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I. SUMMARY CF WORK FERFCRMED

Research under this contract began on 1 October 1953. At that time the
microwave spectrograph was still under ccnstructicn and scme expected delays
were encountered in assembling all the necessary equipment for the investiga-
tion of molecules by this method. Therefore, a large part of the research time
was devoted to radio-frequency spectroscopy during this early period. A large
number of chlorine compounds were investigated for pure nuclear quadrupole res- '
onance in the frequency region 20 to 45 Mc. Resonance absorption lines were
found in 14 of these. These radic-frequency spectra provide evidence about
chemical bond analysis that will be useful in the development of new theories.

Work on the microwave spectrum cof nitrosyl bromide began in the summer of
1954, and since that time the larger part of the research time has been spent
on microwave spectroscopy. This decision to emphasize microwave spectroscopy
was influenced to some extent by the concentration of several other laboratories
on the radio-frequency field.

Thé microwave spectra of nitrcsyl bromide {NOBr) and nitryl chloride
(NOECl) have been investigated in the region 20,000 te 40,000 Mc. A complete
analysis has been made of the J = 2 5 3 transiticn for nitrosyl bromide and
the J =2 5% and J = 3 54 transitions for nitryl chlcride. The Stark effect
for both molecules has also been studied. «<alculations from the spectra give
the rotational constants, moments of inertia, internuclear distances, bond
angles, quadrupole ccupling constants, and dipele moments.

The Stark effect for the previously reported J = 2 — 3 transition of chloro-
trifluoromethane (CClFB) has also been observed and preliminary calculaticns
have been made. The work on this molecule has not yet been completed. A sum-

mary of the results on each molecule will be found in Chapter ITI, Section C.
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In this report the radio-frequency and micrawave work are discussed separ-
ately. 1In each case a brief introduction is followed by sections on experimental
technique and results. The appendix contains a listing of all mierowave spectral
lines observed for nitrosyl bromide and nitryl chloride. A very useful computa-
tional procedure for quadrupole interactions which is not found in the litera-

ture is also included in the appendix.

D
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II. RADIO-FREQUENCY SPECTROSCOPY

A, Introduction

Many molecular crystals containing nuclei with nonzero quadrupole moment
exhibit narrow absorption lines in the radio-frequency region. These lines
result from transitions between molecular energy levels split by the interaction
of the nuclear quadrupole moment with the electric field gradient at the nu-
cleus (interaction of a nonspherical charge with a nonuniform field). The elec-
trie field gradient is a symmetric tensor whose components are the second deriva-

tives of the electric potential along space fixed axes; 1. e.,

-
By A
BXQ XY OX0Z
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X 32 oI
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By transformation to principal axes the number of independent components

of this tensor may be reduced to three, namely

X
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All charges other than the nucleus iteelf contribute to the field gradient.
If none of the charges penetrates the nucleus then the potential will satisfy

Laplace's equation within the nucleus and we have

vy v
g Y2t Ts
oX oY oz

=0 ,

reducing the number of independent components of the field gradient to two.
Finally, if the Z-axis is a symmetry axis for the external charge distribution

we have from the last squation

Fv_ 1 1P
378 2 2y

and the field gradient has only one independent component. In such cases the

quadrupole interaction energy has the form

where
Q is the nuclear quadrupcle moment,
e is the electronic charge,
I is the nuclear spin, and

MI is the Z-component of I,

The quantity eqQ Bgv/BZQ, sometimes written'xzz, is called the quadrupole

coupling constant, In the case of the chlorine compounds studied, the nuclear

o
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spin is 3/2 and the above equation predicts twe energy levels for each isotope
of chlorine. The absorptien lines resulting from transitions between these
levels occur near 30 Mc.

-The electron distribution near the nucleus mekes the largest contribution
to BEV/BZQ. This electron distribution is influenced considerably by the type
of chemical bond holding the atom in the melecule; and the resonance frequencies
in the chlorine compounds studied exhibit this dependency on chemical bond type.
Placement of neighboring atoms also has a small effect on the resonance fre-
quency. The existence of three resonance frequencies for m-dichlorobenzene in-
dicates three different environments for the chlorine nuclei of this molecule,
While this dependence of resonance frequency on crystal structure gives some
information about the crystal (number of nonequivalent sites), it complicates
the problem of bond analysis. Detailed discussions of the correlation between
quadrupole coupling constants and chemical bond type can be found in the litera-

5 and in the

ture in the papers of Townes and Dailyl, Livingstonzp and Goldstein
recent book by Townes and Schawlowh,

B. _Experimental Technique

The circuit for the pure quadrupole spectrometer is ef the type used by
Dr, Ralph Livingston of Oak Ridge. It congists of an oscillator with its tank
circuit inductance imbedded in the sample, Part of the tank circuit capaci-
tance is that of a vibrating capacitor, a medified earphone driven by a step-
down transformer and a Variac. This produces frequency mddulation at 60 cps
over a range of several megacycles. Another capacitance in the tank circuit
can be varied manually through a 4O to 1 gear box to change the center fre-

quency of the oscillator from 14 tz 50 Me.
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If the frequency of the oscillator is swept over an absorption line, the
absorption of energy by the sample causes a change in the oscillator plate cur-
rent and a veltage pulse across a plate load resistance. This voltage pulse
is amplified and applied te the vertical input of an oscilloscope which has &
horizpntal sweep of 60 cps., In this manner a visual presentation of the absorp-
tion line is obtained.

Frequency measurements are made with & Signal Corps B. C. 221 frequency
meter, Its antenna is placed near the oscillistor so that the signal from the
frequency meter is mixed with that of the cscillator. A low sudio frequency
beat note appears on the oscilloscope as a brief disturbance with a width
slightly grester than that of an absorption line. To determine the line fre-
quency one adjusts the frequency meter until the disturbance is centered on the
absorption line.

