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‘SUMMARY

This thesis investigates the ﬁalidity of the combination
of data from Electron Diffraction and Liquid Crystal Nuclear
Magnetic Resonance Spectroscopy in the structural analysis

of small inorganic molecules.

Electron Diffraction suffers from several major
limitations, which are discussed in detail with specific
examples. These problems can, to a certain extent, be overcome
by the introduction of extra information from alternative
sources. A novel source of such structural data is Liguid
Crystal Nuclear Magnetic Resonance Spectroscopy. The theory
behind this technique, and its practical limitations are

discussed.

The physical significance of the structures derived from
each technigue are different, and the vibrational corrections,

to render them compatible, are considered in depth. |,

A range of compounds containing several N.M.R. active
(spin %) nuclei were prepared, using isotopic enrichment
where required. A series of difluorophosphine pseudohalideé
and difluorophosphine sulphide were investigated by a
combination of the two techniques, and the structures compared
- to previous work and related compounds. The structure of
silyl cyanide was determined from Liquid Crystal N.M.R.
Spectroscopy alone, and compared to that observed in the gas

and solid phases.

The experimental procedures and spectral analysis

techniques are reported in detail and the success of the

combination of data from the two sources critically analysed.
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CHAPTER 1

ELECTRON DIFFRACTION




1.1 Historical Perspective

The first electron diffraction experiments were

designed to_test'the theory propounded by Louis de Broglie(1)

that electrons should exhibit wave-like properties. One

such experiment was performed by Davisson and Germer(z)

~in the Bell Telephone Laboratories, New York, in 1927,

where they studied the scéttering of a beam of electrons
from crygtals of nickel. The resulting pattern showed
striking similarities to that obtained using X-rays

as the incident beam.

Meanwhile in Britain, experiments by Thomson and

Reid (3}

were providing further,verification.of the theory
of wave—particle‘duality. They studied the diffraction
pattern of electron beams of high energy, up to 60 kV,
Passing through thin films of aluminium, gold, platinum -
and celluleid, using a photographic plate as detector.

If electrons are wavelike in nature, then the product

DVP should be constant, where P is the accelerating
potential an§ D the diameter of the observed scattering
ring. The experiment showed that this was in fact the case.

(4)

It is interesting to note in this context that while
G.P. Thomson was to receive the Nobel Prize for proving
that the electron could be treated as a wave, it had
previously been presented to his father{ J.J. Thomson,

for showing that the electron was a particle.



It was using essentially a Thomson-type apparatus

(5) carried out the pioneering gas-

that Mark and Weirl
phase electron diffraction (E.D.) experiments, studying
carbon tetrachloride and a‘ﬁariety of simple di- and
triatomics. E.D. apparatus in use today maintain

basically the same lay-out, but incorporate several

important improvements.

Initially there was scepticism as to the value of
E.D. as a structural technique. The pertinent information
is. superimposed on a structureless background, contributed
by atomic scattering, dependent approximately on the
fourth power of the scattering angle, and beyond the
resolution imposed by conventional photographic detection

(6)

techniques. Trendelenburg copied his diffraction plates

using a rotating heart-shaped sector device to subtract
much of this background, but it was not until Debye(7)
suggested insgrting a similar sector between the scattering
zone and the photographic plate, effectively reducing the
exposure time at smaller scattering angles, that E.D.
emerged as a. viable structural technigue. Alternative

data dollection methbds(s’g), such as the solid state
counting technigques often employed in X-ray crystallography,

have so far proved impractical because of the long data

accumulation times and large amounts of sample required.

Over the years, inconsistencies have been minimised
- with improvements in scattering theory and the consideration
of vibrational effects. High wacuum techniques and the

accuracy of modern methods of tracing the photographic



plates by microdensitometry have increased definition while
powerful computers have simplified the calculations, such
that the structures of molecules with more than fifty

atoms haVe now been.refined(10).

1

Despite certain limitations (see Chapter 1.7),

E.D. retains an advantagerover microwaﬁe specﬁroscopy

by not requiring permanent,diﬁoles or isotopic substitution
for a complete structural determination. Several atoms,
notably fluorine and phosphorus, only possess a single.
isotope, and compounds containing these atoms form a
substantial proportion of those studied in. this thesis.
Thus, in this case, the logical structural technique to

utilise was gas—-phase Electron Diffraction.

‘i;2 ‘Theory

(1)

De Broglie's postulate of wave-~particle duality

bestows on the electron a wavelength corresponding to:

--'E =  :
A= 5 . (1.1)

The kinetic energy of an electron accelerated through a

potential, V, is calculated from:
2 .
imv = eV (1.2)

These combine to give:

A= ol (1.3)
V2 mevV



The high accelerating potential used in the E.D.
experiment, around 50 kV, results in an electron velocity

approaching that of light, and so relativistic cdrrections

must be applied(11).

The total energy of the particle is given by:

W o= MOC2 + eV (1.4)

and from the general equatiOn(12):

Wl - p2c2 = MOZC4 _ (1.5)

The relativistic wavelength can be calculated:

) 1/.2 2.4
P = E/W MOC
_ | 2
= MOCJ[(1 + eV )" -~ 1
M_c?
[o]
> A= h (1.6)
Mc/ (1+ _ev y2 - 1
M _c?
Q

Using an accelerating potential of 50 kV this gives
an electron wavelength of 5.4 pm; about an order of
magnitude less than interatomic separations, the optimum for

observing interference and diffraction effects.

If the electron beam passes through a gaseous
sample of the compound unaer‘investigation, then the total
observed scattered intensity depends on contributions

from atomic and molecular scattering processes, both



elastic and inelastic, coherent and incoherent. The
inelastic scattering(13?, which is practically negligible.

at the electron accelerating potentials used(14), and

the incoherent scattering, arising from double collisions

and extraneocus scattering from residual gas in the chamber
or reflections from the walls of the apparatus, are later

deducted as a smooth background.

The theory of atomic and molecular scattering is based

(15} (16)

on the early work of Rutherford and

Ehrenfest(17). If the scattering from a point charge is

, Debye

considered then the scattered intensity is given by:
o

I (0) = i |£(e)]? (1.7)
R

where 6 is the scattering angle and I° the incident beam

intensity.

The atomic scattering amplitude, £(8), calculated

assuming the first Born approximation(18) is given by:
£ (o) = = 2 E (1.8)
a s
o}

where ao is the Bohr radius, 2 the atomic number and F
the atomic form factor as used in X-ray diffraction.

The convenient parameter, S, is introduced where:

s = %\3 sin (%} (1.9)

which is independent of the apparatus utilised and so

allows comparison of data from diverse sources.
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It has been found that this approximate approach

is not‘valid(19)

number. In this case the scattering amplitude must be

considered as a complex quantity:

£(8) = |f(8)] e

in(®)

(1.10)

Values for this quantity may be calculated using the

partial wave method (20

of the Schroedinger equation(21)

spherically symmetric force field.

or by direct numerical solution

for an electron in a

when considering nuclei of large atomic

Molecular scattering intensities are calculated using

the independent atom approximation

(22)

. If a rigid

molecular structure of N atoms is considered then

combining (1.7) and (1.10) gives:.

N

R? i#J

Ioé
I(s) = = Ifi||fj| cos (n;

Since the period of vibration
several orders of magnitude greater
interaction with the electron, this

averaged over the expectation value

- 17
n.) r...S

of the molecule

is

than the time of

result must be

of the sin term

If a distorted Gaussian distribution of expectation

values is considered(24)

state of a Morse oscillator(zs)

the scattered intensity (1.11) becomes:

(23)

which correspond te the ground

then the equation for

(1.11}



I 1 |£.0|£.]cosin, - n.exp(-tu,.2s%)
I(8) = =5 | ill£5leos(n; - nylexp i3 .
R r,..S
ij 2
sin[{r,, - —=4+ - k,.8%).s] (1.12)
i3 4 i3
ij
where uij2 = mean square amplitude of vibration
rij = mean distance between the atoms i and j
au’
K. . =
ij 6

The Morse anharmonicity, .a, is usually assumed to be

1

200 pm ' for bonded atom pairs, and otherwise zero. The

terms £, and n, have been tabulated by several groups(zs);

(27}

in Edinburgh those of Schafer et al are used.

If the function representing the scattered intensity

is Fourier transformed then the resulting radial

distribution curve(28)

is a. useful visual aid to structure
determination. The position of the reéulting peaks is
dependent on interatomic separation while their shape

(29). In Russia the radial

depends on the. vibrations
distribution curves are used. for direct refinement by a
regularisation method(30), but this apprcach has no
comrades in the west and is inherently less accurate than

conventional analysis.:



1.3 The Edinburgﬁ Apparatus

The Edinburgh University Electron Diffraction
Apparatus (see Figure 1.1) was imported from Cornell
(31 41 1977,

(32)

University

The main chamber is constructed of non-magnetic
stainless steel, aluminium and brass, with lead-glass
viewing windows in strategic positions. An array of rotary

and o0il diffusion pumps maintain the main chamber at a

pressure down to 4.0 x 1077 torr.

The electron gun qonsists of a pointed tungsten
filament from which thermionically emitted electrons
are accelerated through a potential of around 50 kV.
The beam is collimated and focussed by the mechanical
adjustment of two magnetic lenses and beam diameters of

0.3 mm are typical.

The sample under investigation is introduced via an
aluminium nozzle of 0.3 mm internal diameter. This is
aiigned so as to form a stream of molecules perpendiculaf
to the electron beam, which are adsorbed on the activated
carbon coating of a cryogenic pump directly opposite. 'The
nozzle has two positions which effectively correspond to
short and long camera lengths, for observing wide and
narrow angle scattering respectively (see Figure‘1.2).

The focussing and positioning of the electron beam
relative to the inlet nozzle are monitored on a fluorescent

screen incorporated in the camera.
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Figure 1.1 The University of Edinburgh Electron

Diffraction Apparatus
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Between the inlet nozzle and the camera, lies the
rotating sector. This is a heart-shaped device of
accuratély determined shape, which effectively decreases the
exposure at small scattering angles by subtracting a known
function proportional to the fourth power of'the scattering
angle. This ensures that the scattered intensity reaching
the camera only varies over a range that lies well within the

resolution of the photographic emulsion.

The design of the camera is particularly elegant in
its simplicity; it can contain up to ten Kodak Electron
Image plates which are dropped into place in turn under
gravity. This efficient system enables the collection of
sufficient data for a complete.strﬁctural determination

in a single run.

1.4 Experimental Details

The compound under investigation is prepared on a
vacuum line and the purify checked by Infrared-and“
possibly also Nuclear Magnetic Resonance Spectroscopy.
Depending on the scattering power of the sample, around

300 mg are required for a structural determination.

The Electron Diffraction apparatus is pumped down
to a steady state with the camera, containing ten unekposed'

photographic plates, attached.

In order to calibrate each fun, benzene is introduced
for the first two exposures. The structure of benzene is

(33)

accurately known and therefore the exact camera length
and electron wavelength for that particular run can be

precisely determined.
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A tap ampoule, containing the sample frozen down in
liqﬁid nitrogen, is now attached to the inlet of the apparétus
and degassed. Depending upon the volatility of the compound
under study the ampoule is either allowed to warm up to
room temperature or kept cool in an ice or slush bath. The
inlet nozzle is always at room temperature as opposed to some

(34)

Electron Diffraction apparatus which have the facility

to heat the nozzle in order to look at less volatile compounds.

Three sample exposures at the first camera distance
are taken, bracketted around an exposure time calculated based
on previous experience, the releﬁant atomic scattering
factors, the apparent strength of the electron beam and
the increase in pressure in the scattering chamber, as

monitored on an ion gauge, as the sample is introduced.

At this point the inlet nozzle is swivelled into
the second camera distance, the alignment rechecked and a
further three sample, followed by two benzene, plates are

exposed.

The exposed plates are removed from the camera in total
darkness and developed for twelve minutes in Kodak |
D19/D19R developer solution with nitrogen bubble burst
agitation at 20°C, washed for one minute in cold running
water and then fixed for twenty minutes in Kodafix solution.
After thorough washing in cold water, thelplates are immersed
in Kodak Photo-Flo solution and left to dry, they are then

ready to be traced by microdensitometry.
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Table 1.1

Blectron Diffraction Experimental Details

Compound Sample Camera As Smin Weighting Points Correlation Scale
, : ~1 -1 , -1
Temp. /K Height /mm nm © . nm min max nm Factor
PF2CN 273 1000 1 7 17 52 73 0.330 0.928(18)
273 250 4 52 70 230 292 0.475 1.054(22)
PFZNCS 273 285.5 2 20 50 120 146 0.130 0.893(4)
273 128.4 4 . B4 70 280 344 0.058 0.765(10)
PF2NCO 273 285.3 2 20 40 126 146 0.408 0.818(4)
273 128.4 4 60 70 320 344 0.123 0.778(11)
PF2HS 228 999.8 1 : 10 22 62 75 -0.025 0.721(5)
228 500.1 2 28 42 138 156 0.496 0.830(4)
228 250.1 4 72 93 265 300 0.429 0.620{17})
SiH3CN 273 285.4 2 28 34 124 138 0.400 0.769(14)
300 128.4 4 76 100 220 284 -0.150 0.799(19)
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The experimental details for each compound studied in
this thesis are listed in Table 1.1. Compounds where there
aré three camera heights recorded were run in Manchester
prior to the installation of the Edinburgh E.D. apparatus.
In these cases the plates have been retraced by the new
microdensitometry service at Daresbury (see Chapter 1.5).
The maximum and minimum measurements at each camera

distance are denoted by Sm and Smin respectively, with

ax
observations taken at intervals of A s (see Equation 1.9).

W, and W, represent the lower and upper limits of

1
the trapezoidal weighting function, the off-diagonal
elements of which (see Chapter 1.6) are given by the
correlation factor. The scale factor is a term by which

the scattered intensities are scaled to fit the.theoretical

curve.

1.5 Microdensitometry

The image on an exposed Electron Diffraction plate
appears as a set of concentric rings (see Figure 1.3).
In the early days this pattern would be analysed by eye(35),
but the plates have for long now been traced by

microdensitometry.



Figure 1.3 A Typical Benzene Plate (Short)

Until recently at Edinburgh a Jarrell-Ash double

d(36), but this machine

beam spinning microphotometer was use
has now been rendered obsolete with the inaugukation in
1981 of the S.E.R.C. Microdensitometry'se:vice at Daresbury.
Plates are now sent there to be traced on a Joyce-Loebl

Microdensitometer 6(37).

Initially the benzene plates are traced using estimated
values for the elecﬁron wavelength and the short and long
camera distances. These estimates result in scaling errors
in the benzene parameters and the,érecise values can be

calculated from:



. . 2in.139.70 (1.13)
r{C-C)

s - Sin.r('C-C) (1.14)
r(C—C)S

L - ’ I".in.r(C—'C) {(1.15)
' r(C—C)L

where S and L stand for the short and long camera distances
and 139.70 pm is the accepted carbon-carbon bondlength

in benzene(33).

In tracing the sample plates, the corrected electron
wavelength and camera distances, and the approximate co-
ordinates of the centre of the diffraction pattern are
input to a computer. This automatically finds the exact
centre and then controls the microdensitometer's X and Y
drives, measuring the optical density five times at each
of one thousand points spaced equally round a ring of
constant S value (see Equation 1.9). The machine scans
the entire plate at rings with radii increasing corresponding
to integer values of AS. After every five rings are traced,
the density of a fixed region of exposed plate is rechecked to
ensure that there is no drift in the calibration. A final
outer clear unexposed ring is measured as a background to
subtract for the inherent optical density of the

photographic plate.

The output consists of a list of numbers corresponding
to the average optical densities for'each ring. Each

density is measured with an accuracy of #0.002 D, and so
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the mean density of each ring, being measured five

thousand times, has an accuracy of better than #0.0001 D.

'Apart from the‘greatly increased sensitiviﬁy, there
are several major improvements in this system compared with
that used previously. Any flaws_in the diffraction'
pattern caused for example by cracks in the plate or
specks in the photographic emulsiqn can be omitted by the
simple expedient of programming the c¢omputer to ignore a
certain. angular sector of the plate. Secondly,  the
fact that measurements are only taken at the area of
interest, that is at predetermined integral values of AS,
makes it unnecessary to interpolate between points, thus

reducing correlations between observations.

On the inception of the Daresbury service, several
trial experiments were undertaken on benzene plates to
check the effect of possible sources of experiﬁental error
in the tracing procedure. These included false centering
of the plate, missing out sectors of plate, and defocussing
the measuring beaﬁs. The gsignificance of these effects
was calculated and standard operating procedures laid
down which ensure reproducibility of results; It is
now found that differences in the molecular scattering
intensities calculated from separate scans of the same plate,
traced days apart, are an order of magnitude less than
differences between the intensities derived from other plates
of the same compound. This implies that the accuracy of
measurement is now greater than the actual definition of

the photographic plates.
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1.6 Computing

calculations. on the optical densities obtained are
performed on the Edinburgh Regional Computing Centre
I.C.L. 2972 mainframe éomputer. The established data
reduction(Ba) and least squares refinement139) programs
used at Edinburgh were egited to cope with.the new format

of the data arriving from Daresbury. The new programs are

included in Appendix I.

The analysis of the data can be conveniently summarised
by a flow chart (Figure 1.4}. The data arriving from
Daresbury is in the form of optical densities. Corrections
are made for the flatness of the plates and the saturation

of the photographic emulsion (blackness correction), and
the sector function is added back to give the uphill curve,
which contains contfibutions‘from atomic, molecular and
extraneous scattering. The relevant atomic numbers for
the compoﬁnd gnder study are inserted, and using tabulated
scattering factors the theoretical atomic scattering is
calculated and sﬁbtracted, leaving the molecular and
extraneous components. Initial estimated,vaiues for the
independent molecular parameters aée inserted along with
their associated amplitudes of vibration and anharmonicities.
A model program is written to calculate the normal N
co~ordinates of the atoms from these parameters, and a
theoretical molecular scattering curve is calculated.
Assuming that the model is correct, the main difference
between theoretical and experimental scattering curves is
attributable to extraneous scattering (see Chapter 1.7,

which can be approximated by a smooth hand-drawn background.



Figqure 1.4 Flow Diagram Representing the E.D. Refinement
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It was decided to devise. an automatic background
deducting routine using a cubic Spline function
(40)

algorithm'*®) | This technique fits to the data a set of

cubié polynomial arcs joined with continuity of first and
second derivatives at specified knots. By bringing the
knots closer together, increasingly tighter curves can be
accommodated until, with two coincident knots, a second

" derivative discontinuity, or with three, a first derivative

discontinuity can be achieved (for program see Appendix I).

The Spline function is useful in E.D. work since the
data have more significant and.SO'more steeply varying
backgrounds at the extremities of the plates. By
concentrating the knots accordingly a suitable fit can
be accomplished. Care has to be taken that the period of
the background subtracted is such that the corresponding
FPourier transform represents distances smaller than

interatomic separations.

The independent parameters are now refined using the
least squares method, which minimises the R gen factor.
This is derived from the R diag factor, which is defined
as the sum of the squares of the differences between the
points on the theoretical and experimental curves,
divided by the sum of the squares of the points on the

exXxperimental curve.

2
£D (1.16)




This can be represented in matrix form as:

R
_ 'D™WD
Rdiag B I1WI , (1.17)

where W is a diagonal weight matrix, the terms of which
represent a trapezoidal weighting function with central
. values of unity, the upper and lower limits of which are

set prior to refinement (see Table 1.1).

Since the standard deviation derived using the least
squares method is approximately proportional to the inverse
of the square root of the number of observations then, using
a purely diagonal weighting matrix, by increasing the
number of observations the standard deviation can be made
infinitely small. Tﬁis does not allow for the fact that
as the interval between measurements decreaées, the
correlation between adjacent points increases. The R
gen factor allows for this by introducing off-diagonal
terms to the weighting matrix(41}, the values of which
are calcﬁlated from the residuals of the least squares
fit and which are numerically egqual to negative the correlation
factor (when the diagonal terms are unity). Using this
scheme, as the observation interval is decreased, the
correlation. increases to a maximum of one half and the
standard deviation does not approach zero. Totally random
observations have zero correlation, and a negative
correlation is possible if there is substantial noise in the

background.



- 22 -

1.7 Errors and Limitations

An exhaustive review of the possible errors arising

in an E.D. experiment has been procduced by Kuchitsu(42).

The introduction of the new microdensitometry service
at Daresbury has already been shown to minimise the
errors associated with plate tracing, the large number of
readings being taken for several photographic plates

reducing random errors substantially.

In the data reduction program, standard corrections(43)

are applied to allow for the flatness of the plates and

saturation of the photographic. emulsion.

The possible reduction in. the precision of the data
at small and large S-values is allowed for by the use of
the weighting matrix, lending such points less significance
than those in the central region. This effect on
definition at small S-values can arise from dirt in the
sector gap, or poor calibration of its shape. 1In order to
avoid this, the sector, which has been accurately
calibrated using Argon as a standard structure, is kept

scrupulcusly clean.

At large S-values, the effect on definition may be
explained by extraneous scattering arising from unwanted
radiation, electrons scattered from surfaces within the
apparatus (events which may'also create X~-rays},
scattering from residual gas, and double collisions. 1In

Edinburgh these possibilities are minimised as follows:
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the aperturé allowing. the electron beam into the main
chamber is opened briefly to spot the centre of the
plate and then only during data accumulation to minimise
stray electrons; careful alignment of the electron beam
plus a zig-zag chamber wall reduces the chance of
reflections towards the camera; the'use of aluminium
components within the chamber reduces the chance of
secondary emission of X-rays, which is more likely with
heaVier metals; finally, efficient pumping and low
pressﬁreS'limit the extent of scattering from residual

gas and double collision events.

