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SUMMARY

.

Microwave spectral studies on nitrosyl cyanide, maleimice,
p-fluoroaniline and»9—thiabicyclo[5,3,ﬂ nona-2,6-diene,
and a discussion on the micfowave analysis of deutero-
propene mixtures are presented. A brief introduction,
Chapter 1, has been included to provide information on

the general structure of the thesis and bibliography.

Nitrosyl cyanide is an interesting molecule which has not
previously been isolated or characterised. A comprehen-
sive ‘investigation of its physical properties has been
carried out by microwave spectroscopy. In Chapter 2, the-

14 '
N\ nuclear quadru-

molecular structure, dipole moment and
pole couprling constants are presented and discussed. Also
inciuded is information on molecular vibrations. Theor-
etical calculations of physical properties have been

performed, the results of which are compared with sxperi-

mental wvalues.

The microwave spectra of normal and N-deutero maleimide
have been anzlysed. The spectra, in particular the
inertial defects, are discussed in terms of molecular
planarity. The dipole moment has been deﬁermined. This

forms the substance of Chapter 3.

Fal

In the feourth chapter, the microwave spectrum of HDP-p~

fluoroaniline is presented. Spectra of the normcl and
NHD species have been analysed treviously, allowing

calculation of the amine group geomstry, which is dig--

[
cussed in relation to those of aniline and p-chloro-

aniline.



The microwave spectrum of 9-thiabicycle[3,3,1] nona-2,6-
diene has beer measured and analysed, as detailed in

Chapter 5.

.Microwave spectroscopy has anvimportant application in
the analysis of deuteropropene mixtures formed by heteroc-
geneous catalysis. In Chapter 6 the theoretical and
practical considerations involved in this.procedure,'with
examples of two mechanistic studies, are presented. This
-technique is not restricted to propene and may b@ applied

to other catalytic reactions.
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CHAPTER 1.
INTRODUCTION.

In this thesis are presented microwave spectral studies on
nitrosyl cyanide, maleimide, p-fluoroaniline, and 9-thia-
bicyclo[595,1]nona-2,6-diene, and a procedure for the
analysis of deuteropropene nmnixtures. Each of the following

chapters is devotzd to one molecular study.

Where appropriate, theory relevant to a particular section
is included in the text. General accounts of the theory of
microwave spectroscopy are available in the standard
reference books.1—7 A detailed quanvun mechanicai treat-
ment of rotational spectroscopy and vibration-rotation
interactions is presented ir reference 1, while references
2-6 are more broadly based with scme ailtention to prac-

tical details.

Spectra were observed in the conventional Stark moduiation
spectrometer which has been in use at Glasgow for some

8-10 The oniy

time, and is described in detail elsewhere.
difference between the current system and that described
previously is use of a backward wave oscillator (b.w.o.)
as a-microwave source, with tubes for operation in J-,
K-, and Q-bands. The b.w.o. has the advantage that it can
easily be adjusted over many GHz. In addition, a ferrite
isolator has been introduced to reduce reflections in the
cell. Measurements with this system are usually accurate
to within ~0.4 MHz. Where particulariy high resclution is
required, for examples in the analysis ¢f auclear quad-
itex kiystrons may be used.

rupole hyperfine structure, re.

Aspects of iunstrumentation pertaining to the measurement

1



of transition intensities are discussed in Chapter 6.

The 120 mass scale was used throughout the work in this
thesis with —— = 505376 MHz amv °.
871 :
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CHAPTER 2.
THE MICROWAVE SPECTRUM OF NITROSYL GYANIDE.

1. Introduction.

Nitrosyl cyanide, NO.CN, has been suggested as an un-
stable intermediate in the photolysis of cyanogen /
nitric oxide mixtures containing a trace of nitrogen
dioxide.1 The evidence for the existence of NO.CN in this
system was based on an analysis of pressure / time meas-
urements. The mass spectrometric détection of nitrosyl
cyanide has also been reported in photolysis experiments
on cyanogen halide / nitric oxide mixtures.2 However the
isolation and characterisation of this interesting sub-
stance have not been achieved until recently, as will ncw

be detailed.

Nitrosyl chloride has been shown by Kirby and co-workers
to react with silver cyanide at -20°C to form silver
chloride and a blue-green gas, stable in a glass vessel
at room temperature for several hours.5 The structure
NO.CN was proposed for this gas on the basis of its
colour, (Amax = 738 nm),4 typical c¢f C-nitrosoc compounds,
and its cycloaddition to conjugated dienes to form N-
cyano-3,6-dihydro-2H-1,2~-oxazines. This work originated
in reactions of the alkaloid thebaine (2.1) with a range
of C-nitroso compounds to give Diels-Alder adducts,
readily convertible into 14-aminocodeinone derivatives,
several of which have analgaesic properties.5 The adducts
of thebaine and nitrosoarenes, however, disscciated in
solution over prolonged periods at room temperaturs. The
-high electronegativity of the nitvile group, which‘would

3



facilitate electrophilic addition, led to the reaction
of thebaine with nitrosyl chloride and silver cyanide to

give the stable adduct (2.2).

AgCN+NOC1
-50°¢

(2.1) ’ (2.2)

The initial object of the present study was to provide
concluéive evidence for the existence of nitrosyl cyanide
in the products of the NO.Cl / AgCN reaction. This has
been successfully achieved and subsequently an extensive

microwave spectral investigation was carried out.

NO.CN is a chemically interesting molecule suitable for
microwave work. In addition, it is small, allowing theor-
etical calculation of its structural and electronic
properties. Of particular interest in this microwave
investigation are the relative contributions of the

valence bond canonical forms (2.3) and (2.4).

0 =) &
N=C-N* N=C=N=20

Five isotopic species of this molecule have been studied;
these are normal KC.CN, 15NO.CN, NqSO.CN, NO.“BCN and

NO.CqBN. Rotational constants and centrifugal distortion

4



constants were obtained for each species. A planar
equilibfium conformation of the molecule in the ground
vibrational state has been established by accurate deter-
mination of the inertial defect of the normal species.
Structural parameters of the molecule have been evaluated,
the internuclear distances suggesting a small amount of

delocalisation of the N=0 and C=N mr-electron systems.

The dipole moment of nitrosyl cyanide, and its compon-
ents along the principal inertial éxes, have been
determined from Stark effect measurements. The value of
the dipole moment,/pg is 1.%365 + 0.03% D, withlfh = 1,241
+ 0.005 D and’pb = 0.57 £ 0.08 D.

14N-quadrupole hyperfine structures have been resolved

[ g
in the spectra of NO.CHN, 1/NO.CN and NO.017N.,Ana1ysis
of these hyperfine patterns yielded coupling constants
Xaa and xéb for each nitrogen. These are discussed in

terms of the electrcnic configuration of the molecule.

Theoretical calculations have been performed on NO.CN
using INDO and extended basis SCF ab initio (Atmol)
methods. Values for the dipole moment and quadrupole
coupling constants from these calculations are compared
with experimental results. The preferred conformation

of the N-C-N fragment was calculated by both methods.

Attempts to repeat the experiments of Norrish et al
using the Stark spectrometer to moniter formatiocn of
nitrosyl cyanide were unsuccessful. Nor was any NO.CN
obtained on passing‘an electric discharge through the

cyanogern / nitric oxide mixtures. A discharge cn a

5



mixture of N0.Cl and cyanogen produced cyanogen chloride,
but again ro nitrosyl cyanide was detected in the spectro-

meter.

6

Preliminary reports have been made on the structure~ and

dipole moment6<b) of NO.CN.

2. Observation and Analysis of the Spectrum.

The spectrum of nitrosyl cyanide was predicted using a
planar model in which r(C=N) = 1.16 &, r(N-C) = 1.35 &,
r(N=0) = 1.20 £ and the angle CKO = 120°%, the N=C-N
fragment being assumed linear. Predictions were made of
the_)%, R-branch transitions éxpected to be the most
intense in the spectrum of a molecule of this type. A
search was made for these lines. The predominant species
in the reaction gases was nitrosyl chloride, but some
weaker lines, due to nitrosyl Eyanide, were observed.
Impurities detected included C1CN, NO, NOQ, H,0 and HCHN.
The transitions of NO.CN were ascigned on the basis of
their Stark effects and their deviation from predicted
frequencies. Assignment was facilitated by the fact that
there is no overlap of the R-branch centres of NO.CN and
NO.Cl in the K- and Q-band regions in which initial ob-~

servations were made.

Spectra were observed in the Stark modulation spectro-
meter, the absorption cell being cooled with solid CO,
to slow decomposition of nitrosyl cyanide. Under these
conditions, it is possible to observe a sample for a
period of about thirty minutes witﬁout renewal. The
~pressure of gas in the cell was generally in the range

6



0.01 - 0.08 torr.

Rotational constants were calculated from the express-
ions of Polo.7 For a near-prolate rotor, these may be

written;-

2 B-C

]

B+C-8R_+2526-(J+1)°. g-upJ(J+1)2

- v
a0 77

(E_1=1) 2% = B+C-8Rg-2D 5 +2526-(3+1)2. 258 1 (541)2.

B+c-836-16DJK+§59£+(J 1)°. —6—5—4DJ(J+1)2.

(K_4-2)
The separation of the K_1=1 lines is given by;-

A5 = B-C+8R;-8(3+1)°8;. (2.1)

where <K_1=1> denotes the mean of the Jq’J -

) B-C
& is an asymmetry parameter = T{PA<E=C)°

and Dy, Dk, SJ, R5, and Rg are centrifugal
distortion constants, Sy, Rg, and Rg being

zerc at the symmetric top limit.

Rotational constants were obtained by simultaneocus sol-
ution of these equations, graphical methods being used

where possible.

It was evident from a comparison of predicted and ob-
served frequencies of NO.CN that the model required
improvement belfore being used to predict spectra of the
isotopically substituted species. The varameters thoughti

“to be least reliable, the central N-C internuclear

7



distance and the CNO angle, were fitted to I (= I, - Ib)
and I, giving r(N-C) = 1.42 % and angle CNO = 118%. This
optimised model was used in calculation of moments of
inertia. for the isétopically substituted species. The
differences between these andvthe moments of normal
nitrosyl cyanide gave AB and AC for each species, which
were used to predict the spectra by calculating éorrec—
tions required to the normal NO.CN frequencies from
Polo's expressions (equations 2.1). This method is more
precise than direct prediction, due to inaccuracies in

the model.

The spectra of the isotopically substituted species were
analysed using Polo's expressions as described above. A

full structure calculation, making use of the I, - I, and

c
Ib values, was then possible, provided planarity could be
established.8 To assess planarity, an accurate value of
the inertial defect is required. It was necessary there-
fore, to make a precise determination of the rotational
constant A. In the spectrum of a near-prolate rotor, this

is not available from the stron transitions. Conse-~
Ma

quently, a scarch was undertaken for some Ay lines.

An attempt was made to measure the 000—111 transition
which was predicted to be at approximately 86 GHz. A
source mecdulated spectrometer was used to search for this
line, as too much power is lost along the Stark cell at
these frequencies. Harmonics of K-band radiation (ca.

29 GHz) from a Klystron were generated using a silicon
crystal multiplier. A short section of O-band waveguide
was used .o filter out the fundamental frequency. How-

8



ever most c¢f the transmitted microwéve power was at twice
the fundamental frequency and no line was foﬁnd. Some
improvement was made on A by measuring the J = 5"6,Ph
transitions at about 60 GHz by doubling from Q-band in

the same apparatus, and some high J, K_1 = 1, Q-branch
lines in the Stark spectrometer. This fixed A to witﬁin
100 MHz and gave & = +0.177 + 0.005 amu 22, This improved
vélﬁe of A was used to predict several‘p$, R-branch lines
in the 18-40 GHz range to an accuracy of approximately

150 MHz. These lines were identified on the basis of their

Stark effects and their deviation from prediction.

The rotational constant A was then determined to within
0.1 Miz, and a value for A of +0.1799 + 0.0005 amu &2 was
obtained. This value is close to that expected for such a
molecule if planar.9 It is also very near the value of
+0.1769 amu ﬁg reported for thé inertially similar,
planar molecule, propynal.qo A calculation of A from the
vibrationsl spectrum of nitrosyl zyanide, (section 7 in
this chapter) by the method of Herschbach and Laurie '
using the uniform coupling and average frequercy &pprox-
imations, gave a value of +0.16 amu ﬁg, which is within

the 10-20% accuracy claimed for this method. These

calculations show the molecule to be planar.

Analysis of 14N-quadrupole hyperfine structurs enabled
the theoretical line centre of each transition to be
used in calculation of rotational constants rather than
the point of mavimum intensity. This was achieved by
calculation of the hyperfine patterh of each transition

~and computer simulation of the line shape as detalled

9



in section 6. It was then possible to measure, from the
calculated line shape, the deviation of the line centre
from the point of maximum intensity. This procedure
effected considerable improvement in the centrifugal
distortion constants as it removes small systematic
errors, particularly at low J. As no guadrupole analysis

130- and 180—species, the normal

was carried out on the
NO.CN corrections were applied. This approximation is
extremely good for NO.qBCN due tc the position of the

carbon near the a-axis. On substitution of 18

O, however,
a significant axis swing occurs (~40'). Since the off-
diagonal quadrupole tensor components, viab’ are un-—
known, it is not possible to correct for this effect.
The approximation is thought to be Jjustifiable as the

N18

O.CN 1line shapes are very similar to those of the
normal species. The small, negative value of 53 indicetes
the slightly greater uncertainty in the constants of the

qao—species.

The rotational constants calculated from Polo's equat-
ions for all five isotopic species are given in table
2.1. These were used in calculation of the molecular
structure. lMeasured and calculated transition frequencies
are given in tables 2.2 to 2.6. The frequencies calcul-
ated for normal NO.CN were obtained using rotational
constants from the least squares fit, which is discussed

in the following section.

10



Rotational Constants of

Table 2.1.

Witrosyl Cyanide (in MHz)

from Folo's

mXpressions.

N U U QW

vo.cN  N'8.cv  "Pmo.cy  wo.'%cy  wo.c'ow
A 81216.2 (86021) (79293)  (80662)  (80011)
5%84.554 5144.93  5359.70  5359.48  5205.99
5040.663 4819.26 5005.37 5018.56  4882.72
;  0.0029 0.0028  0.0049 0.0010 0.0044
gx —0.2292  -0.236 -0.199 -0.206 -0.222
5 0.000487 -0.C008 0.000537 0.000483 0.000427

11



Table 2.2.

Observed and Calculated Transition Fregquencies

MHz.

of Normal Nitrosyl Cyanide in

Transition

0 1

00~
=202
11~2

12
1107291

01

To1

1

202"203
2127313
2117312
2p1=300
220"%21
513 on
*14=205
20506
2157616
214045
504525
223~02y
2357034
232733
42~ 3
54170y
251052
250051
818=%9
21910010

Vobs

10425, 26
20849.14
20507.45
21195.04
31270.70
30760.23
31791.72

1 31280.73
31285.41

33275.49
22186.19
62507.86
61510.91

63573.26
62554.60

62595.37

62579.96

62596.79

62620. %9

23%672.82
35478.27

Vcalc

10425.20

| 20849.17

12

20507.38
21195.13
31270.66
30760.19
31791.75
31280.83
31285. 50
33275.52
22186.20
62507.9%
61510.98
63573. 34
62554, 51
62595. 30
62579.85
62579.99

62596.73

62620.45

23672.87
35478.26

v

obs™ Yealc

0.06
~0.03
0.07
~0.09
0.04
0.04
-0.03%
~0.10
~0.09
0.03
0.01
-0.07
-0.07
0.02
0.09
0.07
0.11
-0.03

0.06

-0.06

-0.05
0.01

cotd.



Transition

10 -10

1107219

11 110

199~

12942712994
159143713192
g94=1%913
1644515214

17116716215

Table 2.2, cotd.

Vsbs

18898.00.

22672.47
26787.30
31242,01
36035.12
38299.65

25113%.62

Vcalc

. 18897.96

226%72.3%9

- 26787.41

31242,04
360355.08
38299.62

25113%.63%

Table 2.3.

