325'°0, in Excited States.

States A, (MHz) B, (MHz) C,(MHz) € (MHz)
X-state  SISS.6161(127877)  5057.2629(71)  5055.8228(70) 00437
Y-state  5067.1085(89) 5050.4145(100)  4917.0898(3193)  0.0675
U-sate  S1404755(3780)  5086.052190)  5079.9963(74) 0.0480
W-siate  S137.6351241) 5075.0841(60)  5030.3765(47) 00397
Z-stte  S132.2848(1602)  SOTL9BOI(68)  5058.9216(85) 0.0622

Table4.20
Effective Rotational Constants of F325'30, in Excited States.

Staes Ay (MHz) B, (MHz) C,(MHz) &g (MHz)
K-state  49255573(39) 4864.4615(83)  4645.3581(61)  0.0416
L-state  4835923234) 4784.5340(146) 4640.7165(35)  0.0327
M-state  49453216(55) 4827.5754(114) 46483933(62)  0.0528
N-state  4943.1521(71) 4835.4527(190) 4626.3666(64)  0.0500
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Table4.21

The Excited State Quartic Centifugal Distortion Constants(kHz) of F 35160,

State D Dy Dx d ds

L 1.175(4) -9.441(185) a 0.180(44) a

Y- 2860(54) 9.805(741) -1420.2272)  0.2276(626) 0.7070(535)
U~ 2837(57) -5.684(590) a -0.680(50) a

W= 177037)  -7.083(189) a -1.920(30) a

z- 1.483(73)  -1.772(179) a a 0.152(33)

a--Constrained to the value obtained for the ground state.

Table-4.22

The Excited State Quartic Centrifugal Distortion Constants(kHz) of F#5'%0,

State D, D Dy dy d,
K- 7.380(74) -200226) 13.84(20) -3.53(44)  0.0597(129)
L- -4.428(99) 16.0926) -10.30(17)  2.890(63)  0.2354(159)
M- 1.109(56) a a a a
N- -0.703(57) a a a a

a--Constrained to the value obtained for the ground state.
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Table-23

Rotational Constants and Distortion Constants of F25'%0,

in Different Representations

Terms * n ar
A (MHz) 4941.7625(7) 4941.7624(8) 4941.7629(8)
B (MHz) 4831.4802(7) 4831.4808(8) 4831.4806(8)
C (MHz) 4646.3812(8) 4646.3814(9) 4646.3815(9)
D, (kHz) 1.1795(44) 0.9554(56) 1.3808(55)
Dy (kHz) -0.04869(82) 0.8560(77) -0.7391(99)
Dx (kHz) 0.11266(97) -0.2727(64) 0.2755(15)
d, (kHz) -0.15624(36) 0.0824(5) 0.0737(4)
dy (kHz) -0.02319(14) -0.0618(6) -0.0070(1)
H, (Hz) -0.00767(76) -0.1056(63) 0.01136(51)
Hy (Hz) 0.00967(83) 0.1016(69) -0.0314(11)
Hy (Hz)
hy (Hz) 0.00058(21) -0.00143(30) 0.00065(24)
by (Hz) -0.00027(14) -0.00764(39) 0.00100(16)
hy (Hz) -0.000489(34) 0.000744(82) 0.000040(37)
& (MHz) 003774 0.03755 0.03769
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4.4 The Molecular Geometry of Sulphuryl Fluoride

The ground state effective rotational constants of Table-4.16, have been con-
verted to the principal moments of inertia, Table-4.17, which were used to calculate
the ground state effective or ro molecular structure. This geometry was evaluated by a
least squares procedure, which fitted the structural parameters to the experimental
effective moments of inertia of F25'0,, F{%5%0,, F$5'0'%0 and F#5'¢0,. The data
for F#'5'%0, were not employed in the calculation. The resulting structural parameters
are listed in the fourth row of Table-4.25. This geometry was employed subsequently
in the force constant determination .

Although the effective structural parameters appear to be well defined it is well
known that a neglect of vibrational effects can give rise to misleading results, particu-
larly when an atom lies close to a principal inertial axis as does sulfur in this case. In
order to obtain more reliable structural parameters for F,S0, we have performed
several average structure calculations. The calculation of the harmonic force field will
be described in next section. The force constants presented in Table-4.33, Fit-I, have,
however, been used here in the derivation of the average and equilibrium molecular
structures.

Average structural parameters were first obtained from a least squares fit in which
isotopic variations in bond distances were ignored and rotational constants were
weighted inversely as the squares of assigned uncertainties (0.1% of the value of each
constants). The structure parameters derived in this way, our uncorrected , structure,
are also reported in Table-4.25.

‘We attempted further r, structure calculations in which the isotopic variations in
bond distances were considered. The harmonic vibration-rutation interaction constants
derived from the harmonic force field, have been employed to calculate values for the

ground state average rotational constants 4.,8, and C, using equation-1.3.15. The
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resulting ground state average rotational constants ure collected in Table-4.24.
Because there are four geometric parameters for this molecule, . least two isotopic
species are required to evaluate the whole molecular structure. Therefore the isotopic
variations of the bond lengths were needed in this calculation; these were derived

using equation-1.3.4 and the harmonic force constants obtained in the next section,

Table-4.33. Values of the Morse ici used in the

were a(S0)=20724" and a(SF)=2.064", both from Kuchitsu and Morino™. The
value of a(SF) was the average of a(S, and a(Fy). Isotopic variations in the mean
square amplitude of vibration of the bond considered, 5<u*>, and the corresponding
changes in the mean square perpendicular amplitude comection, 5K were evaluated
from the harmonic force field™. All of the calculated or,'s, typically about 1074, are
given in Table-4.26 together with the values for 5<u*> and 8K. A least squares pro-
cedure was again used to derive the ground state average molecular structure, r,, of
F,50, from a fit to the average rotational constants u~ing the or. values of Table-4.25.

Finally, we refined values for the Morse parameters as well and obtained a some-
what better result; this is our preferred ground state average geometry of F.S0,. This
r. molecular structure is shown in Figure 4.8.

Using the above average molecular geometry as a starting point, we have
evaluated a crude equilibrium molecular structure, with the help of equation-1.3.3 and
the harmonic force field. In the calculation of both the average structure and the
equilibrium structure, F 50, was used as the parent species.

The structure of F,SO, has also been evaluated by both the usual® and a modified
substitution method adopting F3’5'°0, as the parent and using as well the effective
rotational constants for F 50, and F#s*0, taken from Table-4.1o. Because the sul-
fur atom lies close to the center of the principal inertial axes system, isotopic substitu-

tion of sulphur changes the principal moments of inertia only slightly. Relative to the
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parent the three principal moments of FS'G, change by -0.00591(108)ud’,
0.05952(8)ud? and 0.05919(8)ud? for AL, A, and AL, respectively. For a rigid
molecule the a7, and Al values should be equal and the A/, value stould be zero. In
an initial calculation the a-coordinate of sulfur was taken to be 0.17418(25)4 , the
mean of the two values obtained using either A/, or Al.. The two oxygen coordinates
were determined by the usual substitution methods!® and the a-coordinate and c-
coordinate of fluorine were found respectively using the center of mass condition and
the effective 4 value for F#35'%0,. This uncorrected partial r, structure, presented in
Table-4.25, is in poor agreement with the ro and 7, geometries.

A modified substitution method, employed previously for F,s¢0,!'%®, was also
used to evaluate an r, structure for F,S0,. This method assumes that the changes in
moments of inertia which occur as a consequence of isotopic substitution can be
expressed as the sum of two terms. One term equals the change that would be
observed for a totally rigid molecule and the second gives the change resulting from

zero-point vibrational effects. For the g™ inertial axis
(A1 domenwd = (Alydaugis 7op + (Blg Vzers povs vin (4.4.

It is desirable to subtract the zero-point term from the observed changes before per-

forming a ituti i For isotopic itution at the central atom of a

spherical top the zero-point term should be very nearly equal for all three principal
moments since isotopic variations in the harmonic alpha constants are small and simi-
lar for all three rotational constants and, further, isotopic variations in bond distances
should change all principal moments of inertia by a similar amount. For spherical tops

one can therefore write
(Blazera poim = (Bly)zero poime = (Bl Dzern poimi (442)

In the second r, calculation the change in I, to ¥ isotopic itution has

been subtracted from the observed changes in /, and I. and these corrected values were
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used to determine the a-coordinate of sulfur.
(Bl )comeaed = (Bl igtd 1op = (Bl Yopsersed = (Al )observed 8 =be 44.3)

The i of the ining atoms were i as for the previous substitu-

tion structure. The resulting "corrected” substitution structure, also given in Table-
4.25, is now quite consistent with the », structure.

If one applied the modified substitution method to the F3?5'%0, and F#'s"%0, iso-
topomers, and makes the very dubious assumption that the errors in the derived struc-
tural parameters are governed entirely by the experimental uncertainties in the rota-
tional constants, then partial substitution parameters slightly different from above are
obtained - for example, one obtains a value of 1.4008(4)4 for the ry, bond length -
again in good agreement with the r, geometry.

Finally, we have evaluated a partial substitution structure in which the a-
coordinate of sulfur in the normal isotopomer, F335'0,, was determined by the double
substitution method of Pierce!"™1'%. The calculation is complicated in this case by the
fact that oxygen-18 substitution causes a reorientaticn of the principal inertial axes and
also due to the fact that oxygen does not lie on an inertial axis. The required
difference between the a-coordinate of sulfur in F325'%0, and the b-coordinate of sulfur
in F{%5'%0, was therefore equated to the difference in the corresponding oxygen coor-
dinate values (0.03134) as determined by the substitution method. T second
differences in moments of inertia can be used:

QAL = 1(F$<'%0y) = ,(F$?5'0y) = [, (F'S"*0 ) - I,(F5°0)] (4.4.4)
AAI, = [(FHS'90,) - [(F§5'€0,) - [I.(F$*S'30,) - I(F%5%0,)] (4.4.5)
The experimental AAl, and A/, values, 0.02033(15)ui? and 0.02054(18)«?, again are
slightly different due to zero-point vibrational effects as well as experimental uncer-
tainty. A partial substitution structure in which the average double substitution a-

coordinate of sulfur was used is presented in Table-4.25. This structure is almost
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identical with that obtained by the modified substitution method.