An alternative method of detecting the absorptions utilizing the Zeeman
effect is also used. The application of a magnetic field to a crystal splits
the nuclear quadrupole energy levels into several components. The splitting
depends upon the orientation of the crystal in the field so that in a non-
uniform crystal sample, such as a powder, the presence of a magnetic field
removes any sharp absorption lines. A magnetic field which alternates between
zero and a positive value at a frequency fl cauges an absorption line to appear
and disappear with a frequency fl wren the oscillator is tuned to the gbsorp-
tion line frequency. Any signal developed across the plate load resistance is
fed into a phase sensitive detector whose reference voltage is the same fre-
quency as the magnetic field. The output of this detector is recorded using an

Esterline Angus recording milliammeter while the oscillator is being tuned by
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an electric motor. Any lines found this way are then displayed on the oscillo-
scope so that their frequency can be measured as described above.
C. Results

Seventy-one chlorine compounds were investigated for nuclear quadrupole
resonance between 20 and 45 Mc, Resconance absorption lines were detected for
the 14 compounds listed in Table I. All measurements were made at liquid nitro-

gen temperature,

TABLE I

QUADRUPOLE RESONANCES FOR C1°°
AT LIQUID NITROGEN TEMPERATURE

Compound ‘ ’ ; _Frequency
(Mc)

1. 1,4k-Dichloro-2-nitrobenzene ' 35.921

CL,CH,NO0, 37,87

2. 1,2-Dichloro-4-nitrobenzene 36.488
™ N

01206:55 0, 57.055

3. 1l-Chloro-2,4-dinitrobenzene 37.796

ClC635(NO2)2

4, h-Chloro-3,5-xylenol 34,348

Cl‘v6‘:f.2 i_u:i5 )20;:.[ 34,415

5. Ethyl Trichlorosilane 18,756

-CEESSiCl3 18.842

: 18.865

6. Ethyl Ckloroformate 33.858
C1C0o0C H
25

7. Ethyl Trichloroacetate 40,200

(CC1C00C 40,339

{continued)
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TABLE I (Concluded)

Compound \ - ‘ Frequency
(Mc )
8. 1-Chloro-2-fluorcbenzene 36,294
9. p-Chloroaniline 34,151
N T Z. -
Clb 61&)4.NH2
10. 1,2,3-Trichloroprdpane 3),.581
CH_ClCHClCHECI 34,776
11. m-Dichlorobenzene 34,80
¢ H,C1 34,871
6} g
35,027
12. 1-Chloro-3-nitrobenzene 35.457
ClC6HhN02
13, 2,5-Dimethylbenzenesulfonyl Chloride 32,265
(035)2063330201
14, p-Toluenesulfonyl Chloride 32.457
CEBC6HhSOQCl

The two resonance frequencies observed for each of the compounds 1,L4-
dichloro-2-nitrobenzene and 1,2-dichloro-4-nitrobenzene, are presumably pro-
duced by chlorine atoms occupying different positions in the molecule, In
the first molecule the nitro group occupies the ortho-position with respect
to chlorine 1 and the meta-position with respect to chlorine 4. Comparison of
the resonance frequencies of chlorobenzene, o-chloronitrobenzene, and m-

2 shows that the presence of a

chloronitrobenzene reported by Dean and Pound
nitro group in the ortho-position increases the resonance frequency by a

larger amount than the nitro group in the meta-position. This would indicate
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that the resonance at 37.874 Me is produced by chlorine 1 and the resonance at
35.921 Mc by chlorine 4, Quantitative estimates of the résonance frequencies
obtained by adding the frequency shifts produced by a nitro group and a chlorine
atom are in reasonable agreement with the observed frequencies. Such estimates
are complicated by the difference in crystal structure and by the temperature
dependence of guadrupole resonance.

In 1,2-dichloro-k-nitrobenzene the nitro group occupies the meta-position
with respect to chlorine 2 and the para-position with respect to chlorine 1.
Quadrupole resonance has not been observed in p-nitrochlorobenzene and the fre-
quency shift is difficult fto estimate with accuracy because of the presence of
the resonance effect described by Paulingé, For this reason the two resonances
in this molecule are not identified.

The resonance frequency for l-chloro-2,4-dinitrobenzene is higher than the
value 34.622 Mc reported by L:'Lvingstonr‘7 for monochlorobenzene. This increase
in the 0155 resonance frequency produced when nitro groups replace hydrogen
atoms in monochlorobenzene is also evident in the measurements of Dean and
Pound.8

Two resonances were found for L-chloro-3,5-xylenol at frequencies slightly
lower than those for parachlorophenol8 at this temperature. Thus the substi-
tution of methyl groups for hydrogen at carbon atoms 3 and 5 decreases the
resonance frequency. The existence of two resonance frequencies for L4-chloro-
3,5-xylenol presumably results from two nonequivalent chlorine positions in the
crystal lattice.

The three absorption lines found for ethyl trichlorosilane occur at rela-

tively low frequencies, indicating a decrease in resonance frequency with
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increased electronegativity difference. These frequencies are slightly lower

9 for tetrachlorosilane. This frequency de-

than those reported by Livingston
crease is probably the result of increased ionic character of the remaining
C-Cl bonds when one chlorine atom is replaced by an ethyl group.

-Resonances in ethyl chloroformate and ethyl trichloroacetate were observed
using Zeeman modulation and a phase-sengitive detector. Comparison of the struc-
tural formulas and resonance frequencies of these two molecules with trichloro-
acetyl chloridelo further illustrates the effect of chemical bonding on nuclear
quadrupole resonance. In Molecules 1 and 2 of Table II the chlorines on the left
end have slmost identical bonding to the carbon atom and their resonance frequen-
cies are almost the same, In Molecules 2 and 3 the carbon trichlore groups (CClB)
have almost identical bonding and again the resonance frequencies are about the
same. The existence of two resonances for the carbon trichloro group of ethyl
trichloracetate and three for the same group in trichloroacetyl chloride is
probably the result of a difference in crystal structure.

The resonance at 36.294 Mc for l-chloro-2-fluorobenzene when compared with
the resonance at 34,622 Mc for monochlorobenzene indicates that the highly elec-
tronegative fluorine withdraws electrons from the ring, thus incressing the
chlorine resonance frequency. The substitution of an NHE group at the same
position lowers the resonance frequency sligntly as evident from the resonance
at 34,151 Mc for p-chloroaniline,

The remaining resonances were reported and discussed by other investiga-

2,8,11,12 at about the time our measurements were made.

tors
As mentioned above, the positions of neighboring atoms have a small effect

on resonance frequency. Therefore, in a solid whose structure is not completely
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TABLE II

COMPARISON OF C1°° QUADRUPOLE RESONANCES IN RELATED COMPOUNDS

Compound Frequency
(Mc)

1. Ethyl chloroformate 1—C—0—C.H 3%.858

2. -Trichloroacetyl ChlorideT Cl —C—CCl 5%s 121
- || > 10,132

0 Lo 473 -
40.613

3, Ethyl Trichloroacetate CQES—— O——-C——-CCl5 40,200
40,339

I
0

5

fData from Livingson

uniform the resonance will be broad witnk very little absorption at any one fre-
quency. In such cases a resonance may not be detected at all. The chemicals
used in these investigations were of commercial grade and it was rot always pos-
sible to crystallize them uniformly. This is presumably one reason why only
14 resonances were found in 71 compounds investigated.

-An unambigious interpretation of quadrupole couplings cannot be made in
terms of chémical bond types. Quadrupole couplings do, however, provide addi-
tional evidence concerning bonds which will be increasingly valuable in the

development of new theories.

