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ABSTRACT

Difluorophosphino, germyl and silyl monothioacetate
‘and difluorophosphino monoselencacetate have been studied
by nmr, infra-red and mass spectra to investigate the

preferred bonding site of the -PF,, -SiH3 and -GeH, groups.

Also the gas phase structures of CH3COSGeH3 and
CH3CSOSiH3 have been determined by electron diffractipn,
in particular noting the short non-bonded Ge/Si...M
(M = O or 8) distances, which are less than the sum of the
van der Waals' radii for Si and S or Ge and O. The final
refined structures confirmed the vibrational and nmr data,
indicating the CHBCOSGeH3 to be entirely S-bonded, and

CH3CSOSiH3 entirely O-bonded.

Finally a full study of the gas phase structures of
CH;SiH,Ps (Ps = CN, NCO, NCS) and (CH;),SiHPS (Ps = NCO,
NCS) has been carried out to find the influence of the
methyl groups on the molecular structures, when compared
to those of SiHBNCO, S1H4NCS and SiH3CN. Additionally
vibrational spectra of these compounds in the gas, liquid

and solid phases have been recorded and are discussed.



CHAPTER 1l: INTRODUCTION TO ELECTRON DIFFRACTION

1.1 Historical Background

Gaseous electron diffraction was first introduced as a
structural technique by Mark & Wiedl in 1930 following

preliminary work by Rutherfordz, Debye3'4, Davisson and

Germers, and Thomson6'7, involving verification of De
Broglie's hypothesis that a moving electron should hiave
wavelike properties and that the wavelength should be

related to the momentum by the expression

x» = h/p i1l wavelength

momentum of particle

o
Il

h = Planck's constant

A'méjor improvement in the technique, suggested by
Finbak9 and introduced by Debyelo, involved modifying the
image produced on the photographic plate by attenuating
the wider scattered electrdns using a heart shaped metal

disc known now as the sector.

However, electroﬁ diffracﬁion has wvasgstly increased
its power and usefulness with the development and spread
of high speed electronic computing facilities. Now that
electron diffraction has become less laborious, the chemist
is able to test bonding and steric theories on a larger
group of compounds and spend less time on menial tasks.
Also, advances in the calculatioﬁ of amplitudes of

vibration and shrinkage corrections have contributed to



greater accuracy being possible in subsequent electron

diffraction studies.

Hence the purpose of the work described in this thesis
was to-carry out a number of structural studies, using
electron diffraction, on silicon and germanium compounds
and also to collect appropriate infra-red, Raman, and
nuclear magnetic resonance spectroscopic data which in
all cases confirm the aﬁomic arrangements but do not

provide any geometric parameters.

1.2 Theory

When a beam of electroméénetic radiation encounters a
material object a substantial portion of fhe beam may be
reflected and a further part will be scattered through a
wide range of angles from the incident direction. The
scattering pattern arising from a gas is‘based on Young's
classic double slit experiment in which he showed that
when two parallel slits ére placed in the path of a beam of
electromagnetic radiation, regions of high and low intensity
are produced, corresponding with constructive and
destructive interference. The separation of the slits (d),
the wavelength of the radiation () and the scattering angle

at an intensity maximum (8) can be related by the equation:

d sin &8 = n) [2]

where n is an integer.



As an atom readily acts as a scattering point, a
diatomic molecule will also be expected to produce a
scattering pattern similar to the pattern from the slits.
Hence if the wavelength of the radiation is known, and the
angle ® obtained from the pattern, one can find the

separation of the atoms: i.e. the band length.

A beam of electrons is the ideal form of radiation in
structure determination because, firstly, the wavelength
of the electrons gives the optimum number of rings on the -
-photographic plate for common nozzle to plate distances
and, secondly, the cross~section for diffraction of
electrons is far greater than that for electromagnetic
radiation, and as the total number of molecules in the
gas phase is small compared to a solid,use of an electron
beam allows one to get a satisfactory pattern in a

reasonable time,

The resultant péttern is a combination of four
scattering types. These are the coherent atomic scattering,
the inelastic atomic scattering, extraneous scattering
and finally the molecular scattering. The inelastic
collisions do not lead to observable interference effects,
but they do contribute to the overall scattered beam
intensity. The inelastic scattering arises when an
electron interacts with an atom and raises it to an
excited electronic state. Generally, this constitutes a
negligible effect on the overall pattern and atoms are ali

assumed to be in their ground state.



The extraneous scattering is due to multiple
colliéions, reflections from the chamber walls and
collisions with residual gases. The multiple collisions
are minimised by running the experiment at low sample
pressures, maintaining as good a vacuum as possible, and
keeping. the area of interaction small. The exposure time
should be determined such that the intensity of the plates
is just sufficient. The atomic scattering is a monotonic
rapidly 'declining function and can be computed and
subtracted frﬁm the overall intensity function. This
then leaves the molecular intensity component with the

extraneous and inelastic scattering.

For a rigid system of atoms considered to be
independent scattering centres, the intensity of electrons
scattered elastically is

o m
= = £, f.
I igl £, (s) 3(5)

L (3]

R, 321 rij_s |
4wsine/2

where s = — [4]

in which fi is the scattering factor for atom i, & is the
scattering angle, riy is the distance between atoms 1 and
j, and R is the distance from point of scattering to the

plate.

If it is assumed that the inelastically scattered
intensity is completely coherent, then the total

intensity is given by



= +
Ipgp = Ig(s) + I (s) (5]
where Ib(s) is the background and contains the non-
structure sensitive part of components inelastic,
extraneous and atomic scattering. The structure dependent

part-Im(s) may be written for atoms i and j:

, .
Im(s) = constant E 1fi(s)! + ) |fil |fj|cos
sin(s.rij)
(ni-nj). S'rif [6]

assuming the molecule is rigid. Thus the molecular
intensity curve will be superimposed on the smoothly
varying background curve. Since atomic scattering
amplitudes may be computed with reasonable confidence, tﬂe
only unknown to reproduce the experimental diffraction
intensities would be the set of internuclear distances
rij' f{s) is the gcattering factor of an atom at point s,
(ni—nj) is the phase shift on scattering from atom pair 1ij

at peoint s.

However, when the experimental and theoretical
intensity curves are'compared using the rigid model the
fit is inadequate, and allowance must be made for molecular

vibrations.

If the rigid model molecular intensity curve equation
is transposed by Fourier Transform to the radial distri-
bution curve a set of single lines at all the values of r..

]
would be found. By vibrating the bonds, they will have



harmonic oscillations which have periods several orders

of magnitude greater than the interaction time, and each
electron will see a single length although these lengﬁhs
will vary. The nature of the statistical distribution
over all possible molecular configurations is available
from guantum mechanics Hence for any pair of atoms i
and j there will be a probability function Pij(r) for the
expected values between r and rij and the term (sin(r,..s)/

13
rij.s) will vary and must be determined.

Now

I (s) = const.p} \fi| |fj|COS(“i‘ﬁj)IPij(r)

“sin(rij.s}&r

[7]

Y.,..5
1]
1 (r—ri.)2
with P,., = ————— exp ~__§_l__
1] /2“ u 2u” ..
] 1]

where uij is the root mean square of amplitude of

vibration, and rij now denotes the mean distance between
atoms i and j. At this stage the Fourier Transformed radial
distribution curve would give a series of Gaussian
distribution curves (with some overlap if the distances ére
close), where g is eqgual to the width ofrthe curve at
half height. Expanding the probability term and only using

the first term of the integrals gives:

_ : - J T
Im(s) = const.2|fi|l£jlc05(ni nj) o eXP

( _szuijz) i3
2 (el



The last consideration to be included is the anharmonicity
of the vibration 2y which is related to the constant a in
the morse potential and to the mean amplitude. To a first

approximation the intensity curve is now represented by:

I_(s) = const ) !fil |fj| cos (ny=n )=
, 3 2 2
sin(r,.s-a,.s -s%.u,
- (rlj ] )exp -f#—gil— (9]
r...3 2
1]

The anharmonicity is assumed to be egual to au4/6 and is
set equal to 200 pm for bonded distances an& zero for non-
bonded distances. The anharmonicity accounts for the
asymmetry of peaks in the raaial distribution curve. See

Figure 1.1.

curve with- anharmonicity
------- curve without anharmonicity

Figure l.1l: Peak in radial distribution curve




1.3 Structure Determination

The molecular structure is determined by comparing
the experimental intensity curves or radial distribution
curves with the appropriate theoretical curves as produced
by the equations above. From equation [7] the molecular

scattering contribution can be simplified as:

Z sin(rij.s) : n
& Ayge(8) f F.s Pij(r)éx (101

Im(s) =

which for a diatomic and using Fourier Transform theory

can be converted t09

Pag® _ 7 wte) d ‘
= = I m Sln(rij.S)-,‘SA [ll]
ij - o Tij
or = [ I(s)sin(r ,.s)ds ' {12]
5 j

At this stage an artificial damping function is included in
the integrals to reduce the effect of a finite upper limit
in the integration. The lack of data below Smin will change

the zero line of the curve. Thus

nax
P(r)
r

I(s) exp(—k52) sin(rs)&s (13]
min.

nm—

In practice theoretical data“qﬁfadded from O to s ..
to correct the baseline of the radial distribution curve.
The integration is performed by summation and consegquently

the interval As must be constant across the entire range of

data. Also, 4s must be quite small relative to 2ﬁ/rij. In



the experiments described in this thesis the s range is from
20 to 360 nm-l, with a minimum 4s of 2 nm_l. The

damping factor included in the intensity eguation, before
performing the Fourier inversion, provides strong

discrimination against data of higher s values because they

are either unavailable or unreliable.

Clearly, for polyatomic molecules the equations will
be more complex, with more interatomic distances, and thé
Pij(r)/rij of each atom will be weighted proportionally to
the products of their atomic numbers. Also, since the rij
is calculated from the centre of gravity of a peak in the
P(r)/r curve, the apparent average distances will be less
than the true average - i.e. in P(r) - because the lo@ef
end of the curve is weighted relative to the upper end.
This distance is reduced by u2/r (where u is amplitude of
vibration). One effect of the damping funétion is to
raise the apparent vibrational amplitudes in the radial

2 %

distribution curve from uij to (uij + 2k) %, but this

does not affect the structural analysis.

The structura; analysis begins with assumed bond
distances, angles and amplitudes of vibration for the
predicted structure. With the more complicated structures
estimates of the distance from the centre of peaks in the
experimental radial distribution curve is inadegquate because
of the overlapping peaks corresponding to nearly eqﬁal
distances. Then previous knowledge of the bond lengths
from related structures can help solve the structuré. The

second stage is to try refining the parameters to obtain
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optimum correlation between the experimental and
theoretical curves. The programs used in this workl

refined the parameters to give the best fit to the molecular
intensity curves. At any stage of the refinement the
intensity curves and radial distributioncurves could be
plotted out and these included a difference curve

between experimental and theoretical curves. The background
could be subtracted by drawing a smooth curve through

the difference curve and subtracting this from the total
intensity plots. Once the baseline is equal (or almost
equal) to the difference curve the intensity curves are
fixed and all subsequent refinements are done on these
curves. More recently Blair12 has developed a program,
based on spline functions, designed to subtract the
background automatically. The program 1s not only fast and
easy to use but is accurate and will not add a background
that has a frequéncy of oscillation for s of more than

100 pm. Thus refined structures should not be altered

by the background subtraction.

In most cases it 1s not possible to refine all the
bond lengths and amplitudes of vibration as independent
parameters.' Based on an assumed molecular model, where
the atomic coordinates are defined by the band distances
and angles, the dependent distances may be calculated
from the independent distances and angles. Having done
that, the structure found will be the r, structure which
does not take into account vibrational corrections or

shrinkage factors. These are discussed below.
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Early electron diffraction studies were done by
comparing experimental and theoretical intensities or
radial distribution curves calculated from a limited
number of molecﬁlar models. The theoretical curves were
in general assumed to be a superposition of Gaussian

peaks according to the equation below.

P,..(r)
Theoretical function = const. Z_n..z.z.—il——— [14]
i3 ij7i3 rij

Now the method of refinement is that of least sguares
refinement, in which the sum of the sgquares of the
differences between experimental and theoretical curves

is minimised. Since not all the data regions are equally
reliable a suitable weighting procedure must be used which
in fact gives léss weight to the lowest s values and
highest s values for each data set. Also there is an
additional factor in the weighting procedures with the
correlation of errors at neighbouring data points.

This is particularly significant when the data relatef

to a continuous function. The number of data points (n)
should be chosen so that essentially no new information is
gained by increasing the number. Thereafter the standard
deviations will be roughly proportional to n_'li so that

it would seem that increasing n reduced the standard
deviation to small values, which is not correct. For
small intervals between the intensity points, the data
points become too close to remain as completely independent

measurements. The first electron diffraction study which
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included a correlation factor in the least squares
refinements was carried out by Murato and Morinol3'l4.
The sum to be minimised in the least squares refinements

can be expressed by

w.u, {15]

where wj is the weight attached to point J, uj the
difference between experimental and theoretical intensities

at point j, and N is the number of points measured.

In this work the weighting points s, and Sy for
the centre and edge of the photographic plates, were chosen
by inspection. Then the weight applied to any points
outside these limits was reduced as data was thought to be
less reliable in these regions. However equation'[iSI
doces not make any allowance for the correlation between
adjacent points and the edge of data plates and this can
be done by using an off-diagonal weight matrix, w.

We actually seek to minimise the expression
U'WUu (16l

where w is the square weighted matrix and u is the column
matrix of differences between experimental and theoretical

values.