1'%

obs ™ Ycalc

0.04"
0.08
-0.11
-0.03
0.04
0.01

—0.0’\

Observed and Célculated Transition Frequencies

Transition

101202
T19=212
1107211
202=303
2127313
2117312

of N'80.CN in MHz.
VBbs vcalc
19927.24 19927, 24
19603 .60 19603.57
20254 .89 20254.92
29888.04 29888.04
20404.51  29404.53
30381.56 30381. 54

Yobs~™ Vcale

0.0C
0.03%
—0.0}

0.00

0.02



Table 2.4.

Observed and Calculated Transition Frequencies

Transition

O00~101

101—2

1

02
11=212
110211

2027503

2127213,

2117312

10410-1049

11444=11

12

of 'ONO.CN in IHz.

110
11212914

\)

A7

obs calc
10365.10  10365.05
20728.70  20728.72
20376.5%3  20376.48
21085.02  21085.09
31089.60  31089.60
30563.76  30563.66
31626.43  31626.52
19469.98  19470.03
23358.36  23358.24
27597.00 27597.06

Table 2.5.

Y,

obs™ ¥

0.05
-0.02
0.05
-0.07
0.00
0.10
-0.09
-0.05
0.12
-0.06

Observed and Calculated Transition Freguencies

calc

Transition

1 n=2

-2

01 ~02

/'

11712

1107211
202203
2127313

2117212

of NO.12CN in MHz.

;vbbs

20754 .86
20416.00
21097.80
31129, 44
30623%.21
31645.85

14

calc

20754.90
20415,98
21097.78
31129.41
30623%.22
31645.86



Table 2.6.

Observed and Calculated Transition Freqguencies

of ¥O.C 2N in Miz.

Transition Vobs Vcale Vobs™ Vealc
000-101 10088.562 - 10088.70 -0.08
101-202 20176.20 20176.24 -0.04
111—212 ' 19855.01 19854.92 0.09
110-214 20501.45 20501 .44 0.01
202—305 30261.54 30261.4S 0.05
212-315 29781.56 29781 .48 0.08
211—312 30751.06 . 30751.21 -0.15

11111-11110 21314.85 21314.80 0.05

12112-12111 25183%.91 25183%.96 -0.05

15115-13112 293%72.70 29372.69 0.01



5. Centrifuzal Distortion.

The problem of studying centrifugal distortion in asym-
metric top rotation spectra was first fully discussed
by Kivelson and WiISOn.12 They presented an approximate
method in which centrifugal distortion 4s a first order
perturbation on the rigid rotor Hamiltonian.
The Hamiltonian for this semi-rigid rotor in the near
prolate case 1is;
| H = Hy + 5,
Hy= a2 % + B'PX2 + C'B. 7,
Hy= 35, T BB

(2.2)

2

where some centrifugal distortion has been in-

cluded in A', B', C' thus:

I
A = 8+ Tope=2 Tapar=2 T aoa P /4 (2.3)
B' = B+(5‘tcaca 2‘K’ocbc quabab}n &
i
C' = C+(3'tabab'2—tcaca—g’tbcbc)h /4
h
where A = etc.
8 thla, ’

and the T' are related to the T constants of

Wilscn and Howard19 as follows,

' =T R4 (2.4)
Yy Y VLYV
‘ =7 = +2T \.{*
and ‘C}A/.AU\’ T\)\P})}A (T:PP oV My )t‘

The corntribution of centrifugal distortion to the rotat-

ional energy is, by first order perturbation theory,

AE = 327 PSR, | (2.5)

16



= E¢2> is the expectation value of the

quartic angular momentum operator 3»2 Ppg.

h P
w ere.(lp

These six centrifugal distortion constants are not.in-
dependent and indeterminacies arise when trying to
obtain them from the rotational spectrum. Using a high-

er order analogue of the familiar A = gf% planarity

assumption, Dowling;’]4 obtained the following relations;
4 4 4
= C . C_ 2C
Tecee = F * Tbbbd T LE * Tasas * 257 ° Ubbaa
2 2 .
. _ _C_- 7 C
Taace = B2 T”bbaa * Kﬁ_"taaaa
2 2
_c c_
Tbee = 2 ‘tbbbb T2 T aabb
Tacac =‘t£cbc = 0. (2.6)

It is convenient to use the T ~constants in units of h&.

They then become equivalent to the <= with one except-

ion;

' .
’taabb =-téabb + 2Tébab . (2.7)

Combining (2.5), (2.6) and (2.7) gives the following

expression for the energy correction;
-t (@5 + 5e22 .« L)
AE = aaaa a’ * X? cta’* ZE c

, 2 ot
ey (B 4 §§<Pb2P02> ¥ §Z<Pc )

2 2 PN
2p 2y, Com2p 2y LT 252 2C_ /ey
+Taabb (<£a Py )+ £§<?c P + £2<?bLPC )t A2B§\PC>%

- 2



These four T-constants can be obtained with A', B', and
C!' from a least squares fit. The 'rigid rotor' rotational

constants are then given by;

—_ 1
A=A+ ?Tébab
_ 1 1
B = B' + gtébab
= - 2
C=0C" - 2T pape

The problem of indeterminacy in the non-planar asymmetric

15

rotor was resolved by Watson who applied a unitary
transformation to the Hamiltonian to obtain a reduced
Hamiltonian containing one fewer quartic term. The
general asymmetric rotor energies are usually solved in

e .
terms of Nielsen's 6

distortion constants, DJ, DJK’ DK’
6J, R5 and R6. The relationships between these and the

T -constants are given in the appendix of reference ‘12.

Asymmetric rotor least squares fit programs, Asfip and

Asfit, by Wenger and Bauder17

were used to fit the spec-
trum of normal nitrosyl cyanide. These programs use the
theory of Kivelson and Wilson, and Watson, respectively.
The results of these fits are shown in tables 2.7 and 2.8.

Uncertainties shown are cone standard deviation.

As expected, the fit by program Asfit 1is not as precise,
since it uses theory strictly applicable to the non-
planar case. One of the distortion constants,éK, is not
well determined. Values of Nielsen's distortion constants,
DJ etc., caiculated from the T -counstants, are within

one standard deviation of those from Asfit which agree

with the values from Folo's expressions within experi-

mental error. (Table 2.9) Since systematic errors often
18



Table 2.7.

Rotational Constants of NO.CN, (MHz), from Program Asfin.

A 81216.23 + 0.06

B 5384.533+ 0.004

C 5040.682+ 0.005

Toaas -62.79 £ 0.10

Typpp  ~0-01602+ 0.00009

Toabb 0.742+ 0.006
Table 2- 89

Rotational Constants of NO.CN, (MHz), from Program Asfit.

A 81216.16 + 0.07

B 5384.56 + 0.03

Cc 5040.68 + 0.03

D 0.00297 + 0.00002
- -0.2294 + 0.0002
Dy 15.92 + 0.04

85 0.000487 + 0.0C0003
& 0.04 + 0.02

arise in fitting procedures of this kind,18 a reasonable
estimate of the uncertainty in each parameter is given

by three standard deviations.
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Table 2.9.

Comparison of Rotational Constants (MHz) from Asfit, Polo's

Expressions and those calculated from the Asfip Constants.

Asfit "Polo Asfip
A 81216.16 81216.2 81216.23

5384.56 5384.,55 ' 5384.5%3%
C 5040.68 5040.66 5040.,682
Dy 0.00297 0.0030 0.00297
Dx -0.2294 -0.2292 -0.2290
éJ 0.000487 0.000487 0.000487
Dy 15.92 15.86 15.92

4, Structure.

The structure of nitrosyl cyénide was determined using
the direct substitution methods’/Ig for all coordinates
except the small b-coordinates of the nitrile group atoms,
The latter were fixed by the first moment, Zma = 0, and

product moment conditions.

The moments of inertia of each species were calculated

1dC mass

from the rotational constants in table 2.1. The
2
scale was used, giving —Ez = 505376 MHz amu 4° and
an- .
(Ic-Ib) was used for Ia‘ This is permissible since errors
arising from assumption of zero inertial defect are com-

mensurate with those caused by using ground state,

rather than equilibrium, rotational constants.

For a planar molecule, coordinates of an isotopically

. - 5 ‘ rnio s o 19
substlituted nucleus can be obtained Ifromj; -

20



a = —

AT AN
2 b[’l +

s
AT AT
2 a[1 +

b T
and b =
M Ib_Ia
. _ MAm
where Mois the reduced mass = s Am

These expressions are unsatisfactory for calculation of
a coordinate smaller than about 0.15 % due to the small

9

change in the appropriate moment. Costain’ recommended
that such coordinates are best determined by first
moment and product moment fits. Structures obtained by
Costain's method are termed substitution (rs) structures

and are usually good approximétions to the equilibrium

structures.

Nuclear coordinates of nitrosyl cyanide are given in
table 2.10 and the molecular structure is shown in

figure 2.5. As all the coordinates were calculated from

Kraitchman's eguations they can be tested by the first
moment relation. It is found that Sma = 0.063 amu &,
corresponding to an average error of4~O.001 A, or, if
all the discrepancy arises from one éoordinate, about
0.004 &. The uncertainty in the internuclear distances
is about 0.005 &. The angles CHO and ICH are determined
to ~1° and ~3° respectively, the error on the latter
being larger as it is fixed by the small b-coordinates

in the nitrile group.

An important objective in obtaining the structure was

the assessment of the contribution of the valence bond
€ .8 . :
mesomer O=N=C=N. It is useful to compare the structural

t
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Table 2,10,

Nuclear Coordinates, NO.CN, (&).

0 N C N
‘a -1.501 -0,666 0.667 1.813
b  0.357 -0.528 -0.,043% 0.157.
Figure 2.5,

The Structure of Nitrosyl Cyanide.

b

_aaep b

‘ = -
o 1
M@ >7

parameters with those of ofher molecules. If the contri-
bution is sigrificant, the central bond will be shorter
and the terminal bonds longer than is generally found.
The CNO angle would be larger than if there were no

T -bonding in the central bond.

The N=0 bond is longer than that of nitrosyl chloride,

(1.139 £)2° but similar to that of CH,NO.(1.213 1)°.

3
The C=N bond is slightly larger than was fcund for a

. Oﬁggu
range of cyanogen halides, (all ~1.159 A)““. However
the paramsters most sencsitive to any contribution from
the mesomeric tform are the central C-N internuclear
distance and the CNO angle. As expected, the central

, so O, . . ) . . -
C-N bond (1.418 A) is considerably shorter than tine single

o

2



bond values found in CHNO(1.48 2)27 and CH 51, (1,47 1)°2,
The sho?tening is rather less pronounced than that in
NF2CN(1.59 K)24 and much less so than that found in
NHch(4.546 K)gs in which there is thought to be a con-
siderable contribution from the canonical form Hé%=c=?.
The short central bond in NF2CN compared with CHEEH2 was
attributed24 to a difference in repulsive interactions
depending on the hybridisation of the central atoms and
to some‘n;bonding between them. The CNO angle is very

21

close tc that found for CHLNO (113.2°).€" It appears from

3

these considerations that there is a small contribution

from the linear mesomeric form.

Perhaps the most interesting structural feature is the
distinct tend at the carbon. 3imilar distortions are

)2* and PF,CN (171.5),2% and to a

found in FF,CN (171°
much smaller extent in vinylacetylene (177.9°),27 acryl-
onitrile (178.2°)28 and propynal (’378.60).’]O The bernd is
probably due to repulsion between the N=0 and C=N Tr-
electron systems in each case. The effect is most pro-
nounced in molecules where there is a lone pair of
electrons on one of the central atoms. Ipn the case of
NF,CN°* it was explained as being partly due to bonding
n-Tt interactions, but if it is presesnt at zll, the
effect must be small, as a greater difference in the

NCN angles in NFacN and PFECR would be expected. Repuls-

ion between the Tt-electrons of the N=0 and C=N groups

s
0]
!
®
3
0]
=
@

would tend to make the molecule non-planar if &
no energy coarensation for a planaw configuration., This
adds further weicht to the conclusion thast there is a

small but significant amount of Tt-~character in the

23



central N-C bond.

5. Stark Effect and Dipole Moment.

Perturbations to rotational energy levels arising from
interaction of the dipole moment of an asymmetric rotor
with a static electric field have been described by Golden

29

and Wilson.

In the presence of an electric field, the (2J+1)-fold
spatial degeneracy of the rotational energy levels is
lifted. The total angular momentum, J, can assume (2J+1)
orientations with respect to the field direction. These
are defined by the quantum number M, which can take thke
values J , J-1 4... =J . If Stark effects in an asym-
metric rotor are small compared with separations between
energy levels, they can be accurately described by second
order perturbation theory. The second order correction to
the energy of a rotational level may be written in terms

of the tranmsition strengths as follows;

AE(2) = - /;J E2 [ J2 2 gSJ'c,J-/]t A ME' 'gS‘J‘r:As\J‘c'
= 237 A Cr o Tt TR R
(J+1)2 2 E%V,J+1Y'1 (2.8)

(J+’I)(2J+3) E_ -E J

J+1

where/u.g is a dipole moment component, g = a, b, ¢,
E is the applied field,
EJr is the unperturbed energy of the level J, etc.,
and gsht’J~‘1b the transition strength between levels J,

and J,, etc., conrected by ilDOlC component/x

Transition strengths are derived from dipole matrix ele-
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ments and are available in tabulated formao at 0.001

intervals of k.

Stark effects in nitrosyl cyanide were calculated by
second order perturbation theory as outlined above. The

calculations are simplified somewhat by the fact that

M = O.

An accurate positive D.C. voltage from a Fluke 415B supply
was applied tc the Stark cell septum, with just sufficient
modulation voltage, Vﬁ, based on the D.C. level, to fully

resolve a line as illustrated in figure 2.6 for carbonyl

sulphide, J = 1-2. Stark componerts were measured over a

Figure 2.6.

Stark Effect 0CS, J=1-2.

- v
Zero
field

VaV position

VeV

range of applied Voltages.bAfter a set of measurements
had been taken the cell was calibrated using the J = 1-2
transition of 0OCS. Since the dipole moment of 0OCS is
known accurately, (X = 0.71521 D),Bq the proportionality
constant between lLhe fisld strength, E, and the applied
voltage, V, can be determined. The experimental gradients

2 .. . .
AV /V divided by the cell constant, ¢, are shown in
’ / E 1

pe - R W
rom equau

4]
]

t

o

table 2.17 with Stark coefficie
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Table

2.11.

Stark Effects in Nitrosyl Cyanide.'

: 2 2
Transition M éiéxﬂos }é Coefgt. P% Coefgt.
c x10 x10
202—305 0 -0.3862 ~0.243%61 —0.04977
1 ~-0.1102 -0,06851 -0.01299
2 0.7308 0.45678 0.09737
220"521 0 0.7021 0,45567 -0.00755
101-202 0 -2.2724 ~-1.46164 ~-0.07603%
1 1.8795 1.18760 0.14012
111—212 0 1.8325 1.20744 -0.07934

Each expression waé represented as a linear plot of }%2
againstlk%z, (figure 2.7.). In the expanded scale of this
plot, the area of intersectioq is large, and consequently
it is difficult to select optimum values of }52 and pbg.
A least squares fit was carried out for yég and)*bg,
using initial values from the figure of 1.54 and 0.30 D2
respectively. Convergence was reached in one cycle giving;
M2 = 1580 D%, 2 = 6.324 D?, and hence p° = 1.864 D,
The uncertainties in these results were estimated by taking
account of the worst reasonable values from figure 2.7. The
dipole moment components of nitrosyl cyanide are as fol-

lows; My = 1.241 £ C.003 D,

My
A

0.57 + C.08 D,

L}

1.265 + 0.03 D.

The dipole orientation is not obtainable from the above
procedure, but it is probably as shown in figure 2.8. It
. 1s directed towards the nitrile group, almost parallel to
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Pigure 2.7.

Stark Effect Plots, NO.CN.
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Figure 2.8.

Orientation of the Dipole Moment of Nitrosyl Cyanide.

the central N-C bond. This orientsation is similar to that
proposed24 for NFe.CN which has'm = 1.10 D. Further evi-
dence for the direction of the dipole moment is obtained
from the dipoles of §0.C15¢ and CN.C133 which are 1.9 and

2.80 D respectively.

6. 2uadrupole Coupiing in Nitrosyl Cyanide.

14N—-quadrupole hyperfine structure has been resolved in

the spectra of nqrmal NO.CN, '°NO.CN and NO.C °N and

nuclear quadrupole coupling constants derived. This sec-
tion comprises an account of the method of evaluation of
these constants and a brief discussion of the electronic

configuration of the molecule.

