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2 In this thesis an account is ziven of studies of the
rotational spectra of ¥ - Pyrone, thiapyrone, cvanamide,
nitramide, dideuterocyaznamide and aminoacetonitrile, The

-

spectra of these compounds were studied in the Stark modulation
spectroneter which is described briefly in the introductory
chapter, .

¥ - Pyrone and thiapyrone were studied as part of an
investigation of the molecular geometries of compounds belonging
to the 4 - Pyrone series. Five isotopic species of Y - Pyrone
and the ncrmal species of thiapyrone'have been studied. It
ié concluded that both molecules are planar structures in the
ground vibrational state-and that there is some evidence of
anguler distortion of “he rings to accomacdate the heteroaioms

in a planar struciture. The Stark effect of ¥ - Pyrone has

been found to be non-guadratic znd a special trestment of the

3
ot
Q
1)

Stark effect has been carried out enabling the dipole momen
the molecule to be obtained,
) . 14 . ey
A study hzs been made of "I - ouedrunole coupling in the
spectra of cyanamide znd nitramide and the coupling constants .

obtainad for these molecules, Conclusions are dravin <

regarding the delocalisztion of the lone-pair electrons of the



amino nitrogen atom into the T - srsiens of the nolecules, An
extrarolation of these results to the more genersl 1} VHé X systen
(x aﬁ electron withirawing group) is suggested,

The energy levels of dﬂdeutprocy“hanwde are highly pertuxrbed
by vibration/rotation interactions, It has been possible to
locate the K._1 = 2 rotatioral eneréy levels of the ground
vibrational state “eluulvo to the K 1= 1 levels of the first
excited state. It is concluded tnat second o“aer rerturkation
theory is insufficient for the calculation of these ensrgy levels
end that a more complete calculation is required.

Some preliminary conclusicns apout the structure of
amincacetonitrile have been obtained. Three species have been

"studied and the amino hydrczen aton ccordinates located exactly
by isotopic substitution. The molecule exists in the

conformation with the amino hydrogen atoms trans to those of the

methylene groupe

e
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CHAPTER 1.

IYTROTUCTION,

Rotational spectra of low-pressure gases are & source of 2
variety of information about the molecules constituting the gases,
This thesis contains an account of recent studies of the microvave
spectra of cyanamide (NHzcﬁ), nitramide KEZNOQ), Y - Pyrone and
thicgpyrone, and aminozcetonitrile (mchzoN),,

It is convenient to divide these meclecules into four groups
accorGing to the perticular aspect of rotational spectroscopy
which was of prime interest in the analysis of the spectra carried
- out in this work. These four groups are represented in the
thesis by chapters 2 - 5, chapter 6 being a descrintion of the
chemical preparation of the compounds end thelr isotopic species,

. A discussion of the classicsl mechanics of rotating molecules
may be found in reference 1, and the corresponding guantum
mechanical treatment in reference 2, Yor deteils of the
experimental techniques and the standard methods of analysis-of
microwave spectra,references 3, 4, 5 and 6 should be consulted.

Where it was felt to be zpprorriate, certain aspects of the
theory have been discussed in the text of the thesis. This
applies particularly to the description of the anomalous Stark

effect of ¥ - Pyrorne given in chepter 2 ard to the account of

P
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nuclear quadrupole qoupling in molecules con{aining two nitrogen
nucleii in chapter 3.

The remainder of this chapter is devoted to a description
of the method of celculation of rigid asymmetric rotdr'energy
levels and to the selection rules for molecules in this class,
Aiso included is a description of the spectrometer uged in this

viork.

1, The enerzv levels of a rizid asvmmetric roior.

As for symmetric tops the rotational zngular momentum
quantum nunber J and the projection of the totel rotetionsl
angular momentum on & space fixed axis I, are good guantum nunbers

or the esymmetric top. he projection o al aticnal
for th t e} The projecti f the total rotatiocnel
angulzsr momentum on 2 molecule fixed axis system K is not however
constant in an asymmetric rotor with the result that X cannot be
considered as a good quantum number. It is conventional to
label the asymmetric rotor enerzy levels using the value K
would heve in the prolate and ovlate symmetric top limift.

) 1, 2 9, - FN "4
It can be shown that the energy levels of an asymmetric

»

rotor may be written in terms of Ray's asymmetry parameter K as,

o= 2 5n) + 2 m) (1)



where A and C are rotational constants defined as below and
E(K) is the reduced energy for the molecule. ‘The rotational
constants are related to the moments of iﬁertia along the
principal moleculsr axes in the following way,

h

X = ——
8 I
X

Where X is in Mc/s and Ix in aoMele 22 then
Xx I = 5,05531 x 10° Me/s (aomeu.gz)

The reduced energy E(K) of (1) is the energy of a molecule with
rotational constsnts 1, K, -1, As such E(k) may be obtained
from the matrix elements of the Hamiltonian for the rigid
.asymmetric rotorzo In this work tables have been used giving
VE(K) accurate to eight significant figures at intervals of 0,001
in K, In cases where K was intermedicte between two
consecutive entries in the tables, linear interpolation was used
to determine E(K) for a required energy level.

The pfocedure described above was used in the calculations
of the energy levels éf Y - Pyrone and thiapyrone describved in
chapter 2, In the cases of the remsining molecules which
have K values very close to the prolate limit it is more
convenient to write the energies in;tefms of an expansion such

as that due to Polo. Thig case is discussed in chapter 4.



2. The Selention Rules for an s mmetric Dotor,.

The selection rule for J in an agymuetric rotor i? AJ;-—-O,f le
The selection rules for the pseudoguantun numbers X cen be derived
from & consideration of the transformation properties of the
asyﬁmetric rotor wave functions under the operations of the four
group V,l-éo

One aspect of the selection rules of particular interest
in this work is concerned with the effects of inversion on the
selection rules of a molecule like I-TD2ONo

The selection rules for J and K are as abovle. The dipole

matrix element should now however be expressed as

* ¥
ol |md = [q’R,n . q)V,n M "pR',m . q‘V,m ar (2)
where l[JR is an easymmetric rotor wave funciion and lllv a vibrational
wave function. |
Equation (2) may be factorized into 2 rotational metrix
element and a vibrational matrix element both of which must be
non-vanishing for zn inversion transition to be allowed,

Considering the inversion integrsl
*
<nl}*|m>v = q‘V,n/"g q’v’m dr

nfpm |=> y Bust be totally symmetric and thus if).tg reverses
direction during the inversion then IIJV n and va m must have
3 9

opposite symmetries.



Thus for ﬂD CH trensitions involving the}ic component of the
dipole moment will be between rotationzl energy levels associzted
with vibrational states of opposite symmetries.

3o The Svectrometer,

A11 the experimental spectroscbpy in this work was carvied
out on a conventional Sterk moduletion spectrometer employing
sqguare wave modulation and comerating in the temperature range
0°¢ - 50000 A block diagram of the spectromefer is shown in
fig. 1 and & general view of the instrument in the accompanying
photograrh,

The sbsorpiion cell is constructed from a ten foot length
of copper X - band wavegvide with a Zlenge at either end end

ealed by mica windows cemented to the flanges with wax, This

k)

has slight disadvantages in that the temperature of the cell
o (o2
. . O .
cannot be rzised much above 50 C without melting the wax. The
method of heating the cell is described in chapter 2 section 5.

9,

The Stark electrode is mounted parallel {to the broad face
of the waveguide ané is supported on milled teflon strips.
Modulation is zpplied in the form of a 100 Xc/s zero-based squars

wave from an Industrizl Components Incorporated generator capsble

lied field of up toc 4C00 volts/ém° The

of producin

R
B
3]
K}
'3

square wave gererator is used in conjunciicn with a phase
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sensitive detection system of the same msnuiaciture.

The low frequeﬁcy range,8 - 12 Gc/s,is coverad by a low
vqltage E.i,To klystron and a numter of high voltage E.}M. I,
Klystrons extend the working range from 12 - 40 GC/So

The signal detected by the crystal detector is amplified
in a preamplifier unit before being fed invo the rthase sensitive
detector,. It may then vs presented either dirsctly on an

oscilloscope or on a pen recorder, When oscilloscope

presantation is used gzain in sensitivity can be obtainsd by

bend widih in the receiver, Vnen the rscorder is used t
Xlystron is driven by an electric motor zttached dirsctly to the
t uning spindle of the klystron.

-

Direct reading cylindrical cavity wave meters are used to

. . . + .
obtain approximate frequency measurements (- 5 Mc/s)o Accurate
frequency measurenent is carried out using the following system.
A licro-Yow freguency multipliexr chain provides harmonics of

450 lc/s, 150 le/s and 50 ¥c/s of 2 5 Me/s fundamental variable

frequency crystal oscillztor, It has been found that with a

[¢)
H
C
S,
.(.2
=
i*
<k

simple modification to the output circuit of the M

it is possible to produce useful hsrmonics up

w
L
(0]
N
5
G2

Ge/s specification of the standard instrumen



’-

he output frow the malitiplier cheir. is fed onto a crysial

mount of the microwave power

o

vhich is also receiving & small

Y.

frem the Klystron via & dirsctio al coupler, and wnich serves Toth

'3

-

as & nixer and as a harmonic generator, The harqonlcs, spaced Ty
50 Mc/s’are mixed with the Xlystron power and the heat frequency
taken throuzh 2 redio receiver, The result is presented on a
second trace on the oscilloscepe,. When the beat frequency equals

the radio receiver setting & sharp marker pip eppears on the

receiver setting emaznate from each harmonic.

The

Hy

raguency of the variable frequency oscillator is then

,
v

n on the line to be measured,

tuned o set sach ofi th

rstron sweeping in both

LW 5

This procedurs is carried out with the X1

forward and reverse direcilons end the mean of the settings taken.

This technigue eliminates delays.
- e . +
The oscillator freguency (~9 iic/s) is mezsured to = 0.1 c/s

o

using a Marconi freguency counter calibrated against the 200 Lv/s
transmission of the B.2.C. Droitwich transmitter. The harmonic
of the oscillator in uss at a given time is determined from wave
neter méasur¢ﬂent Se The method enables the frequencies of the
strongér lines ﬁe»sured in this work to be obtaiﬁed to
the majority of +ths weaker line measursments in the fcllowing

c
- - + .
chapters are however probadly accurats o only about - 0.l LC/SO
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CEAPTER 2,

The Microwave Spectra of Y - Pyrone and Thiapyrone.

1. Introduction.

The series of compounds I -~ IV known as the 4-pyrones has
long been known to be aromatic in the sense that the molecules
comprising the series show considerable reluctance to undergo
chemical reactions typical of the olefins,

(o . $ [:ﬁt] . [:S:J .
pyran-4-one thiapyran-4-one pyran-4-thione thiapyran-4-thione

¥ -Pyrone thiapyrone thiopyrone  thiathiopyrone
I II ' IIT v

'The mdre modern definition of aromaticity is in terms of
'(delocalisation of 1 - electrons over the ring system resuliing
in a large resonance energy and unusual stability of the ring to
chemical reactions. The degree tc which the 4-pyrones are
aromatic by this latter definition hinges on the availability
of the lone-pair electrons of the ring hetero-atcm for
interaction with the 1 - electroh system of the conjugated

part of the molecule. For such an interaction tu take place
to any significant extent it is necessary that the 4-pyrones )
be planar or nearly planar structures.

The chemical properties of these molecules can be

wunderstood in terms of a valence - bond description. It

9



has been the usual practice to assume planarity of the
systems and to descriEe the molecules as resonance hybrids

of the canonical forms a - e,

Y Y— Y- Y : Y-
+ = - 4

] @@ ES (‘]

fb 100 Q) C

- : + +
a b c* d% é*

where X and Y can be sulphur or oxygen atoms, The asterisk
indicates the forms for which there are clearly two equivalent
structures.

A large contribution from e* to the molecular wave functions
| woﬁld suggest that the ﬁolecules would be highly polar and this
is indeed confirmed by soluoility studiesl° _ The dipole
moment of each member of the series has been measured in
" benzene solution? the experimental valves ranging from ~ 3,7D
for Y- Pyrone to ~ 4.4D for thiathiopyrohe.

Molecular orbital calculations carried out on the series3’4
suggest that the molecules have a large resonance energy and
that the electron density at 05 and 05 is highér than at G2 and
Cg (the numbering sjstem used'here is shown in fig.l). THese
facts are consistent with experimental evidence that electrophilic
substitution occurs at the 3 and 5 ring positions and

nucleophilic attack takes place at the 2 and 6 positions.

10



Numbering system for 4-Pyrones
fig.l

The N.M.R. properties of the 4-pyrones suppoft the presence
of a ring current 19 - This would be expected if the rings
were aromatic and the lone-pair electrons of X were delocalised
into the w - systems of the molecules, The observed ring
current is however very much smaller than might be expected for
a fully aromatic system.

In order to definitely establish the planarity of the rings
and to obtain an accurate measure of ring geomefry it was
decided to study the miérowave spectra of these compounds. Y-
Pyrone, haviﬁg a high dipole moment of 3.72D and a vapouxr
pressure of 0.2 m.m, of mercury at rcom temperature, is
particularly suitable for study by microwave spectroscopy.

Five isotopic species of this molecule have been studied

in detail,
Y - Pyrone normal species
" 2 1 6 d,-species .
" 3 1 5 d,-species
Aﬁ . 0 ie-species
" 0 ;8—species



The 2 ¢+ 6 and 3 ¢ 5 013 substituted speciés have been
tentétively assighed in natural abundanéé, however the
reliability of the data is reduced by the weakness of the
spectra, |

The inertial defect for each species studied strongly
suggests that in fhe ground vibratiocnal state Y - Pyrone has a
- planar equilibrium configuration. Sfructural paraneters for
the molecule have been determined, the bond lengths showing
effects which may be attributable to delocalisation of the lone-

pair electrons of O, into the ™M - electron system of the

1
molecule.

Stark effect measurements have yielded a value of
3,70 ¥ 0.1D for the M, dipole moment of the normal species in
the ground vibrational state. The Stark effects of the
trénsitions studied were non-quadratic suggesting that the
interactions between the ground state rotational energy levels
via the/ua dipole matrix elements are more complicated than
expected thus rendering the usual second order perturbation
treatment inapplicasble in this case.

The normal species of thispyran~4-one (thiapyrone) has

been studied to verify that the introduction of sulphur for

oxygen as the ring hetero atom does not detract from the

12



planarity of the systen. The results obtained show that

fhe equilibrium configuration of the ring is almost certaiﬁly
planar. However, owing to the very low vapour pressure of
this compound even at ~:50°C the spectrum was very weak and no

further isotopic work was attempted.

2. Analysis of the Spectrum of Y ~ Pyrone,

Using the structure determined by x-ray crystallographic .
methods for the related molecule 2 : 6 dimethyl - 4 - 'bhiopyrone5
as a guide to the geometry of the pyrone ring, the structure

given in table I was used as a preliminary model for predicting

line fregquencies for Y - Pyrone.

'TABLE T

Preliminary Y - Pyrone Model ()

c, - 0, 1.37 Cz0; 0, 117°
G, = C 1.36 0,0, H 119°
c; - ¢, 1.42 0,0,C; 122°
¢, - 0, 1.21 0203¢4 _ 122°
¢C -H 1.08 C,C,H, 119°

C,C,Cs 114°

The model given in table I is a prolate asymmetric rotor

with K = 0,569 énd rotational constants,

13



A = 5944,18 Mo/s B = 2758.81 Mc/s C = 1884.28 lMc/s.
Assuming the molecule %o be planar the dipole moment will be
wholly along the a inertial exis.  Thus the most suitable
transitions to look for in an initial search of the spectrum

are likely to be the}xa R - branch transitions obeying the

selection rules AK_ = 0 and AK+1 = +1, The rotational

1
constants given above predict that the 5 =.5 - 4 transition of
Y - Pyrone will occur in the region 20 - 25 GC/So

Samples of Y - Pyrone were admitted to the Stark cell by
first filling & section of the vacuum line with Y - Pyrone vspour
and then transferring this to the cell. The pressure of
vapour in the cell was then pumped down to the normal working
pressure of 0.005 m.,a. of mercury. It was found that the
strength of the observed spectra was improved if, before
commencing work, the cell was flushed out with sample vapour to
remove any traces of other compounds adsorbed on the cell walls,

A search in the rzgion predicted for the J =5 - 4
transition with an applied Stark voltage of ~ 600 volts revealed
a number of strong zbsorption lines. The observed pattern of
 these lines is shown in fig. 2 '

It immediately became clear that each line in the spectrum

was accompanied by at least one obvious vibrational satellite

14
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some 30 Mc/s. to high freguency of the ground stafe 1iﬁe°
Both ground state lines and vibrational satellites showed
alternations in intensity characteristic of nuclear spin
statistical weight effects. |
The transitions were assigned on the basis of their Stark
effects and by comparison of line separations expected from the
model and those observed experimentally; The preliminary
assignments indicsted that traansitions for which K;l was odd
were accompanied by strong vibrational satellites with
intensities almost equalling those of the ground state lines
while for K;l even lines the ground state appeared very much
strongsr than the satellite. All of the strong lines
(KLl =0 - K, = 3) of the J = % -~ 4 transition were assigned
in this way as vere some of the low frequency J = 6 - 5 lines.
If it is assumed that rigid rotor theory is obeyed, the
frequency of an R - branch transition is given by

A+C + A-C
2 2

v =2(3 +1) A E() (1)

where ¥ is the line freguency and all other terms have their
usual meanings. If frequency differences between pairs of-
lines are taken in such a way that the J deperndent term in

A+ C is eliﬁinated, then clearly from (1), for any given
2
value of K,
2 ALZ(K))




Thus since = 5 ¢ and K are independent of the rotational

quantum numbers, 2 graph of 2 5 C sbtained from (2) for several

pairs of lines against K should intersect at a point giving the

true values of 4 5 ¢ and K o Any line not intérsecting at

the point has either been wrongly assigned or belongs to a
different vibrational state, - For a non-rigid molecule there
is usually some spread of the intersection points however the
effect is generzlly guite snall,

This graphical method was used to confirm the assignments
of both ground state and first excited vibrational state lines
for Y - Pyrone and to provide a more accurate set of rotaticnal
constants for eacﬁ state. Using the improved rotational
constants the study of the R - bianch spectrum was extended
over a range of ~ 15 Gc/s; From the line measurements thus
obtained a graph similar to that described above was
constructed over a smaller range of K, "Fig. 3 shows the
plot for the ground state lines, From the lack of spread
of the points it was concluded that at low J values Y - Pyrone
may be treated as a rigid rotor.

The final set of rotational constants for the normal
species were obtained by fitting the observed R - branch line‘
frequencies to equation (1) by the method of least squares,

A+C A-C
refining the parameters ; s > and K o
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These constants were used to predict the frequencies of
several high J,Q - branch lines. The frequency of a Q - branch
line is given by

v = 250 aRK) - (3)

Hence for a number of accurately measured @ -~ branch lines, a

A -
plot of - 5

c against K obtained directly from eguation (3) will
have & common intersection. Such a plot is shown in fig. 4.
It can be seen from fig. 4 that only in the case of transitions
with J = 15 and J = 18 does the intersection deviate seiiously
from a point. This can be attributed to céntrifugal

distortion effects. The values of A ; c and K obtained fron

these lines were in excellent agreement with those obtained

I

from the R - branch spectrum,
Samples of 2 & 6 d2, 385 d,, Ol18 and 0218 substituted
Y - Pyrones were prepared by the methods outlined in Chapter 6.
The observed spectra in each case showed essentially the same
features as that of the normal species and analysis of the
spectra proceeded along similar lines to that described above.
In the cases of the two deuterated species studied the presence
of nuélear spin statistical weight effects in the ground and

first excited state of the molegules confirmed that the molecule

had been symmetrically substituted. Yo spectra due to the

17
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mono-deuterated species were observed.

Using the available data for all the specieé studied the
frequencies of the R - branch transitions expected from the
2 :6and 3:5 Cl3 substituted species were predicted. The
error in these predictions was eipected to be very small
(maximum error + 5 io/s.) and so an attempt was made to study
the spectra in natural s2bundance (2%). Several lines were
tentatively assigred to the ground state in the~spectra of
both 013 species., To improve the signal-to-noise ratio of
the very weak lines observed they were displayed on the
oscilloscope of a C.A.T. (computer of average transients).
This enabled the Stark effects of the lines to be studied and
in most cases they seemed consistent with the assignment.
The lines were measured and rotational constants obtained
from the spectra by the usual method of leastlsquares refinenent,
It was found that in both cases the standard deviations on the
resulting rotational constants were satisfacforily low
considering the small number of lines available and that the
inertial defects supportéd a ground state assignment. Yo
attempt was made to assign any vibrational satellite spectra.’
Owing to the weakness of the spectra observed and to the large
numbers of weak lines from the spectrum of the normal species in
the vicinity ofvthe ovserved 013 lines these assignnents nust

only be regarded as %entative,
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The rotaticnsl constonts and cbserved and calculated line
frequencies for the ground and first excited states of 211 the

species studied are given in tables II - IX,

TABLE II

Observed and Calculated line fresuencies for Y ~ Pvrone normal

Speciles (ﬁj/sa)

v = 0 : . Vv =1

observed calculated observed calculated
200 = Lo1 8988,01 £987.87
204 110T 10000.58 1000081
212 -1, 8281,80 8281, 74
413 = 312 19637.77T  196€37.77 19664.18  19664,02
4o = 37 19468.9Q  19468.92 19503.33  19503.52
4ps = 3pp 18162,36  18162.30 1819C.37  18190.43
505 = 404 20642.53  20642,55 20870.84  20670.84
515 = 414 20188,01  20187,98 20221.,40  20221,38
514 = 413 24143.97  24144.08 24173.70  24173.62
524 - 423 2251%,40 22513%,21 22547.12 2254722
D93 = 422 24710.94  24710.87 24752.37  24752,52
553 = 432 - 23223,81  23223.63 23261,61  23%261,32
S3p = 431 23564.83  23565.09 23607.05  23606.97
S0 = 4u1 23183.52  23192.92
541 - 440 23205,35 22205.85 (Cont'a.)
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Teble TT (Cont'd.)

vV = 0

v o= 1

ovserved calculated

opserved calculated

S06 = 205
616 = 515
T4 = 853
808 707
826 = Tas
%05 ~ 808
919 818
936 = 937
1248- 1249
1138— 1139
125 107 Y259

155 10" 195,11

18¢,10™ 85,13

24268,36 24268,41

24006,83  24005,85
34055.03 34055.02

2 31586.52

A\

O\

3158
36934,69 36934 ,86

(]

>
o

35277.21 3527735
35246.84 35246098
8986, 72 8986.89

1022%,05  10223.13
18441,7 18442, 41

23857,83  23857.12
11129.58  11129,90
11761,81  11760.28

3857436

2001.81

24303,91  24304.02

24046.44 2404641

3849, 30
1990.18

- 0.56807
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Observed and Calculated Line frequencies for 3 : 5 d2 Y - Pyrone

TABLE TTT

21

(tic/s. )
V = 0 vV = 1
observed ‘caloulated observed calculated
413 - 35 19258,49 192;8059 (no satellite lines
CApy = 3y 19386,90 19386.96 were fitted for this
423 = 390 1777%.58  17774.01 spectrum).
431 - 330 18434.87 18455013.
452 331 18267.22  18267.04
505 —-404 19806.60 19806.78
5 ~ 414 19491.70  19491.64
514 - 413 23512,29 23512,28
524 - 423 21968,41 21?68.33
523 - 422 24551074 24551090
553 - 432 22865,94  22865.77
532 - 431 23409o78 23409.93
5 n - 4 40 22892,17 22892:87
6og - 505 23298,06 23298,03
616 - 515 23142,16 = 23142,18
615 - 514 | 27364.53  27364.62
(Cont'd.)