The effective, substitution, average and crude equilibrium molecular structures of
F,S0,, obtained in this work, are all collected in Table-4.25, and compared with the
two previous microwave structures®™I®3I%l and the more recent electron diffraction
structure, r®. Table-4.25 also gives a theoretical structure for this molecule, which
was derived from an ab-initio calculation using the Monstergauss program written by
Poiried®! and a 6-31G* basis set. Although the parameters listed in this table do not
have the same physical meaning some differences between the r, parameters of this
work and the r, electron diffraction values, for example, are evident. It transpires, as
discussed by Hagen er al®™ in detail, that the evaluation of structural parameters for a
near spherical molecule such as F,SO, using electron diffraction is somewhat prob-
lematic, especially when, as in this case, the atoms bonded to the central atom have
similar atomic numbers. Albeit not without considerable effort the present study has

greatly increased the precision of the i structural ination for this

molecule,

The FS0, molecule is very close to a spherical rotor and therefore it is possible
to change the molecule’s principal axes ori. atation by isotopic substitution. Figure-4.7
gives the principal axes coordinates of F?25'0,, F¥5'%0, and F¥$'0'%0, which shows
the changes in the principal axes orientation caused by isotopic substitution. The
species FF5'°0,, F#15'%0'0 and F#$'°0, are slightly asymmetric prolate rotors with
Ray's asymmetry parameter values "%, equation-1.1.8, x of about -0.6. However, the
species F'5'®0, and F$S'®0, are very asymmetric oblate tops, with x about 0.25. The
substitution of '®0 rotates the principal axes and exchanges the a-axis and the b-axis.
Table-4.28 gives the principal axes coordinates of sulphuryl fluoride and shows that
the S atom is very close to the mass center of the molecule. In F#25'0"0, because of

the asymmetric substitution of '*0, the molecule loses C,, symmetry. In this case the
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angle between the $'%0 bond and the b-axis is 20.89°, while the angle between the FSF
plane and the b-axis is 41.60°.

The various molecular geometries obtained for sulphuryl fluoride are given in
Table-4.25. It is seen from this table that both the bond lengths and bond angles show
only slight variations from one structure to the next. This is because there is no light
atom, such as hydrogen, in this molecule, and therefore the neglect of vibrational
effects does not introduce large errors in the molecular coordinates. Both the SO and
SF bond lengths follow the r. > ro> r, > ry-s trend, except that the ro and r, values
for the SF bo:'1 are almost equal. The normal substitution structure obtained for this
molecule is in very poor agreement with all of the other spectroscopic structures.
Table-4.27 gives a comparison of the structure of F,S0, with the structures of
molecules SO,, FiSO ¥ and $F, M%7, The 50 bond length of 7,50, is about
00124 and 0.0324 shorter than that of F,S0 and that of SO, respectively. The FS bond
is about 0.054 shorter than that of F1S0 and F,S. The SOS angle is about 5.5 ° bigger
than that of S0,. The angle FSF is about 2.9° smaller and 2.5° bigger than that of F,§

and F,S0, respectively.
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Table4.24

Average Rotational Costants of F150,

Isotopomer  A.(MHz) B.(MHz) C.(MHz)
FIs'%0,; 5129.352  5067.096  5051.829
Fiis"0, 4935.952 4826475  4641.848
F¥s'%0"0 5090231 4880381  4839.746
F#s'0, 5129.669 5064.081  5048.850
F¥s"0, 4934.074 4826585  4640.206
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Table-4.25 Molecular Geometry of F,S0,

Parameter Bondsy A Bondgg /A Angleoso® Anglesel°
o 1.370(10) 1.570(10) 129.63(50)  92.78(50)
ot 1.405(3) 1.5303) 12397200  96.12(17)
[ 1.397(2) 1.530Q2) 122.6(12) 96.7(11)
o 1.4003(13)  1.5361(15)  125.03(20)  95.41(12)

r.(Uncorrected*  1.4004(15) 1.5376(19) 125.1124) 95.36(15)
r.(Correcred Y 1.40121(60)  1.53670(73) 124.988(94)  95.435(59)
r.(Corrected )t 1.40174(24)  1.53610(29) 124.910(37)  95.485(23)

n 1.3985 15311
7, (Usial) 1.4036" 1.5260 12443 9630

r (Modified) 1.3996(13)  1.536538)  125.0421)  95.4331)
£, (Double) 1.3997(12Y  1536434)  125.03(19)  95.44(28)
Fi 1.3959 15306 124.733 95.201

d--Errors quoted are twice the estimated standard deviations obtained from a weighted least squares fit to
the rotational constants.

e--Obtained from a fit to the average rotational constants of Table-4.33(Fit-I). Isotopic variations in bond
distances were ignored.

f-Isotopic variations in bond distances were calculated using fixed Morse anharmonicity parameter values of
a(50)=2.07A™" and a (SF)=2.064 "' from reference(92).

g--Isotopic variations in bond distances were calculated using Morse anharmonicity parameter values of
(50 )=280(20)4 ™" and a (SF)=2.54(44)4 ™! refined in this work.

h--No uncertainties are quoted since with this method the experimental errors in the moments of inertia are
much smaller than uncertaintics introduced by the neglect of zero-point vibrational effects.

i--The uncerainties are assumed to arise entirely from the error in the a-coordinate of sulfur and corespond
10 two standard errors in the rotational constants values of Table.16.

jMean value. See the text. k-631G* basis set.



Table-4.26.

Parameters Describing the [sotopic Variation in the Average Bond Lengths

of Sulphuryl Fluoride

Parameter F#5'0, F#5%0, F#5%0'%0 F¥s'0,
u | s% | 003386 0.03385 0.03371
@ | s®o 0.03318 0.03318
SF | 004005  0.04005 0.04005 0.03985
sw> | st 0.00 -0.00001
@y | s¥o -0.000045  -0.000045
SF 0.0 0.0 -0.000016
k | s*o | 0.001568 0001585  0.001555
) | 5% 0.001470  0.001453
SF | 0001144 0001180 0001162  0.001131
& | s% 0.000017  -0.000013
@ | s®o -0.000098  -0.000115
SF 0.000036  0.000018  -0.000013
& | s% -0.000017  -0.000018
“) | 5% -0.000042  -0.000025
SF -0.000036  -0.000018  -0.000037
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Table-4.27.
Comparison Between the Geometries

of S04, SF 3, F:SO and 150,

Parameter  Bondgo/d  Bondgelii  Anglegsol®  Anglerse/®

ro  Fi$0,¢ 14003 15361 125.03 9541

FSod 1412 1.585 928
50,0 14322 119.535
FO,* 1.589 9827

r, Fi$0,¢  1.3985 15361
50, 1.4308 119.33
SFy " 15875 98.048

r,  F:80,¢ 140174 153610  124.910 95.485
SFy* 15921 98.197

a--Reference [95](96].
b--Reference[97].
c--This work.

d--Reference [133].
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Table-4.28 Principal Axes Coordinates of F150,

Species Atoms a b L}
Fiis'0, o 08290  1.2423  0.0000
o 08290 -1.2423  0.0000
s 0.1819  0.0000  0.0000
F -08511 0.0000 1.1362
E -0.8511  0.0000 -L.1362
Fis'%0%0 %0 04071 1.4487  0.0000
L. -14509 -0.2008  0.0000
s -0.0923  0.1400  0.0000
F 05935 -0.6325  1.1362
F 05935 -0.6325 -1.1362
Fi’s'o, o 12423 0.7977  0.0000
o -12423  0.7977  0.0000
s 0.0000 0.1506  0.0000
F 00000 -0.8824  1.1362
F 00000 -0.8824 -1.1362
Fiis'%0, o 0.8256 1.2423  0.0000
o 08256 -1.2423  0.0000
S 0.1784  0.0000  0.0000
F -0.8545  0.0000 1.1362
F -0.8545  0.0000 -1.1362




anzs«soz
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F325%80, 189

F232 SlSo IBO

Figure-4.7
The Principal Inertial Axes
Coordinates, r,, of F{25'60,,
F{5"%0, and F335'60%0 , Which
Show the a and b Principal Axes

Reorientations Caused by "0 Substitution.
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124.91(4)°

1.4017(2)A
S
15361(3)A
9549(2)°
F F

Table-8 The Preferred Ground State Average Molecular Structure of Sulfuryl Fluoride.
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4.5 Coriolis Interaction Constants

After comparing Table-4.16 with Table-4.19 and Table-4.20, we note some
unusual changes in rotational constant values that occur with vibrational excitation.
For F{’5'%0,, the rotational constant C of the ¥ excited state is 217.80MHz smaller than

the rotational constant 4 of the ground state; the other two constants, however, change

by only about 6MHz. Because we have empl single vibrati state

the Y state i has c-type iti we its

C rotational constant with the 4 value of the ground state and its 4 and B with B and
C of ground state, respectively. For F35'0,, the changes in the B rotational constants
are much bigger than those of 4 and C; this is seen when comparing the excited states
K and L with the ground state. Because the 4 rotational constant of the excited state X
of F#%5%0, was not well determined and not all of its distortion constants were
obtained , Table-4.19 and Table-4.21, this state was not considered in the calculation
of the Coriolis constant {*. Similarly, the changes in the values of the distortion con-
stants 1,,,, Of F25'%0, and 7y, of F$°5°G; are much bigger than those of other distor-
tion constants. The unusual variations in values of rotational constants and centrifugal
distortion constants show that there is a Coriolis interaction between these two excited
states.

According to the symmetry analysis, the three rotations R., R, and R, of F,S0,
under the C,, point group belong to the species by, b, and as, respectively. The v, and
vs modes, which belong to the a, and a, species respectively, have almost the same
vibrational frequency. According to group theory, using the direct product of the

representations of the two vibrational modes.
apxay=a; 2R, “4.5.1)

it follows that the nonzero Coriolis coupling constant is {5 (™. Similarly, for the v,



and v, modes, which belong to the b, and b, species respectively, we have:

a\*by = by 2R, 45.2)
the nonzero Coriolis coupling constant is ¢, Here the z axis is the a principal inertial
axis for F25'°0, but is the b principal inertial axis for F#*§'*0,. The y axis is the ¢
principal inertial axis for both isotopomers.