=1 =
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ITI. MICROWAVE SPECTROSCOPY

A. Introduction

The internal energy of a molecule of a gas may be divided into three parts,
electronic, vibrational, and rotaticnal. The radiation emitted or absorbed when
the molecule changes its rotational energy state falls in the microwave region
of the spectrum. From the frequencies of these rotational spectral lines it is
possible to determine the rotational constants and moments of inertia of the
molecule. If measurements are made on all available isotopic species of the
molecule it is sometimes possible to calculate all the internuclear distances,
as in cases of nitryl chloride and nitrosyl bromide.

For a molecule containing a nucleus with electric quadrupole moment, the
rotational lines will be split into components. The number of components is
détermined by the number of allowed orientations of the nucleus, which is in
turn determined by the nuclear spin. This splitting results from an inter-
action between the nuclear quadrupole moment and the electric field gradient,
the type of interaction described in Section II-A for solids. For a gas mole~-
cule the electric field grsdient effective in causing splitting is the average
gradient referred to spacgmfixed axes, This average field gradient along space-
fixed axes can be calculated from the field gradient along molecule-fixed axes
and the rotational state of the mclecule. Therefore, it is possible to express
the quadrupole splitting of the rotational lines in terms of the quadrupole
coupling constants éQGEV/BaE, eQBEV/abe, and eQBEV/BCE, where the partial deri-
vations are taken with fespect to the principal axes of the molecule.

By measuring the quadrupole splitting of the rotational lines one can de-

termine the quadrupole coupling constants. Tkese constants are valuable to the
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theoretical chemist in the analysis of chemical bonds. Quadrupole coupling de-
terminations from the microwave spectrum of a gas are usually more useful for
bond analysis than the information obtained from the radio-frequency spectrum
of a solid. The microwave determination yields the magnitude and sign of the
three diagonal elements of the quadrupcle ccupling tensor and these are free
from the complicating effects of neighboring melecules.

When the molecules of a gas are subjected to an electric field, the ro-
tational energy levels are split intoc component levels by the Stark effect.
This splitting results from an interaction between the molecular dipole moment
and the applied electric field. Since the applied field can be measured the di-
pole moment can be calculated from the spectrum. When both Stark effect and
quadrupole splitting are present simultaneously, the spectrum is rather complex.
A first order theory of the Stark effect for asymmetric-top molecules with quad-
rupole interaction has been worked cut by Mizushima.,13

The microwave spectra of nitrasyl bromide and nitryl chloride have been
studied under this contract. For these melecules it has been possible to cal-
culate rotational cconstants, moments of inertia, internuclear distances, quad-
rupole coupling constants, and dipcle moments. The results of this work are
discussed below.

B, Experimental Technique

The microwave spectrograph used in these investigations 1s similar to that
described by Hughes and WilsonollL The absorption cell is a 20-foot section
of X-band waveguide with a brass strip running lengthwise down the center of
the guide. The plane of the strip is perpendicular to the E-field of Ehe micro-

wave energy. The Stark voltage is impressed between the center electrode and

%,
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the waveguide, thus producing an electric field in the region occupied by the
gas. This voltage is an 85-kc square wave alternating between zero and an ad-
Justable negative voltage.

As a result of the 85-kc electric field applied to the molecules, the
microwave energy is amplitude mcdulated when the klystron frequency coincides
with an absorption line. The output of the crystal detector mounted at the
end of the absorption cell is fed into an HRQ ccmmunications receiver tuned
to receive an 85-kc c-w signal. Whenever the klystron frequency is swept over
an absorpticn line, the output of the receiver is an audic frequency signal
which can be displayed on an oscilloscope.

The output of the crystal detector can also be fed into an 85<kc phase-
sensitive detector whose reference voltage is supplied by the Stark voltage
generator. The signal from the phase-sensitive detector may be displayed on
an oscilloscope if the klystron is being swept electrically, but greater sen-
sitivity is obtained by tuning the klystron slowly with an electric motor and
recording the lines with an Esterline Angus recording milliammeter. - Absorp-
tions due to transitions between Stark-split energy levels (Stark components)
occur during that half of the cycle when the Stark voltage is not zero and
absorptions due to transitions between the unsplit levels (main lines) occur
when the Stark voltage is zero. Thus the 85-kc signal due to a Stark component
is 180° out of phase with a main line signal, and a distinction can be made in
the phase-sensitive detector so that the recording milliammeter deflects in
one direction for Stark components and in the opposite direction for main lines.

35

The recording of the J = 2 —;50 transition of NOECl in Figure 6 shows the

1

Stark components inverted.

-1k
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Frequency measurements are made by the method described by Unterberger

and Smith.,l5

Standard frequencies in the microwave region are obtained by
starting with a 5-Mc crystal contrclled coscillator and multiplying the fre-
quency with vacuum tube circuits until an output of 2160 Mc is obtained. This,
along with 30, 90, 270, and 540 Mc is applied to a multiplier and mixer crystal
mounted in the waveguide, thus producing standard frequencies 30 Mc apart in
the microwave region. This one crystal also receives energy from the klystron
so that a beatncte between the klystron frequency and one of the standard fre-
quencies appears across the crystal. A calibrated HRO receiver is used to mea-
sure the frequency of the beatnote. An abscrpticn type wavemeter is used to
determine which standard freguency is beating with the klystron. Also, it is
possible to turn off the 30-Mc markers, leaving standard frequency markers every
90 Mc apart in the microwave region. It is then easy to identify the standard
frequencies with the absorption type wavemeter.

Since both nitrosyl bromide and nitryl chloride decomposed in the cell,
it was found necessary tc admit them continuously at one end of the 20-foot
absorption cell while pumping from the other end. It was also found necessary
to keep the cell cooled to dry ice temperature for both samples. Two methods
were used tc admit the samples to the cell at the proper pressures. In one
method the sample is ccntained in a glass holder immersed in liquid nitrogen.
Lowering the liquid nitrogen level below the sample increases the temperature
of the top of the sample and thereby increases the vapor pressure. Reasonable
control over the pressure can be maintained by raising or lowering the liquid
nitrocgen vessel the thickness of one or more standard 3 by 5 cards.

The second method was developed while working on nitryl chloride and has

been tried only with this molecule. In this method a constriction is placed

-15-



Final Report, Project No. A-265

between the sample and the cell. The sample is maintained at dry ice temp-
erature, which produces a vapor pressure much tco high to detect absorption
lines, but on the cell side of the constriction the pressure is greatly reduced.
This pressure can be contrclled by raising or lcwering the level of the dry ice
and acetone solution which surrounds the sample. If the acetone extends several
inches above the dry ice an appreciable temperature gradient exists near the
surface of the acetone. This furnishes an excellent control over the tempera~-
ture of the sample.