Table III (Cont'd,)

vV = 0 Vv = 1

observed calculatedv observed calculated

25 = 524 26017.65 26017.74
654 = 533 2740274 27492.48
643 542 27555433 275?5°2§

A : c 3529, 21
A = ¢ 1m0
. K ) .- 004764;7
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TABLE TV.

Observed and Calculated Line frequencies for 2 : 6 D, Y - Pyrone

(Mc/s.)
vV = 0 Vv = 1
observed calculated observed calculated

413 - 312 18888,79 18888.98
422 - 321 18888,79 18888,76
431 - 350 18010.79 18010.67

505 = 404 19597033 1959728 = 19623.40 19623.37
515 = 414 19237.54  19237.51
514 - 413 23132039 23152096
524 - 423 21587.66  21587.96

523 - 4,5 23949.61  23949.53 23988.49  23988.41
533 432 22383%,%31 22383.23
532 431 22822,53  22822.58

606 - 505 23044.55  23044.54 23077.42  23077.48
616 515 22854.98 22854.98

615 - 514 27018,10 27017.91 )

25 ~ 524 25062.T4  25062,70 25638,58 25638,60

24 523 28847.T4  28847.62 28889,63 28889,70
34 - 553 26843°79 26843"57
- 2788C. 276880, 32

33 = I3 1680.57  27880.5 (Cont'd.)
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Table IV (Cont'd.)

V = O v = l
observed calculated observed calculated
707 - 606 26518,89  26520.01 26560,67 26560 0!
717 - 616 26429.71  26429.74 264T1,70 264T71.67
726 - 625 29486.22  29486.24 | 29526,26 29526.25
716 - 615 30574.14 30574.07 3060233 30602.31
735 634 31214.63 » 31214.45
L0  3558.19 355185
e o 1793.87 1784.26
K " - 0.51668 - 0.51392
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TABLE V.,

Observed and Calculated Line frequencies for 0118 Y - Pyrone

vV =0 vV =1
observed calculated observed calculated
413 = 315 19075.12  19075.14  19101.23 ' 19101.19
bop = 357 18831.34 188339
505 = 404 | 20196.90 2019682
915 = 414 19711.69  19711.65 19744.51  19744.58
514 = 413 23495.29  23495.16
524 - 425 21907.60 21807.49
503 = 420 23907.76 2390767
533 - 432 22541.35 22541.18
550 = 431 22822.49  22822,97
605 = 505 23745.11  23744.97 237719.87  23779.82
616 - 515 23452.73  23452.61
695 = Sp4 26052.02 2b052:09 )
615 - 514 27635.34  27635.77 27667.22  27667.33
6oy = 523 28912.01  28911.94  28957.36  28957.45
654 = 533 27063.50 27063.,02 27106.89  27106.49
633 = 535 27757.09  27757.37 27808.45  27808.61
’43 - 542 27094.35  27094.00
(Cont'd,)
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Table V (Cont'd,)

VvV = 0 vV = 1
observed c¢alculated observed calculated
542 - 541 2T137.05  27137.29
707 - 606 27304.77  27305.03 27347.35 27347042
‘717 - 616 27146,.63% 27146°76
,726 - 625 30085.96  30085.85 30129.45  30129.43
A . & 383654 3828, 40
252 202239 © 2010.75
K - 0»59796 - 0.59560

26



TABLE VI

it . - 18 :
Observed and Calculated Line freguencies for 02 Y - Pyrone

VvV =0 vV = 1
observed calculated observed calculated
413 = 310 18714.,21  18714.14 18740.31  18740,09
dop = 309 18428.02  18427.98
505 - 404 19906,.93 19906o87 19934.57  19934.48
515 - 414 19403.49  19403.19 19435.95  19435.80
514 = 43 230750.22 23075027
S04 = 423 21518.,28 21518,23
S5 = 4go 23397.48 23396492
533 432 22106,24  22106.24

Ssp 7 431 2235455 2235479

605 ~ 505 23405.90  23405.77

616 - 515 2%093.25  23093.31

625 = 594 25603.,06  25602.93

6. =5 27180.,11  27180.23 27211,93 27212.06
15 14

624 -_523 28313,36  28313.41 28358.,81  28358,94
633 - 532 27162.,28  27162,51 27212.63 27212,78

(Cont'.d)
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Pable VI (Cont'a. )

V = 0 V = l
observed calculated ovserved calculated
- 6og 26910.89  26911,05 26952.53 26952070
25 29583,81  29583,98 29627.25  29627.32
34 30937.37  30937.25 30986.,42  30986.23
53 32166.67 32166.62  32227.89  32227.84
13 31086.88  31086.64 31139,24  31138,95
42 31203,18  31203,.61 31257.94  31258,17
AxC 3823,22 3814,70
.4__;_9 2035°91 N 2023°BQ
- 0,61484 - 0,61253
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TLBLE VIT

. . 1 '
Observed and Calculated Line freouencies for C 5 Y~ Pyrone

T i
c,2 Cy 5
observed calculated observed calculated
505 404 20451.82  20451.77 20516.35 20516.67
515 - 414 20013,13 20013.11 .20086001 2008641
524 - 423 22339,65  22339,02 22439077  22438.75
523 450 24558,95  24559.30 - -
616 - 515 23795.44  23795.47 23879.89  23879.73
625 - 524 2653%,17 26534.25 26647.27 26646.75
734 633 33862.97  33863.17
803 707' 31299.48  31299,62 31403,97  31403.33
836 - 735 36656.51  36656.75 %6826,11 .36826.33
827 - Trg 34693.95  34693.87
909 - 88 35074975 35075615
e 380393 3801040
£ 1965.07 1956.31
K - 0.56265 - 0.55588
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As indicated above, spsctra due to molecules in the first
excited state of a low freguency vibration were observed for
all the species except in the case of the extremely weak Cl5
spectra. For a few particularly favourable lines further
vibrational sétellites were detected and since there appeared
to be an observable alternation.in intensity it was assumed
that these lines were due to molecules in higher excited sfates
of the same vibration.

In the plenar model of Y- Pyrone there are clearly two
pairs of equivalent hydrogen nucleii, In such a situation
the nuclear spins and statistics affect the pépulation of |
molecular states and hence the transition intensities,

The total molecular wave furction can be written as a
product of electronic, vibrational, rotaztional and nuclear

spin parts,

If the ground electronic state is symmetrical then the symmetry

of the overall wave function depends on the individual symmetries
of the remaining parts. | .
A rotation of 180° aroﬁnd the a inertial axis of Y - Pyrone

interchanges the positions of the two sets of protons and, since

nucleii of odd mass always occur in antisymmetric wave functions
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ic204 Obey Fermd - Direc statistics, the wave function mﬁst
change sign in each case, Hence the overall wave function
will remein vnchenged and symmetric total spin functions must
e ‘paired with symmetric rotational functions for éksymmetric
vibrational state.

For a molecule with n pairs of identical nucleii the
nunber of symmetric spin functions which éan be forméd is

given by,

n

n =} " m (er;+1) i (21,4 1) +1 | (4)
i=1 i=1

ané the number of antisymmeiric functions by,

n =3| [ (21,+ 1) m(eT+ 1) -1 (5)

whexre Ii is the nuclzar spin of the i'th pair of nucleii,

The symmetiy of the rotational wave functions is related
to the parity of K;l for the energy level involved. If K—l
is even then the wave function is symnstric and for KLl odd it is
antisymmetrice

From eguations (4) and (5) it cun be seen that for the

normzl species of ¥ - Pyrone 5 = 10 o Thug for transition
n, 6

for wnich X 1 is even thae ground state symustric vivration will

A Ll < . L JA S ) PR “ PFaki FR - E
tatistical weizht dhan The Tirst excited
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antisymmetric vibrationzl state and will thus appear stronger.
For {transitions with K__l odd the first excited state will have
the larger statistical weight and will thus appear stronger
relative to the ground state than for K_l even lines.

In the case of the symmetrically disubstituted deuterated
Y - Pyrones the deuterium nucleii obey Bose -~ Einstein
statistics while the protons again obey Ferni - Direc statistics.
Thus for a symmetric vibrational state symmetric totzl spin

functions must be pzired with antisymmetric rotatioral

functions and vice-versa. From (4) and (5) in this case
f§ _ 1 and thus K—l even lines will have strong satellites
n 5

a

while K-l odd lines will have wezker satellites.

This analysis of the intensities of the vibrational
satellites of Y - Pyrone is in good agreement with the
qualitative intensities observed experimentally.,

By analogy with similer molecules it seems likely that the
vibration giving rise to the satellite pattern described above
is the ring puckering node where the ring is defofmed
perpeﬁdicuiai to the ring plane in the vicinity of Ol°

In the case of z planar molecule the poterntial function
for the out-of-plans deformation will be nearly parabolic in
form with evenly spacéd vivrational enexrgy levels as shown in
fig. Ha. The introduction of a potential barrier at the
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planar configuration causes the vibrational energy levels 1o
'approach each othei in pairs, fig.'5b, introducing anharmonicity
into the vibration. Vhen such a barrier is high enough to
permanenfly bend the molecule the levels are again evenly spaced
but are doubly degenerate, each level having the same statisticél

weight fig. 5c.

J
/

Possible votential functions for ¥ - Pyrone.
fig. 5.

Since statistical weight effects are observed in the
spectrum of Y- Pyrone any barrier of sufficient height to
pernmanently pucker the ring can be discounted. The higher
vibrationzl satellites cbserved in the spectrum suggest that the
vibration is harmonic or very nearly so and so the situafion of
fig. 5a weould seem to fit the case of Y- Pyrone. It is

possible that there may be a small poteniial hump at the plarar
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configuration bringing the ground étate and first excited state
closer together and only introducing slight anharmonicity into
the vibration.

The conclusion that the molecule is planar in its
equilibrium ground state configuration is consistent with the
fact that the inertial defect for the ground staté is close to
zero (see tableIX). The inertial defect for the first excited
state is found to be large and negative supporting the
assignment of the vibration to a ring bending mode, The
approximate relative intensities of the ground and first excited
1

state lines show that the lst vibrational state is ~ 100 cm

above that of the ground state.

3. Stark Effect and Divole lioment.

The perturbations to the rotational energy levels which arise
on the interaction of a uniform electric field with the permanent
electric dipole moment of an asymmetric rotor have been extensively
studied by Golden and Wilson® .

In the presence of a static electric field the total angular
momentum J has 2J + 1 possible orientations with respectvto the

field direction. These orientations zre defined by -the quantum

number M which can take the values

W= 3l -1 e |
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" In the absence of the field the energy levels are thus 2J + 1
fold degeneréte in M ana application of the field 1ifts or
partially lifts this degeneracy.

If the Stark effect perturbations are small compared with
the spacing between the potational energy levels then
perturbation theory can be used to calculate the Stark splittings,
The Stark perturbation term H is the interaction energy between the

applied field E and the molecular dipcle moment M .
B = -ME (6)
Expressing this scalar product in terms of the direction cosine

between M and E gives

H = -MEcos6 (7)

In the case’of an asymmetric rotor with no degenerate energy
levels the Stark effect is usually second order or proportional to
theléquare of the applied field, Application of the usual
methods of perturbation theory shows that the second order

correction to the energy of a given level is given by

0 .
Ten m n

where Q{m and q’n are the two interacting states and Em and En
are the unperturbed energies of these states.

If for an asymmetric rotcr H 1s expressed in terms of the
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direction cosine @% between the space fixed z - axis defined
by the electric fiel? and the principal axis g of the rotor and
the component of A along that principal axis then from (2)

H = - E zg:ézg,ug | (9)
Combining équations (8) and (9) allows the second order Stark

energy correction to be written

AE(2) =ZM L ](‘Ilm l%“’n>l 2 (20)
g

m#An

The matrix elements of the asymmetric rotor direction cosines
7z

. . ' . .. b
have been evaluated in an asymmetric rotor basis in . Tovmes

and Schawlowexpress these in texrms of line strengths gSJ g, s

tabulated in 7°
® | af %85 1
1 %50, © T@E-D) T Il
2 £
3 M
| T, T M T, T, M | = gsJ p (11)
J(3+1)(2J+1) v, 7
- 2 2 g
& ) = (341)° - M S
l J,T,M;JH.,T,I'Il (J+l)(2J+l)(2J+3) / JT J+1TI ]

Using (11) the entire second order Stark energy in the case of

no degeneracy as given by (10) czn be written



P w2 2 Sy g1
22 _ M J° i LT e
2J +1 J(2J3-1) E E J(J+1
. J J-1_,
g T T

g g

S s

Tr, 2 N 341)%- 1f Ir, T4 ] ' 12)
EJT- EJT' (J+15%2J+35 - EJ+1T‘

In the particular case of the ﬁormal species of:Y - Pyrone
it vas found that the 505 = 4oq 27 the 5,5 - 4,5 trensitions
were most suitable for measurensnt of the Sterk effect, In
each case four Stark components were well resolved and could be
followed without serious distortion of liﬁe‘shape to a separation
of ~10 Mc/s from the zero field line,

)

Using equation (12) and the fact that ¥ - Pyrone has only
a M, component of the dipole moment, theoreticel cosfficients of
2.2 ' r - o
}Qa E~ were calculated for all velues of I for each transition.
These coefficients are given in table VIII, It can be seen
from equation (12) that the freguency separation of a given Stark
component from the zero-field line grarhed against the square of
the applied field should be 2 straight line with gradient equal to
the approopriate coefficient X 2 .
1pPronriav Shp C },La.
The opserved Stark comnonents of sach line were measured at
various values of the apnlied voltage. After each set of

measurements the cell was calibraied using the J =2 - 1

[Av]

transicion of 0CS. Assumin value of 0.7124D for the dinole



moment of OCS the calibration enables the proportionality
constéﬁi between the field strength E and the applied square
wave voltage V to be determined, This constant vhen
incorporated in the slope of the éxperimental plot of av
against V2 allows the experimental slopes to be directly equated
with those of table VIII. The value of'the)Aa dipole moment
can thus be obtained for each value of M

From the theoretical coefficients it is predicted that the
Stark components will appear in order of decreasing M value for
‘both transitions studied. On this basis the experimental
graphs shown in figs. 6 and 7 were assigned an M value and the
‘value of the M4, dipole moment obtained for each value of Y is

shown in table VIII.

-~ TABLE VIII.

Second Order Stark coefficients ofjxazEz‘and experimental values

" of m_(D) for Y - Pyrone.
M,

Stark Coefft. - 0.1513 -0,1201 -0,0265 0.1301 0.3491
A - 3 - = 30

24 = 423

Stark Coefft. -0.0685  0.2949  1.3844 3.2005  5.7429
M, | - 4.07 3,77 3,66 3,60
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There are clearly several inconsistencies in the experimental
results. It can be seen from fig.6 that in the case of the
components assigned as M = 2 and n = 3 for the 505 - 404
transition the graphs of AV /V2 deviate seriously from the
expected quadratic behaviour, Further effects of perturbation
are reflected in the fact that the values for the ;La dipole
moment for each of the other measured Stérk components differ by
amounts well beyond the expected experimental error. It
should also be noted that for each transition only four instead
of five Stark components were observed, Even at applied
fields of ~ 1500V there was no evidence for any further component
in either case. This latter fact is surprising in view of the
magnitudes of the coefficients of table VIITI which suggest that
at high fields g1l five lobes should at 1eést Pe visible,

Curvature of the graph of AN against V2 such as that shown
in fig.6 can often be attributed to aécidental degeneracies in
the energy level manifold of the molecule. If any of the
energy leveis connected to the particular levels on which the
measurements have been made are degenerate or nearly so ,then
the perturbation treatment leading to equation (12) breaks doén
and deviations from linearity of the graph may occur.

Calculation of the rotatioﬁél~energy levels for Y- Pyrone

showed hoviever that the energy level separation was of the
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order 23%00 MC/Se between the 422 and 505 1evéls and 12C0 Mc/s.
between the 321 end the 404 levels. These energy level
spacings are not exceptionally close but it is significant

that the levels J K . = 2 will have a strong;ﬁa dipole matrix

1
element connecting them and so will move apért rapidly with
increasing applied field. It seems likely therefore that
at high field strengths the higher energy component of the

JK_, = 2 levels will perturb the (J+1) K, = 0 level and

1
cause some deviation from second order behaviour for this
level.

It was decided therefore to calculate this effect on the

Stark shift of the K , = O levels from a 3 x 3 matrix which had

1
rigad rotor energies for J K, =2and (J+1) K 1 = 0 on the
diagonal and off-diagonal elements of the form of equation (8).
The off-diagonal terms were calculated from the tabulated line
strengths and equations (11). Determination of the
eigenvalues of this matrix for a suitable value of the dipole
moment (3.60D) enabled the effect of this particuler interaction
on‘the movenent of the K_l = 0 level 1o be followed for chosen
values of the field strength. It was found however that tée

improvement on second order theory obtained by treating this

interaction in this way was only slight. This is presumably
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dve to the fuct that slthough the levels J K, = 2 and
(3+1) K_, = 0 are close in energy, the dipole metrix element
connecting them is relatively weak and so the contribution o

‘the overall Stark shift of the K . = O level from this

1
particular connection is small,

In the case of the 524 ; 423 transition none of the erergy
levels are obviously degenerate yet deviations in the value of
s for each Stark comvonent occux,

A possible, although in this case unlikely, explanztion
for the observed variation in the measured dipole moments
could be failure to include a further component of the dipole
moment in the czlculations. A}lb component seemed completely
unlikely and it would be extremcly difficult to justify the
inclusion of a M, contribution in view of the evidence for
planarity of the molecule given in the previous section.

It was therefore decided to extend the 3 x 3 matrix in
the calculation described above to include all the energy levels
from J =2 to J = 6 and all the appropriate Stark connection
terms. In this way it could be shown whether the observed
perturbations were caused by a build up of effects operating'
throughout the energy level'scheme, as opposed to effects

opereting in the loczl region of the levels being studied,
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A computer programme desizgned to run on the English
Electric KDF9 computer was written which sets up and
diagonalises the energy matrix for given values of‘M,)La and the
field streng%h E, From the eigenvalues of the matrix the
separation of any energy level from the zero-field line for a
given zpplied field could be obtained and thus a series of
theoretical plots for the Stark effect of a given transition
could be constructed. VWhen this was carried out for the
transitions studied in this cese, it was found that for a dipole
momeﬁt of 3,70 - 3,80 D the correspondgnce between theoretical
and experimental graphs was fairly satisfactory, figs.8,9.

The straight line graphs obtained for the 524 - 423
trensition are fitted fo within experimental error by
Alé = 3,70 D, It can also be seen from fig° 9 that the
M = O component has negligible slope for‘ALa = 3,70 D, The
calculations show that this component will only be 0.7 Mc/s.
separated from the zero-field line at 1200V, i.e, within a line-
widthe This explains its absence from the experimental
observations.

For the 505 - 404 transition the theoretical M = 4 plot
fits well with the experimental result, again for)la = 3,70 D.

The observed component giving the other straight line plot for
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this transition almost certainly‘contains both the M = 0 and
M = 1 components. At‘low field strength these comﬁonents
are less than 1 Mc/s. apart and at ~ 800V they are separated
by only 1.5 Mb/s. The slope is consistent again with a
dipole moment of 3,70 D,
In the cases of the curved M = 2 and M = 3 components
the calculated and observed curves do not fit quite so well,
Indeed a better fit is obtained with,ué = 3,80 D, Using'this
higher value of M, discrepancies ere small, deviations from the
experimental curves being of the order of 0.2 Me/so For
}La = 3.70 D the error between the experimental and observed
curves is however considerably greazter as shown in fig. 8.
Deviations of the calculated graphs from the experimental
ones may be expected to arise from two main fagtorse Firstly
the definition of the experimental plots themselves is in some
doubt owing to the experimental error on each measurement taken.
This is of the order = 0.1 Mc/s. on a well defined Stark
component., A more serious source of error is inhexrent in the
method of calculation itself, The calculation carried out
here is an extended perturbation calculation on the rigid rotor
energy levels, Such a treatment can only bé completely

satisfactory if at all times the shifts in the energy levels in
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the presence of the Sterk field are small compared to the
asymmetry splittings of the levels., - This however is
apparently not true for Y~ Pyrone,
.~ In the absence of the electric field the asyﬁﬁetric
rotor energy matrix factorises into the four Wang submatrices
E : and O : for each value of J.. The Stark effect however
introduces terms into this matrix which in the case of the/ué
connections alone connect the E * and E ~ submatrices and the
0" and 0 ~ submatrices. This therefore destroys the complete
factoring of the energy matrix end it becomes necessary to
diagonalise it as E and O matrices only to obtain the energy
levels for a given applied Stark field, In the calculation
described above the diagonal elemants of the mafrix are rigid
rotor energies. It has therefore been gssumed that the
asymnetric rotor energy matrix is diagonz2l in the presence of
a Stark field,

This latter source of error is almost certainly responsible
for a large part of the deviaiions shown in figs.8, 9.