Systematic errors are reduced by using a benzene
calibration every run, which gives accurately determined
electron wavelength and camera lengths. The benzene
refinements also serve to monitor errors in the amplitudes
of vibration. These are caused by point source
approximations in the scattering calculations which do
not allow for the finite cross-sectional area of the
sample and electron beams, or the non-monochromicity of
the latter. The small sample and electron beam widths
attained at Edinburgh help alleviate this problem, as
can be seen by comparing the experimental average benzene
amplitudes with those measured spectroscopically

(Table 1.2).
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Table 1.2 Benzene Amplitudes

£33
E.D. Experimental Average/pm Spectroscopy( )/pm

u(C.C) 44.7 ( 15) 46 .1
u(C.H) 78.5 (" 40) 77.1
u(C...C)m . 57.0 ( 20) 53.9
u(C...C)p 59.0 ( 30) : 57.0
u(C...H)o 97.4 ( 40) 99.4
u(C...H)m 117.5 { 70) 96.0
u(C...H)p 91.6 (110} .92.0

From Table 1.2 it can be seen that the average
experimental amplitudes for bonded distances agree well
with the values determined spectrosceopically, however,
non-bonded amplitudes are less accurate. To allow for these
systematic errors, the estimated standard deviations
~calculated in the least squares refinement are increased
by around fifty percent in the case of angles and
amplitudes, while point one percent of each distance is

added to its uncertainty.

Having allowed for random and systematic errors,
there are still four major problematic areas in arriving
at the. correct structure from electron diffraction data;
heavy atoms, light atoms, shrinkage, and overlapping

peaks in the radial distribution curve.

The inadequacies of early theories of the electron
scattering process led to some anomalous results when

heavy atoms were involved. For instance, the structure of
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showed tWo\peaks corresponding

(44)

uranium hexafluoride
to the U-F bond length in the radial distribution curve,
leading to the conclusion that this molecule surprisingly
had an asymmetric structure. It was later.fouﬁd, however,
that electron scattering factors were‘complex.in nature(19),
leading to this prominent phase shift effect when
considering nuclei with increasingly different atomic
numbers. Tables of complex scattering factors and phase

(27)

shifts have now appreciably overcome this problem.

The presence of compératively light atoms in a
molecule causes an altogether different and more intracﬁable
problem. The areas of the peaks in the radial distribution
curve are proportional to the product of thg atomic numbers
involwved. APeaks involving protons in particular are often

vanishingly sma11(45)

and usually it proves necessary-to
fix proton parameters at "reasonable" wvalues taken from

spectroscopy;

The comparison in Figure 1.5 of the radial distributién
curves of SPFZH and SPFzBr shows this effect distinctly.
The bromine associated peaks are all clearly viéible,
whereas in SPFZH the proton associated peaks are

indiscernible.

Another problem associated with the radial distribution
curve occurs if the separation of a pair of interatomic
distances is small, éaf less than 10 pm for a bonded atom
pair. The corresponding peaks may_then overlap in the

radial distribution curvé€%6}47)

and it may be necessary
to fix some of the parameters concerned at. reasonable values,
measured spectroscopically, or simply guessed based on

exXperience.
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Radial Distribution Curves showing the Light

Atom Effect
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Fiéufé‘i;G Radial Distribuﬁion Cur#és Showing the Overlapping

Peaks Effect
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This problem is qlearly seen in Figure 1.6 in the

case of the fluorophosphine pseudohalides, particularly

PFZNCS, which has three distances covered by one peak
in the radial distribution curve. A previous analysis of
(48)

these structures required the estimation of several
of these parameters which were then fixed during

refinement.

(49), arises from

The other main problem, shrinkage
the fact that a molecule is not a rigid structure, but is
in constant vibrational motion. The period of interaction
of the electron with the molecule is much less than the
vibrational period, and so the electron diffraction pattern
depends upon the expectation. values of the instantaneous
atomic separations over the vibrations. If a linear
triatomic system is considered (Figure 1.7) then it can

be seen that the distance AC is never greater than the sum

of AB plus BC, and is often less.

Figure 1.7 The Shrinkage Effect




Therefore, averaging over vibrations gives:

<AC> < <AB> + <BC>

and so the molecule appears to be bent. In order to allow
for this effect, a detailed.study of the vibrations involved
must be carried out (see Chapter 3). Floppy molecules(so),
that is those with low frequency, high amplitude modes,

are particularly troublesome in this respect.

The many problems associated with a structural
analysis by Electron Diffraction have been to‘a
certain extent alleviated by the inclusion 6f'déta from
8pectrosc0pic gsources, and by combined analysis with
microwave data(51_56). The theories linking the distances
obtained from various sources are considered in Chapter 3

and are generally well established(57)

. However, in
certain cases, further information is still required for
complete structural determination and one possible

extra source is from Liquid Crystal Nuclear Magnetic

Resonance Spectroscopy.



CHAPTER TWO

LIQUID CRYSTAL NUCLEAR MAGNETIC

RESONANCE SPECTROSCOPY
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2.1 Introduction

In 1888 the Austrian botanist, Friedrich Reinitzer,
on synthesising cholesteryl benzoate noticed - a novel
phenomenon(sa); the solid melted at 145°C giving a
turbid liquid, which abruptly cleared at 179°C, a process that
was reversible. The turbid liqdid was found to be

(59), therefore anisotropic, and this

‘birefringent
'mesobhase, lying between the solid and liguid phases,
became known as liguid-crystalline.

Three classes of this mesophase were categorised(so):

nematic, cholesteric and smectic¢ (which has now been
further split into the classes smectic A, B and C). These
differ in the amount of internal ordering and are represented

diagrématically in Figure 2.1.

In structural work, the nematic mesophase,. being the
least ordered and thefefore most fluid, has proved to be the
most useful. The nematic mesophase consists of elongated
'sausage-shaped' molecules, with their long axes
statistically parallel, but without any regular ovefall
ordering of the molecular centres of gravity. This local

ordering along the major axis of the molecule is often

defined by a unit vector known as the director.

There are two theories of ordering in the nematic

(61)

mesophase. The swarm theory postulates the existence

of short-lived clusters of parallel molecules, whereas the
(62)

continuum theory predicts a gradual change of director

orientation as a function of position. Both theories,
however, become egquivalent on the application of an external

constraint such as an electric or magnetic field(63).
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Figure 2.1: Schematic representation of packing in liguid
crystal types.
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If a magnetic field is applied to the liquid crystal,
then each molecule experiences a torgue teﬁding to align the
direction ¢f least diamagnetic‘susceptibility, usually the
major axis, parallel to the field(64). Total alignment
ig achieved at relatiﬁely modest field strengths because
of the co-operative effect of the strong angular correlation
of the directors. It must be noted that although the
directors become aligned to the field, the molecules are
still in fluid thermal'motion(ss).- This alignment of the
liquid crystal changes its transmission and reflection
characteristics for lighﬁ, a property exploited in the

displays of watches and”calculators(ss).

In a normal Nuclear Magnetic Resonance {N.M.R.)
experiment, because‘of‘the rapid rotation of molecules in an
isotropic liquid, certain information is lost. 1In
particular the direct dipole-dipole magnetic interaction,
dependent on molecular geometry, becomes rotationally
averaged to zero. Although this information is no£ lost
in the solid state, the many intermolecular couplings observed
complicate the issue. 1In order to obtain useful
structural information from direct couplings it would be
necessary to constrain individual molecules to align themselves
in the field of the N.M.R. Specﬁrometer.‘ Initial attempts
to achieﬁe.this, which met with limited success, included

(67)

the application of electric fields and the embedding

of molecules in a polymer matrix or even zeolite channels
(69,70}

{(68)

It was not until 1963, when Saupe and Englert first
experimented with liquid crystals as orienting solvents
that the direct couplings from N.M.R. became a viable

source of gtructural information.
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Much research has previously been carried out at

(71) ¢ determine which liquid crystals are

Edinburgh
viable solvents for this sort of experiment. Several
criteria were established: the liquid crystal should
become iscotropic at a temperature where the compounds
under study are not liable to thermal decomposition, they

should have low viscosity to allow the sample to dissolve

and they should be inert to the solute.

'Few liquid crystals were found to satisfy those
requirements. Most pure stable liquid crystals possess
a nematic range at toc high a temperature, while many
of the commercial mixtures, such as Merck Phase V, contéin
azoxy compounds, which have proved reactive with the inorganic

solutes.studied‘here(72).

The most suitable solvents found so far at Edinburgh
have proved to be a range of eutectic mixtures of cyano
biphenyls and terphenyls produced by British Drug Houses and
numbered from E1 upwards(73). These can be represented

by the general formula:

Cyllyyat (O], [] —CaN
z

x=2,12 y=0,1 z=2,3

Initially E8 was mainly used because of the high
orientation parameters ocbtained, but in this work E5 is
preferred for its lower. viscosity and lower nematic-

isotropic transition temperature.
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One trouble with this class of liguid crystals is
that they contain a cyanide group. This may in some cases
interact with the solute molecule and distort the structure.
An associative effect such as this may . be instrumental in

producing the high orientation parameters observed in ES8.

Other groups have noted that the apparent structure of

solute molecules may vary depending upon the choice of

solvent (74782) One group of solvents that are gaining

popularity are the Merck AG ZLI liquid crystéls(83’84),'
especially ZLI 1167 wﬁich orients perpendicular to the aéplied
field and so can be spun. in a conventional spectrometer'
magnet, reducing field inhomogeneities and improving spectral
sharpness. It has now been shown, however, that even these

solvents are not totally inerttss).

Combining data from several liquid crystal solvents has

been shown to increase the precision of structural

(86)

determination , therefore the more suitable liquid

crystals the better - the search continues.



2;2 Theory(js)

Proton N.M.R. spectra of small molecules dissclved in
the nematic mesoﬁhase of. liquid. crystals show a series of
sharp lines superimposed on broad unresolved humps arising
" from the sol#ent itself. This‘backgrouhd can be explained
by the generally large nunber of inequivalent protons in
a typical liquid crystal molecule and the fact that
intermolecular couplings do not average to zero because of
the relative immobility of the molecules with respect to
their immediate neighbours. The. solute molecules, however,
can diffuse as rapidly as in normal isotropic solution, and
retain sufficient mobility to average to zero the inter-
molecular interéctions they experience.

Although the solute molecule is mobile, dispersion

(87,88}

forces tend to orient it relative to the director and

so to the magnetic field. 1In an isotropic solution the
period of rotation is of the order of 10 '% s, but the
molecule in a nematic mesophase experiences an anisotropic
environment'over the N.M.R. experiment timescale of around

1077 s.

This results in the observation of the direct dipole- -
dipole coupling, D, which is norﬁally averaged to zero by
rotation, in addition to the normally observed indirect spin-
spin coupling, J, which is, to a first approximation,

independent of orientation.

Direct couplings contain information on molecular

geometry and the coupling Dij between atoms i and j

can be deriﬁed from the nuclear spin Hamiltonian to give(sg'go):
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=hyiyi /3 cos?0ij = 1 (2.1)
82 rij® : |

Dij =

where 8ij is the angle between the applied magnetic field
and the interatomic‘ﬁector, the interatomic disténce is
denoted. by rij, y is the magnetogyric ratio, and the angle
brackets denote aﬁeraging over. vibrational and molecular

motions.

This can be written as:
Dij = = hyiyj - . .8ij ‘ (2.2)
Cam2os a3 ‘ :
41 rij
where Sij is the degree of orientation of the interatomic

vector and is given by:

$ij = 3 < 3cos®e ij - 1 > (2.3)

817 repreéents a statistical degree of order(91), taking
values from -0.5 to +1.0 corresponding to total alignment

from perpendicular to parallel to the applied field, with

Zero representing a random configuration.

The average orientation of the entire molecule can be

defined(gz) in terms of a 3 x 3 traceless symmetric matrix, S,:

Saa Sab Sac
S = Sab Sbb- Sbc (2.4)

Sac Sbc Scc
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Table 2.1: Non-zero, Endependent alements of the ordering matrix'sas
2a9.8 .- ! :

for groups of interacting nuclei according to point group

symmetTry

Point Group ; SaB
¢, C, szz,<sxx-syy)..sxy, xz Syz.
Car Conr G5 S2z7 Sxx 35y Sxy
sz’ Dé’ 2h Szz"sxx - Syy
é3’ C3h‘ av Szz
C4» C4nr Cay Sr2
C5’ C5h' 5v Szz
CG’ c6h' 6v Szz
th Szz
D24 Sz
D3’ ?3d' 3h Szz
D4’ D4d’ 4h Szz
D5’ l:}5d' 5h szz
Dg» Dgn S22
D°°h Szz
Sy SG Szz
Kh’ 9, O T, Ta all SuB Zero
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This has a maximum of five independent variables

s s and S

aa‘sbb’ Sab’ ac bc
reduced by choosing a Cartesian co-ordinate system to

(s ) , which may be further

cc’

define the atomic positions. such that the maximum number of
interatomic vectors lie along the high order molecular

symmetry axes {see Table 2.1).

The. values of the § matrix elements are given by:

S 3 < 3cosfa cosBf - SaB > {2.3)

ap

o, B.=a, b, ¢

where §_ . is the Kronecker delta (a =8 § = 1; otherwise

g -

§ = 0).
The orientation of any partibular internuclear vector can

be determined from the total orientation matrix, S, using

the general‘relationship between the zz-component of a second

rank tensor, A, and its components Aa in another axis

B
system:

A .= - I cosh cosh .
zZ T oz Bz. :

AuB (2.6)
@,8 = a, b, ¢

where the angle eaz is that between the z and the o axes.

There are now two alternative aﬁproaches‘to the

problem.
Emsley(93) and Lindon use the following approach.
Let l2 = c0528 1 = cosB _cosbd t
o az’ Ltop T ©Os6 ,cOS8,, etc.,

then expanding (2.6} gives:
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_ 2 2 2 ' .
Azz o Aaa rla * ZJlbb}'b ¥ AC(:]"c * 2Aab lab * 2Zzﬁacl}"ﬂ.c +2pbclbc
(2.7)
Now‘add_and subtract. the expression:
AO = %(Aaa + Abb + ACC) . (2.8)
giving:
A=A +A (1372 -1 +ap(pd - b o+
2z o aa'"a 3 bbb 3
Ac(lz-l) + 22,1 +
c o] 3 abab e
{2.9)
from equation (2.5) it can be seen that:
2 _1.213;,2_4 . 2

Similarly it can be shown that:

_.2 :
1, =%S (2.11)

ab ab

Combining (2.10) and (2.11) with (2.9) gives:

_ 2
A,z = By + i(AaaSaa * BbSpp t BoeBec * 2Aabsab
+ZAaC’Sac * ZAbcsbc) (2-121

Since the S matrix has a zero trace,

therefore the term Abbsbb can be written as:

AppSpb T ppSpp t o Hpp (TSocmSaa! (2.13)



Therefore the sum can be expanded to give:

1 e
Aaasaa * BpSpp * Accscc - iAaaSaa * EAaa( Sbb Scc)

-1 -1
* opSeb * 2PbbSaa Sce! * BocSec

. . 1 ’
aa~Spp! (Raa~Ppp!

:-2.-(8
8 (A -da _ -1a )
ccce 2 aa 2Abb
- ls. _-s )a_-a) +3s A
2'%aa "bb aa bb 2 cclce
(2.14)
Combining (2.14) and (2.12) gives:
A =2 +2Xs._-s ya _-a_.) +35_a
ZZ o 3'2'7aa "bb aa Abb 27cgce
+ 2Aabsab + 2Aacsac + ZAchbc) : (2.15)
In the case of dipoclar couplings the tensor A is
traceless, therefore Ao = 0, with the values of its
elements given by equation (2.2):
=hy.v.
a . o= —2Jd <31, % sa8 > (2.16)
T rij

Therefore the final expression for the dipolar coupling is:

‘thY-

= 13 2 _ 1 - .
Dijzz‘ 8ﬁ2r 3 [scc <31, 1> + 3(saa Sbb)
ij
2 2 4
31,7 = 1 =317+ 1 >+ 35, <3l >+ ...
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SN e a1 2 - 1> 4 (55,0412 - 1.2
Dijzz - gn’r .3 cc¢c aa "bb’ ""a b
ij ' :
+ 48 <1 1> + 45, <1 > + 45 <1, >] (2.17)

It must be noted tha£ the off-diagonal terms in this
expansion are a factor of two greater than previously
reported(94). The advantage of using such an expansion is to
remove a redundant.variable to leavé.five unknown

[ S and S

parameters; S aa"Spb’ Sab’ Sac be”

cc’

The equation for direct couplings now used at Edinburgh

is much simpler and has been derived by Diehltgs).
Expanding (2.6) directly leads to:
=hvy, v,
= 173 2 2 2
Pij = 4H2r__3[saal a ¥ Sppltp * Secl ¢ * %Saplap T *Sactac
i3
* Zsbclbc]

(2.18)
Although this expression has six unknowns it can be simply

solved simultaneocusly with

Saa © T Spb " Sce

to reduce the independent variables to five.
2

The amount of structural information obtainable from
a liquid crystal N.M.R. study is dependent upon the number of
couplings observed and the symmetry of the molecule under

study. For instance if a molecule of high symmetry,
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\\
say c3v’ was studied then from Table 2.1 ﬁhere is only one )
unknown orientation. parameter and therefore the observation
of two or more couplings will provide. structural information.
In this case the orientation matrix is easily established,
and. using either expression (2.17) or (2.18), any coupling
can be determined if a structure has been assumed. The
structure may then be refined using a least squares method
to fit the observed and calculated couplings. It has
been shown that both expression (2.i7).and (2.18) lead to

equiValent,structures(72).

2.3 Sample Preparation

Great care has to be taken when preparing sample
tubes to exclude atmospheric moisture which would react with the
unstable inorganic molecules under study. The solvent
(v0.4 ml) is introduced wvia a syringe to a 5 mm N.M.R. tube
in a dry train under a nitrogen atmosphere. The tube is
then transferred to a vacuum line and the solvent degassed
by pumping while repeatedly freezing to liquid N2 temperature

until no further gas is evolved on melting.

A 0.3 mmol portion of sample, whose purity has previously
been checked by infra-red spectroscopy, is introduced to
the line and frozen down into the tube which is then sealed
off and removed using a.glasséblowing torch. The tube is
heated to above the isotropic phase for the liquid crystal
and. vigorously shaken to ensure complete dissolution. The
tube is then ready for study on one of the various N.M.R.

spectrometers available in the Department of Chemiéfry.
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2.4 The N.M.R. Spectrometers. -

A departmental N.M.R;.service is available on _
Bruker WP200 and WH366 spectrometers. These instruments have
superconducting magnets, which produce a field parallel to
the long axis of the N.M.R. tube, allowing spinning of
the sample during data accumulation. This reduces line-

widths in the spectra caused. by magnetic field inhomogeneities.

The 200 MHz instrument was used to obtain silicon-29,
carbon-13 and.protOn.SPectra.and saveral proton decoupling
experiments were also performed. The 360 MHz instrument’
was used for observing normal and proton decoupled

nitrogen-15 spectra.

The majority of the spectra were run on the veteran
Varian Associates XL100  spectrometer which had the
advantage that, being user-operated, it was instantly
accessible. This machine possesses a conventional magnet
therefore the tube remains static during data accumulation
in the nematic mesophase, as spinning would disturb the

orientation of the sample.

Despite its age this spectrometer stiil produced good
spectra and proved particularly useful on adcount of its
extremely stable low temperature control, a feature found
lacking in the more modern machines. The normal liquid N2
reservoir for cooling the stream of nitrogen which contrels
the sampla‘temperature.was replaced by an acetone/co2

slush bath, as extremely low temperatures. were not regquired.
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Fluorine, phosphorus and carbon-13 spectra were
observed on this instrument, and decoupling experiments
involving these nuclei, plus proton, were possible (another
feature lacking in the 200 MHz instrument}. All samples
were run using the built-in external.deuterium lock. It
has; however, now been found that a sealed capillary of
deuteriated solvent added to the liguid crystal solution(gs)
" does not significantly alter the observed parameters, and
any line broadening resulting from increased inhomogeneity
within the sample tube is amply balanced by the increased
resolution obtained by the possibility of shimming up on the

(97)

observed signal . .The Bruker instruments, having inherently

stable magnets, do not.require a lock.

When performing decoupling experiments on the XL100
Spectrometer, difficulty was sometimes experienced finding
the exact position of the peaks to irradiate. This was
mainly because the external lock reference frequency
"drifted from day to day. The expected position of the peak
‘was calculated and the decoupling frequency applied at high
power. If no effect was observed then the decoupling
frequency was. varied in steps.of 100 Hz to either side of the
ripitial irradiation until an effect was observed. The
decoupling power was then decreased and the peak was "homed-
in" upon. By moving the irradiation frequency by the
preﬁiously measured couplings it was possible to determine
which peak had been discovered, and a full set of decoupled

spectra could be run.
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2.5 Experimental Procedures

If the indirect spiﬁ-sPin coupling, J, is normally

. seen, then in é nematic mesophase the coupling observed
will be of magnitude.J + 2D, where D is the direct dipole-
dipole coupling. Howeﬁer, nuclei that .are equivalent in an
isotropic phase may couple in an anisbtropic liguid crystal
' solutiqp.r Extra terms in the coupling'Hamiltonian(gs)
destroy the equivalence and n equivalent nuclei give rise to a

multiplet of n lines with couplings of'3D(99).

In order to determine the wvalue of D, it is first
necessary to measure J (if it is observed). The preferred
method is to take measurements in the isotropic phase of
the chosen 1iqﬁid.crystal solvent, as significant differences
in coupling with change of solvent have been observed(100).
Usually these couplings are assumed to be constant over the
thermal range of the experiment, however, if the couplings
are measured in an isotropic. deuteriated solvent, such as

CDC13, at the same temperatures as in the liquid crystal

solvent, then any variation can be taken into account.

As direct couplings are highly temperature dependent,
great care has to be taken when running nematic spectra.
Compatible spectra are cobtained by ensuring that, when any
two nuclei are observed, the common coupling is of the same
magnitude in each case. In practice this is difficult to
achieve and generally spectra afe run over a small temperature
range and the couplings linearly interpolated to coincide

with previous measurements.
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To obtain structural information, the signs of the
couplings are required. . This is achieved. by performing a
series of double resonance experiments(101), in which a
radio frequency field is applied, perpendicular to the
static field, perturbing the spectrum. If a nucleus A is

being observed while transitions associated with a nucleus

X are irradiated, then the experiment is denoted by A-{X}.