Hirota and Sahara™ suggested an approximate method to calculate the Coriolis
coupling constant using rotational constant and distortion constant values for Coriolis
perturbed states. They assumed that any changes in rotational constants and distortion
constants caused by the excitation of the vibration are due only to the Coriolis interac-

tion and are specified by the following equation

., Ay
oy o= ,n,,((m,,),,,.,,)”’ 4.5.3)

with similar equations for ¢, and (f;. The difference between the vibrational ener-

gies of the two states, AE;, can also be obtained as

aE, = ‘A’fﬂ"mf @.5.4)

Where 4,, is the ground state rotational constant, and
A=Ay =A== (e - 4)) 4.5.5)
Atya = T = oo = = (W ~ loaa) (4.5.6)

This approximate method was used in our work to derive the Coriolis coupling con-
stants. The constant (s of F#’5°0, was calculated using the Y- state constants. In
the Y- state the z axis is the ¢ principal inertial axis; therefore equations 4.4.5 and

4.4.6 become

A=A, -Cy 4.5.7)



Ay = T = e (45.8)
respectively. The resulting constant ¢ is found to have the value 0.264. The energy
difference between v, and vs of F%5'%0,, derived by equation-4.4.4, is 1.12cm™'. Both
the K and L excited state data of F3’5'®0, were employed to calculate the Coriolis
constant {j, for this species and an average value of 0.24 is obtained, which is smaller
than that of FJ25'60,. The average energy difference between v, and vs of F325%%0, is

4.51cm™, calculated using equation-4.4.4. The Coriolis coupling constant ¢j, is calcu~

lated as 0.24 for F25'%0,. In this we used the vibrati fre ies listed
in Table-4.29.

Having analyzed the Coriolis interactions, we can assign the excited state X to v,
¥ t0 vy, U to v, W to v; and Z to v for the F375'60, species, and K to v, L to vy, M tO

vo and N to v, for the F#°5'%0, species, respectively.
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4.6 The Harmonic Molecular Force Field

of Sulphuryl Fluoride

Several force fields have been published for F,s0, 898 all of which used
Lide's rigid rotor approximate geometry® and had only one available set of vibra-
tional frequencies for the normal species(F#5'0,) which were not reliably assigned.
They were therefore forced to constrain almost all of the non-diagonal force constants
to be zero. It therefore is possible to derive a better force field using our microwave

eometry revised vibrati i i distortion constant
4

vibrational frequencies of several isotopic species and the additional data provided by
the Coriolis coupling constant(;s.

F150, belongs to the point group C,, and the nine normal modes are distributed

among the four possible irreducible symmetry species

Cay = 4a (ViVaVaVs) + ax(Vs) + 26(Ve,Va) + 2b2(VaVe) 4.6.1)

In F’5'0'0 , the unsymmetric substitution of "*0 reduces the C,, symmewry to C,
symmetry. For this case the nine normal modes are redistributed into two irreducible
representations of the C, group, that are:

C,=6a"+3a" (4.6.2)
The a, and b, species of C,, become the a’ species of C,, the a, and b, species of C,,
construct the a” species of C,. In our refinement of the force field, the experimental
data of F§5'%0"%0 were used, therefore C, symmetry was applied in the procedure.
The nonredundant symme.ry coordinates of F,50, used in the calculation are given in
Table-1.3, in which the coefficients a, b, ¢, and so on, were derived using the effective
geometry(ro) listed in Table-4.25 and equations-1.8.3 to 1.8.6.

The quartic distortion constants lisied in Table-4.18, with the exception of those
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of F#5"%0,, were employed to fit the force field. An uncertainty of 3% was also used
for the distortion constants of F335'0,, F$’s'%0'%0 and F3%5"0,, except for Dy of
F#5'0,, to which a higher value of 5% was assigned; 5% uncertainties were assigned
to all F#s*0, distortion constants. Two procedures were used to derive the force field
for this molecule. In procedure(f) the Coriolis constant ¢§s of F25'0, was employed
in the calculation to fit the force field. An uncertainty of 5% was assigned to this con-
stant. In procedure(I) the Coriolis constant was not considered in the calculation.
The Corfolis constant ¢§ of F§35'%0, was not used in either of the calculations but was
used to check the result. The effective structure, Table-4.25, was used in this calcula-
tion to fit the force field. The calculated results showed little variation between
procedure(I) and procedure(Il). The infrared frequencies of F5'0,, Fs'0%0,
F#’5'®0, and F#s'0,, Tables 4.29 to 4.32, were used in these calculations and all
were accorded 1% uncertainties in the weighted least squares fits.

The wavenumbers of all four stretching fundamentals are well established from
earlier work! BRI, Two almost degenerate modes near 380cm™ are assigned
to vy and v, vy, the torsion mode, is infrared inactive. There have been several papers
reporting the observation of this mode in the Raman spectrum ™ and the frequency
has been assigned to about 388cm™'. However, the frequencies of v, and v;, are both
Raman active and are so close to each other that only one Raman line in this range
has been reported . Sportouch and Clark®! considered that the torsional mode,
although Raman active, is too weak to be observed in the Raman spectrum. Their

the assi; of the line observed in this range, at 385cm™,

to the v, mode. Our data confirm that v, and v, are affected by a strong a-type
Coriolis interaction and suggest that vy is best estimated at 384cm™', a little lower than
v4. The centrifugal distortion constant data are quite sensitive to the value of force
constant Fs;. When no value for vy of £325'°0, was included in the fit this fundamen-

tal was predicted to occur at 383 cm™' in very good agreement with the result obtained
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from our excited state mi data. The near coinci of v, and vy is theretore

reliably demonstrated.

Three near degenerate bending funda' ‘utals are known to occur at 552, Sd4 and
539 cm™' respectively and have been variously attributed to v, v, and ve. Previous
microwave studies of F.S0, in various excited states ruled out the possibility of v,
being the lowest frequency of these three fundamentals,® while later Raman work
suggested that v; be assigned at 552cm™ ', We have extended the earlier microwave
studies of vibrationally excited F.S0*. Our result show that v, and v, are atfected by
a weak c-type Coriolis interaction and that vy > v;. Further, the combination of the
vibrational and microwave data together with force field calculations shows that it is
most reasonable to assign v, v, and v, at 552, 544 and 53y -m ™! respectively.

The force field obtained is given in Table-4.33. All seventeen force constants
have been refined and appear to have reasonable magnitudes and signs. In Table-4.33,
the least squares errors given for the force constants are rather small and perhaps

the actual inties in these Since no for the

effects of anharmonicity has been made it is difficult to reliably assess uncertainties for
these parameters.

Tables 4.29 to 4.32 give a comparison between the observed and calculated vibra-
tional frequencies, which shows how well the force field reproduces the input data.

The ibrati q using 1), of v is I.5cm™ lower than

that of v, for the -'0, species and 3.4cm™ lower for the -'*0, species, which is con-
sistent with the values, 1.1cm™ and 4.5cm™, derived from Coriolis interactions in Sec-
tion 4.4. The quartic distortion constants are listed in Tables 4.34 to 4.37. All of the
calculated distortion constants are consistent with the observed values, the worst agree-
ment occurs for Dy of F%5'0,. The reason is that the observed value of Dy for

F#’5'%0, was not well determined; because this species is a neacly symmetric prolate
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rotor with a-typs transitions, to obtain a good estimate of Dy for such a rotor,
Q-branch or higher X, , especially AK, =2, transitions are necessary. The distortion con-
stants of F#$'%0, derived from the force field, using procedure(I), together with the
rotational constants derived from the calculated effective molecular geometry, were
used to obtain a very good prediction of the rotational frequencies for this species,
which helped greatly in assigning these lines. The Coriolis constants i of F°s'0,
and F’8'%0, refined , using procedure(T), from the harmonic force field are 0.233 and
0.215, respectively, which are in good agreement with the observed values 0.264 and

0.24 obtained in section 4.4.

This study has removed iguities in the vibrati i of FyS0, and
provided a good harmonic force field for this molecule. Since all literature force fields
are based on fragmentary data and often incorrect vibrational assignments comparisons
with the present force. field are unwarranted. Our force field study of F,S0, has sug-
gested that a detailed study of excited vibrational states would be both profitable and
interesting and some results have already been reported here. Here again the force
field predicts and experiment confirms that isotopic substitution at oxygen should have
unusual effects. For example, whereas the v, =1 and vy = | states of F$%5'°0, should
be perturbed by a strong a-rype Coriolis resonance the corresponding excited states of

F{*5'%0, should be affected by a rather weaker b-type Coriolis interaction.
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Table-4.29 Vibrational Frequencies of F§25'0, (cm™")

Modes Obs. Cal.() Dif.M) | Cal() Dif(ID
v 12714 | 12706 0.8 12707 0.7
v 848.6 | 8484 0.2 8482 04
vy 5522 | 5523 -0l 552.2 0.0
v 3850 | 3851 -0l 3848 02
vs 384.0 | 3836 04 3838 02
Ve 1504.8 | 15043 0.5 15040 08
v 5443 | 5443 00 5443 00
vy 887.0 | 8869 0.1 887.0 0.0
vo 5393 | 539. 0.1 539.3 00

Table-4.30 Vibrational Frequencies of F5%0'80 (cm™")

Modes | Obs. | Cal( Dif(D | Cal(@) Ditan
v 12448 | 12441 07 | 12443 05
v 843.9 | 8435 04 8433 06
v 5462 5463
vy 380.7 380.1
v 37179 3782
v | 14851 | 14845 06 | 14843 08
v, 5366 5367
ve 887.0 | 8867 03 8868 02
vo 5325 5325
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Table-4.31 Vibrational Frequencies of F{’§'%0* (cm™)

Modes | Obs. Cal.) Dif() | Cal(M) Dif.(In
v 12238 | 12223 L5 12227 L1
va 838.6 8384 02 838.1 05
v3 5389 539.7
vy 3762 3752
Vs 372.8 373.0
Ve 14€09 | 14602 07 1460.0 09
v1 5300 530.0
v 887.0 886.4 0.6 886.7 0.3
vo 5253 525.3
Table-4.32 Vibrational Frequencies of £3'5'60, (cm™)

Modes | Obs. Cal) Dif() | Ca@) Dif.(D
vy 1261.5 | 12596 19 1259.6 1.9
va 3428 842.8
v 5494 5492
vy 385.1 384.8
vy 3836 383.8
Ve 14843 | 14830 13 1482.7 1.6
vy 5416 541.1
vg 8746 874.1 05 874.7 -0.1
vo 536.1 535.9




Table-4.33 The Force Constants of 350,

a 1D 11823(74)
1an  11.782(72)
2m  040(11)  5.794(64)
2m 03511 5.833(66)
3®  020280) -0409(45)  1.18231)
3@ 031992) -0468(54)  1.10035)
4O 03119)  0214(88) -0.099(12)  1.856(85)
4@ 03921)  0236(85) -0.095(11)  2.024(100)

a; 50 1.119(6)

5 L112(7)

by 61  11.69(10)
6() 11.69(11)
7@  -0.28%(78)  1.620(14)
M  -0292(78)  1.619(15)

b, 8@  533013)
8@  545(13)
ol -0.643(79)  2.14336)
om -0.72381)  2.117(37)

The units are aJd ™ for stretch-stretch, aJd ™! for stretch-bend and aJ for
bend-bend constants.
(I) The Coriolis constant {*,; was considered in this force field refinement.