The spin angular momentum, I, of a nucleus is related to
the integer or half-integer guantum number, I, by

I =/I{I+T)h, there being (2I+1) possible spin states for
the nucleus. A nucleus with I>} has an electric guadrupole
noment, Q, which allcws its spin angular mcomentum to
couple with the rotational angular momentum. The couplin:;
takes place through the electric field gradient of the

molecule effective at the nucleus. The mesultant totsl
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angular momentum, F, where F = J + I, has a vzlue |

F =/F(F+1) B, where F = J+I,J+I-1,.. [J-I| . When more th=n
one nucleus with a non-zero quadrupole moment are present
in a molecule, the individual moments may couple via the

molecular rotation.

The energy of interaction for a single nucleus coupling in

an asymmetric rotor is given by an expression derived by

Golden and Bragg;34

2 . 20 o
E(F) = eQ{—é"—g[J(Jm)»,E(&)_(+<.+1)5~6£:3] +2 bg.éué(i)

a 3b
; | |
V] . 4SE( Y(F
i %{r(am)m«)ﬁ»«q) 6::)]}(}(&2') (2.9)

where Q is the electric quadrupcle moment,

g—g is the electric field gradient at the nucleus

relative to the a-axis,

2 - N
and Y(F) = 81051—4, §Jf§1>g§i§1 (Casimir's fupction)

where C=F(F+1)-I(I+1)-J(T+1).

Casimir's function is tabulated for & range of F,I, and J

in reference 5.

Equation 2.9 may be simplified using Laplace's eqguation,
V2V = 0, which will hold since orly charges outside the

nucleus contribute to the potential.

E(F) = {2 Xaa[E(m)-K.@b%fl} +')Cbb[E(K)-J(‘J+’I)-(#<.-3)é§§§ H

xJ.Yf,l (2.10)

he e -5 A
wnele‘Xéa = quQQ etc.
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Calculation of the hyperfine interaction in a mclecule
containing two guadrupolar nuclei depends on the relat-
ive magnitudes of the coupling. If one nucleus is coupled
nuch more strongly’then it provides the main contribution
to the hyperfine splittings, and the weaker coupling

can be treated as a perturbation on these. However in

the case of two nitrogen nuclei, this treatment is gen-~-
erally unsatisfactory. The guadrupole coupling energies
were calculated using a program by Macdonald,56 based on

57

the theory of Bardeen and Townes,”’ a summary of which

is given below.

The Hamiltonian for the two nuclear interactions may be

written;-

H = E,(I;,3) + Hy(I,,J) (241)
where the labels 1 and 2 refer to the different
nuclei. The total angular momenium is still denoted by

F and F; and F, are the vector sums of J with I, and I,

respectively. Wave functions for the combined system

may be obtained by first fixing F,,
=4+ 1y
F, = (Iq+J).......f]I1-J[,,
and then combining I, with EF; to obtain
Lo+,
Fo=(Fq+Ty)eennnns. [B=1].

Let %% (Fq,F) be the wave functions for the state

O
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defined by F1 and F, Alternatively,‘it is possible to fix
F, by first combining J and I, which generates a similar
set of wave functions ?é(Fz,F) where F5 = J + I, and

F =F, + I,. The number of different wave functioné is the
same as before and the two sets of wave functions are re-

lated;

Yq(Fq,F) =ZF_ c(Fq,Fo) Yo (Fy, F)
S

and Y, (F,,F) =%_ c(Fq, P, (Fq,F)
1

The transformation coefficients, c(Fq,Fg), have been eval- .
uated by Bardeen and Townes for a range of I,1 for the

special cases I, = 1, 3/2.

Where both couplings are appreciable, the wave functions
are given by appropriate linear combinations of either
set;

Y(F) = 2> a;(BY(FHF) | (2.12)

1
Using (2.11), the fact that ¢% and Wb are eigenfunctions

of Hy and H, respectively, and that the ¥,(F4,F) are orth-
ogonal, it can be shown that;
[a(F,,F5) + E(F) - Bla(®) + F’i_ AR, FqDa(Eyt) = O,

ZF
R (2.13)

N

where A(F,,F5) == c(Fq,Fo)c(F, ', F5)E(F,)
2 .
for each value of F1 and F2 associated with the same F.

For non-trivial solutions of (2.13), the determinants of
the coefficients must be zero. The E(F;) are simply the .

single nucleus coupling energies from (2.10).

In calculation of hyperfine splitiing patterns, the intens-
ities of the coumponents are required. Exact intensities

-
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could, in principle, be obtained by solutiocn of (2.13) feor
the a(F}'s and using these in calculation of dipole mabtrix
elements.58 A much simpler, but approximate approach is to
use the tables in reference 35 for J and the more strongly
coupling nucleus angular momentum quantum number, say Iq.
The intensities of the finer splitting components are

then obtaired by replacing J by F1 and 1, by I Where the
nuclei are coupling to an approximately equal extent, the
intensities can be found by interpolation. This method was

used in calculation of hyperfine structures.

It is useful in analysis of hyperfine patterns to estimate
the magnitude of the coupling constants using the app-

39

roach of Townes and Dailey. From consideration of the
structure of nitrosyl cyanide, the contribution from the
linear valence bond mesomer was estimated to be low. To
the degree of approximation in this methed, it may be neg-
lected. Assuming a coupling of 10 MHz for an imbalance of

one p-electron cn nitrogen, the following estimates of the

coupling constants, in MHz, are obtained;

N(1) N{2)
Yoo =5.0 3.0
Yoo 2.5 ~6.7

Here N{1) and N(2) refer to the nitrile and nitrosyl group
nitrogens. These labels are used in the remainder of this

section.

It was hoped originally that a full quadrupole analysis
could be performed on the hyperfinc splittings of the
normal specics. However, it quickly became apparent that
this was not possible'because of the different magnitudes
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of the coupling constants of the two nuclei. The first
transition studied was Opg=1gq @S there is no X, depend-
ence in the hyperfiné splittings. Uander high resclution,
this line appears ﬁo be a normal cyanide pattern with a
little fine structure on the two lower frequency peaks.
An approximate value of’Xaa(ﬂ) was determined azs 4.1 &
0.2 MHz but it was not possible to obtain X _(2). It is
evident from the Townes and Dailey predictions that the
same problem arises when the‘xbb are dominant, as the
main contribution will come from the nitrosyl nitrogen,
and‘Xbb(ﬂ) will not be obtainable. It was decided to
measure hyperfine structure in the single quadrupolar

nucleus species.

Splittings were measured for some low J R-branch, and
some higher J, (10<J¢13), Q-branch lines. Errors arising
from sample deterioration were minimised by photographing
the oscilloscope trace with a superimposed marker chain
cf spacing 1.70 MHz (figure 2.9(a)). For each single
nucleus case, Xaa was obtained from the 000-101 transition
andszb was fcund from the series JqJ‘Jq(J_q) for which
equation 2.10 gives 2:1 doublets of splitting

(Kgg 2Xop)A Y(F) for high J. The fact that this split-
ting waé observed in the spectrum of 15NO.CN provides an
immediate indication that the electronic configuration
about the nitrile nitrogen is not cylindrically symmetric.
The more intense component of each Q-branch line is to low
frequency in both spectra, showing both (‘Xaa + Exbb) to

be negative.

Analysis of hyperfine splilting in normal nitrosyl cyanide
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was hindered by difficulty in relating calculated patterns
to thosé observed. Use of weighted means of components or
triangular line shapes gave poor correlation with observecd
splittings. Calculated splittings were obtained by com-
puter simulation of the transition concerned using Lor-

entzian functions,
I = for
W-V,2) + AVF

Frequencies of components were calculated as detailed

above. Intensities for the two nuclel case were found by'
the method of Townes and Schawlow,55 the cyanide nitrogen
providing the main quadrupole perturbation for the K_,l = 0,
R-branch transitions, and the nitrosyl nitrogen for the
K_1 = 1, Q-branch and R-branch transitions. The line
shapes produced +this way were 1in good agreement with
those observed, except for the Q-branch lines, where the
absence of the partly-resclved Stark lobes results in a
slightly different appearance. When one set of hyperfine
components appears as a shoulder on another, the calcu-
lated separation is strongly dependent on the half-height
half-width, AY. This is adjusted with the coupling con-
stants until the best correlation between calculated and

observed patterns is ocbtained.

This method of analysis effected an improvement in the
coupling constants of the single nucleus cases. Values of

these constants, in lHz, are as follows;

X Yob

aa
CN(1) -3.92 £ 0.05 . ... 1.08 + 0.10
N(2) 1.52 + 0.05 -5.68 + 0.10

The higher degree of uncertainty in the Xbb values results
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from difficulty in resolving the high-field Stark lobes

in the Q-branch transitions.

Quadrupole coupling in normal nitrosyl cyanide was. studied

007012 T017202> 11172125 109407104, and
11111-11110 transitions. Calculated patterns were obtained

in the © 1

from Macdonald's program described previously, using full

, . )
secular determ1nants.’6

The hyperfine splittings were analysed taking the coupling
/]

constants of the nitrosyl nitrogen to be those for NO.C 5N
and varying the N{1) constants to fit the observed pat-
terns. The N(2), rather than K(1) constants were fixed
because the swing of the inertial axes on qBN substitution
at the cyanide end is smaller than that for substitution
of the nitroso group nitrogen, ~11' and ~4', respectively.
Conversely, it could be argued that the greatsr asymmetry
of the electronic environment about MN(2) renders the N(2)
constants more sensitive to any axis rotation. However it
was found that the spectrum could be fitted by fixing the
N(2) constants. The 000—101 transition was used to deter-
mine Xaa(ﬂ), taking'xaa(E) as 1.52 MHz as before. The
cbserved and calculated patterns are shown in figure 2.9.
The wvalue cf'Xaa(1) obfained isg significantly different

from the single nucleus case.

Measurement of the small splitting in the 9-~branch lines
due to N(1) is difficult, as it appears as fine structure
on the more widely spaced components dus to N{(2) coupling,
and'Xbb(1) cannot be determined directly.'However, since-
Xaa(ﬂ) is known, and ch cpupling constants are invariant

with respect to in~plane swing of axes,.xbb(ﬂ) can be
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FIGURE 2.9.

“N-QUADRUPOLE HYPERFINE SPLITTING, NORMAL NO.CN.
050> 1,4

(a) OBSERVED. MARKER SPACING =1.70.MHz.

" ng "

N

(b) CALCULATED.




FIGURE 2.10.

“*N-QUADRUPOLE HYPERFINE SPLITTING, NORMAL NO.CN.
111"'_)212

(a) OBSERVED. MARKER SPACING =5.1MHz.
e ¥ e Y e ——

(b) CALCULATED.




found from %ob(ﬁ) =Yg (D = Uoe(1). This gives the fol-
lowing coupling constants (in MHz) for the normal specics,
'Xaa . X%b

CN() -4,1C £ 0.10 1.26 £ 0.15

N(2) 1.52 £ 0.10 -5.68 £ 0.15
The larger error estimates arise from greater complication
of the hyperfine structures and uncertainty from assuming
the N(2) constants invariant under (1) substitution.
Figure 2.10 allows comparison of the observed hyperfine
pattern of the largely X%b—dependent 144245 transition of
normal NO:dN with that calculated from the above constants.
Tables 2.12-14 show measured aﬁd calculated hyperfine
splittings for nitrosyl cyanide.

Table 2.12.

14N—Quadrugole Svlittings in NO.015N.
Xyp = 152 Mz Kpp = ~5-68 Mz
- s Principal
ransition Components Av%bs A'\')cad_c
F-F! (MHz)
O —‘! -~ 1—0
00 01 0.67 0.68
1-2
0.47 : 0.46
1-1 o
11 =11 10-10,12-12
111 110 3.75 | 3.69
11-11 ‘
1244~=12 11-11,13-13 - :
112 111 | ? 3.66 3.69
12-12 ,
13 ~13 12-12 ,14-14
113 112 ! 3.64 3.68

13;15
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Table 2.13.

14
‘X'aa = —5.92 MHz
L. Principal
Transition Components
. F-F'
%0001 -
1-2
1-0
101 _202 2-2,0-1
1-2’2-5
1-1
1117212 =282
| 2-3,1-1
0-1
1107211 -2
2-2,2=%,2-1
0-1
104401019 7-9, 1=
: 10-10
Mgqq=14q0  10-10,12-12
11-11

12-12

57

’X%b = 1,08 MHz

A“’obs

1.17
1.78

1.08
1.94

1.24
0.85

1.09
1.50

0.66
0.65

0.68

AY

(MHz)

N-Quadrupole Splittings in 15NO.CN.

calc

1.18
1.76

1.09

1.90

1.23
0.92

1.14
1.49

0.66

0.66

.0.66
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The asymmetry of the electronic configuration about the
nitrile'nitrogen and the angle of 10°8' between the C=I
bond and the a-axis will tend to lower the value of’Xﬁa(ﬂ)
relative to the prediction. It may be compared with the'Xr
values of HCN (=4.58 + 0.05 MHZ),4O HCCCN (-4.28 + 0.05
MHz),%° and C1CK (-3.63 + 0.1 MHz).”! These illustrate
increasingly larger degrees of Tv—electron delocalisation.

The observed value of’Xha(ﬂ) = =4,10 MHz confirms earlier

=) =)
cornclusions that the contribution from O=N=C=N is small.

Further confirmation is obtained from the wvalue of'Xbb(Z).
The angle between the N=0 bond and the a-axis in NO.CN
(43022') is very close to that found for nitrosyl fluoride
(44025'), allowing direct-comparison of the coupling con-
2 for Xbb in

@ 2
FNO was explained by a 10% contribution from F=N-O. There

stants. The small value of -£.83 z 0.05 MAz"
is certainly less delocalisation of the t-electrons in
NO.CN, the contribution from the mesomeric ferm probably

being smalier than 5%.

7. The Vibrational Spectfum.

The vapour phase infra-red43’4%~and far infra—red44

spectra of nitrosyl cyanide have been reported. These are
briefly discussed here in the generzl context of the mol-

ecule. Some discrepancies between the two references are

resolved.

Table 2.15 lists the assigned fundamental vibration fre-
quencies from both studies. The v, and v, fundamentals,
which were observed -in the far infra-red by Campbell, were

calculaﬁed’by Dorkc and Buelow from their normal coordin-
40




Table 2.15.

‘Fundamental Vibration Frecguencies of NO.CHN.

Normal Principal 'ﬁ(cm'q) VKcm'q)
Mode Component Dorko & Buelow Campbell
v, C=N stretch | 21797.5 2175
Vé N=0 stretch } 1484.3 1500
Vs N-C stretch 820.0 821
V4 C-N=0 bend (103.2) 270
Vg N-C=N bend 583.3 600
Ve Out of plane wag (54.4) 240

-ate analysis. The frequency of the VB vibration was not
accurately measured by Campbell as the vé fundamental of
NO.Cl is in the same region, and no sample of greater than

~60% purity was cbserved.

It is evident from the microwave spectrum that the calc-
ulated frequencies of Dorko an& Buelow are wrong, as theré
are no vibraticnal satellites of sufficient intensity. The
104—202 transition of normal NO.CN and its vibrational
satellites were recorded at -7803. The observed spectrum
is shown in figure 2.11, A being the ground--state line.
The observed frequencies and intensities are presented in
table 2.16, along with vibrational energies calculated

from the Boltzmann distribution.

