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ABSTRACT

Some 150 hyperfine transitions belonging to the

: . 14,1617
4717 and 9194100’10 rotational transitions of N"07°0

88

have been obsetved‘in the microwave region. ' The new‘coupling
constants which have been determined are the odd-electron
expectation values on oxygen, They are

1¥¢0)|% = 0.71 x10%% em™3

a2 .
- 3 -1 _ . .
(—25-)= =471 x10%% cm™3
r
A a2
(r, =-ir ) : -
and ( L _c Y= 5. 04 xl()24 cm 3 .
3 :
r

The conformation and barrier to internal rotation in
methyl vinyl ketone have been determined, The most stable
configuration is with the double bonds trans to each ;ther,
and Vg = 1250 cal/mole, | |

A new fast-flow, high-frequency video microwave spectro-
meter has been conétructed to search for new unstable molecules,

As yet no new chemical species have been identified.
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INTRODUCTION

Three rather different studies in microwave spectroscopy
are presented in this thesis, all utilizing the excellent re-
solution obtainable from quantum measureménté in the microwave
regign.

Chépter I pfesents a study of the microwave spectrum of
methyl vinyl ket&ne (3-butenej2-one), a molecule with a con-
jugated bond system. The barrier to internal rotation of
the methyl group and the steric configuration of the heavy
atom skeleton of the molecule have been determined. The
results of most previous work on CQ-C—-C#_C systems have in-=-
dicated that the.most stable configuraqion is with the double
bonds trans to each other, and all atoms except for two methyl
hydrogens in a plane, Because of the different nature of the
conjugated system (CamC==C==0) in methyl vinyl ketone, it was
hoped that some other steric isomer might be observed.

Chapter II presents a study of the very complex'rotational
hyperfine spectrum of the molecule 14N160170, 8 stable free
radical with two nuclear Spins, The purpose of the study is to
determine the Fermi and dipole~-dipole coupling constants of the
17 |

0 nucleus with the odd electron, These constants are related

-

to the character of the odd electron orbital in the vicinity of
the oxygen nucleus, The combined results of this work and

previous determinations of the dipole moment and spin-rotation

gl
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and N Fermi, dipole-dipole and quadrupole coupling constants

may be used as a severe test of any proposed wave mechanical
- descripiion of chemical bonding in ﬂit;ogen dioxide,

Chapter III presents:. the results; to date, of the use of
a new microwave spectrometer for the study of simple unstable
'moleculeg. It is hoped to gain somé informati;n about the
'physicgl properties bf ;he intermediétés in chemical reactions,
A fast-flﬁw,‘high-frequency, video spectrometer with a free
space absorption cell has been constructed, but as yet no new

chemical species have been. identified,

/"i



CHAPTER 1I
MICROWAVE SPECTRUM OF
METHYL VINYL KETONE

INTERNAL ROTATION

The presence in a non-rigid molecule of a functional group
with an axis of 3-fold or higher symmetry allows the possibility
of an 1n£erna1 torsional motion which may be treated as a special
caée'of rotation-vibration coupling. This type of motion is
generally referred to as internal rotation. .If thg barrier to
this motion is sufficiently low, the interaction of toréion
and overall rotation in a molecule is noticed in the rotational
spectrdélof the molecule., In the case of a molecule wigh a
3-fold symmetric group the triple degeneracy of the rotational
energ& levels associated with‘a particular vibrationai state
,Mﬁp partially removed and rotational transitions appear as
‘ JQESIefs. One component of the doublet belongs to the non-
degenerate A representation and the other belongs to the
doubly~-degenerate E representation of the 03 symmetry group.
‘The spacing of these doublets is dependeht on the magnitude of
rotation-vibration coupling, and hence on the barriér to
‘internalhrétation.

.The theoretical treatment of internal rotation has ré-
ceived much attentionl and is adequate for most molecules,

The model for the calculation is a rigid top rotating against

a rigid frame, with the symmetry axis of the top taken as the



axis of internal rotation. The origin of potential barriers
is not clearly understood. The only requirement that can be
placed on the potential function hindering internal rotation
is ;hat';t be periodic in the relative angle a between the
two parts of the molecule. 1In'the case‘éf a 3-fold barrier
the hindefing potentiél V(q) can be éxpressed as a cosine

series expansion in 3q, such as
V3 V6
V(a) = 5 (l-cos 3q) + i-(l-cos 6a) + ... . (1)

It is customary2 to take the potential function simply as
v .
V(a) = 3 (I-cos 30) .

The Hamiltonian for this system may be written 333

: 2 2
_! pz‘ !. -Pz
H,f 3 28 g /Ig + 3 (p ) /rIa + V(a) (2)
P PAI
where = 88 gnga/Ig
g = X,y,z refers to principal axes of inertia fixed

in the framework part,
P~ = components of the total angular momentum along the
principal axis,

p = angular momentum of the internal top along its

symmetry axis,

I8 = principal moments oflinertia of the entire molecule,
Ta " = moment of inertia of the top about its symmetry axis,
xg = direction cdsines of the top axis,

rIa = reduced” moment of inertia of the top, where

‘ ' 2
r=1 Exglq/Ig



The terms , _

o2u%/2r1q + vs/z(x-ass 30) B ¢))
lead to Mathieu's equation. The boundary conditions of in-
variance under q » q + 2 7 is satisfied by solutions periodic
in 2m/3 (A species) and those ﬁeriodic in 2m (E species),.

Hersdhbach's;_treatment of the high barrier case is
applicable to metﬁyl vinyl ketone., Briefly, the basis for
8 matrix representation is taken to be the Mathieu eigen-
function of (3) times the-usual symmetfic rotor eigenfuctions, -
A perturbation expansion in P is performed. Since Pz is
quadratic in the Pg’ the secoﬁd‘order terms may be combined
with the rigid rotor terms from thé asymmetric rotor part of
the Hamiltoniéﬂ. In the case of methyl vinyl ketone both the
A and E series lines fit rigid rotor spectra, Higher order
ferms in thg expansion are negligible,

Barriefé to internal rotation of methyl groups in
numerous molecules have been determined;. Atfempts to
correlate and predict methyl barriers have generally failed4.
However, méthyl vihyi ketone belongs to a series of substituted
@cetone molecules in which the barrier to internal rotation is
insensitive to the substituent group. The parent molecule,

acetone itself, does not conform to the series.

CONFORMATION

It is not practical to undertake a complete structural

determination of a molecule as complex as methyl vinyl ketone

-’
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by microwave methods. However, the steric configuration of

the heavy atom skeleton of the molecule is readily determined
by making reasonable estimates of the bond lengths and angles
in the various possible isomers and calculating the moments

of inertia of each isomer. The’rotational constants determined,
from the spectrum of a particular.rotamer will, in nearly every

case, agree with only one of the possible steric configurats~

ions,

SPECTRUM AND INTERPRETATION

Methyi vinyl Ketone was obtained from Matheson Coleman &
Bell, and was used without futrther purification. The region
7-33 Gc/sec was observed with a conventional 100 Kc/sec Stark
modulation spectrometer., Frequencies were measured to # 0.3
Mc/sec. All lines were observed at dry-ice temperature.

The spectrum appeared as widely-spaced singlet and
doublet 1lines. Aséigned lines are listed in Table I. The
lines ét 7219.9 and 11886.9 Mc/sec have single Stark 1lobes

-

to high and yere assigned as the 000 - 101 and oOO-* 111
transistions, The line at 15769.0 Mc/sec has a fast:lobe_
to low and a slower one to high frequency and was ass}gned
as the 110 - 211 transition, These three lines wefe suffi-
cient to determine the location of the entire specfrum. The

1 ~+2,2 -2 and 2 -3 assignments were confirmed by their.

.Stark effects,



_ TABLE I
Rotational assignment of methyl vinyl ketone.