(II) The Coriolis cor~t=nt {*,; was not considered.
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Table-4.34

Quartic Distortion Constants of F35'0, (kHz)

Modes  Observed Calculated Difference

D, 1.491 1.502 -0.011
D) 1.499 -0.008
Dy () -1.576 -1.576 0.000
Dy (IT) -1.643 0.067
Dy(ly 2.375 1.946 0.429
Dyury 1.948 0.427
) -0.0252 -0.0325 0.0073
dyiry -0.0325 0.0073
dyn) 0.1402 0.1472 -0.0070
dyun 0.1480 -0.0078

(I) Coriolis constant was considered in this force field refinement.

(I Coriolis constant was not considered.
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Table-4.35

Quartic Distortion Constants of F#5'%0 %0 (kHz)

Modes  Observed  Calculated  Difference

Dy L1t L101 0.010
D,y 1.098 0.0013

D () 1.0085 0.9916 0.0169

Dy () 0.9928 0.0157
Dy(l) -0.8541 -0.8393 -0.0148
Dy () -0.8414 -0.0127
dyI) -0.0356 -0.0363 0.0007
d\ny -0.0360 -0.0010
dyn 0.0027 0.0038 -0.0011
LEG) 0.0041 -0.0014

() Coriolis constant was considered in this force field refinement.

() Coriolis constant was not considered.
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Table-4.36

Quartic Distortion Constants of F325'*0, (kHz)

Modes . Observed Calculated Difference

D, 1.1795 L1801 -0.0006
,un L1772 00023
Dx()  -00487  -0.0487 0.0000
Dty -0.0487 0.0000
Dyy 0127 0.1128  -0.0001
Dyl 01128  -0.0001
a@) 01562 01572 0.0010
ayin -0.1569 0.0007

daol) -0.0232 -0.0232 -0.0000
dallly -0.0231 -0.0001

(I) Coriolis constant was considered in this force field refinement.

(ID) Coriolis constant was not considered.
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Table-4.37

Quartic Distortion Constants of F¥§'0, (kHz)

Modes  Observed  Calculated  Difference

Dy 1518 1462 0.019

DTy 14954 0.023

Dpe(l) -1.568 -1.632 0.065

Dyl -1.635 0.063

Dy(l) 1.9423

Dy (T 1.9427

dul) -0.0309

d) -0.0309

dyl) 0.1468

dy(Ir) 0.1476 -0.0468

(I) Coriolis constant was considered in this force field refinement.

(1) Coriolis constant was not considered.
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CHAPTER 5§
THE MICROWAVE SPECTRUM AND MOLECULAR STRUCTURE

OF DIMETHYL SULPHONE

The molecular structure of dimethyl sulphone was first determined by Sands, in
1963, using X-ray crystallography!®; he reported that re = L1784, re = 1444,
anglecse = 103.2° and angleggo = 1179°. The geometry of the two methyl groups was not
obtained. A gas electron diffraction measurement was done by Heinz and Werner!'"',
who derived the complete structure of the molecule including the structure of the
methyl groups. They assumed that the six rcy bonds and six angleycy had the same
values with rcy = 107790 and angleycy = 109.8(13°. The microwave spectra of two
isotopic species of dimethyl sulphone, (“CH#$'0, and (‘CH.)(’CH3)™S'°0,, have
been investigated by Saito and Marino™), in 1972. In their observed frequency range,
from 16000MH: to 46000MHz, only the R-branch transitions with J lower than 6 could

be found. They observed about 30 transitions for the normal species and 10 for the

C species. The molecule showed b-type it The i distortion effect
was disregarded in their work because only low /, for J up to 5, transitions were
measured. The rotational constants of these two species were calculated using the
rigid rotor approximation, which showed that this molecule is a nearly prolate asym-
metric rotor, with Ray’s asymmetry parameter®, equation-1.18, having the value
-0.49. They evaluated an effective molecular structure from these rotational constants
by assuming that the structure of the methyl group of dimethyl sulphone is the same as
that of dimethyl sulfide. The geometry of the met!.yl group of dimethyl sulfide was
obtained by Pierce and Hayashi'®; in their study the six CH bonds and six HCH
angles were assumed to be the same. The second order Stark effect was measured and

the dipole moment p, was derived from the Stark coefficients, as 4.432(41)D.



The purpose of this study was to investigate the rotational spectra of several iso-
topomers, to derive accurate values of rotational constants and distortion constants and
then to calculate the effective and substitution molecular structures for dimethyl sul-

phone.

5.1 Observed Mi P and Assi

of Dimethyl Sulphone

The microwave spectra of eight isotopic species,

(MCH)ES'0,  (PCDYPSY0,  (CHyPSY0%0,

(UCHYS" 0y, ("CHI'S' 0, (CCHIXVCH)'SY0,,

(PCH(CHD)S 0D, (“CH3)("CH.D)"S'"*0,I),
were observed in the gas phase over the frequency range from 40000MHz to 85000MH: .
At room temperature, each solid sample was kept in a small flask and its vapour was
pumped continuously through a 7.2x3.4cm Stark cell, in which the gas pressure was
maintained below 5 microns. For all eight of these species only R-branch transitions
were measured. The prediction§ indicated that all the strong Q-branch lines would fall
below the frequency range of this work. High Stark felds of about 700Vem™ were
used. The number of observed lines, and the highest J value observed for each isoto-
pic species and conformer are listed in Table-5.1.

The rotational trequencies and rotational constants obtained by Saito and Mar-
ino™ were used to calculate the initial prediction for the species ('CH3)%5'°0., which
gave good agreement with the measurement for the low J lines. Quartic centrif.igal
distortion constants were neec:d to fit the higher J lines. This species, which is a
Fermi particle, showed b-type transitions, therefore the eo-oe transitions should be

stronger than oo-ee transitions. Because there are three pairs of identical nuclei with
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non-zero spin, all hydrogen atoms, the effect of the spin statistics was very
small(Table-1.1). No hyperfine structure due 10 the intemal rotation of the two methyl
groups was found, however, the lines were slightly broadened with a half width of
about {MHz(Figures 5.1, 5.2 and 5.3). The frequencies of (“CH}s'é0, were for the
most part about 0MHz to 20MH: lower than the corresponding transitions of
(CH)F’5'%0,, Figure-5.1. Since a 92% enriched sample of s was used, there was
no difficulty in assigning the lines for this species after the assignment of (“CH )#5'%0,
was completed. We also used Saito and Marino's frequencies and rotational constants
for (*CH,)("CH3)5'%0, ™ to make the first prediction of the rotational lines of this
isotopomer. Only b-type transitions were found for this species, the a-type transitions
due to the asymmetric substitution of C were too weak to be observed in this work.

An approximate relation,

26 syttt = G iy pisto, * Cuscayfisiio, G.1.1)

where G is either a rotational constant or a distortion constant, was used to facilitate
the initial spectral prediction for ("CHj)3’'0, using the constants obtained for
(CH;)*$'%0, and (CH,)("CH;)"$'%0,. Like the normal species, (“CH$%5'0, showed
b-type transitions. Because of the substitution of '*0 in ("*Ci#;)}%5'%0"%0, both b-type
and c-type transitions were observed. Figure-5.2 shows that the lines of the b-type
transitions were stronger those that of the c-type transitions. The substitution of D for
the six lightest atoms in ('’CD;)325'0, shifted the frequencies lower by about 6000 to
7000MHz. This species, which also showed b-type transitions, is a Bose particle and
therefore co-ee transitions should be stronger than eo-ce transitions. Because of the
higher nuclear spin of D, I = |, the effect of the nuclear spin statistics on the rotational
spectrum was not obvious for this species (Table-1.1). Two series of rotational transi-
tions were observed for the mono-deutero substituted species, which were assigned to

two different possible conformers, (CH)(“*CH,D Y780 y(1) and
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(""CH 3)(CH.D "2 %0 I )(Figure-5.4). The transitions of conformer I/ were stronger

than the i iti of I. Both of the have strong

b-type lines. Although mono-deutero substitution could produce a dipole moment
along the a-axis or the c-axis, it would be quite small; no a-type or c-type transition
was found in this work. Figure-5.3 shows two lines of these two conformers. Since
they are not transitions with the same quantum numbers their intensities are not
directly comparable. The line strength of the higher frequency transition shown in
Figure-5.3 is roughly twice that of the lower lower frequency transition. Therefore the

population of conformer(IT) is double that of conformer(T)(Figure-5.4).