The assignments in the table are derived from fhe freqﬁency
shifts from the ground state line in the microwave spec-
trum and the vibrational energies. The lire corresponding
to the second guantum of v, was observed but it was not

possible to measure 1lis intensity as it is very close to

Ai

evels are determined only

'._.)
i

line C. The vibrational snergy
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to approximately 10 cn™ by this method due to uncertainty
in the exact temperature of the Stark cell and difficulty
in obtaining accurate estimates of intensities. These

results are in good agreement. with the far infra-red

measurements,
Table 2.16.
Vibrational Satellites 101-202'1\10.051. '
Line Fr?%gzgcy ?g%:;gzgy E¥22:§§s Assignment
A 20849.14 100 0
B 20894.93 13.1 - 275 vy
C 20928.09  18.5 229 Ve
D 20974.15 3.8 465 Y+ v
E 21004.12 3,72 446 2v,

Although it is not strictly permissible %o assign a mode
of vibration to a particular localiised deformation, it is
a good approximation for the Cz=N and N=0 stretches since
their energies are well removed from those of the other
modes. Generally, in organic molecules, these vibrations
are in the regions 2210-2260 cn™ and 1500-1600 cm™!
respectively. The C=N stretching frequency in NO.CN is
similar to those observed in cyanogen bromide, (2198.3%)
and cyanogen iodide, (2176.0), both of which exhibit
competing resonance and inductive effects. The N=0O
frequency is lower than generally found, due to the fact
that inductive and rescnance effects will both tend to
weaken this bond. Thus there is some evidence of Ti-
electron delocalisation from the infra-red spectrum. The
central N-C stretch. and the in-plane bending modes'are
strongly coupled and cannot be compared directly with
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similar molecules.

8. Theoretical Calculations.

Molecular properties of nitrosyl cyanide have been calc-
ulated using a standard INDO program and the Atm§12 :
package, which is an ab initio SCF program. There were
two main objectives in this work, the first of which was
to examine the degree of accuracy with which experiment-
ally determined quantities, such as the dipole moment and
quadrupole coupling constants, could be reproduced. The
second region of interest was in calculation of the
potential fuqction for variation of the NCN angle, fixing
the other structural parameters to their experimental
values. The preferred conformations from these calcul-

ations can then be compared with the experimental value.

In the INDO calculations, minimum basis sets were used
throughout. The Atmol calculatiors used a slightly ex~
tended basis set, (minimum basis + 3s orbitals on all
nuclei), to determine the dipocle moment, quadrupole
coupling constants, and the preferred conformation of the
NCN fragment. The dipole moment was calculated on Atmol
adding 3d orbitals aﬁ each nucleus. An error in the
properties program precluaed éalculation of gquadrupole
coupling constants on this basis. Slater type.orbitals,
(STO's), were used in the Atmol calculations with 4
gaussian functions making up each STO for all orbitals

except the 1s and 3d which were comprised of © aund 3

gaussians respectively.

1



The observed and calculated components of the dipole
moment are shown in table 2.17, in which Atmol(+) denotes
inclusion of the 3d orbitals. Note that the signs of the

Table 2.17.

Observed and Calculated Dipole Moment Components, (D).

Experimental INDO Atmol Atmol (+)

Ky +1.241 +0.71%3  +1.380  +1.646
M " 1.365 - 0.725 1.392 T.654

observed values are postulated rather than determined. The
theoretical calculations confirm that the negative pole is
at the cyanide end of the molecule, but give little
indication as to whether it lies above or below the a-axis.
The orientation shown in figure 2.8 still seems most

reasonable.

Table 2.18 shows experimental and calculated values of the
quadrupole coupling constants. The INDO results were calc-
ulated from the p-electron densitiec, assuming a coupling

of 10 MHz for an imbalance of one p-electron on nitrogen.

The Atmol figures were calculatecd difectly from the elec-

tric field gradients. Agreement between observed and

Table 2.18.

Quadrupole Coupling Constants, (MHz).

Y, () ~4,10 -1.96 ~1.45
qibb(1> +1.26 +0.12 +0.06
X, . (2) +1.52 +0.89 +3.671
Ypp, (2) -5.68 -3.81 ~4.12

calculated coupling constants is poor. Only the signs of

the constants are consistent. This is largely due to
45



approximations in the theoretical calculations which
break down near the nucleus. It is well known, for ex-
ample, that Slater type orbitals do not give a good des-

cription of electrons near the nucleus.

Molecular eﬁergies of NO.CN for a range of NCN angles

were computed by INDO and Atmol. Figures 2.12 and 2.13
show the plots of energy against NCN angle. The nminimum
energy in each case shows a deviation from linearity. The
preferred conformation from INDO and Atmol is angle NCN =
1780 and 175.20 respectively, the experimental value being
169057‘. Thus the bend at the carbon could have been pre-
dicted from theoretical calculations. The Atmol calcu-

lation gives reascnable agreement with the observed angle.

Leibovici45 has calculated the preferreld conformation of

the cyanide group in EFE.CN and PFE.CN by CKDO/2 and ex-

tended Huckel (EHT) calculations. The results of his

calculations are compared with the observed values in

table 2.19. The good agreement for the simple extended
Table 2.19.

4

Observed and Calculated XCN Angles in NF2.CN and PF2;CN.
24,26

Observed CNDO/2 EHT
NF,.CN 173.9° 180° 171.4°
PF,.CN 171.2° 180° 170.6°

Huckel trcatment seems to be largely fortuitousQ Nd_con-
clusions on the origin of the tilt of the cyano}group in
these molecules could be made on the basis of these
results. Study of the overlap integrals from the Atmol
calculations shoWs repulsion between the CsNiand N=0 71c~

systems to be a major cause of the bend at the carben.
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Figure 2.12.

Potential Function for Variation of NCN Angle; INDO.
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Figure 2.13.

Potential Function for Variation of NCN Angle; Atmol.
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9. Preparation of NO.CHi sand Isotorically 3ubstituted

Species.

Nitrosyl cyanide was prepared by reaction of nitrosyl

chloride and silver cyanide at -50°C.

NO.Cl gas was condensed onto AgCN at -196°C on the vacuum
line connected to the Stark cell. The reaction vessel was
brought to -50°¢ by immersion in a dry ice / acetone bath
and allowed to react for ca. 15 mianutes. The white silver
cyanide became pale brown in colour, and on immersion in
liquid nitrogen a bright green solid formed cn the walls
of the flask. The gaseous components of the reaction mix-
ture at -50°C were transferred to a two-bulb system where
fractionation was carried out. After the first or second
fractionation, the constituents were recognisable as
yellow nitrosyl chloride and blue nitrosyl cyanide. The
NO.Cl was never completely separated, but ratios of ca.
4:1 NO.CN:NO.C1l were achieved. On admission of a sample
to the absorpticn cell, this ratic decreased quite rapidly
as the NO.CN decomposed. At -7800 the maximum time for
observation of the spectrum of NO.CN was about 30 minutes.
The brown colouration of the AgCN disappeared as the
reaction vessél was allowed to warm up tc room temper-

ature, N02 being given off.

Although NO.CN decomposes rapidly in the Stark cell it may
be stored 5-6 days at room temperature, and for several

months at —2000, in a glass vessel.

MNitrosyl chloride was prepared by careful addition of
aqueous sodium nitrite solution ~0.5g/ml) to concentrated

49



. 4 .
HC1 under nitrogen at rcom temperature. 5 The nitresyl

chloridé was flushed from the reaction vessel by the

nitrogen stream, dried over anhydrous calcium chloride,

and condensed as a cherry-red liquid in a dry ice/acetone

bath. The reaction vessel was warmed to ~80°C to outgas

dissolved NO.Cl and also to distill a 1little HC1l into the

cold trap to react with the small amount of N02 formed

initially. The NO.Cl was finally purified by distillation

on the vacuum line. Silver cyanide was prepared by
addition of AgNO3 to KCN in aqueous solution, the pre-
cipitated AgCN being collected by filtration and dried

under vacuum.

Isotopically-substituted species of NO.CN were prepared

from suitably enriched NO.Cl or AgCN.

Ag ' 2CN and AsCON.

These were obtained using commercial samples of 61.5%

13c—_enriched KCN and 96% '2N-KCN respectively.

yo.ca.
154 . or V5% 11
NO.Cl was prepared from reaction of 97.8% N—haNOa

with HCl as detailed previously.

Nﬂ8

18

0.Cl.

O-enriched NaN02 was prepared by equilibration of
normal NalO, in H, 00 containing a trace of mitric acid.
A soluticn of 0.1 g NaNO, in 0.2 ml 62.5% 'CO-enriched
water with a trace (one drop) of nitric acid was allowed
to equilibrate for three days. This solution was then

reacted with 0.6 ml H2180 saturated with HC1l to give 1 ¢

o

enriched NO.C1l.
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CHAPTER 3.
THE MICROWAVE SPECTRUM OF MALEIMIDE.

1. Intrecduction.

There has been much interest in the conformation of amide
groups; in particular, whether or not the N-hydrogens are
coplanar with the N-C=0 fragment. The amide group is
planar in the resonance form H2%=C<% which would be ex-
pected to make a large contribution to the electronic
configurations of these molecules. Many molecules of this
type, once thought to be planar, have been shown to be
non-planar from the presence of inversion effects in their
microwave spectra. These include urea,1 and the related

2,3 and nitramide.4 There is still

molecules, cyanamide,
some coutroversy over the conformation of formawmide, the
most recent suggestion being that this molecule is

=7

planar.

Maleimide, 1H-pyrrcle-2,5-dione, is an interesting example
of this type of problem. With two equivalent resonance
forms, —§=C—8, and inductive effects of the two carbonyl
groups agjacent to the nitrogen, this molecule would be
expected to be planar or very near prlanar. The object of
this work was %o determine the conformation at the
nitrogen atom by analysis of the microwave spectrum. A
previous attempt to assign and analyse the speétrum was
unsuccessfu1,8 as it is complicated, with a large number
of lines. The vibrational spectra of maleimide and N-
deutero-maleimide have been succes

basis of a C.._ (planar) structure,

av

claimed to te conclusive evidence
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The ground vibrational state microwave spectra of mal-
eimide énd N-deutero-maleimide have been assigned and
rotational'constanfs obtained. These are discussed with
respect to the conformation at the nitrogen. The dipole
moment of maleimide has been determined as 1.65 + 0.0% D

from Stark effect measurements.

2. Observation and Analysis of the Spectrum.

A commercial sample of maleimide was used without further
purification. At room temperature it is a waxy solid with
just sufficient vapour pressure for microwave work. The
sample vapour was drawn through the Stark cell at 35°C,

the pressure in the cell being approximately 0.05 Torr.

The spectrum was predicted from a planar model, parameters

being derived largely from the structurss of pyrroleqo

and
maleic anhydride. | The model is shown in figure 3.1. The

Figure %.1.

Planar Model of Maleimide, Distances in &.




moments of inertia were calculated from this model as;

I, = 71.15 amu 8%, I, = 210.16 amu 1%, I_ = 281.31 amu &%,
giving the following values for the rotational constants;
A = 7103 MHz, B = 2405 ﬁHz, and C = 1797 MHz with K=
-0.7708. The b-axis in this model corresponds to the C2
axis. Spectra were predicted ﬁsing program Asrot by

H. Wenger and A. Bauder, which calculates transition
frequencies and intensities from rotational censtants. A
large number of Q- and R-branch lines were predictéd in

the 18-40 GHz region.

In an initial attempt to assign the spectrum, a line dia-
gram of the stronger predicted lines in K-band was com-
pared with the observed spectrum. However, no obvious
cerrelation was observed. The strongest series in this
region are the Ja(J_2)~J5(J_5>,;(8£J<15}, and Jz( 5 3y~
J4(J_4>, (13¢J¢17), Q-branch lines. Frequencies of these
lines are given by;

v = 22 AER)

log—‘%—;:g + log AE(K).

1]

and hence log v
These G-branch series were plotted as two sets of curves
of log AE(K.) against K between -0.80 and -0.74. Approx-
imate freguencies of observed transitions, thought to
correspond to these series were plotted as log v oﬁ tne
same scale on a strip of graph paper. Keeping the
logAE(<) and logV axes parallel, the strip is displaced
horizontally and vertically until the transitions fall on

~

1 . . .
the Q-branch curves. < This procedure is illustrated

—

schematically in figure 3.2.

For both Q-branch series a fit was obtained for k = -0.7c¢0,
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Figure 3.2.

@-branch Curves.

1
' AE?&%)

K

corresponding tc Agb of 2531 MHz. Determination of these

parameters allowed prediction and assignment of a large
number of Q-branch lines which were then measured. A
Q-branch plot of égg versus k was drawn for some of these
lines. (figure 3.3) The area of intersection is small,
giving improved values of K = -0,75995 and AEQ = 2530.4
MHz.

Intensity fluctuations arising from nuclear statistical
effects are expected in the spectrum, whether or not the
molecule is planar. If the molecule is non-planar to a
small extent, inversion will occur at the nitrogen. The
separate vibrational levels associated with this inversion
transform accerding to the 02V point grcup, and the same |
intensity effects will be observed as in the planar case.”

One pair of fermions, the olefinic protons, are exchanged
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Figure 3.3.

Q-Branch Plot, Maleimide.
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on rotation of 480° about the 02 axis. The ratio of sym-
metric to antisymmetric nuclear spin states is (I+1):I =
3:1. According to Fermi-Dirac statistics the total wave
function must be antisymmetric with respect to 180° rot-
ation about the b--axis. Thus fhe ratio of symmetric to
antisymmetric-rotational energy level populations is.ﬁ:B.
The 1158-1147 transition is expected to be approximately
three times more intense than the 1057—1046. This is
observed, eliminating the small possibility of a rigid

tetrahedral conformation at the nitrogen.

For the purpose of prediction of R-branch lines it was
necessary to assume planarity. The rotational constants
were calculated as;

A = 6816 MHz, B = 2362 MHz, and C = 1754 MHz,

If the molecule is planar, or very near planar, these
constants are determined to approximately 15 1MHz. The
110-221 transition, which was assigned on the basis of its
Stark effect, was found within 2 MHz of its predicted
frequency. Since the frequency of this line is gi&en by
(3A+C), the rotational constants were now obtained in-
dependent of the planarity assumption as;

A = 6815.3 + 1 MHz, B = 2361.9 + 1 MHz, C = 1754.5 + 1 MHz.
Good agreement, (within 2 IMHz), was found between R-branch
frequencies predicted from these constants and those

observed.

It was then a simple matter to predict, assign and measure
the remainder of the ground state spectrum. large number
of lines were not assigned. Some of these were of compar-

able intensity to the stronger ground state lines. There
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was no obvious relationship between the positions of
these lines and the assigned ground state spectrum. The
possible origins of these lines, which remain unassigned,

are discussed in section 3.

Rotational and centrifugal distortion constants of the
ground state spectrum of maleimide were obtained by least
squares, using the programs Asfip and Asfit by Wenger and
Bauder, described in Chapter 2. Tables 3.1 and 3.2 show

the constants obtained from these programs and table 3.3
gives ovserved and calculated line frequencies. The wvalue
of the inertial defect (-0.05138 amu ﬁg) confirms that the
molecule is, or is nearly, planar. In an attempt to clarify
further the conformation at the nitrogen, it was decided

to observe the spectrum of N-deutero maleimide.

N-deutero maleimide was prepared by repeated treatment of
maleimide with D20 at ca. 70°C with successive evaporation
of the liquid. At higher temperatures, hydrolysis took
place. Deuteration was effected to ca. 45%, sufficient for

study of the microwave spectrum.

-

Approximate moments of inertia of the deuterated species
were obtained by calculating the change in the moments of

the model on deuteration using;

a _MAm 2 — _

where x is the distance of the N-hydrogen from the centre
of mass,
M is the molecular weight of the normal épecies,
and Am is ihe change in mass or deuteration.
- These ére added teo the observed moments of the normal
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Table 3.1.

Rotational Constants of Maleimide from Asfip, (MHz).

A 6815.%33 £ 0.0091
B 2361.8584 £  0.0046
c 1754.3191 +  0.0030
Ypaan -0.0112 &+  0.0020
Tobbb -0.00078 +  0.00010
Yoot 0.00099 +  0.00057
¥ obab -0.001%36 +  0.00026
0 | -0.05138 +  0.00072
| | amu ﬁz)
Table 3.2.

Rotational Constants of Maleimide from Asfit, (ITHz).

A 6815.3340  +  0.0091
B 2361.8583  x  0.0045

c 1754.3171 £ 0.0040

Dy 0.000104 x  0.000022
Dig 0.000327 =  0.000098
bK 0.00209 &  0.00062
83 0.0000427 +  0.0000053
ég 0.00025 &  0.00013
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Table 3.3.

Observed and Calculated Transiticn Freguendies{

Transition

0314
*o47215
205016
7077818
Bog=%19

90910110

1107221
310~%23
*137%24
2147625
157726
7167827
292™221
313~%22
217330
215~©0g
©16=707
7177808
818=%09
94g=10
©25-716
8297918

9281019

826-927

10 —1129
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of Maleinide.