VA(obs) Va(calc) "Va(obs) (Vo Ve obs  (Va=vg) caic

Transition (Mc/sec) . (Mc/sec) (Mc/sec) (Mc/sec)
000101 '7 219.9 -0.1" 0.0 0.3
%0111 11 886.9 -0.1 0.0 0.1
1,724, 13 110.4 0.0 | 0.0 0.3
151202 14 194.1 0.2 0.0 0.6
116*211 15 769.0 -0.2 " 0.9 1.0
1917213 17 777.5 -0.1 0.0 0.1
219729, 17 988.5 -0.1 0.0 0.3
257303 17 144.4 -0.4 1.0 | 1.0
2,973 . 19 524.0 0.1 0.0 0.5
20,395 - 20 727.8 -0.2 0.0 0.6
39331, 10 326.6 -0.6 AEEYRE WA | 1.5
gy, 13 163.3 -0.2 0.0 -0.1
by~ 1 14 473.6 0.2 3.0 2.8
404505 32 617.1° 0.1 1.7
514523 14 139.5 0.1° 0.7 0.9
505514 19 894.7 0.4 b 4.2
6256, 11 554.4 0.0 4.5 4.6
61565, 16 606.4 0.2 2.5 2.6
65,633 20 891.3 0.4 1.6 -1.7
TyeTps . 17 611.6 0.1 6.5 6.4
716745 . 20 714.9 . “io{s‘ | 4.4 4.6

8 The E component of this transition was not measured,
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The closely=-spaced doublets were dué to transitions be-

tween rotational energy levels which were split by torsional

vibration of the methyl group. To a good approximation, both

.the A series and the E series lines fit rigid-rotor assignments

with AA>AE, BA>BE’ and CA = CE. Componepts of the doublets
were assigned to symmetry species A or E‘by using théée'facts;

Rotational constanﬁs were obtained by least-square fitting
the A series lines tova rigid-rotor énergy level pattern. Ro-
tationallconstanés, moments of inertia and the estimated stand-
ard deviation, S, are given in Table II.

S = I:(Vobs - vcalc)z/(Nob - Npar)]1/2

where NP is the number of adjustable parameters. For a

ar
molecule as heavy as methyl vinyl ketone little centrifugal
distortioﬁ is expected for J < 10. The values of V -
vAobs probably reflect the uncertainty in measuremenzflcThe
observed moments of inertia are consistent with a structure

in which the two double bonds are tranme. Little further
structural information can be derived from the ;omehts of
inertia since there are three pleces .of informatiph in the
moments of‘inertia and twenty-four struétural parameters,

The spectrum in the region 0 = 2 appeared with single
lines without any resolution with the exception of the tran-
sition 110 - 211. This showed that the barrier due to internal
rotation is high, As no lines were assigned in the excited

states, the high J lines (J > 2) of the ground state were

studied., The splittings observed for the lines are listed in

)



gable I.
The treatment of internal rotation used was the same as

that used by Kilb, Lin and Wilson® on acetaldehyde.

TABLE IT-

Rotational Constants and Moments of Inertia® of the A Lines

L
n

‘8941.45 + .06 Mc/sec

4274 .48 £ .02

w
]

C = 2945,32 £+ .02

S = 0,29 Mc/sec

I =56.521 u * A2
a

I, = 118.231

I, = 171,586

' . « °2
Ia + Ib - Ic = IG - A =3.166 u A

aConversion factor: 5.05377 x 105 u Az Mc/sec (012 = 12.00000),

The methylvgroup axis is oriented almost parallel to the b=axis
of the molecule, This makes xa quite small and therefore the

coefficient of Pa in P is quite small. The coefficient of Pb

in P is small because Iq/Ib 1s small, As a result the P per4

turbation expansion of Herschbach3 converges rapidly and the

internal rotation splittingé are smdll. Only the terms in



v 10
Herschbach's expansions giving rise to change in the rotational
constants (AA = AA - AE and AB = B, = BE) are important., Then
AA = quAn and AB = BZFAn; where F = u2/2r1a, o = xaIa/Ia,

B = X;Iq/lb’ éﬁd AN is the difference (A minus E) of co-
efficients in the P expansion. Thus the quantities AT and

Ag may be determined from AA and AB.

| The observed non-zero internal-rotation splittings were
least-square fit to the parameters AA and AB. The calculated'

internal rotation parameters are given in Table III. The

splittings, v, - Vg Were calculated for all lines from the

4 - -1 -1 -
relation Va Vg = aAAA + BBAB' The comparisons of (vA vE)calc

with (VA - vE)obs are given in Table I. As is often the case
the uncertainty in the barrier primarily arises from the un-
certainty in the assumed value of Ia.

TABLE III

Internal Rotation Parameters

0.096 + 0,030 Mc/séc

DA =
AB = 0.349 % 0.006 Mc/sec

s = 35.2 £ 0.2% - V, = 1250 & 20 ca14To1e,
A, = 0.968 + 0.010 I, =3.164 u A2
F = 1.65 x 105 Mc/sec |

!

a .“_
V3 = 9/4 Fs

Assumed
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T 12
The electric dipole moment was determined from Stark effect

-1 1,2

007" 117 '117%12> lp172gps @nd 15,02,

transitions. The components uaz and ubz were obtained by least-

mea&surements on the 0

square fitting the observed Stark coefficients, A%, with weight-
g2’

ing to give a constant relative‘error. The observed Stark co-

efficients and the dipole moment are given in Table IV, Rogers6

gives 4 = 2.98D by dielectric measurements.

DISCUSSION

This work shows that the most stable cbnfiguration of the
m?Iecule 1s that with the conjugated system in a.trana con-
ffg;ration. No evidence was found to indicate the presence of
the c¢f8 configuration. It would be dangerous to conclude that
no other configuration exists from this negative evidence, but
it would be surprising if anogher configuration were present
in large concentrations, The structure is analagous to.the
résults of Lide for 2-f1uorobutadiene7 and taoprenea.

The barrier to internal rotation, 1250 cal/mole, islﬁery
ciose to fhat in other similar molecules1 (CHBCHO‘IISO cal/mole,

: CHBCOF 1080, CH300C1 1350, and CH,COCN 1270).

3
The discrep#ncy between the dielectric value and ﬁhe
microwave value of .18D is somewhat larger than is usually
found. Often such measurements agree within 0.1D., Because
of the sign ambiguities fesulting on taking the square roots

of uaz and ubz, there are two possible orientations of Me One

has | directed almost along the C = 0 bond,
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CHAPTER 1II

MICROWAVE SPECTRUM oF l4y169l7g

BACKGROUND

Nitrogen dioxide is a stable free radical, The study
" of the microwave spectrum of a free radical differs from
the study of a molecule with no net electron spin, The
usual pattern of energy levels associated with an asymmet=
ric rotor is complicated by the removal of ;he degeneracy.
with respect to orientation ;f electron spin, In the case
of 14N160170, there are also two nuclei with spin angular
momenta, Coupling of the nuclear spins with the electron
spin’ 'removes the degeneracy with resbect to alignment °f.
the nucledr spins, A typical rotational level 1s split
into 36 hyperfine levela (see Figure 1), The study of
14 160170 is unique in that it 1is th;‘firet polyatomic
molecule with an electron spin and two nuclear spins whose
'~ rotational hyperfine spectrum has been assigned;
_ There has been extensive work on the microwave spectrum

of nitrogen'dioxideg'IG. Analysis of the hyperfine struce

1416 15N160 and 14 16,18

ture of N 02, 2 0”70 proceeded over a.

period of 15 years in several 1aboratories. The assigne=

ment was reported by Bird et alithl1964. They give a detaile
ed account of the stepsllggding to the assignment, The

chief problems wereA; lack of prior krowledge of the magni=

tude of the hyperfine coupling constants, and the difficulty
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in settling on a uﬁiqee mathematical solution to the problem
with the limited amount of data obtainable. The dipole
moment of nitrogen dioxide determined by the Stark effect
of an 808*717 transition was reported by Hodgeson, Sibert,
and Curl in 1963

Bird et aiﬁalso discussed the magnetie coupling
constants ((O)I, (aa)I, etc,) in terms of a simplified
electronic structure, The symmetry of the odd'electron
orbital was determined and the percentage 2sN and 2pN
character of the odd electron was estimated,

The'study of 14 160170 was undertaken primarily to .
obtain similar information about the behavior of the odd
electron in the vicinity of the oxygen atom, The knowe
ledge-of the dipole=dipole ane Fermi coupling constante

for the 17

0 nucleus would then, when combined with the
previous work by Bird et aZ.l4 end.Hodgeson, Sibert,‘and
Cur117 represent a rather complete characterization of
the ground electronic state of the molecule, Previous
to this work, this much information on the ground electronie
state of any bene triatomic molecule ha& not been available,
The combined data on nitrogen dioxide should serve as a
severe test of any complete wave=mechanical description.
of chemicalgbonding in the méleculeﬂ

The rew information is not available from the study
of 160 . |

0 or 180 containing isotopes since they have no

nuclear spin,
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The microwave spectrum of 14N16o;70 was first observed

by Hodgeson16. The lines he measured are given in App~
endix IIT., 1In addition, he developed most 6f the compui
tational methods necessary to analyze a rotating asymmetric
moélecule with an electfon spin and two nuclear spins.