At this stage therefore it can be concluded that the
dipole moment of Y -~ Pyrone is 3.70 T 0.1 D, This rather )
large error can hopefully be reduced by use of the more exact

treatment of the Stark energies outlined above.
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4. Structure of Y- Pvyrone,

In microwave spectroscopy the location of an atom in the
principal axis system of a molecule is best carried out in
most cases by the method of isotopic éubstitutiono
Expressions have been developed byIﬁxﬁichmanB relating the
co~ordinates of an atom to the changes in the equilibrium
moments of inertia (Ie) which occur on isotopically substituting
that atom.v |

The moments of inertia obtained from a microwave spechrum
are not however equilibrium moments but are averaged over the
particular vibrational state of the molecule, They .are
usually termed effective moments of inertia (IO) and in general
1° « 1°%.

In the determination of effective geométric parameters
(x°) which result from the I° it must be assumed that the z°
are the same for each isotopic species, This assumption is
clearly invalid for a vibrating molecule,

Costain9 has dealt at length with the errors introduced
info a structure by carrying out the calculations using each
type of moment of inertia. He concludes that the structure

which is closest to the eguilibrium structure of the molecule

is the r° structure obtained by isotopically substituting each
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atom in turn in the molecule. Except for extremely simple
' s ‘ . : . v s e
cases the r  parameters have no simple relation with either r or
(o] :
r parameters.
For a planar asymmetric top molecule like Y- Pyrone,

Kraitchman's equations take the form

: AT - I
<% . Y x Y
- I
A | I, v
- - (13)
2 AT I - I

¥ : X ¥ X

A\ B ;y - L
MAM | , . .

where M= AN 1S the reduced mass for the isotopic

substitution and the primes refer %o the substituted molecnle.
The coordinates obtained for an atom by using 1° values
rather than Ié values in equations (13) are substitution
coordinates related to r° parameters. For Y - Pyrone all
the atoms except the ring carbon atoms have been located by
isotopic substitution. The moments of inertia and inertial
defects (A) for both the ground states and first excited states
of each species studied are given in table IX, Included
in table IX are data obtained for the ring C13 species in )

natural abundance,however considering the rather large standard

deviations on the rotational constants of these species and the
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uncertainty in the assignments themselves fesulting from the
smell number of lines measured it was felt that it would be
unwise to include‘such data in a calculation of the moleculer
structure,

The coordinatés obtained from equations'(IB) for the
atoms of Y- Pyrone are listed in table X, It is estimated
that the error on a typicsl coordinate calculated from
Kraitchman's equations is of the order ¥ 0.008 R for an error
of ¥ 0.1 Mc/s.:° on each rotational constante.

The locetion of the ring carbon atoms were carried out
using the first and second moment conditions, From the

second moment conditions it cen readily be seen that,

- 2 =
3

n#CyyC .
x24+x? - : (14)
c c
c
and 2 2
I -2n(y. +yg)
2,42 = X HH) ) (15)
Ve, 7o
3 om 3
c

application of the first moment condition yields,

neics B |
X —.x = 2 5 (16)

(¢
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Ti3LE X

Coordinates of the atoms of Y=~ Pyrone relative to the Princiral

axes of the molecule (&)

a b
c, - 1.0746 11,1627
'cj 0.2679 1.2251
. 0
S, 1,0813 |
,05 0.2679 - 1,2251
o - -1.0m46 - 1.1627
rolj‘ - 1.7805 : 0
‘o, 2.,3013 o
A - 1.7337 2,0152
:Y 0.7679 - 2.1823
Hy 0.7679 - 2,1823
‘34' - 1.7337 - 2,0152
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In order to use eguations (14) - (16) to determine the
coordinates of C2 and C3 it is necessary to assume two parzpeters.
Using the r® structure obtained for acroleinio as a guide,the
coordinate of 04 was fixed by assuming the length of the 04 - 02
bond to be 1,220 2, If the apparently reasonable assumption
is now made that the 02 - C3 bond is parallel to the x or a axis
of the molecule and the coordinates of the ring carbon atoms are
calculated, the resulting structure has totally unreasonable bond
lengths for both thg C3 - H and C Hi bonds | In a
saturated hydrocarbon the C - H bond length is of the order
1,10 R while that to a pure ethylene carbon atom is about 1.07 £.
The bonds in Y~ Pyrone are therefore expected to be scmewhere
between these two extremes and probably closer to the value of
1.084 % found in benzens. It is also expected by comparison
with similar molecules that C3 - Hé and 02 - Hi bond lengths will
be similar. With these criteria the most satisfactory structure
for Y- Pyrone was that with a C; - H, bond length of 1,080 3.

The structure is shown in fig.1l0 and the coordinates of the atoms

with respect to the principal axis system of the normal species

are given in table X.
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o) n7°30

The Structure of ¥ - Pymore (A)

fig.10

f?éﬁThe use of the ground state moment of inertia conditions
éﬁd the first moment condition to determine atomic cooxdinaltes
generally gives results which are greater than the itrue ©
coordinates of the atom9. The magnitude of this exvor is
inversely proportional to the mass of the atom invelved amd is
consequently largest for hydrogen atoms for whieh it ean be
~ 0.01 &. For the carbon atoms located in this menne» in
this work the error is not expected to be any larger then

experimental error on & given x» coordinzie.

32
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Iﬁ can be seen from fig.10 that the 02 - C3 bond is not
parallel to the a exis of the molecule, = The angle § is
thought to be too larze to be simply attributed to any error in
the carbon atom coordinates. | It seems more likely that it

is a genuine indication of angular distortion of the ring to

accommodate the oxygen hetero-atom in a planar structure.
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5+ _The Spectrum and Siructure of Thlenvrcneo

On the assumption that thiapyrone, like Y- Pyrone,
is planar, the model given in table XI was used to predict
line frequencies for the molecule, The molecular geometry
of that part of the ring around the carbonyl group was assumed
to be identical with that of y - Pyrone while the parameters
for the lower portion of the ring were 5ased on the microwave

structure of thiophenell.

TABLE XI.

Preliminary Model for Thiapyrone (&),

C, -5 1971 C,8C¢ 102
C; - C, 1.36 C; C, S 122°.
c3 - 04 : 142 c, c3 c, 122°
Cy = 0 1.21 S C, K 119°
C -H 1.08 | c 03~Hé ' 119°
03 c, Cs ~o112°

From this structure the following set of rotational constants

was predicted for thiapyrone.

228 o 550,77 Mo/ 5 A-C - 1909.15 Me/s. 5 k= -0.730,

253

The dipole moment, measured in benzene solution as 3.96 D

was assumed to be directed wholly along the a inertial axis of
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the molecule, ~ Tre most outstanding lines in the spéctrum
were therefore expected to be the}Au R - branch fransitions

for which AK_l = 0, AK+1 = +1l, For this molecule it was
expected that the J = 7 - 6 transition would fall~in the region
21 - 24 Ge/s.

Thiepyrone was found to have no detectable vapour pressure
at room temperature. In-order to adﬁit a sample to the
absorptioﬁ cell it was necessary that both the sample and the
cell be maintained 2t a temperature of at least 5OOC° This
was done simply by circulating water thermostated at the
requireé temperzture through a water Jjacket around the sample
tube which was attached directly to the cell, The hot water
was then passed through a length of copper tubing laid on top
of the cell itself, | The heating effect obtained in this way
vas found to be quite adequate and provided care was taken that
the cell temperature was sufficiently high to prevent ixapping out
of the samplé, a steady stream of vapour could be drawn through

the absorption cell.

Even at this elevated temperature however, the specirum was
never very strong and most of the preliminary line assigrments
for this molecule were made from recordings. A number of

lines, each accompanied by a vibrational satellite some 30 Mc/s

to high freguency of the ground state lines, were detected in
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the-region 21 - 24 Ge/so It was clear therefore that the
low frequency ring deformatibﬁ mode responsible fof the satellite
spectrum of Y - Pyrone was again present in thiapyrone. Since
the nuclear spin statistical weightsare identical with those of
Vthe normsl species of Y- Pyrone this proved a useful egid in the
assignment of the spectrum, Those lines which were
accompanied by a strong vibrational seteilite could be immediately
asgsigned to a transition for which K;l was odd while those with
a wezk satellite have even values of KLlo

The lines observed in the 21 - 24-Gc/s region were assigned
to the J = 7 - 6 transition, the analysis of the spectrum
following almost identical lines to that described in section 2
 for Y- Pyronéo Once located on the recordings, mdst of the
lines were just strong enough to be displayed on the oscilloscope
and measured by the usual method. Having improved the
rotational constants by the graphical method (section 2) the
study of the spectrum was extended to cover the range 18 - 25 Gc/s,
most of the lines belonging to the J = 6 = 5, 7 - 6 transitions
being assigned.

The final set of rotational constants for the molecule was
again obtained by fitting the observed line frequencies to

equation (1) by the method of least squares.  The resulting



rotational constants and observed and calculated line frequencies
for'the ground and first excited states are given in table XIT.

The moments of inertia and inertial defects for both
states are given in table XIII.

It can be seen from table XIII that the inertial defect
(A) for the ground state is again close to zero and slightly
negative, This suggests that this mélecule also has a
planar equilibrium configuration snd that, like. Y- Pyrone,
the principal contribution to the inertial defect is from the low
frequency ring deformation node. This has the effect of
making A for the first excited state large and negative.

It is interesting to conpare the magnitudes of the inertial
detfzcts for both these states with those for the corresponding
states in 'Y; Pyrone (table IX). In the case of thiapyrone
the A's are even more negative than those for Y- Pyrone, an
effect which might be expected if the deformation involved the
ring hetero atom. Sulphur being a heavier atom than oxygen
would contribute more to A in a vibration perpendicular to
the ring plane which involves that atom. This seems to be

consistent with the assignment of the vibration given in the

lagt section.
Owing to the involatility of the compound no isotopic work

Fad 1

hes been done on thiapyrone and the lines of the normal species



TABLE XITI

Observed and Calculated Line frequencies for'thiapyrone (Mc/so)

vV =0 vV = 1
observed calculated observed calculated

606 - 505 18124.90 18124.90

615 - 514 20658,32 20658432 20686.,10 20686,12

65 = 5o 1942754 19427.25

624 - 5p3 | 20990,50 2099042

634 = 533 19921.78  19921.73 19954.57  19954.48 .

633 - 552 20154.18 20154.19 20189,19  20189.25

643 - 542 19901.21  19900.75

642 - 541 119909.69  19910.24

652 - 551 . 19850,06  19850,00

651 --'550 19850,06

707 - 606 20832.46 20832,.53

Ty - 616 20584,96 20584.92  20621,14 2062109 -

755 -~634 ‘ 23250,88  23250.95 23288982‘ 2%288.82

734 633 23742.24 23742,27 23784.66  28784.71

744 - 643 23270.93 23270.68

Tyz = 640 23301.47  23301.75

762 - 661 2%3151,42  23151.29

(Cont'd.)
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Teble %IT (Cont'd.)

YV =0 v = 1

observed calculated opserved calculated -

23544.19  23544.24
23392,74 23392.68  23433.86 2343391

3196.89 ‘ 3189.75
1817.10 ' 1807.19
- 0.71199 - 0,71051




TABLE XITT

Moments of inerxtiz and inexrtizl defects for zround and first

excited states of th

H
0
C

\l
i
5
®

Ia Ib Ic A

(a.,m.uox,) (a.m.u.g‘) (acm.u.32) (a.m.u.gl)

V=0  100.8241 265.6314 366.,3825 =0.0730
t'hiapyrope
V=1  101.1681 265.2703 365.6485 -0.7899
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spectrum were too weak to permit any Stark effect measurenents
to determine the dipole moment.

Using the experimental moments of inertia for the ground‘
state of the normal species an approximate structure has been
calculated for thiapyrong with the following assumptionso
The bond lengths of that part of the molecule around the
carbonyl group were taken to be the same as those for Y- Pyrone,
The C - S bond length was initially taken as 1l.71 2 as found
for thioPhenell and the two C - H bond lengths were assumed
equal at 1,080 2. The C,C,H, engle and the SC,H) angle
were both taken as 11909 |

Expressing the y coordinates of C3 and Hé in terms of the

angle { (fig.1l).,

fig.ll.

the values of T consistent with the experimental value of Ia

v

was determined from the second moment condition

I, = }E:xmy2 . (ID‘

L

, | |
es {=3124 . Thus the y coordinates of Oy, Cy, By, H vhich
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" The Structure of Thiavyrone {A)

fig.1d,



satisfy equation (17) were celculated. The x - coordgnates of
04 and O were then determined,

Assuming the C; - G, bond length to be ~ 1.35 % ana
kéeping the geometry of the remainder of the molecule fixed,
the x - coordinates of the sulphur atom which satisfied the
appropriate first and second moment conditions was calculated.

A value of 1,722 2 wes obtained for the 62 - S bond length which,
in the accuracy of the calculation, is sufficiently close to an
acceptable C - S bond length.

The final structure of thiapyrone is showm in fig.l2.
Although this struciture is highly spproximate it does indicate that
similar trends in bond lengths reflecting the electronegativities
of the hetero atoms mzy exist for ithe 4-pyrone series as for the
series of five membered heterocyclic rings including furasn aﬁd
. thiophene. A detailed discussion of the structure of

thiapyrone would however require the further structural evidence

provided vy isotopic substitution.

6, Discussion.

The experimental results obtained for Y- Pyrone end
thiapyrone are good evidence for the plenarity of these melecules.
In view of this it seems reasonable to assume that the remaining

twc members of the 4-pyrone series are also planar and indeed
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recent experimental evidence confiyms that the assumption
is correct for thiopyronelz' |

Having established the planarity of the ring systems the
most important remaining factor affecting the aromaticity of
the molecules is the availability of thé lone-pair electrons
of the ring hetero atom for interaction with the ™ electron
system of the remaining part of the molécule. It would be
expected that the effects of such delocalisation would be
reflected in the measured bond lengths of the molecule, At
the present %ime only the structure of Y- Pyrone has been
determined with sufficient accuracy to provide any reliable
evidence of this nature.

The length of the C, - 0; bond in Y- Pyrone (1.360 2)
shows considerable shortening from the "normal" C - O bond
length of 1.426 R as found in diethyl etherlB. There is
a striking similarity between the 1.360 R for Y- Pyrone and
the 1,362 8 obtained for the C - O bond length in the planar
five membered heterocycle furan. While some of this bond
shortening will be due to the hybridisation states of the
atoms involved in the C - O bond there seems to be some evide;ce

for some double bond character in the bond due to conjugation

effects,



The C, - C3 bond (1.344 &) is somewhat longer than the

pure ethylenic double bond of 1.337 Xo The velue obtained

in this work is very similar to the C = C bond length in

acrolein for which the r° bond length hes been determined

10. - ; '
R . It has been suggested by Lide14 that even

as 1.345
when conjugation is assumed to affect other molecular
properties in an important way, the effect on the lengths of
multiple bonds will be extremely small being of the order

z 0,005 g or less. WYhile such a small variation is within
the experimental error for the Y~ Pyrone structure and can thus

not be detected with certainty, the length of the 02 - 03 bond

seems quite consistent with such a postulate.
One of the most interesting features of the Y- Pyrone

structure is the length of the C, - C, bond which is situated

3 4
between two double bonds. The value of 1.470 2 obtained for

Y - Pyrone is comparable with the values of 1.476 2 and 1,470 2
15

. . . .10
for the corresponding C - C bonds in butadiene™” and acrolein

respeétively. The bond is 0.053 longer than that originally
estimated (1.42 &) fron the x-ray work cited in section 2. It

: L]
1

might appear that there is no reazl basis for comparison of the
x~-ray bond length with that of Y- Pyrone since the former work
was carried out on & derivative of thiopyrone the exocyclic

sulphur anzlogue of Y- Pyrone, The molecular orbital L.C.A.0.

1lowing paragreph show however

4 .. . \
calcule.tions+ discussed in the fo
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that the calculated bond orders of this bond in both molecules
are very close and correspond to a variation of only 0,00BR in
the bond length from one molecule to the other.

The molecular orbital galculations have been carried out
using the Huckel approximation. There are two separate sets

3,4

of calculations The more recent calculations of
Zarahdnik et al cover the whole of the 4~ pyrone series while
the earlier calculations of Brown are on Y~ Pyrone only.

The bond orders obtained in each of these calculations are given

in table XIV for Y-fyroneo

TABLE XIV

Bond orders for - Pyrone from M.0. Czlculations

~ Brown Zarahdnik Empirgiiiulated M, 0.
Cy - 0 0.565 0575 0,278 0.383
0, - G, 0.711 0.707 0,961 0,870
; - 4 0.570 0.576 0,261 0360
C = 0 0,488 0,484 - 0,800

From these bond orders, using either the bond order/length

17

curve of Coulson16 or the empirical relationship™',

x, o= 1517 - 0.18 p. , is)
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vhere z, is the C - C bond length end py the tond order,

the bond length of C3 - 04 is.predicted as 194203 and C3 - 02
as 1°39OXo Equation (18) has been shown to reproduce bond
lengths to + 0.018 from bond orders and so the agreement of
the calculated bond orders with experimental results is rather
poor for Y- Pyrone. Using equation (18) and the corresponding
equation for C - O bonds
Too = 1410 - 0.18 p | (19)
bond orders were calculated from‘the experimental bond lengths
of Y~ Pyrone and are cshown in table XIV for comparison. Also
included in table XIV zre preliminary results of a Pariser-Par-Pople

17

moleculer orbital calculation on Y- Fyrone ', using the structure
derived in this work. It can be seen that there is a
considerable difference between the bond orders given in the last
column and those of the first two columns of table XIV,

From table IX it can be seen that the inertial defects for
the ground states of the various isotopically substituted species
of Y- Pyrone are in general very similar in magnitude to that
of the normal species. Such behaviour is entirely in accord
with the evidence presented earlier for planarity of the system,

The measured value of 3,70 : 0.10 for the dipole moment of

Y - Pyrone agrees very well with the solution value of 3.72D.




In valence bond languege, a larze contribution from siructures

¥ '
e ( ~ 20D) would be expected to produce an extremely polar

structure, much more so than is implied by the measured value.

1.

2,

3,
4.

Se

To

8.

9.
10.

11.

12.
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CHAPTER 3,

14 . . '
N - Quadrupole Coupling in the Microwave Spectra of Cyanamide

and Nitramide.

l. Introduction,

As a result of ’ghe intensive studies carried out in recent
yeaﬁs on the microwave spectra of cysnemide and nitramide the
molecular geometries of these molecules in the gas phase are now
well established 1-6 nd are given in tables I and II.

Both molecules have Cs symmetry apd in the tables the angle

¢ denotes the out of plane angle of the amino hydrogen atoms.

TABLE I,

Structure of Cyanamide (2)

N - 2,506 =

N - C 1,346 £ 0,005

.- ﬁz 1,160  0.005

N -H 1,001 I 0.015 .
ENH S 11%%31° F 2°

s st Ea°
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. TABIE II.

Structure of Nitramide (})

N2.-,0' ; | ' 1,206 (assumed)

N -, 127 % 0,002

nl'-‘H 1.005 ¥ 0.010
mE | BT TR P
oNO 130° 8" ¥ 15
¢ %7 % 1°

In the case of cyanesmide ¢ is the angle between the HNiH
bisector and the linear spine of the molecule exténded and for
nitramide it is the angle- between the HNlH bisectér and the
NN02 plane. In each case Hi is the amino nitrogen atom.

It is usual to consider the electronic structure of each of

these molecules as a resonance hybrid of two canonical forms,

. + - .
NHé -C=1X NBé =C=01X for cyanamide,
I : II
and ‘ .
+ 0 0- ‘

for nitramide, -

VAR
G
]
=+
4

R 'd
- ¥ |
NH, o o

4
=
e
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The weights of theée structures in the overall molecular wave
functions for the molecules are unknown. It‘is'to be expected,
héwever, that if the contributions from structures II are
significant and the amino nitrogen ztom tends towards the sp2
hybridised state implied by II then this.atom will lose some of
the pyramidal configuration associated with the nitrogen atom in
ammohia,. This effect is reflected to some extent in the
meésured values for the out-of-plane angles ¢ in tables I and II,
ﬁecause of the adjacent like charges in structure II for
nitramide this form is unlikely to be favoured. A small
contribution from this form is indicated by the large value of ¢
obtained for the molecule,

Contributions froﬁ IT are also indicated by the lengths of
the Ni - Né bond in nitramide and the Ni ~ C bond in cyanamide,
These bonds show a shortening from the exvected single bond
leng‘chs7 which may be attributed to delocalisation of the lone
pair electrons of the amino nitrogen atom or to changes in
hybridisation of the atoms forming the bond.

In an attempt to obtain further information about the electron
distribution in cyanamide 14N - qpadrupole hyperfine sitructures

. 8
for the species HH? CNl5 and lSNHéCN were studied by Tyler and
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and-tbe following approximate values for the coupling constants

obtained;

N o2 X, ~ +3.0Mefs ; K. ~ +2.0Mofs .

aa bb

¥

%.

an ~ - 3.4 Mc/s 3 ’x,bb ~ + 2.8 Mc/s .