To understand the double resonance experiment, the

spin-spin sublevels within the molecule must be considered.

Figure 2,2

Irradiating at very low powers causes population effects
of the spin levels connected by the irradiation fregquency,
which change the intensities of the observed lines. This
is known as the Overhauser effect. 1If, for example,'the
transition X1 is irradiated, then the populations of the two
levels connected by this transition will be equalised. As
the intensities of lines'A1 and A, are dependent on the
pepulation difference between their upper and lower levéls,

that of A1 will be reduced while that of A2 will be increased.
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At slightly higher irradiating powers, a tickling
effect is observed, which, in addition to the population
effects, splits the relevant resonance lines into two
peaks} caused by guantum mechanical mixing of the sublevels
inﬁolﬁed. In this case if the X, transition is irradiated

then both the A, and A, resonances will be split.

Figure 2.3

1 and A2 do not

ha%e.the same frequency, they differ by the coupling J

In Figure 2.2 the transitions A

AX"®

If JAX is positive then the two middle -states, aB and Ra,
of.opposite.séin, will have a lower-average energy than in
the uncoupled case. This means that the Az transition will
be of higher frequency than the A1 transition and similarly
X2 will be higher than X1. For a. negative JAX the reverse
is. true. In the simple AX spectra, there is no visible
distinction between these two cases and only the magnitude of
the coupling, not its sign, can be determined. However,

for a spin system with three or more sets of spins coupled

together, the relative. signs can be determined.



Figure 2.4

b

Figure 2.4 represents a simple three spin system,

‘MAX. This will give the following observed A and X

spectra:

Figure 2.5

Irs%
o
o

AM
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If J is positive then, as before, the M(a)A(B)

AM
and M(R)A(c) spin states will have a lower average energy
than in an uncoupled case. . This means that transitions
A, and A, will have a higher frequency than A, and A,
The opposite is true if JAM is negative.: The same

argument applies for the effect of the sign of JMX'

Now consider an A{X} experiment. If the
X spectrum is irradiated at the high frequency pair of
transitions then two possible effects are observed

in the A spectrum.

'Figufe'z.s

(a)

N

A{X}

(b)

In the case of Figure 2.6(a), the irradiation of
the high frequency transitions of the X spectrum have
caused an effect on the high frequency transitions of the

A spectrum. If JMX is negative, then X.I and X2 transitions

have been irradiated, affecting the A1 and A2 transitions

and showing J to be negative. Similarly if Jux is

AX

positive then sc must be J In either case for Figure

AX®

and J are the same.

2.6 i
(a) the signs of J X

AX
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In the second possibility, Figure 2.6(b), the
same argument shows that the signs of Jam and JMx must
be opposiﬁg.

In %eneral when considering more complicated spin
systems, if tﬁe tickling irradiation is moved to a higher
frequency transition and the efféct also moves to a
higher frequency then the couplings involved are ¢of the
same sign, while conversely if the effect moves in the
opposite direction the couplings involved are of opposite
sign.

The couplings related by decoupling experiments are

(102)

in fact the reduced coupling constants , K, where:

= hy,y
_ A'X

where Y is ‘the magnetogyric ratio for nucleus A.

It is convenient to consider the quantity:

K, = Ya Vb (2.20)
2T

which has been listed for several nuclei in Table 2.2.
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Table 2.2
o ‘YA/hl
Nucleus K = =
S -
g 1346.574
13¢ 87.140
TS5y ~35.125
g 326.054
2931 -68.849
*p | 140.304

It must be noted that in the case of couplings
invelving 15N or 2981, which have negative magnetogyric
ratios, the signs of the reduced couplings as derived from
the double resonance experiment ére opposite to the signé

required.

The double resonance method can only determine the
relative signs of the couplings, noﬁ their absolute wvalues.
These must be determined by comparison with a coupling
of previously known sign; the indirect PF coupling, for
example, is known to be always large and negative(103'104)

and it can be assumed that the anisotropic coupling,

J + 2D, is also negative.
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2.6 Errors and Limitations

The errors and limitations of liquid crystal N.M.R.
Specﬁroscopy as a structural technique fall into three
broad éategories; the initial constraints imposed by the
choice of molecule and its compétibility to study by N.M.R.
spectroscopy, accuracy of coupling measurement, and

solvent-solute effects and interactions.

The N.M.R. technique is mainly limited to observing
molecules containing naturally high abundances of
spin % nuclei. Of the nuclei observed in this work,
proton, fluorine and phosphorus can be observed directly,
while isotopic enrichment techniques are required to obtain
good spectra from carbon-13 and nitrogen-15. Useful silicon=-29
spectra proﬁed difficult to obtain because of the long

data accumulation times required.

In order to obtain useful structural information from
a molecule, it must be possible to observe more couplings
than the number of parameters required to define the
orientation (see Table 2.1). This limits the number of
suitable molecules to those with high symmetry which require
fewer orientation parameters, or those with many spin %
nuclei(105). In the latter case the spectra will be second
order and exceedingly complex, however, there are spectral

(106,107)

analysis computer packages available which facilitate

their interpretation. 1In order to simplify the line assignment

process, extra information may be obtained by studying

(108) or from the natural abundance

(109)

deuteriated samples

, Or by spinning
(110)

carbon-13 and nitrogen-15 satellites

at the magic angle to give first order spectra
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The accuracy of determination of the direct couplings

depends on several factors. 1Initially the indirect J coupling

must be determined. This can not be directly measured in
the anisotropic nematic.mesophase. and must be estimated from
isotropic measurements, preferably in the chosen liquid
crystal sol&ent. Howefer, in proton and carbon-13 isotropic
spectra the peaks corresponding to the liquid crystal itself
caﬁ obscure the solute peaks and couplings measured in

other solvents may be required. In general the procedures .
for minimising errors from this source are detailed in
Chapter 2.5 and the accuracy of J determination is estimated

at around *0.5 Hz.

Nematic spectra are expected to be broader than in the
isotropic case because in a viscous liquid the spin-spin

relaxation time is reduced, increasing the linewidth.

The further broadening of lines at the extremities of spectra

(111,112) and concentration

has been ascribed to temperature

inhomogeneities within the sample tube.

The effect may be minimised by running the experiments
at room temperature, and so ensuking thermai equilibrium and
stability. At low temperatures a thermal gradient is set
up by the cooling stream of nitrogen flowing up past the
sample tube, and successive spectra of different nuclei may
require linear interpolation of the couplings, which do not

necessarily vary linearly with temperature. These problems

do not arise with room temperature runs, which alsoc allow the

long accumulation times needed to observe nuclei like

silicon-29.

=
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It has been found that if the sample tube is removed
just prior to data accumulation and shaken vigorously,
maximising the dissolution of the sample and minimising
concentration inhomogeneities, linewidths can be reduced

dramatically(72).

Careful experimental procedure allows the observation

of couplings to the following accuracies:

Table 2.3 Accuracy of Coupling Determination in the

Nematic Mesophase

Nucleus . Estimated Error/Hz
Proton 0.2
Fluorine 0.5
Phosphorus 0.7
Carbon-13 1.0
Nitrogen-15 | 1.0 .
Silicop—29' 1.5

- Vibrational effects are generally greater than the
estimated observation uncertainties, and are discussed

in detail in Chapter 3.

The other main limitation to structural determination
from L.C. N.M.R. are solvent-solute effects in the oriented
environment. The liquid crystal may interact with the
solute by dispersion forces, dipole moments, steric effects
and specific interactions, any of which may, in principle,

affect_the,structure(113). These effects are minimised
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by the choice of an inert liquid crystal as solvent (which

has been discussed in Chapter 2.1). Discrepancies
between structures derived from L.C. N.M.R. and Electron
Diffraction or Microwave Spectroscopy have also been

explained by a two-site theory!''4)

. This proposes that
the solute molecule can undergo rapid exchange between at
least two sites of opposite ordering, and so result in a

misleading average orientation being observed.

The most popular postulated cause for structural

discrepancies is, however, anisotropy in the indirect J

Coupling(115”118). Theoretical calculations(119'120)

(121-123)

and
experimental‘evidence suggest that this effect is
negligible for proton couplings, but not necessarily so for
heaﬁier nuclei. The magnitude cof J anisotropies have been
estimated from the difference between observed and éalculated
difect couplings when they are constrained to conform to

a known Qeometry(124). This approach is far from
satisfactory as it has already been shown that the structure
may change in the nematic mesophase. Recently the
anisotropy of the indirect FF and CF couplings have been

measured in meta-difluorobenzene(125)

. This structﬁre can
be completely determined from the proton spectrum and
therefore differences between the observed and calculated
fluorine spectrum are directly attributable to anisotropy of
the indirect couplings. The magnitude of this effect was
seen to be around 2-3 per cent for the FF coupling, and

even greater for the. CF coupling. This is therefore equally

as important a consideration as vibrational effects.
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" CHAPTER THREE

VIBRATIONAL CORRECTIONS
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"3;1 Introduction

The limitations of Electron Diffraction as a structural
technique have been discusséd‘in Chapter One, where it |
was noted that data from other sources could add to the
precision of refined structures. In this work additional
data from Liquid Crystal N.M.R. Spectroscopy and Microwave
Spectroscopy have been-used to complément those from
Electron Diffraction alone. The problem with such combined
analyses is one of compatibility; the operational
definition of bondlength being different for each
structural technique. It is therefore necessary to understand
the physical significance of the experimentally observed

parameters in each case.

In each technique the effects of molecular vibrations
are averaged differently during data accumulation and these
have to be quanﬁified,before combined analysis is possible.
In general complete vibrational correction to give the
equilibrium structure is difficult owing to the lack of
precision in evaiuating the anharmonic cohtributions;
However, using a set of simple relationships, harmonic
corrections can lead to self-consistent structures which

are compatible for wvarious techniques.
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3.2 The Equilibrium Structure

The most fundamental definition ofrinteratomic
distance parameters is the equilibrium r, structure, in
which all the intramolecular modes are assumed frozen at
the minima of their respective potential energy curves.

The equilibrium structure is that-obtained from
ab initio wave function calculations(TZG). It is, however,
physically a purely hypothetical structure because even
at a temperature of absolute zero molecules will still
undergo zero-point vibrations. Its main use is as a constant
standard structure to which internuclear parameters measured

by any of the host of,aﬁailable structural techniques may

be compared and related by allowing for vibrational effects.

The definition of the equilibrium structure is
dependent on the concept of an intramolecular potential energy
surface, which arises from consideration of the Born-
Oppenheimer approximafion(127). This assumes that, since
the kinetic energy of the electrons in a bond is several
orders of magnitude greater than that of the nuclei invelved,
then their respective contributions to the total energy
of the system may be independently considered. The
Vibrations of the nuclei can therefore be shown to occur

within the constraints of an isotopically invariant

electronic potential surface.

It has been found that although the. vibrational energy
levels are dependent on nuclear mass, the effect on inter-

nuclear separations is negligible(128)

and the equilibrium
structure can be considered isotopically invariant. The
validity of the Born-Oppenheimer approximation is therefore

assumed in most structural work.
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3.3 Electron Diffraction

The Electron Diffraction experiment leads to a
set of distance parameters known as the r, structure. This
is derived from the centre of gravity of the peaks in the
radial distribution curve fsee Chapter 1.2} given by
P(r)/r. If vibrational averaging is denoted by angle

brackets then:
r = < r .-1 > 1 (3.1)

where rij is the instantaneous separation of atoms i and jJ.

Interatomic stretching vibrations are usually
considered as classical Morse oScillations, since the Mcrse
function (3.2) has been shown to be a reasonable

approximation to interatomic potential energy curves(129’130).

Vir,.) = D {1 -expl-a(r,; -r)1}? = = (3.2)

ij ]
If the vibration has a mean square parallel amplitude
of u2,lthen the probkability distribution for the bond-
length can be derived from the groundsitate wave function

to give:

: 1 4 ax x2
P(r} = (—;—7TJ (1 +ax + &5} exp =5 (3.3)
Ta 6u 2u

where x ='r - r_.

e
. . . . (24,131) .
Suitable averaging of this expression leads to:
2
r o= r o+ 333 _ W (3.4)
a e
2 r
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In practice the Morse anharmonicity constant,a,is

1

assumed to be 200 pm ' for bonded,and zero for non-

bonded distances,and the experimentally measured ry is
used as the denominator instead of ry in the third term,

as a good approximation.

A simple conversion is often made to give the rg

structure where:
r
The rg structure now differs from the equilibrium structure

by only ocne term:

_ " 3au :
ry = r, + " (3.6)

The Ty structure represents the instantaneous separation
of a pair of atoms averaged over a Boltzmann distfibution of
the available molecular vibration energy levéls, that is
rg = <r>, therefore:

r = <bx®> o+ <ay?> o+ (r, + <Az>)? (3.7)

g

where the angle brackets represent vibrational averaging.

Expanding (3.7) as a binomial series gives:

2
+ Or

2
r = x4 <Az> + {<Ax } + <Ay ©>)
g 2re

where §r is a negligible term associated with centrifugal

stretching(132).

Therefore to a good approximation rg can be

aexpressed as:

r = r + <Az> + K ' (3.8)
g e ‘
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i

L

(Bx2> + <hy>)
2r '
e

where K =

The r and r_ structures exhibit an effect known as
shrinkage (see Chapter /1.7). If a linear triatomic XY2Z
is considered then the shrinkage effect,Gg , may be

calculated from equation 3.8, giving:

= YZ - Z
Gg rg(XY) + rg( ) rg(X )
In this case the <Az$ terms will cancel to give(]33):
§ = K(XY) + K(YZ) - K(X2) (3.9)

9

This approach can be extended for non-linear poly-
atomics, and shows that only harmonic perpendicular amplitude
corrections are required to allow for the shrinkage effect

and for conversion to a self-consistent structure such as the

r, structure(134) which is given by:

Ty = Tg T K (3.10)
Therefore:

r, = I, + <bz> : {(3.11)

The r, structure represents the average projection of
the instantaneous internuclear separation onto the equilibrium
axis. Although it only differs from the equilibrium structure
by one term this depends on anharmonic contributions to the

vibrational corrections which are difficult to evaluate with

much precision(zz). Although there have been recent attempts to

aftain the equilibrium structure(135_138), the T, structure

which depends only on harmonic vibrational corrections(139)
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is still most useful for combined analysis work.

Problems still arise, however, with floppy molecules.
The structural effects.of low frequency, high amplitude
bending modes are only poorly approximated by a harﬁonic
rectilinear co-ordinate énalysis. The consideration of

(140) is more

these modes in curvilinear co-ordinates
realistic, however,.the theory and calculations are
extremely complex and so far have only been extended to

study triatomic systems.

3.4 Liguid Crystal N.M.R.

Nuclear Magnet;c Rescnance spectra of molecules
oriented in the nematic phase of a liquid crystal solvent
lead tb the observation of the direct dipole-dipole
couplings. These couplings are inversely prdportional to the

cube of the internuclear separation and therefore:

‘ 1 7 _1/3 |
r = AL S (3.12)
d <]:.'3;>
i)l
Expanding as a binomial series as. before (see eqﬁation
3.7) gives:
2 2 2
rd = re + <Az> + Bx”> + <Ay 2 = 4§AZ 2 ‘ {(3.13)

2r 2
e

The application of vibrational corrections is however
not as simple as this, as the D couplings are affected
by the anisotropic molecular motion as well as by

vibrational nuclear motion(141’142).
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The co-operative nature of vibrational and-

(143,144)

rotational motion leads Burnell and de Lange to

suggest that they mﬁst be considered inter-dependent, but
then corrections become increasingly cdmplicated. The
differences between the correlation times for molecular
reorientation motion of around 10_9 s and for vibrational

13 ¢ indicate that they can be treated

(145)

motion of around 10

as practically independent motions

It was shown in Chapter 2.3 that the orientation of
the meclecule could be described by an orientation matrix,

S, the elements of which are given by:

SaB = 4+ (3 cosaecosse - 6a8) (3.14)
The direct D couplings are then defined as:
=K, .
D,. = —=J I cos 8cos,65 (3.15)
ij 3 B o B "aB
where o, = X, Y, Z.

It is a general rule that the sum of the products of
the elements of two matrices A and B is equivalent to the
trace of the matrix product AB1. In this case the S
orientation matrix is symmetric therefore S = S-I and

equation (3.15) can be rewritten as:

= . i3
Dij Kij Tr({sd ) (3.16)
where
ij ij
oid o o = Tg
aR 5
- r,.
1]
v

where the angle brackets represent averaging over

vibrational motion.
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If the interatomic separation r is considered as
r = R+ A (3.17)

where A is the instantaneous excursion of r from the

equilibrium value R, then expanding ¢ in powers of the

components of A leads to(146):
¢ = @e + Qharm +-®anharm higher terms {3.18)
where
_R'RB . .COos5_6 cosBB
o, = = = s : (3.19)
R R _
and
@harm ='[Ca8 - 5-$ cosYe(CaYcosBB + Ceycosae)
+ Ecos fcos 0. C . {7cos Bcos .6 - § )]/R5
2 o B8 w; y3$ Y 8 Y4
(3.20)
where ao,8,v,8 = X, ¥, Z and Gyﬁ is the Kronecker delta.
The covariance matrices, C, are defined as:
CuB = <AuAB> v _ (3.27)

Similarly to the Elecﬁron Diffraction case, because of the
difficulties involvéd in the evaluation of anharmonic
effects, only the harmonic contribution will be considered.
Correcting for harmonic vibrations leads to the ra.

structure(147)

which is eguivalent to that obtained from
Electron Diffraction if the temperatures of the experiments

are the same.
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'3;5 Microwave Spectroscopy

The microwave experiment leads to a structure derived

from the rotational constant(148):
B = —2 (3.22)
2
877ur A

If a simple diatomic molecule is considered then the
rotational constant for the ground vibrational state, Bo’

will yield a bond length

. <254
r, = <r > B (3.2?)

However in polyatomics the situation is not as simple

(149)

because of Coriolis couplings between the normal modes,

and this simple relationship is destroyed.

Vibrational corrections to attain the ro equilibrium
structure from the B, equilibrium rotational constant may be
represented as a sum of the rotation-vibration interaction
constants, a; s Over the 3N-6 normal modes, i, of

degeneracy di:
3N-6

B, = B, + % :EE d,a; (3.24)
1

For very simple molecules it is possible to measure
oy directly from the spectra. However for most polyatomics
these constants are not easily obtained. The oy constants can be

separated into harmonic plus anharmonic contributions.

oy = ai(harm) + ui(aqharm) (3.25)
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. . . \\
As before the anharmonic effects are difficult to

evaluate, but the harmonic contributions can be derived

from a normal co-ordinate anaiysis(jso). Applying

harmonic corrections gives the x, structure from:
3N-6

B,.= B, + } é d;a, (harm) (3.26)
1

This represents the mean positions of the nuclei in the

ground vibrational state

2 . 2 . 2 2
r,” = <ax>_ o+ <Ay> o+ (re + <Az>0) (3.27)
2<Az> <Ax>2 + <Ay>2 + <Az>2
- “0 o =40 o %
r, = r [1 + + i
Z e 2
r r
e e
Expanding as a power series gives:
<Ax>§ + <Ay>g
r, = 1r_ + <AZ> + + iaeen (3.28)
Z . e o
2re

The third and higher terms are negligible leaving

r = r_ + <Az> g _ {(3.29)

Z e

Equation (3.28) should be compared with the expression,
(3.8), for r_ from Electron Diffraction. The linear averages
<AX>, <Ay> and <Az> are of the order of magnitude

(37) which is around 1.0 pm. If the ratio of the

2
<
AT >/re
square of the linear averages to the quadratic average is

considered then,from above:

<pr>? i} <Ar> : | (3.30)
<Ar2> re2 -

This shows why the third term is important in (3.8) but

negligible in (3.28).
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3.6 Combined Analysis

The previous sections have described the physical
significance of the structures measured by Electron
Diffraction, Liguid Crystal N.M.R. Spectroscopy and
Microwave Spectroscopy and discussed the effects of
vibrational averaging in each case. The difficulties
involved in evaluating the effect of anharmonicity in.the
vibrational corrections have been pointed out and therefore
in combined analysis only harmonic corrections are considered.

These lead to the following structural definitions.

Electron Diffraction ra = I, + <Az>
Liguid Crystal N.M.R. r, = Ty ¥ <Az>
"Microwave r = r + <AzZ>

z e o}

In the case of the r, structures the <Az> term represents
a thermal aVerage over a Boltzmann distributibn of the |
available vibrational states, while in the rz‘structure the
<Az>O term is an average in the ground vibrational state.
In general, differences bhetween r, and r, structures are small,
but it is possible to extrapolate the r, structure fo

(151)

absolute zero — "at which point it becomes equivalent

to the rz structure.

o _ .
r, = B ox T,

The simplest way to carry this out is to extrapolate to

r © and then interconvert(152’153). Previously it has been

g
shown (equation 3.8) that:

r = r + <Az> + K {3.31)
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If the bond is considered to vibrate independently from the
rest of the molecule, that is assuming a diatomic approximation,'
then:

3 2 PP
<Az>T = 5a <Az >T - (3.32)

Thus from equation (3.31):

o _ .. _3a 2 - 2 _ _
rg = rg = (<Az >T <Az >o) (KT Ko)
(3.33)
From equatibn (3.10) :
o : o o
= - X . . 3.34 .
r, Ty K, ) ( )
Therefore: )
o _ - 3a 2, - 2 -
rO£ = rg 5 (<Az >T <Az >o) KT | {3.35)
(<Ax2> + <Ay2> )
. T _ T
where KT =
2r

Note that, in this expression, K has been measured at the

temperature of the experiment and not at absolute zero
as previously reported(22'57).