There was also available to this author an unpublished
spectrum of the 808“717 region with approximate frequency
markers, also obtaine& by Hodgeson. It is noteworthy that
Dr, Hodgeson also contributed greatly to tﬁe analysis

of the hyperfine spectra of 14N1602, 15N160

2’
14N160180. He was not able to continue the study of

14,16

and’

0170 in the time available to him.
This work presents an extensive study of the regions

=10

of the 808*717 and 91 rotational transitions of

9 0,10 ‘
14N160;70. The observed spectrum is shown in Figure 2.
Nearly all of the observed lines have been assigned to

14N16 17 17

0 and the 0 magnetic coupling constants have

been well determined.

THEORY

Nitrogen dioxide is one of the few chemical species
whose ground electronic state exhibits a net electron
spin angular momentum (E). Other molecules of this type
whose hyperfine microwave spectra have been investigated
are OH, S0, 0,, NO and €10,'%°22 me application of the

tensor coupling méthod to the analysié of the hyperfine
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structure of free radicals was first made by Curl -and
co~-workers on 010222; . The method 1is appropriate for a
molecule with any degree of asymmetry. It was subsequently
used in fhe final analysis of the spectra of the NO2 isomers
previously mentionedlé’lﬁt A straightforward extension of
their equations was used in calculating the new matrix

elements appropriate to the 14N160170 Hamiltonian,

In the species 14N160170 there are, in addition to

electron spin, nuclear spins associated with the
176 (Ii = 5/2) and 14N (I2 = 1) nuclei. 1In ;he absence
- of coupling between spin and mechanical angular momenta

(E) the molecule would have the usual pattern of energy
levels associated with an asymmetric rotor. However, the
Interaction of rotation. with electron spiﬁ removes the
25+1 (two) fold degenerecy with respect to orientation of
electron ;pin. Furthermore, the interaction of nuclear
spin with electfon spin and the interaction of the nuclear
quadrupoles with their fieid environments remove the.
211+1 (six) fold degeneracy with respect to.alignment of
the 170rnuc1ear spin and the 212+1 (three) fold degeneracy'
14

with respect to alignmeht of the “'N nucleus, The re=~

sulting hyperfine levels for a typical rotational energy
~level are indicated in Figure 1.
The calculation of the hyperfine splitting of a

rotational energy level is carried out in three steps,



First, an effectivg Hamiltonian is derived, Next, a
coupling scheme for the anéular momenta is chosen.’ Th;s
1s equivalent to choosing a setzof basis fﬁnctions for
computing the Hamiltéh?an matrix. Lastly, the matrix
elements are calculated and Hamiltonian mat?ix is

diagonalized,

'The Hamiltonian for a system with rotationél, elect=-

ronic and nuclear spin .states has been discussed by several

authors. Curl and Kinsey23 have given the operators in
spherical tensor notation which is appropriate for the

tensor coﬁpling method used here. The Hamiltonian has

the form : *

H = uo+u8r+udd(1)+nf(1)+nq(i)+ndd(2)+nf(2)+uq(2).

Ho is the asymmetric rotor Hamiltonian. Hsr is'the
operator describing the iﬁteraction of electron spin ;nd
mechanical rotation, Hdd+Hf describes the interaction of
* the nuclear and electfon magnetic dipoles, Hq is the
nuclear quadrupole term, The nuclear fnteractions'are
written separafely for the 170 and 14N nuclei,

The explicit form of the Hamiitonian is‘céntral to
the solution of this problem, and it is presented here
for completeness, It is discussed in detail by a number

of author323-25.

Ho is the Hamiltonian of a rigid asymmetric rotor and

is given by

19

(4)
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2 2 2
Hy = AN, “+BN, “+CN_ (5)

. Where A, B, and C are the rotational constants for a rigid
molecule, Na’ Nb’ and Nc are the operators associated with
overall rotafion about the principal axes of the molecule.
The eigenvalues of Ho are kndwn26.

The Hsr term has been derivéd by Van Vleck27. The no-
tation of Curl and Kinsey23 is used here. There are signifi-
cant first and second order contributions, The first order

effect is the direct interaction of rotation and electron spin

magnetic dipoles. The second order effect arises from two

sources.

Hsr(a) = -Z(ANaLa+BNbLb+CNch)’ (6)
where L is the total orbital angular momentum, This occurs
because the rotational energy of the molecule is ARag+BRb2+CRc2,

where Bl= N-L. The other second orQer term 1is

Hsr(b) = Ehsj.sj ’ (7)
where hsj is the spin-orbit coupling operator for electron j,
The second order terms are off-diagonal in electfonic energy.
After a Van Vleck transformationzs, the ground electronic
state is associated with a Hamiltonian thch haé the same form
as the first order term, The ‘effective spin-rotation Hamil-

tonian is thqn

Hsr(eff) = AsNasa+BsNbsb+cchsc (8)

The inetraction between electron spin and nuclear spin

is the result of the two terms Hdd+ﬂf « There is
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the classical energy 6f interaction between two dipoles,

_ $°I . 3(1'r)(s'r)

r r

where 81 is the nuclear g factor, gg is the electron g

factor, My is the nuclear magneton, Mg is the Bohr magneton,

-and r is the radius vector of the electron with respect to

the nucleus, The other term, Hf, may be-thought of as
arising as a correction to Hdd because the classical ex~-
pression is derived assuming a finite distance betwéen the
interacting dipoles, This is not correct for the case of
an electron in an s orbital. There is a non=-zero probability
that the electron will be at the nucleus (r = 0), The
correction term is called the Fermi, or contact term, and
has the form
He = -anlsgIsSuNuBI‘!.(O) "2'(‘2"-?) (10)

with un>0 and uB>0.

Hq arises from the interaction of.fhe nuclear electric
quaarupole moment and the gradient of fhe giectric field

at the nucleus, It has the form

2 2 2
-eQ 2°V . 2.3°v _ 2 3% . 2
21(21-1) Laz' I +ab'2 I, *acz'-lfc ] (11)

where e is the electronic charge, Q is the quadrupole
moment of the nucleus, and V is the potential field at
the nucleus du; to electrons,

The terms Hsf’ Hdd’ Hf, and Hq in (4) are referred to
as the hyperfine Hamiltonian, The form of the terms pre=-

sented here is for a molecule with CZv symmetry. For the



molecule 14N16017

‘22

0 the symmetry is slightiy broken, The

justification for this approximation is that, within ex-

perimental error, the observed hyperfine spectrum can be

analyzed using (4).

This was also the case in C1

35016018

The coupling constants which may be determined from

the spectrum of

notation of Curl and Kinsey23

14N16017

0 are listed in Table V.

is8 used,

TABLE V

The

22(b)»

Hyperfine Coupling Constants and the Hyperfine Hamiltonian®*©

Hsr = AsNasa+BsNbSb+cchsc
Hig = (aa)IIaSa-f-(bb)IIbSb+(cc)I;cSc
(aa)1+(bb)1+(cc) = 93? 2 d
(aa) . = =g g .M .M <? 2
I “8°1IMB™N ri;Z av
(bb)I = -8SgI“B“N<?-3rb
T av
a 2
=3r
(CC)I = -gSquBHNC———'sc >
_ . T av
Hf = (0)1(1-,'2) ,
' "2
2 2, 2
Hq = (aa)QIa +(bb)'QIb +(cc)QIc

(aa)Q+(bb)Q+(cé)Q =0

(aa)Q =

3%y
2a?

-e
I-1

;“B?oauN>0



P
=

23
TABLE V (continued)

Hyperfine Coupling Constants and the Hyperfine Hamiltonian®*¢

(bb)Q = -eQ 3%V
21(2I-1) aE2
(¢C)Q = ~eQ v
21(21-1) 3 2

% The ngéation of Curl and Kinsey is used.

bThe spin-rotétion coupling constants depend on the
electronic structure of the molecule, including excited
states. See Reference (23).

®The subscript I and subscript Q parameters may be de=-
termined for 14N and 179,

The f,, f,, f'c are unit vector components from the nucleus
to odd . electron,

Thé choice of a set of basis functions is complicated
by thg presence of two nuclear spins, Let us first con=
sider a molecule such as 14N1602 with one nuclear spin,

If the rotational, electronic, and spin wave functions are

combined in a manner which'makes the complete wave function
an eigenfunction of the total angular momentum F, then the

Hamiltonian matrix will be block diagonal in F (since ———
[HF ~FH] = b). F is the resultant of E} S and I, fhere

are three possible schemes for forming F. They are:

+

= oo o
n
o 1

o =
[}
H|olm e

1, J scheme = J;

2, G acheme :

+
+
+

+ +
m o i

3, E scheme

[ |
im

= = lg
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The scheme to be chosen dépends on whiéh term in the
Hamjiltonian makes the dominan% contribution to the magnitude
of the hyperfine splittings, With the choice of coupling -
scheme is impiied a prescription for writing the basis
function, For the J scheme the basis is, in Dirac no-
tation, |

NzT S JIF MF> .