(MHz).

010

Vobs

18329.71
21257.90
24203%.90
30412.42
33690.55
5705333
22200. %4
28906.48
21805.85
54425.56
26848.12
29124.83%
27818.44
53386, 11
36172.55
213%66.82
25402.09
29267.15
33003.91
36652.68
21484.59
22142,.81
37071.52
21653.22
34454 75

vZ:alc

18329.88
21258.00
2420%.86
30412, 31
33690, 44
37C53.17
22200.28
28906.68
31805.99
3443%5.68
36848.,21
39124.92
27818.16
32285.74
36172, 74
21%56.79
25402 .04
29267.15
52003.92
26652 .51
21484 .55
22142,86
37071.66
21653.20
34454, 82

62 .

Yo

bs-\’célc
-0.17
-0.10
0.04
0.11
0.11
0.16
0.06
~0.20

-Ooqq“

—0.42
~0.09
~0.09
0.28
0.37
-0.19
0.03%
'0.05
0.00
-0.01
0.17
0.04
~0.05
~0.14
0.02
-0.09

cotd.



Transition

1249—15310

=11

Mo117 M0

13412715211

167025
9197928
725773y
927_956
11591135
239
13291713310
Wty =1t

125407

311
1524315312
60563y
10,4=10g

855-8
936_945
1050=104¢
1 55=My0
1259-12,5
1331071219

-14

4391= %410

15312712411
165,5-16

~17314‘17413

412

515-1u, 14

-19

193167415

Table %.%, cotd.

y’obs

32666.33

32971.63

30576.20
20954.95
28542.38
2043%6.09
1843%.08
18187.92
19139.16
20927.40
25569.50
27001.23
24756.67
29524 .14
31814.97
30848.61
29559.35

1 28031.82

26443,93
25034 ,87%
24058.16
237%5.85
2423%%,53

- 25654.35

28032.67
31326.62
33657.49
39088.42

63

(Y]

vcalc

32566.37
32971.58
30576.27
20954.75
28542.29
20436.14
18433.01
18187.96

19139.26

20927.49
23569.35
27001.21
24756.63
29524.,18
31815.06
30848.61
29559.35
28031.92
26443.85
25054 .82
24058.15
23735.86
24233 .67
25654 . 36
28033.77

31326.49

33657, 64

9088. 34

Vobs™

VEalc

-0.04-
0.05
_0.07
0.20
0.09
-0.05
0.07
-0.04
-0.10
-0.09
-0.05
0.02
0.04
-0.04
~0.09
0.00
0.00
- =0.10
0.08
0.05
0.01
-0.0
~0.09

~-0.04
0.1%
-0.15

0.08
cotd.



Transition

14

7 Tomilng

59

12411=15510
16,442~16544
17433717592
1844418543
y15=19514
204162055

21921516

Table 3.3, cotd.

VBbs

37519.85
35655.18
33655.5%
31762 .30
20251, 34
29384.66
29368.80

- 20341.53

Vcalc

37519.83

35655. 14

. 33655.51

31762.12
20251.57
29384.69
29368.80
30341.47

obs

-V

0.02
" 0.014-

- 0.02

0.18
-0.23
-0.03
1 0.00

- 0.06

calc



Table %.4.

Rotational Constants of N-D Maleimide from Asfip, (MHz).

Q W

Taaaa
Tbbbb
aabb

tabab
(A

6493.809

2361.911

1732.336
-0.0069

-0.00075

0.00005

Table %e5.

+
+

H H H W

H

Rotational Constants of N-D Maleimide

0.011

0.006

0.006

0.0019

0.0001%
0.0008
0.0003%
0.0010

‘amu ﬂe)

from Asfit, (MHz).

Q wWw &

Qo- Nb ;U c..b

O~
<

6493.807

2361.910

1732.333
0.000105
0.00038
0.00094
0.000035
0.00023

K

T

0.011
0.006
0.006
0.000033

'0.00011

0.00069
0.000004

 0.00011



Table 5.6.

Observed and Calculated Transition Fregquencies,

Transition

4ou=515
20506
Bo&=%19
909710110
110-221
21506
16=707
7177808
818=%9
9197 1%10
1041071011
625-716
829918
8367927
1055-115g
1M 440-12g
34127125211
725734
1244
1524113310

12540

1521215312
1621410313
1721517314
1204112310
1 56-140

1259“1248

N-D Maleimide, (IMHz).

Vobs

20740.26
23676.97
53177.08
36528.86
21213.71

21347,92

252770.99
290%2.12
32678.27
36249.,62
29774 .62
22300.14
32646.49
23541 .41
3618%. 64
232043.67
31497.08
18671.45
18863. 37
21195.41
28265. 14
326471, 54
37250, 81
33208.18
25291, 32
23806.47

(SIS}

vbalc

. 20740.3%9

23676.94
33176.87
36528. 89
21213.73
21347.95
25271.00
290%2.17
32678.30
36249, 50
39774 .64
22%00.08
32646.58
23541, 38
36183.73
23043.53
31496.93
18671 .42
18863.37
21195.37
28265.09
3264140
37250.82
3%208.08
25291, 34
23806. 34

v, "\Ealc

obs
-0.13
-0.03
0.21
-0.03
-0.02
~0.03
-0.07
-0.05
~0.03
0.12
-0.02
0.06
~0.09
0.03
-0.09
- 0.14
0.15
0.03
0.00
0.04
0.05
0.14
~0.01
0.10
-0.02
0.13

cotd.



Transition

15310”1549
43194490
15312=15411
16513-16412

V73441793

193161915

-14

1434 0=14, 11

1534315412
12,5125

13,9-135g

48

15441715510
1741317512
u15-19504
20416'20515
~21516

23419722518

417

19514"%13
215621

22517-22616

615

235482517

25500=2%619
26551=26¢20

26¢00=26719

22678.59
22165.08
22464 .65
23704.86
25938.02
33126.59
36332.64
38355.75
36958.98
35527.73
51800.82
28351.43
27418.32
28414 ,35
30500.99
3771%.60
38258.87
34011.71
32711.93
323%0.13%
34940.65
57998.07
37988.75

22678.52
22165.07

. 224€4.67

23704.96
25928.02
33126.62
36332.59
38556.30
56959.04
35527.74
31800.78
28351.37

27418.42

28414 .38
30501.07
37713.64
38258.85
34011.69
32711.88
32520.12
34940.68
37997.94
37988.74

Vbbs

3
Vcalc

0.07
0.0
-0.02
-0.10
0.00
-0.03
0.05
-0.55
-0.06
-0.071
0.04
0.06
-0.10
—0.03‘
-0.08
-0.04
0.02
0.02
0.05
0.01
-0.03
0.13
0.01



species. Hctational constants from these were used to
predict'thé spectra tc an accuracy of ca. 20 lMHz. This
allowed assignment of the Q-branch lines. The valueé of the
rotational constants were refined in a similar manner to
those of the nprmal species. Final values of the rdtation—
al constanfs are shown in tables 3.4 and 3.5. Observed and

calculated transition frequencies are shown in table 3.6.

3. Structure.

On the basis of the comparitively little inertial inform-
ation obtained on maleimide, it is possible to make only
qualitative conclusions concerning the molecular struc-

ture.

Maleimide is clearly a borderline case of planarity. The
best known example of this is formamide. In the first
microwave investigations of this molecule, it was con-
cluded to be planar.5 In a more detailed study by Costain
and Dowling6 it was suggested that the equilibrium pos-~
itions of the amino hydrogens are about 0.15 £ out of the
plane defined by the remainder of the molecule. The basis
of their argument was the behaviour of the inertial defect
on replacement of an N-hydrogen by deuterium. In addition,
each line in the spectrum of every isotopic species studied
was accompanied by a vibrational satellite of anomalously
high intensity. These satellites were assigned to the
first excited state of the NH2 wagging vibration. The
anharmonicity of this vibration was taken as a strong
indication that the molecule is non-planar. Mcre recently,
Hirota et 317 carried out a full structure determinatiocn

on formamide and proposed a planar conformation on the
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basis of assignment and analysis of vibrational spectra
and vibrational satellites in the microwave spectrum. The
minimum of the potential function used to fit the observed
spectra corresponded to the planar structure. However it
remains uncertain whether or not formamide is indeed

planar.

If maleimide is non-planar, the N-H out of plane bending
vibration will be anharmonic, and the effects of this
will be observable in the microwave spéctrum. The
frequency of this vibration was reported9 as 721 cn™

but if it is indeed strongly anharmonic, it is possible
that the measured transition terminates on the V=2 level.
The lowest frequency vibrational transitions measured are
the carbonyl out of plane bending modes, which occur at:
175 cm™ and 300 cm™'. The lower of these two modes will
give rise to lines in the micrbwave spectrun of just

leés than half the intensity, neglecting nuclear statis-
tics, of the ground state lines. This is not sufficiently
intense to account for some of the unassigned lines in
the microwave spectrum. It cannot be assumed, however,
that these lines arise from inversion effects. To
summarise, no effects of inversion at the nitrogén have

been positively identified in the rotational or vibra-

tional spectra of maleimide.

The most direct indication of plararity in a molecule is
provided by the inertial defect. However the fact that

the inertial defect is small or positive does not estab-

13

lish planarity. Cka and Morino have shown that the

planarity of a molecule is most rigourously established
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if the observed inertial defect agrees with that calcul-
ated frbm vibraticnal parameters assuming planarity. Such
a calculation for maleimide would be complex. In addition
to this, the published fit of out of plane vibration
frequencies calculated from force constants to those ob-
served was poor. The out of plane vibrations are partic-
ularly important in ring compounds. For these reasons, no
calculation of the inertial defect of maleimide was
undertaken. However, some evidence on whether or not the
molecule is planar can be obtained by comparison with

related molecules.

In general for a planar molecule, the inertial defect for

the ground vibrational stéte is expected to be positive,
unless one or more out of plane vibrations are of very
low frequency, Planar ring molecules have Severai low
frequency out of plane modes which counteract the con-
tribution from the in-plane modes. These molecules
usually have rather small, positive inertial defects.qq
Inertial defects of some planar ring molecules afe pre-
sented in table 3.7. With the exceptions of maleic
anhydride and maleimide, the negative inertial defects
are caused by low frequency, large amplitude, torsional
vibrations of aryl substituents. In p-fluorostyrené for
example,25 correction for the torsion mode gave an
inertial defect of +0.01 amu 32. The negative value for
maleic anhydride arises from the low frequency ( 173,

- -
275 cn 1 )“6 carbonyl out of plane berding modes. These
vibrations contribute to the negative inertial defect

of maleimide ealso, but to a slightly smaller extent,

A
i

since they occur at higher frequencies, ( 175, 301 cm ).
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Table 3.7.

Inertial Defects of some Planar Ring Molecules.

Molecule A(amu ﬁz) Reference
Benzonitrile +O;O9§ 15
Phenyl
Isocyanide +070777 16
1,2,4 Triazole +0.040 17
Pyridine +0.0%2 18
Pyrazole +0.03159 19
Pyrrole +0.015 20
Maleic '
Anhydride =0.019 21
Phenol -0.0299 22
.. This
Maleimide -0.0514 work
Benzaldehyde - -0.128 23
Nitrosobenzene -0.15 24
p-Fluorosiyrene -0.775 25

It appears that an additional factor is required to ex-
plain the magnitude of the inertial defect of maleimide.
While the presence of inversion would produce this kind
of effect, this cannot be taken as a firm indication of

non-planarity.

The change in the inertial defect on deuteration has been
used as test for planarity.6 This is generally small and
positive (ca. +0.005 amu ﬁz) for planar ring molecules.
The inertial defects of maleimide and N-deutero maleimide
are -0.0514 and -0.0625 amu 32 respectively, a difference
of -0.0111 amu ﬁg. Following the reasoning of Costain and
Dowling,6 this would be taken to suggest a non-planar
structure. However, several lnstances of negative changes
in the inertial defects of planaf ring molecules of this

Il'}/]



order of magnitude have been recorded. For exanple,
deuteration at the 4-position in benzoni’crile/l5 and
phenol22 produces changes from +0.09% to +0.047 amu ﬁg

and -0.0299 to -0.0%55 anmu ﬁz respectively.

Thus, in spite of accurate determination of inertial
defects of the normal and N-deutero species, no definite
conclusions can be made regarding planarity. The simil-
arities in the rotational and vibrational spectra of
maleimide and maleic anhydride favour the planar
structure. Alternatively, the differences in the inertial
defects of maleimide and maleic anhydride, and the change
in A on N-deuteration support a non-planar structure.
Further investigation may resolve this problem. This
would include the assignment and analysis of the remain-

der of the microwave spectrum.

4, Dipole Moment.

Determination of the dipole moment of maleimide presented
some difficulty. The low J, R-branch lines which would
generally be used, are very weak in this spectrum and the

strong Q-branch lines have complex Stark effects.

Two lines were found which, although of fairly high J,
exhibited '0O-1' type Stark effects. These are the 7O7°818
and 956‘945 transitions. Whether the molecule is planar
or not, the/ub Stark effect connections are zero, in the
first instance becausep_c is zero, and in the second
because of inversion tunneling effects. Thus only My
connections are considered. The Stark coefficients were

calculated as detailed in Chapter 2. It was found for
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both transitions that the calculated Stark effect was
more diffuse than that observed. This discrepancy was
traced to non-linearity of the gSJtJt'terms in equation
2.8. with k. Interpolation ir the tables27 at this wvalue
of x introduced a large degree of error. A subroutine was
written for program Asrot which computes second ordet
Stark coefficients directly from the dipole matrix
elements. The Stark effect patterns predicted from these
calculations showed good agreement with those observed.
Table 3.8 lists thelpb282 coefficients and relative

intensities for the Stark components of both lines.

Table 3%.8.

Stark Coefficients, Maleimide.

7077818 936=5
Moy 87 Coefft. ToidriVe %2 Coerrs. FRpinIVE
0  0.74784.107° &4 =0.77641.1077 0
1 0.75095.1077 63 ~0.77602.10™ 1
2 0.76027.107° 60 -0.77485.1077 4
Y3 0.77581.1072 55 -0.77289.1077 9
4 0.79756.1077 48 -0.77017.10™2 16
5  0.82553.107° 39 -0.76666.1077 25
6  0.85971.107° 28 -0.76237.1072 36
9 0.90011.1077 15 -0.75730.107° 49
8 - ~0.75145.1C™2 64
9 - | —0.74482.1072 81
wed.  0,78363.1077 -0.75542.1072

The Stark effects were measured as before, the cell being
calibrated using the J = 1-2 transition of 0C3 (M =

“0.77521 D).28 Figure 3.4 shows the experimental Stark
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Figure 3.4.

Stark Effect Plots, Maleimide.
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effect plots for maleimide. The wvalues of}*b obtained
from the 707_818 and 936-945 transitions are 1.649 and
1.653 D respectively. The uncertainty in these figures
may be estimated from the Stark effect plots giving;-

Pp = 165 = 0.03 D.

This value may be compared with that of maleic anhydride,
5.85 D.21 In both cases the dipole is directed with the
negative pole towards the hetero ring atom, due mainly to
the carbonyl groups. The difference in magnitude of the
dipoles (2.20 D) may be explained by the H-N moment being
oppositely directed to the molecular dipole, and by the
greater tendency of the N-H fragment to assume a small
positive charge. A similar difference (2.50 D) is found

between the dipoles of furan, 0.66 D,29 and pyrrole,
1.84 D,BO oppositely directed.
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CHAFTER 4.
THE EFFECT OF p-HALOGEN SUBSTITUENTS ON THE
AMITE GROUP GECIMETRY OF ANILINE;

THE MICROWAVE SPECTRUM OF ND,-p-FLTUOROANILINE.

2

1. Introduction.

Anilineq and its p-—fluoroz_5 and p—chloro6 derivatives
have been shown to be non-planar from the large ﬁegative
valueé of their inertial defects, the changes in these on
N-deuteration, and the presence of strong vibrational
satellites in their microwave spectra attributable to the

first excited inversion state.

The out of plane angle, @, between the HINH and aryl group
planes, has been found to be in the region 55~45° for
theée molecules, considerably smaller than. the tetra-
hedral value, 54044'. This is due to participatioﬁ of the
nitrogen lone pair in the moclecular M-system. The magni-
tude of this involvement, and hence of the out of plane

angle, is affected by ring substituents via the aryl TT-

]

ystem. Thus determination of @ for a series of related
molecules allows comparison of the bonding of the various

-substituents.