In order to evaluate the wvibrational corrections, a

harmonic force field for the molecule under study has to be

(154), GAMP, is used,

(155)_

constructed. An established-program
which is based on Schachtschneider's GMAT routines
The input includes the molecular geometry and the fundamental
vibrational modes with their assigned frequencies, observed

from infra-red and Raman spectroscopy.
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Initial trial estimates for the force constants are
refined until the observed frequencies are reproduced.
This can be achieved by changing individual force constants,
or by a least squares refinement or by a "direct fit"
method. Consideration of the potential energy distribution
matrix ensures that the modes have been correctly fitted
to their assigned frequencies. The output now includes the
relevant vibrational corrections (both parallel and
perpendicular) for the temperature of the experiment and at

absolute zero.

The Electron Diffraction parameters are corrected for
vibrations acéordingrto eqﬁation (3.35). Previously the
experimental mean square parallel amplitudes were used to
convert to the rg structure, but now spectroscopic .

values are used for all terms in the vibrational corrections.

The microwave spectroscopy parameters were corrected
to give the B, rotational constants from equation (3.26)
using a program obtained from Oslo, originally written

by Hilderbrandt(156). The ligquid crystal N.M.R. parameters

were corrected according to equatibn (3.20) using Diehl's(146)

program, VIBR.

These programs both require the seﬁting up of an input
file containing the molecular geometry, the atomic masses,
the normal vibrational modes and their éssociated force
constants (from GAMP), and in the case of VIBR, the
orientation parameters. The output from the Oslorprogram

includes the calculated values for Bo (which should agree
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with those observed.experimentally), and the corrections
to giVe Bz for each isctopic species. The VIBR program
outputs the calculated vibrational frequencies and the
direct D couplings with their harmonic correcticns. This
program may be cycled two or three times until the .observed

and calculated couplings agree.

The established. Electron Diffraction refinement program
(see Chapter 1.6} allows for the inclusion of data from
other sources. The weighting matrix (equation (1.17)) is
extended diagonally, with the extra data being weighted
aCCofding\to the inverse of the sguare of the uncertainty. of
the observation. In the case of the vibrationally
corrected parameters, an additidnal uncertaiﬁtyrof ten per-
cent of the vibrational correction was included. Model programs
are written to extract the structural information from
the extra data, typical examples of which may be found in

Appendix I.

It is therefore possible, using harmonic vibrational
corrections, to combine data obtained from Electron
Diffraction, Liquid Crystal N.M.R. and microwave spectroscopy.

(51-56,124) to increase the

This has been shown previously
precision of structural determination from any single technique.
This result is verified by the detailed structural and

vibrational analysis of several compounds in this thesis.
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‘CHAPTER FOUR

THE MOLECULAR STRUCTURE OF DIFLUCROPHCSPHINE CYANIDE,

" DETERMINED BY USING A COMBINATION OF DATA FROM

ELECTRON DIFFRACTION AND LIQUID CRYSTAL N.M.R. SPECTROSCOPY
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4;1 Introduction

It hés been shown in the preceéding chapters that
Liquid Crystal N.M.R. Spectroscopy (L.C.N.M.R.) can be a
possible source of structural information. It has been
suggested that, by applying suitable vibrational averaging
corrections, this information can be madercompatiﬁle with
that obtained from gas phase Electron Diffraction {E.D.)
experiments(71). However, it has been pointed out that, in
addition to being in a different phase, the molecule dissolved
in a liquid crystal may experience dispersion forces,
'steric,effects and specific interactions, any of which could,
in theory, affect ﬁhe structure. In order to investigate
the validity of a structural analysis combining data from
both Electron Diffréction and Liquid Crystal N.M.R.
Spectroscopy a series of difluorophosphine pseudohalides

has been studied.

These compounds are suitable for study by L.C.N.M.R.
as, by suitabie isotopic - enrichment, up to seven couplings
can be observed. Ohly three parameters are required to
define the orientation (Cs symmetry, Table 2.1), therefore
the problem is over-determined and useful structural —
information can be obtéined.

Although these compounds have been studied previously

by E.D. alone(48'157)

, the refinements suffered from the
problem of overlapping peaks in the radial distribution

curve (see Chapter 1.7), and several parameters had to be
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held fixed at reasonable estimated values. The inclusion
of extra data from L.C.N.M.R. should enable these

.parameters to be freed and refined.

The first member of the series to be studied was
difluorophosphine cyanide, the results for which are
discussed in this chapter. Trends and observations for the

entire series of compounds are discussed in Chapter 6.

'4;2 Experimental

A sample of PF2CN was prepared by a standard method(159r160)

by the reaction between difluorophosphine bromide and silver
cyanide. The difluorophosphine bromide was prepared from

" the reaction between difluorophosphinedimethylamine(161)

and hydrogen bromide(162):

(CH3)2NPF2 + 2HBr-—-)PF2Br + ‘[(CH3)2NH2]Br

The silver salt was pﬁepared from silver nitrate and potassium
cvanide soluticns. The w@&ﬁxate was washed with alcohol

then dry ether and pumped on overnight in an ampoule.

For Liquid Crystal N.M.R. experiments a small sample was

produced from doubly labelled potassium cyanide.

An excess of the PFZBr was condensed onto the silver
salt in the ampoule in the dark and allowed to warm to room
temperature for five minutes. The product was purified by

fractionation and its purity checked by infrared spectroscopy.
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4.3 Data Collection

‘4;3;1 Electron Diffraction

A sample of PF2CN was prepared,and its purity checked
by inﬁéared spectroscopy. However, at the end of the
Electfon Diffraction run, during which the sample was kept
at 273 K in an ice bath, the ampoule was seen to contain
a white solid and on development the plates contained a
substantial percentage (>30%) of PF,. Thersame problem
repeated itself at a second attempt. It was assumed that an

auto-catalysed reaction was takihg place.

' 3PF

2

CN->2?F3 + P(CN)3

In the end, plates that had been run previously were
retraced by the new microdensitométry service at Daresbury.

The relevant experimental details are listed in Table 1.1.

- 4.3.2 Liguid Crystal N.M.R. Spectroscopy

Samples were prepared containing 0.3 mmol of the

13C15N in 0.5 ml of 'ES' liquid crystal

doubly-labelled PF2
as solvent in 5 mm N.M.R. tubes. These solutions were found =

. to become isotropic at a temperature of around 300 K.

Phosphorus, fluorine and carbon-13 spectra were obtained
on the Varian XL100 Spectrometer (see Chapter 2.4) in the
pulsed Fourier transform mode. During the low temperature
runs, the normal liquid nitrogen c¢ooling system was replaced

by an acetone/dry ice slush bath to increase thermal stability.



Nitrogen-15 spectra were obtained from the

departmental service on the Bruker WH360 spectrometer.

The indirect J couplings (Table 4.2) were measured in
the liquid crystal solutions heated until they became
isotropic. The signs of these couplings had been previocusly

established by Reid (163},

The direct D couplings (Table 4.2) were calculated from
measurements in the nematic mesophase at 253 K and 283 K.
The relative signs of the couplings were established by a‘
series of double resonance experiments (Table 4.1} and their
absolute. values determined by comparisdn with the PF

coupling which is always large and negative(104’164).

Examples of the spectra obtained, and the double
resonance experiments carried. out, are shown in Figure 4.1.

4.4 Structural Refinements

4.4 .1 Electron Diffraction

In all structural refinements it was assumed that PFZCN
possesses Cs symmetry. A model program was written with
six‘independent parameters, the PF, PC and CN directly bonded

distances, and the <FPF, <FPC and <PCN angles.

Initially the ra,structure was refined (Table 4.3).
It proved possible to refine all the parameters and amplitudes
of vibration: The <PCN angle was first fixed at 180°, bﬁt
when freed it refined to 181.5° with a large uncertainty. This
apparent non-linearity was assumed to be caused by the

shrinkage effect (see Chapter 1.7).
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A normal co-ordinate analysis using the program GAMP
(see Chapter 3.6) was carried . out to determine the
spectroscopic amplitudes of vibration. A harmonic force
field was refined which exactly fitted the observed

(159,165) ynich are listed in Table 4.4

vibrational frequencies
with their assignments. The harmonic vibrational corrections
were calculated as outlined in Chapter 3 and are listed in

Table 4.5(a) .

The rl structure was refined, initially fixing the
<PCN angle at 180°. When this angle was subsequently freed
(Table 4.6, Refinement A) it refined to a value nearer
linearity than in the r, structure, and the Rgén factor was
unaffected at 8.1%, although the uncertainties associated
with the other angles increased slightly. This angle is
therefore essentially linear, which is at odds with the

(166)

microwave result which calculates an angle of 171°.

The molecular scattering and radial distribution curves
for the E.D. data are shown in Figures 4.2 and 4.3

respectively.

4.4.2 Electron Diffraction plus Liquid Crystal N.M.R.

Spectroscopy

A new medel program was written to extract the
structural information from the Liguid Crystal N.M.R. data.
Three refinable parameters were added to define the
orientation (Cs symmetry, Table 2.1), calculated according
to equation 2.18. The direct couplings were added to the
E.D. refinement program with weights inﬁersely praportional

to the square of their uncertainties.
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Initially the orientation. parameters were allowed to
refine, with the structure held fixed at the E.D. only
result. It was found that the observed D couplings could
not be closely reproduced, and structural parameters

refined to unreasonable values when freed.

It was decided to perform a differences method
refinement to check whether the wvalues and signs .of the
indirect J couplings had been. properly assigned. The
coupling observed in the nematic mesophase, A, is of magnitude
J + 2D (exbept for the FF.coupling where A = 3D). If
measurements are made at two different temperatures then
only the D component of the coupling will vary, and subtraction
will cancel out the J dependence. 'This method creates a new

set of pseudo-couplings and a differences orientation

matrix.
But J.I = J2, therefore:
A, = A _ _
1 2 = D1 D2 4.2
2

The direct D coupling is given by (equation 2.2):
—hyiy. :
D,. = —5d—=. 5. 4.3
ij A r 3 ij :
1]

It can be assumed that the structure is invariant for

small changes in temperature, therefore:

b, - A, ~hy?
L - (s, - s

4.4
2 4ﬁ2r3

51

(for the FF couplings the difference should be divided by
three rather than two).



- 79 -

The effects of vibration on the differences
orientétion matrix and'pseudocouplings have not yet
been fully wbrked out, therefore, gso far this method is
more useful as a check on J coupling signs rather than a
source of structural information. The structure derived by
this method is, however, listed in Table 4.6 as
Refinement B, and most parameters afe seen to agree with

the E.D. only rg values, within the combined E.S.D.'s.

The observed and calculated differences were found to
agree fairly well, except .that for the PC couplings. When
this difference was weighted out (Refinement C, Table 4.6)
the structure and Rgen factor improved and the other
obgerved and calculated differences agreed within 0.5 Hz.

Using this evidence for an anomalous PC coupling,
it was given a correspondingly low weight in all future
‘refinements. The structures refined using a combination of
data from E.D. and L.C.N.M.R. are listed in Table 4.6.

Vibrational corrections were calculated using the

program VIBR(146)

(Table 4.5(b)) as explained in .Chapter 3.4.
In general the corrected and calculated couplings agree within

the uncertainty involved, except for the PC coupling.
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4.5 Discussion

The structure of difluorophosphine cyanide in the
liquid crystal solvent is compatible with' that observed
‘in'the gas-phase E.D. experiment. Including thg/direct D
couplings in a combined structural analysis has’had little
effect on the overall fit of the E.D. data as measured by
the R gen factor, and the molecular parameters remain within
the combined E.S.D.s. The structure is seen to be
essentially the same at both temperatures considered in the -

liquid crystal solution.

The observed couplings have been reproduced to within
their E.S.D.s, except for the PC coupling. If the
structure is allowed to refine to accommodate this coupling,
the <FPF and <FPC angles distért significantly to

unreasonable values.

There are several possible explanations for the failure
to fit the PC couplihg. The fact that tﬁe efféctris.seen -
to increase with the magnitude of the coupling indicates that
anharmonicity of the indirect component could be a significant
factor. Alternatively, anharmonicities in other couplings
might cumulatively produce this effect. It was attempted to
find evidence for this by changing the weights for each coupling
in turn, but this met with no success. The geometry may
become distorted from the Cs symmetry, and extra
orientation parameters were included in the refinement to
allow for this, but could not account for the PC coupling

in a satisfactory manner.
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The <PCN angle is seen to be essentially 180° in the
E.D. structure, but 171° in the microwave Structure(166).
The liquid crystal data did not fit the microwave angle énd
gave further support for the E.D. result, by reducing the

uncertainty in this parameter dramatically in the combined

analysis (Table 4.6).

There is further discussion of the results for the
entire series of difluorophosphine pseudohalides in

Chapter 6.
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'Tébié”4.1 Double Resonance Experiments for PF,CN

(a) Isotropic Couplings(163r
Experiment Couplings. Related Relative Signs
| K J
31,15 .
P{ "N} PC and CN opposite equal
19,15 .
F{ "N} PF and PN equal opposite
FC and CN equal opposite
19F{13C} : PF and PC equal equal
(b) Nematic Couplings (253 K)
Experiment Couplings Related Relative Signs
K A*
19F{31P} PN and NF equal equal
PC and CF equal equal
PF and FF : opposite opposite
31,15 .
pP{ "N} CN and CP equal opposite
FN and FP : equal opposite
31p13¢y . PN and CN equal equal
PF and CF equal equal
e 13¢y CN and FN equal equal
CP and PF equal equal
CF and FF opposite opposite

*
A = J + 2D (except for FF coupling, A = 3D)



Table 4.2 Couplings/Hz for PF,CN
e Nuclei =~ J A*i;3K P53k 8% 283k P83k
CF +22.0(5) -261.9(5) -142.0(7) ~195.9(2) -109.0(6)
CN ~10.0(5) +191.4 (4) +100.7(7) +155.0(3) +82.5(6)
cp -137.2(5) -273.5(4) -68.2(7) -251.1(3) -57.0(6)
PF -1258.0(15) =-1115.3(3) +71.4(15) -1145.0(2) +56.5(15)
PN +11.1(5) +28.0(3) +8.5(6) +25.0(2) +6.95(6)
FN 0.0(5) +42.7(2) +21.4(6) '+33.4(2) +16.7(6)
| FF - +135.6 (3) #45.2(3) ~20.9(2) ~7.0(2)
o
! *
A =

J + 2D (except for FF coupling, A = 3D)
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" Tabla 4.3 | Molecular Parameters for PF cN

(E.D. only, r, structure)

. Independent Distances Distance/pm Amplitude/pm
P-F 157.3(1) 5.3(2)
P-C 180.8(5) 8.2(5)
C=N 115.0(5) 6.3{(7)

Dependent Distances

F...F : 236.2(4) 6.0(6)
F...C 254 .5 (4) 7.5(5)
P...N 295.8 (4)  8.7(5)
F...N : 351.6(12) ' 22.2(9)

Independent Angles/°

<FPF 97.3(3)
<FPC 97.4(4)

<PCN 181.5(25)
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Table 4.4 Vibrational Frequencies and ' -
Assignments for PFZQE
Species Frequency/cm“1 Approximate Description
Al 2194.0 C=EN stretch
869.0 P-F stretch (symm.)
629.0 P-C stretch
.549.0 <PCN deformation (in-plane)
- 347.0 <FPF deformation
185.0 PF, wag
A" 867.0 P-F stretch (asymm.)
460.0 <PCN deformation (out-of-plane)
145.0

PF2 rock
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Tabie 4.5  Vibrational Corrections for PF.CN -

- (a) Electron bDiffraction

‘3a, 2 o

Distance uT/pm Ky + TTAu r. co;:ection/pm2
Ky + 2au? - 2L
PF : 4.15 0.62 0.51
PC 4,73 0.28 0.16
CN 3.51 0.73 0.62
FF 7.56 0.52 0.28
FC 11.64 0.20 ~0.33
PN 5.07 0.30 0.21 S
FN 14.10 0.11 -0.46
(b) Liguid Crystal N.M.R. Spectroscopy
283 K :
. o) * **
_ DObs Correctlop Da DCalc
FF -7.0(2) . 1.9 -5.103) _ -5.1
FP 56.5(15) . 2.4 58.9(15) 58.6
FC -109.0 (6} -0.8 -108.2(6) -107.6
PC -57.0(6} -0.3 -57.3(6) ~ -=76.2
FN 16.7(6) -0.1 16 .6 (6) 16.9
PN 6.95(6) 0.05 7.0(6) - 7.4
CN 82.5(6) 2.5 85.0(7) 85.0
253 K *ok K
FF : 45.2(3) 2.8 48.0(4) 48 .0
Fp 71.4(15) 3.0 74 -4 (16) 74.2
FC -142.0(7) -1.1 -140.9(8) -140.2
PC -68.2(7) -0.5 -68.7(7) -97.8
FN 21.4(6) -0.2 21.2(6) 21.9
PN 8.5(6) 0.1 8.6(6) 9.3
CN 100.7(7) 3.2 103.9(10) 103.8

*
An uncertainty of 10% was assumed for vibrational corrections

* %
Calculated from Refinement E

* %
Calculated from Refinement G



Table 4.6 Structural Refinements for PF gﬁ;

F/ 253 K

}
|
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gen

A/ E.D. only B/Diffs C/ Diffs D/ 283 K E/ 283 K G/ 253 K
(2) (except PC) + vibn. + vibn.
Independent @ corrections corrections
Distances/pm
P-F 156.8(1) 156.9 (1) 156.8(1) 156.9(1) 156.9(1) 156.9(1) 156.9(1)
P~C 181.3(6) 182.8(6) 181.3(5) 182,3(5) 182.3(5) 181.9(5) 182.0(5)
Cc= 114.3(5) 113.3(6) 114.4(5) 113.7(5) 113.7(5) 114.0(5) 113.9(5)
Independent
Angles/®
<FPF 97.4(4) 97.3(5) 97.4 (4) 97.2(4) 97.1(4) 97.3(4) 97.2(4)
<FPC 97.3(4) 96.2(4) 97.4(4) 96.7(4) 96.6 (3} 96.9 (4) 96 .8 (4)
<PCN 180.6 (25) 179.0(10) 181.6 (10) 179.2(6) 178.7{6) 179.71(6) 179.4(6)
R factorx 8.1% 9.2% 8.2% 8.2% 8.2% 8.0% 7.9%
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Figure 4.1 Selected L.C.N.M.R. Spectra for PF,CN

()

19

(a) F isotropic

) O

31

(b) P isotropic

____
—_==

i
{WUW I "‘WWWWMWMJ ,,lf‘xJ i #"‘ V““J-WMA:\W ‘Jﬁwu

13C isotropic (showing L.C. sclvent peaks)

l




UM

—_

-LM)*LWW

p———

iy

b,

ﬂu \!hi{vm M

; WN /




- 90 -

192375} pouble Resonance Experiment (253 K)
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Figﬁre‘4.2 . Observed 'and Final Weighted Difference .

Molecular :Scattering Intensities for PFzgg
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Observed and Difference

Radial Distribution

P(r)/r

- Curve for PF,CN




CHAPTER FIVE"

THE MOLECULAR STRUCTURE OF

'DIFLUORQOPHOSPHINE ISOTHIOCYANATE, DETERMINED

USING A COMBINATION CF DATA FROM

ELECTRON DIFFRACTION AND LIQUID CRYSTAL

N.M.R. SPECTROSCOPY




5.1 Introduction

The second member of the series of difluorophosphine
pseudchalides to be studied was the isothiocyanate. 1In a
previous structural study(48) by Electron Diffraction (E.D.)
alone,.thé problem of overlapping peaks in the radial
distribution curve (see Chapter 1.7) necessitated the fixing
of certain parameters at reasonable estimated values.

It is hoped that the inclusion of data from Liquid Crystal
Nuclear Magnetic Resonance Spectroscopy (L.C.N.M.R.) will

allow the refinement of these parameters.

The success of this combination of data is critically
diécussed in this chapter, and the difluorophosphine

pseudohalides are discussed as a series in Chapter 6.

5.2 Experimental

A sample of-difluorophosphine iscthiocyanate was
prepared by the reaction between difluorophosphine bromide and
silver isothiocyahate(167). The difluorophosphine bromide was
?repared as before (see Chapter 4.2). The isothiocyanate

(168) of

salt was prepared by a standard sulfonation
potassium cyanide, followed by the reaction with silver
nitrate solution to give the silver iscthiocyanate precipitate,
which was washed with alcohol and dry ether, and pumped

dry oﬁernight in a tap ampoule. For liquid crystal N.M.R.

‘experiments, a small sample was prepared from doubly

labelled potassium cyanide. A yield of 80% was recorded.
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An excess of PF,Br was condensed onto the silver
salt in the dark and allowed to warm to room temperature for
five minutes. The product was purifiedlby fractionation

and its purity checked by infrared spectroscopy.

‘5;3 Data Collection

' 5.3.1 Electron Diffraction

A sample Of'PFzNCS was prepared and run on the
Uniﬁersity of Edinburgh.Electron Diffraction Apparatus. The
plates obtained were sent to Daresbury. to be traced by the
new microdensitometry service theré. The relevant

experimental details are listed in Table 1.1.

'5.3.2 Liquid Crystal N.M.R. Spectroscopy

A sample was prepared containing 0.3 mmol of the

15N13

doubly-labelled PF CS in 0.5 ml of "ES5" liguid crystal -

2
as solvent in a 5 mm N.M.R. tube.

Phosphorus, fluorine and carbon-13 spectra were obtained
"on the Varian XL100 Spectrometer (see Chapter 2.4), while
nitrogen-15 spectra were obtained from the departmental

service on the Bruker WH360 Spectrometer.

The indirect J couplings (Table 5.2} were measured in
the isotropic liguid crystal solution, heated to around
313 X. The signs of these couplings have been previously

established by Reid(163).
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The direct D couplings {Table 5.2) were calculated
from the observed couplings in .the nematic mesophase at
253 K énd 283 K. The relative signs of the couplings
were established by a series of double resonance experiments
(Table 5.1} and their absolute. values determined.by
comparison with the PF coupling, which is always large

and negative(104).

Examples of the spectra obtained and double

resonance experiments carried out are shown in Figure 5.1.