It was pointed out that the accuracy of the measured splittings
obtained in this work was degraded by the fact that the signal-
to-noise ratio of the lines was poor due to the lack of sample.
The results do however show clearly the signs of the coupling
constants and serve as a good starting point for a further
investigation.

In order to refine the values given above 2nd to see whether
accurate experimental coupling constants can be interpreted in
‘terms of the postulated structures, it was decided to investigate
the hyperfiﬁe pattern of some lines in the spectrum of normal
cyenamide “yE,c'#.  The treatment of this molecule is
complicated by the presence of two non-equivalent nitrogen atoms
which have coupling constiants of similar magnitude. .

Good resolution was obtained for several lines and while
the results show the expected effects atiributable to a

~m o - o
contritution from siructure II, the presence of other effects
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influencing the electron distribution is indicated.

No previous investigation of the quadrupole hyperfine
strucfure in the spectrum of nitramide has been made. Earlier
work carried out on the quadrupole coupling of nitrogen atoms in

nitro groups9’lo’22’

has shown that in 2ll cases the coupling
constant of the nitrogen atom is very smallland in many cases
less than 1 Mc/s.

Owing presumably to the small coupling constants of Né in
nitranide, the hyperfine struciture resclved on the lines
investigated could be sccounted for by assuming that 1t was due
to N

1 coupling alone. In no case vas any finer structure cue

to N2 coupling resolved,

2, Quadrupole Coupling in Molecules containing two

Nitrogen Kucleii.

In this section a brief account is given of the theory of
Bardeen and Townes11 for the hyperfine structure due to two
nitrogen nucleii in the same molecule, This is the treatment
followed in the analysis of the spectra of cyanamide and

nitramide described in the next section.

13



The spin angular momentum I of a nucleus is represented

by an integrel or half-integral quantum number I,

I = JI(I+1)ﬁ

There exist 2I + 1 possible spin states for the.nucleus.

Nucleii with spin angular momentum quan%um ho, If>%'have
a non-vanishing nuclear quadrupoie momént and for these nucleii
the spin anguler momentum can couple with the rotational angular
momentun to produce a hyperfine structure in the rotational
spectrum. The mechanism of this coupling is through the
interaction of the nuclear quadrupole moment eQ and the electric
field gradient of the molecule at the quadrupolar nucleus,
When more than one quadrupolar ﬁuéleus is present in a molecule
the individual quadrupole moments can couple via the molecular
rotation.,

In the absence of extérnal fields the spin‘angular momentum
I couples with the rotational angular momentum J to produce a

resultant total angular momentum F.

F=3J+1 | (1)

F= p+q,|J+1-1l' — la-1| . (2)
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In a representation in whichvthe quadrupole moments are
not coupled to each other, the Hamiltonian is the sum of the

two individual quadrupole terms
E =H; (1,3 + H, (I,7) (3)

The method used to treat the problem in which the quadrupole
moments are coupled depends on the degree of coupling in a
particular case. If one nucleus couples much more strongly
than the other then the major contribution to the hyperfine
splitting is from that nucleus and the effect of the weakly
coupled nucleus canvbe treated &s a perturbation on these
splittings. This tréatment would almost certainly suffice
for nitramide in which the amino nitrogen atom clearly cougles
1o a much gréater extent than the nitrogen atom of the nitro
group.

When the coupling for both nucleii is comparable in
magnitude as in the case of cyanamide, the treatment is more
involved, 1f, for_example, I1 is strongly coupled and 12

weekly coupled, then

[

F J + I
1 1 ‘ . (4)
and F o+ 12
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Let ¢l (Ei, F) be the wave functions for the states
defined by Fl and F. These wave functions are
eigenfunotions of IIl and the energy due to H'l can be readily
evaluated for wave functions of this type.

Reversing the situstion and'combinipg J with 12 generates
a similar set of wave functions represented by ¥, (FQ, F) which

are eigenfunctions of Hyo

Foo=J + I

2
2 (5)
F = Fé + I1

For the particular case of nitrogen I = 1 and hence for

cyanamide and nitramide I, = I, = Lo It is readily seen
from (4) and (5) that
F =F = |Jg+1] ---- ]5-1]
17 % | 6)
and F = |3+2] -=--~ |7-2]

Tt is to be noted from (6) that there are a number of wave

functions which have the same value of F but different values of

Fl and on These states will in general have different

energies,
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*

The two sets of different wave functions with the same F are

linearly related, i.eo,

'tl!l (Fsy F) = X c(F, B) ¥, (5, F) .
; 2 (7)
wd ¥y (5, F) - T o, R,) $1 (7, F)
: 1

The transformation coefficients C(Ei, Fé) for I, = I;
I2 = 1 have been evaluated by Bardeen and Townes11 and table III
gives these coefficients in terms of J for the special case
5 = 1. |

The two sets of eigenfunctions (7) have been derived on
the basis that one or other of the two nucleii involved is
weakly coupled relative to the other. In the. case where the

couplings are of similar magnitude the eigenfunctions will be

given by a linear combination of elther set, i.e.,

Y (F) = Ya(R) ¥y (5, F) (8)
The equation %ﬁ¢= EY will now be satisfied by the functions
of equation (8). Using this and making use of equation (3)
and the fact that 4’1 is an eigenfunction of H, and 112 of I{Q,

and also that the wave functions 1 (F,, F) are orthogonal then
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it can be shbwn that

[A(F’, F,) + B(F,) - E] a(P)) +Z?(Fl, Fl‘)a(pl') -0 (9)

Fi#Fi

where  A(F,, Fi) =ZC(F1, F,) O(F,, F,) E, (F,)
Ty |

for each value of Fi and Fé assoclated with the same F,

For equation (9) to have a non-trivial solution the
determinant of the coefficients of the a(Fj)'s must be zero.

From (6) it can be seen that for the particular case under
consideration there will be five sets of equations (9) each with
" different F values. Since the form of the secular determinants
for the case of two atoms for which Il = 12 = 1 will always be the
same, the complete determinants are given in appendix A,

Each of the elements of the determinants is made up from
guantities of the form Ei (Fh). These can be readily evaluated
as they are the energies for the case of a single nucleus coupling
in an asymmetric top molecule and are given by the expression

12
first derived by Golden and Bragg .
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it can be shown that

Lo m) v 50 - 2] o) « ZA( ERICOET IO

By A7)
' 1 ] 1
where A(Fl, Fl) = EF C(Fl, F2) c(r,, F2) E, (F2)
: 2

for each value of Fi and Fé associated with the same F,

For equation (9) to have a non-trivial solution the
determinant of the coefficients of the a(Fs)'s must be zero.

From (6) it can be seen that for the particulgr case under
consideration there will be five sets of equations (9) each with
different F values, Since the form of the secular determinants
for the case of two atoms for which Il = 12 = 1 will always be the
same, the complete determinants are given in appendix A,

Each of the elements of the determinants is made up from
quantities of the form E, (Fs). These can be readily evaluated
as they are the energies for the case of a single nucleus coupling
in an asymmetric top molecule and are given by the expression

12
first derived by Golden and Bragg .
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: , |
E(F.) = eQ §—g[.J'(J-f-l) + B(K) = (Kk41)- M] + 2 &%y . 9E(K)
N da oK dK

Op®

v 3 Y(F,)
+ 52 [J(J+1) - E(K) + (k-1) - L(K)J} J(J+l) (10)

where
s ;
Y(E) = % c(cs1) - 1 (A1) J (3+1) (Casimir's function)
¢ 21(21-1)(25-1)(23+3) :
and ¢ = P(F+1) - 1(I+1) - J(J+1)

In (10) Q is the nuclear gquadrupole moment, e the elecirconic
charge; a, b and ¢ sre the principal axes of the top and a2ll
'othér terms have their usual meanings. Casimir's function is
tabulated for various values of ¥, I and J inlB.

Since only cherges outside the nucleus are considered as
contributing to the poterntial V laplace's equationﬁvzv = 0 will
hold. Applying this to (10) and writing ?Caa = eQ 53? etcoy
then

B (F

1 J

{2')& [2(x) - K——g—{l %,b[“(K) - J(J+1)-(k-3) “\5)-]}
| xY 3

J(J+1) | (11)
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The Ei(Fj) can now bte calculated from (11) and the elements
of the secular determinant of (9) obtained, The soiutions
of this determinant then give the values of the coﬁpling
energies E for a given F value.

The interpretation of observed hyperfine patterns is
simplified if the relative intensities of the individual
components of the line are known, Hvaluation of exact
intensities in the case of two nucleii coupliﬁg to similar
degree is an involved process, It wouvld necessitate the
solving of (9) for the a(Fj)‘s° The intensity of a given
component of a transition could then be calculated exactly
using the matrix elements of the clectric dipole between the
stateé given by Condon and Shortley14.

There is howeéer, a more rapid although approximate
method for determining intersities in the intermediate
coupling czase., This involves interpolation between the

component intensities calculated for the two extreme cases of

one nucleus coupling much more strongly than the second.

These latter intensities cen e obtained from the tabulations

imple method of intensity calculation has

0}

in o This

been favoured in the arnalysis described in the next seciion.
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TABLE IIT

Tr i efficient = I.,=
ansformation Coefficients C(Fi,Fé) for I;= I,=1

- , | 07y, )
'.J + 2 C (J+1, J+1) = 1
J+1 C (341, 32) =-C(3,3) = - "J'}?i
¢ (341, 3) = C (J,341) = 3—3;—5 \3(3+2)
g c (g1, J41) = m
, ¢ (3, 1) - JéJ}i%-l.
¢ (3-1, J-1) = 3(2—};1—5
C (341, 3) = o3, ) = - A-ys2
¢ (J+1, J-1) = ©(J-1,J41) = ‘é‘}:jm>
¢ (3, 3-1) = c(3-1, J) = % —2—%—;—%
J-1 ¢ (3, 7) = -C(J-1,3-1) = - Tlf
¢ (3, 3-1) .o, 3) = %m)
J - 2 .T ¢ (J-1, J-1) = 1
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3, Analysis of the Syecira.

: Since both cyanamide and nitramide decompose ieadily if
left in the absorption cell.for eny length of time, the spectra
were studied by drewing a continvous stream of sample through
the cell, This technique minimises decomposition on the
cell walls and at the same time constantly removes any
decomposition products which may be formed., =~ In the case
of cyanamide, vapour from the just molten sample was used and
for nitramide observations were made with both sample and cell
at 0°C.

3.1 Cyznamide.

A rough estimate of the magnitude and sign of the coupling

constants for Ni and Nz can be obtained by applying the theory

of Townes and Dailey15. They have shown that if the bond
axis is taken as the z axis then for p elecirons g = qy = %qz,

Ifn ,n_ , and n are the occupation numbers of the p_ , P and
x y % X ¥
P, orbitals respectively then there exists an unbalance of p

electrons in the z direction given by

n + X
X

Up, = 5 - X _ (12)
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The choice of a suitable value (10 lic/s) for the coupling
+ 14

of one unbalanced p electron at the ~ N guadrupolar nucleus
enables the coupling constant in the 2 direction to be obtained
from (12).

If for cyznamide it is assumed that the structures I and
II each contribute 50% to the overzll wave function for the

. e v s 2 ‘s - A
moleculs and that R Sp  hybridised and hz is sp hybridised
then the coupling constants will be the mean of these calculated
for the limiting canonical forams. Due account must be taken
in this calculation of the negative charge on Né in structure IT.
It has been estimated from atomic fine structure measurements
that in such a case the unbalance of p electrons at the nucleus

in guestion should be multiplied by 1/1.25, This leads to

the following set of approximate coupling constants,

+ 2.5 Me/s.

]
]

%A (1)

aa

%40 (2)

+ 2.5 le/s 'leb(l)
- 2.5 M¥c/s ’)Obb(z)

+ 4625 Mc/sa

It can be seen that the sizns and approximete magnitudes *

of these constants ars consistent with the results obtalned by~

¢

T 5 T . . R
Tyler for cyenamides containir 5J given in the introduction.
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In the study of normal cysnamide good resolution and

measurements of fine structure were obtained for the ground

state lines of the following transitions, 101 - OOO ’ 817 - 818’
121,11 - 121;[-2 ] and 15112 - 131,150
Analysis of the fine structure of the 1., ~ O R - branch

o1 00
transition requires the use of the full secular determinants
for the lOl energy level, However considerable simplification
~of the determinants is possible in this case. Taking the
asjmmetry parameter K to be ~1 then from (11) it can be seen
that for the 101 level the coupling energies depend only oncﬁﬂi

for each nucleus

B (F) = =%, W) Y(E) (13)

From (13) and table III the determinants for the 1., level
can be readily set up. Solution of these determinants for
reasonable values of qcéa(i) shows a seven line pattern of the
form shown in fig. 1. is to be expected, The relative

intensities of the components shown in brackets were calculated

by the method described in the last section.



(20)

(18) )

an ' ' T
' (n

(4)

-2 -1 -0 2 Mefs
I ' 2 013 2 ) F

Predicted Hyperfine Patiern of 101 - OOO Transition of NHéCN.

-

fige. 1,

If the coupling energy of the two nucleii is assumed to vary

(1)

. e %ag .

linearly as the ratio a= varies between the two extreme
%aa@j

cases of & single nucleus coupling then a qualitative correlation
diagram such as fig. 2 may be constructed for the 101 level,

F, F | (nT) | R

i
Xaa =0
Xoo @) = VE

Xoo +VE

Xu_(a) =0

Qualitative Correlation Dizzram for the Hyperfine Components of

101 enerzy level of EH?CH.

figo 26
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The deviation of a component fromﬁthe line origin is plotted
for the extreme cases of a single nucleéus couplgng on the left
hand and right hand ordinates of fig. 2. The quantity a is
. plotted én the abscissa., - In the intermediate coupling case
the energy levels are laﬁelled by the appropriate value of F.

A line diagram of the experimentally observed hyperfine

pattern for the lol - OOO transition is shown in fig. 3, while

fig. 4A shows a photograph of the oscilloscope trace of the

transition,

-2 - 4] | 2 Mcfs
Observed Hyperfine pattern of 101- OOO transition of NH20N

fig. 3.
The pattern is thet of a nearly symmetrical quintet and
comparison with figs. 1 and 2 show that peak C is likely to be

a composite pesk comprising the three central components of

fig. 1.

86







The peax maximum in this case is assumed %o be the weighted

mean of the three components.
An iterative fitting procedure initially carried out on
the accurately measured components B and D (F = 2) and‘finally

on all the components of the transition gave the following

accurate values for Oﬁaa(i),
%, (1) = +3.05 T 0,02 Hefs X, (2) =~ 3.30 T 0,02 He/s

To deterimine values for chb(i) the three Q@ - branch
transitions mentioned atove were siudied. From table IIIL
it can be seen that the off-diagonal elgments in the secular
determinants depend on terms of the form % o For high J
values these become very small compared with the diagonal
eleﬁents and for J28 can be negleéted. In this case the
coupling energies reduce simply to the sum of the energles for

each individual nucleus coupling,
+ AEL(F,) . (14)

'Using the fact that for K=- 1 the energy levels with
JE(K)

K . = 1 are degenerate and that Sk = 3 J(J+1), it can be

shown from (11) that the splittings between the Surongﬁst
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components, AF = F = 0 ,Ai‘ =0, o0of ak 1 =1 high J

Q --branch transition can be expressed in terms of ,x'aa + 2%

AB(F) = (%, +2%y) Y(F) (25)

now writing a = X_ (1) + 2%bb(1) and B =’Xaa(2) + 2%, (2)

(l4)bec§mes _

AE(F) = a Y(F)) + B Y(F,) (16)
The nine component lines 2ll have similar intensities and divide
into four groups as shown in table IV, |

The observed pattern of each of thé Q - branch lines
studied was the very chaz‘aéteris’cic quartet structure shown in

fig. 5 end fig. 4B. ‘D

A 8 c
— T Lo ¥ T
-2 = 0 | 2 MgS
Obsexved Hyperfine nattern of if *e}‘la’ X = =1, @-branch tr;«.;smi_gm
of ITH2 cu ]
fige 50

For the 8 - 818 transition there was evidence of finer

17

structure on peaks C and D but no measurements were made.
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TABLE IV,

Freguency deviations AR of ccrponents for high J

K-—l =1 Q - branch transitions of 14111{20211 4.

IO A aY() +B Y (3)

B J+1 ) aY(3) +B Y (7 +1)
J -1 ay(J) +B Y (3 --1) -

; J+1 ay(J+1) +B Y (3)
J-1 ay(J-1) +p Yy (J)
J+2 aY(T+1)+BY (J+1)

5 J ' ay (J+1)+B Y (J-1)
J : aY (J-1) +BY (J+1)
J-2 aY (T -1)+Bp Y (5 -1)

Teking the peak mexima of fig. 5 to correspond to the mean

frequency of each group in table IV then it is seen that,

VB{‘%(Y(J{rl) + Y(3-1)) - Y(J)}
a {%(Y(Jﬂ) ¢ Y(3) - Y(J)}

AB = CD an
17

AC = BD

1
it

Accurate measurements of the fine structure in the three -
Q - branch lines and the use of the %aa(l) values obtained from
R - braiach data enabled the values of 'X»bb(i) to be obtained from
a7 | |
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The final results for the coupling constants are :

. + . +
N Ocaa(l) = +3.05 = 0,02 Ic/s % ., (1) = +1.85 = 0,02 Me/s
N, ¢ %, (2) =-3.30 L 0.02 Me/s %, (2) = +2.86 £ 0,02 Mc/s

As a final check cn these values the splittings for the case
. . . 15 . .
of a single nucleus coupling in "“N substituted cyanzmides were
recalculated. The agreement obtained between observed and

calculated splittings for all the specizs studied is shown in

table V.
TABLE V.
Observed and Calculated 14}? -~ Quadrupole splittings

for YH,ON (Mc/s).

' LF - A (obs,) AV (cale.)

F
14NH?CN15
(1-0, 2-2) 0.8 0.87
202 = ;1 (3-2, 2-1) 54 )
. , 1-1
2 1. | .g-i 0,40 0.56
12 11 (3-2, 1-0) 1,05 1.03
1-1 lo4d 1.42
'1i' ;10 ; 'ig-é 0.91 0.88
2.2 0.70 0,59
1...0 1914 . ‘ 1028
' (Cont'd,)

20



TABLE V (Cont'd.)

F - F A (obs.) A~ (Calc.)
Vg, o4 : |
200 = to1 (32 : : i
Ty
(2—2’1 0'87 0094
2 -1 .
12 Ml 3_2’; 1,42 1,39
52_1’1 0,96 0.92
2. -1 1
11 ~ *10 1 - -
; -
(2_1’2_ ) l.oo 17000
14 4
NHZCN]' PR
817 - 818 D 0.9% 0.91
c :
5 1.6 1.64
A 0.93 0.91
12 - 12 :
111 D 0.91 0.91
S 1,62 1,62
" 0. 0,917
A 0.91 9
15110715 13 > 0.91 0,91
' g 1.62 1.63
| 0.91 0,91
vy J 7
1. -0 E
o1 ~ o0 5 1,10 1,08
5 0,85 0.85
1,02 0.96
A
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342 Nitramide,

. 2 L
Assuming Nl and Né to be sp hybridised and structures I
and II 10 contribute equally to the nitramide wave function,
application of the Townes and Dailey theory predicts the coupling

constants for both nitrogen atoms as :

N, : ’x,aa(l) =+ 2.5 I‘-’Ic/s: ;0 ’X,bb»(l) = + 2,5 Mo/s.
N, ’x,aa(z) = 0 ; ’x.bb(z) = 0

‘ Again a coupling of 10 Mc)é for one unbalanced‘p electron at the
14N nucleii is assumed.

In the secular determinants of equation (9) the off-
diagonal elements are due entirely to coupling from Nz. Clearly
in this case it is sufficient to consider these elements to be
'negiigible compared with the diagonal elements and thus treat the
observed hyperfine structure as due mainly to Nl coupling with
only slight perturbations ceaused by the interaction of nucleus.Né.

Experimental observations made on the ground state lines of

‘bhe.B13 - 312, 413 - 412, and 111 - 212 transitions showed each
line to be a well defined doublet. Since it proved impossible
to obtain any further resolution on any of the lines it was
assumed that the observed splittings were due fo the coupling of

the amino nitrogen nucleus only. The analysis was therefore

carried out with-ﬂbaa(2) = 0 and Cbbb(z) = O,

92



With this assumption it can be shown from (11) thet the
coupling energies of the components of the transitions are given
=1

by the following expressions @’

315 = 310 OBy = (12287 X (1) + 1.3962 %, (1)) Y(F)
413 - 452 AEQ = (0.8130 ’X,aa(‘l) + 0.6735 'x.bb(l)) Y(F) (i8).

L -2 AB =%y, (1) (Y () - («éé(l) + % (1)) V()

whereAEQ is the coupling energy and the prime refers toc the upper
state of a transition.

For each transition studied the components form two distinct
groups for any reasonable values of the coupling constants.
Fig; 6 shows typiczl hyperfine patterns calculated for?ﬁaa(l) =
4 Mc/s, 'x.bb(l) =1 Mc/s.

In fig. 6 the figures in parenthesis are the component
intensities and the components are lebelled alongside.

If it is assumed that the peak maxima in the experimentally
observed hypeifine patterns correspond to the weighted mean of
the component lines-of the groups in fig. 6, then it can be shown
that the doublet splitting (A) can be expressed es a function of
QCaa(l) and%bb(l)° The expressions are given in table V1.’

The best fit o the observed splittings was obtained with

%aa(l) = + 3.00 Mc/s and ’xbb(l) = + 2,35 Mc/s.
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3 3. 4-4
(20 20)
3-3 2-2
-2 -! 0 1 2 Mes
_ (39)
43432 5-5
- (30) (24)
4-4 3-3
-2 -1 0 [ 2 Me/s
(4b)
ln 2,2_ 2 ‘3
(25)
(8) (1) (8)
I~ l 0-1 l | 2-2
-2 - 0 I 2 mMefs

Czlculated Hyperfine patterns for 212—123102 with Xaa(l) =4 '}Ic/ So
and X . (1) = 1 Ilic/s
nd X’bo( ) / .

fig. 6.