Tﬁe symbols imply the eigenvectors of the set of operators
N2, 82, Jz, 12, Ez, and Fz' Expérimentally, it is found

that the J scheme is appropriate for all the observed
14,16, |
2 * .

O the spin-rotation interaction is also

transitions of 0

14N16 17

In 0
the dominant term in the hyperfine Hamiltonian., But the
presence of spin angular momentum assbciated with 170»
(which we now call Il) leaveé an ambiguity in the coupling
scheme which may be described as

F

1 scheme + ﬁ =

[

; J+1,=E;3 E +1,-
+ 5 = J; d+1,=Ey; E,+1,

The choice of F1 or F2 coupling is nearly arbitrary-since

XN
N

i
" K

F2 scheme

~the magnitudes of the hypérfine parameters related to
nucleus 1 and nucleus 2 are expected to be similar, The

.Fl scheme 1is chosen for convenience in calculating the
second order spin-rotation dipole=-dipole interaction, which
is found to be important for the 17O-nucleus. This in- \
feraction 1s discussed below, The basis function aésociated

"with the Fi scheme is
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NTs JI, F, I, FM> -

171 "2 |

where T is the asymmetric rotor quantum number. The fact

thatsthere is no clear basis for choosing between the F1

and the F, coupling schemes sﬁggests that there will be

strong mixing of the two schemes, It then’is to be ex=-

pected that transitions will occur in which AN = AF * AFI'
The calculation of the Hamiltonian matrix elements

is carried out using the tensor coupling method, This

method has been successfully applied in analyzing the

hyperfine spectra of 35c116oz, 37c11602, 350116018y 14N,1602,
22,1

15N1602, and 14N16018o ’™7. Original developments in

the application of the theory of tensors t& the coupling'

of angular momenta were made by Rac'ah29 and Wigner30

Eélmonds31 has given an extended treatment of this topic,
The first application of the method to the treatment of

hyperfine structure in molecules is found in the works of
22(c), 23

Curl -and Kinsey Their paqufon the calculation
of matrix elements of the hyperfine Hamiltonian is a
primary refefence for this work, A brief discusgion of the
method is given below, | |
The‘operatorsvin the Hamiltonian are exp;essed as
spherical tensor operators, Curl and Kingey23 have done
this fof all the operators of interest here, and have also

glven some useful relations between spherical and Cartesian

tensors, The matrix elements of the hyperfine Hamiltonian
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are calculated in the uncoupled scheme and the elements in
the coupled schene are obtained by the use of vector re-

coupling coefficients,

Any interaotion term in the 14N160170 Hamiltonian can

be expressed as

{[T(k YxU(k )] "Lk )} x;Z(ka) - X(k) (12)
By this is meant that a tensor of rank k, I(k1)’ couples
with a tensor of rank k2, E(kz), to give a resultant of

rank k12' V(k ) then couples with

[T(k )xU(k )]k

to give a8 resultant tensor of rank k123. The tensor X(k)

is the resultant of coupling of Z(k4) with the resultant

of rank k123. .
In the F1 coupling scheme E(RI) is related to .the
operator Nz, E(kz) to 82, !(ks) to 112, E(ka) to 122 and

The equation (13) relating the matrix elements in the
uncoupled scheme to those in the coupled scheme iq'ob-
tained directly by another itoration of equation (2) of
reference (23) using equation 7.1.,5 of Edmonds' bookal.

| <N'TUSIVILF LF [[X(k) |NTSIT,F I, E>
= [(2F+41) (2F'+1) (2Kk+1) (2F, +1) (2F, ' +1)

(2k123+1)‘23+1)(1J'+1)(2k12f1)];/2.

(continued on next page)
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]
1 F1kyos) 55 ok

.
) 12 Ny ,
2 Tak ¢ 1Tk P Sk,
|} ]
F ok S S I O (13)

<N'T'”g(kl)"N¢><ng(k2)”s><11Hg(k3)H11>

<1, |z (k,) [I1,>.
This expression was first obtained by Hodgeson16. :The terms
in curly brackets are Wigner 9j symbols. Edmonds31 has given
uséful,relations for evaluating the 9j symbols, In particular,
i1f any of the k's are zero the 9j reduces to the producf of
a 6j s&mbol and a simplé function of elements of the 9j. The
doublevline implies that the quantity is a réduced matrix
element, They are relate4 to the actual matrix elements

by Wiéner 3j symbol, For example,

R X
M F F

<F'[|X(k) |F> = (-1) <F'M'F|xcg;§ﬂFMF>: (14)

F' k FY?
=M'F Q MF‘ » Where

X(k,Q) is the ch element of the rank k spherical tensor.
The Hamiltonian matrix 1s nearly block diagonal in
the rotational.quantum number N, The matrix elements off~-
diagonal in N can be reduced to fourth order in the energy
by application‘of a Van Vleck perturbationza. When'this
1s done, the matrix elements associated with block N have

o

the form (Fl coupling scheme)
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!
, P>

<NTIF|H|NTJ'F
= <NT|H°lNT>+<NTJF1F|HIINT{LF

'
1 F>
'

X ’ "now on ] LU T 1) " ] ]
z <NTIF FIH, [N 7 3 F F><N 7 J Fo Flu,|nrg 7 > |
(L T ] [} .
" L -
N'£ N, E(NTJF,F)-E(N T J F, F) (15)
" "

3, Fy

+h

. " on ” " o n " ]
<NTIF,F|H [N T 3 F,  F><N 7 J F, FIH |NTI F

]
F>
+ 1

1 )

where H is the total Hamiltonian, Ho is the asymmetric

T wonon
E(NTJ F1 F)-E(N T J.F

rotor Hamiltonian, and H1 is the hyperfine Hamiltonian.
The energy is expected to be correct to second order in HI/AE.
The first two terms in (15) are diagonal in NT. The

matrix elements, diagonal in NT, associated with nucleus 1

22

are the same as those previously used for the work on ClO2

and Nozla. Nucleus 2 matrix elements diagonal in NT were

first calculated by Hodgeson16, and are given in Appendix I.

Terms in the summation are all much smaller than the.
first two terms in (15) because of the large energy _ -,

denominator, It can be shown for the parameters obtained

14N16 17

for 070 that bnly a few terms in the summation over

" " "
N, J, F1 contribute significantly to the hyperfine
spectrum within the accuracy of”ou; measurements., These
"correction" matrix elements are of the type AN = 1, AK = 0,

The calculation of these matrix e lements may be simplifjed

by ignoring the slight asymmetry of the molecule and using
32

the Wang symmetric top basis

e
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|NK_1YJF1F>, where

INR_,v> = J;—_[|NK_-_1>+(-.1)Y|N-K_1>] .

A further simplification of (15) is made by recognizing that

- E(NTJF F) E(N T J F F) =] (16)

" " n
E(NTJrF1 F)-E(N.T J F1 F) &= E(NT)=E(N T )
When Hl is written as Hf(l)+Hdd(1)+Hq(1)+Hf(2)+Hdd(2)+Hq(2),

17

with the number 1 terms related to the 0 nucleus, the

significant contributions ;o'the summation in (15) are;

g . 2
E+=|<N+1K_1yJF1F|HsrINK_lyJF1F>|
E(NT) ~E(N+1T)

’

12
E_=|<NK_lyJF1F |Hsr|N-1K_1yJF1F>|
E(NT)-E(N=-1T)

e+=

L] ] '
2<NK_1yJ+F1F|Hsr|N+1K_1Y J,FF><N+IK_,y J F F|H aa(V |NR_ y3 F 1F>

E(NT) =E(N+1T)

e_wme, with N replaced by N-1 and J+ replaced by J_, and

3*2

1 ( ‘
<NK_lyJ+F1F|H8r|N+1K_1y I, P P><N+IK oy J+F1F|Hdd(1)|NK_1yJ_F1F>

E(NT) -E(N+17T)

+

<NK_,YJ,F F|H, (1) |N-1K_ 1Y ' JFF><N-1K .y J F F|H ¢ INK_YJ_F F>
E(NT)=-E(N=-1T)

where J+ = N+S and J_ = N=S, The matrix elements off~-

diagonaf'in N are given in Appendix II. For the molecule

. 010222(b) it was also necessary to include all but the e

+
term in fitting the hyperfine spectrum,
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TABLE VI

Magnitude of Various Contributions to the

Hyperfine Structure of the 7 Level

17

9x10° Mc/sec

E ==
(o]
E .. = 200
E;(2) = 70
Eg(1) = 35

Edd(l) = 10
ELE_= 10
Egq(2) = 5
Eq(Z) = 2
e, .,e_= 1

€t
E (1) = 0
4 (1)