The spectra of NH,-, NED- and ND,-aniline' and p-chloro-
aniline,6 and NE,- and NHD-—p—fluoroani1ineg‘5 have been
studied. The spectrum of normal p-fluorocaniline was

3

analysed by MacNeil2 and the NHD-species by Hastie.

ane

it

Assuming an N-H bond length of 1.00 %, the out of »
angle was obtained4 as 46°22'. However, the spectrum of
the monodeuterated species was re-examined5 in view of

what appeared to be an ancmalously high value of the
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ground state inertial defect, (-0.718 amu K2). Resolution
of the ground state and V=1 lines was achieved for some
of the rotational transitions, and improved rotational
constants were obtained, giving ¢=41°36', whiéh is much
closer to the values reported for aniline (5’7059')/I and

p-chloroaniline (53022').6

The present work on the spectrum of ND2-p—fluoroaniline
was undertaken in order to complete the data for this
series of molecules, thus enabling clecser comparison of

the amire group geometries.

2. Analysis of the Spectrum of NDa-D—Fluoroaniline.

The rotational constants of normal p-fluoroaniline2 and
'the amino-hydrogen coordinates5 were used to calculate

the rotational constants of the NDé—specieé. These are as
follows; A = 5495.0 MHz, B = 1364.1 MHz and C = 1094.9 MHz.
Mg R-branch transitions in the 18-26 GHz region were
calculated from these constants. Lines expected in this

region include the 7-8, 8-9 and 9-10 transitions.

A solution of commercial normal p-fluorcaniline in ether
(ca. 1:7 by volume) was treated with dry HCl gas and the
hydrochloride thus formed was filtered and dried. 1g of
this salt was dissolved in 6 ml of D2O and, after allow-
ing time tov equilibrate, NaOD was added to liberate the
free deuterated base. This was extracted into ether,

dried over MgS(, and distilled on the vacuum line.

ATter first allowing a pressure of approximately 0.1 torr
to stand in the cell for ca. 15 minutes to fill any active
sites for adsorption, the sample vepour was drawn through
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the cell. Initial observation of the spectrum showed the
predominant species to be the NHD-p-fluoroaniline,
indicating that deuteration had not proceeded to the
required extent. Generalliy all three species will ﬁe
present as shown in figure 4.1. The extent of deuteration
in this case was estimated as about 55%. This was found
to be just sufficient for observation.of-the NDe;species.

Figure 4.71.

Concentrations of NH2-, NHD- and NDa-p—Fluoroaniline

with resrvect to Extent of Deuteration.

NH, ND,
NHD
0 50 100

% Deuteration

The spectrum was readily assigned, with all lines being
found within 6 MHz of prediction. Each transition
appeared as a doublet, the components of which correspond
to the ground and first excited inversion states. There
are two stable configurations which may be assumed by the
amino-hydrogens, one on each side of the plane of the
benzene ring. The potential energy function of the
inversion vibration consists of a well, at the bottom of
which there is a barrier. Inversion can occur by a 'tun-
neling' process through the barrier. If the barrier to
inversion is considered to be infinitely high, then the
~lower energy levels are doubly degenerate. However, for

intermediate barriers this degeneracy is lifted, the
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splitting increasing as the barrier decreases. As may be
seen from figure 4.2, this vibration is strongiy an-
harmonic.

Figure 4.2.

Potential Function for Intermediate Barrier.

h
A [.
2 +
1 -
0 +

The separation in energy‘between the ground and first.
"excited inversion states is comparatively small and
consequently differences in intensity between rotational
transitions of these levels due to the Boltzmann dis-
tributicn is small also. The relative intensities of the
two comporents of a doublet will largely depend on
nuclear spin statistical weight effects. There are two
pairs of equivalent hydrogen nuclei and ore pair of
equivalent deuterium nuclei in the molecule. Hence Bose-
Einstein statistics apply, the total wave function being
symmetric with respect to 180° rotation about the a-axis.
The total wave function may be written as a product of
electronic, vibraticnal, rotational and nuclear spin wave
functions thus; .

Prop = Yoty Yorts &)

For n pairs of eguivalent nuclei, the ratio of symmetric

tot

to antisymmetric nuclear spin wave functions is given byj

n, : o, =E|‘|“:(2Ii + 1) + 1] :[ﬁ'(gzi + 1) - q] (4.2)

81



Applying (4.2) to HD2—p-fluoroaniline gives n:n = 1%:11.
Thus from (4.1) and (4.2) the following ratios are-
obtained. For rotational lines with

K_4 even, (V=0):(V=1)

]

13 :11
11:13,

and K_, odd, (V=0):(V=1)
It is possible then, to assigﬁ components of a doublet by

their relative intensities.

All transitions in the observed region of the rotational'v
spectrum could then be assigned and measured. Observed
frequencies were fitted by least squares using program
Asfit described in Chapter 2. It was found that values

for the centrifugal distortioh constants were all smaller .
than their respective standard deviations. The spéctrum
wag accurately described By rigid rotor theory as was
found for p—chloroaniline.6 Table 4.1 gives the measured
and calculated transition frequencies for the ground and
first excited inversion states, and table 4.2 the

respective rotational constants and moments of inertia.

3, Calculation of the NHA-Group Geometry.

The inertial defect of NDg—p—fluoroaniline is consistent
with a non-plsnar configuration at the nitrogen. Since

the moments of inertia of the normal, NHD- and KDy-species’
are now known it is possible to carry out calcplations of

the geometry of the LFH,-group.

To ensure consistency in the moments of inertia of the
three species, the ground state rotational constants of

the NH2- and NHD-specieés were calculated from the same

fitting procedure used for the ND,. These constants and

‘moments of inertia, shown in table 4.3 with those of the
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Table 4.1.

Observed and Calculated Transitiocn Freguencies

Transition

7077808
7197848
7167817
7267827
725~82¢
734835
7537854
7527853
760-853
7617862
808=%c9
8187919
817918
8277928
8267927
8367937
8357936
845946
84495
8547955
855954
8657 %u

O
862=%3

909=1%10

of ND,-p-Fluoroaniline (MHz).

0.

vV =

V

18787.05
18%90.63

19523%.69
20412.36
19878.76

19740.43

19726.62

20965.71
206%7.01
22893.85
21911.52
23076.68
20272.22
22436, 70
22257.10
22264.02

22221.62

22201. 32

231%1.92

vcalc

18786.78
18250.47

19523.60
20411.93
19878.90
19740 . 44
19740.49

18726.20

20965.56
206%6.98
22894 .71
21911.51
25076.62
22272.12
22436.83
22257.16
22264 .38
22221.54

22221.69
22201.27

23131.76

8%

V =

vobs

18788.50
18392,10
20453%,25

19880.14

19741.76

20967. 30
20638.91
22896.29

23077.62

2227%,51
2243%8.10

22223.02

1,

Yealc

18788.53%
18392.12
20453%. 30

19880.07
19744 , 71
19741.76

20967.56
2063%8.86
22896.24

23077.71
22273,54
22438,10

22222.97

2222%.11

231%4,00

contd.




Transition

919710110

9181049
9281029
93771038
P46=1047
93671035
9y5=104¢
95571056
9541055
Ye4~10g5
%63~1064
982~10g3
%81=10g2
997~10g
990-1Cq1

10010-11

1044011

011
111

Table 4,1 contd.

v

Vobs

22371.90
25290.22
24282.07

24754 .29

25027.83
24769.27

24707.63

24679.80

24652.54

24645.01

25294 .61
25096.83%

O'

Vcalc

22872.07
25289. 84
24281.98
2475426
24753.93
25027.86
24769.4%
2470740

24707.87

24679.63
24652.62

24645.45

25294 .60
25097.20
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V =

1.

vobs

22874 ,27

25291.71
2428%.84

24755, 72

25029.08

24709.25

24681.15

25297.18.

25099.52

Vbalc

22874.18

25291.63%
24283%.80
24755.85
24755.48
25029.19 :

247708.97
24709.328

24681.22

25297.06
25099.54




Table 4.2.

Rotational Constants (I"z), and Moments of Inertia

(amu Kg), of ND,-p-Fluoroaniline.

A 5494.14 + 0.9% 5494.99 + 0.39
B 1364.471 & 0.011 1364.544 + 0.005
c 1095.294 + 0.010 1095.404 + 0.004
I, 91.984 91.9703

I, 370.3824 370.3680

I, 461.4067 461.3604

A ~0.9602 : -0.9779

Table 4.3.

Rotational Constants (MHz), and Moments of Inertia

2
(amu &%) of NH,-, NHD- and KD,-p-Fluoroaniline.

p-Fluoroaniline NHD-p-F-aniline ND,-p-F-aniline

A 5594.20 5546.79 5494 .14

B 449,124 1405.033 1264 .471

c 1152.162 1122.731 1095.294
I, 90.3%93 91.1114 91.9846
I 348.7459 359.6898 370.3824
I, 438.6328 450.1310 461.4067
A -0.4524 -0.6702 -0.9602
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NDg—species, are in good agreement with the previous
values.2’5 The magnitude of the inertial defect1and its
behaviour con deuteration are indicative of a planar
FC6H4N fragment with the two amino-hydrogens out of the

plane.

From the moments of inertia of the NH2— and NHD-species,
the amino-hydrogen coordinates are located by Kraitchman's
equations for a non-planar molecule;
a® = —2—’-‘1-(,511)+AIC—AI )[1 :Ag"z‘;ﬂg_gnc] [1+ Aif;AI{?Ib]
M a raT e atob
oo (4.3)
2

The corresponding expressions for b2 and ¢~ are obtained

by cyclic permutation of the subscripts. These coordinates
can also be derived from the moments of inertia of normal
and ND2-p—f1uoroaniline. The a and ¢ conordinates are
obtained by using the parameters A'I, and A'I, (defined
below) in Kraitchman's equations for a planar asymmetric

rotor, where b is found from the relation;

2 1 -
e = A (ALa + AIC - Alb).
A 2
A'Ia = AIa - 2Amb
)
A‘Ic = AIC - 2Anb

where Am = npy - Mye ( |

Coordinates of the amino-hydrogen atoms Irom the two

methods are shown in table &4.4. The a- and b-coordinates
Table 4.4.

Amino-Hydrogen Coordinates, p-Fluoroaniline (K).

a b c
NH/NHD 53,2913 £0.8%15 0.3%380
NH,,/1iD, %,2876 +0.3317 0.3696
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show the éxpected variation arising from zero-point
vibrational effects. However the error in the c-coor-
dinate, and consequently the out of plane angle, is much -
larger. This results from the fact that the (Ala+zﬁb—Alc)v

term in equations 4.3 is very small, ca. 0.2 amu ﬁg.

The c-coordinate may be calculated from the inertial
defects of the NHZ— and NDg—species, taking the a- and b-
coordinates from Kraitchman's equations. The inertial
defect of a planar ring compound is generally about + 0.05
amu Kg, the effects of the in-plane and out of plane

| vibrations almost cancelling. For examples of this see
table %.7. Although there will be a significant negative
contribution from the inversion vibration, the inertial
defect may be written, to a first approximation as;

A=2_2my; + L.LmHyHZ (4.4)
i

The notation for equation 4.4 and the following argument
is defined in figure 4.3. The angle between the plane of

Figure 4.3.

NH,-Group Geometry.

A

J
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the ring and the x-axis, ©, can be expressed as;
2mP
20,y (1)
6 = sin~ ! —E Ll (4.5)
b
where Oy is the mass of the H (or D) atom,

XgsYy are coordinates of the amino-hydrogens rela-
‘tive to the a- and c-axes respectively,
Mg is the mass of the FC6H4N fragment,'xg,yg being

the coordinates of its centre of gravity,
‘ M(—EmH)

2 2
r v -
and Ib = Ib +/U(XH + yH ) where }A = mg—
The y-coordinate of any atom in the plane is given by;
i =Yg - r151n9. |
Squaring both sides and summing over the respective
nuclear masses, one obtains;

;Efmiyja = ngge + Ib'sin2@ (4.6)
i ' .

Combining 4.5 and 4.6,

1 + )

2 2 |1 xg (1 + m "
=my;T = dmgyy |t I (4.7)
i 7/

Thus the c-coordinate (yH) can be found by solution of

equations 4.4 and 4.7.

The out of plane angle, ¢, and the HNH angle may be
obtained if the N-H bond length is taken to be 1.00 1.
This should bte a good estimate as this parameter in
aniline was repor‘ced/I as 1.001 &. The length'of the HNH
bisecteor, 1 in figure 4.3, and the HNH angle are then
easily calculated from the b-coordinate. The distance s
may be expressed as; |

s = (yH - yg) + (XH - xﬁ)tan@,
which allows @ to be calculated from;

. s.5ing’
sin @ = _—
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Since good agreement was found for fhe a- and b-coor-
dinates‘from the NHg/NHD and the HHe/ND2 Kraitchman
calculations, selection of which to use in evaluation of
the c-coordinate is unimportant. The NHg/NDg coorcdinates
were used throughout. The c-coordinates and amino-group
geometries from the NHE- and ND2~species' inertial
defects are presented in table 4.5. These are discussed

Table 4.5.

Amino-Group Geometry, p-Fluorcaniline.

e g HNH
From NH, 0.3213 28059 1129301
From ND, 0.3184 . 42021 112930

in relation to the corresponding parasmeters in aniline
and p-chloroaniline in the next section. The inertial
defect of the FC6H4N fragment was calculated from the
ND2 coordinates as 0.00C6 amu 32, which is good evidence

for its planarity.

4, The Configuration c¢f the Amine Group in Aniline'and

its p-Fluoro- and p-Chloro-Derivatives.

The object of comparison of the amiuno-group geometries in
these molecules was to examine the effects of halogen
substituents on the electronic configuration of the aryl
and amine groups. The spectra of aniline, p-chloroaniline
and their deuterated species were analysed as described
in section 2 to maintain consistency and to resolve the
apparent discrepancy between the reported out of plane
angles from IH,- and Npg—p—chloroaniline, 33922 and

59012' respeotively.b The recalculated rotational con-

‘stants (table 4.6) are in good agreement with the pre-
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Table 4.6.

Rotational Constants (IMHz) and Inertial Desfects (amu ﬁg)

of Aniline and p-Chicroaniline.

A B c A
CgHg-NH, V=0 5617.4 2593.83  1777.04  —-0.4119
V=1 5615.6 2592.24 1776.73  -0.5106
-FHD V=0 5572.0 249%.60 1726.10 -0.58%6
V=1 5569.2 2492.90 1726.28 -0.7166
~-ND, V=0,1 5519.7 2403.75 1679.04 -0.8124
C1C.H,-NH, V=0 5600.4 975.327 831.250 -0.4287
V=1 5598.8 975.131 831.202 -0.5235
_NHD V=0 5554.7 O49.464 811.618 -0.5796
V=1 5551.3  949.409 811.689 -0.6714
-ND, V=0 5503.5 925.387 793.213 -0.8268
V=1 5502.1 925.448 793,310 -0.8921

viously reported wvalues.

Nuclear coordinates from Kraitchman's equations are shown
in table 4.7 and amino-group geometries from the NH2— and
ND,-species' inertial defects in table 4.8. The differ-
ences in the c-coordinates of the Nl,- and ND,-species of
each molecule calculated from the inertial defects are
partly due to the fact that they refer to different axis
systems. The angles may be compared directly, as they are’

independent of the location of the centre of mass.

The out of plane angles of aniline and its p~fluoro- and
p-chloro-derivatives show a marked difference from the

tetrahedral value, indicating significant involvemeﬁt of
the nitrogen lone pair in the T-electron system of each

molecule. The fluorine derivative has a slightly larger

90




Table 4.7.

Nuclear Ccordinates of Aniline, p-Fluoro-

and p-Chloroaniline by Kraitchman's Method (&).

| a b e
Aniline NH,/NHD  2.7800 £0.8355  0.3013
NH,/ND, 2.7770 40.8517  0.3307
p-Fluoroaniline NHQ/NHD 32,2913 +0.8%15 0.3%380
| | NH,/ED, 3.2876 £0.8317  0.3696
p-Chloroaniline NH,/NHD  3.7467 40.8302  0.2793

NH,/ND,  3.7428  0.8309  0.3252

Table 4.8.