The diagonal elements of the weighting matrix were

therefore:
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w.,, = =S _ . S.=S_ . where . _<8,<5
ii (51 mln)/( 1 mln) Smln i1
w,, = 1 where s.<s8,<s

ii 1 71 72
w,, = (s -5, s -3 where <g,<s

ii ( max 1)/( max 2) 52755 ®nmax

and the off-diagonal elements were introduced to the

weight matrix as follows:

Wiy = 0 where i#j+l

il

wij O.S(Wij+wjj)/(p/h)R where i = j+1

The correlation parameter (p/h)t at the nozzle to plate
distance R was calculated by the method of Murato and
’Morinol3 and is a measure of how smooth the molecular
intensity curve is. Thus if the curve is a smooth curve
with a constant frequency the correlation will be near
0.5 value; a curve which fluctuates unevenly willlhave a
low correlation. It has been shownl4 that a simple
diagonal matrix is inadequate because the observations of
the intensity or radial distribution curves must be
regardéd as indirect. Despite the importance of the off-
diagonal points in the weighting matrix, the elements need
only be included.for adjacent points since the degree of
correlation between points falls off rapidly with

separation.

Finally, a measure of the closeness of fit between the

theoretical and experimental curves is given by the R-factor
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which is calculated at the end of each refinement stage.

The RD values are simply a measure of the difference

- represented by

' 2
_ E(IexEt"'rItheory)

D 2
ZIexpt

~1
.
L8

= 4B (17]

1
H
o

and do not include any account of correlation between

adjacent points. 1In matrix form this can be expressed as

HiG

(18]

o
==

where W is the weight matrix containing only the diagonal

elements. D is the intensity difference.

The R. value is defined using the weighting matrix

G

including the off-diagonal weighting elements. Thus

. 5
_ D' WD
Ry = TvwT (191

G
where D is again'the observed value minus the wvalue
calculated from the estimates of the parameters but W is
now the full weighting matrix, and T is the vector of
intensities. The Rg value is a better estimate of the

f£it, although both values are guoted in the electron

diffraction analysis chapters later.



15

1.4 Apparatus for Electron Diffraction Experiments

In this section the basic requirements of the electron
diffraction experiments are given, with some additional
information on the way the experiment is carried out on

the apparatus installed at Edinburgh.

A stable electron beam is produced from an electron
gun assembly and passed via a series of focussing magnetic
lenses through an evacuated chamber to interact with a
fine stream of sample vapour, from a nozzle, passed at
right angles across the electron beam. The subseguent
scattered pattern is then recorded on a photographic plate,
positioned perpendicular to the undiffracted beam. It
is important that-a hard vacuum is maintained for two
reasons. Firstly, air molecules wili cause extraneous
scattering énd secondly,all the compoundé studied in the
project are extremely reactive with air and water vapour.
Some electron diffraction workersl5 now use a mass
spectrometer which records the mass spectrum of the sample
éctually'at the time of the diffraction experiment. This

gives an indication of the purity of the sample.

It is necessary to know the wavelength of the electron
peam and the nozzle to photographic plate distance. The
area of interaction should be as small as possible and the
volume the electroﬁ beam travels through should be a
minimum to reduce scattering of the electron beam by more
than one molecule and to ensure the scattering is from as
near as possible to a singlé point. To achieve these

regquirements the experiment 1is carried out as follows.
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1.5 The Elect:on Beam

A thin tungsten wire has a sufficient current passed
through it to raise the temperafure and boil off the

electrons.

To obtain a higher temperature and thus provide a
larger proportion of beam electrons, the filament is
pinched in the centre to create regions of extra high

resistance and provide a point source. See Figure 1.2.

Figure l.2: Tungsten filament

The electrons from the filament then enter the poten-
tial gradient and will be accelerated towards the anode
using a voltage of between 40-45 kV. The anode will have

a hole in it, to allow the electrons to pass through.

The potential difference accelerating.the electrons
is related to the wavelength by the following equations.
Since the wavelength (2} and momentum (p) are related by
Planck's constant, and since equation [1l] relates potential
difference (V) to the momentum of a particle, the wavelength

can be related to the accelerating voltage by eguation:
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» = h/p De Broglie's hypothesis [1]
2 }
Ve = p /2m {20]
Sooa = —-—E——g {21}
{2meV) )

However this expression assumes the electrons are travelling
at near the speed of light and the more accurate
representation is from the relativistically correction
. 16
axpression where
A = 150 [22]

v(v+9.834xlo'7)

and V is the voltage specified in volts and * in 2.

At a voltage of around 43 kV the wavelength of the
electron beam is found to be between about 5-6 pm which is
ideal for structure determination as the bond lengths and
non-bonded distances will be between 10 and 100 times the

beam wavelength.

The focussing and collimating of the beam is done by a
series of small apertures and magnetic lenses, and the beam
can be checked by observing the size of spot it makes on
a small fluorescent screen behind the photographic piate.
Once the spot is focussed the sample can be allowed to pass

through the nozzle into the evacuated chamber.

The vacuum is maintained by thiree 0il diffusion pumps,
backed by a mechanical oil pump. Before any experiment is

started the chamber is pumped out overnight. The operating
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vacuum 1is 10_6 mra Hg.

1.6 The Gas Sample

Despite the necessity of keeping the vapour jet to a
small diameter, the electrons must interact with a
sufficient number of molecules to give a reasonable
scattering pattern. The sample is injected into the
chamber through a narrow metal nozzle positioned just

helow the electron beamnm.

The apparatus at Edinburgh has the facility to run
the experiment at two nozzle to plate distances; one about
285 mm, one at 128 mm. The pressure and exposure time are
calculated according to the times found suitable for
compounds of similar voiatility and molecular weight. All
the compounds discussed in this thesis were run at room
‘ temperature as they are all of relatively low volatility.
Thus the Only variation possible is the exposure time. To
reduce any build-up of gas pressure in the chamber, a cold
trap cooled by liquid nitrogen is placed opposite the

nozzle the other side of the electron beam.

For compoﬁnds that are particularly involatile, e.qg.
GeH3NCS, with vapour pressures at room temperature less
than 1 mm Hg a heatéd nozzle would be an advantage.
However the option is not available on the Edinburgh
apparatus. If the vapour pressure of the sample at room

temperature 1is >20 mmHg, an appropriate pressure is
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maintained by using solvent slush baths, and by control of

the needle value between the nozzle and ampoule.

1.7 Detection of scattered beam

The apparatus in these experiments‘recorded the
scattering pattern on Kodak Electron Image plates. Certain
investigations have looked into possible counting

techniquesl7'18

as is commonly employed in the field of
X-ray crystallography. However the counting technique
would be inadeguate for this kind of work, because in

most cases the total time involved in collecting the data
may be several hours. While a single crystal is usually
stable, for a gas sample you would need a much larger
supply of sample than present techniques need, and it would
be difficult to maintain stable operating conditions.

The flow of vapour may not be constant and the sample

may not condense immediately on the cold finger after
leaving the nozzle.To obtain reasénable resolution on the
plates a relatively small grain size emulsion must be used,
the relationship between the density of developed emulsion
to the time integrated beam intensity must be linear over as

wide a range as possible.

A major problem in the early development of electron
diffraction as a structural technigque was that no
photogréphic plate was available that would record the
scattered beam over a suitable range because the intensity

of the beam falls off as the fourth power of the scattering
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angle. Thus either the narrow angle data was too dark,
but wider angle pattern visible, or no outer pattern was
observed if the inner patternﬂﬁasnEasurable. This was
solved by placing a rotating metal sector between the
scattered beam and the photographic plate. The sector is
usually a heart shaped plate with an angular opening that
widens as the third or fourth power of the scattering
angle and evens out the scattered electron intensity so
that over substantially therwhole photographic plate
there is an accurately measurable relationship between
the density of the éeveloped emulsion and the intensity

of the scattered electrons. See Figure 1.3.

Figure 1.3: The sector

The centre of rotation of the sector should coincide
with the centre of the diffraction pattern and the rotation
speed should be large enough that it is immaterial whether
the sector has completed an integral number of oscillations
during the exposure or not. Clearly the shaﬁe of the sector

must be known so that an allowance can be made for the true



21

scattering pattern. Having the correct eguation is
essential and it is believed that certain problems with
the intensity curves giving spurious undulations can to
some extent be attributed to the incorrect sector

equation.

The acceptable range of scattering angles obtainable
with any electron diffraction apparatus is limited by how
close to the centre of the sector a narrow gap can be cut
and then how well calibrated the inner region is. Clearly
the wider the inner spacing 1s the wider the outer region
must be. For these experiments, the intensity range that
was reasonable to Use was between s values 40-360 nm—l.
To obtain an expansion of the ihner region long distance
plates were run, giving the scattering pattern from 20

to 140 nm—‘l while the short distance contains useful data

for 60 to 360 nm T. See Figure 1.4

L=12§nwn. L:%BGrnm.

-

nozzle

L el

\

Figure 1l.4:
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The tracing of the plates and conversion to electron
density at particular s values is done at the SERC
Daresbury Laboratory using‘a Joyce-Loebl Microdensitométer
6. This is a computer controlled double-beam microdensi-
tometer with x and vy drives which has been programmed to
trace the circular electron diffraction patterns to maximum
advantage. The input to the computer consists of the
coordinates of the centre of the pattern, the electron
wavelength anq camera distance used, and the required s
intervals for the intensity data. The radii of rings
are chosen to give intensities at integral multiples of As.
The optical density is then measured five times at each of
1000 points equally spaced round each ring. As each
density is measured with an uncertainty of #0.002, after
5000 readings the mean density is accurate to better than
+0.0001 D. After every five rings have been scanned, the
density of a fixed region of the.plate is checked so
that any small correction for drift may be made. Also
a fixed block of the exposed plate islchecked for any
drift. At the end of the run, a ring outside the pattern
is:scanned to give the optical density of unexposed plate.
The final output consists simply of the average optical
densities for the rings. The scanning technique also has
the advantage that any flaws on the plate can be ignored by
specifying the appropriate angular sector. The earlier
tracing technique employed at Edinburgh involved finding
the centre of the pattern and then spinning the plate and

measuring the pattern radially from that position. This
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meant that flaws were included and averaged over the whole
pattern. Thus in many cases it was necessary to
interpolate between data points traced, while the new
tracing technique only scans the regions from which
intensities are required and makes interpolations
unnecessaiy. Alsc, this helps to reduce correlation

- between adjacent observations.

Data produced from the Daresbury microdensitometer
‘éa?}good, and the difference between intensities for
several scans of one plate are of an order of magnitude
léss than differences betweeh intensities from several

plates of the same compound.

1.8 Sample Purity

The purity of the éample is very important,
particularly as the likely hydrclysis products will have
similar volatilities to the compound under study. 1In
some cases allowance can be made for é percentage of
impurity by inciuding the known bond lengths and angles
in the molecular model. This is then included in the
fitting of the experimental anq theoretical intensity and
radial distribution curves. However the results are never
as good as for a pure sample with the refineable parameters

having larger esds.
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1.9 The Diffraction Experiment

The sample is stored in a glass ampoule which can be
.attached by a ground glass joint to the entry to the
nozzle. Once the electron beam is focussed the sector is
set spinning by a small mechanical motor and the pressure
of the sample raised to the required value. When the
pressure is steady the electron beam shutter is pushed aside
leaving the sample exposed to the beam. The exposure
time is calculated according to the pressure attainable
and the expected scattering power of the atoms. During
the exposure a digital measure of the voltage is recorded
and can be used to compare the relative voltage during the
run of each plate. Three plates are run at each
distance (128 and 285 mm) and on the same settings plates
of benzene are run. The analysis of the benzene plates
{of known structure) is used to find the plate to noézle

distance and the electron beam wavelengths for each plate.

1.10 Voltage and Wavelength Calculation

To analyse the benzene plates (two at long distance
and two at short distance), it is initially assumed that
the first plate will have the same wavelength as the last
plate of the previous run. The othef plates' wavelengths
are then scaled by usihg the digital voltage reading. These
are not actual readings but can be used as relative values.
The high voltage V is calculated from the wavelength using

equation [23].
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: !
197 x 10

After analysis of the benzene plates a value of
r(C~C) should be obtained which will not necessarily be
very close to the true value of 139.7 pm.. A new
wavelength for the first benzene plate is now calculated
from the initial X value, using the new r {:-C) distance
to scale by:

A,-139.7
N - S [24]

r(C-¢)
This new wavelength has a corresponding digital voltage
and this is now used to find
the wavelength for each of the sample plates, as was done

above with equation [22].

At the same time the nozzle to plate distances are
calculated by scaling the input distances for benzene,
with the r(.-¢) bond lengths obtained by refining with one

data set at a time.

1.11 Data-Reduction and Refinement

All the calculations were carried out using an ICL 2972
computer at the Edinburgh Regional Computing Centre. The
data reduction program was a version of an established

programlg, modified to handle data direct from Daresbury.
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The least-squares refinement program is a new version of
an established program20 which uses an off-diagonal
weight matrix to allow for correlation between data

points.

Using this program it is possible in principle to
refine all independent parameters, amplitudes of vibration
and scale factors. In fact, usually not all the parameters
were refineable and these were fixed at values found in
related compounds. Groups of amplitudes of vibration
could be refined as single parameters where the values

within the groups were held at fixed ratios to one another.

Also the program contains plotting routines to record
the intensity and radial distribution curves, with the
difference curves Eetween theoretical and experimental
functions. In all the calculations the complex scattering

factors of Schgfer et al were used21.

Most of the problems that occur in the analysis of
the diffraction patterns are discussed in the respective
chapters as the problems arise. In all the compounds
studied there are overlapping peaks in the P(r)/r curves
" for similar distances and also problems of fixing the
positions of the hydrogen atoms whenever the molecule has
mény heavier atoms which are much better scatterers. The
area of the peaks is governed by the multiplicity of the
distance (nij) and the atomic numbers of the atom (zi) pair.

The area is proportional to
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—l—'li; i3 ' [25]

where Ty is the distance between atoms i and j.