5.4 Structural Refinements

‘5;4,1 Electron Diffraction

A model program was written for refinihg the structure

of PF.NCS with nine independent parameters, the four

2
directly bonded distances, the four angles <FPF, <FPN,
<PNC and <NCS, and the torsional rotation around the PN
bond. This latter parametef was defined as zero when the

<FPF bisector lay trans to the NCS chain.

Initially the r, structure was refined assuming Cs
symmetry, with a linear NCS chain and zero torsion. The
radial distribution curve (Figure 5.3) shows that the peaks
corresponding to the PF, PN and CS distances are
coincident, and it proved impossible to refine all three
concurrently, therefore the CS distance was fixed at a
reasonable estimated value. The linear <NCS angle was
freed and refined to a value close to 180° but with a large
uncertainty. The deviation from linearity is assumed

to be a shrinkage effect. The least squares correlation
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matrix (Table 5.4) shows this angle to be highly correlated
with the <PNC angle. The torsion angle was stepped from

0° to 20°, and a shallow minimum was found at 4°.

The amplitudes of vibration of distances of similar
magnitude were tied together at the ratios of their
spectroscopic values. The final r, structure is listed in
Table 5.3 and the corresponding Rgen factor was 5.4%. |

Compared to a previous structural analysis(48), the
Rgen factor has been halved. This could be largely because
of the improved microdensitometry apd better backgroﬁnd
corrections. Small differences in the structures could be
explained by the refinement of the <NCS angle and the
different fixed torsional angle. In this refinement the
. variation in the Rgen factor with torsional angle shows a
broad minimum arocund zero, with the local minimum at 4°
statistically insignificant even at the 75% confidence

level(169). It has been predicted(Tss)

that the torsional.
angle represents a mean deviation from the Cs symmetry
species, rather than a true distortion of the ground state

structure.

In order to allow for the vibrational and shrinkage
effects the rg structure was refined. A normal co-ordinate
analysis was carried out using the GAMP routine (see
Chapter 3.6). A harmonic force field was developed which

fitted the observed vibrational frequencies(165)

exactly.
The spectroscopic amplitudes of vibration were used to
calculate the harmonic vibrational corrections {Table 5.5)

as outlined in Chapter 3.
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The rg structure was now refined (Table 5.6,
Refinement A), fixing the <NCS angle at 180° and the
torsion at zero. The Rgen factor was found to increase
slightly to 5.7%, an effect expected with fewer refining

parameters.

The main effects of the vibrational corrections havg
been to reduce the independent interatomic distances
slightly (as predicted by theory in Chapter 3), and to
widen the <PNC angle, which is affected by shrinkage in

the ra structure.

The molecular scattering and the radial distribution
curves_for the E.D. data are shown in Figures 5.2 and

5.3 respectively.
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5.4.2 Electron Diffraction plus Liquid Crystal

N.M.R. Spectroscopy

A new model program was written to extract the structural
information from the Liquid Crystal N.M.R. data. Three
refinable parameters were added to define the molecular
orientation (Cs symmetry, Table 2.1), calculated according
to equation 2.18. The direct couplings were added to the
E.D. refinement program with weights‘inversely proportional

to the squares of their uncertainties.

Initially the orientation parameters were allowed to
refine with the structure held fixed at the E.D. only result.
It was found that the observed D couplings could not all be
closely reproduced. It was decided to initially ignore
the couplings involving carbon~13, concentréting on the
~more rigid F,PN moiety.

Vibrational corrections were applied using the program

vieg(146)

(see Chapter 3.4) and are listed in Table 5.5b.
The final structures using combined data from E.D. and
L.C.N.M.R. {ignoring couplings. to carbon) at 283 K and
253 K are listed in Table 5.6 as Refinements B and C
respectively. The structures obtained before vibrational

corrections were applied to the L.C.N.M.R. data were

essentially the same, and have therefore not been listed.

In order to ascertain that the indirect J couplings- had
been correctly assigned, a "differences method" refinement
was carried out (see Chapter 4.4.2). The observed and

calculated differences are listed in Table 5.7 and the
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resulting structure is given as Refinement D in

Table 5.6.

The Rgen factor for Refinement D is high, and from
Table 5.7 it can be seen that several of the différence
pseudo-couplings have not been accurately fitted.- By
considering each in turn, it was found that ignoring the
difference pertaining to the CN couplings, although not
fitting perfectly the remaining pseudocouplings, had the
most beneficial effect on the Rgen factor (Table‘S.G,
Refinement E).

Using this evidence for an anomalous CN coupling, iE
was decided to ignore this coupling in Refinement F
(Table 5.6). The remaining couplings measured at
283 K were corrected for vibrations as before, and the

agreement between observed and calculated couplings is

shown in Table 5.5b.
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5,5 Discussion

| The structure of difluorophosphine isothiocyanate
in the combined analyses, B and C, is slightly different
from that obtained from E.D. data alohe. However, the
structural skeleton has remained essentially unaltered,
with each interatomic distance agreeing to within the

combined estimated standard deviations (esd's).

The major skeletal effect is an apparent lengthening
of the P-N distance in the combined refinements. In the
E.D. only case, this parameter is correlated with the P-F
distance, because of the overlapping peaks effect (see
chapter 1.7). The inclusion of the Liguid Crystal N.M.R.
data effectively removes this correlation (see Table 5.8}
and so may result in the more realistic value for this

parameter.

More significant changes between the refinements are-:

- noticed in the angles. A strong correlation betwéen the

<FPF and <FPN angles has been reduced by the inclusion of

the L.C.N.M.R. data (see Table 5.8), and this is reflected

in a reduced uncertainty for each of these parameters.

Small discrepancies in the angles could be explained by
solﬁent-solute effects (see Chapter 2.6) and by changes in
going from the gas to the liquid phase, which, in the case of

a "floppy" molecule such as PF,NCS, may be significant.

There is exact agreement between Refinements B and C,
showing that the structure of‘PFzNCS dissolved in the

ligquid crystal does not change with temperature.
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The "differences method" refinements D and E showéd some
evidence for an anomalous CN coupling. However, even
ignoring this coupling, Refinement F did not manage to
fit the remaining couﬁlings satisfactorily. An attempt to
allow for a possible distortion from Cs symmetry, by
increasing the number of refinable orientation parameters,

showed little improvement.

In the case of PF,NCS thg best structure has been
obtained by ignoring the coﬁplingé to the carbon atom,
which are affected by low fregquency, high amplitude vibrations.
The remaining couplings (in Refinements B and C) show
excellent agreement between calculated and observed values
(Table. 5.5b), while the least squares correlation matrices
(Table 5.8) show that correlations arising from overlapping

peaks have been reduced.

The orientation parameters refined to the following

. values:

253 X 283 K
S, ~0.030 -0.018
s 0.050 0.052
XX=YY ,
s 0.122 0.085
Xy -

These show the expected increase in orientation at the lower
temperature. The z-axis, along the F...F distance, is seen
to orient perpendicular. to the field, giving a negative S,
value. The x-axis has been defined as lying along the P-N
bond, however, the linear N=C=S chain,. lying in the xy plane,
has the most significant orientational effect, aligning

itself preferentially parallel to the field.
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‘mable 5.1 Double Resonance Experiments for PFzNCS

(a) Isotropic Couplings

Couplings RelatedA

Experiment Relative Signs
K J
e 3¢ FN and CN equal equal
19, (15 .
F{~N1l FC and NC equal opposite
FP and PN equal opposite
31,15 .
P{ "N} FN and PF opposite equal

(b} Nematic Couplings (253 K)

Experiment Couplings Related Relative Signs
K A*
31, 13, '
S P{ TC} PN and CN equal equal
PF and CF equal equal
31, .15 .
P{ "N} PC and NC equal opposite
PF and NF equal opposite
19,15 .
"F{ "N} FP and NP equal opposite
FC and NC equal opposit«
. FF and NF opposite equal
19F{13C} FP and CP equal equal
FN and CN equal egual
FF and CF opposite opposit

*

A = J + 2D (except for FF coupling, A = 3D)
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Table 5.2 Couplings/Hz for PFzNCS

Nuclei J A% 253K D253k A% 283k ‘D2g3k
PF ~1322.5(5) -1272.4(2) +25.0(7i -1244,0(25). +39.0(2¢
PC 0.0(5) =128.6(10) -64.3(12) -97.6(4) -48.8 (5]

' FC +5.1(5) -158.9(5) ’ -82.0(8) - =115.0(10) -60.0(1:
CN -30.5(2) +545.0(15) +287.8(15) +379.0(20) +205.0(2¢
PN +94.4(3) +175.4(15) +40.5(15i +164;0(10) +35.0(1
FN -11.3(3) +129.1(4)  +70.2(5) +91.0(5) +51.1(5,
FF - +635.1(5) +211.7(5) +363.0(20) +121.0(2

* A =J + 2D (except for FF coupling, A = 3D)



- 105 -.

Molecular Parameters for PF,NCS

Table 5.3
(E.D. only r, structure)

Independent Distances Distance/pm . Amplitude/pm

P-F 157.3(1) 5.0(2)

P-N 167.4(4) 5.0 (tied to u(PF))

C=N 121.51(3) 3.5(fixed)

C=s 155.3 (fixed) 5.0(tied to u(PF))
Dependent Distances

F...F 238.6 (9} 7.1(3)

F...N 245.,0(7) 10.1{tied to u(FF))

F...C 1 353.3(8) 16.3(9)

F...C 356.8(7) 16.3(9)

F...S 501.0(8) 22.1(9)

F...8 506.4(8) 22.1(9)

P...C 273.9(10) - 11.5(14)

P...S 423.2(6) 12.4(5)

N...S 276.8(2) 5.0(7)
Independent Angles/®°

<FPF 98.6(7)

<FPN 97.9(5)

<PNC 142.,4(16)

<NCS 181.9(26)

Torsion 4.0 (fixed)
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\ _
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Table 5.4 Least Squares Correlation Matrix (x100)

for PF,NCS (E.D. only r, structure)

PN <FPN <PNC <NCS u (PF) u (FF) u (NS)

-46 ' PF

-68 57 NC
-74 64 <FPF
-56 ) <FPN

-90 ' <PNC

=70 u (PC)

Note: Only elements with |absolute value| 2 40 included |
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Table 5.5  Vibrational Corrections for PFZNCS

(a) Electron Diffraction

Distance uf/pm ‘(%?Auz + KT) rg_correction/pl}t2

'f%§Au2 + Ky, 4‘5§—)
PF 4.23 1.76 | 1.65
PN 5.81 1.91 . 1.
NC 3.89 1.50 ‘ 1.38
Ccs ‘ .3.66 2.31 2,22
FF 6.76 2.10 . 1.91
FN 7.42 3.04 . 2.82
FC 12.88 0.81 0.34
FS 18.48 0.03 -0.65
PC 9.96 0.29 -0.07
PS 13.27 0.40 : -0.02

NS 4.11 3.13 3.07




- 108 -

(b) Liquid Crystal N.M.R. Spectroscopy
283 K . O ' ) ,**
Dobs Correqtlon Da DCalc

PF 39.0(29) 13.7 52.7(30) 52.4
PC ~48 .8 (5) -0.2 -49.0(5) -46.7
FC -60.0(12) -0.5 -60.5(12) -58.5
cN 205.0(20) 10.9 215.9(25) 181.2
PN 35.0(11) 2.4 37.4(13) 1 39.0
FN 51.1(5) 3.4 54.5(7) 58.0
FF 121.0(20) 18.3 139.3(30) 139.2
253 B * % %
PF 25.0(7) 14.8 - 39.8(16) 39.9
PN 40.5(15) 2.6 43.1{15) 43.0
N 70.2(5) 4.3 74.5(7) 74.5
FF 211.7(5) 24.2 235.9(25) 235.8
*

An uncertainty of 10% was assumed for vibrational

corrections '
*
* Calculated from Refinement F
* % %

Calculated from Refinement C
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Table 5.6 Structural Refinements for PFZNCS
Independent Distances/pm A B . C
| - ' E.D. only 283 K (excluding C couplings) 253 K (excluding C couplin
(rz structure) (+ vibn. corrections) (+ vibn. corrections) |
P-F 155.0(2) 155.0(2) 155.0(2)
P-N 165.4 (5} 7 166 .5(5) - 166 .5(5)
N=C 120.5(3) ' 120.8(4) 120.8(4)
C=S. 155,3 (fixed) 155.3 (fixed) 155.3 (fixed)
Independent Angles/°
<FPF - 98.3(7) 100.8(6) _ 100.9(6)
<FPN . 99.3(5) 96.8(3) 96 .8 (2}
<PNC 146.4(10) 145.5(11) 145.5(11)
R | 5.7% 8.0% 7.93

gen
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Table 5.6 {(contd.)

Independent Distances/pm

D E F

Differences Differences 283 K (excluding CN couplinc
Method (excluding CN Coupling) (+ vibn. correction)

P-F 154.9(3) 155.0(2) 155.0(2)

P=-N 168.2(7) 166.5(4) . 166.9(5)

N=C 119.4(6) 120.9(4) 120.7(5)

- C=§ : 155.3(fixe§)7 _ _ 155.3 (fixed) 155.3(fixed)
Independent Angles/o

<FPF 101.8(9) 100.6 (5} 101.0(7)

<FPN . 96.5(3} 87.3(3) 96.7(3)

<PNC - 144 .5(14) 144.8(10) 144.2(11)

Rgen 13.2% 7.7% 8.4%



Table 5.7 Differences Method for PF.NCS
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2
Nuclei  A* 253 K A* 283 K pigg/2™" Cale. Calc.
(Refinement D} . (Refinement E)
- -1272.4  -1244.0  -14.2 -14.4 -14.3
pC -128.6 -97.6 -15.5 5.5 ~14.5
FC -158.9 ~115.0 -22.0 -23.8 ~21.4
CN 545,0 379.0 83.0 81.4 70.7
PN 175.4 164.0 5.7 5.9 6.7
FN 129.1 91.0 19.1 22.0 20.0
FF 635.1 363.0 90,7 90.9 90.8

*
A = J + 2D (except for ¥F coupling, A = 3D)

*
Except for FF coupling, Diff/3
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Table 5.8 Least Squares Correlation Matrices (x100) for

the rg structures of PF2NCS

(a) E.D. only (refinement A)

PN <FPN <PNC" u (PF) u (FF) u (NS)

=54 48 7‘ PF
-42 -57 =71 ‘PN
-50 CN

-73 ' 89 | <FPF

-74 <FPN

43 | - | <PNC

-61 u(PC)

(b) E.D. + L.C.N.M.R., (Refinement C)

<PNC S, sxx—yy Sxy u(PF) u (FFr) u (NS)
=51 ~-51 PN
-56 CN
=71 -49 53 75 <FPF
76 _-45 -60 <FPN
48 -43 Szz
-58 u(PC)

Note: Only elements with |absolute value| 240 included
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Figure 5.1 Selected L.C.N.M.R. Spectra for PF,NCS
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Pigure 5.2 Observed and Final Weightéd Difference Molecular

Scattering Intensities for PF.NCS
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Figure 5.3 Observed and Difference Radial Distribution

- Curves for PFZNCS_
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CHAPTER SIX

THE MOLECULAR STRUCTURE OF DIFLUOROPHOSPHINE ISOCYANATE,

DETERMINED USING A COMEBINATION OF DATA FROM

ELECTRON DIFFRACTION AND LIQUID CRYSTAL N.M.R. SPECTROSCOPY
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G;i Introduction

The third and final member of the series of difluoro-
phosphine pseudohalides studied was the isocyanate. 1In a
pre&ious structural study by Electron Diffraction (E.D.)
alone, the problem of overlapping peaks in the radial
distribution curve (see Chapter 1.7) necessitated the
fixing of certain parameters at reasonable estimated values.
In introducing extra data from Liguid Crystal N.M.R.
Spectroscopy (L.C.N.M.R.}. it was hoped to reduce this
problem, The extent to which this has been achieved is
discussed and a comparison of the results for the entire
series of difluorophosphine pseudohalides is made in the

final section of this chapter.

6.2 Experimental

A sample of difluorophosphine isocyanate was produced
by the reaction between difluorophésphine bromide and silver
isocyanate‘167). The difluorophosphine bromide was
prepared as before (see Chapter 4.2). The isocyanate salt

was prepared by the standard method(170)

from potassium
cyanide. . This was then reacted with silver nitrate

solution to give the silver isocyanate which was washed with
alcohol then dry ether, and pumped dry‘overnight in a tap
ampoule. For Liquid Crystal N.M.R. experiments, a small

sample was prepared from doubly labelled potassium cyanide.

A yield of arocund 80% was recorded.
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An excess of PF,Br was condensed onto the silver salt
in the dark and allowed to warm to room temperature for
five minutes. The product was purified by fractionation and

the purity checked by infrared spectroscopy.

6.3 Data Collection

6.3.1 Electron Diffraction

A sample of PFZNCO was prepared and its purity checked
by infrared spectroscopy. Electron diffraction scattering
intensities were recorded photographically on the Edinburgh
E.D. Apparatus. The plates obtained were traced by the new
microdensitometry service at Daresbury. The relevant

experimental details are listed in Table 1.1.

6.3.2 Liquid Crystal N.M.R. Spectroscopy

A sample was prepared cdntaining 0.3 mmol of doubly

15,13

labelled PF N "CO in 0.5 ml of "E5" liquid crystal as

2
solvent in a 5 mm N.M.R. tube. This solution became

isotropic at a temperature of around 305 K.

Phosphorus, fluorine and carbon-13 spectra were run
on. the Varian Associates XI,-100 Spectrometer while
nitrogen-15 spectra were obtained from the departmental

service on the Bruker WH-360 spectrometer.

The indirect J coupling constants (Table 6.2} were
measured in the isotropic liguid crystal solution, heated

to 313 K. Double resonance experiments (Table 6.1) agreed

(163)

with a previous study , and the signs of the couplings
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were determined by comparison with the PF coupling which is

always large and negative(104).

The direct D coupling constants (Table 6.2) were
measured in the liquid crystal solution at temperatures of
253 K and 283 K, and a series of double resonance experiments
determined their relative signs, which were again related to

the negative PF coupling.

Examples of the spectra obtained and the double

resonance experiments carried out are shown in Figure 6.1.
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6.4 Structural Refinements

' 6;4.i Electron Diffraction

A model program was written for refiniag the structure
of PFZNCO with nine independent parameters: the four
directly bonded distances, the four angles <FPF, <FPN, <PNC
-and <NCO, and the torsional rotation around the PN bond.
This latter parameter was defined as. zero when the <FPF bisector

lay trans to the NCO chain.

Iniﬁially the r, structure was refined assuming Cs
symmetry, with a linear NCO chain and zero torsion. It was
possible to refine all the structural parameters except the NC
and FN amplitudes of vibration, which were tied to the CO and
FF amplitudes of. vibration respectively, with ratios taken from
the spectroscopic. values determined by GAMP. The reason for
the choice of the tied amplitudes of vibration is apparent
from the radial distribution curve (Figure 6.3}, which shows
that the peaks corresponding to the NC and CO distances and

the FN and FF distances are coincident.

The NCO chain was. varied from 170° to 190° in one degree
steps. A shallow minimum in the R faﬁtor was detected at
174°, at which. value the angle—wés fixed. It is assumed that
the deviation from linearity is mainly a shrinkage effect,

caused by high amplitude, low frequency bending modes.

The torsional angle around the PN bond was varied

similarly and gave a minimum at 4°, this was however

{169)

statistically insignificant . It has been predicted(165)
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that the torsional angle represents a mean deviation from
Cs symmetry rather than a true distortion of the ground

vibrational state structure.

The final r_  structure is listed in Table 6.3, with a
corresponding Rgen factor of 9.3%. The improvement in the
R factor compared to a previous structural analysis(48)

gen
could be explained by the improved microdensitometry and better
background corrections. Small differences in the structures
could be explained by the allowed deviation from linearity

of the <NCO angle.

In order to allow for the vibrational and shrinkage
effects, the rg structuré;was refined. A normal co-ordinate
analysis was carried out using the GAMP routine (see
Chapter 3.6). A.harmonic force field was developed which

-fitted the observed vibrational frequencies(165)

exactly
(Table 6.4). The spectroscopic amplitudes of vibration
were used to calculate the harmonic-vibrational corrections

(Table 6.5) as outlined in Chapter Three.

The'rg structure was how refined (Table 6.6;
refinement A), fixing the <NCO angle at 180° and the torsion
at zero. The Rgen factor was found to increase slightly to
9.6%, an effect expected with fewer refining parameters.

The main effects of the vibrational corrections have
been to reduce the ihdependeht interatomic distances slightly
(as predicted in Chapter 3), and to increase the precision of
determination of the parameters'associated with the linear

N=C=0 group, which would be expected to exhibit the greatest

shrinkage effects.
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The molecular scattering and radial distribution.
curves for the E.D. data are shown in Figures 6.2 and

6.3 respectively.
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6.4.2 Electron Diffraction plus Ligquid Crystal

N.M.R. Spectroscopy

A new model program was written to éxtract.the
structural information from the Liquid Crystal N.M.R. data.
Three refinable parameters were added to define the |
orientation (Cs symmetry, Table 2.1), calculated according
to equation 2.18. The observed. direct couplings were added
to the E.D. refinement program with weights inversely

proportional to the squares of their uncertainties.

Initially the orientation parameters were allowed to
refine, with the structure held fixed at the E;D. only result.
It was found that all the observed D.couplings could not be
closely reproduced, and structural parameters refined to
unreasonable values when freed, with a large associated Rgen
factor.

It was decided to concentrate on the more rigid part of
the molecule and initially ignore the couplings to the
carbon nucleus, which could be complicated by the effects of
low frequency, high amplitude bending modes.

Vibrational corrections were applied using the program

VIBR(146}

(see Chapter 3.4} and are listed in Table 6.5(b).
The final structures including L.C.N.M.R. data taken at
253 K and 283 K, but ignoring the couplings to carbon, are

listed in Table 6.6 as Refinements B and C respectively.

A differences method refinement was carried out (see
Chapter 4.4.2) to check that the J couplings had been
correctly assigned. The results (Table 6.6, Refinements D

and E} show an anomalous CN coupling.