Figure 1 shows the constriction as it is used. It consists of a small
glass tube drawn cut tc a fine capillary. A ring seal joins its larger end
inside the vacuum line between the sample and the cell, and a bypass line with
a stopcock is sealed around the ring seal to speed the removal of air from the
sample holder. The small capillary extends through a ground glass Jjoint which
can be removed, leaving the capillary tube exposed so that 1t can be broken off
in small pieces to adjust the pressure by a trial and error method. Once the
size of the capillary was prcperly fixed it required no more attention and the
pressure inside the cell was easily reproduced day after day.

C. Results

1. Nitrosyl Bromide

A detailed discussion of the work on nitrosyl bromide will be found
in Technical Reports No. 1 and 2, OOR Project No. 1016. The molecular data
obtained are summarized in the following section. The frequencies of all the
observed spectral lines for this molecule are listed in Appendix II.

a. Summary of Results for Nitrosyl Bromide. An analysis of the

J = 2 - 3 transition of nitrosyl bromide gives the rotational constants (A, B,

and C) listed in Table III.

-16-
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CAPILLARY RINGSEAL
TO CELL
f:::? — \]
-
- ~N

GROUND
GLASS
GROUND JOINT
\ / fay | GLASS
JOINT
X |sTOPCOCK
~— = SAMPLE HOLDER

j
)

~——DEWAR

SAMPLE

W VY
ACETONE
— DRY ICE

Figure 1. Apparatus for Admitting Gas into the Cell at a Controlled
Pressure.
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TABLE III

MOLECULAR CONSTANTS OF NITROSYL BROMIDE

NOBr 2 NOBroT
(Mc) (Mc)
A 83,340 83, 340
B 3,747.2 3,722.5
§ 3,586.0 3,563.3
Xen 388 326
Xob -240 -200
Xee -149 -125

The structural parameters obtained from the above rotational constants are
d(N - 0) = 1.15A, &(N - Br) = 2.1kA, ci(o - Br) = 2.81A, and £Br-N-0 = 114°,
The N - O and N - Br distances are exactly the same as the electron diffrac-
tion results of Ketelaar and Palmerl6; bhowever, the O - Br distance 1is .0kA
shorter than their value.

The quadrupole couplings obtained from an analysis of the hyperfine
structure of the rotational lines are given in Table III. An interpretation
of the quadrupole coupling constants with regard to the N - Br bond indicates
contributions from single bonded, double bonded, and ionic structures.

The Stark effect for nitrosyl bromide was investigated in an effort to
determine the molecular dipole moment. Unfortunately the component of dipole
moment along the principal axis b contributes practically nothing to the split-
ting of thé hyperfine lines in an electric field and therefore cannot be

determined. The component along principal axis a is found to be 1.76 Debye.

-18-
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Since the writing of Technical Reports No. 1 and 2 some work has been done on
the theory of the Stark effect of an asymmetric top with hyperfine structure
which indicates that a higher order correction to Mizushima's theory may be
needed. This work,when complete may lead to a slight change in the dipole mo-
ment of the nitrosyl bromide molecule.

2. Chlorotrifluoromethane

The microwave spectrum of chlorofrifluoromethane has been investi-
gated by Coles and Hughes17;~however, the dipole moment of this molecule has

not been measured. We have attempted to resolve the Stark components of the

J = 2 53 group 1n order to measure the dipole moment. This group consists of
six strong lines and several weak ones, making the resolution and identifica=
tion of Stark components very difficult. TIn-spite of this some Stark components
have been resolved. The weak field theory of Low and Townesl8 has been applied
and found to be inadequate for this case. We are now in the process of apply-
ing the intermediate fleld theory. The latter theory is quite tedious to work
out and requires the sclution of fourth order secular determinants. Prelimi-
nary calculations indicate a dipole moment in the vicinity of 0.5 Debye. More
precise frequency measurements must be made before an accurate dipole moment can

be obtained.

3. Nitryl Chloride

Studies of the microwave spectrum of nitryl chloride were initiated
in March, 1955, with the intent of resolving certain ambiguities in the
structural-form determination afforded by the infrared spectrum.19 Shortly
after thls work was begun, Millen an Sinnottzo in England reportea their deter=-
55

from its Q0. - 1 1 -2

; ; : 5 s o
mination of the rotational constants cof N’O2 A i 0 ] o’

19~
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and 2 - 5 , transitions, and mentioned observation of numerous other lines in

2 -3
the region from 8500 to 27,500 Mc; A Y-shaped planar molecular form was estab-
lished conclus?vely by the absence of transitions involving energy levels anti-
symmetric in its identical oxygen nuclei.

Subsequent work here was directed toward accurate measurement of the fre-

35 37

gquencies of all observable lines in the spectra of Nbgﬁl and NOQCl in the
region 25,000 to 40,600 Mc, calculation of gquadrupole coupliﬁg constants from
the hyperfine structure, aand determination of the approximate dipole moment of
'N020155 from the Stark effect.

It was noted in the course of these investigations that the spectrum of the
molecule by itself affords only a very weak determination of the rotational con-
stants; in fact, our transition frequencies as well as the lower-Jd transitions
reported by Millen and Sinnott can be predicted accurately by sets of rotational
constants in which the constant A varies by several hundred megacycles. For a
stronger determination, it was found necessary to treat the molecule as a rigid
planar rotor so that the relation Ia + Ib - Ic = O among the moments of inertia
could be used as an additional restriction. The resulting rotational constants
differ considerably from those propcsed by Milien and Sinnott, but are under-
stood to be in good agreement with revised values obtained by Dr. Sinnott in
more recent unpublished workoel

Mblecular'dimensions have been calculated from the rotational constants ob-

tained through the rigid-rotor treatment.

a. Pummary of Results for Nitryl Chloride. The molecular information

derived from the microwave spectrum is summarized in Table 1IV.

-20-
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TABLE IV

NITRYL CHLORIDE MICRCWAVE DATA

Transitions Observed:

2p =B 2 =3y By - 3,3 5 by, By - by, B - by
35 37
NO C1 NO . C1l
2 2 0 0
A 13250 Mc 13250 Mc *
B 51738 5019.0 123'50 e
c 3721.1 3640 .4
-9k .7 -Th .6
an 1.834
.Xbb 52,2 41.1
X, 42.5 33.5 ¥ el

Rotational Constants Calculated from 2 -~ 3 Transitions, using Ia + Ib - Ié = 0

The six transitions listed were observed for both isotopic species; they
lie in the region 25,000 to 37,100 Mc. 1In addition, the M_u - 5_5 transition

57 was observed at 40,600 Mc. A complete tabulation of the 65 lines

of NOECl
measured is given in Appendix III.