The extent of the random errors in the_ parameters_is
measured in the least squares refinements of the data,
but when quoting estimates of the reliability, the estimated
standard deviations have been increased to allow for any
systematic errors. all the final distances gquoted are r,
which corresponds to the centre of the peaks in the P(r)/r
curves. The ry structure does nbt take into.account the
vibrational motions that occur at the temperature of the
experiments. In particular, no account is taken of the
shrinkage effects for large amplitude low frequency
bending motions. Since the electron diffraction experiment
measures the average distance beﬁween atoms, the apparent
structure of a linear group XYZ-with a large amplitude
bending motion will be bent because for a substantial time
the distance between X and: Z will be less than the sum of
the bond distances XY and YZ.

~Z

Xz Y — Z dXZ = r, + 1, when linear

It is possible to construct molecular models which
take into account these vibrational motions and these
show that the molecule should not be considered as a rigid
structure. However in this work only the apparent angles
were calculated from the average structures and they

are discussed as such.
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1.12 Characteristics of silicon, germanium and phosphorus

that affect the structure of their compounds

The range of compounds studied in this thesis includes
some methyl silyl pseudohalides (CH3)nSiH3_nps, [where
n=1,2, ps = NCO, NCS and CNI], silyl and germyl mono-
thiocacetates,and difluorophosphine monothic and mono-
selencacétates. . The electron diffraction study of
difluorophosphine monothioacetates was not attempted, but
the infra-red, Raman, and nuclear magnetic resonance data

show how the PF2 group is bonded.

The interest in the geometry of atomsand groups
around silicon and germanium atoms stems in part from the
availability of vacant d orbitals on silicon and germanium.
Phosphorus alsc has a vacant d orbital although its effect

is less pronounced than for silicon.

In contrast to carbon, silicon and germanium do not
readily form pm multiple bonds, but there is considerable
evidence that in certain bonds to silicoh, notably from
oxygen and nitrogen, there is some double-bond character
involving d orbital dverlap; referred to as (p-d)r bonding.

Early evidence for this was that (SiH3)3N22 differs from

23

(CH in being planar rather than pyfamidal and in

373N
being a very weak Lewis base. These observations can be
explained by supposing that nitrogen forms (p~d)n bonds
to silicon atoms. In the planar state of (SiH3)3N the

non-bonding electrons of nitrogen would occupy the 2p,,

orbital if we assume that the Si-N bonds are formed using
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the spxpy trigonal hydrid orbitals of nitrogen. Silicon
has empty 3d orbitals which are of low enough energy to
be able to interact appreciably with the nitrogen 2pz

orbital. See Figure 1.5

NN B Z
AN AN

empty 3d filled overlap
orbital orbital
P, by the

18ne pair

Figure 1.5:

The overlap should add additional bond strength, with
a resulting shorter bond than predicted from the sum of
"~ the covalen£ radii. Alsoc the delocalisation of the
nitrogen lone pair allows the SiN3 skeleton to adopt a
planar cpnfiguration, whereas C has no vacant orbital, no
delocalisation can occur and (CH3)3N is pyramidal.
Germanium also has a vacant 4 orbital, the 44 orbital, but
this is a higher energy than the nitrogen 2pz orbital
and so interaction is less. However a number cof germanium
compounds do have relatively wide angles at N suggesting
some overlap of orbitals is possible. For example
trigermylamine is essentially planar with a simple valence
force field calculation24 based on the assignment of bands at
-1

850 and 370 cm as e and a, skeletal stretching modes of a
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C3V skeleton led to an angle at nitrogen of 116(2)0, and

analysis of the gas phase electron diffraction data gave

an angle of 120025.

éimilar wide angles are found .in Si-0 compounds; for
example (SiH3)20 is a much weaker base than (CH3)20 and has
an apparent angle at O of about 144026, while the carbon
eguivalent is tetrahedral at 0. If allowance is made for
the large amplitude bending motion at O, the Si0Si angle

27 is found

is almost 180°.: The related ether (GeH;),0
to have a narrower angle of 125.6o but this is still wider
than the tetrahedral angle. Also there is a shortening

of the Si-O and Ge-0 bonds.

The structural anocmalies of silicon found in the
amine and ether compounds have also been investigated for

SiH

3NCO, SiH3NCS and SiH,NCSe. Again wide angles at

nitrogen are found in the electron diffraction studieszs'29
(with no allowance for shrinkage), and near linear

N . C 30 . - , 31,32
configurations by microwave and vibrational studies
for the gas phase. Interestingly, the crystal structure
of SiH3NCO33 gives an SiNC angle of 159° with fairly
strong Si...N and Si...O0 non bonded intermolecular inter-

actions.

Despite the evidence for the structural characteristics
of silicon being due to (p-d)n bonding there are three other
explanations. Oberhammer and Boggs34 have carried out a
series of ab initio calculations for (SiH3)20 and -have

found that their calculated and the recently published
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experimental35 geometric parameters are in very good
agreement;  in particular the short 5i-0 bond

distance and the wide S$i0Si angle. The calculations were
done without attaching much importance to the 4 orbitals,
and instead making the character of the 5i-0 bonds more
ionic than would be estimated from the electronegativities,
resulting in electronic repulsions between the strongly

positive silicon atoms.

Secondly, Glidewell36 has calculated the geometries
Qf a number of silicon pseudohalides using a model designed
to test the molecular geometry based upon the second-order
Jahn-Teller effect. This is more fully explained in
Chapter 5. Again wide angles at the nitrogen édjacent to
silicon are found_for all silicon isocyanate, isothio-
cyanates and azides. In contrast the.methyl coﬁpounds
had angles of 130-134° for isocyanates, and 150-155° for
isothiocyanates. It was found that substituted silicon
pseudohalides with CS symmetry could be bent up to

170.5° (e.g. SiH,CINCO).

Lastly, there is an approach using the idea of hard
sphere radii by Barte1137in which one considers the thermally
averaged non bonded distances of the atoms either side of
the central atom, and this has been successfully applied

to silyl pseudohalides by Glidewell and Robiettéga.

The bonding of silicon to second row elements (3p)
is more “as would be predicted with a much smaller

shortening of Si-M bond lengths (M = S§,P) and narrower
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angles of atoms adjacent to silicon. For example

(SiH3)3P39 is pyramidal and'(SiH3)254O has an angle at

S of 97.40, this is very close to the angleatS'in(CH3)254l
(98.99). Also the Si-$ distance is very close to that

42, CH3SiH343 and (CH3)2S41. Thus it

predicted from C2H6
seems that (p—d)r bonding is of little importance in the
bonding of silicon and 3p atoms possibly because the

d-p orbital overlap is small.

Phosphorus, as a group V element, has three unpaired
electrons in the outer 3p orbitals which are available for
bonding, and hence phosphorus can be formally trivalent or
pentavalent. The promotiocnal energy of 3p>3d4 is small
enough to allow the vacant 4 orbitals to participate in
bonding. This is in contrast to nitrégen where the
2§+3d energy is too large for effective d bonding to take
place. Generally (p-p)n bonds are unknown, while (d-p)
ponding is moderately strong, but less significant
than for silicon. The most important factor for

phosphorus is that valence expansion is possible.

The interest in the structure of the esters is to see
how the difluorophosphine, silyl or germyl groups are
bended, and also to inVestigate any short-non-bonded
distances M...0 or M...S (where M = P,Si,Ge). 1In earlier
work SiH3OOCCH344 was found to have short Si...0 distances,
not short enough to be considered as a bonded distance,

but shorter than the sum of the Van der Waals' radii for

the two atoms.
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All the structure determination has been done by
electron diffraction, and the compounds have been studied
in the gas phase. This is the ideal phase to observe
single molecules since intermolecular interactions should
be negligible. The geometric parameters are complemented
with infraﬂfed, Raman and nuclearlmagnetic resonance data
to confirm the atomic arrangement. Also the vibrational
spectra obtained for gas, liquid and solid phases give an
insight into intermolecular interactions resulting in

shifts and enhanced intensity of the bands.
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CHAPTER 2: EXPERIMENTAL TECHNIQUES

2.1 Introduction

This chapter contains descriptions of the various
experimental techniques used in the course of this work.
The first part describes the method of handling the
éémples, and the second part explains how the infra-red,
Raman, and nuclear magnetic resonance experiments were
run and instruments used. The last section deals with the

preparation and purification of samples.

2.2 vacuum Technigues

All components under study are volatile liguids or
gases at room ﬁemperature and most are reactivé with both
air and water vapour. -Hence the use of a vacuum line is
essential and its employment is now widespread in many

branches of chemistry.

The compounds'that lend thémselves to vacuum line
work are those with sufficient vapour pressure at room
temperature (>5 mmHg) but very small pressures at liguid
nitrogen temperature (77 K). Moreover the apparatus is
particularly suitable for working with small gquantities
of material, often fractions of a mmol, that are needed

for spectroscopic studies.

The vacuum system used consisted of two trap sections,



35

used for storage of samples and for trap-to-trap vacuum
distillation during purification. Also there were a
number of ground glass ‘'take-off' points each with a tap
which allowed the removal and addition of compounds to
the system. All the taps on the vacuum line were
greaseless 'sovirel!' taps; which were extremely easy to
clean and allowed the cleaning of traps individually. All
the glass Jjoints weré sealed using Apiezon 'L' grease,

and any ground glass taps sealed by 'N' grease.

The pumping system was a mercury diffusion bump
backed by a rotary oil pumé. This easily gave pressures
down to 10'4 mm Hg. To monitor the pressure and hence
measure the cuantities of sample in the vacuum line a
glass spiral gauge with a mirror and small lamp was used.
This acted as a 'mull instrument' by the introduction of
air pressure to the other side of the gpiral gauge
through the 'back section'. The total volume of the
apparatus permitted up to 12 mmol of sample to be
expanded, without having a pressure greater than one

atmosphere.

The vacuum line facilitates a number of special
techniques. Gas phase infra-red spectra are easily
obtained by attaching a 10 cm cell with KBr orCsI end
plates, and vapour pressure measurements are obtained by
freezing the sample into the spiral section 'cold finger'
and reading the spiral deflection at a given temperature.
Using a molecular weight bulb of known volume, measure-

ment of pressure and weight of gas in the bulb give the
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sample's molecular weight.

All the samples were stored at liquid nitrogen
temperatures using Dewar flasks, and the different
temperatures required for fractional distillation were
obtained by mixing various organic solvents with ligquid
nitrogen or solid carbon dioxide.For example, toluene
and nitrogen give a temperature of 177 K; acetone and

carbon dioxide a temperature of 195 K.

For certain preparations an inert atmosphere can be
introduced into the system by attaching an external
cylinder. The solid phase infra-red spectra were run in
a 10 cm cell with CsI plates, which also had a CsI plate
inside, opposite a.drawn glass nozzle. The inner plate
could be cooled with liguid nitrogen and samples sprayed
onto the plate via the nozzle. The final recorded spectrum
was run after annealing the sample until no further band
changes were found. The spectroPﬁotometer employed was a
Perkin - Elmer 577 grating one, over the range 200-+4000 cm-l.
Band positions were found by expanding the bands and using
the wavemarker positions calibrated from standard spectra.

The accuracy of the positions depends on the sharpness

of bands.

The Raman spectra were run on a Cary 83 spectrometer
from about 100+4000 cm-l. The instrument has no expansion
facility and band positions are only accurate to *4-8 em L.

The laser is produced by 488 nm argon excitation. The

liquid phase spectra were run by condensing samples into
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5 mm glass tubes and sealing off to a length of about

5 cm. The depth of sample was usually about 0.5 cm.

This tube could then be positioned in the laser beam. The
solid phase spectra were obtained by spraying samples
onto a brass plate contained within an evacuated vessel,
and cooled by liguid nitrogen. Again annealing was

attempted until the bands sharpened appreciably.

Nuclear magnetic resonance spectra were run on

either a Bruker WH360 (lH, l3C, 2951, 31P) or Varian
XL-100 (lgF) or Varian HA-100 (lHT spectrometer. The nmr

tubes were 5 mm in diameter and the solvent chosén for
its availability, melting point and position of signal
in the nmr spectrum. About 2.5 cm depth of solvent was
used and the amount of sample was between 0.2-0.3 mmol.

Thus the maximum concentration was about 0.75 M.

All the mass spectra were obtained from an AEI

MS 902 machine.

2.3 Preparation of Samples

Below are the preparations carried out in the course
of this work. Many are standard reactions and in guch
cases a reference is given to the original work. More

details aregiven for any new compounds prepared.

In all the preparations below, purification was
achieved by separation of the compounds of different

volatilities by low temperature fractional distillation
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through one of the trap systems. The temperature of the
slush baths used are only included for new preparations

and are not given for the standard preparations.

2.3.1 Bromodifluorophosphine:was prepared by condensing

HBr and PFZNMe2 in the ratio 2:1 into a 3% bulb and

leaving at room temperature for ten minutes4§,

+ —
PFZNMe2 + Z2HBr - PFZBr + NH2Me2 Br

2.3.2 Tributyl tin monothicacetate was prepared by

mixing 10 mmol of (Bu3Sn)2O with 20 mmol of CH,COSH in
40 ml of tolﬁene and shaking for one minute. The water
was then boiled off and toluene removed'with a hot water
bath and rotary evaporator. The resulting yellow-orange
ligquid was dried by pumping for 2 hoprs on the vacuum

line.
(Bu3Sn)20 + 2CH3COSH - 2BuBSnSOCCH3 + HZO

2.3.3 Difluorophosphino monothioacetate was prepared by

condensing PF,Br into dried Bu3SnSOCCH3 and warming to
room temperature for one minute. The volatile produéts
were removed by pumping through a 77 K trap for 2 hours and
PF280CCH3 was found to pass 238 K but stopped in 209 K..

The yield was 62%.