In Refinement F all the couplings have been included

except the CN coupling, with the associated vibrational

corrections listed in Table 6.5(b).

'6;5 Discussion
The structure of difluorophosphine isocyanate in the
as that

combined refinements B and C (Table 6.6} is the same

obtained from Electron Diffraction alone, within the estimated
The

standard deviations (esd's) for each parameter.
effect on

refinements are very similar, showing little thermal

structure, there is good agreement between the observed and

calculated couplings (Table 6.5(b)), and there has been
only a small increase in the Rgen factor.
In refinements B and C, the four couplings represent four

However, three

extra pieces of structural information.
parameters are required to define the orientation, therefore,

from a simplistic. viewpoint, there has been a net gain of
one piece of structural information. 1In this case the effect
This is confirmed in

has been to tie down the <FPN angle.
the least squares correlation matrices (Table 6.8), which

show that the strong correlation between the <FPF and <FPN

angles has been removed.
It proved impossible to fit all seven observed couplings

concurrently, even by introducing extra orientation parameters

to allow for possible distortion from Cs symmetry in

solution.
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A "differences method" refinement D was carried out
to check the J coupling signs and assignments (see
Chapter 4.4.2). This gave a very high Rgen factor and:
unreasonable vaiues for certain parameters. VarYing the
weight of each difference in turn, it was found that there was
an appareht anomaly in the CN difference. When this was
ignored in Refinement E a reasonable structure fesulted, and

the calculated and expected differences agreed to within

1 Hz (Table 6.7)}.

Consequently, in Refinement F, the CN coupling was
ignored and a satisfactory structure was obtained, with the
calculated values of the remaining couplings agreeing well

with the observed values (Table 6.5(b)).

The inclusion of the extra two couplings to carbon has
improved slightly the precision of determination of all the
angles, the major effect being, as would be expected, on
the <PNC angle. The other parameters agree with those
obtained from E.D. alone to within the combined esd's. The
<PNC angle is affected by low frequency, high amplitude bending

modes, and may well be distorted in solution.
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6.6 Discussion: The Difluorophosphine Pseudchalides

One important function of the structural chemist is to
produce evidence to substantiate or repudiate current theories
of bonding. At the present, one particular area of contention

"is over the apparent widening of angles and shortening

(171,172) (173)

‘of bondlengths at silicon , germanium and

(174) sites, as compared to values predicted by

(175)

phosphorus

the Schomaker-Stevenson rule (which takes the sum of

the Pauling covalent radii(176) and corrects for differences
in the electronegativity of the atoms involved). This effect

(177)

was originally ascribed to (p-d)7m bonding , although

(178,179)

alternative explanations have now been proposed, and

the truth is probably a combination of several mechanisms.

Although the effect is not as pronounced as in their
silicon analogues, the diflucrophosphine pseudochalides

(48,154) ., oxhibit wide valence

have been previously shown
angles at nitrogen and short PN bonds. However, the accuracy
of determination of these structures has been hindered by-
shrinkage and by overlapping peak éffects, és the PF and

PN bondlengths are of similar magnitude.

It was hoped that the inclusion of data from Liquid
Crystal N.M.R. would help to overceme these difficulties.
This has been partially achieved, with the extra data resulting
in dramatic reductions in the correlations caused by over-
lapping peaks, particularly in the case of PFZNCO. The

shrinkage effect, however, remains a more intractable problem.
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On reflection, despite the many observable couplings,
nthe difluorophosphine pseudohalides have not been a
particulérly suitable series of compounds for a preliminary
feasibility study on the combination of data from Liguid
Crystal N.M.R. and Electron Diffraction. They are "floppy”

(50), possessing low frequency, high amplitude

molecﬁles
bending modes which have shallow potential minima. Solvent-
solute interactions on solution in the liquid crystal
(see,Chapter 2.6) could significantly constrain these

motions and result in slight changes. in structure in

going from the gas to the liguid phase,

It has been attempted to observe directly the effect
on the vibrational modes of dissolution in a liquid
crystal by studying the infra-red spectrum. Observing the

(180), although most

simple hydrogen cyanide molecule
information was masked by the solvent background, certain
peaks were seen to.be shifted in solution. The significance
ofrthis effect on the vibrational corrections merits

further study.

The inability to fit all the observed couplings is, .
however, still not explained, as the vibrational corrections
have only a small effect on the molecular parameters. The
possibility of distortion from Cs symmetry was considered
for each molecﬁle, and although the inclusion of two

exXtra orientation parameters to allow for this did not seem
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to improve matters, this remains the most likely explanation.

Although it is unsatisfactory to resort to the universal

panacea of anisotropy in the couplings (see Chapter 2.6),

there seems to be some

evidence for this, especially in the

CN coupling. There is, as yet, no literature to support

this observation.

The study of the-

some indication of the
The observed couplings

uncertainties, and the

more rigid FZPN moliety, however, gives
advantages of the combined analysis.
are all fitted to within their

precision of determination of the

structural parameters has been increased in comparison to

the E.D. only results.
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Table 6.1 Double Resonance Experiments for PF,NCO

{a)_ Isotropic Couplings

Experiment Couplings Related Relative Signs
K J
19,15, : :
F{ "N} PF and PN equal opposite
Op13¢cy FN and CN - equal equal

(b) Nematic Couplings (253 K)

Experiment Couplings Related "Relative Signs
K A*
31p13¢y PN and CN equal egual
PF and CF equal : equal
31p 3N} PF and NF equal opposite
PC and NC equal opposite
19715, , .
F{ “Nn} FP and NP equal opposite
FC and NC. equal : opposite
FF and NF equal opposite
Ve (13c) PF and CP equal equal
FN and CN equal equal
FF and CF equal equal

* A = 3 + 2D (except for FF coupling, A = 3D}
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Table 6.2 Couplings/Hz for PF,NCO

Nuclel J 8%253x D253K A%)83K Drgax
PF -1307.0(7) -1844.4(5) =-268.7(8) -1664.3(5) =-178.7(8)
BC -11.5(8) -50.6(10) =-19.6(15) -43.4(4) -16.0(10)
FC -8.5(4) -98.8(4) -45.15(6) -75.0(5) . -33.3(7)
CN -22.7(5) +443.2(8) +233.0(9) +318.5(20) +170.6 (22)
PN +89.2(8) +53.0(6) -18.1(10) +71.6.(4) -8.8(9)
FN ~13.7(5) C+70.5(4)  +42.1(6) +52.2(4)  +33.0(6)
FF - -184.3(4) -61.4(4) -221.3(3) -73.8(3)
* A= J + 2D (except for FF coupling, & = 3D)
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Molecular Parameters for PFZNCO

Independent Distances
P-F
P~N
‘N=C
C=0

Dependent Distances

F...F
F...N
F...C
F...C
F...0
F...0
P...C
P...O
N...0

Independent Angles/o_

<FPF
<FPN
<PNC
<NCO

Torsion

(E.D. only ry structure)

Distance/pm

157.2(2}
167.9(4)
121.8(25)
117.6(21)

237.2(16)
244.0(14)

'354.4(24)
' 350.4(23)

464.5(15)
458.1(15)
268.6(12)
373.4(23)
239.0(6)

98.0(1@)
97.2(10)
135.3(20)

174.0 (fixed)
4,0 (fixed)

Amplitude/pm

4.7(3)
4.6(8)
3.4(tied to u(CO))
13.7(15)

7.1(6)
11.8({tied to u(FF))}
25.2(40)
25.2(40)
19.2(15)
19.2(15)
11.1(16)
13.3(12)
3.7(12)
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Table 6.4 . Vibrational Frequencies and Assignments

for PFZNCO
Species Frequency/cm_1 Approximate Description

At 2283 N=C stretch
1422 C=0 stretch
853 ' P-F stretch (symm.)
714 P-N stretch
604 ' N=C=0 deformation (in-plane)
451 <FPF deformation
324 PF2 wag
113 <PNC deformation

A 839 P-F stretch (asymm.)
630 . N=C=0. deformation (out-of-plane)
'367 . PF, rock

70 Torsion
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\ : _
" Table 6.5 | Vibrational Corrections forrPF2NCO -

(a)

‘Electron Diffraction

Distance u,,/pm (%a tu? + K ro correction/pm
(fa au” o+ Kp = Yo )
r
PF 4.25 1.02 0.91
PN 5.07 1.11 0.96
NC 3.51 1.29 1.19
CO 3.63 1.99 1.88
FF 6.57 1.25 1.06
FN 7.46 1.69 1.46
FC 11.80 0.33 -0.07
FO 16.79 0.14 -0.47
PC 8.99 0.16 -0.14
PO 12.58 0.63 0.21
NO 4.00 2.75 2.68
(b) Liquid Crystal N.M.R. Spectroscopy
283 K * %
D Correction* p° D
obs o calc
PF -178.7(8) -2.0 -180.7(8) -180.8
PN -8.81(9) -0.2 -9.0(9) -9.0
FN 33.0(6) 1.1 34.1(6) 34.0
FF -73.8(3) 3.5 ~70.3(5) -70.3
253 K sk
PF -268.7(8) -4.2 -272,9(10) =~272.9
- PC -19.6(15) -0.1 -19.7(15) -21.0
i
FC ~-45.2(6) 0.1 -45.1(6) ~-45.7
CN 233,0(9) 12.2 245.2(16) 167.3
PN -18.1(10) -0.5 -18.6(10)  -18.8
FN 42.1(6) 1.3 43.4(6) 43.2
FF -61.4(4) 4.5 -56.9(6) =57.0

XA 11T mrdadmdr A€ 102 rme S 1moed Eoae ant 3oopeom 4 4 mon —

.
[y NI S —
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Table 6.6 Structural Refihements for PFZNEQ

Independent

Distances/pm

P-F
P-N
N=C
C=0

Independent
Angles/0

<FPF
<FPN
<PNC

R factor
gen

A
E.D. only
o]

(ra)
156.3(2)
167.1(4)
119.8(9)
116.1(8)

95.8(9)
97.7(8)
137.3(12)

9.6%

253 K (excluding C couplings)

(+ vibn. corrections)

7156.3(2)

167.3(4)
119.8(9)
116.1(8)

96.4(9)
96.8(2)
136.7(12)

9.9%

C

283 K (excluding C couplings)

(+ vibn. corrections)

156.3(2)
167.4(4)
119.7(9)
116.2(8)

96.3(9)
96.6(2)
136.5(12)

10.0%
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-Table 6.6 (contd.)

: D
Ind dent
ndependen Diffs.
Distances/pm
P~F 156.7 (4)
P-N . 170.0(9)
N=C 108.0(9)
C=0 120.6(11)
Independent
Angles/o
<FPF 98.7(13)
<PNC 139.2(20)
Rgen factor 28.6%

E
Diffs. {(excluding

CN Coupling)}-

156.3(2)
167.2(4)
119.0(11)
116.8(10)

95.8(5)
97.5(4)
137.1(11)

10.3%

F

253 K (excluding CN coupling}
(+ vibn. corrections)

©56.3(2)
167.3(4)
118.8(10)
116.5(10)

96.8(8)
196.8(2)
139.8(11)

11.3%
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Table 6.7

Differences Method for PF,NCO

2
Nuclei .A*253K A%, a3x Qiff/z** Calc. (Refinement D) Calc. (Refinement E)
PF -1844:4 -1664.3 -90.05 - =90.3 -90.3
PC -50.6 —-43.4 -3.6 -4.3 -4.4
FC -98.8 ~-75.0 -11.9 1—13.4' -10.9
CN - 443.2 318.5 62.35 61.3 40.3
PN - 53.0 71.6 -9.3 -9.4 -8.6
FN 70.5 52.2 9.15 11.1 9.6
FF -184.3 -221.3 12.3 12.1 12,2
* A =

* %

J + 2D (except for FF coupling, A = 3D)

Except for FF coupling, Diff./3
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Table 6.8 ILeast Squares Correlation Matrices (x100)

for the rg structures of PF,NCO

(a) E.D. only (Refinement A)

PN Co <FPN <Pﬁc u (PF) u (PN} u(CO0) wulFF) u({FC)
-48 | 61 77 ,PF
-71 -59 ! PN
-96 -68 ' -97. 48 | NC
62 96 -48 | co
-74 50 75 <FPF
-48  <FPN
65 -74 | <PNC
85 : u({PF)

(b) E.D:. + L.C.N.M.R. (Refinement B)

S u(PF) u(PN) u(G0) u(FF) u(FC)

PM. CO <FPN & S . -
2z  “xx-yy ‘Uxy
=45, 64 -83 47 60 76 PF
90 -69 -57 DN
-74 =90 NC
89 CO
95 76 45 | <FPF
86 -54 71 67 <FPN
58 -62| <PNC
Note: Only elements with
|absolute values| 71 50 S22
24 i .
5 included 56 45 _ sxx-yy
85 ‘ u (PF)
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Figure 6.2 Observed and Final Weighted Difference

Molecular Scattering Intensities for PFZNCO
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Figure 6.3 Observed and Difference Radial

Distribution Curve for PF2NCO
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]'CﬁAPTER 7

THE MOLECULAR STRUCTURE OF DIFLUOROPHOSPHiNE SULPHIDE,
DETERMINED BY USING A COMBINATION. OF DATA FROM
ELECTRON DIFFRACTION, LIQUID CRYSTAL N.M.R. SPECTROSCOPY

AND MICROWAVE SPECTROSCOPY
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7.1 Introduction

The problemé associated with the combination of
data from Electron Diffraction (E.D.) and Liquid
Crystal N.M.R. Spectroscopy (L.C.N.M.R.) in the previoué
chapters have partly stemmed from the consideration of
molecules possessing low frequency, high amplitude modes "of
vibration., It is difficult to allow exactly for the effect
of these vibrations when‘conVerting data from each source to
the r.' structure -(see chapter 3). It was decided that a
more rigid molecule would be a more suitable candidate for
a combinea structural analysis, and difluorophosphine
sulphide was chosen.

The structure of this compound has previously been

(45)

determined by both Electron Diffraction and Microwave

Spectroscopy(181). However, neither method can claim to
locate the proton with great accuracy. 1In the E.D. analysis,
- the peaks in the radial distribution curve corresponding

to the proton bonded and non-bonded distances are of very low
intensity and coincide with more significant peaks,
necessitating the fixing of all hydrogen parameters at
reasonable values throughout the refinement. The extra

information from Liquid Crystal N.M.R. Spectroscopy allows

these parameters to be refined.

It is interesting to compare the structure of
difluorophosphine sulphide with its selenide analogue.
This compound was the first to be studied by a combination

of E.D. and L.C.N.M.R. techniques(124).
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7.2 Experimental

A sample of PFZHS was prepared by the reaction
between hydrogen sulphide and PFzBr in the presence of
mercury, under reduced pressure, by vigorously shaking a

glass bulb containing the reagénts(182).

PF,Br+ H,S Hg PF,HS + HBX

The product was purified by fractionation under vacuum and the
purity tested by infra-red spectroscopy. A yield of around

fifty percent was obtained.

7.3 Data Collection

7.3.1 Electron Diffraction

(45)

The data collected previously were used again.

The plates had been run on a Balzers KD.G2 Diffraction

(32) at Manchester and were retraced by the‘new

Apparatus
microdensitometry service at Daresbury. The relevant

experimental details are listed in Table 1.1.

7.3.2 Microwave Spectroscopy

The rotational constants of Nave and Sheridan(181)

were used (Table 7.1}.

7.3.3 Liquid Crystal N.M.R. Spectroscopy

Sampies were prepared containing 0.3 mmol of PF,HS
in 0.4 ml of_“ES“ liguid crystal as solvent in 5 mm N.M.R.
tubes. These solutions were found to possess a nematic
phase between 235 and 295 K. A sample was also prepared

containing 0.3 mmol of PF,HS in 0.4 ml of CDC1,.
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3

All the N.M.R. experiments were carried out usin@
the Varian Associatés XL100 Spectrometer (see Chapter
2.4) in the pulsed Fourier transform mode. This instrument
has built-in decoupler coils and a low temperature operation

facility.

The inéirect J coupling constants (Table 7.3) were
measured in the isotropic ligquid crystal solution heated to
313 K. Measurements taken in CDCl3 soiution at both 293 X
and 253 K showed that the couplings varied slightly with
temperature. It was assumed that a similar variation would
occur in the couplings measured in the liquid crystal solution

and so they were scaled accordingly.

The PH céupling in particular was substantially different
in each solVent, emphasizing the importance of measuring the
couplings in the isotropic phase of the liquid crystal.

A series of double resonance experiments was carried out on
the CDCl3 solution (Table 7.2(a)) and the absglute signs
of the couplings determined by relating them to the PF coupling,

which is always large and negative(104). The isotropic

results were similar to those found in a previous study(83).

The direct D coupling constants were measured in the
liguid crystal solution oﬁer a range of temperatures
around 262 K and linearly extrapolated to this temperature
(Table 7.4). It has been shown in previous chapters that
the molecular structure changes insignificaﬁtly with temperature,
therefore there is little to be gained by taking measurements

at several temperatures. The relative signs of the couplings

were determined by a series of double resonance experiments
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(Table 7.2(b)) and their absolute values given by

comparison once again to the negative PF coupling. .

In addition to the double rescnance experiments,
a two-dimensional spectrum was run on the departmental
Bruker WH360 Spectrometer. This method gives a contour plot
of the peaks inﬁolved; with one axis representing the pfoton
spectrum and the other axis the phosphorus spectrum. From
the pos;tions.of the peaks in two-dimensions, it can be directly
seen that the low-field proton resonances correspond to the
high-field phosphorus resonances énd‘vice-Versa; It can
therefore be simply deduced, from consideration of the
spin-levels involved (as outlined in Chapter 2.5), that
the PF and FH couplings must be of opposite sign. This
elegant method is much simpler than a time consuming series
of double-resonance experiments, unfortunately, so far,

only the proton/phosphorus combination is available.

Examples of the spectra obtained in the isotropic and
nematic phases, including double resonance experiments,
- are shown in Figure 7.1. The two-dimensional spectrum

is shown in Figure 7.2.
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7.4 Structural Refinements

7.4.1 Electron Diffraction Only (Refinement A}

In all structural refinements it is assumed that
PFZHS possesses Cs symmetry. A model program was written
with six independent-parémeters, the Pﬂ, PF and SF
distances and the <FPF, <SPF and <SPH angles, and one

dependent parameter, the <FPH angle.

A normal co-ordinate analysis using the GAMP routine
(see Chapter 3.6) was carried 6ut to determine the amplitudes

of vibration. A harmonic force field was developed which
(181)

exactly fitted the observed vibrational frequencies
which are listed in Table 7.5 with their assignments.
One of the fundamental modes has not been observed for
PF,HS, this is the lowest frequency A'' symmetry hode,
assigned to the,PF2 rock. In the case of SPF2C1(184)
this band occurs at 250 cm”|. Varying the frequency around
this value had, as expected, the greatest effect on £ﬁe
u(S...F) calculated amplitude, which agreed with that
obtained from the electron diffraction refinement when the

fundamental mode was fixed at 230 cm .

The r, structure was now refined from the E.D. data
alone. All parameters were allowed to refine except those
associated with the proton, which were fixed at the wvalues
obtained from the normal co-ordinate analysis. When the proton
distance and angle were allowed to refine the values dropped

to unreasonable levels with huge E.S.D.S.
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The final T, structure (see Table 7.6 and 7.7) is
the same as previously reported(45); however, the Rgen
factor has been reduced from 12% to 6%. This may be
because of the improved plate tracing or better background

substraction.

The rao structure (see Table 7.9) was refined using
the vibrational corrections outlined in Chapter 3, with
the ampiitudes of vibration calculated by the normal
co-ordinate analysis. The corrections are listed in

Table 7.8(a).

The molecular scattering intensity and the radial
distribution curves for PFZHS are shown in Figures 7.3

and 7.4 reépectively.

~7.4.2 The Microwave Structure (Refinement B)

The microwave structure was calculated using a program
which calculated the moments of inertia from the rotational
constants of each isotopic species. An input starting
structure was refined by a least squares method and the

final structure agreed with that reported previously(181).

Harmonic vibrational corrections were applied
(Table 7.8(b)) as described in Chapter 3.5, to convert to
the Bz rotational constants from which the r, structure
was cglculated,'for comparison with the E.D. rao structure

(see Table 7.9).



7.4.3 Electron Diffraction Plus Microwave

Structure (Refinement C)

A new model program was written to calculate
structural information from the Bz rotational constants.
These were added as extra data to the E.b. refinement program,
with weights proportional to the inverse of the square of
their uncertainty. The well defined parameters agreed with
the E.D. only structure, but when the proton parameters were
freed, the <SPH.angleﬁfell to a low value with a very large
E.S.D. The fall was not as dramatic as in the E.D. only
case, so the inclusion of the microwave data has caused a
- slight improvement. The R gen factor was in this case
5.6%, which has dropped slightly from the E.D. only case,
because of the freeing of the proton parameters. The
structure is listed in Table 7.9 for comparison with the

other refinements.

7.4.3 E.D. plus L.C.N.M.R. Structure (Refinement D)

A new model program was written to extract the
structural information from the Liquid Crystal N.M.R. data.
Three refinable parameters were added to define the
orientation (Cs symmetry, Table 2.1), calculated according
to equation 2.18. The direct couplings were added to the
refinement program with weights inversely proportional to the squar:

of their uncertainties.

Initially the orientation parameters were allowed to
refine, with the structure held fixed at the E.D. only result.

The well defined distances were then freed, with their
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amplitudes of vibration, and finally the‘proton distances
were allowed ﬁo refine. The amplitudes of vibration
associated with the proton bonded and non-bonded distances
were held fixed at the spectroscopic values throughout.

Using the program VIBR(146),,vibrational corrections

were applied to the direct couplings as described in

Chapter 3.4 (see Table 7.8(c)).

The combined E.D. plus L.C.N.M.R. rao structure wés now
refined (Table 7.9), and gave a final R factor of 4.8%.
The <HPS angle was found to be better defined than for the
E.D. plus microwave refinement, but the PH distance was
less well defined.‘ The parameters not involving the proton

remained within the combined E.S.D.s for each data

combination.