4 The hyperfine quantities are intended to represent average

values, and may not be correct for any particular hyper-
fine level,
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The magnitude of the contribution from each term in
(15) is indicated in Table VI for the 717 rotational level,
which is typicai'of the two rotationai transitions studied
here,

In the F1 cqupling sgheme the hyperfine Hamiltondian
matrix of dimension 36x36 associated with a rotational
level N (for N24) factors into 9 subblocks. They are of
dimension 1x1, 3x3, 5x5, 6x6, 6x6, 6x6, 5x5, 3x3, and 1x1
for F equal to N+4, N+3, N+2, N+l, N, N-1, N-2, N-3, and
N=4 respectively,

The computation of matrix elements and diagonaliza-~
tion of the Hamiltonian matrix were carfied out on the
Rice University Computer, in the assignment of inter-
mediate quantum numbers to the calculated eigenvalues, a

complication occurs in 14N16017

0 which does not exist for

- the NO2 isomers with only one‘n;clear spin., 1In the case

0of the larger subblocks of the Hamiltonian matrix it is

not clear which values of the intermediate quantum numbers
J and F1 correlate with the eigenvalues obtained after
diagonaliz?tion. This is equivalent to saying that the
off-diagonal elements in the matrix are large enough to
cause a significant mixing of coupling schemes, The inter=-
mediate angular momenta are no 1o;ger constants of the
motion and the quantum numbers J and F1 have no meaning.,

To,distinguish eigenvalues in the same F subblock of the

i
Hamiltonian a number, )\, is assigned to the elgenvalues,
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with A =1 for the : loyest, etc.‘ The pseudoquantum
number )\ always uniquely distinguishes the eigenvalues in
a subbloék F, since states with the same symmetry ﬁay not
cross,

Many of the matrix element calculgtions vere programmed
by Hodgeson16. Programs to compute 6j and 9j symbols wére
written by Mr, E, E, Sibert, ‘A spectrum plotting routine
was written by Mr, Neal Rachlin, The line intensites are
plotted against frequency to provide a useful means of

comparing observed and calculated spectra,

EXPERIMENTAL

A 50 cc-atm sample of oxygen containing 55.45%}70

was obtained from Yeda Research and Development Co,,

Rheovoth, Israel, 14N160170 is prepared by the reaction

2 14N160 + 1702 -2 14N160170.

The reaction is rapid and complete., The equilibrium

2 NO, = N_O

2 274

is present, Spectral measurements were made at dry=-ice

2%+
It was necessary to renew the sample at about five minute

temperature, where the equilibrium strongly favors N

intervals because'of chemical reaction with the waveguide.
A conventional 100 kc/sec Stark-modulated spectro=-
meter was used. The klystron was mechanically driven at

- approximately 7 Mc/sec/min, The output of the phase
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sensitive detector was displayed on a 'strip chart recorder,
Frequency measurements'were made by calibrating the funda-
mental of a Gertsch model FM-4 microwave frequency multi-
‘plier with a Hewleft-Packard model 5253A 100-500 Mc/sec
frequency counter, and beating the output of the Gertsch
with the klystron radiation., The beat note was detected
on & 0-35 Mc/sec radio receiver. Markers corresponding to
the beat note were spaced at approximately 2 Mc/sec inter=-
vals on the recorder tracing., Line frequencies were measur-
ed by linear interpolation between markers. Frequency
measurements are believed accurate to % 0.3 Mc/sec,

Thg signal to noise ratio of the strongest line 1is
"approximately 20 at the maximum sensitivity of the spectro-
meter, The spectrometer is not s@itable for making reliable
relative intensity measurements of widely space§ lines,
However, the crude, strong line-weak line, intensity com-
parisons which could be made were very useful in seeking

an initial assignment,

SPECTRUM AND INTERPRETATION

The rotational constants of 14N160170 were calculated

by the use of Kraitchman's equations33 from the rotational

14,16, 1%
constants and r, structure of N 02 « They are

A = 237617, B = 12608,87 and C = 11950,51 Mc/sec., Using

~ these rotational constants, the rigfd rotor spectrum of
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14.16,17

N""0"'0 was predicted, The 8, .=7 transition lies at

08 "17
19,91 and the 919~100 10 &t 34.46 Kmc/sec. There is known

’
.to be a slight shift (~=20 Mc/sec) of both of these lines
due to centrifugal distortion,

In the region 19,4-20.4 Kmc/sec some 130 lines have
been observed and in theiregion 34.2-34,6 Kmc/sec some

60 lines have been observed, In general, the 8, -7

08 17
region appears to be a mass of very closely spaced'lines,
with only one prominent feature, A 1line stronger than
any other by about a factor of two appears at 20153.6 Mc/sec,
The 919-0100’10 region appears to have an approximate center
of symmetry at about 34,46 Kmc/sec, This suggests that J
scheme coupling.is fairly pure for this transiti&h; and
that the two subbands correspond to N+S and N-S levels,
The observed épectrum is plotted in Figure 2, and the
assigned lines are given in Table VII.

The assignment of the lines was greatly simplified by
the availability of the spin-rotation coupling constants

for 14N1602 and 14N160180, and the Fermi, dipole-dipole

14N nucleusl4.

17

and quadrupole coupling constants for the

Additionally, the quadrupole moment of the 0 nucleus is

known to be nearly zer034, forcing the 170 quadrupole
coupliﬁg constants to be small, There are then only three

parameters for which good initial estimates are not avail-

able. They are the Fermi and dipole-dipole coupling
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17

constants of the 0 nucleus,

An initial assignment of the 808-—0717 transitions was

made using the lines measured by Hodgeson16. The predicted
808~717 spectrum is such that for nearly all reasonable

17

values of the O coupling constants, the F 12411, )\1-1

transition is stronger than any other line by a factor of
2, The observed spectfuﬁ aléo has a similar line at about
the same frequency, Hodgeson16 corgectly assigned the

~F 12411, A1-1 t?ansition as the line he measured at
"20154.1 Mc/sec., An analysis of the'relatiQe location of

F 10-+9)1~2, F 11-1012~3 and F 11-10)1-2 transitions with

large changes in the 17

0 coupling constants revealed that
they were likely to be the lines measured by Hodgeson at
20113,.2, 20181.8, and 20219,.3 Mc/sec respectively. A least
squares fit on the unknown 170 parameters using fhese four
lines yielded a spectrum which accounted for most of the
lines observed by Hodgeson., With good starting values for
all the hyperfine parameters available the assignment shown
in Table VII was made,

The method used in refining the new 170 coupling
constants to best fit the observed spectrum is somewhat
indirect, 1In spite of the fact that there are hany more
observations (al50) than there are parameters to be de-=
termined (15), it is not possible to find a unique mathe-

matical solution, The linear combination ~2AS-Cs is
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essentially undetermined from our data and this is reflected
as a large unce;tainty in these parameters Wheﬁ a full least
équare analysis is performed.

In view of the fact that the subscript s parameters are
known for 14N1602 and 14N160180, a way to refine our data
would be the usual least square techniquess, but with the
subscript s parameters fixed, This method has certain dis=
advantages in that errors in the values taken for As, Bs,
and cS will cause errors in the determination of other
hyperfine pafameters. There was available to this author
a diagnostic technique for dete?mining the sources of poor
covergence in a least square fit., The method is due to

R. F, Cur136. A brief description is given in Appendix 1V,

¢



TABLE VII

HYPERFINE ASSIGNMENT OF 14N160170

8, o7

08717
F'wF A'ﬂx ' vobs(Mc/sec) vdalc-vobs(Mc/sec)
12411 1-1 20 153.6 C s0.7
1110 3.1 19 455,8 +0.1
33 19 772.7 v +0.3
1-1 20 014,4 0.0
22 20 069,9 : +0,2
23 20 181,9 . +0,2
1-2 20 219,1 H +0.4
109 52 19 408.3 =0.1
4=1 19 463,2 | +0 .4
53 19 549,0 . 0.0
43 19 666,2 | 0.0
54 19 672.0 +0,1
341 19 _786.5 +0.3
32 19 848.7 0.0
b5 19 853.4 0.0
241 19 937.9 40,2
141 20 051,3 0.0
122 20 112,9 . +0,3

34 20 112,9 | -0.3



TABLE VII (continued)
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8 7

HYPERFINE ASSIGNMENT OF 14N160170

08”17

F oF x'—')\ Vopg (Mc/sec) Vealc " Vobs (Me/sec)
243 20 140,.8 -0.2
345 20 176.5 +0.2
1-3 20 253,8 +0,1