The doublet separations (A) calculated using theée values of the
coupling constants are shown in table V1 and can be seen to be in
good agreement with the observed splittings.

It must be emphasised fhat these results for the coupling
constants take no account of the contribution to the hyperfine
structure from Héc The position of an observed peak maximum
will depend to some extent on the coupling of the nitrogen of
the nitro group, however this is expected to.be very small and

may possibly be zero.

~

TABLE V1,

Observed and Calculated Hyperfine Splittings for NHZNOQ(MC/S)

observed cealculated

A
35 - 3, 0.4L56% (1)+0.5197%, (1) 2.1 2.46
413 - 432 o.3o43xaa(1)+o°2521%bb(1) 1,58 1,50
1., -2 0.3831%%(1%0.10941%(1) 1.34 1.41

11 12

4. Discussion of Results.

Quadrupole coupling constants are related to the field
gradient round the quadrupolar nucleus and may be interpreted
in terms of the bonding present in the molecule.

If cyanamide is congidered to be planar and the amino
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nitrogen 3p2 hybridised, application of the théory of Townes and
Daily to the limiting cenonical forms I and II indicstes . that
the field gradient in the‘g-p_molecular plane is symmetrical
abéut the Ni nitrogen nucleus,
I ‘ + Ir
NH2 -C=NXN . NHé =C=0N
% (1)= +5 MNc/s %, (1)= 45 Me/s Xéa(ljz 0 % (1)=0

% (2)= -5 I"Ic/s> %o (2)= 425He/s % _(2)=0 %, (2)= +6 Me/s

If, as implied in table I, Ni has a pyramidal configuration,
the fiela gradient in the a direction will be slightly reduced
relative to the pure SPZ case while that in the b directicn will
iemain unchanged. | It is expected therefore that Ooaa(l) will
be smeller than beb(l) their magnitudes depending on the
contribution from siructure II. The experimental results
for the amino nitrogen atom show that ’X/aa(l) and %bb(l) have
their expected signs however their relative magnitudes conflict
with those expected from the Townes and Dailey approach. A
similar situation has been found in formamidel where qbaa is
greater than G‘bb’ and also in carbamyl fluoridel7° An
explanation is therefore required which provides for a
considerable increase in the field gradient along the a

(Ni_- C bond) axis of the molecule, Such an electron
distribution could result if the electrons of the Ni - C o-bond
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were polarised towards the carbon atom.'h

?he effect of the expected delocalisation of the lone pair
electrons of Ni is clearly shown up in the coupling constants for
the cyanide nitroéen atom. | In the simple case where Nl is
sp2 hybridised the lone pair electrons occupy a py orbital,
Interaction of these electrops wifh the M- electron system of
the nitrile group will therefore take place through the
corresponding py orbitals on the carbon and nitrile nitrogen
atoms. ~ This approach provides for an electron drift in the

a-c

plane of the molecule towards Né. An asymmetric field
gradient round the C - H2 bond is to be expected therefore with
OCaa(Z) consequently reduced in magnitude compared to the usual
value for a nitrile groupl8° The observed figure of
- 3,30 Mb/s for OOaa(Z) is entirely in accord with this view
and the experimentel coupling constants indicate the expected
asymmefry of the field gradient around the bond.

The observed coupling constants suggest that the contribution
from structure II is certainly less than the value of 50%
previously assumed and show that it is in fact probably closer to
35 - 40%. This estimate however is based entirely on the
valance bond description of the melecule and thus takes no account

. . . PO
of the effect of any volarisation of the o©- electirons of the
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Nl - C bond on the coupling constants of the emino nitrogen
aton. It seems likely that if allowaﬁcé could be made for
this the contribution of structure II may well be closer to 406,

These results are in fair agreement with the estimate of 36%
for the weight of strucfure IT obtaired using the empirical
formula due to Pauling19 for the double bond character of the
Ni - C bond. This last résult may howéver be in error since it
is difficult to say to what extent the shortening of the bond is
due to the hybridisation states of the amino nitrogen atom and
carbon atom in cyanamide rather than the delocalisation of the
lone pair electrons of Ni into the 1 - electron system of the
" molecule, A better measure of the contribution of structure
II might com; from a consideration of the degree of non-planariry
of the molecule, If it is assumed that ¢varies linearly
between the.values 0° for the pure 3p2 case and 60° for ammonia
then taking ¢ = 380 for cyanamide leads to an estimate of 38% of
structure II in the overall wave functicn of the molecule.

The ideas outlined azbove attempt to describe the electron
distribution and bonding in cyanamide in terms of the contribut%ng
valence bond structures. A more realistic description can be‘
obtained from the molécular orbital approachzo. 0f the
sixteen available electrons eight go into four low lying

O - orbitzls. Mhe T - elechiron system consists of two sets
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of orbitals, The py orbitals on Nl, carvon and N2 form

a three-centre m - system comprising one bonding, one non-

bonding and an antitonding orbital. The p_ orbitals on
. T tx
carbon and N2 form the usual two-centre system. The highest

filled molecular orbitel is the non-bonding TT; orbital of the

.

three~centire system, which conteins the lone pair electrons of

the emino nitrogen aton, The order of the molecular orbitals

. _0 .
found for ¢ = 25 is

%§%$%50r<n<n <G<ﬂ<1T<n.

The osorbital contains the lone pair electrors of the nitrile

nitrogen atom. Two sets of moleculer orbitals are tabulated
.20 . . - s _— o
in for the non-planar form of cysnemide, These were obtained

by different cpprroaches to the extended Huckel calculation carried
out by the =suthors. The form of the orbitals they obtain
indicates that the N; - C bond hes between 31% and 43% double

bond character in non-planar cyanamide.

On the whole the available evidence is in fair agreement
that, in valence bond language, structure II contributes quite
significantly to the cyanamide wave eguation. It seems
consistent with the experimental results to consider .this

L7
contribution to be of the oxder of 40

< . oty
is for cvansmide, the Townes and Dailey aprroacn ior
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nitramide predicts that in the non-planar caﬁef&éa(l) will be
smaller than?‘bb(l). However once again the experimental
results show the situation to be reversed. Thus a similar
eiectron distribution and polarisation effect of the o~ electrons
seems to exist around the amino nitrogen nucieus in nitramide as
exists in cyanamide although the relstive magnitudes of the
coupling constants indicate that in this case the effect may

not be so pronounced for nitramide,

In the.simple valence bond approach the magnitude of Ocaa(l)
suggests again about a 40% cont:?bution-from structure II ahd
consideration of polarisation effects of o - electrons would tend
to increase this estimate réther than decrease it. This is
rathexr surprising since; as explained earlier in this chapter,
form II would not normally be expected to be as important for
nitramide as for cyanamide. Indeed the large value of ¢ (51°)
for nitramide suggests that structure II may contribute only about
20% to the wave function.

Nitramide, cyanamide, formamide and carbamyl fluoride all
belong to the general class NH, - X where X is an electron

withdrawing group. For this type of molecule it might be

expected that the measured field gradient of the Nl atom in the



a - ¢ inertial plane will systematically reflect an& change in
the out of plane angle ¢ . This value of 0600(1) will
presumably reflect the degree of interaction of the lone pair
electrons of Ni with the T - electron system of the molecule,
The assumption that the extent to vhich such an interaction |
takes place is a function of $ is to some extent supported by
the molecular orbital calculations for cyanamide. It can be
seen by comparing the coefficients of the individual atomic
orbitals contributing to the molecular orbitals that the two
three - centre w - orbitals are affected to the greatest
extent by a change in'i o

Table VII shows that for the three molecules for which
¢ has been measured there does indeed appear to be a

&

correlation between the experimental out of plane angle and
%o (1)
TABLE VIL

. o .
Experimental Quadrupole Data (Mc/s) and ¢ (~) for NH,-X

NH,,CHO NH,CFO NH,_CN NHéNOZ

2 2 2
% aa(l) + 1.9 + 2,36 + 3,05 + 3,00
.6 1.8 + 2435
% 11, (1) + 1.7 +1.69  +1.85
% oo(1) - 3.6 - 405 - 4.90 - 5.35
$ 17 - 38 51
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Figs. 7 shows that the graph of log ¢ sgainst Cébc(l) for
these molecules is a straight line although it should be
emphasised that since onl& three‘points are available at the
pfesent time for this graph it would be unwise to place too

i

much credence on the fit obtained.

On the basis of experimental quadrupole coupling datal7
carbamyl fluoride seems to fit into tablé VII between formamide
and cyanamide. From fig. 7 it would therefore be expected to
be non - planar with ¢ ~ 20 - 250° The microwave study of
this molecule by Rigden and Jackson17 does not give any estimate
of 4>since only the normal species spectrum was studied although
the inertial defect (+ 0.06 a.m.u. ﬁz) strongly suggests a near
planar structure, It is worth noting however that similar

" results obtained for formemide in an early study of that molécule
| were erroneously interpreted with regard to the planarity of the
moleculezl. It should prove interesting if further isqtopic

work is carried out on carbamyl fluoride to see whether it indeed

fits into the expected position on fig. 7.
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CHITTR 4.
CHITR 4.

> > Y oy - - o .
Vibration - Roiation Inferciions im Dideutercererzcide

l. Imtroduction

In the microwzve spectrun of & nesr symmetric rotor such
as dideuterocyanamide the thres compoments of the J = 2 - 1
-}La R - brznch transition zre exvected to zive rise to neaxr

symmetric iripleis for both ground and exciied sizies. The

central component of each triplet kas “’l = 0 znd the iwo

]
=
o

outer components have K;l
In the previous investigzations of the cyememide spectrum
this was shown {0 be the case for the groumd aznd first exciied
states of the inversion mode of thé normel species (Eﬁéﬂﬁ)m
Eowever, for ID,C it was found that while the lirnes for the

ground state of the J = 2 - 1 irensition gave ithe expecisd msar -

[=7)
8
€l
-
€k
B

symmeiric triplet those of the first exciled state &
mean of the K 1= 1 lines being displszced by ~+ 13 1w/é@ from

the K;l

Lide2 has shown that iris periurbziion can be ailribuied

5 aal

= 0 line.

to 2 vibration - roietion interzction bvetween the rotational

energy levels of the ground siate and © these of the firsi excited
state, The detivation of the Femilionizn including terms -
faking account of the vibration - rotzilon Interaciions has
been thoroushly discussed by Lice. The Zzmiltondan hos The



following form:
o 2
H=H_+H _+H + ng + V() + ZF%pPi (1)

where Hsr is the symmetric roto; Hamiltonian and Hés the
aéymmetry correction term. Hl is a vibration - rotation
interaction term containing cross-products beiween components of
the rotational angular momentum.’ This term can be removed
from the Hamiltonian by chossing the axié system for the
development of H in such a way that it qoincides with the
principal zxeés of the instantaneous inertial tensor4o The
fourth and fifth terms are the kinetic and potential energies for
the inversion vibration, end the last term couples this vibration
with the i'th component of the totael angular momentum,

In & symmetric rotor basis the energy matrix of (1) factors
into tﬁo sub-matrices of order 2J + 1 whose diagonal elements
contain.alternately terms in Ei and Ej’ where En is the energy
of the n'th vibrational energy level. Application of a
Van Vleck transformation %o these matrices removes the off-
diagonal elements of Hés’ Bi»gnd tern séx to second order and
reduces the problem to a series of smaller matrices, one for

»

each set of levels which were degenerate in the symmetric top
limito

In HDZCH the rotationzl energy levels mainly involved in



the vibration - rotation interactions belong to the v =.0
and v = 1 states ani have K—l = 2 and Kil = 1 respectively.
Lide has shown the matrix eleménfs for K_12:2 for the ground

state to have the form

v=0 H - g +x ) ¢
- THKHK T 0 T K T = (2)
_ '(2)
By = BBy - ©

[ o (2K+1) e -] (J-K)(J+K;1)
E, - B+ (2K+1)[A -EB+0]]

where G

[01 (2x-1) 01] (J+K) (J-K+1)

* B - B, - (2K - 1) [4 - £(3+C)

- : - ji¢
241803 (2K+1)(J-K)(J+1K+1)

and Hyp g=Hg,.x~ B - B, + (K1) L4 - 5(3+C)]

24, 01(2k— 1)(J+K)(I-K+1) (3)
" E - B (K1) L4 - 5(B+C]]

1 the matrix elements ars:

and for KLl

= E, + E'§_2) - ngl J(J+1)
e * 5 TE = Z(500)
By -Bp-Lla=z

(dOl + 9901)(J 1)(J+2) (4l

B - Bo.+ 3[4 - 3(3:0)
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(o 2

B, 4 -3+ E_352) - 2o J(J+1) .

E - By -[A - £(3+C)]

.2 2 (4)

_(d01 + 927 ) (3-1)(3+2)

B - By + 3[4 - 3(3+C)
H. . =§ - 24,,e0; J(J+1)
+1 =1 -1 +1 -

5 - B -8 - 5(3+0)
(5)

) 6d01601 (3+2)(3-1)
E| - B, + 314 - 2(80)]

To obtain the matrix elements for the v = 1 state the terms Ei

are interchanged in (2) - (5). In these expressions E; is

(2)

. ]
the energy of the i'th vibrational state and EK are the rigid
asymmetric rotor energies correct to second ordexr. In the

notation E the signed X subscripts have the same

+K +K
significance as the Xing, Hainer and Cross asymmetric rotor
notation € % and 0 x,

The effects of the vibration - rotation interaction terms
on the enerzy levels cen be seen from equations (2) - (5). The
term E#K X modifies the asymmetry splittings of the levels wnile
the G te?m produces 2 shift in the mean position of these levels.

5 (hereafter referred to

From (3) it car be seen that vhen B - 3,

as A' the inversion splitting) is compareble with
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(2K - 1) LA - £ (34C)] the two levels J,K,v = O and
Jy, K=-1, v =1 éan strongly perturb each other.

On the basis of the theory outlined above, Millen,
Torping and Lidel postulated that the neér degeneracy in
NDZCE giving rise to the observed perturbation of the v =1,
J =2, K;l = 1 energy levels must be between the v = 0, J = 2,
K._.l =-2 and v=1, d = 2, K;l = 1 energy levels. They were
thus able to estiﬁate A as ;-15 —_—

In this work experimental evidence has been obtained
which provides a direct link between the rotational energy
levels of the v = 0 and v = 1 states, .This has enabled
the predicted near degenerazcies to gé verified and some
gualitative conclusions to be drawn regarding Lide's approximate
seccend order solution of the energy matrix.

Measurement of the Stark effect of the =2 -1, v=1,
Ay R - branch transition has provided a direct relation between
Mg and A (A is Gefined as the separation between the v = 0, 2,,
and v = 1 lll energy levels). Measurements have also been

]
mzde of the Stark effects of the ‘cwo,.u,c R - branch transitions
in the 8 - 40 Gc/s region, v = O, 423 -v =1, 313 and
as | sined as 0.86D
v = 0, 422 -v =1, 312. Thus AL has been obtained as 0.8

end Aas ~ 11010 Mc/s.
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Lines belonging to the series of v = l,‘K;l = 1, J*a
Q - branch lines have been observed and assigned. The
trensitions are strongly perturbed by the vibration - rotation
interactions and the measurements have provided e#perimental
evidence on the J, K;l = 1 energy level splitting in.the v = 1
" state, A number of the);c Q - branch inversion transitions

of the type v = 1, JlJ - v =0, JQJ—2 have also been assigned.

2., Stark effects in the J = 2 - 1 transition.

On the evidence of the vibration - rotation interactions
discussed earlier it ﬁas been suggested that the v=0, J =2,
K—l =2 and v=1, J =2, K;l =1 en;rgy levels are closely
degenerate. The orientation of the rotational energy levels

in the v = 1 state relative to those of the v = O state will

therefore be approximately that shown in fig. l.

-

levels in I

=

figo 1.
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In a molecule of the type NBé -~ X, transitions between
-energy levels connected by adl, dipole matrix element als§
involve a change in Vibrationa; quantum'num.ber° Ihe,u..c
connections in the energy level manifold are therefore between
v=0,3+1,K)=2endv=1,7J, K, = 1 levels as shown
in fig. 1. Thus if the energy level displacement parameter
A as defined in fig. 1 is relatively s;nall, there should be a
detectable contribution from,u.o to the Stark effect of the
J=2-1, K_l = 1 transition components,

In an attempt to detect this contribution, the Sterk effects
of the 202 - 101, 212.j 111, 21l - 110 transitions have been
measured for both ground and first excited states. In each
case measurements were made on both the M = 0 and M = 1 Stark
components. The absorption cell was calibrated in the usual
way using OCS and sssuming its dipole moment to be 0,7124D,

It is clear from fig. 1 that in any case where the,ua

Q - branch interactions contribute to the Stark effect the

dominant factor affecting the observed frequency shift will

be repulsion between the closely degenerate v = 0, J, K-l =2
levels and to a lesser extent between the v =1, J, K__1 =1
levels, This large contribution fromu to the Stark effect

will render any small,ub contribution experimentally

undetectable, The Q - branch contribution is present in
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all cases except for M = O components for which it is zero.

It is thereforé to be expected that only in the case of the M= 0
components will the effects of)*c on the Stark effeét be
cpmparaﬁle with the effects'ofjxao

It was assumed in the first instance that thej¢a contributions
dominated the Stark effeéts of 2ll the measured components and
values Of}*a were calculated for each component, From the
argument outlined above, the)¢a value obtained from the M = O
components was expected to deviate seriously from the values
obtained from the othe? cases,

The coeffi;ients,ofjiag E2 in the expression for the Stark
energies of each line wefe calculated uging the usual second
order expression as given by Téwnes and Schawlow5° The
expression is given in chapter 2 section} hénd will not be
repeated here,

Where it was suspected that energy levels may be closely

" degenerate their contributions to the Stark effect were

calculated from the more exact expression

2 2 2 2
E, +E (El-u)—i-AME
1 2 + 2
E = —3— = (3 +1)% 6),

where all terms have their usual meaning.

WERE
The resulting coefficientskcorrected for the cell constant
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(see chapter 2 ‘section 3 ); the Slopesé-%" of the corresponding
, v
graphs and the resulting values of Mg, are given in table, I.
TABLE T,

M velues obtained from Stark effect of J = 2 - 1 transition.

M ’%'%x 1077 u, (D)

K,=0 V=0 0 17.10 4023
! 14,20 4.28

V=1 © 0 : 17.30 4.26

1 14.00 4.25

‘k;=1 V=0 0 114.50 . 4,30
(Lowex) S 13000 (4453)
| ' v.= 1 0 11.20 3.78
1 12.50 (444)

K,=1 V=0 0 14.75 439
(upper) 1 13,00 | (4.57)
Vel 0 10.75 3.75

1 12,00  (4.39)
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The figures én braékets in taeble I are the/u,a values
obtained from the M = 1 Stark components. The graphs of
Ay . .. L :
vz for 9hese components show curvature at high values of the
applied voltage due to the)xc contribution to these components.
This contribution increases as the levels connected by/ub are
forced closer together by the 1a,rger/;.|.a contribution to these
components. Thej,t,,a values in the table were derived from the
limiting slopes of these graphs,

The M = 1 components excented, the graphs oftig for a1l
the other Stark components were, to within experimental error,
straight lines, From table I it can be seen that, neglecting
the results for the v =1, K 1 = 1, M = 0 components, the mean
value of}ga is 4,33 D for both ground and first excited.states.
The measured values of)xa for EHéCN are 4,34‘D and 4.26 D for
v=0and v =1 states respectivelyg.

4s expected, the values Of}*a obtained from the M = 0
components of the v =1, K 5 = 1 trensitions are very different
from the other resulis in teble I, strongly suggesting an

appreciable u contribution to the Stark effect in these cases.
38)¢ Mg

nteresting to note that the M = O components of the otler

=

t

1

=3

s
‘ . 3 h‘ - .
transitions show no effects due to a)ub contribution. This

: s ; i + s+ neither the v=
" provides immediate confirmation of the fact thet neither the v=0,
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Ky=0o0rlorvs=l, K—l = 0 levels are perturbad by
vibration ~ rotaition interactions since the absence of a M
copurlbutlon to the Stark effect sug;ests that the levels are well
separated in energy,

-

AN . . : ' ‘o
The slopes — for the M = 0 components of each transition

v
can be seen from fig. 2 to be very similar as are the theoretical
" 2 2

coefficients OI/ux E” in the expression for the Stark effect,
There is little gain ther fore in considering these measurenments
as separate pieces of infermation znd so only the Stark effect
of the v =1, 2,

- M= . + o
12 111, M = O component is treated here

The Stark effect of this irensition can be written as

‘;\2’ c f(J,-I));. +kc f'(J,M)/ucz (e)

vhere € is *he cell constent and £(J,1) and f"(J,M) are the
theoreticsl second oxrder St rk coefficients. A1l other terms
have their ususal meaningso

Making the approximations that the separatlon between the
levels J, K and J + 1, K is given by (J + 1)(B + C) for each

. r — +
vibrational siate, that the v=10, K 1= 2. levels are degenerate

|

and determining the v = 1, KLl = 1 splitting from the previous.

M, B- branch measure:n_ents3 then (8) tecomes,
a
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- 2 6%98,90A + 4009, 10° 2
B 0T [ i O

where A is as defined in fig. 1.
. Taking a value of 4.33 D for/ua a graph of /ucz against A
has the form shown in fig. 3, 7

Fig. 3 shows that the maximum value for ;102 is of the oxder
0.78 D end thus < 0,86 D. 7 For reasonable values of )u_cz the
values of A satisfying (9) are always negative implying that the.
v=1, 111 energy level is in fact higher in energy than the

v

0, 221 level, Thus the orientation of the energy levels

" has now been shown to be as in fig. 4.

32
3az 211
; 2
e
2.20 ) . AI_ L ||l
22 T
V=0 V=i

Corrected enersy level configuration for I\!DZC“-

figo 40
It is also clezr from fig. 3 that, for a finite)xc, A is less
than ~ 18000 Mc/s.
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3, The v = 1, K;l = l,/ua Q - branch Lines.