Table-5.1 The Number of Observed Lines(N) and Highest J Value Observed

for Dimethyl Sulphone

Species N
(“CHy)$’s %0, 7510
(€D )80, 55 11
(VcH,)Ps'%0, 43 10
(“CH s %0 %0 51

(“CHy)Hs "0, 34

9
9
(MCH)(“PCHDY5%0,0) 29 9
(UCH)(CH,DY S0 ) 29 8

9

(MCH3)(PCH,)S'%0, 36

Figure 5.1 The 8,5-7,, Transitions of (CHy)3’§'0,(67061.633MHz) and

(2CH#S'%0, (67059.496MH). Obtained Using a 92% *'S Enriched Sample.
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Figure-5.2  The b-Type and c-Type Transitions of (2CHy$s'%0 "0,
Ts2—6s, (6IS4LA1MHz),  T4y—~6y) (61542517MHz), 7,36y, (61546.647MHz)  and
75,65 (61547.645MHz),

Figure-5.3 The Transitions 8,,~7,4 (65286.701MHz) of ("CHy)("XCH,DY?S"0 1) and

81615 (65278.730MHz) Of ("CH 3)(*CH,D 2550 (1T).
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ble-5.2

Observed Rotational Transition Frequencies (in MHz) of ("CHy){*s "0,

I K, kK. - J K K. Frequency Deviation
22 0 -1 1 1 1823573 0.052
2 0 2 - 1 1 1 16576.64° 0.032
3 0 3 - 2 1 2 25071.70° 0.013
3 2 1 - 2 1 2 2692232° 0.040
4 3 1 - 3 2 2 35981.21° 0.051
4 1 3 = 3 2 2 3319418 0.013
4 0 4 - 3 1 3 3352975 -0.011
4 2 2 - 3 1 3 35772.55° 0.014
5.4 1 - 4 3 2 45199.552 -0.013
5 0 5 - 4 1 4 41946.147 -0.011
5 1 5 - 4 0 4 42065.775 0.00t
5 2 4 - 4 1 3 42980962 -0.005
5 3 2 - 4 2 3 44598.786 0.010
5 3 3 - 4 2 2 44179245 -0.007
5 4 2 - 4 ) 1 45171421 -0.057
6 5 2 - 5 4 1 54461.096 -0.092
6 0 6 - S5 1 5 50332384 -0.026
6 1L 5 - 5 2 4 50428.864 -0.039
6 2 5 - 5 1 4 51195147 -0.004
6 2 5 - 5 3 2 48428914 -0.089
6 3 3 . 5 2 4 53349451 0.044
6 3 4 - 5 2 3 52441415 -0.063
6 3 4 - 5 4 1 48119.320 0.019
6 4 3 - 5 3 2 53601612 -0.062
6 4 2 - 5 3 3 53711476 -0.009
6 6 0 - 5 5 1 55259.876 -0.029
6 6 1 - 35 5 0  55259.876 0.019
7 7 1 - 6 6 0  64535.674 -0.005
7 0 7 - 6 1 6  58701.426 0.052
A 7 - 6 0 6 58725278 -0.012
A 6 - 6 2 5 58958580 0.051
7 2 6 - 61 5 59414447 0.046
7 3 5 - 6 2 4 60634.407 0.047
7 4 4 - 6 3 3 61964.029 0.026
A 3 - 6 4 2 62928492 0.000
7 5 2 - 6 4 3 62948951 0.030
7 7 0 - 6 6 1 64535674 -0.010
8§ 8 1 - 7 ¥ 0 73811.193 -0.041
8§ 0 8 - 7 1 7 67061633 0.002
g8 1 8 - 7 0 7 67071.589 0.057
8 2 6 - 7 3 5 67136534 -0.008
8 2 7 - 1 3 4 64350474 -0.006
8 1 7 - 17 2 6 67421495 0.070
8 2 7 - 1 1 6 67665663 0013
8 3 5 - 1 4 4 65912177 -0.051

*-Reference [99]
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Table-5.2 Continued(1)

<

Frequency  Deviation

68780821 0.041
64902271 -0.052
70233.753 -0.023
64385.969 0.087
70932.623 -0.038
71370.183 0010
71442.998 0056
72215.684 <0051
73015.726 -0016
73015.726 0.044
73811.193 -0.041
83086.522 0010
75417.775 -0036
75421.697 -0.084
75812.901 0.063
75834.786 -0.021
75955.146 -0.057
76912.815 0026
73116.662 -0.008
73271425 0.026

&

78409.763

72879.063 0055
79739.266 0017
79759.777 -0.022
79965.817 -0.037
82291268 0020
82291268 0.026
83086.522 0010
79775.374 -0.040
83773.707 0.027
84273.723 -0.050

DS 01010101010 101010001010 101010 O 00 00 63 60 60 60 00 00 00 00 03] =,
N O BBNNE RS EWWN I~ OO®ddRNUNS A nww X
O SR G G S SR B G ST & SR B
101010 00 59 00 00 00,09 00 G0 03 00 G0 00 00 00 09 09 60 ~1 ~1 ~1 ~1 ~J ~1 3 ~3 ~ 3 =3
S ONRNNARLULUANFNWO—RRNRAUS B LLWSN &
BON N ARAWUR DO T 0000 NN A WUN AU

Table-5.3
Observed Rotational Transition Frequencies (in MHz) of ('2CD;)i%5'%0,.

J K, K. - I K k' Frequency Deviation
55 0 - 4 4 1 40779.259 0.036
5 5 - 4 4 0  40776.875 -0.064
6 5 1 - 5 4 2 47843.886 -0.032
6 0 6 - 5 1 5  41166.590 0.020
6 1 6 - 5 0 5  41205.858 0.004
6 1 5 - 5 2 4 41670490 -0.045
6 2 5 - 5 1 4 42413154 -0.009
6 5 2 - 5 4 1 47823464 -0.019
7 7 1 - 6 6 0  57332.608 0.038
7 1 7 - 6 0 6 47985558 -0.004
7 4 4 - 6 3 3 53105.041 -0.008
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Table-5.3 Continued(l)

=

K

Frequency

10000V VOV OV VOO OO 0006000060000 ~1~1~a~] <

5 R 3 5 e 005 90, O 3 A LA 0 00 R0 e o A 00 O Y A 0 S 0 A ] 2

P OO DS N TR O ROWON =LA WAUNRUNLI®OOO—OWNEWRE—O N X

0101000V VG0 0E 00 WEMPPEPBEINIITITITTAORS

BNLHENAUALN A WNORIVAANNABLLRNWRRNO—EINUE RO~ & b w

MO PO OWANANRIRE = =~ NNBWANANRORITPEO =N WWEH IO — W H

54154.168
54828.688
54927.857
57332.608
65609.509
54768.603
54773.422
62073.056
61733.420
63173.855
63153.639
65609.509
73886.141
61562.803
61564.410
62389.696
62453.461
62886.606
63730.595
69895.853
65986.407
68460.026
69362.126

71442.858
72667.942
72667.942
73886.141
78499.493
69199.334
69890.690
69223.655
70300.379
72276.802
74963.899
77080.981
78481.732
75997.715
76006.630
76786.298
76968.016
78587.476

Deviation
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5.4
Observed Rotational Transition Frequencies (in MHz) of (“CH)#s'%0,.

kK - I K Frequency  Deviation
44182.394 -0.060
40133.579 -0.029

40236.683 -0.011
43562.832 0.032
44124267 -0.022
52185.873 0.069
48137.152 -0.005
48179.565 -0.148
49138.087 0.021
50674.458 -0.011
52186.896 -0.047
63357.754 0.050
56123212 0.007
56139.677 -0.001
53638.745 0.055
60129.554 0.034
61400.783 -0.016
61450.899 0.038
62395.532 -0.038
63357.754 0.033
72476.755 -0.012
64101.474 0.005
64107.571 -0.002
64651.943 -0.030
64830.998 0.015
64595.408 0.082
66105.194 <0.020
61517.966 -0.077
67933.782 0.048
61115.868 0.036
69475.486 -0.062
70545.641 -0.026
72476.755 -0.013
78677.049 -0.017
72076.495 0.008
72078.706 0.027
72672.238 -0.012
72750.490 -0.023
72911.532 0.044
73809.706 -0.068
69145.707 -0.016
71954.499 -0.074
68387.438 -0.035
77445.062 0.059
76627.471 0.042
77256.111 0.015

D D00 00 000000 RRPEPPRPPNEPEPBBIIIIIdIAARRRRRCANNLG
BN LW~ OO ® AU S B W W = = O d AU B O WL = Ok & wm oh| X
NG N 00000 0 5 O W& LI LGN O 1~ 00,00 i O 1 L3 2 Un ~d ~d = 03 2 L1 O O 03 83 89 U U ]
1010 0009 0.0 09.00.09 0600 00 00 1 ~J <1 ~1 ~1 3 <1 1 <3~ I I <1 O\ 01 O\ O O Gr Oh Oh Oh LA LA LA L L |
PO B A RN WO~ AN B UL I RO 0 U & 5 03 O ORI 1 e © e 0 0 I O e )
AN UGN R R N EN ABANRA IO — W WN AR & WA UGN &
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Table-5.5
Observed Rotational Transition Frequencies (in MHz) of (“CHys'0"%0

"
&

K

sl

Frequency  Deviation

43763521 0049
43040.567  -0.023
43335.742

43654496 0011
43677508 0013
43740374 -0.089
52636209 0044
49836.384  -0.054
50776.844  0.005
51438183 -0.049
51493037 0024
51844330  0.006
51848.680  -0.007
52132256 0025
52235.103  -0072
52613150  -0.005
52612294  -0.040
62123167  -0.038
57943212 0027
59951003 0062

61541.414 -0.016
61546.647 0.038
61547.645 -0.013
61542.517 0.037
62123.167 -0.052
62123.167 0.045
62123.167 0.032
71038.593 0.006
65699.641 0.012
63867.595 -0.011
69019.448 -0.036
69067.027

64168.543 0.021
69171.249 -0.016
69482.667 -0.013
69060.972 0.014
69893.722 0.026
69857.958 -0.004
69886.814 0.046
71038.593 0.020
71038.593 0.004

00000000000 0EPEPPEIILITIAITIITIVAARAARNRNRARAUN U LAULLL
BBANANNUNE R WWLETITANA NN NS LN DU B S50 DS S WD
O WWNAWWAUNG U O O NI NN 63 O i = NN U L U3 U1 1 N 19 60 0 ]|
NN N NNNNNNNNNNNO RO AR RARRR AR NAN N AN N RAN LSS S EsS S
N L N S N L T L L LN YRII VY CPP O RYRIRY ST TR
O I 63 L L3 I U1 G 3 3 O O i P I e 10 1 63 09 0 L i i 003 60 1 L0 B 8 R e e 033 )

o

&

]

S

o

2

8
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Table-5.5 Continued(1)

I K, K. - I'" K’ K’ Frequency Deviation
§ 8 0 -7 7 0 71038.593 0.018
9 9 1 - 8 8 1 79953.717 -0.026
9 4 5 - 8 3 5 77051811 -0.009
9 8 1 - 8 7 2 79376427 -0.081
9 9 0 - 8 8 1 79953.717 -0.026
9 9 1 - 8 8 0 79953717 -0.024
9 9 0o - 8 8 0 79953.717 -0.024
Table-5.6

Observed Rotational Transition Frequencies (in MHz) of (*CH ;)#s'0,.