PF,Br + Bu.SnSOCCH

3 3 -+ PFstCCH3 + Bu3SnBr
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2.3.4 Silyl monothiocacetate was prepared by condensing

SiH3Br into Bu3SnSOCCH3 and pumping out the volatile

products. This is differentgmﬁwDrake's method>C. The
product SiH3SOCCH3 was found to pass 258 K but stop

in 209 K. Yield was up to 65%.

+ SiH,S0CCH, + Bu,.SnBr

SiH.Br + Bu 3 3 3 3

3 3SnSOCCH

2.3.5 Germyl monothioacetate - as for silyl monothio-

acetate but using GeH3C1. Yield up to 70% and again

not as originally prepared by Drake46.

GeH3c1 + Bu.SnSOCCH

3 3 7 GeH3SOCCH3 + Bu3SnCl

2.3.6 Germyl acetate was prepared by condensing GeH,C1

on to solid BuBSnOOCCH3, and removing by pumping. The
product GeH3OOCCH3 was involatile at 227 K, and found in
a yield of 70%. This is a modification of the method

used by Srivastava and Onyszchuk47.

GeH3Cl + Bu3SnOOCCH3 - GeHSOOCCH3 + Bu3SnCl

2.3.7 Silyl bromide was prepared by a modification to

the method of Fritz and Kummer48. 50 mmol of phenyl

silane and 100 mmol HBr were co-condensed into a 250 ml
ampoule fitted with a sovirel tap and immersed in a

195 K bath overnight. Silyl bromide stops in 1533 K,
but passed 195 K.

PhSiH, + HBr - PhH + SiH3Br

3
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2.3.8 Silyl chloride was prepared by passing a stream

of silyl bromide through an excess of HgC1249.

25iH. Br + HgC12 - ZSiH3Cl + HgBr,

3

2.3.9 Ammonia was obtained from a cylinder and dried

by storing over sodium metal at 195 K.

2.3.10 Trisilylamine was prepared by the reaction of

ammonia being sprayed into silyl chlorideSO using a

2 bulb apparatus.

28iH.Cl + 4NH

3 3 7 N(SiH3)3 + 3NH4Cl

2.3.11 Hydrogen selenide was obtained by the reaction of

aluminium selenide and dilute sulphuric acidSl.
_The volatile products were passed through a 177 X
trap to stop any water but pass H29e.

4 + +
A128e3 +2H3o -+ 3H28e + [2a10 ]

2.3.12 Ammonium silaneselenol is prepared by co-condensing

trisilylamine and HZSe in an ampoule at room temperature
for 48 hourssz. Sufficient material should be used to
give a pressure of 2-4 atmospheres,with an excess of

HZSe present.

, . , - +
(81H3)3N + 2H25e > (SlH3)2Se + SlH3Se .NH4

The volatile products were removed from the ampoule,
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leaving white solid NH4SeSiH3 on the walls of the flask.

2.3.13 Lithium silylselenol can be obtained by reaction
53

of the disilyl selenide obtained in 1.3.12 with Meli

(SiH3)ZSe + LiMe - MeSiH3 + LiSeSiH3

The volatile products were pumped away leaving LiSeSiH3

in the ampoule as a white solid.

2.3.14 silyl monoselenocacetate was prepared by condensing
52,53 '

dry degassed acetyl chloride onto NH4SeSiH3
As the mixture is warmed to room temperature a yellow
liquid forms which containg the SiH3SeOCCH3.

NH SeSiH3 + CH3COC1 - SiH3SeOCCH3 + NH4C1

4

Alternatively the same product can be obtained by the
reaction of the lithium silyl selenol and acetyl

chloride53

LiSeSiH3 + CH,COCl + SiH

3 3SeOCCH3 + LiCl

2.3.15 Difluorophosphine monoselenoacetate was first

obtained in an nmr tube by the equimolar reaction of

PF2Br with SiH3SeOCCH3. The products, all observed in

the 31P nmr spectrum, were initially only PF,35e0CCH,,

but this rapidly decomposed to PF3,PF28eSiH3, (PF2)20,

{PF Se and HPF,0. See Chapter 3 for a further

2) 2

discussion of this reaction.
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PF2Br + SiH3SeOCCH3 *'PFzseOCCH3 + SiH3Br

2.3.16 Germane was prepared by the reduction of a

basic solution of germanium dioxide with KBH4 in

acetic acidS4.

GeO2 + KOH + KBH4 -+ GeH4 + etc

2.3.17 Germyl chloride was prepared by chlorination of

germane using stannic chloride55.

GeH4 + Srcl., >~ GeH

4 cl + HCl + SnC12

3

A slight excess of germane must be present to avoid

dichlorogermane forming.

2.3.18 Germyl cyanide was prepared by condensing germyl

chloride in 1-2 mmol portions onto .dry silver cyanide in
56
an ampoule
AgCN -+ GeH3Cl -+ GeH3CN + AgCl

2.3.19 Germyl isothiocyanate was prepared by the reaction

of germyl chloride on silver isothiocyanate57.
AgNCS + GeH,Cl - GeH,NCS + AgCl

2.3.20 Silyl isocyanate was prepared by the reaction of

silyl bromide with silver isocyanatess.

AgNCO + SiH3Br -+ SiH3NCO + AGBr
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2.3.21 Methyl silane was prepared by the reduction of

trichloromethyl silane with LiAlH4 in the analogous

reaction for the preparation of silanesg.
MeSiCl, + LiAlH, -+ MeSiH, (+LiH + AlCL,]

2.3.22 Methyl silyl chloride was obtained by the

chlorination of methyl silane with stannic chloride60

MeSiH3 + SnCl4 > MeSiHZCl + SnC12 + HC1

2.3.23 Tris monomethyl silyl amine was prepared by

streaming ammonia into a slight excess of methyl silyl’
chloride, and leaving overnight at room temperatureGl.
Some (MeSin)zNH was usually formed but need not be

removed as it acts in all subsequent reactions, just

as the tris amine.
3MeSiH201 + 4 NH3 -+ (MeSiH2)3N + 3NH4C1

2.3.24 Methyl silyl bromide was obtained by reacting

HBr with (MeSiHZ)BN, and leaving at room temperature

for 30 minutes.
(MeSiH2)3N + 4HBr 3Me81HzBr + NH4Br

Methyl silyl iocdide can be obtained in the same way

using HI instead of HBr.
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2.3,25 Isocyanic acid was obtained by subliming

(HNCO) 4 at reduced pressure on the vacuum line.

(4HNCO)4 + 4HNCO

2.3.26 Silver cyanide was precipitated by mixing

solutions of silver nitrate and potassium cfanide.
After filtering the white solid was washed with water
and then portions of.ethanol followed by "blue" label
ether. To fully dry,the salt, it was placed in an
ampoule and pumped out overnight. To reduce decomposi-
tion of the silver cyanide by sunlight, the salt was
gtored in a dark cupboard or surrounded by metal foil.

It was found that washing with acetone severely reduced

the subsequent yield of the methyl silyl cyanide.

2.3.27 Silver isocyanate and isothiocyanate were prepared

in the same way as silver cyanide but starting with

potassium isocyanate or potassium isothiocyanate.

2.3.28 Methyl sily isocyanate was prepared in two ways.

(i) The most successful route was by the reaction between
tris{methylsilyl)amine and HNCO using a two-bulb
apparatus streaming the HNCO into'the amine. After two
hours at room temperature the reaction Was complete with
all the amine reacted. Fractionaﬁion through a trap at
195 K stopped most of the methyl silyl isocyanate; and

passed HNCO. However complete separation was difficult
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and the final portion of HNCO was removed by the
addition of small amounts of tin(methylsilyl)amine

and leaving the reactants for 1% hours. Yield was 90%.

(MeSiH2)3N + 4HNCO - 3MeSiH2NCO + NH4NCO
(ii) The reactions between AgNCO and MeSiH,Br or
MeSiH21 all gave a mixture of mono and bis isocyanate
with much H2 formed, deduced from the quantity of
involatile product formed. The bis product was
identified from the infra-red spectrum and the high
molecular weight value calculated. Separation of
MeSiH,NCO and MeSiH(NCO)2 by fractional distillation
proved difficult and was never complete. The character-
istic band in the infra-red, assigned to MeSiH(NCO)2
was the SiH deformatioh at 880 cm~l, while the SiH,
modes obgerved in that region should occur at 960 and

910 cm_l.

MeSinBr + AgNCO + MeSiH,NCO + AgBr

2.3.29 Methyl silyl isothiocyanaté was prepared by the

reaction of methyl silyl bromide and silver isothio-
cyanate. A three-fold excess of AgNCS was placed in an
ampoule and dried overnight by pumping. Portions of
ﬁeSinBr were condensed in 1.5 mmol at a time, warmed
to room temperature and then the volatile products were

removed by pumping through a trap cooledt0177 K.
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Fractionatibn through 209 K trap, passed MeSiH3 and
(MeSiH,),0 and stopped MeSiH,NCS. The final yield was

80%.

2.3.30 Methyl silyl cyanide was first prepared by

Emeleus, Onyszchuk and Kuchen by condensing MeSiH21 onto
dry AgCN62 but the yield can be vastly improved if
MeSiH,Br is used. Less HCN is formed and the yield

was up to 70%.

MeSiH,Br + AgCN - MeSiH2CN + AgBr

2

2.3.31 Dimethvl silyl chloride was obtained commercially

and before using was degassed thoroughly, and passed

through a 177 K slush bath to remove any HCI.

2.3.32 Bis(dimethylsilzl)amine was prepared by

streaming ammonia into dimethyl silyl chloride63 and
leaving at room temperature overnight. Fractionation
at 227 K passed unreacted Me,SiHCL but stopped the amine,.

3NH, + ZMEZSiHCl - (MEZSiH)zNH + ZNH4C1

3

2.3.33 Dimethyl silyl iscocyanate was prepared by streaming

a slight excess of HNCO into bis(dimethylsilyl)amine
using a 2-bulb apparatus. To achieve a greater dispersion
of the relatively involatile amine it was necessary to

tip the reaction bulb around and spread the amine over a

larger surface area. The reaction was only complete after
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3-4 hours. Again separation of the MeZSiHNCO and
HNCO was difficult by fractionation and so the excess
HNCO was removed by the addition of small portions of

(MezsiH)ZNH. The eventual vield was B80%.

(MeZSiH)zNH + 3HNCO - 2Me28iHNCO + NH4NCO

2.3.34 Dimethyl silyl isothiocyanate was prepared by

condensing Me,SiHCl onto dry AgNCS and leaving at room
temperature for 2% hours. When the volatile products
were pumped out ahd passed through a trap at 227 K,
unreacted MezsiH01 passed and Me,SiHNCS stopped.

The yield was about 65%.
Me2SiHCl + AgNCS -~ MeZSiHNCS + AgCl

2.3.35 Dimethyl silyl cyanide was first prepared by

Duirig64 from the reaction of MeZSiHCl and AgCN in ether.
The mixture was stirred for 36 hours and then fractionated.
This gave a yield of 48%. However the reaction of

Me,SiHBr and dry AgCN gave almost complete conversion to

2

the desired product and with a reaction time of 1-2

minutes.
MeZSiHBr + AgCN -+ MeZSiHCN + AgBr.

2.3.36 Dimethyl silyl bromide can be obtained by the

reaction of (Mezsin)NH and HBr using a 2-bulb apparatus.
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with a reaction time of 2-3 hours, Fractionation through
a trap held at 195 K stopped the MeZSiHBr but passed
the excess HBr.

(MezsiH)zNH + 3HBr - 2MeZSiHBr + NH,Br

4

2.4 Physical Properties of the New Compounds Prepared

This section contains data for colour and physical
appearance, vapour pressure, exact mass measurement
from mass spectrum where possible, and calculated
molecular weight of the compounds previocusly
uncharacterised. A full'discussion of the infra-red

spectra is given in later chapters for each compound.

2.4.1 Difluofqggosphino monothioacetate: This is a

vellow liquid, white when frozen, with a vapour

‘pressure of 39 mmHg at 273 .K.The molecular weight was
142.83(cf. theoretical value of l43.9§, and from the
mass spectrum the parent ion was l43.9613loa(error of

2 ppm). Ce— i

2.4.2 Difluorophosphino monoselencacetate: Very little

information is available for this compound due to its
instability. It appeared to be a reddish-yellow
compound fairly involatile (a vapour pressure at 273 K
<20 mmHg), and decomposed readily to leave selenium

deposited on the glassware.
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2.4.3 Monomethvl silyl isocyanate: A white compound

observed to form long spindle-like crystals on the
inside of the traps. These are likely to be due to
formation of SiNCO chains between adjacent molecules.
The vapour pressure at 273 K was 87 mmHg and the parent
ion in the mass spectrum was at 873which excludes
possible structures such as MeSiH(NCO)z, but no exact

mass measurement was made.

2.4.4 Monomethyl silvl isothiocyanate: This was also

found to give long crystals; someAup to 6 mm long, but
had a much lower vapour pressure of 18 mmHg at 291 K.

As a liquid and solid there was a faint yellow colour.

2.4.5 Dimethyl silyl isocyanate: This had a vapour

pressure of 40 mmHg at 289 K and showed signs of some
intermolecular interactions but the crystals were less

well defined.

2.4.6 Dimethyl silyl isothiocyanate: This was the least

volatile sample prepared and moved very slowly around
the vacuum line. The measured vapour pressure was

7.7 mmHg at 289 K.