948 52 19 433,0 -0.2
6-3 19 458,2 -0.3
41 19 481,8 +0.3
42 19 542,4 -0.1
543 19 561.7 0.0
6-4 19 596,3 -0.5
65 19 649,0 0.0
43 19 671,2 +0,1
544 19 699.4 +0 .2
545 19 752.7 +0.1
21 19 881,6 +0.2
46 19 913,0 +0,2
3.3 19 916,1 +0,1
242 19 942.4 ~0.4
1~2 20 048,8 ~0.1
34 20 054,0 0.0
35 20 107.3 0.0
36 . 20 158.2 0.0



TABLE VII (continued)

HYPERFINE ASSIGNMENT oF 1*N16917¢

8087717
F -F x’-.x ' Vopg e /sec) Veale " Vops Mc/sec)
2.4 20 208,8 0.0
246 20 312.8 ' +0.1
144 20 315,9 0.3
87 6-43 19 492,5 " +0.1
4-1 19 504,5 40,3
b4r2 19 563.8 0.0
5.3 19 589,1 +0,1
443 19 689,8 +0,1
6-5 19 715.2 +0,1
54 19 755.7 - -0.3
545 19 811,5 +0.3
241 19 839.5 0.0
b6 19 957.8 - +0',2
- 1-42 19 997.3 +0,1
2.3 120 024,7 0.0
3.5 20 086.0 < 40,1
1-3 20 123.6 0.0
36 20 131.5 ' 0.0

24 20 191.0 - 0,0



TABLE VII (continued)

HYPERFINE ASSIGNMENT oF l“ny16017¢

8087717
F'*F k'*k vobs(Mc/Sec) vcalc-vobs(nc/sec)
76 42 19 586.0 0,0
543 19 621,2 -0.2
43 19 711.7 +0.,1
64 19 713.6 0.2
241 19 808.3 +0,5
55 19 859.4 +0.1
4t 19 893.1 +0.1
1.2 19 954.9 -0.2
46 19 990.6 +0.2
34 20 000,2 +0.2
345 . 20 057.6 -0.2
1-3 20 080,4 +0.1
3-6 20 097.3 +0.6
24 20 173.4 -0.3
245 20 230,4 -0,2
144 20 261,8 ' +0.1
ul 145 20 318.9 +0,1
6-5 * 53 19 573.3 -0.4
342 19 612,7 -0,2

43 19 655.3 =0.4



TABLE VII (continued)

HYPERFINE ASSIGNMENT OF 14N160170

8087717

F'*F X'*A | vobs(MC/sec) Vcalc-vobs(nclsec)
3-3 19 739,2 -0.1
241 19 788,6 +0,5
55 19 818,9 +0.1
22 19 842,9 | 0.0
1-2 19 918,4 -0.3
34 19 928.,9 0,7
345 19 985,6 0.3
2445 20 215,6 0.1
14 20 233.9 0,3

54 32 19 615.0 -0.2

' 2.2 19 693.0 -0.1
343 19 807.5 0,1
1-1 19 885,5 . =0.3

1-3 20 205,8 0.2



TABLE VII (continued)

HYPERFINE ASSIGNMENT oF l4n16017¢

9197109 10
1 PR ’ o
F -F A =)\ vobs(Mc/sec) vcalc-yobs(Mc/sec)
13414 1-1 34 248.9 ' -0.1
1213 1-1 34 277.2 +0.1
242 34 292.1 +0.2
343 34 599,2 -0.2
1i512 241 34 201.6 0.0
1-1 34 256.9 - +0.2
343 34 327.7 ' 0.0
12 34 371.5 +0.1
4-04 34 562.7 -002
1011 43 34 198.6 -0.2
32 34 207.7 ' +0.1
241 34 238.4 ' 0.0
1-1 34 298.3 +0,2
2442 34 348.9 ' +0,1
3.3 34 356.0 +0.1

544 34 469.9 +0.1



TABLE VII (continued)

HYPERFINE ASSIGNMENT oF 14y16917¢ -

919719 10

uF'”F - Vopg (M€ /sec) Vealc "Vobs (Me/sec)
bty 34 531,5 : - 0.0
65 34 541.2 0.4
5.5 34 583.2 0.0

910 32 34 225,0 0.0
241 34 269.6 40,3
1.1 34 330.9  40.2
242 34 375.5 40,1
3.3 34 377.9 0.2
1-2 34 436.6 +0.2
5 -4 34 444,7 +0,2
545 34 552,8 +0,1
6-6 34 605,8 . -0.1

89 241 34 297.3 0.0
43 "34300,7 +0,2
1-1 34 356,0 0.0
33 34 393,4 -0,2
22 34 397.2 0.6
5 -4 34 428.2 -0.1



TABLE VII (continued)

HYPERFINE ASSIGNMENT OF 141‘1160170

44

91971% 10

F oF - A'-»A Vopg Mc /sec) calc Vops Mec/sec)
6 -5 34 480.6 -0.1
A 34 483.4 0.0
55 34 530.5 0.0
66 34 575,2 0.0
34 34 576.2 -0,2
45 34 585,5 +0,3

78 241 34 322.6 ~0.1
1-1 34 372.7 +0 .3
242 34 b14,6 +0.2
43 34 423.,3 -0.1
54 34 465.2 0,2
3.3 34 509,0 0.0
A 34 520,9 +0.1
545 34 554,8 0.0
344 34 606.9 -0,2

67 11 34 377.9 +0.5
322 34 461,2 ) +0,1
242 34 542,8 -0.3
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TABLE VII (continued)

"HYPERFINE ASSIGNMENT ofF l4n16917¢

919719 .10
1 ]
F «F D Vops (Mc/sec) Veale "Vobs (Mc/sec)
3.3 34 547,5 0.0

56 1-1 34 566.3 -0.3
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The diagnostic method is extremely helpful in the
analysis 6f the data reported here. The eigenvector}

. corresponding to the smallest eigenvalue of the system of
normal equations associated with our data is concerned
primarily with As and Cs’ with Bs to a lesser extent, and
to a very slight exteﬁg with the rémainder of the hyper-
fine parameters,

We therefore have very good estimates of the sub-
script I and Q hyperfine parameters determined by our data
without carrying~out a full least squares analysis. The
final parameters obtained are given in Table VIII, along
with the most precise values of thé 14N coupling constants
availaBle from work on other isomers of nitrogen dioxide37.

The uncertainties quoted ae were obtained from the mean

st
standard deviations (S) and the variances (Bii-l)in the

'li
parametersy 0 . = ?(Bii )E. |
The errors (calc-obs) in the assigned lines were ob-
tained uéing the parameters in column two of Table VIII.
Calculated frequencies were corrected by a constant term

which accounts for centrifugal distortion and small errors

in the rotational constants, .o
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_TABLE VIII
Lees, et al.? This Work Combined d
;4N1602 Basis 14N160170 14N1602 Basis
(Weighted)
b Mc Mc
B, b '7.65£0,02 7.65£0.02
c, b -95.240.07 -95.24+0,02
(01 (17p, ¢ -63.76£0.03 -63.76+0,03
(aa)1(170)° 50.48+0.08 50.48+0.08
(cc)1(170)° . 55,85+0,10 55,.,8540.10
(0) (lby, 147.2740.03 147 .28+0.05 147 .27+0.03
(aa)1(14N) -22,23%0.07 -21,9320.14 -22,23+0,07
(ce)p l4yy  -17.60%0.08 -17,00£0.24 -17.60+0.08
(aa)Q(17o)c -0,20240.014 -0.202+0.014
(cc)Q<17d)c -0,009+0,016 -0.009+0.016
(aa)Q(14N) 0.36+0.06 0.41+0.08 0.36+£0.06
8 Reference G7).
b

As’ Bs’ and Cs are poorly determined by our data, See

text,

Spin-rotation and

Reference

No adjustment of

14

Not determined from previous work,

N coupling constants taklen from

37), 119 coupling constants from this work,

the slight asymmetry of 14N160l70,

0 parameters was made to correct for
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DISCUSSION OF THE MAGNETIC COUPLING CONSTANTS

*

A complete intérpretation of the hyperfine coupling
constant§ in nitrogen dioxide must await more exact
quantum mechanical célculations than are available at
present. However, it is possible to make some comfments
about the general nature of the odd electron orbital
in the vicinity of the oxygen’nucleﬁs.

The molecul#r symmétry of NO2 corresponds to that
’of the sz point group. ~Hijikata, Lin, and B.airds8
have analyzed the data from microwave and electron spin
resonance spectra of NO2 and concluded that the odd
electroﬁ orbital has the symmetry of the a, (fully sym-
metric) representation. Bird @t aZ.lé'have interpreted
their valuéé of (0)1(14N), (aa)I(l4N) an; (cc)I(14ﬁ) as
indicating that the odd eleétron orbital'has 9-10% 2s
character and between 26 and 52% 2p character on the
'ditrogen atom, directed along the axis of symmetry.