The rotational constants shown were calculated from the 2 - 3 transitions

using the relation Ia + L

b * Ic = 0. Fitting of the 2 - 3 transitions results

in prediction errors of from 0.1 to 0.6 Mc for the 3 - 4 transitions and of
about 0.25 Mc for the lower-J transitions reported by Millen and Sinnott.
The prediction error for the single 4 - 5 transition observed is slightly in

excess of 2 Mc. These small discrepancies cannot be removed by adJjustment of

21 -
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the rotational constants; certain regularities in their magnitudes suggest that
they are due to centrifugal distortion of the molecular framework.

The molecular dimensions shown were calculated from the moments of inertia
corresponding to the tabulated rotational constants.

The quadrupole coupling constants were calculated from the hyperfine struc-
ture of the 2 - 3 transitions, using a "maximum likelihcod"” fitting process to
make efficient use of the experimental data. They predict the observed split=-
tings of the 58 well-resolved lines in Appendix TII with a standard deviation
of 0.02 Mc,

35

Determination of the dipole moment of NOECl‘ was undertaken by analysis

of the Stark splitting of the 2, - 50 transition. Except at small fields, the

1
method of Mizushima proved to be .only qualitatively correct for this transition
because of the near-degeneracy of the El and 22 levels. The complete theory
the Stark effect in an asymmetric rotor with quadrupole interaction has not yet
been worked cut for the case of near-degeneracy; however, an approximate treat-
ment of the shift of a single component by the method of Golden and Wilson22
gave good agreement with experiment for a dipole mocment of 0.53 Debye. This
figure is close to cne of 0.51 Debye obtained at small fields by application

of the nondegenerate theory.

b. Rotaticnal Constants of Nitryl Chloride. To facilitate identi-

fication of the observed lines, a predicted spectrum was first compiled using
estimated rotaticnal constants, assuming a Y-shaped planar structure with inter-
nuclear distances comparable to those found in other compounds. The 2 ~ 3
transitions were observed at frequencies rcughly 1000 Mc lower than those pre-

dicted. Before sufficient data had been gathered to permit an adjustment of -
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rotational constants, Millen and Sinnott reported the values A = 13,012 Mc,

B = 5164.7 Mc, and C = 3730.5 Mc for N029155q A revised spectrum calculated

from these constants was found to be in quite accurate agreement with experi-

ment, permitting ready identification of the 3 - 4 transitions subsequently

37

observed. An accurate prediction of the Noeﬂl spectrum was also obtained by

calculating molecular dimensions from the NOACIBS
) =

37

constants, substituting the
nuclear mass for Cl1”°, and calculating the rotational constants of the result-
ing structure.

The determination of rotational constants was re-examined after treatment
of the hyperfine splitting had permitted precise evaluation of group-center
frequencies for all 2 - 3 and 3 - 4 transitions. Use was made of the expres-

25

sions given by Gordy, et al. for low-J rotational energies as explicit func-
tions of A, B, and C. These expressions lead to these in Table V for the fre-
quencies of pertinent nitryl chloride transitions. Rotational constants can be
obtained by substitution of observed group-center frequencies and simultaneous
solution of appropriate sets of the equations.

It will be seen that not all of these relations impose independent restric-
tions upon the rotational constants; i.e., Relations 1 and 4 contain the same
information, as do Relations 5 and 5. Nevertheless, the set is somewhat over-
determined, and the equation can be expected to be slightly inconsistent be-
rcause of centrifugal distortion.

In order to effect solution of the equations in a manner which would clearly
indicate the degree of inconsistency and the strength of the determination, a
digital computer (Univac Scientific 1101) was employed to tabulate individually

the independent restrictions obtained by substituting Relation 4 in Relations
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TABLE V

TRANSITION FREQUENCY RELATIONS

(1) v(oO _,1_1) =B +C

(2) v(1 —)2_2)=2A+B+C-2 (B-C)2+(A.-C)(A~B)

-1

(5) V(2_2 —)3_

5) =3B+C) -2 [u(B -¢)% + (A - B)(A - c)] 1/2

- [(B - c)2 + (A - B)(A - c)} 1/2

(&) v(2; 53, = 3(B + C)

(5) v(22 _,51) 3(B + C) + 2 [4(]3 - 0)2 + (A - B)(A - C)] 1/2

- {:(B - 0)2 + (A - B)(A - c):l 1/2

(6) ¥(3, »4.)) =6A+B 4G -2 [u@ )2 4+ o(a - B)(A - c):’ 1/2

2, 6, and in the relation cbtained by subtracting Relation 3 from 5. (Relation

35

2 was tabulated for Noeﬁl only, using the frequencies published by Millen and

35

Sinnctt.) Some of the computer read-out sheets for NOQCl are reproduced in

Figures 2 through 4. The tables represent, in effect, "graphs" of B or C as a
function of A, Simultanecus solution of any pair of relations is accomplished
by a simple inspection of the tables to determine their "intersection", i.e.,

to find a value of A for which the corresponding values of B or C are the same
in both tables.

It happens that in the region of interest the three relations plot as

almost exactly parallel curves, so that the six transitions of Table V afford
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N020135 ROTATIONAL CONSTANTS

1 to

12800
12810
12820
12830
12840
12850
12860
12870
12880
12890
12900
12910
12920
12930
12940
12950
12960
12970
12980
12990
13000
13010
13020
13030
13040
13050
13060
13070
13080
13090
13100
13110
13120
13130
13140
13150
13160
13170
13180
13190
13200
13210
13220
13230
13240
13250

Figure 2.

2
2

TRANSITION

B

5154 ,594
5155.015
5155.436
5155,856
5156.277
5156.697
5157116
5157.536
5157.955
5158,374
5158.793
5159,211
5159.629
5160.047
5160,465
5160,882
5161,300
5161,717
5162,133
5162,.550
5162,966
5163.382
5163.798
5164 ,213
5164 ,629
5165,0u44
5165.459
5165.873
5166 ,287
5166, 702
5167.115
5167.529
5167.942
5168,356
5168,768
5169,181
5169.593
5170,006
5170 .,418
5170,829
5171.241
5171.652
5172.063
5172 . 474
5172.885
5173.295

C

3740.306
3739.885
3739.464
3739.044
3738.623
3738.203
3737.784
3737.364
3736.945
3736.526
3736.107
3735.689
3735.271
3734.853
3734.435
373%4.018
3733.600
3733.183
3732.767
3732.350
3731.934
3731.518
3731.,102
3730.687
3730.271
3729.856
3729.441
3729.027
3728,613
3728,198
3727.785
3727.371
3726,958
3726 ,544
3726.132
3725.719
3725.307
3724 ,894
3724 ,482
3724.074
3723.659
3723.248
3722.837
3722,.426
3722,015
3721.,605