The v = 0, J, K—l = 1 energy levels of NDZCN are unaffected
by vibration - rotation interactions. The frequencies of the
K) =1 u_ Q- branch transitions for the ground state of the
molecule can therefore be readily predicted.,

6 . C v

Polo has showvn that for z slightly asymmetric top molecule

like HDQCH the rotational energy levels are given by a pover

series of the form

BTy ) = % (340)3(0+1) +[4 - 3(8+0)] € + L[4 - 3(3+0)]

{i{z g“,z Co;x" 2 4 3(341) f clrfn + JZ(J+1)Zi Cp " + ----} (10)

ms) m=2
where X is the prolate K value and Kc the oblate value, The
coefficients Cmn have been tabulzated up to K—l =5 and € 6 by
Polo. € , the asymmetry parameter qsed in this treatment is

defined as

€= B-0C = =20
2(24-3-C) 2
where b is the Wang asyﬁmetry parameters
Polo also includes the appropriate.first order centrifugal
distortion correciions to be added to the rigid rotor energy
levels as calculated from (10). These corrections are given

in terms of the six centrifugsl distortion constants DJ, DJK? DK’

Eb’ RS’ Rg first introduced by liielsen .
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In terms of Polo's expressions the Pranuen01es of tx?}l

K;l = 1 @ - branch lines can be readily shown to be3

N B-C
Ty 5t 4B - (J-2>(J+z)(J-1)(J+5>[§2g ? + 3R

- 27(J+1) 8 (11)

The v = 0, K;l =1 )*a Q - ﬁraﬁch series has been previously
located and assigned3 y and from equation (11) has been shown
to Be consistent with a value of B - C + 835 of 412,37 Mc/s.
Owing to Nl4 - nuclear quadrupolercoupling effects of the type
discussed in detail in chapter 3 , eacﬁ of these lines exhibits
‘a quartet hyperfine structure (see ehapter % figs. 4B and 5).

Since the v = 1, K;l = 1 energy levels are perturbed by
vibration - rotation interaction with the v = 0, K—l = 2 energy
levels the frequencies of the K ; = l}xa Q - branch lines for
the first excited state will deviate considerably from the
frequencies predicted from equation (11).

As described earlier the effect of the vibration -
rotatiﬁn interaction terms on two J, K_1 = 1 epergy levels is

4o modify the asymmetry splitting of the levels, This

effect caen be simply represented in the form of a 2 x 2 matrix;

. (12)



where Wi and WQ are the energies of the K_1 = 1 levels and F
corresponds to the term H+K X in Lide's theoxy, .Clearly
since Lide's G term only produces a shift in the mean
positions of the levels it can be omitted from Ma trix (12)
altogether provided the absolute energies are not required.
The difference AT teiween the eigenvelues B, and B, of (12)

is the frequency of the reqﬁired K_1 = 1 Q - branch transition

and is given by

2 2
AE = J(wl - ¥y)" + 4F : (13)

Now for KLl = 1 energy levels in NchN
w-w~i§-‘7-"iu(3—c)' - (13a)
1 2 2
Hence (13) becomes

AE =V = g_(g_*_ll ﬁB-c)z +16 [-(J—E%}g—”fll] 12 (14)

The term under the square root sign in (14) is now aqreffectlve

parameter (B - Cjkwhich may differ for each transition. It
is clear from (14) that, as J increases the coefficient £(J) of
F‘2 approaches unity rspidly and is almost constant at J values
grezter than 6, Thus a graph of (B - ¢)* against J for theé

X . L.
. _ - a
Q - branch series would be expected to take the form shown i

figc 59 .
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~An extrenely useful 2id to the identifidation of the
Q - branch lines belonging to this series lies in the14N
nuolear‘quadrupole coupling pattern, In the case of the ground
state lines the separation of pééks A - Cand B~Dis~ 2.4 Me/s
(the 1labelling of the fine structure components corresponds to
that used in chapter 3 ), and the splitting for the first e%cited
state is also expected to be of this ordér.' This value is
slightly different from the splittings obtained for NHéCN
( 2.54 Mb/s); Such a change is to be expected since the
principal axes of the molecule will have rotated slightly on
deuteration and thus the disgoral elements of the nuclear electric
guadrupole tenscor on which the spliﬁtings depend will have changed.

In order to locaté the lines s search»of the §pectrum from

38 - 20 Gc/s wés cerried out. All lines exhibiting the required
gquartet structure and having a Stark effect consistent with a
@ - branch line were noted, Iines belonging to the v = 0 and
v = 1 states of NHDCY and to the v = O state of NDQCN were observed
at their predicted frequencies and could thus immedietely be
eliminated from the list of candidates for the v = 1,K , = 1
series. No lines from the normal species were observed
suggesting there was very little of this species present in the

. . o . s .
sample, There remeined = number ol wunidentified llnes at
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vavemeter frequencies (Me/s) 35951, 30892, 26210, and 21890,
Measurenent of the A -C,B-1D splittinés of these lines showed
them to be consistentlyi~'2°4 Mc/s as pfedictea for the v = 1
‘series of lines, The lines were therefore tentatively
assigned to the required series, |

The lines were aocurately measured and the line frequencies
corrected to teke account of the quadrupoie splitting using the
coupling constants for the normsl species. From the R -
branch spectrunm it is known that (B - C) for the first excited
state is ~ 401 Mc/s° Using (14) the observed lines were each
assigned a J value such that (B - C)* was close to 401 Mc/s at
low J values, The line frequencies and values of (B - C)*

obtained from each line are shown in table II, _. The search

was extended into X - band and the J = 6 and J = 7 lines were

\ *
" assigned. A graph of (B - ¢)" against J hes the form showvmn
in fig. 6. There is no direct experimental evidence from the

*
Q - branch series for values of (B - C)" below J = 6 therefore
the points on the graph connected by the broken line were
obtained from data availoble from the R - branch trarsitions.
From Polo's expressions the difference in frequency betweéh

two Kb

. . 3
1 = 1 R - branch lines can be written

) o
- B-C+8R -8 (J+1) 85

Ay
J+1 >
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Tow 53 hes been estimeted at ~ 1074 Me/s, therefore,
neglecting terms in 35 and 5J for low J &alﬁes, the separation
Ai in fig. 7 is given by (B - C), Thus, knowing the
experimental values for the line frequencies ¥, and'Qz the

J = 2,.K;l = 1 separation can be calculated. -

TABLE T1
Measured Line fregquencies of the v = 1, KLl =1 }La Q -« branch
series (IIC/S).

I M) (3 - )"
1 - (401.30)
2 - (401,15
3 - (400,96
6 8401.17 200.06
7 _ . 11189.51 ©399.63
9 | 17934.32 -+ 398.54
10 21882,49 397,86
11 26208,21 397.09
12  30902,76 . 396,19
13 35956,12 395,12

i } Kyst J=3

A, 1 } Ky=l J=2

: F 3 .
% e
A‘ } K_|=| I=l

‘ ' X . r 1D, CH,
Estimation of effective (B-C) from R - branch data for ID,CH
fig. 7o
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1°1

transitions for J = 3 - 2 the separation A3 for J = 3 can

Using the observed line frequencies7 of the X
be obtained in a similar way, These results are included
in table II in brackets,
. . . *
From fig. 6 it can be seen that the value of (B - C)-

decreases very rapidly with increasing J from an origin of

401,30 Mc/s. This behaviour is in sharp contrast to that
expected from fig. 5. The most likely reason for this

discrepancy is the breakdowm of the pexrturbation treatment.
which led to the relationship shown graphically in fig. 5.

Fig. 6 implies that fhe splitting between the K ; =1
enerzy levels in fzet decrezses with increasing Je This
suggests that the observable effect of the perturbing term r,
‘which would normally cause an increase in the splitting as J

A N

increased, is beinz eliminated by a stronger perturbing force.

Such & perturbing effect can arise from the levels

cormected by matrix elements of the form

Tzv | E | Jxk+1 v

{TXv l%l JK+1 vD

P 24 ~e hot -
Tt is clear thet the energy difference between the upper level

J, K, v = O and the lower level J, K1, v =1 is smaller than
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levels, Th

w

vibration - rotation effects will have a

larger effect on the levels closer in ernergy. As J increases
so the asymmetry spliiting of the v = 1, K l'= 1 levels

1pcreases as does the splitting of the v = 0, X ] = 2 levels,

Thus since the nett effect of the vibration - rotation

interection terms is to produce a repulsion between the

connected levels, the lower X 1 = 1, v =1, level will be

pushed more to higher energy than the upper level, the effect
increasing es J increases, Thus if this effect is

sufficiently large the observaﬁle effect of the F term will be
lost and the K;l

as J. increzses,

= 1 energy levels splitting will get smaller

Thus it is concluded that, in the case of ﬂDZCN, the
epproximate treatment of the energy levels given in the latter
stages of Lide's paper is insufficient and in order to calculate
the rotational energy levels for the v = 0 and v = 1 states, a
truncated form of the full enérgy matrix will have to be set up

end diagonzlised.

4. The)& inversion transiticns i “DzuF
. C

Owing to the difficulties outlined in the previous section

rototionel enersy levels of the v = 1 state cannot be

<
s
I
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located exactly ;elative to the 1evels_ofAthe ground state. It
is therefore desirable to measure experimentally transitions
which directly cormect the two sets of rotational energy levels.
.Such transitions necessarily involve the/ub component of the
dipole moment and, since A<18000 Mc/s, the transitions most
likely to fall in the region 8 -~ 40 Gc/s are those of the

Q@ - branch series v = 0, J, =2 - v=1, J, Ky=1, and
possibly a few/u.c R ~ branch lines of the type v =1, J, qu 1l -
v =0,J+1, K:f 2,

Considering first the Q - branch series, From Polo's
expressions, igroring centrifugal distortion corrections, the

~ energy of the Rﬁf 1 energy levels is given by

c ~ B0 + =€ B3-C
E(I.\.-f 1) 5 J(J + 1) 7 J(T +1) + Ac (16)

similarly, assuming the K]f 2 levels to be degenerate at low-J

values, the energy of these levels can be written

E(K_: 2) ~ %’—9 J(I+1) + -B-;—g a7

for this Q - branch series the K= 1 levels belong to the first
excited stztes and thus the inversion frequency A' must be

added to the energy as given by (16)0 The freguencies of

the,ub § - branch trsnsitions are therefore given by

N o~ A +-§X%il> [ (2+C)! -‘(B+C)] t‘(gig)' J(J+}) (18)
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where the single primes refer to the upperrvibrational state
in the transition and A“now includes all constant terms
involving the rotational constants, .Erom (18) it can be seen
that the separation between Qonsécutive Q - branch lines is
given by

*1

AN ~ Eéc (3 +1) , . © (19)

where (B - C)*' is again an "effective" parameter for the excited
state.

Equations (18) and (19) show that the Q - branch series will
consist of two éets of lines spreading out to high and low
frequency of an origin,'each line separated from its neighbotrs
by a J dependent function of (B - C)'° The lines to low
frequency of the Q - branch origin are'the transitions v = 1,
dJ - v =0,J

l’J 2,J"‘2

Jl,J-l - v =0, J2,J_1° It is expected that the Stark effect

of the low freguency series will be to low freguency and that of the

while those to high freguency are v = 1,

high frequency series to high frequency,

Considering now only the low freguency series. The
energies of the levels involved in the transitions can be .

rewritten as, . :

~ R+ (3-1)(042) G

9

sd

' (3+2) G
B (1)(342) 6

(20)

&3]
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1
where R and R are rigid rotor energies and G' is a composite
perturbation term; having the same J debendence as Lide's G
term. Thus from (20), including in R higher terms in the

asymmetry than were used in (16), it is readily shown that for

this Q - branch series

—%:: z[a -B +2c;] + _@"..)_ - % (EE_Q)EJ
1 i (21)
,[(B_ggls . 2 (B_Zr_@g] (341)?2

3
] 1
where @ = [(Eigl - (B+p)] and = (E:Q) o Thus a
2 4
graph of ?Ql ageinst (J+l) is expected to be lineex,

1
Estimating G = 3.2 Mb/s from the perturbation to the J =1 -2
R - branch spectrum this graph is expected to have an intercept
of ~ 180 Mc/s. _
< . 14

As an aid to the assignment of the lines the ~'N quadrupole
hyperfine pattern was calculated, In this calculation it was
assumea that the 14N quadrupole coupling constants for HD2CN are
identical to those of NHZCN° The calculations were carried
out for J = 5 - 10 using the computer program described in

chepter 3. The pattern for each of the transitions calculated

was a doublet (fig. 8).
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=1 0 I MCfs
Theoretical guadrupole hyperfine pattern for}i @-brench
tranzitions of NDZC
figa 89 -

The low freguency component was expected to be twice as intense
as the other component, the separation being~a1;5 MC/So This
pattern coupled with the fast low freguency Q - branch type Stark
effect made the)xc Q@ - branch lines very cheracteristic,

A search of the spectrum in the range 38 - 20 Ge/s revealed

a number of sitrong lines with exactly the characteristics predicted

above, The lines were mezsured and were found to have a splitting
consistently ~ 1.3 Mc/s. The lines were assigned a J value such
¥

lal
that the value of £—~il—— es desermined from (19) converged on

"..180 Mc/s with decrsasing J. The resulting essignments with the
*1

g?.... )
= o

corresponding values of 5 sre given in table IIl.
A e (1Y seenm from the results i
Th noof BY crainst (J+1)° drewn from the results in
e graph o T (
teble ITI is shovwn in fig. 9. Since no experimentel points were
aveilable for J less than nine the lower section of fig. 9 is poorly

»+ show that the intercept was

(D

defined. Extrepolation did howev

T ~14 0 bS "t"
~180 Lic/s 2s requir eds The slight curvature
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Graph of % ageinst (J+1)2 for g, @ - branch transitions of
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of the graph reflecﬁs the approximations used in the derivation
of equa’cidn (21) €080y K—-l = 2 splitting ‘has been ignored and it
has been assumed that the energy levels obey second ordér
perturbation theory,

TABLE IIT

Measured Line frequencies for the)lc Q - branch series

vV = 1, Jl,J-l -V = O, J2,J—2 (MC/S)

-0
J Y 2
9 ' . 38607.06 :
192,
10 3667956 12T
11 34535.36 ;94'3)3
12 ) 30171.33 97.00
13 | 29585.92 196.59
~ 25765.21 200,68
16 . 20554.37 >
> 20 18917,10
4 23813,11
2945630
On consideration of the v =1, K—l =21and v =0, K;l =2

energy lavel manifolds it is clear that as J increases the

v=1, Iy 3 level approé,ches the v = Q, _J2,J-2 level in energye -
Fron fig. 8 and eguation (19) it is easily showm that these

levels are closest in enerzy (~ 830C llo/s) at J = 20. A%
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highex JAvalues the K_l = 1 level drops below the K—l = 2 ievel
in eﬁergy and thué the)xc Q - branch series turns back and
fregquency increases with increasing J. After the turning
point the quadrupole patiern therefore becomes revérsed and the
Stark effect changes to a high frequency one. Thus lines
with J greater than twenty are mirror images of those with J
less than or equal to twenty. Several such lines have been
observed and measured. The frequencies are included in
table IIT although no assignment has been attempted.

The observed intensities of this series of lines is
interesting. It is found that for the lines with J less
than twenty the intensity drops steadily with increasing J.
However the lineé for which J is greater than twenty are
exceptionally strong, the intensity apparently decreasing with
increasing J. | This anomalous pattey? may result from a
change in the transition probabilities between ﬁhe levels,
resuiting from mixing of the energy levels through the vibretion -
rotation matrix elements. This type of effect might be
expected to build up to a maximun as the v = 1, JlJ level gets

closer to the v = 0, K , = 2 levels and then to diminish as the

J valvue increases further,

Tt is well known that modifications of molecular wave
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functions occur an the application of an eleciric field thus
modifying transition probabilities between rotational states,
While this is perhaps a contributing factor in this case vhen
the levels are very close together, it cannot be a ﬁajor effect
in the case of ﬁDZCH, since variations in intensity ere observed
when the levels are ~ 20 - 30 Gc/s aparts It was therefore
concluded that the interactions were mainiy due to vibration -
rotation connections between the levels,

For the purposes of ﬁhis treatment the enefgy levels are

labelled as shown in fig. 10,

28

K-l=|
b3

O g’

V=0 V=1

Lebelling of energy levels used for HD,CH.

£ige10,
The transitionib2 -<D3 is the observed}Lc Q - branch transition.

If ¢ (V) sre the modified wave functions in the presence of a
n

finite vibration - rotation matrix element then they may be

expanded in the form

cbn(v) =+ %cﬁﬂ ¢ (22)
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H + H ‘V‘
mere o - Gn Tt Blog -

7 -V -
‘n \m ' _ Wh wﬁ

¢nand ¢m-being the unperturbed wave functions,. Thus the
transition probability between two states a and B must be

written

Mo =[O, mognar (23)
From (22) and (23), ignoring the second order terms in Cs it

can be shown that

4 v M Vo4 M

| 1 21+ You M3z

/LL (V) = )“' + 3 ] . '
23 23 + VoW - Wy W,
v, M Vo, M,
M 12 | Mz =TTV - Wy -,
Mo )= pg, + a2 Ttz 4 Vi My
A A A

where the upper signs are the‘wnormal algebraic signs resulting
from the assignment of a positive sign to all the coefficients
Cnm of (22), 2nd the lower signs are the signs of the energy
denoninators. The denoninator !‘.‘1'3 -V | will reduce in
magnitude as J approaches twenty while l‘.’!z - W 4[ will tend
to increzse.

Tt is clear from equetions (24) that, depending on the signs
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of the metrix elements Vg the transition probability for
b, ->¢>5 will either increase or decrease at the expense of
the transition probabilities of the v = 0, K;l =2 gnd v =1,
»K:l = 1‘/la Q - branch transitions, Since experimentally
it is l«:nown'‘l:ha’c./(,t?3 (V) is reduced as J increases it seems
likely that V31 is a negafive guantity. If it is assumed
that Vé4 is‘a positive quantity then it is clear that the‘/xa
Q - branch transitions both gain intensity at the expense of
the.};c transition.

While thisAdiscussién is purely speculative it does fit
reasonably with the exberimental obseivationso Any moxre
detailed anelysis must aswait evaluation of the integrals‘evv;
and‘dvﬁ, which appear in the netrix elements Vom®

. As mentioned earlier there was the possibility of a few
}Lo .. R -~ branch transitions falling in the region 8 - 40 Gc/s.
The experimental evidence which was available at this stage of
the anslysis enabled the frequencies of such transitions to te
estimated quite accurately. | The energy separations between
the v=1,J, K = 1 levels were estimated from fig. 5 and
equation (134) while the separations v, J, K = 1 - v,J+l,K_l=1
readily calculated for low J values from theJua R - branch data.

Assuming degeneracy at low J of the v = 0 K = 2 levels, the
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separations between the levels J = 1, .J. _ were
1J 2,J=2

obtained from the relationship shovm graphically in fig. 9.

~-V=04Jd

Heving thus established the relative positions of the energy
levels it was easily shown that the only}Lc R - brench transitions

of the type v =1, J, Klf l - v=0,J+1, Kff 2 with suitable

freguencies were

v=1l 2,,-v=0 3, 7219 Me/s. 2, = 3, 6016 Mc/s.

25664 lic/s. 23258 lic/s.

| 512 = 422
by~ 5,y 44296 Yofs 413:- 5,5 42241 Me/s .
- Thus it was decided to cerry out a search in K - band for
the)uc 4 - 3 R - brenchk traznsitions.
Consideration of the relative positions of the v = 0, 4,
K;l =2and v=1, 3, K;l = 1 energy levels showed that both
transitions would have very characteristic Stark effects, There
are four Stark components for each linegénd, owing to the very
stronglla Q - branch connection between the nearly degenerate
v =0, K;l = 2 levels ihe components 1f = 1 ~ 3 will all move 1o
low freguercy for the v = 0 423 -v=1 JlE,and to high frecuency
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for the v = 0,422 -v=1 312.
Q - branch comnections are zero and thus these components will |

be higher field znd will provably move in the same direction

for both transitionse.
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4 search was made using the recérder in the predicted
regions and the lines loczted. Both lines displayed the
expected Stark effects Fith the M = O components moving to low
frequency in both cases, The'Nl4 - quadrupole coupling
pattern was a doublet in each case the low frequency component

being approximately half the intensity of the high frequency

component., Fig.10Ais a revroduction of a recording of the
v=_0 423— va=1 31§ The line frequencies were measured and
corrected for guadrupole coupling effects. The corrected

frequencies are given in table IV.

TABLE IV.

Measured Line freguencies oJE‘/u..c R - Dbranch transitions (MC/Se)

' doublet
v - séparation
v = o,"za,23 - v=1, 5, 25662,98 1,48
v=20,4,, - v=1, 3, 23275.68 0.79
It is interestinz to note from table IV that the splittings
of the lines differ considerably. From eguation (11) of

chapter 3 it can readily be showa that the magnitudes of the
-

guadrupole splittings of the v = 1, 313 and 312 levels are guite
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different while those of the v = 0,4, and 423 levels ers very
L

the splittings.of

the transitions is not unexvecied.

In order to deitermine uheju coumponeni of the dipole morent
of’ND2Ch the ark effeects of both)&n R - ranch lines were
S

measured.  Since the W contribuiion to the Stark effect will
(=3

to
o
Q
Q
RS
]
o]
13
m
]
ohk
| 4]
&
<
[0}

dominate for components M =1 - 3 only the

AN

been measured. The grophs of =% sare in fig, 11,
v
of

-
e

exoressions for the Sterik shifis

v=1313-v=0425m=o.8907

S
. 2 22
v 0 4yy AV = 09401 p *B° - 0.0650 u 3

1 -V
312
Calinration of the zbsorpiion cell with CCS assuming M= $.7124D

7.2 -2 -
resulted in 2 cell constent of 1,112 c/s” volts ~ debye .