K. Frequency Deviation

55248559 0.054
53591.678 -0014
54455.647 0.069
54451.207 -0.082
55248.559 0.005
64522271

58691.561 0.040
58714.657 -0.032
58955.264 0.031
62269.384 -0.025
62938.998 0.047
62917.693 -0.030
64522271 -0.053
73795.882 0.013
67049.991 -0.017
67059.496 -0.047
67414716 -0.041
67652257 0.016
68762239 0.025
70932.534 0.078
70216.388 0.004
71433270 0.004
71357.706 -0.015
72203.286 -0.059
73001.942 0.006
73001.942 0.070
73795.882 0012
79744.091 -0.048
75404.523 0011
75408.338 0.025
75825.135 -0.004
75816.088 -0.013
75941.423 -0.027
76892.572 0.063
79957.694 -0.019

&
Fal

D000V OO EPWWPPVERPBBR BT IddITARRRRG =
RN - CUR IO NS BN~ OB ANN D e OaAUN S| &
BN 0O OUON W RWURG 1100000 W N WO~ O R —
WRRRPBPIPINNININNNNNNNLNNANOANOEG AU LG
BN~ WRNO~ANAANAAWLN~NO = A0 H B WO W& 4
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Table-5.7
Observed Rotatinal Transition Fre
of (CH;)("CH,D y*s

189

guem:\es (in MHz)

<

101010 1010 00 09 00 00 00 00 00 00 0G 09 09 00 00 ~I I ~I 1 ~J <1 ~1 < N O

Fol
EJ

N ONEUNUERLWN——~O®IRAND £ WO A
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sl

NP O ORON~AUANRTTNE—ON—WWH U=
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©®EEEVIATAIAALA T AT ARNNARNRAR N

I

BN A AR WWNR—~NO— 1A UNUEWWN— U

K

Frequency  Deviation
55043. -0.004
64312.530 0.021
56267.102 -0.026
59178.596 0.003
607 0.024
60916437  -0.005
62014.001 -0.050
63166044  -0058
63166.044 0.027
64312.530 0.021
73581.153 -0.056
64298.611 -0.006
64352574 0014
64421.374 0018
65286.701 0018
66993.505 0014
68821.526  -0.004
69104.950 -0.008
68796.387  -0.001
70122.793 0017
72435.089 0.082
72435089 0089
73581.153 -0056
73145473 -0.061
72318500 0.026
72345614 -0.003
72597.239 0020
71803619  -0006
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Table-5.8

Observed Rotational Transition Frequencies (in MHz)
of (“CH;)("*CH\D %5 '°0,(IT).

IS

Frequency

P OON000 0000 ® MmN 00000mmEUTIIIRNRG

CONULN =~ CRULRRAWNWN—® IS b s wo =

OB NN O WUL A LN CANO DN wan] X

PRRRPREPEININIINNNI AN R OO DGR

mu.:.NAW—mqaauauwwwwmqmmaumuumuﬂ

R ROUNONCOR R ELUANUNO R~ NLACWN WA Fal

53945819
50710413
52107.470
52395.172
63006.261
60845.395
61356331
62169.389
63006.261
72066.264
65135.776
65278.730
65642.883
65928.668
66346.172
69518.233
66179.481
67917.050
65877.072

74108522
77370958
78560.703
81126.006

Deviation
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Table-5.9
Observed Rotational Transition Frequencies (in MHz) of (“CH \("CH ,ys'%0,.

x
&
<

K, K. Frequency Deviation

54821.329 0.032
51595.305 0.025
53072.270 0.023
52932.521 0012
54821.329 -0.033
64033.023 0.061
57382.113 0017
57406.166 -0.038
57704.776 -0.028
58183.406 0.061
59564.350 -0.010
61487.624 -0018
61095.208 -0.026
62207.886 -0.073
64033.023 0.055
73244.339 -0.034
65548.665 -0.009
65558.349 -0074
65981.581 0.042

70563.832 0.024
71438.728 0010
73244339 -0.035
75388.728 0.006
73711.013 0.000
73714.856 0.024
74203.429 -0.051
74323.566 0.035
74235.298 0.029
73109.050 -0.015
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52 The Constants and ion Constants

of Dimethyl Sulphone

The observed rotational frequencies, listed from Table-5.2 to Table-5.9, were used
to calculate the effective rotational constants and centrifugal distortion constants of
dimethyl sulphone. Watson's S-reduction®™, in the I” representation, was also used
in this calculation. Saito and Marino's -tational constants for (2CHy){5'%0, and
("2CH 3)(UCH,*'§'%0, ) were used tu fit the low J transitions and to give the initial
predictions for these two specics. Quartic distortion constants wei. required to fit the
higher J lines. Greatly improved rotational constants were obtained for these two
species. All five quartic distortion constants of ("?CH;)#%5'%0, were derived. However,
the distortion constants Dy and d, of (’CH,)(“CH;)*?5'%0, were not obtained and the
constants of the normal species were used in the calculations for this mono-""C substi-
tuted species. The rotational constants and quartic distortion constants of six other
species have been well determined and fitted with the me ssured frequencies. The stan-
dard deviations of fit for all of the species studied were smaller than 0.045MHz, with
the exception of that of (*CH ;)("CH )¥?5'%0,, which was bigger than 0.075MHz, for this
species the distortion constants Dy and d, were not well determined. No sextic distor-
tion constants were necded in the fits.

The Cerived rotational constants show that (°CH;);{35'0'®0 is more asymmetric
and (“CH,)("*CH,D)?5'%0,(I) is more symmetric than any of the other species. Ray's
values of asymmetry parameter x for the two species are -0.192 and -0.649, respec-
tively, while the parameters for the other species are from -0.3 to -0.5. The rotational
constant and the distortion constant D, of (“CH ,)(""CH ;)*5'é0, are almost the average
of those of (CH;)325'0, and (UCH,)#5%0,. The inertial defects 4., A. =12 = I -1,
of ("CHS%0, (UCHS™0, and (UCH3)(CH,D)'S%0,() are -105.62/ud?,

-105.621u4? and -105.645ud?, respectively. The difference between the inertial
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defects, &, of (“CH )PS0, and ("CH)("CH,D)?5"0, is almost three times bigger
than that of (“CH)}25'0, and (“CH;)$*5**0,. W2z attribute the larger difference to the
effect of the vibration of the light atom hydrogen, these variations are. however, all
small, which suggests that the atoms H(/) are located on the CSC plane. The inertial
defect A, of (12CH )50 ,T) is -106.423u4?, which means that H () atoms are out of
the CSC plane. The rotational constants and distortion constant D, of
(ZCH)(PCH,D)"5'%0 (1) and ("*CH;)(*CH,DY?S'0,(II) are between those of the normal
species and the D4 substituted species and there is the following approximate relation
between these constanis®

+26,
3

G (e icu,pvis o i CH 1 3cH 0V 0 i1

(52.1)

3G iscu s o, * Cuiico ypsio,
6

where G may be either one of the rotational constants A, B and C or a distortion con-

stant D;. This approximate relation helped to assign these two mono-deutero species.
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Table-5.10 Effective Rotational Constants and Distortion Constants of (CH 3,50,

Isotopomer  (*CH;){*s'¢0,

(CD )5 %0,

(UcHy s %0,

A (MHz) 4638.2247(18) 4138.7767(23) 4559.9750(30)
B (MHz) 4295.4408(17)  3639.5545(49)  4157.8888(29)
C (MHz) 4177.1287(15)  3396.6720(18) 3987.0419(22)
Dy (kHz) 1.2218(102) 0.8927(183) 1.1928(146)
Dy (kHz) -0.5409(405) -0.7422(539) -0.6733(543)
Dy (kHz) 0.7329(302) 0.9897(359) 0.9313(406)
dy (kHz) -0.1598(57) -0.1521(117) -0.1477(94)
d (kHz) 0.0078(25) 0.0159(38) 0.0165(36)
K -0.487 -0.345 -0.404
&g (MHz) 0.0349 0.0359 0.0394
Table-5.10 Continued(l)
Isotopomer  (“CH)’s'%0 %0 (2CHpPs"0, (2CH,)(UCH,)"s'¢0,
A (MHz) 4458.0844(22)  46372112(46) 4606.1041(56)
B (MHz) 4235.5809(22) 4295.6112(78) 4219.7493(69)
C (MHz) 4084.7486(41) 4176.3349(51) 4080.2318(62)
D, (kHz) 1.1668(344) 12117(360) 1.2616(397)
Dy (kHz) -0.2807(871) -0.6069(1116) a
Dg (kHz) 0.3274(503) 0.7766(673) 0.5990(713)
dy (kHz) -0.1361(196) -0.1532(241) -0.1659(186)
dy (kHz) 0.1127(66) 0.0194(79) a
3 -0.192 -0482 -0.469
& (MHz) 0.0246 0.0437 00767

a--Constrained to the value obtained for (CH,)3%5'%0,.
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Teule-5.10 Continued(2)

Isotopomer  (PCH)('CH.D)¥S"0.(I)  (*CH,)("CH.D)*s"0 ,uI)

!

g 4634.8199(30) 3530.468507)
B (MHz) 4114.4465(60) 4188.9947(51)
© (o) 4003.8231(41) 4018.1981(53)
D, () 0.9647(307) 1.0959(303)
Dy (ko) 0.30548(931) 0.1042(836)
Dy (o) 0.1818(496) 0.2505(469)
dy i) -00775(145) -0.1279(133)
ds i) 0.0187(64) -0.0534(109)
« 0649 0333

&5 (MHD) 00205 00323

Table-5.11 Principal Moments of Inertia of Dimethyl Sulfone

Species 10 (udd 19 @AY 10 wdY
(PCHpF*s"0, 108.95958(4) 117.65475(5) 120.98718(4)
(*cpyi’sto, 122.10830(7) 138.85738(19)  148.78652(8)
(PcH S0, 110.82934(7) 121.54702(9) 126.75538(7)
(cHyFs"%0 "0 113.36237(6) 119.31752(6) 123.72340(12)
(“CHps0, 108.98339(11)  117.6500821)  121.01017(15)
(MCHy)(PcHy)?s'%0, 109.71934(12)  119.76518(12)  123.86039(10)

(UCH3)("2CH,DYS%0,(T)  109.03962(11)  122.83037(19)  126.22411(12)
(CHy)("?CH,DYS %0 (M)  111.55116(7) 120.64446(17)  125.77254(16)
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53 The C ion of the

of Dimethyl Sulphone

The effective rotational constants obtained, as listed in Table-5.10, were used to
derive the effective molecular geometry of dimethyl sulphone. In the calculation of
the effective structure, the effect of zero point vibrations is usually ignored and the
structure is assumed to be unaffected by isotopic substitution. If there is a light atom,
such as hydrogen, in a molecule, the effect of isotopic substitution on the molecular
structure should be large. Because there are six hydrogen atoms in dimethyl sulphone
the effect on the zero point vibrations of deuterium substitution is very large, and the
~#fective geometry is not easy to determine. Three different effective geometries were
derived.