The Fermi constant (0)1(170) can be interpreted
in terms of the 2s character of the odd electron on
oxygen, To estimate the 2s character we need only the
magnitude of |‘i’(0)|2 for an idealized 100% 2s oxygen
electron., This may be obtained approximafely from a
Hartree-Fock .25 atomic oxygen orbital. This approach
was also useq by Miller, Townes, and Kotani39 in inter-

preting the Fermi constant of 160170.' Their value of
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(0)1(170) is =56 Mc/sec and is<§omparab1e to our value of
=63.76 Mc/sec. Both indicate that the odd electron has
2-37% 2s character on the oxygen atom.

To estimate the 2p character of the odd-eleétron
orbital on oxygen, calculation of the oxygen dipole-
dipole constants for an idealized 100% 2p oxygen orbital
is nee&ed. The value of_<ié> = 2'9x1024 cm-s,26 based
on &8 pure 2p in atomic bxy;en, is used here. Our value of
(c°)1(170) indﬁcates approximately 45% 2p chafacter on
oxygen,

In view of the extehsive data now available on the
hyperfine coupling constants in nitrogen didxide, a LCAO-MO
can be estimated for the odd electron. A 2s 2p approxi-
‘mation similar to that made by Fischer4Hjalmar840 on 03 is

used, To facilitate comparison with her calculations we

adopt the basis

Cq; c
Y(aal) = 1é[25‘01)+28(02)]+0229(N)+_33![(2pb(01)+2pb(02)]
+cazpb<N)+Eét<zpa (0,)-2p,(0,)1,

where a and b refer to the inertial axes of the molecule,

From the estimates discussed above, we obtain C 2

1
,2 = .09, c32 = .88, 042 = .45 and C;% = ,03. For the

4a1 orbital of o zone, by a LCAO-~SCF-MO calculation, Fischer-

Hjalmarsao obtains

2 . 2
c,” = .0061; c,

= .06,
C

2 2 2

= .0275, ¢;° = .920, ¢,“ = 218, and ¢;° = .054,

3

-



Curl41 has constructed a set of LCAO-MO orbitals
assuming sp2 hybridization aﬁd equivalence of 1-e1ectr9n
Coulomb integrals, and used them to discuss the hyperfine
coupling constants in Cloz. The coefficients of his 4a1
orbital may be placed on our basis by assumingla bond
angle of 120°, Then
=0, c22 = .17, ¢, = .38, ¢,? = .33, and ¢, = .13,

This simplified orbital appears to give less good agree-

c

ment with the observed coupling constants than does the

orbital of Fischer-Hjalmarsao.

50
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CHAPTER III
A MICROWAVE SPECTROMETER FOR

SIMPLE UNSTABLE MOLECULES

PURPOSE

Perhaps the most challénging area of chemical research
today is the study of the chemical and physical properties
of unstable, or reactive molecules. Shortdlived species
appear to play an important role as'intermediateé in many
chemical reactions. Of the varied methods which are being
used to study these molecules, microwave spectroscopy has
certain advantages. Among thesé are high resolution and
very accurate measurement of small energy differences,
The fundamentaliinformation which can be obtained from
rotational spectra are molecular structural parameters.
Many reactive species have a ﬁet electron spin or net
orbital angular momentum, The microwave spectra of these
molecules can yiéld a wealth of inforﬁation, similar to
that described in Chapter II, about molecular electronic
structure and chemical bonding., It appears that a micro-
wave spectrometer especially suited for the study of un-

stable molecules would be a valuable research tool.
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BASIC DESIGN REQUIREMENTS

The application of microwave spectroscopy to the study'
of unstable molecules is by no méans an idea which has dr-
igiﬁated in our laboratofy. HIt 1s difficult to estimate
how much effort has been extended in searching for the
rotational spectra of reactive molecules., A conservativg
estimate would be 50 man-years., The totality of relatively
unstable molecules which have assigned microwave spectra .

comprises a lamentably short 1list. They are OH, SO, SH

18,19,42-48
2 L]

many of these molecules, much has been left undone. A

’

SZO’ C5, AlF, SeH, TeH, CN, and SiF And for
discussion of the specific methods used in the production
and detection of the spectra of each of thege molecules will
not be presented here. There is ample description in the
references cited. Spectrometer design appears to have been
as varied as the molecules studied, and in every case much
triai‘and error manipulation of‘thé apparatus was necessary
to produce the molecule in detectable concenératioq:. This
is a result of a general uncertainty about the chemical
properties (e.g., reaction mechanisms and rates) of reactive
molecules, A conclusion to be drawn from the studies men-
tioned above is that the production and detection, by micro-
wave methods, of unstable molecules requires a major effort,

and the chances for success are usually not well established,

In the light of these facts, several features which
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it would be desirable to include in the design and con-
gtruction of abversatile microwave spectrometer for the
study of unstable molecules may be outlined.

First, from the very nature of the problem, a fast
£low system is indicated, Reactive molecules are not in
equilibrium with their environment, and must be continuously
generated and passed through the absorptidn cell. (An
alternative procedure would be a rapid-scan microwave spectro-
meter and generate unstable molecules by high energy pulsation
of stable molecules. Such an instrument is under constr#ﬁ-
tion at the University of California), Physically,'in add-
ition to ; fast pumping device, a fast flow of low density
gas requ;res that the absorption cell and exhaust system
have a large éross-sectional area,

Secondly, it is generhlly true that reactive molecules
tend to recombine at metal’surfaces af a8 much higher rate
than at a non-metallic surface, such as glass or teflon,
Thus, it is desirable that the portion of the spectro=~
meter from‘thevinlet system through the absorption cell be
devold of metallic surfaces., This, 899 the above require-
ment of rapid flow, precludes the use of Stark modulation
to improve the sensitivity of the spectrometer. The Stark
field must be set up by electrodes in close proximity to

the sample,

Thirdly, the loss in sensitivity in a video spectrometer
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as opposed to a_Stark-modulation spectrometer, can be
partially regained by increasing the operating frequency.
Since absorption intensity in the microwave region increases
approximately as the square of frequency, operation at
millimeter wavelengths can give 100 times the sensitivity
of a video spectrometér operating in the conventional
centimeter region. If the molecule of interest is a free
radical, Zeeman modulation may be applied to further in-
crease sensitivity, The magnetic field strength required
is moderate and may be easily produced by an external
solenoid. - The necessity to operate at high frequencies is
not a severe limitation in terms the type of rotational
spectra which may be observe&. In generél,.the transitions
‘of primary interest are the low J transitions. For simple
molecules with small moments of inertia these transitions
are usually in the millimeter region.

Lastly, in view of the existing uncertainty in the
optimum methods of producing unstable molecules, a versatile
molecule generating system should be constructed so that
various molecular dissociation processes and chemical re-
action may be tried., Flowing a stable molecule through a
microwave resonant cavity, or a high temperature zone ére
generally reliable ways of dissociating stable species into
reactive intermediates, Excited molecules may also be re-

acted in stitu with suitable cold molecules to produce
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unstable species,
A spectrometef having the general features described

above has been constructed., It is now being tested.

FUNDAMENTALS OF CONSTRUCTION

The basic design of our spectrometér is not original,
A similar apparatus has been used by Kewley et az.““(b?
to obtain thg spectra of CS and SO, Improvements on their
system have been suggested by Dr. K, V, L, N, Sastry49.

Methods of achieving a fast flow vacudm system are
well known and the details will not be reported here. We
believe molecules with half lives on the order of milli-
seconds can be detected in our spectrometer,

Because of the requirements of‘rapid throughput
from the molecule source to the exhaust system, and the
necessity to eliminate metal-sample reactions, our ab-
sorption cell is a 4" diameter glass tube, with teflon
windows to permit the passage of the microwave beam,
Overall length of the absorption cell is approximately
24", This may readily be varied if desirable.

The inlet for reactive species is directly into the
absorptionhcell with minimal constrictions. We have
readily available a 125 watt microwave generator and

resonant cavity, high temperature furnaces, and an in-

duction heater, All are easily connected to the inlet
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flow system for production of reactive species by molecular
dissociatién processes., Secondary reactants may be intro-
duced at several points.

The requirement of high frequency operation presents
some special problems in radiation sources and microwave
hardware which are not encountered in the conventional micro-
wave region.