éssuming)ua = 18, 75 D2 then, from (25)}10 = 0,86 D in toth casese.

5. The Energy Levels in Hchﬂ

There was now sufficient information available on the energy
levels for the relative positions of the v = C, R;l 2 and

=1, K 1= 1 levels %o be calculatsd guite precisely.

wae carried out as follovse




o % =4 Kl

X J=3 K3

v=0 V=l

} Energy‘level Diagranm for ND20N°

fig.12,
The separations x and x' can be obtained from fig. 5 as
1 4007.50 Mc/s and 2406.24 Mc/s and y can be readily caiculated.
from the};a R - branch data as 70842.67 Mc{sa z and z' have
been measured experimentally and thus Y and & are easily

calculated .
&= 18,94 Mc/so Y- 45160.75 Me/s.
Y¥ow from Polo's expressions i% can be shown that for the K;l = 2
energy levels, A '
5 ~p°(3:1)? - 2J(J+1)] —B-gﬂs

Hence Eggt was calculated as.0.0526 for the J = 4 ’KLf 2 levels,
This value was used to evaluate the K~l = 2 gplittings for the

remaining enerzy levels with J = 2 o 5.
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It can be shown that the frequency separation AY between

the J =2 and J =3 ).LC Q - branch transitions is given by

-

L | ] |
AV ~ 38 5, Ve = Vg (26)

3

Wi

where & 3 ahd S , exre the separations of the J = 3 s K}_: 2 and

J =2, K—l = 2 levels respectively and ¥ Ke2 is the frequency of
the previously measured }La transition J = 3 X 1= 2 - J=2,
K_, = 2 where the X ; = 2's were not resolved. \ K1 is

s 43 - ~ - - m - 2 m fe
the transition frequency v =1 313 212. Thus AY = 541.831k/s

using this faét' together with the J = 4 M Q - branch frequency
of 45160.75 Mc/s. the lower section of the graph shown in fig.8
was reconstructed in such a way that, starting from the frequency
of the J =2 }J_c Q - brénch trensition and using fig. 8,the
experimentally measured 9 - branch lines (5 - 9 - 13) were
predicted exactly. The points on this graph which satisfy this
reguirement are given in the table in e;ppendix C.

Calculating the energy level separations in this wey thé
resulting lower section of the energy level manifoid is as shown
in fig. 13, From this figure it can be seen that A =
11009.57 ¥c/s.

Using this value of A and the energy level separations as
given in fig.13, the Stafk effect caleculation for the 111 - 25

transition was repezted, The revised expression for the Stark
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shift of the M = O component is

B 2.2 2.2
AV = 0.7829 M V- 4.2450 MV (27)
Us;ng the slopes as given in fig, 2 equation (27) gives )Lc as
0.89 D, This valuve is in close agreement vith that obtained

from the/uc R - branch trénsitionso

6, Discussion.

Despite the fact that the K;l = 1 section of the v = 1 energy
‘level manifold has now been located exactly relative 1o the K__l =2
section of the v = 0 manifold the large rotetional constant A is
still poorly determined. Thus the inversion freguency 13’

carmot be evaluated to much greater accuracy than has been done
previouslyl’3° The original estimate of 14,7 cm'-1 was calculated

s

on the assumption that the v =0, J = 2, K;l =2eand v=1,J=2,

X 1 = 1 levels were degeneraie and used z value of 4 = 155965 c/s
determined from a model. Fig. 13 suggests that this estimate

‘ - 1
will be low by ~ 46500 Hc/s. or ~ 1% cm lo Thus A is expected

to0 be about 16,2 cm:17

The resulis obteined here show clearly that the energy lev?ls

s
of the two lowest vibrational siates in HDQCH cannot be obtained

by perturbation techniques and thersfore a more complete calculation

is necessary. In order to sei up and diagonalise the complete

energy matrix resulting from (1) for reasonavle J velues a
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. e e o Al
knowledge is required of nine zaransters, A , Av’ Bv’ C ,
v

S dvv" whers v rafers to tne vibrational sitats involved,

.4 . . R
Guinn™ has carried out a similar calculation for trimethylene

.
Y

sulphide and trimethylene oxide znd obtained values of these
unknowvns By a least sguares fitting procedure on observed 1
frequencies. He obtainéd the interesting result that the
freguencies of certain ground state lines were strongly
dependent on the rotational constants of the first excited
state and vice versa, A sinilsxr effect may well be found
from an energy level calculation on NDQCA, the reason being
that any smell chernge in A’ or any of the rotational constants
will produce a shift in the relative positions of the energy

levels connected ty vibration - rciation matrix elements.

This will therefore change the magnitude 53 the perturbing
effect and hence the freguency of the line.

T‘nex;D are a few points worth consideration regarding the
accuracy of the energy separations as given in fig. 13,
Although the enerzy level separations cycle perfectly their
reliability is very sirongly interdependent. The calculated

splittings of the v = 0, K 1 = 2 levels hsve been derived fron

-C )
the value of §§:E cbieined from the splitting of the J = 4,

X 1= 2 levels. Ynile it is felt that this splitting is
3-C. .
fairly accuraiely determined the value of —§—£ is zzain only



[

nop T et o . . -
en "effective" parameter and owing to the change in (B-C)

with J it will not in fact be constant for each pair of X 1 = 2

energy levels.

)

. : *1
Since however the value of (B-C) or the v=1,K, =1
}La 2 - branch transitions converges on the unperturbed value of
(B-C) at low J values (see ig.6) it seems ressonzble to assume

he szme will apply to the effective (B-C) for the v = 0,

that % 3
X 1= 2 levels, Thus the X = 2 splitiings are not expected
10 be excessively in ervor for low J values, The value of A

as given in fig., 13 is therefors expected to be quite close to the

aq

true value,
4 direct consegquence of the expected errcr in the K 1= 2
splittings for higher J values is ihati the K_1 = 2 }la @ - branch

lines expected to occur in the 8 - 40 Ge/s region (J~27 -30) will
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be very seriously psriurbed making their

assignment vexry difficult.
4t no stage in this worl has axny account neen talen of
centrifugal distortion corrections to line frequencies or enexrgy

levels, Thile for high J velues this may well introduce sone

N e
small errors into calcules

H

5 .- . e et .
ere small compared to the vitration ~ rolgiion perinrriatlons and
) : Te - whad Snte M"affaptiya wercmeters as heve
can thus rezdily be ebsorted into "elfectiive’ peraneters as nave
. : PRSI [ R
besn used throughout this Treainente.



It is interesiing to note that the graph of §§% / (7 1)2
for the}lc Q - branch transitions hes its intercept at
179,20 Me/s. From equation (21) it cen be shown that this

. ! :
corresponds to a value of G = 3,84 Mc/s as compared to 3,20 Mc/s
from the R - branch deta. A small discrepancy of this nature
may be the resuli of a number of factors however in view of the

fact that second order perturbation theor& is inadeguate for this
molecule it seems likely that G' will vary depending on the
trensitions from which it is determined.

The fact that the}ic dipole moment of NDQCH has been
determined to en accuracy of z 0,05 D from four transitions is
good evidence for the validity of the energy seperations of fig.l3
~and for the value of A obtained. The value of 0.86 D is much
lower than that for ammonia (1.47 D). In the case of ammonia
the dipole moment is largely due to-the‘oontribution from the lone-
pair electrons of the nitrogen and, since in NchN these electrons
are certainly involved in TT-bdnding with the rest of the molecule,
the value of theluc dipole moment would be expected to reflect this
as indeed it does. The +otzl dipole moment vector Jor WD20H

' . o X .
is therefore 4.41 D lying within ~10° of the g inertial axis.
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CHAPTIR 5,

The Conformation of Awincacetoritril

l. Introduction.

In this chapter some preliminsry conclusions are drawn
regarding the preferred conformation of aminocacetonitrile
(¥E,CH,CN). ‘

Some of the possible conformations for this type of
moleculs are shown in Newmsnn projeciion along the C - Nl bond
in fig. 1. (The numbering system and inertial axis system é::"e

~

shovm in fig, 2.);

.
H H He_ l JHOHS H~ R
\N/ ‘ > \\N"” \\N/“ \\\ N”I'

. | l\“ l W l\ﬂ
c CH i
I I —_
Cis GAUCHE ECLIPSED TRANS

The conformations of aminoacetonitrile.

figo. l.

The dotted lines in fig. 1, represent the Cl - H bonds of the

molecule,



oo -

)

0O
v

/
/

2H Hy

ia/ N

o
N

The inertial axis system for NHZCHch

figa 2,

Whether the molecule can exist in more than one
conformation will depend on the form of the potential function
for internal rotation of the amine group about the Cl - Ni bond.
Qualitative consideration of fig. 1 suggests that the minima in the
potential function will correspona to the gauche and trans
conformers. It is interesting to note that én inversion of *re
amino group from either of these conformations places the molecule
| in a conformation corresponding to a maximum in the potential
function znd will therefore be accompanied by a rotation to return
it to a potential minimum.

Three isotopic species of the molecule have been studied,
HH2CHECN, N¥HD CHZCN end ND20H2CN° While for each species there
are several vibrational satellites associzted with the ground é%ate
lines thexe is no evidence for eny very low frequency vibration.

vhich may be identified with an inversion or torsional mode.

144



Both\}xa and_}lb type transitions have been observed and
analysis of the spectrz leads to the conclusion thaet arnino
acetonitrile exists primerily in the trens form, no spectra due
to'molecules in any other form having been observed,

The.;La and.jib components of the dipole moment for the
ground vibrational state of the normal species have been

. . . ’ -+
determined from Stark effect measurements &s 2,55 = 0,02 D and
T+ . . .
0,30 = 0,02 D respectively. The dipole moment for the

molecule is therefore 2,57 iy 0.03% D

2. Ainalysis of the Specira.

The model used for the preliminary calculation of line
frequencies for sminoacetonitrile was based on the structure
of ethyl cyanidel with the methyl group replaced by an amino
fragment with aeométry similar to that in methylaminezo The

-2 D

structure is given in teble I.

Preliminzry liodel for Aminozcetinitrile (8)

C = X 1,160 C - X 1.474
N - H 1,011 c 112°
C - E 1.093 HH 106°
cC - ¢ | 1,460 ECE 1099




Both the trans and gauche conformers of the normal species
are prolate slightly asymmetric tops with K ~ - 0,960, - Owing
to the effect of.the highly pola; nitrile group the.jia éomponent
of the dipole moment for these molecules is expected to be fairly
large and the/&b component somewhat smaller. It was decided
therefore to search first for the J =4 - 3 }*a R - branch
transition predicted in the region 35 - 46 Gc/so

The vapour pressure of aminoacetonitrile is ~ 0.2 mem. of
‘mercury at room temperazture which is more than adequate for
microwaﬁe spectroscory. Samples of the vapour were readily
introduced into the cell and the pressure reduced by pumping
to a normal working value of ~ 0,010 m.m. of mercury.  All
observations were made ﬁith the absorption celi at room
temperature.

For the normel species a number of strong lines with well
defined Stark effects were observed centred at~36200 Nb/s.
Wavemeter measurements of the line frequencies together with
the.characteristic Stzrk patterns suggested that these lines
belonged, as expected, to the J =4 - 3 }La R -~ branch
transitions. - The essignment was confirmed by locating the
J=3-2and J=2 -1 patterns centred at 27200 Me/s and
16100 Me/s respectively. The 101 - OOO trangition was also

jdentified at 9071.87 Mc/s.

146



The analysis of the accurately measured lines was based on
the tréatment of thé energy levels of a nén—rigid slightly
asymmetric top molecule given by Polo3 (see also chapter 4
section 3 ). It can be shown that for a molecule with the
asymmetry of aminoacetonitrile it is a satisfactory approximation
to truncate Polo's expansion at terms including e3 at least for
the levels of importence here, The exﬁressions used for the
energy levels of aeminoacetonitrile were therefore identical with

these used in the analysis of the cyanamide spectrum4, io€ey

I+ 15 50 = 90,7,
N )y B-C CAD (141)2 '
S = B+ C-8R - J(342) e - 4Dy(3H1) 1)
I+l 53 =915
3 B-C oD - (3 B-C,
2 .
- - 2
4(n; - 8,)(341) (2)
J+ly 5= 5
Y . pac+B0_er +ar - 2D - (3-1)(5+3) EZe '
T - PtV T2 6 5 JK 8
2
- 4(D; + 85)(3+1) (3)
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T+ 1 5 92,50
D . Ba4C-12R, - 8D (A12.' g) B=C
J+1 © - 6 = 8Dp + 5d +10Jf8)—]'-2—€
. "
- 4(0; - BRI + 1) (4)
T+l 3=3, 14
2L - paic 8D, - (7 -2
L " - 48 - - 2)(J + 4) 2l
2
- 4(D; + R)(J + 1) | (5)
J + 13,J-2 - J3,J-3 and J + l3 I J3LJ-2 .

D= B+C—8T{6-18D +(J2-r2J+9)
J+1
-4DJ(J+1) (6)

From equation (1) it cen be seen thet for K ; = O lines,

a graph of j%f against J(J+2) is expected %o be linear with slope

B-C

4D; + =5=¢€ and intercept B+C- 8Rg - 4D5o Using the mean of
the frequencies of two K;l = 1 lines in the manner described below
a good estimate of B - C may be obtained, Also € may be

determined quite accurately using the final set of rotational
constants, A having been ovtained from the,ub q - branch series

of lines. Thus from the pe of the K;l = 0 plot an estimate

'd
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of DJ may be obtained. . For 21l species the term 4DJ is of

the oxder 0.0l Mc/s therefore the intercept of the K_l =0
plot gives a good estimate of B f C assﬁming BR6 to be
negligible. ‘

Using equations (Zj - (6) a number of further expressions

may be derived which enable the rotational constants B and C and

the larger centrifugal distortion terms to be estimated

graphically from the M R - branch lines, It is found that
T a
Xy - <% 2
a graph of A against (J + 1)° provides a good estimate
of D_, from the intercept and gives an approximate value for

JK
(B~ C)e <from the slope. (In the notation used here K, is the

frequency of a line with K—.l = n and <Kn> is the mean of the
frequencies of the two such lines for a given.J)o A further
check on DJK'Qay be obtained from equation (6) which is strongly
dependent on this constant,

It can be readily seen from (2) and (3) that the difference

in frequency between the two K;l = ] lines for a given J is given
by

- g(341)? 8 ; (7

»

AV | 5. R
T - B- O+

negligible the quantity B - C

()]

Thus from (7) assuming 835 to b

can be derived from the measured XK 1 = 1 lines znd sn estimate of
the order of magnitude of 55 obtained.
Using the procedures outlined above ihe rotational consitants

143



B and C and the centrifugal distortion constants DJK’ D and

SJ were estimated for the species NEéCHéCH, 34D CHéCN and

HD CH CN,

2
Yhile fron the}x R - braench transitions accurate vazlues of
B and C may be obtained, it is not possible to obtain an accurate
value of the large rotationel constant A from these transitions.
In oxder to obiain a good value of A the)ub Q = branch series
- H igne + C. s §
Jl,J—l JC,J was located and assigned for the species HZCHé01

and FHD CHZCNo In particular the freguency of the ftransition

1lo - lo1 gives a very good estimate of the qﬁantity A-2C
assuming D is negligibvle. Using the values of C obtained
from the)u rensitions values of A were obtained in this way for
the two species mentioned above.

Thevobserved and calculated line frequencies for all species
are given in tables II - VI, and the rotational constents for each
species in table VII,

It can be seen from tables II, IIT and IV that the fit
obtained between the observed and calculated}ia R - branch line
frequencies for all speciss is not very good expecially for lines
with K;l = 2, It is surprising thai the fit to these lines %s

pooxr for all the species sbad1°d suggesting that it is 2

systenatic and not random effect.
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TABLE II

Observed and Celculated Line frequencies for IE,CE,CN
'~ M R - branch transitions (Mie/s.)

observed calculated
1y = Opg 9071.87 9071.87
200 = 1 18137.61 18137.70
2, = 1 1769357 17693.57
305 = 202 27191.56 27191.51
313 = 215 26536060 26536.43
3 = 27 27887.14 27887.09
300 = 2 27217.06 27216,26
30 = 25 27238, 67 27239,87
4os = 303 36227.27 3622730
by - 33 35374063 35374057
413 - 35 37175.21 3717544
423 - 35p 36?83-73 36283430
boo = 301 3634237 36342434
132 : zzz 36302,17 3630150
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TABLE IIT

Observed and Calculated Line frecuencies for NHD CHQCN

M, R - branch transitions (Mc/s.)

observed calculated

o1 - %o 8820.17 8820,17
200 = 1o 17633,58 17633.80
2,1 = 1y, 18082.69 18082,22
303 = 202 26434.43 26434047
35 = 25 25792,01 25792.12
30 = 233 27120.16 27120.21
3 = 29 26462,46 26461.06
30 = 250 26484.87 26486.,41
4oy - 303 35215.92 3521566
4y = 313 34382,06 34381493
413 - 395 36152.11 3615177
425 - 35 . 35276037 35273.35
4o - 351 35339.12 35339.18
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Observed and Calculated Line frequencies for I-’;’DZCE cH

v

MART T
TABLE
a2l Y

2

)J.a R - branch transitions (YMc/s.)

observed calculated
’303 - 202' 25736.18 25736426
33 = 210 25123.09 25122,80
312 - 2 26391.95 »26392048
300 = 257 25764,82 25762,92
321 - 220 25786.43 25788,26
4o = 303 3423497 34284.88
414 - 313 33A9O°31 33490034
413 - 3 35181,19 25181.68
425 - 322» 34344.91 '34345,07
4o = 359 34408.59 34408043
43 = 331 ‘ |
3436497 3436487
451 7 50 |
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ABLE V

Observed Line freguencies of /le J J

1,J-1 ~ ‘0,7
series for NH,CH,CN (lc/s.)
L, - 1y 25935046
20 = 24 26391,53
312 - 303 27087.14
bz = 4oy 28035.21
514 = 505 29252, 73
- 615 - 606 30760.84
T = To7 3258351
8, = By 34747.95
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TABLE VI

Observed Line frecuencies of j.lb

91,0-1 ~ 90,3
series for NED CH,CHN (te/s.)

Lo - 1o , 2339183
200 = 24 . 23841.41
323 - 303 24526.46
by - boy . 2546245
514 = So5 26667.65
by - b 28163,63
T = 707 29976.84
87 = 80g 32134,23
9 " Y09 , 34665°46
10, g =105 15 37596.97
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TABLE VIT

Ground Stzte Rotztionzl consiants for the verious

species of iminozcetonitrile (lc/s.)

NH,,CH, O NED CH,CN " ND,,CH,CN
A 30247443 27580,43 25496
B 4761.05 463157 4505024
c 4310.83 © 4188,60 4082,02
' DJK - 05045 - 00050 i - 00055
D; 0.004 0.006 0.007 -
5 - - 0.004 0,004
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It was felt that these discrepencies may be due to poorly
determined centrifugel distortion consiants and that in particular
the largest constent Dy may be considerably in error, To
check this the liné freguencies of, for example, the>J =4 =3

transition of NH,CH,CI =s given by eguations (1) - (6) were

2772
corrected for all terms on the right hend side of these équations
excepting those terms in DJKo A graph of K2 against the

corrected left hend sides of these eguations will now have slépe
--ZDJK° This plot is showvm in fig. 3. The slope gives a
value of -~ 0,050 for DJK in good zgreement with that obtained by
the methods described =zbove. However it cen be seen that
while this value will satisfy éil the transitionsz falling on or
close to the line, it will not satisfy the twoe transitions which
fall well awsy from this line. Cne of these trensitions has
K,=1 (4 —3,, ) end the other has K ; = 2 ( 4p2—32 ).
If similar plots are consiructed for the other transitions
and the other species the scatier of the points is in general
vorse than thet showm in fig. 3. The same general effect
remains, however, that it apparenily is not possible to obtain a

value of DJK which will give a good fit to all the observed

R - branch lines of a given specieso

«

The reason for these discreperncies is not at present clear
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to definitely estzbiish it as genuine and to deternine the cause.
oS demmn - ~ L 147‘ . 4
Hyperfine structure due to "N - quadrupole coupling was
observed on the 101 - OOO transition of the normal species,
4 in the csse of cyanamide (chapter 3 ) the quadrupole

interactions in aminozcetonitrile are complicated by the presence

of two 14H nucleii, The observed pattern for the 101 - O00
transition is shown in fig. 4.
-2 -1 -~ 0 ! 2 Mg/s

Eyperfine Siructure on 14y~ Ogp Tor NE,CH,CH

fig. 4.

The retio of the observed splittings of this line is ~ 1.59

)

which is slightly greater then that normelly associated with the
v the 4 of 2 nitrile g lone (~1.50)
splitting caused Tty the ~ I of 2 nitrile group alone (~1,50/.

t +ri i { i zuso hat X B
The fact thet only o trinlet is observed suzgests that the xaa

coupling constanis for both nitrogen atoms in aminocacetonitrile-

: s 3 an R =3 +ud Qe £
hzve the same nagsiive sign and compearzdle magnitude. Sefore

¢
Y

2 more guantitetive analysis of the guadrupole coupling effecis
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can be carried out further experimental data, preferably

measurements on some other lines, is required,

3..The Dinole Foment

Stark effect measurements were carried out on the 1Ol - OOO
aﬂa 414 - 313 transitions, The cell was calibrated in each
case with OCS assuning its dipole moment as 0.7124D, resulting
in a vélue of 1.103 Mc/s2 vol‘bs"2 debye-2 for the cell constant,

The analysis of the Sterk effect was based on the standard
treatment of the energy levels by second order - perturbation
theory, and, since this has been discusséd in detail elsewhere
in this thesis it will not be repeated here.