Accuracy of Results: For the more volatile compounds,

molecular weight calculations were reasonably accurate
because a greater amount of sample could be expanded into 
the bulb and so\give a greater weight difference. Also
since the pressure is'accuraﬁe to +2 mmHg, the temperature
toriO.S K and zeroing the spiral to + 1.5 mmHg, a small

vapour pressure will be lost in the errors.
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CHAPTER 3: DIFLUQROPHOSPHINO, STLYL AND GERMYL ESTERS

3.1 Introduction

Over the last few years some work has been done on
a number of germyl and silyl acetates and monothio-
" acetates. The interest in these studies has been to find
out more about the bonding between the oxygen or sulphur
atoms of the acetates and the silicon or germanium atoms.
Drake46 and co-workers found that germyl and trimethyl
germyl monothioacetates were entirely in the
form with germanium bonded to sulphur in contrast to the

silyl and trimethylsilyl monothiocacetates which were

bonded through the oxygen in the thiono form.

These investigations were carried out using infra-
red, Raman and nmr technigues. More recently the

structures of CH3COOSiH344 and HCOOSiH365

have been
studied in the gas and solid phases and it was found that
there is a very short non-bonded distance between the
silicon atom and oxygen of the carbonyl group; for
example in CH3COOSiH; the sum of the van der Waals'

radii of 81 and O is 350 pm, while the interatomic

distance is 283.2 pm and 279.5 pm in the solid and gas

phases respectively.

Hence it was decided that a further study of esters
would be attempted, involving the monothiocacetate and
monoselenoacetate with silyl, difluorophosphind and germyl

groups. The formation of these esters woculd be followed to
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see if the short non~-bonded distances of Si and Ge to S
or O found in acetates and formates are found in mono-

thicacetates.

When Drake studied the germyl and silyl thiocacetates
he found that a single isomer was formed in each case
and he could see no evidence for exchange of bonding
site. In this work the formation of the esters at low

temperatures has been studied using nmr spectroscopy.

This technique was used to look at the reaction of

,Br and bis(trimethylsilyl)acetoﬁﬁﬁ&§f¥§6, by
observing the shift of the signal in the 31P spectrum as PF,

PF

shifted from 0 to N bonding. The steps in the rearrange-

ment are shown below:

3 PFzBr / 3
CH T C\\q _ CH 3—-—-C\ IT
. i ) +SiMe,Br
-----—SJ.Me3 \N-——PF2 3
I
PFZBr

/p O-——PF2 .

d/ *hr . / .
CH ———— == CH =——C +SiMe ,Bx

3 DF RT 3 2 3
N(: 2 N———PF2
PF2
II1b IITIa

Structure (II) is formed with equimolar guantities of

PF,Br and (I) .With excess PF,Br the product is (IIIa)

.which when left at room temperature for half an hour
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rearranges to (IIIb). The nmr spectrum indicated that
there was about three times as much of (IiIb) as (Ifra)

at equilibrium.

At room temperature there is rapid exchange of the
trimethylsilyl groups of structure (I) between the 0O and
N sites, while at low temperatures the exchange is slow
enough on the lH nmr timescale for two separate |
resonances to be observed. However with the products II,
IITa and IIIb, no exchange of bonding site of the -PF2

group from N to O was observed.

3.2 Difluorophosphino monothiocacetate

' 3.2.1 1Infra-red and Raman Spectroscopy:

The first infra-red spectrum of observed CH3C(OS)PF2
was run after a number of fractionations to remove PF,Br
and PF4. This showed a strong band in the carbonyl
stretching region,'seven bands between 1450 and 800 cm_l
and a number of weaker bands below 6Q0 cm_l. The presence
of the carbonyl band is indicative of the phosphorus
being bonded through the sulphur but does not exclude
there being some isomer of phosphorus bonded to.the
oxygen. Further ir spectra were run using new freshly
prepared CH3C(OS)PF2, and these spectra show very weak
carbonyl bands which over 30-40 minutes at room temperature
increased in intensity. This suggests the —-PF, group ié

initially bonded to the oxygen but exchanges site to give
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some sulphur bonded species. See section 3.2.2 dealing

with the exchange of bonding site followed by 31P nmr.

The assignment of the infra-red bands was done by
comparison with other difluorophosphino compounds,
thiocacetic acid, and silyl and germyl monothiocacetate.
The bands at 1442 and 1377 cm * are characteristic of
methyl deformations in all the esters, and those at 869
and 846 are the P-F asymmetric and symmetric stretches.
The thioacetate skeletal modes are at 1131, 1004,

925 cm_l (bCH3) and 977 cm_l {v(C-C)). These all appear
in silyl esters and thiocacetic acid. 1In the infra-red

there are two strong bands between 1200-1300 em™ L,

which in the Raman appear as one strong band at 1265 cm_l
and one weak band at 1210 cm_l. By comparison with silyl
and trimethylsilyl thioacetate3o, which are both O

bonded species, the C-0 stretch is found to be strong

in the Raman spectrum but weaker in the infra-red and
hence assigned to 1265 cm“l, leaving the C=S5 stretch

assigned to the band at 1210 cm_l. Above 600 cmﬁl,

there are two bands unassigned. The band at 620 cm“l
appears to vary in intensity with the carbonyl band and
is very strong in the liquid Raman spectra. A likely
assignment is to the C-S stretch which is only present
when conversiocon to S—PF2 bonded species takes place,

and this compares favourably with the position oflthe
C=5 band of thiocacetic acid at 626 cmﬂl, also of medium
. intensity in the infra-red but very streng in the Raman.

46

Additionally, the germyl thiocacetates (which are S-
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bonded} have C-S stretches at 625 and 637 cm_l. Finally,
.the P-0 stretch is assigned to the baﬁd at 692 cm_l.
This is a relatively intense band in the Raman spectrum,
is present in CH,COOPF, (although slightly higher at

770 cm-l) and is in {PF2)2O67 at 682 cm"l.

Assignment below 600 cmml cannot be conclusive,
although the bands at 461 and 370 cm-l seem to be
characteristic of the deformation and wagging modes of

the —PF2 group.

The solid phase infra-red spectra show a number of
significant changes. The carbonyl bands now split to
give bands at 1745 and 1680 em™! which are believed to be
due to different conformations of the S-bonded species
.being frozen out. These could either be 2 conformers by
a twist around the C-S band (I) or by 2 conformers by a

twist around the S-P band (II).

0 0
/ -~ //
I cH o P OR CH c
TN T T TN
\
P~F
\
F
OFF
/ ' 7 \/
IT CH.——C P, OR CH,—=C
3 \s/ \;F — 3 \S/ P

With the data available it is not possible toc say which

set of conformers is present. However, in CHBCOOSiH344 and

CH3C(OS)SiH368 only the. cis conformers are found in the
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solid phase so assuming the same applies to the more
bulky —PF2 groups, conformers II are more likely to

be present. Also this would be consistent with a
relatively strong P...0 intramolecular interaction being

present which would have to be broken in conformer I.

The bands at 461 and 370 cm_l previously assigned
to PF2 deformations modes each split, which must be either due
to two conformers freezing out or could be a crystal
packing effect with molecules in different sites. Lastly
the strong band at 855 cm"l assigned to the P~-F stretch
in the gas phase is found to shiﬁt in the solid phase to

810 cm Y. This shift of 30-40 cm *

67

is found for many PF,

69

compounds including (PF2)20 and (PF2)28

All these assignments are listed in Table 3fl, for
the gas and solid phase infra-red, and liquid phase Raman
spectra and the spectra are shown in Figures 3.1, 3.2

and 3.3.

The conversion from entirely O-bonded thioacetate to
some S-bonded species can be followed by infra-red
spectroscopy. A portion of freshly prepared sample was
expanded into a gas cell and a spectrum run immediately.
Already on the first spectrum a weak band at 1730 cm-l
could be seen, and this could be observed increasing in
intensity over 2 hours, while the gas cell was held at room
temperature. Table 3.2 below gives the relative intensity
of the band with respect to the metﬁyl deformation band at

1

1370 cm . The C-S stretch was found to increase in

intensity with the carbonyl band, but no: other significant



56

Table 3.1: Observed frequencies and assignments of
’ CHBC(OS)PF2
-1 . -1 Raman -
Ir gas/cm Ir sclid/cm (liquid) /cm Assignment
3036 vw v (C-H) asym.
2982 vw 2940 m v {C-H) sym
1747 s 1745 m 1720 broad w v (C=0)
1680 s v (C=0)
1442 w 1427 m 1435 w 6CH; asym
1377 m 1364 m 1375 m 6CHy sym
1314 w cSCH3 .sym
1271 s 1256 s 1265 vs v (C=0)
1207 s 1213 s 1210 w v (C=8)
1131 s 1143 s 1140 w PCH,
1004 s 997 s 1005 m pCH3
877 s 951 s v (C=C)
925 w 908 w pCHy
892 w PF, limpurity]
869 vs 849 vs(br) 860 broad s v (P=-F) asym
848 vs v (P-F) sym
B1l5 s 810 vs. 810 m CH3 mode
784 w 749 w- 745 wvw {combination?)
692 m 693 m 702 vvs v (P=-0) '
620 m 638 m 635 vs v (C=-8)
513 w 519 w 530 w
511 w 510 s
480 w
461 m 466)m (460 s] skeletal
457)m [455 shoulder m] modes (see
430 w text)
395 w 400 w
ESBO W 360 w
370 m (355 m 315 m
270 w
w = weak, s = strong, m = medium, v = very



100

Transmittance (%)

{ W LN

O
<
S

1800 1600 1400 1200 1000 800 : 600 400

Figure 3.1: Infra-red spectrum of an equilibrium sample of CHBC(OS)PF2 in the gas phase
(25 mmHg pressure) '

LS



100

(%)

Transmittance

cm

1800

1600

Figure 3.2:

1400 1200 1000 800 600 400
Infra-red spectrum of CH3C(OS)PF2 in the solid phase, after
previously being allowed to reach equilibrium between O and

S bonded isomers in the gas phase

8%



L.

cm

3200

2808p;800

Figure 3.3:

1600 1400 1200 1000 800 600

Raman spectrum of CH3C(OS)PE in the liquid phase at equilibrium

400 200

65




1700 1500 1300 1100 900  cm t

i

10 mins

30 nmins

240 mins

1))

Figure 3.4:

Infra-red spectra of .
CH,C(OS)PF, in the gas phase
as sample converts from

mostly O bonded isomer to U

some S bonded isomer

-

1700 1500 1300 1100 900 em”!



61

changes were found.

Tahle 3.2: Table of ratio of intensities of (C=0) band
to GCH3

Time at room Intensitya Ratio
temperature/

minutes v (C=0) §CH4 v {(C=0) GCH3
0 0.192 0.885 0.22 :1
3.5 0.231 0.847 0.273 :1
8 0.211 0.758 0.279 :1
30 0.292 0.754 5.388 :1
40 0.293 0.477 0.61 :1
120 0.297 0.585 0.51 =1
18 hrs @ 10°%¢ 0.241 0.223 1.08 :1
Wwarmed to 20°C 1.44 0.693 2.0 1

aIntensity o logI/IO

3.2.2 Nuclear magnetic resonance spectra of CH3C(OS)PF2

The formation of CH3C(OS)PF2 has been studied by

following two different reactions using 31? nmr. It was

found that a fresh sample made from tributyl tin monothio-
acetate gave an O-bonded species that slowly converted to
some S-bonded, while the formation from CH_,;C(OS)SJ'.H3 gave
an exclusively S-bonded species first which then converted

to mostly O-bonded.
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r
CH,C (0S)SnBug + PF,Br - CH,CSOPF, (1}

i ; 1
CH3CSOE'>1H3 + PF2Br + CH3COSPF2 [2]

The sample from reaction 1 was run at 193 K initially
and only one triplet was observed at 114.5 ppm (lJPF = 1343 Hz),
which was assigned to the CH3CSOPF2 species, by comparison
with (PF2)2067. No change in the spectrum was found
until the tube reaqhed 243 K, when a second triplet at
211.5 ppm (lJPF = 1269 Hz) appeared. The tube was then
left to equilibrate at this temperature and the integrals
of the triplets recorded. Further spectra were run from
243 to 308 K in steps of 10 K in order to watch the increase
of the second isomer. The chemical shift of the second
triplet is close to that of (PF2)2554 and is assigned to
CHBCOSPFz. Table 3.3 giVes the positioné of the triplets

at the various temperatures and the relative integral

values

Table 3.3: Relative intensities of O and S bonded
CH C(SO)PF2 formed from CH3COSSnBu3 + PFzBr

Chemical Shift Ratioc
ppm

Temp/K OPF, SPF, OPF, SPF,
193 114.5 n.o. o ;1
243 115.1 211.5 19.0 1
253 115.2 211.7 11.9 1
263 115.3 212.0 6.3 : 1
263% 115.7 213.7 5.4 : 1
273 115.4 212.3 5.4 : 1
283 115.5 212.6 4.8 : 1
293 115.6 212.8 4.5 : 1
308 115.8 213.9 4.3 ;1

*left overnight at this temperature
n.o. not observed
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The tube was held at 263 K overnight to see if
équilibrium was being reached in the course of the
experiment. As the table shows, there was no change in
the relative proportions of the 0 and S bonded species
after 10 hours. The compound appears to be fairly stable
although when left overnight at room temperature some

decomposition to PF, and (PF,),0 was evident.

The reaction between PF,Br and CH3CSOSiH3
(equation [2]) gave a product at 193 K showing a single
_triplet at 209.9 pm (lJPF = 1269 Hz) in the 31P nmr
spectrum which is assigned‘to the S-bonded species. On
warming to 213 K no exchange of site of -PF, group was
observed but more PF,Br was consumed. However at 228 K
a second triplet appeared at 114.9 ppm (lJPF = 1342 Hz),
which is assigned to the O-bonded species. No more PF,Br
was consumed because the ratio of PF,Br to CH3COSPF2 at

213 X was the same as the ratio of PF,Br to the sum of

CH

3COSPF2 and CH3CSOPP2 at 228 K.

As this reaction was warmed to room temperatufe the
exchange of the -PF, site continued until the final
equilibriﬁm position was the same as for the sample
prepared from the CH,COSSnBuj derivative. Both tubes
were left overnight at 263 K and the ratio of O-bonded

to S-bonded species was about the same.