Amino-Group Geometries, Aniline, p-Fluoro- & p-Chloro-

Aniline from Inertial Defects.

e(d) g . . HNH
CeHg-TH, 0.3028 . 37923 112034'
~ND, 0.2865 29916
FCH,~NH, 0.3213 38959 112°30"
-ND, 0.3184 42921
C1CH,-NH, 0.3744 37926 112%24
-ND, 0.2985 38909 ! |
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out of plane angle than the other two molecules, which
are equél within experimental error. The uncertainty‘in
@ was estimated as + 2° from the scaﬁter in the values of
the c-coordinates. However, this may be an over-estimate
of the precision cf these angles. For molecules in which
large amplitude Vibrafions occur, rigid rotor theory, and
in particular, application of ground state moments of
inertia to solution of structures, may lead to erroneous
results.7 Interaction between the inversion vibration and
the molecular rotation mekes an appreciable confribution
to the effective rotational constants. Zero-point effects
in this vidbration account for the observed differences
between the NH, and ND2 determinations of @. Information
on the inversion potential function is required before

detailed comparison can be made.

Changes in out of plane angles of substituted anilines
due to ring substituents may be rationalised in terms of
COmpeting.mesomeric and inductive effects. The geometry
of the amine group in anilines is dependent on the extent
of participation of the nitrogen lone pair in the mole-
cular TW-system. Consequently the amino-group configur-
ation will be most affected by the mesomeric interaction
of a ring substituent. Apparently the small mesomeric
interaction of the chlorine, which will tend to increase
@, is counterbalanced by the considerably 1arge; induc-
tive effect which will tend to facilitate electron don-
ation from the nitroszen with resultant decrease in ﬁ; In
p-fluorocaniline the mesomeric interaction is slightly

larger, accounting for the higher value of a.
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CHAPTER 5.
THE MICROWAVE SFECTRUM OF
9-THIABICYCLO[3,3,1] NONA-2,6-DIENE.

1. Introduction.

9-Thiabicyclo{3,5,ﬂ nbna—2,6—diene (I) was prepared from
reaction of (Z,Z)—cis—B,7—dibromocyclo¥octa—1,5-diene
(II) and anhydrous sodium sulphide, as one of a series of
[5,5,@ bicyclic compounds, most of which contained a

hetero-atom bridge.

_-8 — (annoyd)
—— I
I I

The structure I was assigned to the‘broduct of this
reaction on the basis of ivs reduction to the known
9-thiabicyclo [3,3,1] non-2-ene, formation of a single
sulphoxide, and its mass spectrum. In addition, a de- \
tailed computer énalysis of the high resolutiocn n.m.r.
spectrum has been carried out.2 Coasideration of Dreiding
models led to the conclusion that the molecule was likely
" to exist in a boat conformation in which facile ring
flexing could occur. Dihedral angles for various pairs of
protons were calculated from observed coupling constants
using a Karplus-type relationship (Jvicz at+bcos@+ccos28)
These were compared with angles estimated from models of
two possible conformations, one extreme and one inter-
mediate position in the ring twisting vibration. These
conformations are illustrated in figure 5.71. The observed
coupling constant for H(3), H(4x) is +2.0 Hz, giving an

Q4




Figure 5.1.

Conformation of 9-Thiabicyclo[3,3,"] nona-2,6-diene.

S

H(4B) H(3)
()

approximate dihedral angle of 65° or 110° from the
Karplus relation, which is then compared with estimated
angles of 65° and 30° from models (a) and (b) respective-
ly. The other coupling constants are consistent with this
finding'that (a) is the predominant conformation in

solution.2

This microwave invesﬁigation of 9-thiabicyclo[5,5,ﬂ nona-
2,6-diene was undertakecn to supplement the information
from the n.m.r. snalysis. The rotational spectfum has
been analysed and an approximate determination cf ﬁhe
ring flexing vibration frequency has been made frcm
intensity comparisons of excited state lines. A nore
detsiled study, inciuding measurewent of the dipole mom-
ent was precluded by the weakness of the spectrum.
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2. Obzervation and Analysis of the*Spectrum.

9-Thiabicyclo[5,3,1]nona—2,6-diene is a pale yellow waxy
sclid at room temperature, with easiiy sufficient vapour
pressure for observation by microwave spectroscopy. The
pure compcund is stable and crystallises in prisms (m.p.
41—41.500).1 A pressure of approximately 0.2 torr was
allowed to stand in the cell for a few minutes to de-
activate sites for adsofption, before admitting doses

from the vacuunm line.

The  spectrur was predicted from the 02V model shown in
figure 5.2, in which X refers to a hypothetical species

Figure 5.2.

Model for Prediction of Spechtrum.

of mass 1.5 amu, introduced to give a plane of symmetry
to the model. All nuclei, except H(1), H(5) an&_s, occupy
two planes, the angle between which is,ﬂﬂoo. The moments

of inertia and rotational constants obtained are as fol~
| 02

lows; I3 = 282.0, Ib = 322.7, and IC = 335,77 amu &7, and
L = 1792, B = 1566 and C = 1505 MHz. (K = -0.58). The a-

axig i3 that principal exis which, in the model, runs

- . - PRSI 2N £ N\ €. .
1iel Lo a linc conrecting C(3) and C(7). In the

molecule this axis is slightly removed from this position
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due to the absence of the plane of Symmetry. It is not,
however; readily ascertained whch of the b- and c-axes
corresponds to the C, axis, along which must lie the
dipole moment. The model predicts this to be the c-axis,
but due to its inherent approximations, it cannot safely
be used to discriminate between two moments which are
different by only ca. 4%. Conseguently, it is necessary

to predict the spectrum for both possible cases.

Both Mo~ and }%—type spectra were predicted from the
rigid rotor expression; |

v=(+ o)+ BRARK). (5.1)
The spectra are similar, with most of the J = 8;9 trans-
itions being predicted in the 29-32 GHz region in each
case. Figure 5.3 shovs the/wb— and M.-, J = 8-9 trans-
itions as AE(K), taking w as -0.60. The principal differ-
ence betweenr the two predicticﬁs is that there are rather
more lines in the/ub-type spectrum, particularly to low

frequency.

Good correlation was found between the observed, and M, -
predicted patterns. The/ub case was eliminated as several
of its predicted lines were not found in the obhserved
spectrum. 1t was poséible to assign some lines from their -
Mo predictions. To verify these assignments a@d to im-
prove the rotational constants, an R-branch plot was
constructéd. From (5.1) the difference in frequency be-
tween two R-branch lines of the same J 1s given by;

Av = 2L A(AER)).
Using the measured frequencies of éssigned lines, values
of 2% nay be derived for each pair of linc. over sev-
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eral different values of K. Provided the assignments are
correct, plots of 559 against A(AE(K)) for various pairs
of tramsitions will intersect at one point. The R-branch
plot is presented‘iﬁ figure 5.4, the notation for each

line in the plot being explained in table 5.1.

 Tgble 5.1.

Notation for R-branch Plot.

Line Transitions gﬁgggiggze
a (8g0-990) = (894-954) 568.07 Mz
b (851-9g4) = (852-95) 568.69 n
¢ (845-955) - (83¢-Iu¢) 495.70
d (85,-9¢4) - (836-9ug) 1061.51  w
e (B3g-945) = (835-9) 224.84
£ (855-925) - (855-93¢) 513.11

The good intersection of the R-branch plot verifies that
the dipcle moment is on the c-axis. Improved values of
Agg and K were cbtained as 157.45 MHz and -0.6262 resp-
ectively. It was then possible to assign and measure a
large number of R-branch lines. Accurate values of the
rotational constants were found by least squares using
program Asfit, described in Chapter 2. These are;

A = 1848.357 + 0.008, B =1592.288 + C.011 and C =
153%.427 + 0.019 IMHz with K = -0.626139, where the un-
certainties shown are one standard deviation. Centri-
fugal distortion constants were found to be very small
and poorly determined, as would be expected for this type
of molecule. Table 5.2 gives measufed and calculated
transition frequencies‘of 9—thiabicyclo{5,3,ﬂ]nona-2,6-
diene.
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Figure 5.4.

R-Branch Plot.v
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‘Table 5.2.

Observed and Calculated Transition Frequencies

of 9-Thiabicyclo [3,%,1] nona-2,6-diene, (MHz).

Transition

60="70
61771
©51~761
©52-7¢2
©40=750
643753
633743
O34~7uy
©o4="24
©257735
157725
770880
771-8g1
7617891
7627802
750862
7537863
7437853
7yn=8gy
734,=8uy
7357845
7257835
7267836
716™82¢

Vobs

25592.78

25024 .57

24453%,18
24455.98
23848.02
2390C4.28
23171.77
23479.31
22878.01

29289.57
28721.35

28152.16

27574 .42
27563.95
26929.98
27053, 34
26282.55
26702.07
26168.12

Vbalc

25592.83

101

25024.5%
25024.58
28453, 21
24455,98
23848.08
23904 .36
23171.70
23479, 42
22877.98

29289.48

28721.31

28152.05

28152.35
27574.26
2758%.94
26930.00
27053.27
26282.61
26702.06
26168.03

v

-V

obs "calc

-0.05

C.04
-0.01
-0.03

0.00
-0.06
-0.08

0.07
-0.11

0.03

0009

0.04

0.11

- =0.19

0.15
0.01
-0.02
0.07
~0.06
0.07
0.09

contd.




Transition
880990
8g1=991
871791
8n2-9%2
8627972
8637973
853-%3
854-9¢4
8457955
835945
836=%u6
8267936
8277937
8177927

Table 5.2, contd.

Vobs

32986.05

32417.98

31849.29

31277.85
31279.02
20713.21
29992.67
30217.51
29437.00
29950.11
29509.17

0

calc

32986.09

- 32417.99

31849.29

31849.30
31277.82
31279.09
30713.17
29992.63
30217.56
29437.,02
29950.13
29509.19
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0.02
-0.07
0.03
-0.07
0.04
0.04
-0.05
-0.02

- -0.02
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5. General Conclusions,

The microwave spectrum of this molecule is consistent
with the structure I. It is difficult to carry out a more
detailed investigation in view of the weakness of the
spectrum and the size of the moiecule. It is not possible
to distinguish between the conformational isomers (5.1 a)
and (5.1 b) as the two sets of rotational constants will

be very similar in magnitude.

The lack of intensity of spectral lines stems from three
factors; it is a reasonably heavy molecule for microwave
work, with a large number of rofational levels occupied

at ambient temperatures; it has a low dipole moment,
probably around 0.6 D; there is a low frequency vibration,.
several excited states of which are significantly popu-

lated.

An attempt was made to measure the dipole moment. The
problems in measurement of the dipole of maleimide (Chap-
ter 3.4) are encountered again here. Stark effects at J
values greater than 5 tend to be complex and diffuse.
This problem was resolved in the case of maleimide by
measuring 'O-1' type Stark effects of two transitions.

No lines with Stark effects of this kind were found in

this spectrum.

It is evident from the rotational spectrum that there is
one vibration of considerably lower energy than the
others. This is almost certainly the ring flexing vibr-
ation mentioned earlier. Figure 5.5 shows the ground
state line due to the coincident 770“880 and 771”881

transitions, and its vibrational satellites. The differ-
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ences in energy vetween the various vibrational
may be obtalned from their relative intensities
to the Boltzmann distribution, e.g.,

n, :ng = exp(—=— kmE)

The lowest frequency vibration is determined as

cm—q from the A:B and B:C ratios, respectively.
vibrations which have significant excited state

ations (pecks D and E) have energies of 308 and

levels

according

86 and 87
The other
popul-

392 om™ !

relative to the ground state. It is difficult conceive of

another assignment for the low energy vibration

apart

from the ring flexing mode. It seems most likely that the

equilibrium conformation of the molecule is that illustr-

ated in figure 5.1(a). The flexing vibration is

neaxr-

harmonic, and it is unlikely that it will involve ampli-

tudes as large as that suggested by figure 5.1(b).
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CHAPTER 6.
APPLICATION OF MICRCWAVE SFECTROSCOPY
TG ANALYSIS OF DEUTEROPROPENE MIXTURES
FORMED BY HETEROGENEOUS CATALYSIS.

1. Introduction.

Microwave spectroscopy has an important application in

the elucidation of mechanisms of catalytic exchange
reactions by locating deuterium atom positions in reac-
tion products. This technique was first applied by Hirota,
Hironaka and Hirota1 to study the exchange of propene
with DEO on metal catalysts. Use of microwave spectroscopy
in investigation of mechanisms of reactions by heterc-
geneous catalysis has been reviewed by Hirota2 and

3

Tamaxru.

Deuterium has long been utilised as a tracer in mechan-
istic studies of surface-catalysed reactions.2 Initially,
only the total number of deuterium atoms in a reaction

- product was obtalnable from mass spectrometric analysis.
More recently, this technique has been used to lccate
deuterated positions in molecules, but this procedure is
inaccurate due to uncervainties about isotope effects on
fragmentation patterns.4 Infra-red spectroscopy has been
applied to analysis of deuterated olefin mixtures in
conjunction with mass spectrometry, but this is generally
limited to qualitative analysis as there is a high prob-
ability of overlap of key bands.5 Nuclear magnetic reso-
nance has been used in guantitative analysis of catalysis
products (e.g.,>ref. 6) but again, problems of resolution

arise, particularly when a large number of isotopically
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‘related molecules are present.

Because of its high sensitivity and resolution, micfowave
spectroscopy is a powerful ggéhnique for the analysis of
mixtures of deuterated organic molecules. Microwave
spectroscopy has not been widely utilised as an analytical
technigque due to the reguirements of a dipole moment and
a vapour pressure of approximately 10"2 torr, préferably
at ambient or dry ice temperatures. In addition, it is
rather specialised, as spectra are often complicated,

and integrated microwave spectrometers have only recently
become commercially available. However, catalytic exchange
reactions are generally carried out on small molecules to
simplify analysis. Many of these can be studied by micro-

wave Spectroscopy.

Propene is a suitable molecule for mechanistic studies of
catalytic exchange reactions. It is small, which simplifies
analysis, and yet may be adsorbed on surfaces as several
different species. These include allyl anion, allyl rad-
ical, propen-1-yl and propen-é-yl species, and, if there are
hydrogen atoms or protons available on the surface,
carbonium ion, prop-1-yl and prop-2-yl species. A full
analysis of exchanged propenes, locating exactly the
positions of the deuterium atoms combined with a qual-
itative consideration of the catalyst, {(e.g. a basic
catalyst will favour an allyl anion surface substituent)
will give a reasonably precise indication of the reac-

tion mechanism.

Propene has been extensively studied by microwave spectro-

- 9.11 .. /
7= The molecular structure,”q‘ dipole moment7"1
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and the potential function for hindered rotation of the

7,10

methyl group have bteen determined. The structure9 of
propene and the orientation of its dipole moment,l/1

QM = 0.364 = 0.003 D) are shown in figure 6.1. Eacﬁ
propene species has three strong lines in Q-band corres-
ponding to the J = 1=-2 transiﬁions. Assignment of these
spectra is simple, with no significant ovérlap of lines

from the clo—cl«5 species.

Figure 6.1.

The Structure of Propene.
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The substance of this chapter concerns the analysis of
deutercopropene mixtures formed by heterogéneous catalysis
using microwave spectroscopy. The application of micro-
wave spectroscopy to chemical analysis demands consider-
ation of certain theoretical and practical factors. Thes

are discussed in the following sections.
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2. Factors governing line intensities.

For incident microwave radiation of power PO’ the trans-
mitted power P, is given byj

P = P..exp(-¥1 (6.1)

0 rad)
where ¥ is the absorption cocefficient of the transition

and 1__. is the effective path length of radiation in

rad
the cell.

rad<<1’
P = PO(1 - ¥

Since ¥1
1rad)'
In a microwave spectrometer, the change in power is
observed. This is given by;

AP = Pblradx. (6.2)
Thus for a given spectrometer in which the wavelength is
considerably smaller than the cut-off value, the absorbed

power is proportional to the absorption coefficient for

any transition.