The expressions for the Sterk energies of the transitions
studied are

6.4845 M1 2 T - 0,5556 M, ° T

101 - OOO M=0 AY = ]
: 2
414 - 313 I’I = 1 Av = 001883 }'\a v2 + 007755 /‘*b V2 (8)
M=2 AV = 0.,9642 ,uaz V2 + 0,6898 /ub2'v2
2
M=-3 AV = 2.2573 N‘a2 V2 + 0.,5502 ,ub V2
where all the terms hzve their usual meenings. " Equations (8)

2 . 2 . 2 2
were solved graphically for /ua and f‘(b the graph of j.&a / ).lb

being shown in fig. Do
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fig. 5.



2

M7 =65120.05D 0 mo =255 0,020
M. =0.09 0,050 My = 0,30 £ 0,02 D
LM 2 . 6.60 ¥ 0.07 D , M =257 T0,05D

The error on the results was es*imated from the intersection in

fig. 5.

4, Conformstion of the liolecule

The moments of inertia and inertial defecis of the three
species of aminoacetonitrile which have been studied are given
in table VIII.

TABLE VIII

Ground State Moments of Inertis end inertiszl defects of the various

A
svecies of zminozcetonitrile (a.m.uOX)o

I, Ip Ig A
IVH,CH,,CN 16,7131 106,1805  117.2700 - 5.6238
NED CH,CHN 18.3293  109.1489  120.6921 - 6.7862
FD,CH,CY 19.6278  112,2096  123.8433 - 8.1941

principal axis systenm of I'E CEZCI by using the cifferences in

noments of inertia of the srecies h%?



Kraitchmen's equations for a non-planar asymmetric t0p5 ° The

resulting coordinates are :

ey = = 1.5367 2
by = - 1.0134 2
oy = ¥ o.e182 &

A check on these coordinates was obtained by using the
differences in moments of inertia between NH2CH20N and I\ID20H201‘L,

It is convenient to express these differences in the following

way ¢
. \ . 0
AIa = AIa - 2AM CH
Aib' - AL, - 2AH 0 (9)
r ' '
A‘Ic = AIa +(~- AIb

where AIi are the observed differences in moments of inertia,
AY = MD - MH’ and CH is the C coordinate of the amino hydrogen
atom. The AIi' mey now be used with Kraitchman's egquations

for a planar asymmetric top to evaluate the hydrogen atom

coordinates with the following results 3

ap = - 1.5464 2
by = - 0.9782 h
oy = 0.7989 & -
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Since no‘}gb transitions have beenvgssignéd for the species
NDZCHch the value of Ia for this species can only be considered
accurate to & 0.02 a.m.u, 320 This legds to a large error on
Zkia in equations (9) and thus to father poorly determined
coordinates. The error in these coordinates can be as large
as = 0.02 2.

It is clear therefore that the most reliable set of
coordinates for the amino hydrogen atoms is that obtained from
the combination NH,CH,CN - NHD CH,CN,

Calculation'of the coordinates of these hydrogen atoms in
the principal axis system of the trans conformer of the model

given in table I leads to the results :

| N _ {’
ay = - 1.5900 &
t 1.0088 2
bH = « 1,0088 &
! +
oy = to.8113 %

The sgreement with the experimental results is fairly good.  The
coordinates of these atoms for the corresponding cis and gauche
conformers are clearly very different from fhose given ahove,
It is therefore concluded that the observed microwave spectra aée
those resulting from the trans conformers

This conclusion is in accord with the nature of the observed

specira. If the molecule existed in the gauche form the two
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amino hydrogen atoms wculd be non-eguivzlent and the spectrum of

~the mono-deuterated species would have been correspondingly more

complicated, B

Confirmatidn for the deduced @onformation is found in the
gualitative analysis of the guadrupole hyperfine pattern of the
101 - Oyp trensition shown in fig. 2 ‘ The fact thet x__ for
the amino nitrogen etom appesrs to have a negative sign suggests
that {he lone pair electrons of this atom are approximately
aligned slong the a inertisl axis of the molecﬁle° This could

.

only arise for the trans conformer of fig. 1.

It

1=

g instructive to compare these results with the almost
identicel conclusions of Bolton, Owen and Sheridan regarding the
. .6 \ \
conformstion of propazrzylamine , Although only the normal
species has been studied the indications are clear that the
molecule occupies vhat has been defined in fig. 1. as the trans
conformation.
. N .1, )

In the microwave spectrum of ethyl cyanide it was found

that perturbations resulting from a Coriolis interaction between

the C - C - ¥ bend ard the methyl torsional mode produced an
enomelous pattern of vibrational satellites. From a very brief

investigation of the vibrational satellite pattern of the normal

species of aminoscetonitrile it seems likely thet a similer effect
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is operating in this moleculeO An investigation of any line
splitting which may he present in the excited state lines may
lead to information regarding torsional motion of the amine

groupe

REFERENCES

lo VoV. Lauxie, JO0 Chem. Phys., >/, 1500, (1959)

2» L.Ro Lide, Jr., J. Chem. Phys*, 27, 545, (1957)

5. S.R. Polo, Canad. J. Phys., 880, (1957)

4. J.Ko lyier, PhoD. Thesis, University of Birmingham, (1i960)
5. J. Kraitchman, Am. J, Phys<, 21, 17 (1955)

6. KZ Bolton, ILL. Owen and J. Sheridan, ITature, 212, 164J
968)o

164



CHAPTER 60

Chemical Preparations

In this chapter details are given of the preparation of the
compounds and their isotopic species whose microwave spectra
have been discussed earlier in this thesis<g For precise
details of reaction conditions and precautions the original
papers should be consultedO

Only preparations which have been carried out by the

author are includedO

1. Cyanamide
a) in“CH1l

Cyanamide was prepared from crude calcium cyanamide which
has been previously washed with ethero 10 gins, of calcium
cyanamide was placed in a beaker containing ml. of ether.

The beaker was placed in an ice bath and 1:1 sulphuric acid

slowly added until the solution became slightly acidic (pH~5).

Ca A2 + i~*SO* — » CaSO® + M”CH.

The solution was filtered, dried over anhydrous sodium
sulphate ana cleaned with animal charcoal« On evaporation of

the ether under reduced pressure white crystalline cyanamide was

obtainedo
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Cyanamide dimerises in zcid or =lksline solution and
‘at temperatures above 70 C but it mey be eff fectively stored in
& vacuum desiccator over calcium chlorlqe~fov lono pericds

without deterloratlon°

b ) I\II)QCI“I2

It is possible to obtain an almost 10055 deuterated semple

of ND2CN simply by dissolving 0.2 g of NEéCN in 2 mls of

.D20 and evaporating the resulting solution to dryness under

vacuuil.

2. Nitramide.

Nitramide was prepared by the method of Marlies, Le HMer,

and Greenspanao The reaction sequence is as follows:
)

NE,,C0,C,H 5 + 02H5N03 + (sto ).-;*o .z(’f)co c 115 +C H50:I

NO oIH CO C Hs + 2KOH-——>I© oK CO X + CZHSOH + HéO

(3)

S FHE, M 2KH S0
11702.1\11{.,002 X + 2H2b04 — Tﬁz-O + CO2 + 4

T+ should be noted that slight variations in procedure

markedly affect the yield and thaet nurity of the solvents used
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Lo

used is essential, For deteils of the esséntial precautions
“the original paper should be_consuited°

To a beaker immersed in an ice/salt;bath were added 125 nl
of concentrated sulphuric acid ané 25 gms of ethyl cafbamate°

After stirring, the nixture was cooled to —SOC and 28 gm of

ethyl nitrate were added, The mixture was stirred for
13 hours and then poured over 0.4 Kgms of crushed ice. The

solution was extracted with 200 ml portions of ether.

The ethereal extract was added to 25 mls of concentrated
ammonium hydroxide diluted with 50 mls of water and 25 mls of
crushed ice, The aqueous layer was then drawvn off, and
checked for the required alkalinity.

A mixture of 25 mls of concentrated sulphuric acid and

/

75 gms of crushed ice was added to the ammoniacal solution and
the resulting solution extracted with alcohol free ether. The
combined extracts were dried over calcium chloxride, This
solution, after filtration, was diluted with 75 mls of‘ether
and treated with excess liguid emmonia. Ammonium
nitrourethane (A) was precipitated, filtered off, and dried.

15 gm of powdered ammonium nitrourethane vere added to a

3

mixture of 25 mls of water end 25 mls of methanol. After

cooling to 500 this solution was poured into a cooled solution



of';25 gms of potassium hydroxide in 500 mls of methznol with
'cbntihuous stirrihgo The mixtufe wéérkept in an ice bath for
two hours andvstirred continuously. - o

The mixture ﬁas then filtered and the solid washed with
cold ethanolov The precipitate was then dried by drawing air
through it, in the filter fupnelo Since the filtrate will
still contain some alcohol end tends to aecompose under these
circumstances, all the alcohol must be removed by evaporation
in a vacuum désiccator. |

Thg potassium nitrocarbanate (B) thus obtained is very
unstable being affected by moisture, heat and carbon dioxide.
It should therefore be used immedistely after its preparation
~if possible.

2 gms of‘potassium nitrocerbamate were added slowly to
coéled dilute sulphuric acid the solution being stirred
continuously. % nmls of water were then added followéd by
15 mls of ether, The flask wes then immersed in a cold

bath until the water layer was completely frozen and the ethex

layer was decanted off.

The ether vias then slowly evaporated off until nitramide
precipitated. The precipitate was filtered and washed vith

pet-ether and the product dried by drawing air throush the
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filter funnel, The yield of nitramide was~0.1g =znd could

be stored in a desiccator over phosthorous pentoxide for &

considerable time without decompositions

3. - Y= Pyrone.

a) 43 - Y Pyrone, '

. 4,5 n .
Of the preparations of Y- Pyrone t90 by far the simplest
and quickest is that- descrived in ref, 5.

A 1:2 weight/weighﬁ rix{ture of dry chelidonic acid and

b

precipated black copper powder was dry distilled in a retort
“from a wWood's metal bath. The temperature of the metal bath

0 . -~
C over a period of one hour, Trhe crude

was raised to 340
distillate was then refluxed in benzene in a Dean and Stark

apparatus to remove {races of water.
o ]

'Cu/ A ' |
Hoac o COH o
After removal of +the benzene under vacuum the residue was
distilled =t 1080C/12 n.m, of mercury to give a cleai‘ liguid -
which, on cooling, crystallises to sive white crystalline

Y - Pyrone. (m.p. 31°C, yield 33%).
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Y - Pyrone is extremely deliquescent and must at ali

times be stored under vacuum in a desiceator.

~

b) 3:5 d, - Byrone.

The sample of 3:5 d2 ¢ - Pyrone was prepared by the
following method6’7’8° ’ 4

0.4 gm of ¥ - Pyrone were added to 2.4 gms of 98% enriched

D,0 and the solution made slightly acidic (pH~6~7) with
dilute hydrochloric acid. The solution was then refluxed

for 36 hours at 95°C.

After eﬁtracting the ¥ - Pyrone from the agqueous solution
into ether, the ethereal solution was dried over anhydrous
magnesiﬁm sulphate° On removal of the ether under vacuum
~ 0,2 gms of product were obtained.

The expected composition of the product was

C5H2D2?2 | C5H3DO2 . Csﬂﬁoz
83% 12% ' 5%

The microwave spectrum of the semple showed no sign of any lines
arising from the mono-deuterated species suggesting that very

little of this species had in fact been formed,
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c) 2:6 d, Y - Pyrone.

Although the 3:5 hydrogen atoms a to the carbonyl group
iq Y - Pyrone are sufficiently labile to_be exchenged directly
with deuterium s described in (b), the 2:6 hydfogen atoms
cannot be replaced so directly, The method used here is
that suggested by Lord snd Phillips’,

Chelidonic acid was recrystallised several times from
water and finally from 98% DQO° The éample wag dried at
110° for 24 hours in an atmosphere of nitrogen. 10 gms of
this material wefe dissolved in a mixture of 98% D,0 (150g)
and dioxan in a closed system under a positive pressure of
hitrogen. The resulting solution was warmed for 72 hoursr
at 85OC° The D2O was removed by vacuum distillation and

the residue obtained dried at 10000 in a stream of nitrogen

. to give 10 gms of product A.
) - o 0 °
g gy Ry
Ho Ll oo L C°z.°» PN~ 0 A
. A

The deuterated chelidonic acid (A) thus obtained was then

2 . . s
converted to Y- Pyrone d4 by the method described in section 2.
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0.037 moles of 7’ Pyrone d4 were then heated with one
. - 0
equivalent of water for 24 hours at 95 C. Tnis replaced
most of the 4 - atoms a to the carbonyl group by hydrozen ztoms,

The vield from this latter stege is low ( .2 gm) due to hydrolysis

of the ¥ - Pyrone on heating with water.

The preparation of 07 substituted ¥ - Pyrones is again
described in ref, 6,
0,234 gms of ¥ - Pyrone were dissolved in 1 gm of 629
enriched 20"8 and dilute hydrochloric ecid added until pH~3,
~ 0 .
The sclution was refluxed for 256 hours at 98 C. ~The work-up
was identical with that described above for the ceuterated
species and gave 0.1 gm of product with the expected composition,
JPPTN 16,18 o . P
5H 0, (86) and C5HAO 0" (13%). The microwave spectra o
v zesa s A18 . . gt
the two rono-substituted 07 species were of similar intensity

18 o -
suggesting egual distribution of 07" between the two most probable

species.,

4. fminoacetonitrile.

) 9,10,11,
WH, CE,,C
a) NE,C

Trhe reaction seguence for the prevsration of this compound

followse

e
n
m
m
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2HCH = 0 + NaCN + N;4w--——a-0n2 HCH,, o+ Na + 2E,0
(4) :
CH2 NCH,CN. + 2C HSOH + HéSO -—q»(‘HéCH2CV)HZSO + CHé(Ou
()

g J
(HHBCHéOL)Z S0

4 + 2Ng0ne-—>-21. CHzCiT + Ta, SO4 + ZILeO'q

In this preparation there are again a numbex of precautions which
nust be observed, These are given in detail in ref. 9,

The preperation of the intermediate methylene aminoacetonitrile
(a) was carried out by the method given in ref. 9. In a flask
immersed in an icé/salt bath were placed 375 mls of technical
- formaldehyde and 135 gms of smmonium chloride. i The temperaiure
of the conténts of the flzsk was reintained at 0% throughout
the reaction. Stirring was commenced and a solution of 120 gms
of sodium cyanide in 210 =mls of water was slowlv dropped into the
solution.

Yhen one half of the sodium cyanide solution had been added,

the addition of 95 mls of glacial acetic acid was begun in such

a way that the addition of acid and sodium cyanide solution were

completed at the same time,
After about two hours continuous stirring the methylene

aminozcetonitrile was filtered off. (yield 80 rms.)(n 0129 )
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For the preparation of eminoacetonitrile the procedure of
ref.ll was followed in favour of that of ref.10.

50 mls of concentrated sulphuric acid was added to 250 nmls
of ethanol =and the solution'maintéined at a temperature of 4500°
70 gms of methylene aminocacetonitrile were repidly added and
the flask shaken vigorously until it dissolved, After a
short period of cooling crystals separated and were filtered
off and washed with ethanol. These are érystals of the salt
(1152011201«) E 50, (B).

The product was dissolved in water (10 mls) and the

solution run into 30 mls of stirred 95% ethanol, The neutral
‘ sulphate (NE?CHzcﬂ)g 804 was precipitated, The sulphate was

finely powdered, covered with methanol containing z trace of
phenolphthalein and neutralised by adding a solution of 3 gms of
sodium in 80 mls of methanol to the mixture under an atmosphere
of nitrogen. Sodium sulphate was filtered off and the
fiitrate evaporated at room temperature under vacuum. The
resulting aminoacetoriirile is a colourless liquid which may be

distilled easily in a vacuum system and may be stored for long,

o
periods under nitrogen and at 0°C

o
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nT' 5T
b) ¥ED w?c

A sample of 0.3 gms of aminoacetronitrils Qéé mixed with
‘an equal volume of 93.8% CnBOD the flask evacuated and left
for 48 hours. The methanol was then ev@po*ated off unde*
vacuum. The infraz-red szectrum of the product had strong
vpeaks corresponding to thé P stretching and bending modes,
The product obtained by this methed contzins NEéCHéCN and

WHD CEéCNo

c) ND,,CE,CN

This compound is most readily prepered simply by mixing
2 small sample of DQO vapour and NH?CH2CE vapouf.in the

wavegulde absorv ion cell e microwave spectrum- of the
product shows both IED CHéCH and NDZCEéCN in about equal

concentrations.
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APPEEDIX A, .

: . 14, .
The Secular Determinants for 4N - Quadruvole Couvpling Enerzies

in moleculss containing two MNitrogen Atoms.

"Since the determinants are symmetrical about the leading
diagonal the off - diagonal elements are listed once only,
Where appropriate the elements are labelled as elements of an

array A [1,3] -

F= 1J+2]

¢(J+1, J+ 1)2 EQ(J +1) + El(J‘+ 1)i - E
F= 1J+1
0(3,3)° B,(3) + 0(3,3 +1)° By(3 +1) + B (3) - 1,1

c(3,3) ¢(J + 1,J3) E2(J) + ¢(3,J ; 1)e(J + 1,3 +1)

x (3 +1) s 1,2

. | | | ) .
(T +1, I+ 1)2 EZ(J +1) +¢(J +1,7) b2(J)

+ El(J +1) = E 2,2
F=_|J | .
_ 2 _ ‘ 2
C(J—l,J—l)2 E2(J—1) + ¢(J3-1,J) LZ(J) + 0(J-1,J+1) ,
x 32(J +1) + El(J -1) =B 1,1

c(J-l,J-l)c(J,J-l) E2(J-l)+C(J—l;J)C(J,J)EZ(J)

+ C(J—l,J+1}C(J,J+1)EZ(J+1) 1,2
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iovendix & (Cont'd.)

”C(J-l J~1)c(J+1, J-w)d (3-1)+¢(J-1, J)C(d J)v (3)

CGFH,U¥1)C(J-1,J+l)32(J+l) 1,%

C(J J~l) by (J-l)+ (3, J) (J)+c(J J+1) E (J+l)

+E (7) - E - 2,2

C(J J—l)C(J+1,g—l (J-1)+ (3,3)c(J+1, J\EQ(J)+0(J J+1)c(J+1 J+1)

x uz(J+1) 2,3

c(J+1, J—l) E, (3-1)+C(J+1, J) (J)+c(J+1,J+1) E, (J+1)

+E, (J41) - E. L 593
F=1J-11
C(J,J)ZEZ(J)+C(J,J-1)2E (1-1)+ (J) - E 1,1
c(J,J)c(J-l,J)32(J)+c(J,J-1)c(J-1,J-l)EZ(J-l) o 1,2

N
-
N

' o(3-1,3)%E o (3)+C(3-1, 3-1)%% (J—1)+J1(J~1) - E°

=13-2]1

| > )
0(J-1,3-1)"8,(3-1)+2, (3-1) - .

()]

used is ezplained in th



text of chapter 3,

4 computer program was written in ¥DF9 Algol vhich sets .
up and dizgonalises the energy métrices listed above for any
given set of coupling constants. Itiwill then output ﬁﬁe
coupling energies labelled by the appropriate F velue for any
selected enerzgy level,

The disgonalisation procedure used is that due to Jacobi.
Although this procedurs is basically a slow one in terms of
computer time taken for a given size of matrix, this is not a
‘ serioqs disadvgntage in this case since the largest matrix to
be diagonalised is 3 x 3. .The procedure does have the
considerable =dvantage that the matrices are not in any way
disordered in the diagonalisation Process, thus the eigenvalues
can be readily assizned the appropriate F value.

The progran may be used to predict line éplittings in the
spectrum of any molecule containing up to two nitrogen atoms.

If only one nitrogen atom is present then one of the other sets

of coupling constants is sinply set to zero.
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APPERIDIX B,

Extended Perturtation Treziment of the Sterk Zffect in Y - Prrone,

<t

As descrived in ch*ﬁter 2 a computer program vas written
which sets up and diagonzlises g rather.special for% of the Stark
energy matrix for an asymmetric top molecules On the diagonal
of the energy matrix are unverturbed rigid rotor energies for the
levels under considerstion, and the off-diagonal elements are the
Stark connections aprlicable to a particulaer case,

In the progrem, which is written in KDF9 Algol, the rigid
rotor energies are coxputed by the method described in chapter 1

and the off-diagonsl Stark connections are calculzted by the

1

method outlined in chapter 2.

The diagonalisation procedure used is that of Jacobi,
although,in terms of computing time taken for a diagonalisatien
this is highly inefficient in the case of Y- Pyrone. For
most energy level manifolds it is fairly obvious which levels ere
mainly responsible for the breakdown of second order perturbation

theory and thus, since only these levels need be included in the

mairix can be kept quite small.

0
)
o)
)
3
£
®
{
<

1

. . .
matrix, the si
v

However for y - Pyrone where +this .is not a2t all obvious the size

of the matrix can become very large (50 x 50 would not be unusual)

and the time tzken in disgonalisation becomes correspondingly larzge.
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Avpendix B (Cont'd.)

Since a greatvmany of the elements of the matrix are in fact
zero the Jacobian diagonalisation‘proceduée takes much longexr
than is really necessary. Once again however the advantage
of keeping the matrix ordsred in the diagonalising'process
énables the eigenvalues for the perturbed levels to be readily
associated with their counterparts for the unperturbed levels,
For selected values of the gquantum number M, the dipole
moment and the applied field the program ﬁill output the
vperturbed and Unéerturbed energies of 211 the levels included

in the matrix. , : D

181



APPEIDIZ, C.

Points on the graph of % / (J+l)2 for thepd  Q - branch series

Jl’j - JZ,J~2 (Mc/s)

ND,CN
: Ay
J av J+1
2 541,87 ' 180,62
s .
: 726.80 181,70
4 _
o 916.10 4 183,22
5 ‘ . '
] 1108.70 - 184.78
' 1305.80 L 186.54
7 : ,
8 1508.30 188,53
1715.15 ; 190.56
9 ! ;
‘ 1927.20 192.75
10 :
2144420 194,93
11
236403 197.00
12
. 2585.41 - 198.88
13
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