Method(1): The reyy and reyyr, bonds, Figure-5.4, were assumed to be the same
and all the rotational constants of the eight observed species were used in the calcula-
tion.

Method(2): The reyqy and rey, bonds, Figure-5.4, were assumed to be the same
and all the rotational constants of the eight observed species, except that of
(¥CD,){s'%0,, were used in the calculation.

Method(3): The reyyy and reyy, bonds, Figure-5.4, were assumed to be different
and all the rotational constants of the eight observed species were used in the calcula-
tion.

The procedure used for sulphuryl chloride and sulphuryl fluoride was also used
here.

A substitution structure was evaluated from the following isotopic species:

("CH ), $%0,  (CHS%0,  (VCHpFS0"0,
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(UCH'S™0,,  (CH,)(“CH,DY?S'0 (1) and (“CH,)(CH,D)"s'%0,,
In this calculation (°CH,)?’5%0, was used as the parent species. The § atom is
so close to the center of mass that the isotopic substitution produces only very small

changes in the moments of inertia, Al, and ar,.

o, = nrﬂm,,;*:w.;,_’;ﬂcn,,,n:r-o, a0
= 0.02382ud?
o =gy _ (anypistto, 632

= 0.02300uA ?

The small changes may be significantly affected by the zero-point vibrational effects.
Therefore the effects of vibration cannot be ignored and the location of the S atom
cannot be well determined by the Kraitchman equation®. Because the S atom is
located on the principal b-axis, if this molecule is a rigid rotor, Al, should be zero.

However, actually we have

ten,, Mst
s,

v s
Al =1, A (5.3.3)

= -0.004669u4 *
Here, we assume that Al, reflects only vibrational effects and that &/, and al, reflect
both inertial changes and vibrational effects. Because this molecule is a nearly spheri-

cal rotor, with I, =1, =1, we assume that the three vibration-rotation interaction con-

stants are almost the same, o =a’ = a° and that the AT change due to vibrations are
the same for all the three principal moments of inertia. We correct A/, and Al by sub-

traction of AJ, &om them, that is:

AL, 0 ™AL, - ATy = 0.02848(4wd? (5.3.4)
Al = AL - AT, = 002767(Syd? (5.3.5)

Ceameced
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Then the corrected A, and Al are used to derive the coordinates of the S
atom using the Kraitchman equation. The coordinates of all other atoms in this
molecule were evaluated by the Kraitthman equation®. The principal axes coordi-
nates of (’CH;)§25'%0, are given in Table-5.12.

All the resulting ro structures are collected in Table-5.13 together with Saito and
Marino’s effective structure®. A theoretical structure derived from an ab-initio calcu-
lation, using the Gaussian-86 program®™! with the 6-31G* basis set, is also listed in
this table. Figure-5.4 is the view of the ('2CH,)§25'0, isotopomer in its principal iner-
tial axes system.

Table-5.13 shows that the bond length of rcy(, is determined much less accurately
than those of 755, rc and reyy). The reason could be that hydrogen(l)s are located
very close to the principal axis.

The molecular structure obtained for this molecule has C,, symmetry. The two
H(I) atoms are located on the CSC plane and the distance between H (7) atoms is longer
than that between H(I) atoms, as shown in Figure-54. The methyl groups are
deformed a little from C;, symmetry, however, and the symmetry axes of the methyl
groups are not coincident with the SC bond axes. <SCH(Il) is about 3.7° bigger than
<SCH(I') and <H(ICH(I) is about 2° bigger than <H(/)CH(II). The center of mass of
the three hydrogen atoms in one methyl group is not located on the extension of the
SC bond. The angle between the extension of SC bond and the line joining the mass
center of the three hydrogen atoms and the C atom is 3.265°. Pierce and Hayashi cal-
culated the same angle for dimethyl sulfide and gave 2.75° 99, The structures of the
two methyl groups in dimethyl sulphone are similar to the structure of the methyl
groups in dimethyl sulfide obtained by Pierce and Hayashil'®”, There are also two
kinds of hydrogen atoms in dimethyl sulfide, with H(/) on the CSC plane. However,

the structures of the methyl groups in dimethyl sulphoxide obtained by Typke!7it381
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are much different. In dimethyl sulphoxide, which does not have C,, symmetry, there
were three different kinds of hydrogen atoms and the H (Z)s were not located on the
csC plane. Typke found the angle between CSC plane and the CH(!) bond to be only
1°, and he gave a very short rey ) bond length, only 1.0544 () and 1.0524 ()70,
Table-5.14 gives a comparison betwzen the effective structures of dimethyl sulphone,
dimethyl sulfide!®, dimethyl sulphoxide™ and sulfur dioxide P, in which the
structure of dimethyl sulphone derived from method(l) is listed. The SO bond of
dimethyl sulphone is only about 0.0064 longer than that of sulphur dioxide but more
than 0.04° shorter than that of dimethyl sulphoxide. The <050 angle of dimethyl sul-
phone and sulfur dioxide are almost the same, the dimethyl sulphone angle is only
031° larger. In comparison with dimethyl sulfide, the methyl groups of dimethyl sul-
phone are not much different, but the CS bond is about 0.034 smaller. The CSC angle
of dimethyl sulphone increases by more than 7° and 5° in comparison with those of

dimethyl sulphoxide and dimethyl sulfide, respectively.
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Figure-5.4 The Substitution Coordinate of (':CH,);25"0,.
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Table-5.12

Substitution Coordinates of Dimethyl Sulphone A

Atoms a b c

s 0.0 0.11985(18) 00

[ 0.0 0.83555(1) +1.24299(3)
c +1.39326(1)  -0.97633(2) 00

HUY®  £2.26777(2) -0.33593(26) 00

HUD™  £1.37187(3)  -1.58696(4) +0.89758(12)

*_-(CH;)3?5'0, was the parent species.

**__See Figure-5.4

Table-5.13 Geometry of Dimethyl Sulphone.

"

Parameters ] rh gy
reold 1431(4) 1.4380(16)  1.4369(15)
rsclh 1.777(6) 1774319)  1.775217)
Fennd 1.091¢ 1.0899(12) 1.0827(40)
Fenunld 1.091¢ 1.0899(12) 1.0827(40)
<os0r° 1210225)  119.845(227)  120.143(252)
<cscr 10328(17)  103.917(157)  103.742(144)
<SCHUY® 105.326(119)  105.844(227)
<SCHUD)® 109.026(67)  109.554(214)
CHOCHAP  109.57¢ 110.792(184)  110.386(678)
<HUCHWP 10957 111.649(146)  110.958(605)
&, (MHz) 0275 0.226
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Table-5.13 Continued

Parameters g A s -tno
reold 1.4373(15) 1.4343(23) 1.4368(4)
rschd L.7749(17) 1.7728(28) 1.7742(2)
Fenald 1.0704(75)  1.0839(9) 1.0819(1)
Fenan/d 1.0890(11) 1.0858(2) 1.0811(0)
<050/ 119.935207)  120.135(191)  120.073(4)
<cser 103.874(141)  103.611(163)  104.272(1)
<SCH(P 106.459(459)  105.590251)  106.469(0)
<SCHUNP 109.070(62) 109.506(194)  109.775(0)
CH(OHCHANP  110.119(187)  110.375(113)  109.752(3)
CHUNCHUN®  111.846(155)  111.607(46) 111208(2)
sy (MHz2) 0241

a--Reference[99].

b--This work method(1)

c~-This work method(2)

d--This work method(3) -

e--Reference[102]

f--6-31G* basis set, using Gaussian-86 program®3l,
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Table-5.14
The Comparison Berween the Structures. ro.

of (CH 31,503, (CH);50. (CH 3):S and 50,

Parameters (CH»S0, (CH3,S0 © (CH 8" so%
reold 14380(16)  1.482(50) 14322
recl 1.7743(19)  1.807(31) 1.802(2)
repd 1.0899(12)  1.094(9) 1.091(5)
renandd 1.0899(12) 1.091(5)
<«w0so® 119.845(227) 119.535
«scrP 103917(157)  96.52(10)  98.87(17)

SCHU® 105.326(119) 106.63
SCHUL 109.026(67) 110.75
HCHUDP  110.792(184) 109.53(33)
CHUDCHUP  111.649(146) 109.53(33)

a--Reference[102].
b--Reference[95][96].

c--Reference[138].
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5.4 The Raman Spectra of Dimethyl Sulphone

According to the X-ray analyses by Sands™*" and Langs('*%, the space group of
the (CH),50; crystal is DY ~Amma. The infrared and polarized Raman spectra of single
crystals of dimethyl sulphone and dimethyl sulphone-D ¢ were recorded by Geiseler!™$!
and Kuroda™. The normal coordinate analysis was carried out by them also.

In this present work the solid phase Raman spectra of (CH){s'S0, and

(*CDy)#s'%0, were remeasured and those of (CH 510, were measured for the first

time. Limited by the itivity and ion of the Raman used in this
work and the low vapor pressure of this molecule, the gas phase spectra. could not be
observed, Therefore a meaningful harmonic force field for this molecule could not be
obrtained. The observed spectra are shown in Figure-5.5 and the measured frequencies
are given in Table-5.15 together with Kuroda's data™#l, We did not try to reassign

these peaks and Kuroda's assignments were used here.
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Figure-5.5 The Raman Spectra of Crystalline (°CH )35 60, (CH {590, and (*CD p#s'%0,
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Table-5.15 The Vibrational Frequencies (cm™)

of ("CH1)$%5'%0,, (PCH3);%5 0, and (°CD)3%5'°0,.