7.4.4 E.D. plus L.C.N.M.R. plus Microwave

Structure (Refinement E)

For the first time data from three separate sources have
been combined, to give a simple ru0 structure. With the
inclusion of additional data,'theleen factor would be
expected to rise, and has, but only to 6.5%. The couplings
"and rotational constants are fitted to within their
E.S.D.'s. The uﬁcertainties associated with each parameter
have dropped from the previous refinements and all parameters

.have sensible values.

The parameters from each refinement may be compared in
Table 7.9 and the least squares correlation matrix for the

combined refinement is presented in Table 7.10.
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7.5 Discussion

The structure of SPFZH is in itself unremarkable.
However, the fact that it has been possible to fit all the
data from E.D., microwave spectroscopy and L.C.N.M.R.
together is encouraging. As expected, by introducing the
extra data, the correlatiomns between the geometric parameters
in Table 7.10 are seen to increase, but, their uncertainties
have nevertheless been reduced. Refinement D, E.D, plus
L.C.N.M.R., is strikingly similar to the structure previously

derived for SePFZH(124) by a similar combination of data.

The parameters that were well defined by E.D. alone
have remained fairly constant throughout each subsequent
refinement, showing that the structure has changed little
in going from the gas to the liquid phase. Table 7.11
lists for comparison, the,P—F-and P=S bondlengths and
associated angles,and Table 7.12 the P-H bondlengths, for a
variety of related compounds. Although direct comparison
is hampered by the fact that the parameters listed
represent different structures, several important trends may

be observed.

Variations in bondlengths are caused by a combination
of subtle effects. In,tﬁe case of the P-F bondlength, o
the most important effect seems to be the number of other
electronegative atoms, particularly fluorine, attached to the
phosphorus centre. 1In considering the series gocing from
PF, to PF,H to PH3,the P-F and P-H bond lengths increase
because the repulsion of the P-H bonding electron pair is

larger than that of P-F,because the increased electro-~
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negativity shifts the electron density towards the fluorine.
This highly polar PF bond has been observed to give rise

to a large chemical shift to high freq. in phosphorus
N.M.R. experiments, and a higher than estimated dipole

moment(185).

The P-F bond lengths in four co-ordinate PF,SH are
seen to be shorter than those in PF,, while in five co-ordinate

PF. the equatorial P-F distances are shorter still. This

5
shortening with increased co-ordination has been explained

in terms of a shrinking central atom as more highly

electronegative atoms are attached, and by changes in the

bonding electron orbital hybridisation''8®). the magnitude

of this effect in going from four to five cé-ordinate is not
as great as going from three to four co-ordinate, because of
an opposing steric effect tending to lengthen bonds with

increasing co-ordination number.

The trend with electronegative substituents is seen
in the increase in P-F bondlength through the series

‘SPF SPF.C1, SPFzBr, SPF,I and SPF,H, and also OPFZH,

3 2 2
,H and SePF,H. The effect on the P=S bondlength

is not so clear cut, with the distance in SPF,H lying

2
SPF

in the middle ¢of the series SPF SPF2C1, SPF,Br and

37 2

SPF,I. Perhaps the steric effect of the bulky Br and I
groups serves to balance the expected decrease in bondlength

from electronegativity considerations.

The FPF angle lies in the range for this angle in
SPFZX compounds. There seems to be a distinct series,
increasing from SePF,H to SPF,H to OPF,H. This could be

caused by the increasing electronegativity of the



substituent group delocalising the bonding electrons away
from the phosphorus centre and so reducing the repulsion
and increasing the angle. Also, according to Bartell's "hard-

(187), the non-bonded F..F distance remains

spherefftheory
fairly constant, therefore as the P-F bond lengths have

been seen to shorten, so the FPF angle will increase.

The P-H distances shown in Table 7.12 once again

represent different structures. In general the parameters

vary as rao < r, < r, - Electronegativity effects are

noticed in the reduction of the P-H distance in going
from PH3 to PFzH, an effect also found in the series
SePF

H, SPF,H and OPF,H. A decrease in the P-H distance

2 2 2

in going from three to four co-ordinate phosphorus is
noticed. This could be explained in terms of increased s
character in the hybridised bonding electron orbitals in

the four co-ordinate system.
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Table 7.1 Rotational Constants for the PFHS .

'Isotopic Species

pF_u>%g pF.D>2g pr.u34s

2 2 2
A (MHz) 8336.572(6) 7876.61(3) 8333.40(3)
B (MHz)} 1 3725.667(3) 1 3641.52(3) 3596.86(3)
C(MHZ) 2805.302(2) 2798.88(3) 2731.91(3)

Table 7.2 Double Resonance Experiments for PF,HS

(a) Isotropic Couplings

Experiméht J Couplings Related Relative Signs
31P—{19F} PH and FH equal
19 1 .

F-{ H} PF and PH opposite
19F-{31P} FH and PH equai

(b) Nematic Couplings

Experiment A* Couplings Related Relative Signs
19 1 ‘ .
F-{'H} PF and PH - opposite
FF and FH equal
31 1 - .
P-{ 'H} PF and FH opposite

&
A =J + 2D (except for FF coupling, A = 3D)
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Table 7.3 Isotropic Couplings for PFzHS

Nuclei CDCl3 (298K) CDCl3 (253K) E5 (313K) ‘E5 (scaled
to 262 K)

PF -1157.3(5) -1158.3 (4) -1156.8(5) =-1157.8(8)

PH +737.5(1) +740.9(5) +758.0(5)  +761.0(8)

FH +97.8(1) +97.8(2) +98.0(5) +98.0(5)

Table 7.4 Direct Couplings for PF2§§_

Nuclei J - A* (262K) D

PF ~-1157.8(8) -1015.8 (5) + 71.0(8)

PH +761.0(8) +2025.0(10) +632.5(12)

FH +98.0(5) +973.6(5) +437.8(7)

FF - +789.4 (5) +263.1(5)

='J + 2D (except

for FF coupling, A = 3D)
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table 7.5 Vibrational Frequencies and Assignments

for PFZHS
Species _ Frequency/cm-1 Approximate Description
A’ 2458 _ P-H stretch
1019 p~H deformation (in-plane)
923 P-F, stretch (symm)
710 P=S stretch
419 PF, wag (in-plane)
344 FPF deformation
VA" 963 P-H wag (out-of-plane)
901 PF2 stretch (asymm)
230%* PFz-rock

*
Estimated from E.D. amplitudes of vibration
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Note: Only |elements| > 40 are included

Table 7.6 Distances and Amplitudes of Vibration
for the E.D. only r, Structure of PF,HS
Distances/pm Amplitudes/pm
dt (P-H) 140.0 (fixed) 8.4 (fixed)
d2 (P=F) 154.9 (1) 3.4 (5)
d3 {p=S) 187.7 (2) 3.5 (5)
d4 (F...F) 235.6 (7) 7.5 (9)
d5 (S...F) 291.0 (5) 7.8 (3)
dé (S...H) 280.5 (fixed) 11.0 (fixed)
d7 (F...H) 231.3 (fixed) 12.0 (fixed) _
TaBie'7.7 Least Squares Correlation Matrix x100
for the E.D. oni& r_  Structure of PF,HS
PS <FPS u(PF) u (PS) u(SF) K, K, Ky
100 -62 . 40 PS
100 <FPS
100 57 43 80 50 u (PF)
100 71 46 u(Ps)
100 53° u(SF)
100 62 K
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Table 7.8 Vibrational Corrections for PF,HS

(a) E.D. rg correction/pm
Distance  u,/pm '(%? Au2 + Kp) (%; Ad? s Kmf" %;}
PH 8.41 1.300 0.797
PF 4.04 0.264 . 0.158
SP 3.89 0.192 0.112
FF 7.38 0.200 0.000
SF 7.44 0.040 -0.150
SH 10.90 0.620 0.200
FH 11.84 0.770 0.150
(b) Microwave
B Correction B * B "
o z calc
A(MHZ) 8336.572 ~-16.980 - 8319.59(170) 8319.07
B(MHZ) 3725.667 - 5,485 3720.18(55) 3720.06
C(MHZ) 2805.302 - 1.26Q 2804.04(13) 2804 .15
(c) L.C.N.M.R.
o * o * %
DObs Correction Da Dcalc
PF 71.0(7) 0.7 71.7(7) 71.76
PH 632.5(10) 24.2 656.7(25) 656.96
FH 437.8(7) 1.7 439.5(8) 439.53
FF 263.1(5) 0.7 263.7(6) 263.74

*
An uncertainty of 10% was assumed for vibrational
corrections ’

* % ’
Calculated from Refinement E
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Table 7.9 Molecular Parameters for PF2HS (rz structures)

E E.D.+L.C.+M.W.

A E.D. only B Microwave C E.D.+M.W. D E.D. +L.C.
only (rz)
Distances/pm
P-H 139.2(fixed) ©139.2(15) 138.6(16) 140.9(20) 141.1{13)
P-F 154.7(2) . 155.0(2) 154.7(2) 154.7(2) 154.6 (2)
P=S : 187.6(3) 187.3(3) 187.5(3) 187.5(3) 187.5(3)
Angles/o
<FPF  99.3(5) 98.7(2) 99.0(2) 99.4 (5) 99.1(1)
<HPS 117.0 (£ixed) 119.2(10) 114.3(20) 118.4.(8) 116.8(6)
<FPS 116.2(2) 117.1(2) 117.0(2) 116.2(2) 117.0(2)
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Table 7.10 Least Squares Correlation Matrix x100 for PFZHS {Refinement E)

PF <FPF <HPS <FPS S sxy u{Ps) k1 k2 k3
~70 64 -96 84 98 -75 =51 PH
-95 61 -63 PF
56 -80 -54 77 51 PS
~-59 57 <FPF
=91 ~97 86 53 <HPS
87 -92 =57 <FPS
-80 -54 S
XX~YY
53 S
Xy
54 77 50 u (PF)
71 u(Ps)
56 u (SF)
63 k1

Note: Only |elements| > 50 included
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Table 7.11 Parameters for Some Compounids Related to PFZHS'

P-F b=S . <.FPF - <FPS Ref.
SPF,H 154.6(2)  187.5(3)  99.1(1) 117.0(2)  this work
SPF 153.8(3) 186 .6 (5) 99.6(3) _ 188
SPF,CL  153.7(2)  186.5(8)  100.5(8)  116.2(9) 45
SPCL, 188.5 (5) | 189
SPF,Br 154.4(3)  188.2(4)  98.3(10) 118.2(10) 45
SPBr, 189.4(4) o 190
SPF,I 154.6(5)  190.2(6) 45
OPF ,H 153.9(3) 99.8(5) [116.3(10)1 191
SePF,H  155.7(3) 98.1(7) [116.8(3)1 124
PF, 156 .5 (1) | 97.8(2) 192
PF 153.4(455 193

* ) )
Equatorial P-F distance, the axial P-F is slightly longer



" Table 7.12 Examples of P-H Bond Lengths

Compound .1Distance/pm: -Stxucture Refe;ence.
SPF,H 141.1(&3) This work
SePF ,H 142.2( 7) 124
OPF,H 138.7(10) 191
MePHZ.BH3 140.4(15) 194
MezPH.BH3 141.4(12) 195
PF,H 141.2(76) 185
PH, 142.0(.5) 196
PHZ(CH3) 142.3( 7) 197
PH(CH,) , 144.5(20) 197
PHz(SiH3) 143,8 (20} 198
PHZ(CF3) 143.0(30) 199
P2H4 141.7( 2) 200
P2H4 145.1( 7) 201
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Figure 7.1 Ligquid Crystal N.M.R. Spectra for PF,HS

{(a) 1H isotropic (CDC13 solvent)

) S J I T

(b) 'H isotropic (showing additional E5 resonances)




Figure 7.1 {contd.)
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(c) F isotropic
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(d) P isotropic
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(e) '°F (253 K)

(£) 3'p (253 )
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Figure 7.1 (contd.)
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(g) F{H} Double. Resonance Experiment (isotropic)

(i) Irradiating high

frequency triplet

in 1H spectrun

(ii) Irradiating low
frequency triplet
in 1H spectrum

I

(h) F{P} Double Resonance
Experiment (isotropic)

(i} Irradiating first

peak in 31P

spectrum

(ii) Irradiating last

peak in 31P

spectrum
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(i) F{H} Double Resonance Experiment (253 K)

(i} Irradiating on | :
Peak 1 in 1H . }
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(iv) Peak 4

(v) Peak 5
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{(vi) Peak 6




Figure 7.2
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Two-dimensional N.M.R. spectrum for PF,HS

(proton decoupled)
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Figure 7.3 Observed and Weighted Difference Molecular

Scattering Intensities for PF, HS
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: /
Figure 7.3 (contd.)

(c) Long

80.

Figure 7.4 ‘Observe.d and bifference Radial Distribution

Curves for PFzHi
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. CHAPTER EIGHT

THE MOLECULAR STRUCTURE OF SILYL CYANIDE,

DETERMINED BY LIQUID CRYSTAL N.M.R. SPECTROSCOPY .
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8.1 Introduction

It was noted in Chapter 2 that the amount of structural
information évailable from Liguid Crystal N.M.R. Spectroscopy
(L.C.N.M.R.) was dependent upon fhe number of observable
couplings and the geometry of the molecule under study.

Silyl cyanide is an eminently suitable compound for study

by this technique. It possesses C3v symmetry, and so

requires only one parameter to define the orientation of

the threefold symmetry axis with respect to the applied

field (see Table 2.1), and by using isotopic enrichment of the
carbon-13 and nitrogen-15 species, couplings to each of

the nuclei can be observed. It is therefore possible to refine
a structure from the L.C.N.M.R. daﬁa alone although an

overall multiplicative scaling factor is required.

The structure of silyl cyanide in the liquid crystal
solution is compared with that obtained in the gas phase from
Electron Diffraction (E.D.) and Microwave Spectroscopy,
and with that obtained in the solid phase from X-ray
Crystaliography. The observed differencés in the various

structures are discussed.

8.2 Experimental

A sample of silyl bromide was prepared by a wvariation

(202)

of the standard method from phenyl silane and

hydrogen bromide:

C,H.SiH, + HBr - C,.H

gHgSiHy g * SiH3Br



A sample of silyl cyanide was prepared by the reaction between
silyl bromide and silver cyanide. The silver cyanide salt
(30 mmol}) was prepared from silver nitrate and potassium

cyanide solutions:

AgNO, + KCN -+ AgCN+ ~ + KNO

3 3

The precipitate was filtered off and washed with deionised
water, alcohol then dry ether, then transferred to an

ampoule and pumped dry overnight on a vacuum line.

Portions of silyl bromide (5 mmol) were condensed
onto the large excess of silver cyanide, and allowed to

warm to room temperature for five minutes:

SiH3Br + AgCN =+ SiH3CN + AgBr

The product was fractionated and its purity checked by
infrared spectroscopy.

A sample of SiH3 13C15N was produced from the doubly

labelled potassium cyanide salt for use in the N.M.R.

exXxperiments. A vyield of 80% was recorded.
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8.3 Data Collection

8.3.1 Electron Diffraction

A sample of silyl cyanide was run on the Edinburgh
Electron Diffraction Apparatus {see Chapter 1.3}. The
plates obtained were traced by the microdensitometry service
at Daresbury. The releVant experimental details are

listed in Table 1.1.

8;3;2 Liquid Crystal N.M.R. Spectroscopy

Samples were prepared containing 0.3 mmol of the

13,15

doubly labelled SiH C "N in 0.4 ml of 'E5' liquid

3
crystal as solvent in 5 mm N.M.R. tubes. These solutions
were found to become isotropic.around 310 K.

A sample was also prepared containing 0.3 mmol of

3 13075 in 0.4 ml of CDCl, solvent,

SiH
Spectra were obtained through the departmental service

on the Bruker WP200SY and WH360 spectrometers}

It was found that, in the case of the proton and’
carbon~13 isotropic spectra of the liquid crystal solutions,
the solvent resonances completely masked those from the
solute itself. The isotropic indirect J couplings (Table

8.2) have, therefore, been measured in the CDCl3 soluticn.

A series of double rescnance experiments (Table 8.1)
was carried out in order to determine the relative signs of
the couplings. These were later assigned absolute values by

inspection, allowing for the fact that these experiments
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relate the signs of the reduced K coupling constants (see
Chapter 2.6), which have opposite signs from the indirect

J couplings when nitrogen-15 or silicon-29 are involved.

'Téble 8.1 Isotropic Double Rescnance Experiments on

13C15N in CDCl3 Solution

SlH3

Experiment Couplings Related Relative Signs
K -J
15 1 ,
N-{ 'H} NC and CH equal opposite
13, (1 . .
c-{ H} CSi and SiH equal equal
CN and NH equal equal

Tﬁe direct D couplings (Table 5.2) were measured over
a range of temperatures. Double resonance experiments were
not required as the signs of the direct couplings are défined
by the molecular geometry. A selection of the spectra
obtained are shown in Figure 8.1.

An additional sample was made up containing 0.3 mmol

13,15

of SiH, '"C'°N in 0.5 ml of 'MBBA' liquid crystal as solvent.

N.M.R. spectra cbtained from this sample indicated that

the solute had reacted with the solvent and decomposed.

This problem has been previously discussed in Chapter 2.1,
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8.4  Structural Refinements

8.4.1 Electron Diffraction

In all structural refinements it was assumed that the

silyl cyanide molecule possesses C symmetry; A model program

3v
was written with four independent parameters, the SiH,

SiC and CN bond lengths and the <HSiC angle.

‘A normal co-ordinate analysis using the GAMP routine
(see Chapter 3.6) was carried out to determine the amplitudes
of. vibration. A harmonic force field was developed which
exactly fitted the observed vibrational frequenciés(203)
which are listed in Table 8.3 with their assignments. The
calculated amplitudes of vibration were used as starting
values in the E.D. refinement and to calculate the

- vibrational corrections (Table 8.5) as outlined in

Chapter 3.

The rg structure (see Table 8.7) was refined from the
- E.D. data. All parameters were allowed to refine except the
H...H amplitude of wvibration which was fixed at the value

obtained from the normal co-ordinate analysis.

The final Rgen factor obtained was 8.4%,.
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8.4.2 Microwave Spectroscopy

The rotational constants for the various isotopic species
of silyl cyanide were measured by Careless and Kroto(204).
These were corrected for harmonic vibrations and converted
into an r, structure (see Table 8.7) using a least-

squares refinement method in Edinburgh by Cradock.

_8.4;3 X-Ray Crystallography

The solid state crystal and molecular structures
(see Table 8.7) of silyl cvanide have been investigated
previously at Edinburgh by Barrow(zos). A monoclinic
crystal was studied by X-ray diffraction at a teﬁperature
of 150 K. The results were analysed by Fourier methods and
least~squares refinement, making allowance for the complex
nature of the anomalous dispersion effects for the 5i, C

and N nuclei. A symmetry space group of P21/m was

assumed and a final R factor of 3.5% attained.

8.4.4 Ligquid Crystal N.M.R. Spectroscopy

A model program was written to extract the structural
information from the L.C.N.M.R., data, according to equation
2.18. Only one parameter was required to define the
orientation (C3v symmetry, Table 2.1). The direct coupling
constants were included in the E.D. refinement routine with
weights iﬁversely proportional to the square of their

o

uncertainties. The E.D. ra structure was taken as a

starting set of parameters, but the E.D. data were ignored.
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The orientation parameter can be calculated for the
couplings at each temperature from the HH coupling, which is
known absolutely, having no component of indirect J
coupling. Only the zz element of the orientation matrix

is required for a molecule of C symmetry, defining the

3v
orientation of the molecular z-axis, which in this case

lies along the SiC and CN bonds. According to equation 2.3

the orientation, S, of any bond is given by

S =} <3coslg - 1> 8.1

where 6 is the angle between the bond and the applied field.

If the orientation of the SiC and CN bonds 1is defined

as SZZ,‘then the orientation of the HH distance, which

lies perpendicular to the z=~axis, is given by

S = §(30052

T = -
HH 27 WSy = "5, .82

22

The Siz orientation can then be calculated from the equation

-h vy
- H H -
Pan T 23 - (TR Sy 8.3
HH
Since Szz is positive, as the molecules of silyl

cyanide preferentially align themselves with their long
axis parallel to the liquid crystal solvent molecules, the
signs of the direct couplings can all be determined from
equation 8.3. However, because of an incomplete series of
double resonance experiments, the indirect J coupling signs
are not known. It can be shown, by considering both signs
alternately in the refinement, that a negative value for the

large HSi indirect J coupling is the only sensible result.
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\\ )

Therefore, from Table 8.1, it can be seen that the CSi

coupling is also negative.

" The observed coupling in the nematic mesophase; A,
is of magnitude Jf; 2D (except for the HH coupling,
A ='3D), thereforé, if measurements are made at two
different temperatures and the couplings subtracted, then
the j.dependence is lost (see Chapter 4.4.2). This

differences method is valid in the C symmetry case, as

3v
the couplings vary linearly with orientation.

The pseudo-couplings derived by this method are listed
in Table 8.4 and the structure refined from them is listed
as Refinement A in Table 8.6. Vibrational corrections have
not been applied as the physical significance of the

pseudo-couplings is not yet fully understood.

In refinements of the conventionai couplings measured
at temperatures of 264 K and 295 X, the signs of the J
components Wére varied according to the constraints imposed
by the relationships established by the double reéonance‘
experiments (Table 8.1). The structures derived were
compared to that from the differences method, (Table 8.6)
and the absolute signs of ﬁhe indirect J cduplings were
thus established.

Using the program‘VIBR(146)

, Vvibrational corrections
(Table 8.5) were applied to the couplings (see Chapter 3.6).
The structures, with and without vibrational corrections,
are listed in Table 8.6 and the corrected rg structures are

listed in Table 8.7 for comparison with the structures

determined in different phases.
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The application of wvibrational corrections has
produced a more self-consistent structure, with greatly
reduced. uncertainties. The parameters listed have been

o

arbitrarily scaled to the E.D. r, CN bond length, and

the stated uncertainties do not allow for any scaling error.