‘The assignment of the 3lP nmr is relatively straight-

forward as the chemical shift of the signal is very

characteristic of the atom adjacent to the PF, group.
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Figure 3.5a: CH3C(OS)PF2

31P spectrum of fresh sample at 193 K

) 800 Hz

220 200 120 ‘ 100

/Ppm



Figure 3.5b: CH3C(OS)PF2

31P nmr spectrum of fresh sample
warmed to 243 K.
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Figure 3.5c: CH3C(OS)PF2
31P nmr spectrum of fresh sample warmed to 283 K.
* PF2Br
+
(PF,) ,0
o) 800 Hz
| IN——

v
220 200 120 /ppm
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Figure 3.5d: CH3C(OS)PF2

31P nmr spectrum of fresh sample warmed to 298 K
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Figure 3.5e: CH3C(OS)PF2

31P nmr spectrum of fresh sample
warmed to 308 K

* PF2Br

(PF2)20

O 800 Hz
I————— e}

220 200 lzb /ppm
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Table 3.4 shows how the chemical shifts of PF2

bonded to O, N and S vary for a number of compounds.

Table 3.4: Chemical shiftsof some PF, derivatives

Compound SP/ppnm lJPF Ref
(PF2)2O 110.7 1355 This work
CH3CSOPF2 : 115.6 1343 This work
CH3C(NPF2)OPF2 . 121.4 1340 50
(PF2)25 219.4 1303 54
CH3COSPF2 212.9 1269 This work
PF,NH,, © 148.0 1200 55
(PF2)2NH 144.4 1253 56
CH3C(OPF2)NPF2 148.5 1269 50

3.2.3 Mechanism of the exchange of bonding site:

The nmr data show that the PFzBr binds initially to
the vacant atom on the thiocacetate derivative. Hence in
the reaction with the Bu3Sn derivative, which is S-bonded,
the PF2 bonds to the vacant O afom, while with CH3CSOSiH3
which is O-bonded, the product is initially S-bonded.
Despite the differenﬁ initial product the final |
equilibrium mixture of O- and S-bonded species at room
temperature is the same, with a four-fold excess of O-

bonded isomer.
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For example,

O— SiH

/ 3 / 3
CHy —C + PFzBr—-—)CH3—C, “Br
\ N "
S S-—'--P'E"Z
l [3]
O—PF, 0
7
CH3—-—-C\\‘ &—— CHy—C + SiH,Br
S S——PF,

There is no . evidence for rapid exchange of sites by
the PF, group at room temperature, which could be slowed
down atrlow temperatures. This is unlike the exchange
in bis(trimethylsilyl)acetéﬁﬁéé;ﬁﬁﬁé where the Me,Si
group moved from O to N sites. Also, one cannot be
certain how the PF, exchanges its site once either the
O or S bonded species is formed. The initial formation
is likely to proceed via a six membered ring as drawn
above with subsequeht loss of SiH3Br or BuBSnBr. In all
other silyl and germyl esters studied by electron
diffraction oBr X-ray crystallography short non-bonded
distances between C=0C or C=S and the silyl or germyl group

44 65

have been found, i.e. CH3COOSiH3 ’ HCOOSiH3 ’ CH3

(this work), CH3COSGeH3 {(this work), and thus if similar

COSSiH3

short distances for P...S or P...0 are present,

exchange would be easier.

An electron diffraction study of CH3C(OS)PF2 would
be difficult because there are many distances which are
close together and it would be difficult to allow for the

two isomers present at room temperature as well as allowing
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for all the PF2 conformations. A solid phase structure
by X-ray crystallography might be easier since below
230 K‘both O~ and S-bonded species have been observed

on their own.

3.2.4 Thermodynamics of the exchange process:

The integrals of the respective triplets in the 31P

nmr spectra of the CH3C(OS)PF2 isomers were measured at
each temperature at which a spectrum had been run. Hence
the ratio of O- to S~bonded isomers can give the
equilibrium constant. According to the Van't Hoff

equation [5]:
tnk = 48,2 4 &2 [51

where K is the equilibrium constant, T the temperature in
K and R a constant. Therefore a plot of InK vs l/T gives a
straight line of slope -AH/R allowing the calculation of

AH for the reaction.

CH3COSSnBu3 + PFZBr - CH3 CSOPF2 initially,

then CH3CSOPF2 -+ CH3COSPF2

(0] : (S}

See Table 3.5.

_ Is}
K =710
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Table 3.5: Exchange of O~ to S=pbonded

T/K l/T x10™3 K 1nK

243 4.12 0.0525 =2.95
253 3.95 0.0845 -2.47
263 3.80 0.158  -1.84
273 3.66 0.185  -1.69
283 3.53 0.206  -1.58
293 3.41 0.223  ~=1.50
308 3.25 0.231  -1.46

These values are plotted on Figure 3.5. Note that the
data points all lie on a straight line except the two at
the lowest temperatureé. This suggests that equilibrium
had not been reached, for these points only. The slope
found by least sgquares excluding the two lowest tempera-
ture points is -613.5. Thus AH = 5.1 kJml ' and

lK’l. These values indicate that exchange

A8 = 4.6 Jmol
of O to S bonding sites is relatively easy and does not

require a high energy intake.

The value of AH for this exchange indicates that heat
must be put in to push equilibrium to the right hand side
of the equation, i.e. leading to formation of PF20(S)CCH3

from PF2S(0)CCH3.

3.2.5 Nmr of other nuclei:

This secticon records the 19F, l3C and lH nuclearA



Figure 3.5: Plot of InK vs %, using data from Table 3.5.
[CH3C(0)SPF2]

K =

[CH3C(S)OPF2] | &

LnK
‘2'8 -

o

€L




74

magnetic spectra of CH,C(OS)PF,. The lgF nmr was observed

from 213 K to room temperature on a relatively freshly
prepared sample. At 213 K two doublets were found with large
couplings, one at -78.2 ppm and the other, eight times the
intensity'of the first, at -58.3 ppm. On warming to room
temperature the positions of the doublets did not change
significantly but the relative intensity of the minor

doublet increased slightly to a ratio of 1:5. By

comparison of the relative intensities and the coupling
constants to the 31P nmr spectra, the doublet at -78.2 ppm
(lJPF = 1269.1 Hz) was assigned to the CH3COSPF2 and the
doublet at -58.3 ppm (lJPF = 1342.5 Hz} was assigned to
CH5CSOPF,. It is noted that the chemical shift of the

lgF signal is'not such a good indicaticon of the atom
bonded to the -PF, group unlike the 31P chemical shift
which is highly dependent on the adjacent atom, as is
shown in Table 3.4. For example the chemical shifts of

1 and -64.30 ppm70

7
(PF2)20 and (PF,),S are -37.94 ppm
which are up to 20 ppm different from the appropriate
shifts for CH4COSPF,, although the relative positions are
‘the same with the -OPF, signal to high frequency of the

—SPF2 signal.

In spectra run on a narrower spectral width with the
proton coupling in, the doublet signal was split to give
a doublet of guartets. This must be due to the coupling
through five bonds to the methyl protons. It was found
that the O-bonded doublets had a smaller quartet coupling

than the S-bonded doublet, with 5JPF = 0.75 Hz (0O-~bonded)
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and 5JPF = 1,0 Hz (S-bonded).

The lH nmr spectrum was run for a sample that had
already reached equilibrium and contained both 0~ and S-
bonded CH3C(OS)PF2. It was hoped that it would be
possible to distinguish the proton signals of the methyl
groups of the’ two iscmers. The spectrum observed was two
doublets of triplets with a relative intensity between the
multiplets of about 4:1.. The major isomer was assigned
to the main multipletat 2.649 ppm and the minor isomer to
the signal centred at 2.514 ppm. As was found in the
fluorine and phosphorus spectra the couplings to protons
are not the same through oxygen and sulphur. The actual
5

PH and JFH

the couplings are less through oxygen than sulphur, and

couplings are given in Table 3.6. For both 4J

this trend has been found for a number of group VI

compounds. For example (PFZ)ZO 2JPP = SHg?O and (PF2)2S

2 _ 70
JPP = 274 Hz ~.

The 13C nmr spectrum was run with the proton coupling

decoupled on a sample at equilibrium to give a spectrum
with a singlet at 35.3 ppm, two equal but weaker intensity
peaks at 219.1. and 219.0. ppm and a weak peak at 34.1  ppm.

By comparison with the l3C spectra of CH3COSH64 and

CH3COOH64 the region around 20-35 ppm is characteristic of
the methyl carbon signal and the carbonyl signal would be
expected around 170-220 ppm. From the spectra it is not
possible to assign the C=0, C=S signals because the peaks

are of similar intensity but the methyl region can be

assigned from the peak integral values.
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The nmr parameters for the two CH3C(OS)PF2 isomers

have been summarised in Table 3.6 and the ‘ lgF, 130

and lH nmr spectra are given in Figures 3.6, 3.7

and 3.8 respectively for an equilibrium sample.

Table 3.6: Chemical shéfts and coupling constants of
CH;C (OS)PF,

c d e e b,e 1 4 5
§P &7 §H GCH 5CO/S JPF JPH JFH

CH3COSPF2 212.9 -78.2 2.514 34.0 219.1 1269 2.23 1.01

CH3CSOPF2

115.6 =-58.3 2.649 35.3 218.9 1343 2.09 0.73

qrun in CD2C12 at room temperature, chemical shifts in ppm,

couplings in Hz.
bassignment may be reversed
“ppm to high-fiela of 85%H;PO,
dppm to high field of CCl3F :

®ppm to high field of SiMe,

3.2.6 Summary of nmr results:

The nmr results have been useful in cobserving the ratio
of the 0 and $§ bonded isomers, which could not have been
achieved by simply employing infra-red and Raman
spectroscopy, and the chemical shifts were characteristic
of O-or S-bonded -PF, groups and confirm that the
derivatives contained tri-coordinate phosphorus73' One

problem with a possible structural study of CH3C(OS)PF2

either by electron diffraction or X-ray crystallography is
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Figure 3.6: lgF nmr - spectrum of

equilibrium sample of

.CH3C(OS)PF2

0 400 Hz
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Figure 3.7: 13C nmr spectrum of equilibrium sample of

CHBC(OS)PFZ

O 725 Hez

220 200 40 ‘ 20

/ppm



Figure 3.8:

lH nmr spectrum of equilibrium sample of
CH3C (OS)PF2

79

/ppm
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that an equilibrium mixture is present. However,certain
structural parameters could probably be obtained by
liguid-crystal nmr, which can be employed for mixtures

or impure samples.

3.2.7 Mass spectrum of CH3C(OS)PF2:

In Table 3.7 are listed the ions observed in the
mass spectrnm of an equilibrium sample of CH3C(OS)PF2, run
with ionising voltages of 70 and 16 eV. At both voltages

the [CH3CO]+ ion gave the strongest peak in the spectrum.

The fragment ions present in the spectrum confirmed
the proposéd atomic arrangement of CH3C(OS)PF2y although
at 70 eV, the parent ion was relétively weak and there
was some impurity from hydrolysis products present. By
reducing the ionising potential to 16 eV the parent ion was
stronger and the hydrolysis products HEFZO and(PFz)ZO
relatively less intense. With all involatile compounds
containing PF2 groups it has been found diffiéult to
exclude (PF2)20 because of small leaks and trace moisture
in the mass spectrometer ionising chamber. Despite the
presence of scme (PFZ)QO, the fragmentation pattern shows
that more of the ester was O-bonded than S-bonded, with

peak ratios of 14:3 in the 20 eV spectrum.

The molecular weight of the parent ion peak was found

to be 143.9613108[error of <2 ppm for C2H50F2PSI.



Table 3.7:

Relative Abundances

Mass spectrum of CH3C(OS)PF2_

M/e at 70 eV at 16 eV Assignment
154 28 10 [(pF,) 01"
144 18 49 [CH,COSPF,] ™
106 3 [CH,COSP] ™
104 7 [cucospl ™
102 14 [HPF 017
101 3 (pr,s1*

92 71 54 (pocsH] ¥
91 71 2 rocs1™

88 26 [PF,] "

86 28 [pr201+
85 14 (pF,01"

76 14 3 [cH,cos1?
69 100 5 [pF,17

67 11 (gprol”

66 13 (prol”™

65 11

63 8 spl”

61 20 2

59 44 49 [cH4Cs1”
50 28 4 pF 1™

44 17 4 [PF3]2+

43 100 100 (cH,c0l”
42 27 [cH,c0l”
41 4 lcucolt

32 16 (s1¥

31 17 P17+
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3.3 Germyl monothicacetate

When germyl monothiocacetate was first characterised,
_Drake46 observed that in the proton nuclear magnetic
resonance spectrum there is a germyl resonance close to

70 at 4.60 ppm but no resonance close to

that of (GeHB)ZS
that of (GeH3E97O whose chemical shift is about 5.30 ppm.
On the basis of these results and from the infra-red
spectrum he deduced that no O-bound isomer of germyl

monothicacetate was formed.

In this work the reaction between silyl monothioacetate
and germyl fluoride was studied at low temperature to see
if an O-bound isomer could be detected as an intermediate

in the formation of the S-~bound isomer.

3.3.1 Proton nuclear magnetic resonance:

The quality of the proton resonance spectrum obtained
at 180 K was poor, but sufficient to show that even at so
low a temperature substantial reaction had occcurred. Good
quality spectra were obtained from 193 K upwards and no
peaks were observed that could plausibly be assigned to
the O-bound isomer. At 193 K reaction appeared to be
complete and so if any of thé O-bound isomer is formed it
must rearrange too rapidly to be detected., The profon
chemical shifts for CH3COSGeH3 in toluene solution at 183 K
are SH{C)=1.89, §H{Ge)=4.32 ppm. See Figure 3.9 for proton

resonance spectrum.