The Van Vleck -~ Weisskopf expression for the line shape

of a narrow, pressure-broadened absorption is;

_ 8NeNf 2 2 AV |
g = Bch—l/“ij' v RSN (6.3)

where N is the number of molecules per ml in the cell,

f is the fraction of these molecules in the lower

of the two states involved in the transition,

I)iijlg is the square of the dipole matrix element
summed over three perpendicular directions in
space,

is the resonant freqguency, or, to a good approx-

imation, the centre frequency of the absorption,

&Y is the half width of the line at half maximum

-intensity
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and the other terms have their usual meanings.
The peak absorption of the line lies very close to
vV = V, and is;
: 2
BICNE| 1 -

max ZCKTAY

(6.4)

 This parameter is independent of pressure over a large
range, since both N and AY are proportional to it. In-
quantitative gnalytical work, precise ratios of the
various N values are required. These can be obtained by
comparison of peak intensities (Xmax) only if correctioné
are made for the other variables in equation 6.4. These
are considered below with respect to analysis Sf deutero-

propene mixtures.

f. The fraction of molecules occupying the lower level"
will change upoa deuteration. This fraction may be ex-
pressed as;

£ = f5.1 (6.5)

Eg
(23+1)exp(- ETE)
1?

kT

exp(- ki‘)ﬁq - exp(- g >] "

whidh are, respectively, the rotational and vibrational

components. If %2 >> A, the rotational part may be written;

J
= (2341 )exp(- ETE)./A%QC%T)B (6.6)

This approximation has been reported13 to be reasonably

whe?e fJ

and fv

accurate for T >100 K. Consequently a ratio of the respec-
tive (ABC)% terms for two isotopic species is a good

estimate of the correction required for different rota-
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tional populations of the 101 level, the exponential term
in equation 6.6 being very close to 1 for all isotopic

species.

The vibrational comporent is not so easily taken into
account. Most of the excited vibrational states in each
isotopic species is populated to only a small extent at
195 K. The first excited states of the methyl group
torsion vibration, however, are significantly populated.
No measured freguencies of this vibration are available
for the various deuterated species. To obtain an indic-
ation of the range of ground state populations, the
energy of the first excited state relative to the ground
state was calculated for normal propene and CDz.CH.CHp.
Taking the reported value7 for V3 of 692 cm-q, and using
the harmonic oscillator approximation, 210 and 165 cm-/l
were obtaired reépectively. This gives a difference of
approximately 10% in ground state populations. Because of
the complexity c¢f this calculation for the singly and
doubly deuterated methyl group species, no correction has
been made for these differences. However, the above
results represent the most extreme case, and it is
unlikely, even in such a case, that any imbalance intro-
duced by this approximation will exceed 4% of the-total

mixture.

Vii.f. The dipole moment matrix element may be written as;

2 g
)t’%p . S “
[/L‘i,jlg = T2T s

where }% is the appropriate dipole component, g = a,b,c,

and 8S. . is the transition strehgth.
Jp
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The transition strength will change on deuteration due to
differences in the rotational constants. This change is
small and may be neglected. The change in the dipole com-
ponent arises from the swing of the inertial axes on
deuteration. Since the direction and magnitude of the
dipole moment are known,7’1q this chénge can be evaluated.
The largest change in dipcle component relative to the
normal species is that of d5(1,4,5) propene, the labels
refering to the H positions shown in figure 6.71. The
angle of rotation of the inertial axes between these is
2056', which changes the’ph component from 0.3%360 D to
0.358 D. The change in this component is small because

of the small angle subtended by the dipole to the a-axis.
As the relative change is within the experimental error,
no correction was applied fcr differences in the dipole

moment matrix element.

\Qe. The change in intensity arising from the square of
the resonance frequency is easily taken into account.
This, in most cases, is the largest correction, some-

times greater than 25% between the d, and dz species.

AV . It is not easy to correct for the half-width at half
maximum intensity. Any correction for this, however,
would be expected to be small. As AV tends to be small at
normal working pressﬁres, ca. 0.4 MHz, it is difficult to
measure. A study of several isotopic species in a miﬁture
showed that to within experimental error, the AV values

were the same, and s¢ no corrections have been made for

this.
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Selection of a transition for inteﬁsity measurements is
very imfortant. The microwave spectrum of propene is
complicated by the internal rotation of the methyl group.
The J = 1-2, K_4 =1, lines in the spectrum of the normal
specles are clearly split into two components. This»
splitting is different iﬁ othér isotcpic species; in par-
ticular, it decreases considerably on deuteratioh in the
methyl group. Consequently, these lines are unsuitable
for intensity measurements. The splitting in the 101-202
transition is very small and is not evident at the

pressures used here.

Further justification for use‘of the approximations out-
lined above is obtained from the consistently good agree-
ment between microwave and mass spectrometric analyses.
Table 6.1 shows the correction factors used in the
analyses. The observed intensities of the 101—202 trans-
itions are multiplied by the appropriate correction

factor to give the 'true' intensities.

Certain instrumental and practical considerations must
aléo be made. Specialised eguipment for analytical work
by microwave spectroscopy is generally unnecessary, as
the difficulties encountered are the same, although some- -
what more critical, as those found in more usual appli-

cations.

The Stark spectrometer provides the simplest means of
obtaining good sensitivity, but it has some diszdvantages
in quantitative analysis. Care must be taken that the
responses of the signal amplifiers are linear, that

"reflections in the absorption cell are minimised, and
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Table 6.

1.

Intensity Correction Factors for

Analysis of Deuteropropene !Mixtures.

Species

do

a,(1)
2
(3)
)
(6)

d5(1,2)

“.3)
(1,4)
(1,6)
(2,3)
(2,4)
(2,6)
(3,4)
(3,6)
(4,5)
(4,6)

Factor
1.0000
1.2001
1.2712
1.2034
1.2440
1.1646
1.5218

1.4201

14941
1.3931
1.5167
1.5823
1.4773
1.4620
1.3729
1.5296
1.43282

Correction

Species

d45(1,2,3)
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(1,2,4)
(1,2,6)
(1,3,4)
(1,%,6)
(1,4,5)
(1,4,6)
(2,3,4)
(2,3,6)
(2,4,5)
(2,4,6)
(3,4,5)
(3,4,6)
(4,5,6)

Correction

Factor
1.7841
1.8769
1.7456
1.7371
1.6265
1.8278

1.8508
1.7379
1.9298

1.8155

1.7699
1.6759
1.7513,




that the square-wave modulation voltage has a good wave
form, the voltage being sufficiently high to conpletely
resolve the Stark components. Other precautions include
ensuring that the rate of sweep through a line is slow
enough to avoid distortion of the line shape with result-
ant loss of intensity, and that the microwave power is
sufficiently low to avoid power saturation. The spectro-
meter must be generally stable, as must the temperature

of the absorption cell.

Minimisation of reflections in the cell is particularly
important, as a 10% variation‘iﬁ the transmitted power
with frequency, can produce a 20% variation in the
response of the spectrometer to a given transition.
Reflections are reduced by; placing a ferrite isolator
between the microwave source and the absorption cell;
tapering the Stark septum at both ends; and optimising
the length of taper from the X-band waveguide of the cell

to the %-band source and detector.

Adscrption of gases on surfaces in the cell presents a
serious problem. Because of the small samples used, a very
small amount of material adsorbing or outgassing during
analysis will have a prorounced effect on the results.
There are several means of counteracting this. The cell

is designed in such a way as to minimise adsorption on
surfaces, teflon being used as an insulator. The cell may
be outgassed between analyses by prolonged pumping at an
elevated temperature. This, however, is impractical in

" observation of deuteropropene mixtures at 195 K. In

practice, two batches of thc sample to be analysed are
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allowed into the cell for periods of approximately 15
minutes to rermit any exchénge with the cell walls, pump-
ing out after each. Another batch is then admitted, this
being pumped to a normal working préssure of 0.05 torr.
The remainder of the experimental procedure is detailed

below.

The‘catalytic exchange reactions were carried out bvar.
C.S. John in the University of Edinburgh and the product
mixtures brought to Glasgow for analysis. A selected
sample is frozen in liquid nitrpgen and any air pumped
out on the vacuum line. It is then admitted to the Stark

cell as outlined above.

Recorder pen deflections are maintained in the same order
of magnitude using an attenuator of approximately 10 4B,
and recorder sensitivity gains of 2 and 5 times. The load
on the attenuator varies with the gain setting of the 100
KHZ receiver and, as this 1s generally different for each
analysis, the attenuator must be calibrated using a strong

101-202 transition.

The sweep width for the measurement of each line is con-
stant at approximately 25 MHz. Each region isAswept at a
rate of 0.4 MHz/s using a bandwidth of 10 Hz. A consis-
tent transmitted microwave power level with detector
crystal current of 100 A at the line centre is used.
The Stark voltage required to fully resolve the lines is
1200 V. The receiver gain control, recorder sensitivity
and attenuation are adjusted for good line shape and
almost full scale deflection for the 101—202 transition

of the ﬁoét abundant comporent.
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The dO and dq J = 1-2 transition fréquencies have been
reportea.9 Those of the d2 species were calculated from
the rotational constants given by Hirota and Morino./'/l
The moments of inertia of the d5 species were calculated

9

using the structure of Lide and Christensen” and correct-
ed by the difference between calculated and observed
moments of the normal species. The rotational constants
from these were used to predict the J = 1-2 frequencies

to within about 2 IMHz. The calculated d, and d5 frequen-

cies are shown in table 6.2.

Each line 1s recorded three times to minimise random
error, and more often if these are not consistent. The
101-202 transition of thevmost abundant species is
repeated regularly throughout an analysis to monitor
adsorption on the interior surfaces of the'cell, and any
drift in the phase sensitive détection system. If the
phase control reguires adjustment, the reference line is
recorded at the new setting. Correction for any line
recorded prior to this is made by assuming a constant
rate of drift. This assumption is reliable, as no drift

in phase greater than 10% has been observed.

The intensities of the 101-202 transitions of the wvarious
species are then measured and multiplied by the approp-
riate correction factor, taking account of anj drift in
phase or change in recorder sensitivity or attenuator
setting; The results are then evaluated on a percentage
basis, including in th§ total any d4 and d5 concentratioﬁs

from the mass spectrometric analysis.
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Table 6.2,

Species
a,(1,2)
(1,3)
(1,4)
(1,6)
(2,3)
(2,4)
(2,6)
(3,4)
(3,6)
- (4,5)
(4,8)
d3(1,2,3)
(1,2,4)
(1,2,8)
(1,3,4)
(1,3,6)
(1,4,5)
(1,4,6)
(2,3,4)
(2,3,6)
(2,4,5)
(2,4,6)
(3,4,5)
(3,4,6)
(4,5,6)

191=202
31070.98
32382.78
31475.28
32905.%4
31040.10
30266.61
31632.14
31701.22

33011.92

- 30951.7¢

32169.33
30037.99
29244.,00
30566.91
30527.91
31805.89
29755.55
30940.37
29315.35

20526. 87

2865%.09
29786.77
3005%.80
31141.98

3042%,00

1917292

29958.28
3101%.60

- 30432.72

21391.77
29954.5%
29468, 32
30414, 51
20655.79

3150944
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20224.05
31003%.00
26341.91

. 283%25.97

292%9.81
29378.91
30214.63
28907.79
29672.06
28410.53
29228.24
28016.07
28775.35
29195.99
29871.97
29465 . 44

Calculated Transition Frequencies, d2- and da-Propenes.

1107211

32044 .84
33862.16
3275456
34567.2%
32182.79
31092.80
32928.65
3280%.77
34658.56
31705.19
3341%.08

- 31316.05

30205.75
32005.27
31757 .45
53587.65
30643, 21
52516.18
30261.91
31929,20
29309.09
50854.95
30952.37
32518. 71

51435. 52




3. Example of Mechanistic 3tudies of Catalytic Exchange

Reactions by the Tracer/Microwave Technigue.

Microwave spectral analysis of the products of the
exchange reaction between normal propene and deuterium on
magnesia and rutile showed that exchange proceeded to an
equilibrium distribution between the five terminal posi-
tions, with no deuterium detected at the (6) position.14
The intermediate adsorbed species must be either prop-2-
Y1 or carbonium ion species, or an allyl anion with rapid
double bond shift. From consideration of other reactions
on these catalysts, the allyl anion intermediate, formed
by abstraction of a methyl proton, was selected as most
reasonable in both cases. In an attempt to confirm this
and further elucidate the reaction mechanisms CD2=CH—CH3,
(d2(1,2)propene), was reacted on each catalyst in the

15

absence of gaseous deuterium.

There are several points of interest in the mechanisms of
these reactions. The abstracted proton may be closely
associated with the allyl anion on the surface, giving
rise to an intramolecular double bond shift process, or
there may be a pool of adsorbed protons free to move
about the surface, giving an intermolecular mechanism for
exchange and double bond shift. It is also of interest to
determine whether a kinetic isotope effect operates on

the double bond shift. Three processes must be considered;

D,C=CH-CHy - D,HC-CH=CHj | (1)
- double bond shift (H loss - H gain)
_ 10T 10t
HD,~CH=CH, — 3C;HgD + 3C3H;Dy (2)

- cross exchange (H loss -~ D gain + D loss

H gain)
119 |




HD,C-CH=CH, — H,DC-CH=CHD (3

. - deuterium scrambling (D loss - D gain)
The cross exchange is monitored by mass spectrometry and
when the required extent is achieved, the propene mixture
is condensed and removed for analysis by microwave

spectroscopy.

The results of the microwave analyses are shown in tables
©.% and 6.4, reproduced here for convenience from Appendix
2. As in the appendix, reactions on magnesia at 195 K are
designated M(T), where T is the duration of reactioﬁ in

minutes, and those on rutile at 453 K, T(%).

In Appendix 2 a full discussion of these results in terms
of the reaction mechanisms, kiretics and isotope effects
are presented. Here some qualitative conclusions will be

drawn from the analyses.

It is evident from examination of the d, analyses that,
for both reactions, double bond shift to give CHD2-0H=CI—I2
is by far the fastest process, the ratio of CD2=CH-CH5 to
CHD2—0H=CH2 reaching its statistical value of 1:3% before
appreciable deuterium scrambling took place. This effect
is somewhat less pronounced in the case of rutile. For
the exchange over magnesia, double bond shift is fastest,
cross exchange considerably slower, and deuterium scramb-
ling the slowest. The latter two were reversed in order
for the reaction over rutile. This implies that the inter-
molecular exchange is faster than the intramolecular
process over magnesia, while the reverse is true for

rutile.
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Sample
M(0)
M(4)
M(21)
M(49)
M(76)

M(eo )@

M(s0 )P
(1)
T(5)
T(27)

Sample

M(21)
M(49)
M(76)
M(o0)?
M(=2)®
(5)
T(27)

Microwave Analyses of dE-Propenes.

Table

6.5,

Normalised Deuterium Distribution (%).

(1,2)

100
53,3

28.0
21.2
19.8

9.4
10.0

49.0

25.4
12.5

Microwave Analyses of d,-Propenes.
~

(3,4)+(4
0

46,7

66.4
69.3
65.0
33.4
30.0
51.0
59;1
57.6

Table

,5)  (1,4)+(1,3)

o
0
2.7

4.4

7.3
26.2
%0.0

7.7
23.1

604‘

(2,4)+(2,3)
0
0
2.8
5.3
8.0
31.0
30.0

'7.8
26.8

Normalised Deuterium Distribution (%).

(3,4,5)

48
43
57
14
10
42
19

(1,3,4
+(1,4,5

17
19
23
31
20
20
26

) %2,3,4)
) +(2,4,5)

15
14
17
31
30
11
17

g1;2,4>
+ 17213)' .

19
a4
22
24
30
26
28

a. Sample reacted at 195 K for 85 min ﬁhen 298 K fbr 70

min.

b. Equilibrium distribution for 5 exchangeable hydrogen

atoms.
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Over both catalysts CD,-CH=CH., constituted 50% of the

3 2
initial d5 products, slowly decreasing to an eguilibriun
value of 11%, suggesting that this species is consider-

ably more stable than the other positional isomers, This

provides evidence for a kinetic isotope effect, the effect

being less marked in the exchange over rutile.

This work demonstrates the power of microwave spectro-
scopy as a technique for analysis of catalytic exchange
reaction products, particularly wher a specifically
labelled molecule is used. The postulated exchange
reaction mechanisms14 have been confirmed, and informa;

tion on the adsorbed species obtained.
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