The teflon windows on the absorption cell are actually
converging lenses. High-frequency radiation from a source
whose dimensions aré on the order of millimeters is
brought up to the_&imensions of the absorption cell by an
S-band horn antenna, collimated by the first lens, passed
through: the absorption cell, and then refocusééd by the
second lens and passed through an S-band receiving horn
to the detector. ) -

Initial attempts at obtaining reliable mm=wave sources
were concerned wiﬁh the harmonic generation technique in-
troduced by King and Gordy. This method consists essentially
of inserting a non-lineér crystal rectifier into a lgw
frequency microwave beam and taking the harmonic ou;put as

a source of high-freqdency radiation., Since the dimensions

P

of the rectifying element must be small in comparison to
‘ ,

the radiation wavelength, the construction and manipulation

- -

of the harmonic generator are exacting., The rectifier contact

is formed by electrolytically sharpening a fine tungsten wire
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( 002" diameter) and lightly touching the wire to the
surface of small chip of a semicoqductor, such as boron-
aoped silicon, Detection of the high frequéncy radiation
18 similar in principle, but the detector is somewhat
simpler in construction because of the absence of the
fundamental frequency,

The excellent results obtained by Gordy and co-

wdrkerslg’so’51

using this technique on both stable and
unstable molecules are well known. However, we have found
the harmonic generation technique to be extremely tedious
at best., The chief problems are difficulty in identifying
the principal harmonic number of the radiation from a par-
ticuiar rectifier‘contact, and a general instability of the
point contacts, especially aﬁ the detector.

Recently we have obtained a klystrom which oscillates
in the 95-105 Kmc/sec region. It can conservatively be
estimated that one day of searching with this klyspron is
equivalent to weeks of work using the harmonic generation
technique. While harmonic generation is in brincipal
very vergatile in terms of range of output frequency, for
the reasons cited above, high-frequéncy'klystrons seem to
be the most economical sources for mm=wave spectroscopy.

In the brief period that the instrument described
above has been operating usefully as a spectxometef, assigned

transitions belonging to the stable molecules 0CS and SO2
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have been readily observed., Initial attempts to observe

the SO transition at 99299,9 Mc/sec19 by passing 802 tﬁrough
a microwave discharge have been unsuccessful., This is not
surprising in light of the major effort which is usually
involved in seeking the optimum conditions for production
of.; reactive molecule in any particular expermental arrange=-
ment, Initial failures are certainly not to be taken as

conclusive in the attempt to find new reactive species,

PROSPECTIVE MOLECULES

The extensive compilati;n by Herzber352 is a useful
list of reactive diatomic molecules which are known to
exist, ‘However, the tabui;ted data were obtained by visible
and ultraviolet spéctroscopy. It is unfortunate that present

microwave spectrometers do not approach the sensitivity ob~-

tainable in optical spectroscopy.

53 on the gas

The recent work of Carrington and Levy
phase electron spin resonance spectra of Cl0, BrO, and NS
indicate that these molecules may have detectable microwave
spectra, The ground electronic state of Cl0 is a 2n3/2 and
the J 3/2~5/2 transition should 1lie at about 96.3 Kmc/sec
(for 3501)54. 79BrO has a similar electronic structure and
the J 5/2-7/2 fransition should occur at approximately

54 14N32

94,5 Kmec/sec” 7, S has a zni ground state, The J 1/2-3/2

transition is at 70 Kmc/sec and the J 3/2-5/2 1is at 166 ch/sec55
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The molecule 82 exists as the predominant species in
low pressure sulfur vapor at about 500° ¢ 55. It may be
possible to obtain sufficient concentrations of S2 by
flowiﬁg sulfur vapor throﬁgh a hot tube furnace, The
transitions are magnitic dipole (32 ground state) as in
oxygen, While the transitions are expected to be weaker

than those in oxygen, they may be observable, since 160170
57

-

was studied with a sample n 1% enriched in 170
There are many other sbecieg/which may gave detectable

microwave spectra. While searching for these new species

is difficult and'uncertain, the new information which may

be gained is of great value,

)
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APPENDIX I

Nucleus 2 Matrix Elements Diagonal in NT

<NTSJ' I,F,I,F|H (2) |NTSJII,F. I, F>

17172
'
N+S+2J +I,+42F.+I,+F

1 F2F 441,

= (-1) (0). °
I,

1/4[ (2F +1) (2F1'+1) (23+1) (27 +1) (25) (25+1) (21,)

(212+1)(212+2)]§

1 | ] -
F1 Fi 1 J J 1113 J1

s I, F) [F, F; 1) (s s N

F.I,F>°

<NTSJ 11 1IzFludd(z)lmsnl 15,

' J +1 +2F +I +ﬁz
= (-1) I

) [?0(2F1+1)(2F1'+1)(23+1)(2J'+1)(212)(212+1)(212+2)
1/8
(2N=1) (2N+3) (2N+1)

AR ' '
. Fl Fl 1 . J J 1 . N N.2

'
2 F F1 F1 1 J J1

X (2s>(2s+1)(2s+2)(2&)(2N+2)]’k



17172

L}
N+S+J+J +11+2F1+1+F2§
12

[}
<NTSJ 11F112F|Hq(2)[NTSJI FjIp,F>

= (-1)

[f2F1+1)(2F1'+1)(2J+1)(23'+1)(212+1)(212+2)(212+3)
1/4
(2N-1) (2N+3) (2N+1

-

x (212)(212-1)(2N)(2N+21
o y [

N N2 J J 2 F1 F1 2
. ' ¢ ' .
J Js8) |F, F. I

2'The E}'s are defined in Appendix I,'reférence (23).
They are functions of the coupling constants, N, and
the rotational constants of the molecule.
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. APPENDIX II

Hsr and Hdd(l) Matrix Elements Off-Diagonal in NT

a
<N+1K_;¥° SJI1 1IoF|H, INK_ lySJI F112F>

= -3K[(N+1) -K ]ﬁ {(aa) +( 1) (N+1)(2(cc) +(aa) )]

4 (N+1)

o |
a
<N+IK_, Yy SJ+11F112F|Hdd(1)|NK_1YsJ+ 1 FiI,F>

m [J(J-1)+I (I +1)-F(F+1)]3K[(N+1)2-K ]ﬁ

(aa)y +(- - (1) 2 ce) RCOPRD

2(2N+1)(2N+3)(N+1)

<N+1K_,Y SJ+ 1F112F|H d(1)|m<_1st_11F112F>

+F

~J_+I1 1

= ¢-1) 9[(N+122-x2]5x{<aa) +e) V2R éK(N+1)(2 ); +(aa)

ce

F11(11+1)(211+1)(2J_+1Y]é
‘ 6 (N+2) (N) ]

3 3 1 +1 N 2

1

Y
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<N-1K_,Y SJ_11F112F|udd(1)|Nx_1st+;1F112F>

J +I.4+F y “ 18
= -0 * T e k? i (an) (- I En(2(ee), +(an) )]
: ' 1 1 "1

511(11+1)(211+2)(2J++1) i
6(n=1)(n+1)

J,’1}) [N=-1 N 2

8 See reference (22), Appendix.



APPENDIX III

Spectrum of 14N16017O Observed by Hodgeson

19 741.9 Mc/sec
19 801.1
19 853.7
19 860.2
19 881.9
19 885,7
19 901.6
19 913.4
19 918.5
19 938.2
19 960,5%
20 014.,4
20 113.2
20 154,1
20 181.8
20 219.3
20 266.8

a Appeared as closely spaced doublet or triplet of lines.
The frequency given in that of the strongest member,

EE—— .
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APPENDIX IV - 65

Diagnostic Least Squares

—

In the usual method of least squares on a nonlinear

system35, the equations of condition may be written as

Ax = a (Al)
where A is the matrix of derivatives, x is a vector of
parameter changes to be determined and a is the vector
of initial differences between obsefvhtion and cai-
culation. Then

x =B b, | o (a2)
where B = AA and b = Ka, If one then iterates with
x(l)'= x(0)+B'H% a(l)’= obs-calc(l), and A(l); convérgence
of the system reduces the sum of the squares of the residu-

als to a minimum,

In the diagnostic method an orthogonal transformation

0 is found which diagonalizes B, Then
. .
080 = A, . (A3)
where the Ay are the eigenvalues of B, Equation (A2)

becomes

°{

i ° % ; (A4)

where y = Ox and ¢ = Ob., The y; are eligenvectors of B

* Xi should not be confused with the hyperfine energy level
index ).
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and are orthorgonal, It is then possible to carry out

the least squares process in a stepwise fashion.

lThe smallest eigenvalue of B will be associated with
the most. poorly determined eigenvector., 1If the eigenvalues
of B are arranged {ﬁ decreasing order, then the parameter
changes (Uyl) associated with the largest eigenvaiue (11)
can be used to calculate c, (i.e., Ob), and the process
repeated for lz' It should be emphasized that the process
is a full least squares if carried to completiqn, but if
terminated because 6f the presence of a.small eigenvalue
xs no least squéres fit is obtained, However, by know-
~ing Xg (L.e., Uys) some information has been gained about
which particular linear combination of parameters

is poorly determined by the data.
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