(Continued)

A

13260
13270
13280
13290
13300
13310

B

5173.705
5174.115
5174.524
5174.934
5175.343
5175.752
5176.161
5176.569
5176.977
5177.385
5177.793
5178.201
5178.608
5179.015
5179.422
5179.829
518C.235
5180,.641
5181 ,047
5181,453
5181 ,859
5182, 264
5182,669
5183,074
51.83.479
5183.883
5184 ,287
5184 ,601
5185.095
5185.499
5185,902
5186 ,3C5
5186,708
5187,111
5187.513
5187.915
5188,317
5188,719
5189.121
5189,522
5189,923
5190 ,324
5190,725
5181,125
5191.,525
5191.925
5192,325
5192.725
5193.124
5193 .524

C

3721,195
3720.785
3720.376
3719.966
3719.557
3719.148
3718.739
3718.331
3717.923
3717.515
3717.107
3716.699
3716,292
3715.885
3715.478
3715.071
3714 .665
3714.259
3713.853
3713 . 447
3713.,041
3712,636
3712,.231
3711.826
37114221
3711,017
3710,613
3710.209
3709.805
3709.401
3708.998
3708.595
3708.192
3707.789
3707.387
3706.985
3706.583
3706,181
3705,779
3705.378
3704,277
3704 ,57€
3704,175
3703.775
3703.375
3702.975
3702.575
3702.175
3701.776
3701.376

Two Computer Read-Out Sheets Tabulating the Restriction Upon

the Rotational Constants of NO.Cl

Transition Frequency, using (B+C) from the 2

-25..

2

35

Imposed by the 1

I

17-2_2

—a-3o Transition.
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NO2CL®% ROTATIONAL CONSTANTS

(Continued)
J 2 to 3 TRANSITIONS A B c
13260 5174.166 3720.734
1327¢ 5174 ,566 3720,334
A B c ¥328¢ 5174 .966 3719.934
13290 5175.366 3719.534
12800 5155.516 3739.384% 13300 5175.765 3719.135
12810 5155.927 3738.973 3310 5176, 164 3718.736

12820 5156.337 3738.563 13320 5176.563 3718.337
12830 5156. 747 3738.153 13330 5176,962 37147.938
12840 5157.157 3737.743 13340 5177.361 3717.539
12850 5157.567 3737.333 1335C 5177.759 3717.14%
12860 5157 .977 3736.923 13360 5173.157 3716, 743
12870 5158.386 3736.51% 13370 5178.555 3716.345
12880 5158.795 3736.105 13380 5178.953 3745.G47
12890 5159.,203 3735.697 1339¢ 5179.350 3715.550
12900 5159,.612 3735.288 13400 5179.748 3715.152

12910 5160,020 3734,880 13410 5180,145 3714.755
12920 5160.428 3734 .472 13420 5180,542 37ik4.358
12930 5160,836 3734.064 13430 5180.938 3713.962

12940 5161,244 3733.656 13440 5181.335 3713.565
12950 5161,651 3733.249 13450 5181,731 3713.169
12960 5162,058 3732.842 13460 5182,127 3712.773
12970 5162,465 3732.435 13470 5182.523 3712.377
12980 5162,872 3732,028 13480 5182.541& 3711,982
12990 5163,.278 3731.622 13490 5183,344 3711,586
13000 5163 ,684 3731.216 13500 5183.709 3711.,191
13010 5164 ,090 3730.810 13510 5184 ,1C4 371G.796
13020 5164 ,496 3730.404 13520 5184 ,498 3710.402
13030 5164 ,902 3729.998 13530 5184 ,893 3710,0C7
13040 5165.307 3729.593 13540 5185,287 3705.613
13050 5165,712 3729.188 13550 5185,681 3709,219
13060 5166,117 3728,783 13560 5186,075 370&.825
13070 5166.521 3728.379 13570 5186, 465 3708.431
13080 5166,926 3727.974% 13580 5486.362 3708.038

13090 5167.330 3727.570 13590 5187.256 37CT7.644
13100 5167 .734 3727.166 13600 5187.€49 37C7.251
13110 5168.,137 3726.763 13610 5188,041 3766.859

13120 5168.541 3726.359 13620 5188.,434 3706.466
13130 5168,944 3725.956 13630 5108,827 3705.073

13140 5169.347 3725.553 13640 5189,219 37C5.681
13150 5169.750 3725, 150 13650 5189.611 3705.289
13160 517C.152 3724 ,748 13660 5190,003 3704 ,897

13170 5170.555 3724 .345 13670 5150.394 37Ch,506
13480 5170.957 3723.943 13680 5150,786 3704, 114
13190 5171.359 3723.541 13690 5161,177 3763.723
13200 5171,761 3723.139 13700 5191.568 3703.332
13210 5172,162 3722,738 13710 5191.959 3702.941
13220 5172.563 3722.337 13720 5192.,349 3702.551
13230 5172,964 3721.936 13730 5192.739 3702.161
13240 5173.365 3721.535 13740 5193.130 3701.770
13250 5173.765 3721.135 13750 5193 .520 37¢1.380

Figure 3. Two Computer Read-Out Sheets Tabulating the Restriction Upon
the Rotational Constants of N020135 Imposed by the 2 —s 3

Transition Frequencies.
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N0201°5 ROTATIONAL CONSTANTS N0201°5 ROTATIONAL CONSTANTS
3 to b TRANSITION 3 to 4 TRANSITION
0 -1 e =3
A B c A B c