The excellent agreement between the corrected and
calculated couplings (Table 8.5(b)), the improvement in the
uncertainties and the magnitude of the reéultant structural
changes all emphasize the importance of the vibrational

corrections.
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B.5 Discussion

The molecular structure of silyl c¢yanide has been

determined in the gas, ligquid and solid phases (Table 8.7).

In the.solid phase there was noted a short contact
interaction between the silicon and the nitrogen of
adjacent molecules, which tended to align in a sort of
co-ordinated linear chain. The proximity of the nitrogen
atom would be expected to shorten the silicon-hydrogen
bondlength and widen the <HSiH angle, and this is the
observed effect, although the hydrogen positions are only

poorly resolved by X-ray crystallography.

The structure in the liquid phase is seen to lie
somewhere between the gas and the solid phase structures.
The 'E5' liquid crystal solvent contains cyanide groups,
therefore, a co-ordination effecf similar to that in the
solid phase may be occurring. The fact that the <HSiH
angle becomes wider at the lower temperature, at which greater
solﬁent—solute interaction would be expected, gives further
éﬁidence for this. The liquid phase structure has been scaled
to the Electron;Diffraction CN bondlength as the
co-ordination effect would be expected to increase the SiC
bondlength and this is also noticed in comparison to the gas
phase structure. It was attempted to analyse the étructure
in an alternative liquid crystal, '"MBBA', however this |

solvent proved too reactive and the solute decomposed.



Although changes in structure with phase can be
explainea by the specific interaction of the molecule with
other cyanide groups, the differences between the gas phase
structures determined by Electron Diffraction and Microwave
Spectroscopy are more difficult‘ﬁo explain. Each techniéue
giﬁes a well—resolved structure, however, when vibratioconal
corrections are applied to give. the r, and rg structures
(which should be equivalent), the sets of parameters derived
by each technique are incompatible. This problem is as yet

intractable.

The most interesting structural feature of the silyl
cyvanide molecule is thé Si~C bond length (Table 8.8). As
expected it is shoriter than in the.sp3-hybridized case, for
example in methyl silane, however, it is much longer than in
other compounds with silicon bonded to formally sp-
hybridized carbon.

Very short Si-C bond lengths have previously been

tentatively explained by (p-=d)n bonding(zos)

resonance structure effects(zog). Perhaps the low

, and by

electron releasing tendency of the cyanide group reduces any
contribution from these effects. For instance a configuration

of the resonance structure of the type:

H3 - 51 = C = N

would not be favoured.
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Table 8.2

Observed Couplings

(Hz) for SiH

13C15N

3
J Bea x Drea x by0s x Paos x By73 x D273

jHN -~ 1.16(2) 94.5(2) 47.9(2) 67.4(5) 34.3(5) 80.0(6) 40.6(6)
HC - 14.72(2) -450.7(2) -227.7(2) -321.5(3) -163.3(3) ~379.0(4) -191.9(4)
HSi -239.09(2) -1711.0(15) -736.0(15) -1284.74(5) -522.8(5) ~ -

SiN - 2.14(3) - - - - -37.5(6) .-17.7(6)
SiC - 61.90(5) - - - - 310.0(5) 186.0(5)
oN - 12.82(2) 915.7(8) 464.3(8) 650.7(5) 331.8(5) - -

HH - 2981.0(10) 993,7(10) 2143.5(2) 714.5(2) - -
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\
Al
N,

Table 8.3  Observed Vibrational Frequencies and their

Assignments for SiH,CN

' ‘Symmetry Species 'FrequenCy/cm—1

" Assignment
A ' 2232 v(C-H) symmetric
2200 | v {C=N}
- 914 SiH3 symm. deformation
601.5 v{Si-C)
E"! 2245 ~ vI(C-H) assymmetric
| 933 SiH3 asymm. deformation
682 ‘SiH3 roék

248 <8i-C-N
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Table 8.4 SiH,CN Coupling Differences (Hz)

boeax - bogsx Difference Difference/z*
HH 2981.0(10} B 2143.5(2) 837.5 279.2(10)
HC -450.7(2) -321.8(3) -128.9 -64.5(4)
HN 94.5(2) 67.4(5) _ 27.1 i3.6(5)
HSi =-1711.0(15) —i284.7(5) A -426.3 -213.2(16)
CN 915.7(8) 650.7(5) 265.0 132.8(9)

*
For HH coupling Difference/3
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Table 8.5 Vibrational Corrections for SiH,CN

(a) Electron Diffraction

Distance uT/pm , rg correction R
(%aAu2 *+ Ky —.%?)
HH : 14.96 0.77
HSi 8.79 1.04
HC 13.18 : - 0.46
HN 16.37 -0.37
sicC 4,84 - 0.35
SiN 5.09 -0.03
CN - 3.47 1.33

(b) Liquid Crystal N.M.R. Spectroscopy

264 K Dobs Correction Dg Dcalc
HH 993.7(10) 24.0 1017.7 1017.7
HC -227.7(2) -4.6 -232.3" -232.2
HN 47.9(2) -0.1 47.8 47.7
HSi  -736.0(15) -37.1 -772.9 ~772.9
CN 464.3(8) 35.2 499.5 499.5
295 K

HH 714.5(2) 17.3 731.8 731.8
HC ~163.3(3) -3.3 ~166.6 -166.6
HN 34.3(5) ~0.1 34.2 34,1
HSi  =-522.8(5) -26.5  -549.3 ~549.3

CN 331.8(5) 25.3 357.1 357.1
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Table 8.6

Structural Refinements for SiH,CN from Liquid Crystal N.M.R. Data*

A/Differences B/ 264 X C/ 264 K D/ 295 K E/ 295 K
‘ + vibn. + vibn.

Distances/pm corrections corrections
SiH 144 .85(6) 144.54(6) 146.58 (1) 144 .42(6) 146 .44 (1)
CSi 182.73(1340) 181.71(142) 187.40(9) 181.19(144) 186.81(7)
CN 115.50(12) 115.50(13)  115.50(1) 115.50 (14) 115.50(1)

Angle/o

<HSiC 104.41(5) 105.07(6) 104.53 (1) 105.33(6) 104.79(1)

*
All scaled to CN bond length of 115.50 pm



Table 8.7 Comparison of the Structure of SiH,CN in the Gas, Liquid and Solid Phase

1/ Gas Phase

2/ Liquid Phase*

3/ Solid Phase

a. Microwave b. E.D. a. 295 K b. 264 K X~ray Crystallography
— Distances/pm

5in 148.10(5) 147.3(3) 146.44 (1) 146.58 (1) 133.0(60)

Csi 184.93(3) 185.2(1) 186.81(7) 187.40(9) 184.0(9)
' CN 115.65(1) 115.5(1) 115.50(1) 115.50¢1) 116 .3(7)
o
(o0
\ Angle/o
| 27

<HSiC 107.1(1) 109.3(8) 104.79(1) 104 .53(1) 102.0(40)

&
Scaled to CN bond length of

115.5 pm
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" Table 8.8 Examples of SiC bondlengths
;ompound Distancé/pm Structure Referénce
SiH,CH, 186.7(1) ry 20§
Siﬂ3CN 185.2 (1} rg this work
SiH3CCH 182.6(3) Ty 207
SiH,CCCl 181,2(5) r, 208
SiH,CCCH;  180.2(4) Ty 37
SiH3CCCF3 182.5 r, 208
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Figure 8.1 Selected L.C.N.M.R. Spectra for SiH.CN

(a) 13

C isotropicA(CDCl3L_

deuduMM W

(b) 2981 isotropic
(CDC1

31

1 12}|34
(c) 'H isotropic (CDC1,)




Figure 8.1 (contd.) o
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153{"H} Double Resonance Experiment

*

‘Fiéﬁré-8;1‘(contd.)

(i) No irradiation

(1i) Irradiating on Peak 3 in 1H spectrum

WWWMMMW

(iii) Irradiating on Peak 2
in 1H spectrum

ot s

(iv) Irradiating on Peak 1 in

1H Spectrum
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Figure 8.1 (contd.) . 13

C{1H} Double Resonance Experiment -

(i) Irradiating on Peak 4 in 1H spectrum

(ii) Irradiating on Peak 3
in 1H spectrum

(iii) Irradiating on Peak 2

in ‘H spectrum i

(iv) Irrédiating on Peak 1

in TH spectrum



Figqure 8.1 (contd.)
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13C{1H}-'Double Resonance Experiment

(1)

(ii)

29

Irradiating high frequency Si satellites in 1H spectrunt

Irradiating low frequency <9Si satellites in 1g spectrum

mme———
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" APPENDIX I

-~ COMPUTING

Example of a mathematical model routine called by

the E.D. structural refinement program. COORD
calculates the atomic co-ordinates, utilising a
standard routine M8B80MX2, EXTRA calculates the

dipolar coupling for each atom pair.

This routine utilises a Spline Function Algorithm
to automatically subtract a background from the
Electron Diffraction molecular scattering intensity
curve. It has been incorporated in the E.D.

refinement program as command 59.
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SUBROUTINE COORD{X.Y.2I)

€ MODEL FOR PF2NCO
c .
C PARAMS 1 2 3 4 S b 7 a8 9
<. P=F P=N C-N C-0 <FPF <FPN <PNC <NCO TORSION
c .
C ATOMS 1 2.3 4 5 [
c
c p F N c o
c
IMPLICIT REAL#B{A~H,0-2)
REAL#4 RM
COMMON/MBO/PAR(20), R{100).RM(100},U{100)
DIMENSION X(30),¥(50), Z{30)
PI=3. 1413593
RAD=PI/180.
AS=PAR(S)#RAD
AbL=PAR(&)#RAD
A7=PAR (7 Y4RAD
AG=PAR(8)#RAD
A9=PAR (T )+RAD
CALL MAOMXQ{PAR(2}),PAR{1), A&, A5, 0. O (AR 1 XY T
X(5)=—PAR(A)#DCOS({PI~AT)
Y(9)=-PAR(I)I#DSIN(PI-AT}
X(6)}==PAR{I)#DCOS(PI-A7 )} -PAR(4)}4DCOS(2#P I-A7-AD}
Y({&)o—PAR(I)I#DSIN(PI-A7)-PAR{4)#DSIN(2ePI~-A7-AB)
END
SUBROUTINE EXTRA(X.Y.Z.E) -
[
c COUPLINGS
c 1 2 3 4 S & 7
C FF FP FC FN ce CN PN
C .
c PAR 1 2 3
c Szt Sxx=yy Sxy
<

IMPLICIT REAL#B(A-H.0~Z)
REAL#4 RM
COMMON/MB0O/PAR(20), R(100), RM(100),U(100)
DIMENSION E(20),X(50), ¥(50), Z{50), §{5)., G(50}
G(1)=9.919D1

6(2)=2. 30509D2

G(3)=G(2}

G{4)==2. 483201

6(3)=4, 1560501

S(1)=PAR(10}

S(2)=PAR(1L)

S{5)=PAR(12)}

§(3)=0. 0DO

5(4)=0. ODO

E(1)=EDBONACX, ¥, Z, 6, S, 2, 3)
E(2)=EDBONA(X. Y, Z, &, S, 1, 2),
E{3)=EDBONA(X. Y. 2.G: 5,2, &)
E(4)=EDBONA(X. Y. 2. G, S, 1. 4)

RETURN

END-

DOUBLE PRECISION FUNCTION EDBONA(X.Y.Z1.G.S8.1.J)
€ Calculates dipolar coupling between atoms I and J
c N

IMPLICIT REAL#8 (A-H,0-1)

DIMENSION X(50),Y(50), Z{350).8(5).c¢(50)

R=DSART({X(II=X(J) I ##24(Y(I}=Y ()} ua2+(2(])-2(J) )2}

CX={X{I)=-X(J))/R

CYy=({Y{I)=Y¥Y{J}})/R

CZ=({I¢I)=2(J)}/R

EDBONA=-G{1)#G(J)#(S{1)# (3. ODOBCIHCTI~1. QD0 +S (2} #{(CA#CX-CY»CY)

£+2. ODORS{IIHCX#CZI+2, ODORS{4 )} #CYRCI+2. ODOXS(3)»CX»CY) /Re#]

RETURN

END
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(ii)

3

Autgmatis 3ackground (53
FPRMPTI "Tata &% 10.:,1

Pt .o

; 3
31 I T8I/ OELS ([ 1=3.21
ICFT=SMAX (I /DELS(IY =2 .21
D0 1113 [Il=1,NR
NICTITI=NE(MIZIIIN)
1115 NIFTID =NE(MIIIIIN)
CALL EIS@3%Z(PA,P8,PC,PL)
MO 1112 III=l,5¢
XIity=g,
Y(I11)=2,
Z{IIli=a,
1112 2ONTINVE
GaLl SO0ADIX.Y.Z)
22 1213 ITI=1,5%
{II7 =ED8ARJIMI MJ,2.7,2,M24,0.72, 111
Ay

b~
-
[
4]
Avy]

NM=ISFF-I0N+1
SC=TAES/SIT(!
°=""’“II‘J(Z)
HCAP="

50 1111 J=ION,IQFF

Do 2222 K¥=1,NR
IF(ANB(ET;.LT.2.20L)ANT(EE =0,
ANRITE ) eANE (TE )10 [TK)=¥4/6
A=l
IF{NI(EE).2Q.NJ(EX})}GO ™) 1ilg
E-DCOS(PA(EE)+S*P‘('!)*S“*E”PC(KK)******?D(IK\)
1114 PC{EX)=3*(R{EE)=ANR(KE )%5=%5)
BE=S
IF(M25.NE.1)8B=1. .
TE(ELY=RM(ZE ™ (SF(1 NI(KY )} ¥=SF{L NI (XX )= (P NJ{E¥} )~
eSF(L NJ(ZX) ) ISDEXP (=~ . 5%SHE%Y (KX )#m2) /(DFHR(YF))
TE(XE)=TB(TE)*0SIN(TC(EX))
2222 TIS{JYaTIS{JY+TA(KK)
TISII)=TIS(J)®SC
JIT=]=I0N+1
IX(3JI)ed3d
W{JJI1=1.2
TI(IL,J)=ET(L.0
TY!JZI2VeE14I,J
S=5-DELS{I)
1111 CONTIMUE
WRITE(E, 1128 J, E1(L,3),PI5(JY,5=T0N, i2FF)
1128 FORMAT(IS,2520.5)
Mm=NM /3
TE( S cMM=E. 3
TP{S)mMMEA 5
TE[7)=MN
TE(LYa2RMM
TR{Z)=ZuMM
TP(12) =4%MM
NCLP2=NCAP+2 - =
SCAPI=HCAR+3
NCAP?=NCAR+7
IFAIL=Q
CALL ETP2BAF{NM,NCAD®7,XX,YY.¥,TP, WCRE1,.¥ORE2,C5C,SS,IFAIL)
T?lI‘tIL EC.E)G0 TO 1252
RITF(6.1850IFALIL
1999 FORFAT( IPAII=", 12}
125¢ MIDP*- FALSE.
WRITE(Z, 19561
MESNM¥Z =]
1=
PO 1342 I2=i.M2
IF{.N0T.#IDPTIGC TO 1280
LARG=2.5%{XX(II)«XE(II+1))
IFAIL=L
C41LL T@ZEET(NCAP7,7P,CCC,TARG,TIT.IFLIL)
TF(IFAIL.NE.Z)CO TO 1125
GO TO 1328
1i28  ¥RITE(E,1992)XARG
G0 TO 1320
1282 Ii=II-1
1TAIL=l

1/2.
)=TIS(I}

CALL T@2EBF{NCAP7,TP,5CC.XX{II¥ FIT,IFLIL}
IFIIFAIL.NE.B1GO T0Q 1TZP@
RES=FIT=-TT(Il}
TII=0I+TON
TI(I,IILY=ET(i,IIIY=-FIT
WRITEZ(3,1862 II1,E0(f, I}, TY(IIY ,FIT RS
TTLILITI)=FI(],III ™2,
G T 13&e
136¢ FRITEZ{E,1004%,XARG
1220 W2 TIT
i34€ ’ON”’HU'
1962 FORMATI A3 LIPALS, T ARGUMENT OUTSITT 2AMGET)
1585 FORMAT!(® I . AT
& RES”

ORMAT(1E ,IX,4E22.3)
1¥ I3 ,E29.5, TLRC0UMENT OUTSIDT RANIWTY

s §
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COMBINED USE OF DATA FROM LIQUID CRYSTAL N.M.R. AND ELECTRON DIFFRACTION IN
STRUCTURAL STUDIES OF FLUOROPHOSPHINE DERIVATIVES

PETER-D. BLAIR )
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh,
EH9 3JJ (Scotland) :

ABSTRACT

Liquid Crystal Muclear Magnetic Resonance was used to obtain structural jn—
formation on certain difluorophosphine pseudohalides. This was combined with
data from Electron Diffraction in a joint analysis. Some results are given

and problems encountered discussed.

INTRODUCTION

The determination of molecular structure by electron diffraction can some-
times be limited by the overlapping of peaks in the radial distribution curve..
This problem manifests itself in the study of the difluorophosphine pseudo-
halides, particularly in the cases of the isocyanate and the isothiocyanate
(see Fig. 1), where several peaks overlap.

" Fig. 1. E.D. Radial Distribution Curves .

a) Isocyanate _ b) Isothiocyanate
P-F
P+ ‘ ' P-N
Piv . Ce5
N=C
C=0
C-N
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This results in it proving impossible to refine the entire structure and
certain parEmeters have to be fixed at reasonable spectroscopic values {ref.1).
This approach is unsatisfactory and it would be preferable to introduce extra
structural information from an alternative source; for instance, use of ro-
tational constants determined by microwave spectroscopy is well established
(refs. 2,3). More recently it has been shown that structural information from
Liguid Crystal N.M.R. can be utilised in a similar fashion (ref.4).

LIQUID CRYSTAL N.M.R.

Moleculés dissolved in the nematic phase of a liquid crystal are constrained
to align themselves on average in a particular orientation with respect to an
applied field. The observable intramolecular coup1{ngs are dependant on the
respective internuclear vectors, and therefore contain structural information
(ref.5). '

The difluorophosphine pseudohalides: lend themselves to study by this
' 15

technique because of the possibility of isotopic enrichment of the 13C and N
nuclei, thus providing four spin-half nuclei (including 19F and 3wlP).

A total of seven couplings are observed: three parameters are required to
define grientation, and therefore four extra pieces of structural information
have been obtained. '

Spectra were run on the University of Edinburgh Varian XL 100 spectrometer,
in the nematic phase at 253K and 293K and in the isotropic phase at 313K. . A

series of double .resonance experiments determined the signs of the couplings.

19 13-15

Fig. 2. The '°F Spectrum of PF2 C'°N in the Nematic Phase
Couplings
FP

FC
T —————
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VIBRATIONAL CORRECTIONS

\
The isocyanate and isothiocyanate each possess a low-frequency, high-

amplitude bend and torsion at the nitrogen atom (ref.6). These types of low
frequency modes are aiways troublesome in structural work {ref.7) and in this
case it was found that vibrational corrections to the couplings involving these
modes seemed unreasonably 1arde {ref.8).

RESULTS

In the case of the isothiocyanate, in the combined analysis it became
possible to refine the previously fixed parameter; however it can be seen that
the structure obtained is-not compatible with that from E.D. data alone
(Table 1). '

TABLE 1
Structural Parameters for PFZNCS'

ED ED + LCNMR
| v~ Pr/R 1.574(2) 1.584(2)
r PN/R | 1.669(5) 1.690(7)

r NC/R 1.213(2) 1.248(4)
rcs/R 1.553(F) 1.522(7) .
<FPF/ | 98.7(4) - | 98.0(6)
<FPN/® 98.4(4) 96.5(2)

<PNC/® | 146.8(9) 138.7(6)

This could be explained by the questionable vibrational corrections and the
fact that the refinement was heavily weighted toward the Liquid Crystal data,
as is shown by the good agreement between observed and calculated direct

couplings (Table 2).
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TABLE 2
Direct Couplings for PFONCS (Hz)
Observed Calculated Difference
DFF | 196.0 195.9 0.1
D FP 33.9 34.0 -0.1
D FC -76.3 -74.4 -1.9
DFN | © 75.9 74.2 1.7
D CP -63.9 -62.2 | -1.7
D CN 216.1 217.7 -1.6
D PN 421 43.2 -1.0

To attempt to overcome the difficulties associated with the Tow frequency
modes it was decided to ignore the couplings involving 3¢ in the isocyanate.
Under these conditions the definition of the PF and PN band lengths is improve
and the highly correlated angles at phosphorus become'dfstinguishabTe (Table 3

TABLE 3

Structural_ Parameters for PFZNCO
(Ignoring 13C couplings)

ED  ED + LCNMR

rpr/R | 1.572(2) 1;573(i)

r PN/R 1.680(5) 1.678(4)

r NC/R 1.219(6) 1.218(6)

r Co/R 1.174(5) 1.175(5)
<FPF/%| 97.6(8) 98.4(5)
<FPN/® | 97.4(8) 97.3(3)
<PNC/ | 133.1(14) 132.0(12)

DISCUSSION

The results for the isocyanate are promising when the-coﬁp1ings affected by
the low frequency vibrational modes are neg]ected,_and'show'that Liquid Crysta
N.M.R. can be a useful source of extra structural information.

However much further attention must be focussed on problems such as
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vibrational corrections before this tyne of combined. analysis is standard

practice.
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List of Courses and Conferences Attended

Teaching Quantum Mechanics

to Chemists (5) Dr. K.P. Lawley
Electronics & Microprocessors (5) = Mr. A. King
Homogenous Catalysts (5) Dr. T.A. Stephenson
Lasers‘in Chemistry‘ (5) Professdr R.J. Donovan
Crystallogréphy (5) Dr. R.O. Gould

Fourier Transform I.R. Spectroscopy Seminar.

Aspects of Structural (5) Dr. C. Glidewell

Chemistry

International Conference on Microwave Spectroscopy
and Electron Diffraction, Tabingen, Germany - presented paper.

y

U.S.I.C. Conferences, Galashiels (3 years) - presented paper.