Modes (CH)$50, (2CDyPS'%0, | (UCHp S0,

Species  Modes a b a b b

a Vicn, | 3018. 30152 [ 2270. 22632 3002.8
view, | 2936, 2932.1 | 2147. 21379 29269
S.cu, | 1451 14505 | 1143, 12392 14462
S.w, | 1337. 13342 | 1051. 10521 1326.1
Viso 1121, 11193 | 1019. 10142 1117.3
Pen, 1013. 10108 | 827. 8243 1000.7
Ves 703. 7021 | 648. 6421 685.2
Bso, 496. 4962 | 486. 4835 491.5
Sesc 294, 2939 253. 2520 286.5

ay VacH, 3024. 30215 2269.3 3010.1
S.cu, | 1405. 14036 | 1027. 1023.1 1399.8
Pen, 937. 9365 | 730. 7233 928.5
ts0, 326. 3250 | 296. 294.1 319.1
*

by Ve, | 3025. 30214 | 2275. 22693 3010.1
S.u, | 1428. 1273. 12675
Vaso 1269. 1267.6 | 1020. 1266.9
Peu, 986. 9855 | 803.  795.1 974.0
Pso, 396. 3917 | 350. 3441 386.1
T 262. 195.
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‘Table-5.15 continued

Modes (CHy$s'%0, (cpy)#is o, (YCH S0,
Species  Modes a b a b b
by VacH, 3017. 30152 | 2270. 2263.2 3002.8

VicH, 2936. 2932.1 | 2146. 21379 2926.1
Bocn, 1438. 14364 | 1056.

S, 1322, 13183 | 1023. 13075
Pei, 958. 9568 | 834, 833.5 9492
Vacse 771, 7701 658, 653.0 757.1
W0, 465. 4635 | 430. 426.0 4583

a--Refrence[147].
b--This work.
v--Stretching.
&--Deformation.
B--Bending.
w--Wagging.
p--Rocking.
+--Twisting.

t--Torsion.
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CHAPTER 6
DISCUSSION OF THE STRUCTURES AND FORCE FIELDS
OF SULPHURYL FLUORIDE, SULPHURYL CHLORIDE

AND DIMETHYL SULPHONE

In Table-6.1, we compare the properties of the SO bonds of sulphuryl fluoride,
sulphuryl chloride and dimethyl sulphone. From the symmetry analysis we know the
relations between the symmetry coordinate force constants and the internal coordinate

force constants:

Fu=Fso +Fq 6.1)

Feg=. 0~ Fn 62)
so that we have Fso as the average of Fy, and Fg. Here £\, and F are the symmetric

and asymmetric SO stretching force constants, resp . Fs is the SO

force constant and F,, is the interaction force constant between the two SO bonds in
internal coordinates. We assume that the vibrational frequencies vy, are the average of

the 50 ic stretch vibrati V50 svar » and the SO asymmetric stretch

ibrati Y50 asysm»  The vibrati frequency of dimethyl sulphone was

obtained from the solid state data and those of the other two molecules were obtained
from gas phase data.

Table-6.1 shows some regularities. The properties of the SO bonds are sensitive

to the electronegativities of the attached groups X. As noted by Gillespie and Robin-

son the ies of these SO hi ibrati increase with increasing elec-

tronegativity of the attached groups X in sulphones and sulphoxides!!*l. The highest



209

observed SO bond stretching frequency was found for F,S0, (1388.1cm™) followed by
that of C1,50, (13203cm™), while the lowest was that of (CH1),S0, (1193.3cm™)y . The
nature of the sulphuryl molecules, X,50,, has long been a subject of controversy.
Wells!'2} and Gillespie!"”! investigated the bond lengths and the bond angles of 50,
groups in sulphuryl molecules and wrote the SO bonds as classical double bonds. An
ab-initio calculation, using the 6-31G* basis set, showed the bond orders of the SO
bonds in the three molecules are between 1.6 and 1.8. The SO bonds of sulphuryl
fluoride have the largest bond order (1.79) and those of dimethyl sulphone have the
smallest bond order (1.62) of the three molecules. The calculated force constant Fso
of sulphuryl fluoride, 11.76a/4 %, is bigger than that of sulphuryl chloride, 10.68a/i %,
Because vibrational frequencies could not be obtained for a sufficient number of isoto-
pomers, the force constants of dimethyl sulphone could not be derived in this work.
However, we can infer from the force constants of sulphuryl fluoride and sulphuryl
chloride that the force constant Fs, of dimethyl sulphone is smaller than that of sul-
phuryl chloride. All of the properties discussed above, force constant Fs,, vibrational
frequency vso and bond order of SO bond, change in the same direction with a change
of elecironegativity, Xr,s0,(3.98) > Xc1,50,3:16) > X(chy,s0,(230).  The 50 bond length,
however, decreases with ai: increase in the electronegativity of the X grour. Here sul-
phuryl fluoride has the shortest SO bond length (1.4002 .i), dimethyl sulphone has the
longest (1.43804). Many publications have given a detailed discussion of the
sulphur-oxygen bond, which has been described in terms of n-bonds formed between
oxygen 2p orbitals and 3d,,_, and 34, orbitals of sulphur!BIEIT0B1, - [n sylphuryl
molecules the multiple bond character of the SO bond may arise from a back donation
of 2p electrons on the oxygen atoms to vacant 3d,, or 3d,,_ . orbitals of the sulphur
atom. This process and thus the bond order depends on the electron density around

the sulphur atom. The larger the electron density around the sulphur atom, the larger
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the multiple bond character of the SO bond. Hence the bond strength increases, and
ther the bond length decreases, with increasing electronegativity of the attached group
X, from dimethyl sulphone, sulphuryl chloride to sulphuryl fluoride. The diagonal S0
stretching force constant (F;.,) and vibrational frequency (vso) increases in magnitude
with decreasing SO bond length. The sulphoxides X,SO have been found to be simi-
lar, the highest SO stretching frequency and shortest SO bond length were also
observed for F,SO and the lowest frequency and longest bond length were for
(CH;,50. The SO stretching vibrational frequencies of F,50, CI1,S0 and (CH;),S0 are
1385cm ™ 131, 1229cm™ 11 and 1109cm ™ 139, respectively. The SO bond lengths of the
three molecules are 1.412 4 U, 1,428 4 (U114l and 1474139, respectively. Goggin
et al 1% showed that in SOF, the SO stretching frequency is higher than that of F,S0,
which is consistent with the presence of two additional highly electronegative F
ligands. Table-321 and Table-4.27 show that the SO bond lengths of sulphuryl
chloride, sulphuryl fluoride, thionyl chloride and thionyl fluoride are all shorter than
that of sulfur dioxide. The S0 bond stretching vibrational frequencies of the four
molecules are higher than that of sulfur dioxide!!®Il'3, Brooker!'™ gave the SO
stretching vibrational frequencies of SO, as 1151.3cm™ and 1361.5cm™!, the average is
1256.4cm™!. It is an obvious fact that the presence of the more electronegative groups
Cl and F strengthen the SO bonds. Dimethyl sulphone and dimethyl sulphoxide, how-
ever, have longer SO bond lengths and lower SO stretching vibrational frequencies than
sulfur dioxide!!™II%], The methyl group weakens the S0 bond. Table-3.21, Table-
4.27 and Table-5.14 show that the SO bond lengths of the sulphones are all shorter
than those of the corresponding sulphoxides and the SO bond stretching vibrational fre-
quencies of the sulphones are all higher than those of the corresponding sulphoxides.
Fluorine, chlorine and oxygen atoms have bigger electronegativities (3.98, 3.16 and
3.5U8IN respectively), than the sulfur atom (2.5(M*11%)), The methyl group has an

electronegativity of 2.312%021, which is smaller than that of the sulfur atom. The



nature of the SO bond seems to depend on the relative values of the electronegativities
of the S atom and the attached group. The attached group shortens the SO bond length
and increases the SO stretching vibrational frequency if the group is more electronega-
tive than sulfur atom, otherwise the attached group increases the SO bond length and
lowers the SO stretching vibrational frequency.

Cruickshank[129] assumed that there is a linear relationship between bond length
and bond order for sulphuryl molecules. A general relation between force constant
and bond length was suggested by Linnett'!, as

k" =C 6.3)
Here k is the SO stretching force constant, in aJA™, ris the SO bond length, in 4, and
n and C both are constants. After studying more than twenty SO bond containing
molecules, Gillespie and Robinson showed that the constants were about n = 7.4 and
€ = 141 x 10%J4"* for SO bonds'®1, They also obtained an expression for the vibra-

tional frequency and the bond length.
vr" =D 64)

where v is the SO stretch vibrational frequency, in cm™, r is the SO bond length, in A,
and m and D are constants, with m=3.7 and D=4.79x10%m'4". Both equations 6.1 and
6.2 are empirical equations and have no defined physical meaning. The C constant of
sulphuryl fluoride obtained in our work is 1.42x10% which is very close to the value
found by Gillespie. The constant for sulphuryl chloride, however, is a little smaller at
137x10%. This may be because in the calculation of the force constants of sulphuryl
chloride, the following force constants, F,,, F3, F14 and Fg;, were assumed to be zero,
which may decrease the value determined for the SO stretching force constants. The D
constants are 4.82x10°, 4.74x10° and 4.58x10° for F.S0,, C1,S0, and (CH,),S0,, respec-
tively. The constants of sulphuryl fluoride and sulphuryl chloride fit with Gillespie's

value well. The constant of dimethyl sulphone is much lower; the reason may be
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partly that the vibrational frequency of this molecule was measured in the crystal state.

The angles 050 of the three molecules change in the opposite direction to the SO
bond lengths, as shown in Table-6.1. The shorter the SO bond length, the bigger the
050 angle. Thus the 050 angles of sulphuryl fluoride(125.051°) and sulphuryl

' chloride(123.230°) are bigger than that of sulfur dioxide(119.535°), while the angle of

dimethyl sulphone is smaller than that of sulfur dioxide(119.845°). There are two pos-
' sible reasons for the variations in the 050 angles. One is that the electron density in
the SO bonds increases with increasing bond order, hence the repulsion between the
two SO bonds in the SO, group will increase and therefore the bond angle should
increase. The second reason is that, with shortening of the SO bond length, the repul-
sion between the two oxygen atoms in the SO, group will increase and the bond angle

080 should also increase accordingly.

]
3
!
?
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Table-6.1
Comparison of the SO Bonds of X,50, Molecules

(X canbe CI, F or (CHy) )

Parameter F,50, Cl,50, (CH 3,50,
rso 14 1.4002 14122 1.4380
Anglegsol° 125,051 123230 119.845
Angleysel® 95.40 100.12 103.87
Fso@ld™) 1176 10.68
Veo (em™y 1388.1 13203 1193.%
Bond orders, ¢ 1.786 1.658 1621
x* 3.98° 316 2300

a--References [118] and [119].

b--References [120] and [121].

c--Electronegativity of the X atom or group on the Pauling scale.

d--Ab-initio result, obtained using the 6-31G* basis set and program
Guassian-86.

eVsp = (Vi + Van )20

f--Vibrational frequency of crystal line (CH;),50,.

g--Force constant of the SO bond stretch.
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