12800 5155.788 3739.112 13300 5176.652 3718.248
12810 5156,212 3738.688 13310 5177.065 3717.835
12820 5156.635 3738.265 13320 51TT 475 3717.425
12830 5157.057 3737.843 13330 5177.885 3717.015
12840 5157.481 3737.419 13340 5178.297 3716.603
12850 5157,.902 3736.998 13350 5178.707 3716.193
12860 5158,.324% 3736.576 13360 5179.116 3715.784%
12870 5158, T47 3736.153 13370 5179.527 3715.373
12880 5159,168 3735.732 13380 5159.916 3744 ,964
12890 ' 5159,589 3735.311 13390 5180.345 371k .555
12900 5160,011 3734%,.889 13400 5180,755 3714 ,145
12910 5160,431 3734.469 13410 5181,164 3713.736
12920 5160,851 3734,049 13420 5181.552 3713.328
12930 5161,271 3733.629 13430 5181.980 3712.920
12940 5161,692 3733.208 13440 5182,.389 3712,511
12950 5162,112 3732.788 13450 5182, 791 3712.103
12960 5162,530 3732.370 13460 5183.20 3711.696
12970 5162,951 3731,949 13470 5183,612 3711,288
12980 5163,370 3731.530 13480 518%,019 3710.881
12990 5163,788 3731,.112 13490 5184 426 3710474
13000 5164,207 3730.693 13500 5184 ,834 3710.066
13010 5164 ,625 3730.275 13510 5185,240 3709.660
13020 5165,043 3729,857 13520 5185,646 3709.254
13030 5165, 462 3729,438 13530 5186,053 3708.847
130%0 5165.879 3729,021 13540 5186 ,459 3708 . 441
13050 5166 .296 3728.604 13550 5186,864 3708.036
13060 5166,714 3728,186 13560 5187.270 3707.630
13070 5167.130 3727.770 13570 5187,675 3707.225
13080 5167.547 3727.35 13580 5188,080 3706.820
13090 5167.964 3726.93 13590 5188,485 3706.415
13100 5168,380 3726.520 13600 5188,890 3706.010
13110 5168,795 3726,105 13610 5189.294 3705.606
13120 5169,212 3725,.688 13620 5189,699 3705.201
13130 5169,627 3725.273 13630 5190,102 370%,.798
13140 5170.042 3724 ,858 13640 5190,506 3704.394
13150 5170.457 3724 443 13650 5190.910 3703.990
13160 5170.872 372%,028 13660 5191,313 3703.587
13170 5171.286 3723.614 13670 5191,716 3703,184
13180 5471.700 3723.200 13680 5192,118 3702,782
13190 5172,115 3722,785 13690 5192,522 3702.378
13200 5172.527 3722.373 13700 5192,924 3701.976
13210 5172,941 3721.959 13710 5193.325 3701.575
13220 5173.355 3721.545 13720 5193,729 3701.171
13230 5173.767 3721.133 13730 5194 ,130 3700,770
13240 5174 ,180 3720.720 13740 5194 .531 3700.369
13250 5174 .594 3720,306 13750 519%4,933 3699.967
13260 5175.005 3719.895

13270 5175.417 3719.483

13280 5175.830 3719.070

13290 5176.241 3718.659

Figure 4. Two Computer Read-Out Sheets Tabulating the Restriction Upon
the Rotational Constants of NO 0135

2
Transition Frequency, using (B+C) from the 2

Imposed by the 3O—>lk 1

T 30 Transition.
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only a very weak determination of the rotational constants. Small displace-
ments of the curves by centrifugal distortion are sufficient to shift A by
several hundred megacycles. Furthermore, since the frequencies of the 51 - AO

and 5 , - 4_u transitions are predicted about equally well by any of the tabu-

5
lated sets of constants, it is clear that they can impose no strong additional
restriction. The transitions which would help matters are thcse which are
absent because they involve levels antisymmetric in the oxygen atoms, and
those which should be very weak because the molecule 1s nearly a prolate sym-
metric top.

If the molecule is treated as a rigid planar rotor, the relation Ia + Ib -
' Ic = 0 can be used as an additional constraintupon the rotational constants for
a stronger determination. Figure 5 shows a tabulation of the restriction ob-
tained by substitution of Relation 4 in the above relation. It will be seen
that this table has a sharply defined intersecticn with each of the other
tables at A = 135,250 Mc. Rotational constants for the 2 - 3 intersection are
listed in Table IV, along with those obtained in the same manner for N020157Q
The constants for N020155 are considerably different from those published by
Millen and Sinnott, but it is understood that in more recent unpublished work
Dr. Sinncott has obtained revised sets of rotaticnal constants in which A is
close to 13,240 Me .ot

Group-center transition frequencies calculated from these constants are
included in Appendix III, and differences between observed and calculated fre-
quencies are listed in Table VI. The differences, although small, are greater

than possible experimental errors except for the fitted 2 - 5 transitions. It

is not possible to fit all transitions simultaneously with any single set of

-08-
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No?cl35 ROTATIONAL CONSTANTS (Continued)
- A B Cc
APPROXIMATE RELATION ASSUMING
PLANAR MOLECULE WITH ZERO 13250 5173.935 3720.965
QUANTUM DEFECT 13260 5173.415 3721.485
13270 5172,900 3722,000
13280 5172.380 3722,520
A B ¢ 1329¢C 5171.865 3723.035

13300 5171.345 3723.555
12800 5198.085 3696,815 13310 5170.830 3724 ,070
12810 5197 .530 3697.370 13320 5170.315 3724.585
12820 5196,980 3697.920 13330 5169,800 3725.100
12830 5196.425 3698.475 13340 5169.285 3725.615
12840 5195875 3699.025 13350 5168.775 3726.125
12850 5195.325 3699.575 13360 5168,265 3726.635

12860 5194 ,775 3700.125 13370 5167.750 3727.150
12870 5194 ,225 3700.675 13380 5167.240 3727.660
12880 5193.680 3701,220 13390 5166,730 3728.170
12890 5193.130 3701,770 13400 5166,220 3728,680
12900 5192,585 3702.315 13410 5165.,710 3729.190
12910 5192,035 3702,865 13420 5165,205 3729.695
12920 5191,495 3703.405 13430 5164 ,695 3730.,205
12930 5190.950 3703.950 13440 5164,190 3730.740
12940 5190,405 3704 .495 13450 5163.685 3731.215
12950 5189.865 3705.035 13460 51€3,180 3731.720
12960 5189,320 3705.580 13470 5162,675 3732.225
12970 5188,780 3706,120 13480 5162,170 3732.730
12980 5188, 240 3706,660 13490 5161,665 3733.235
12990 5187.700 3707.200 13500 5161,165 3733.735
13000 5187,160 3707.740 13510 5160,665 3734.235

13010 5186.625 3708.275 13520 5160.165 3734,735
13020 5186,085 3708,.815 13530 5159,660 3735.24%0
13030 5185.550 3709.350 13540 5159.160 3735.74%0
13040 5185.015 3709,885 13550 5158.660 3736.24¢C
13050 5184 ,480 3710.420 13560 5158,165 3736.735
13060 5183.945 3710.955 13570 5157 .665 3737.235
13070 5183.415 3711.485 13580 5157.470 3737.730
13080 5182,880 3712,020 13590 5156,670 3738.230
13090 5182.345 3712,555 13600 5156,180 3738.720
13100 5181.815 3713,085 13610 5155.680 3739.220
13110 5181.285 3713,615 13620 5155.185 3739.715
13120 5180.755 371k ,145 13630 5154 ,695 3740.205
13130 5180.225 3714.675 13640 5154 ,205 3740.655
13140 5179.700 3715.200 13650 5153.710 3741.,160

13150 5179.170 3715.730 13660 5153 .220 3741.680
13160 5178.645 3716.255 13670 5152725 3742.475
13170 5178.120 3716.780 13680 5152,.240 3742,660

13180 5177.595 3747.305 13690 5151.750 3743.150
13190 5177.070 3717.830 13700 5151,260 3743 .640
13200 5176.545 3718.355 13710 5150.770 3744,130
13210 5176.,020 3718.880 13720 5150.285 3744 ,615
13220 5175.500 3719.400 13730 5149.795 3745,105
13230 5174.975 3719.925 13740 5149.310 3745.590
13240 5174 ,460 3720.440 13750 5148 ,825 3746,075

Figure 5. Two Computer Read-Out Sheets Tabulating the Restriction Upon
the Rotaticnal Constants of N020135
I +1
a

Imposed by the Relation

p-I,=0, using (B+C) from the 2 -+ 3, Transition.