Tab1e73.8: Infra-red

data

of CH3COSGeH
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3
gas/cm_l solid/cm_l Assignment
2130 s 2128 s v (GeH)asym
2108 s 2102 s v (GeH) sym
1709 s 1678 vs v (C=0)
1415 m § (CH)asym
1361l m 1354 s SCH sym
1261 w §CH -~

1132 s 1128 s .pCH3
1088 vw 1095 m
1018 w 1019 vw pCH4

955 m 955 s v {C=C)

874 m 854 s 5GeH,

862 m

817 vs 807 vs §GeH

811 vs 793 vs 8GeH4

625 s 629 s v (C-8)

585 w 593 m pGeH,

466 w 471 m skeletal CH,COS

426 w 417 m skeletal CH,COS

291 296 m v (Ge=-8)

s =

strong, m = medium, w = weak, v = very

Spectra were recorded on a Perkin Elmer 577 spectro-

photometer,.

in spectrum.

Sclid phase annealed until no further change
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3.3.2 Infra-red spectrum of CH,COSGeH3i

The infra-red spectra of germyl monothiocacetate in
the gaseous and solid phases were determined to see
whether there were any substantial shifts in freqguency
with change in phase, and also to see if any new bands
appeared in the solid phase spectrum. The results are

given in Table 3.8 with the assignment of bands.

In general there are shifts to low frequency from
the gas to solid phase but these are quite consistent with
the shifts observed in the spectra of other esters
including methyl acetate. For example, the bands assigned
to the deformations df the methyl and germyl groups shift
by between 8 and 15 cm_l. The largest shift is of the
carbonyl stretch, from 1709 to 1678 cm_l{ although this
is smaller than the shift of most silyl esters74 as

shown in Table 3.9.

It is thought that the stronger the intermolecular
interactions in the solid phase, the greater the shift
of the carbonyl stretching frequeﬁcy. In fact, germyl
monothiocacetate has a smaller shift than methyl acetate
which is known to have weak intermolecular interactions44.
There was no evidence from the infra-red spectrum for any
change in structure from gas to solid, and there is no
splitting in the CO stretcﬁ such as would have been

expected if the solid contained both c¢is and trans

isomers.
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P P
CH3—C CH3-C\
S——_GeH3 S
|
GeH3
Cis trans

Table 3.9: Carbonyl stretching frequencies in solid and gas.

phase
-1 ) -1 .
gas phase/cm sclid phase/cm shift

HCOOSiH, 1734 1695 39
CH3COOSiH3 1750 1707 43
HCOOCH 1754 1693 61
CH,COOCH, 1774 1731 43
CH,COSGeH ; . 1709 1678 31

3.3.3 The mass spectrum of germyl monothiocacetate:

The mass spectrum was also recorded. The principal
fragmentswith their approximate relative intensities are
given in Table 3.10. The fragmentation pattern is
consistent with the structure suggested by infra-red and

nmr spectroscopy. No metastable peaks were observed.

3.4 Silyl monothioacetate

Early work on this compound suggested that a small
proportion of the S-bound isomer may be present at low

75 1
temperatures ~. However new "H nmr spectra were recorded



Table 3.10: Mass spectrum of CH,COSGeH,?

Exact mass measurements of parent ion = 151.93573
{error 4 ppm)

b Reiatiw:re
Ion m/e Intensity
[7%GeH,50CCH 17 152 20
[7%gesc1? 118 22
[74Gesit 106 | 20
(74ge1” | . 74 14
[cosi” 60 | 2
esit | 44 13
[CH,CO1" 43 100
[ccoi™ . 40 C11
[co]+ o 28 99
(ca c1” 27 7

[GeO] | 90 2

8Rrecorded on an MS902 spectrometer, with ionising
voltage of 70 eV.

bFragments containing Ge all show a pattern reflecting‘

the relative abundance of the Ge isotopes.



87

and tﬁere was no evidence of the singlet in the region
close to the (SiH3)ZS77 signal. This therefore confirms
Drake's46 observation that only the O-bound isomer is
present. The infra-red spectrum was not conclusive as

the sample contained a small amount of (CH,;CO),S which has
a very strong carbonyl band at 1720 cm_l. Even so the
electron diffraction study reported in Chapter 4 used a
model which only allowed for one isomer, and the fit

between experimental and theoretical data (at curves) was very good.
A mass spectrum was obtained and this showed conclusively that the
O-bound isomer predominates and no [SSiH3]+ fragments were observed.

3.5 Difluorophosphine monoselenocacetate

When silyl monoselenocacetate was first prepared*J

the silyl group was found to be bound to Se or 0 giving
an equilibrium mixture, with an excess of Se-bound. The
N .

3 and the

same reaction was looked at in more deta115
activation parameters determined for the exchange of Se

to O bound.

O 0OSiH

o 3 - o2
CHy—C = CH3—-C\\ K =0.25 + 0.5
S eS i depending on
eSiH - S
3 solvent

Therefore it was of interest to prepare CH3C(OSe)PF2 to
observe how the -PF, group is bonded. Would it be less
bound to O than CH3C(OSe)SiH3 as in the thioaqetate, oxr
would the relative strengths and stabilities of the C=0 and

C=Se bonds influence the equilibrium mixture?
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Table 3.9a: Mass spectrum of CH,CSO0SiH,

a

m/e” Assigned species Relative Abundance
92 [HCSOSiH3]+ 4
91 (cSOSiH4l " 4
89 [csosiH] * 4
88 [csosi}” 3
79 [SOSiH,]" 7
78 [S0SiH,]" 11
77 | [sosiH] " 91
76 [sosi]” 43
75 - [cH4Cs0] T 57
74 [cH,CS0] " 11
73 [cucso]” 32
72 [ccsol” 15
61 tacsol” 21
60 [csol” | 13
47 [OSiH3]+ 19
46 : losin, 1" _ ' 3
45 losin] "’ 27
a4 losil™ 11
43, [cH,c01™ 100
42 [cr,col™ 24
a1 [crcol™ 5
40 | ccol™ ' 5
33 ms1” 13
32 s1* 67
30 [SiH21+ | 12
29 (SiH] 5
28 isi1¥ 7.
27 ferycl” 100
26 [cu,cl” 21

ARrun at 70 eV ionising voltage.
At 20 eV ionising voltage same peiks, and still no
parention at 106 for [CH3CSOSiH3] .
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3.5.1 Nuclear magnetic resonance spectra of CH1C(OSe)PF2:

The formation of CH3C(OSe)PF2 was followed by the
reaction of PFzBr and CH3C(OSe)SiH3 using 31P nmr and
observing the chemical shifts of the signals. At 193 K
a single triplet at 244 ppm was observed, with a large
coupling of 1265 Hz. The chemical shift is close to
that of (PFZ)ZSe77 at 247 ppm and is to high frequengy
of the signal for (PF2)20 and CH,CSOPF, found in the
110-114 ppm region. Also, there was a triplet at 198 ppm
which was assigned to unreacted PF,Br. On leaving for
5 minutes at that temperature, six different triplets
were produced all with large coupling, suggesting they
are all due to PF, compounds,.and when warmed to 223 K
the triplet at 244 ppm had begun to decrease in intehsity
with respect to PFzBr. By including proton coupling the
triplet at 259 ppm split to a triplet of quartets, and
the signal at 8l1.5 ppm split to a triplet of doublets.
After another 10 minutes at 223 K all the triplets were
less intense than the PFzBrtriplet, suggesting
decomposition was taking place. Hence the signal at 244 ppm
is assigned to -PF, bound to Seand four of the remaining

five multiplets can be assigned to PFZSeSiH3, (PFZ)ZSe,

PFzBr and HPFZSe. The unassigned signal is at 112.2 ppm

(lJPF = 1344 Hz) and is close to the position for

(PFZ)ZO' but does not have the second order pattern or a
large enough coupling constant to be assigned to (PF2)2O.
This is probably due to a sﬁall proportion of O-bound -PF2

in the selenoacetate.
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As the sample was warmed to 263 K further decomposition
occurfed leaving (PFZ)ése, HPFZSe and a yellow solid. The
relative intensity of the Se and O triplets wvaried little
as the temperature was increased and at 263 K the ratio
was 10:1 with excess Se bound PF, isomer. Hence the

equilibrium constant for the exchange must be about O.1l.

7 o
CH,—C —_ CH,——C
3 \ < 3 AN
Se-PF2 Se

These observations show that there is a preference
for phosphorus bonded to Se rather than O, and that in
the thicacetates and selenoacetates the silyl ester has
a higher proportion of O bonded isomer than the‘ﬂPF2
ester. The factors involved in the bonding are discussed

below.

3.5.2: Infra-red spectrum of CH,C(OSe)PF,:

An attempt was made to run the gas phase infra-red
spectrum of CHBC(OSe)PFz. The bands cbserved not readily
assignable to impurities and decomposition products are
1810 m (v{(C=0)), 1210 m (SCH3), 980 s (v{(C-C)), 780 m
{(skeletal?) and 550 m (skeletal?). The bands associated
with the PF

2 vibrations were obscured by the PF2

impurities.
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3.6. Discussion of Esters

The discussion is in two sections. The first section
is a summary of the preferred bonding of PF,, SiH3 and
GeH3 to 0, S and Se, and the second section is a discussion
of the factors affecting the mechanism of formation and

subsequent rearrangement of the esters.

3.6.1: Bonding in the esters at equilibrium:

Earlier work had found that in the monothioacetates46

the silyl groﬁp is exclusively bound to the oxygen, while
the germyl group is bound to ﬁhe sulphur: the new results
reported here confirm this. The difluorophosphine now
gives a mixture of 0 and S bound ester, with 80% in the
CHBCSOPF2 form at room temperature. This trend can be’
interpreted according to soft and hard, acid and base
theory. The silyl group can be considered as a hard

acid while the germyl group is scft, and for the bases the
0 is hard and sulphur soft. Hence the moré stable bonds
should be the Si-0 and Ge-S. It would also seem that

—PFé is a harder acid than GeH, but softer than SiH,.

In the monoselenocacetates, selenium would be expected to
be softer than sulphur and so CH3C(OSe)SiH3 also will be
~an O bound isomer. The fact that the isomer is largely
Se bound suggests than an additional féctor in the‘preferred

bonding are the stabilities of the C=0 and C=Se bonds.

However within the selenocacetate group, as expectedwthe
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PF. ester has a higher propertion ¢f Se bound iscomer

2
than silyl selencacetate because the PF, is a softer acid

than SiH, and so would not form such a strong bond to oxygen

3
as silicon does. The preferred bonding of silicon

to oxygen and germanium to sulphur is exhibited in the
syntheses of the ethers and sulphides. Disilyl ether is
easily prepared and forms readily when any silyl

compound: reactswith traces of water vapour -~or air; in
contrast;digermyl ether is comparatively difficult to

make and does not form when germyl compounds react with
air. Digermyl sulphide on the other hand is easily
prepared. The . stability -~ of the Si-0 bond was at

first attributed to (p-d)w.bonding. There are not many
reliable measured values for E(Ge-~0}, but estimates

suggest that E(Si-0) is very much greater, a conclusion
reached from studies of the hydrolyses of chlorosilanes and
.chlorogermanes78 and from studies of alkyl,si;yl and

germyl ethers79. The latUﬂfstudy foend bond energies

for (M—O) in (Me;35i),0 and (Et;Ge),0 of 440 and 381 kJ

mol” respectively. In phosphorus compounds the P-S
linkages tend.to be less stable thermally and hydrolytically:
than the oxygen analogues. Common valuesBO for E(P=0)
are 360 kJ mol-l and for E(P-S) about 290 kJ mol_l. As

an alternative approach Pauling81 has suggested that the
Si-C bonds are not any stronger than would be predicted by
the view of electronegativity he has put forward. Comparing
the experimental bond energies with those he calculates,

the agreement is generally good and there are no

discrepancies that can be accounted for by (p-d)w bonding.



Pauling's aproachand the (p-d)r bonding approach, would
both predict Ge-X bonds being weaker than Si-X bonds.
Additionally, the bond energies of the C=0/S and CfO/S
bonds must be considered in a full analysis of the most
favourable isomer. In fact the difference between the
total bond energies for ¢=0, ¢-S and P-S vs C=5, C-0
and P-0 is very small; about 10-20 kJ mol™t out of a

total of 1250 kJ mol T.

3.6.2 Mechanism of exchange:

From the nmr spectra it was found that the initial
bonding of the difluorpphosphinOcéroup in CH3C(OS)PF2 is
dependent on the position of the leaving group. In the
reaction of PF,Br and CH3COSSnBu3‘the O-bound isomer is
formed while with CH3CSOSiH3 the S-bound isomer is

formed. Thus the wPFz group always adds to the vacant
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atom, whether it is O or S. This suggests the reaction is
via a six membered ring intermediate.
/O—*-81H3 O"-Slﬂs
CH3——-Q§ + PF2Br - CH3-—-C%‘ ’/x r
S S Py
|
F
/p
CH —...C/ + SiH.Br
3 \ 3

S--—--PFZ
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The ability of phosphorus to expand from a 3-coordinate
to 4-coordinate atom is well known and this change will

lower the barrier to exchange taking place.

The mechanism of germyl bromide exchanging with
CH3C(O)SSnBu3 may be different. Firstly, no O-bonded
species of CH3COSGeH3 was obsefved even in the fresh
sample, perhaps because very fast intramolecular exchange
took place. A more likely mechanism is via a two step
prdcess (SN) with initial loss of -SnBu, to leave the
monothicacetate species available for attack by GeH,Br.
The product of GeH3F and CH,CS0SiH,; gave no évidence qf
O-bonded CH;COSGeH, but in fact whichever mechanism is
involved only the S-bound isomer would be expected. If
it is via a 6 membered ring, only.the $§ site is'vacant,
and if it is via a thioacetate anion (SN) only the 8&-
bound iscomer is likely as this is the preferred isomer at

equilibrium from 198 K upwards.