2.
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TABLE VI

DIFFERENCES BETWEEN OBSERVED AND
CALCULATED GROUP-CENTER FREQUENCIES

CGrour-Center Frequency Deviation
(Measured Minus Calculated)

Trgnsition N026155 1\102(3‘].5"7
(Mc) (Mc)

by -5 -2.22

31 - ho 0.10 0.10

5 ~ %3 -0.32 -0.31

5.3 - b ) -0.59 -0.58

22 - 51 0.00 0.01

2l - 50 -0.03 -0.03

2_2 - 5_3 0.0% 0.03

1, -2, 0.23"

0 -1, 0.25"

tBased on measured frequencies published by Millen and SinnottQEO

rotational constants, whether or not the ccnditicn Ia + Ib - Ic = 0 1s impcsed.

A notable characteristie of the differences is their similarity for the two
isotppes of chlorine. Centrifugal distortion is suggested as the cause, first
by the slight relative disrlacements of the computer tabulations for different
transitions, and more conclusively by the 0.23-Mc error in the prediction of
the OO - l—l transition frequency. The frequency of this transition must be

precisely one-third that of the 2, - 50 transition for any rigid rotor, regard-

1

less of its rotational constants.

-30-
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c. Molecular Dimensions of Nitryl Ckhloride. For the structure

Ccl

A
o
<

the moments of inertia are given by:

2

I == W

T

2
"5
2 2 . 2
I = l/M.{ml[:(ma + 2m5) u” o+ Mma uv 4 2mg v J + ammy v
Ia + 5

c
where M = m_ + m_ + 2m

1. 2

o

The simplicity of the structure thus permits ready determination of the mclecular

u

dimensions from the rotational constants, using the relation Ia = {1/A) 5.05531 x
105 Mc/amu—A2 and the similar expression for Ib“ The dimension w is given immed-
iately by Ia“ To find u and v one can solve simultaneocusly the equations for

55 37

MIb for NOECl and NOQCl Subtraction of the equations for the two isotopes

gives a numerical value for the quantity

=31 -
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2
uv + 2m, v

A 2
(m2 + 2m5) u o+ hms 5

which can be substituted in the sum of the equations to find X?D Once v is
known, the quadratic above can be solved for u. E£imple trigonometry then
gives the N - O distance and the 0-N-0 angle.

The rotational constants listed in Table IV lead to the fcllewing molecu-

lar dimensions:

a(N - 0) = 1.207 A
a(N - C1) = 1.8% A

Z (ONO) = 129.50°

The figures shown in Table IV have been rcunded in view of the approximation
made in assuming molecular rigidity. The N - C1 distance is considerably
larger than the sum of the single covalent bond radii, but is nct so great

as in nitrosyl chloride (NOCl), where the ancmaly is attributed to icnic bond
character.

d. Quadrupocle Goﬁpling Constants of Nitryl Chloride. The observable

hyperfine splittings of nitryl chloride transitions are dﬁe te the chlorine
nucleus; tbose due to the nitrogen nucleus are too small to resclve. Quadru-
pole couplings were calculated by first corder theory from a fitting of the
hyperfine structures of the 2 - 3 transitions, using the "maximum likelihood”
procedure described in Appendix IIT.

Separate maximum likelihcod fittings of the hyperfine components of each
2 - 3 transition were first performed, resulting in the estimates tabulated

below without roundoff.
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<5 - 5-5 2 - %0 e T 1
Transition Transiticn Transition

S (Mc) (M) (Mc)

' 5

Xaa -9k .81 -9k 6k -95 .07
35

Xy 52.35 50 .47
35

ch U2 46 Ly, 60

Tk .38 -Th.68 “Th 7T
37 -

Xbb L0.67 L0 .28
37

L 33 71 3l k9

The splitting of the 21 - 30 transition is independent ij(bb and.}%ca The
lack of consistency between isotopic species in the magnitudes of the discrep-
ancies suggests that they are due to the sensitivity of single-transition de-
terminations to small frequency measurement errcrs rather than to possible
higher arder effects resulting from the proximity of the 21 and 22 rotational
energy levels.

To make more efficient use of the data, simultanecus fittings of all the

lines of all three transitions were next performed for each isotope. The re-

sulting estimates are listed below, again wifthout roundoff.
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35 37
Nogci,_. NOC1
(Mc) (Mc)
X -9k .70 | -74.58
)(bb 52,11 41.21
X ee k2.59 33.37

In an effort to refine the determination Gf)(bb and'xtn, which are not so
strongly constrained as)(aa, a final simultanecus fitting of all lines of all
transitions of both isotopss was performed. In this calculation the measured

ratiojx8835/72857 = 1.2697 was used for the ratic QiS/QBYQ The following

coupling constants were obtained.

N020155 N020137
(Mc) (Mc)
Kag -94.70 -74.58
)(bb 52.21 41.12
><cc L2.49 33,46

These values of'Xbb and.ti differ by only 0.l Mc from those determined for
each isotope separately. WValues shown in Table ITII are rounded accordingly.
These coupling constants predict the cbserved quadrupole-interaction

shifts of 58 well-resolved lines (including the higher-J transitions

-3k~
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subsequently observed) with a standard deviation of 0.02 Mc, confirming the
adequacy of first order theory within the limits of experimental measurement
' capability.

From the couplings normal to the bend axis a 5- or 6-per-cent double bond-
ing would be estimated according to the theory cf GOldstein.,3 The large coupiing
constant along the bond indicates that the remaining single bond involves very
little s-hybridization and very little ilonic character,

e, Stark Effect for Nitryl Chloride. Determination of the dipole
33

moment of’NOECl was undertaken by analysis of the Stark splitting of the 2, =

1
50 transition. In Figure 6, a recording made at an electric field intensity of
515 volts/bm, all ten Stark components of this transition are visible as down-
ward deflections.

Splittings of the 2. energy level were first calculated for several values

1
of the quantity uE (dipole moment times field intensity), using an IBM 650 com-

puter to diagonalize the Hamiltonian matrices of Mizushimau_l5

This procedure
was not necessary for the 50 level; there the average value of the molecu