Also, the ease of.formation of the six membered ring
intermediate must be enhanced by the short non-bonded
distances bétween Si...S.and Ge...0 found in the electron
diffraction study (Chapter 4) 'and which are presumed to
be present in CHBC(OS)PFZ. There is no evidence that the
PF, group is bound equally to O and S as this would markedly
alter the nmr spectrum giving a chemical shift not consistent

- with 3-coordinate phosphorus and only one signal.

Finally, the mechanism for reaction of -PF, with silyl

monoselencacetate is complicated by the fact that the silyl
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ester is present in the form of the two isomers. However,
since the ester is mostly Se-bound, one would expect at
low temperatures that the major initial bonding site of
the -PF2 group‘would be oxygen’ while from the

31? nmr at 193 K the only isomer observed initially is

the Se-bound. This suggests that either the exchange is
rapid with anyinitially -~ O-bound PF2 converting to Se-bound
‘at 193 K before exchanging to a lb% proportion O-bound at
higher temperatures, or that the mechanism is wvia loss

of -SiHq from both O and Se sites before attack by the

PF, group. This would not then be the same as the
exchange in CH3C(OSe)SiH352 which was thought to be intra-
molecular and fast on an nmr timescale at room temperature
- but slow at low £emperatures ({below 223 K). The exchange
was presumed to be intramolecular because the spectrum was
not affected by a substantial cﬁange in concentratioﬁ of
the ester, and because in all other esters studied the
configuration has been cis, and thusthe “SiH3 group

was sufficiently close to the C=Se or C=0 group for

rearrangement to take place.
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CHAPTER 4: THE GAS PHASE STRUCTURES OF SILYL MONOTHIOACETATE
AND GERMYL MONOTHIOACETATE

4.1 Introduction

The molecular structures of silyl formate65 and silyl
acetate44 in the gas phase have recently been determined
and in each case the heavy atom skeleton is planar, with the
S5i-0 and C=0 bonds mutually cis. The arrangement is
associated with an unusually short intramolecular Si...O
distance of about 280 pm which is considerably less than
the sum of the van der Waals' radii of 360 pm. In the
solid phase, the molecular structure is little altered,l
although there is in addition an intermolecular Si..0
contact of 272 pm. The short intramolecular distance and
gig‘configuration are also found in methylacetate44 and
methylforméte82 with CJ..O-distances of 261 pm (crystalline
phase) and 268 pm (gas phase), respectively. The sum of
the van der Waals' radii for C and O atoms is 320 pm
indicating that the discrepancy between the M...0 distances
where M = C, Si and the sum of the van der Waals' radii
is mdre pronounced ;n silyl esters; Despite the short
intramolecular distances there is no evidence that

there is any exchange of bonding site.

Hence these observations have prompted the study of
other silyl esters, and some germyl esters; in particular
those of monothicacetate. The monothiocacetates preseht
additional structural possibilities with the substitution
of one oxygen by a sulphur introducing variations in atomic

size and donor-acceptor properties. Also there is the
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choice of bonding to oxygen or sulphur, and studies of
the infra-red and nuclear magnetic resonance data46 suggest

that the silyl group is O-bound, and the germyl is S-bound.

Lastly, there is interest in how the Si-0, Ge-8
distances, and SiOC and GeSC angles compare with the
. parameters found for (SiH3)20 and (GeH3),5. The angle at
oxygen in disiloxane26 is abnormally wide while the angle
for‘GeSGe27 is about normal, and these are coupled with a

. short Si-0 bond ad a normal Ge-S bond.

4,2 Structure Refinement

4.2.1 The molecular model:

During refinement‘of the structures of the twe mono-
thioacetates it was assumed that the OSiH3, SGeH3 and CCH3
groups each had local C3v symmetry and that the three
bonds to the central carbon atom were coplénar. The
molecular geometry was then defined by 6 bond lengths, 5
valence angles and 3 torsion angles. The SiH3(GeH3) and
CH, torsion angles were defined as zero when one M-H bond (M=5i,Ge,C)
was staggered with respect to the C=S(0) bond, while the
angle describing the twist about the C-0(C-S) bond was
defined to be zero when the C=S or C=0 and Si-0 or Ge-S
bonds were cis with respect to each other; i.e. when the.
torsion angle fbr the C-0 or C-8 bdnd. equalled zero all the

heavyatoms were coplanar.
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4,2.2: Refinement of silyl monothicacetate structure:

The refinement required care since there are several
sets of overlapping peaks in the radial distribution curve
(see Figure 4.1). The main features are a peak at 165 pm
with a shoulder at 145 pm, and a . =~ non-bonded distance
peak at 265 pm. Within these peaks are the C-C, C—O,.
Si-H at 145 pm, the Si-0 and C=S under the 165 pm peak,
and between 230 to 270 pm the C...8i, C...0, C...S and

5...0 non bonded distances.

The Si-H distance was fixed to permit refinement of
the C-C distance and the three torsion angles were
optimised by considering variations of R-factor as the
angles were fixed at different values. The bonded
distance amplitudes all refined to acceptable values except
the u(Si-H) which was fixed and the 1 (Si-0) and y (C-0Q) which were
constrained in appropriate ratios to .(C-S) and gy (C~C)
respectively. However this model still gave a rather
high R-factor of about 0.16. On further inspection of ﬁhe
radial distribution curve there was a significant peak at
210 pm not accounted for in the O-bound‘silyl mecnothio-
acetate model. ‘A dramatic improvement was possible when an
allowance was included in the model for contamination of
the sample with diéilyl sulphide (r(Si-8) = 214 pm)
which is known to ke formed in a disproportionation
reaction. The model was expanded to include (fiied)
distances and amplitudes for si-S, Si...Si, Si-H, Si...H

and 8...H distances with values taken from reference 40.
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The proportion of (SiH;3),S present was varied and a
minimum RG value was obtained for 3.2% impurity (mole

to mole basis) for the plates at the short camera distance
and 11.5% impurity for the plates at the long distance.
With these extra factors in the model the final R

factors were RG = 0.102 and RD = 0.078.

The final independent and dependent parameters are
given in Table 4.3 and the observed and finai difference
molecular scattering curves are shown in Figure 4.2,
Details of‘the least squares cqrrelation matrix are given
in Table 4.2. The errors in Table 4.3 are estimated
standard deviations obtained from the least sguares

analysis increased to allow for any systematic errors.

The presence of small quantities of (SiH3)2S means
that the refined parameters are no£ to aé high a
precision as is usually possible. However, the results
are quite good enough for sensible'comparison with other

esters in the gas and solid phases,

4.2.3: Refinement of germyl monothiocacetate structure:

Although the radial distriﬁufion curﬁe (Figure 4.3)
was dominated by the large Ge-S peak at 220 pm, there
were 3 other peaks in the region associated with bonded
distances and it was possible to refine all bonded
distances except Ge-H. In a series of refinements with

this parameter fixed at various values, the lowest R
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Figure 4.1l: Observed and final difference radial distribution
curves, P(r)/r, for CH3CSOSiH3

P(r)/r

100 . 300 ' 500 700

Before Fourier inversion the data were multiplied by

2 :
s.exp [ -0.000015 s /(ZSi—Fsi)(ZO-FO)]



Figure 4.2: CH3CSOSiH3 101

(a)

AW A e
40 \/nv ‘ Uzoéf/ V 280 s/mm” T

(b)

— e, S N . N\ —

~ M VAL VRS S AR e

Observed and final weighted difference molecular scattering
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re 1 |
=57
-83
=50

Table 4.1: Weighting functions, correlation parameters
and scale factors for. electron diffraction
structure of CH3CSOSiH3
Camera S_ .. . sw SW., s Correlation Scale
height As min 1 2 mgx parameter Factor
mm nm_l
286.34 2.0 20 35 125 144 0.2939 0.651(16)
128.40 4.0 52 70 220 280 0.0045 0.521(21)
Table 4.2: Electron diffraction analysis poertion of

the least-—sguares correlation matrix showing

all the off-diagonal elements greater than

50%.
Anglés
| 2 3 U, us
67 -64 86
91
-85
-59 59 53 52
-96 -52

56

Angles

L -
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Table 4.3: Gas phase molecular parameters of CH3CSOSJ'.H3

(a) Independent parameters

ry (C-H)

r, (C-C)

T (C=8)

r, (C-0)

ro (5i-0).

T (Si*H)‘

Angle 1 (C-C-0)
Angle 2 (0O-C=S8)
Angle 3 (Si-0-C)
angle 4 (H-5i-0)
Angle 5 (H-C-C)
Torsion 1 (Si-0-C-8)
Torsion 2 (H-Si-0-C)
Torsion 3 (H-C-C-5)

(b) Dependent distances

5 (C...
(c..
g (C..
1(8...

2(81..

13(81- .« e

d
d
d
d (C.I.Si)
d
d
d

S)

.0}

.H)

0)
.C)

5)

Distance (Bm)
or angle (

104.8 (10)
148.4 (14)
161.5 (8)
134.5 (7)
171.7 (6)
148.0 (fixed)
111.4 (8)

127 (2)

118 (2)

110 (fixed)

110 (fixed)

(pm} and amplitudes

207.5 (15)
233.9 (10)
208.8 (18)
263.2 (22)
265.2 (20)
394.8 (15}

314.3 (9)

10.

6

9.
10.
10.

9.

13.

%torsion angles optimised by R factor minimisation

bproportional to u, (see text);

Ctied to u7(C...S).

.8 (fixed)

3 (7)

.0 (18)

9 (45)

3d

3d
2 (15)

8 (9)

(see text);

Cproportional to us (see text);
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factor was found when the bond léngth was fixed at 152.5 pm
and this was the value set in all subsequent refinements.
Simi;ar methods were used to find optimum values of the
three angles describing the conformation of the molecule.
The three valence angles involving the heavy atoms all
refined normally but the SGeH and CCH angles would not

refine satisfactorily and were therefore fixed at 110°.

The bonded distance amplitudes generally did not
refine well and were fixed at normal values found in other
acetates and germyl compounds. The S...C and 5...0
amplitudes were constrained to be equal and refined
satisfactorily. Part of the least squares Eorrelaﬁion
maﬁrix is given in Table 4.5 and from it one can see that
the most significant correlations are between the three
refined angles, which are defined by the non-bonded
distances which lie between 260-330 pm. This region of
the radial distribution curve appaears as one fairly
strong broad peak, containing the Ge...C, 0...S and Ge...O
distances. The refined data provides clear evidence that
germyl monothioacetate exists completely as the S-bound
isomer in the gas phase. No attempt was made to allow
for small proportions of the O-bound isomer because the
radial distribution difference curve (Figure 4.3) showed
no features attributable to a Ge-0 distance unaccounted

for in the model.

The intensity curves are illustrated in Figure 4.4,
together with the difference curves for the final

refinement for which the R factors were RG = 0.116 and
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Figure 4.3: Observed and final difference radial
distribution curves, P(r)/r, for
CH3COSGeH3.

P(r)/r

100 300 500 700
' r/pm
o Fa\ P W, W T, = L
e AR Y 2kl 7 e R Al 4

Before Fourier invegsion the data were multiplied
- by s.exp{-0.00002 s /(ZGe—FGe)(ZS—FS)]. )



Figure 4.4: CH,COSGeH, | 106
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Table 4.4:

Weighting functions,

scale factors,

107

and

correlation parameters for electron diffracticn
structure of CH3COSGeH3

Camera AS sw Correlation Scale
height min 2 max parameter factor

' -1
128.29 4 76 220 296 0.328 0.883(30)
286.11 2 44 120 146 0.042 0.923(16)

Portion of least-squares correlation matrix

showing off-diagonal elements greater than
30% for CH3COSGeH3

Table 4.5:

r r5 <1l

34 30 ~62
=43

<2

48

-58

ug kg
36
38
~67
53 -32
-56
55

<2

<3



108

Table 4.6: Molecular parameters of CH3COSGeH3

Distance {pm) Amplitude (pm)

(a) Independent distances

r, (C=C) 149.3(10) 5.0%
r, (C-H) 108.7(12) 6.5
r (C=0) 122.4(8) 3.92
r, (C-$) 176.5(7) 4.8%
r; (Ge-S) 223.3(4) 5.7(4)
r, (Ge-H) 152.5° 8.8%
(b) Dependent distances
d,(C...0) 235.1(18) - 8.0°
dg(s...C) : 277.3(14) )

) 7.3(14)
dg(S...0) ' 265.3(12) )
alo(ce...cy 300.4(8) 10.9(13)
d,q(Ge...C) : 445.6(10) 8.5(12)
d,,(Ge...0) 297.2(14) 15.0%
{(c) Angles ®) .
<1 (CCo) 1i6.4(i3)
<2 (SCO0) , 124.1(10)
<3 (GeSC) 96.7(4)
<4 (SGeH) 110.0%
<5 (CCH) 110.0%
<6 (twist GeH3) 5.0b
<7 (twist CH,) 40.0°
<8 (dihedral GeSCO) ' 5.0°

afixed bsee text
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RD = 0.114. The final independent and dependent distances,
angles and amplitudes are given in Table 4.6. The errors
are estimated standard deviations obtained from the least-

squares analysis, increased to allow for systematic errors.

4.3 Results and Discussion

The gecometrical parameters for the monothioacetate
part of the molecules are much as would be expected by
comparison with CH3COOSiH344, HCOOSiH365‘and CH3COOCH344
and the low R factors for both structures show that the
models assuming silyl monothicacetate in the completely O-

bound isomer, and germyLmonothioacetate in the completely

S-bound isomer are correct.

The C~-C and C-H distances are entirely consistent with
earlier structures. Similarly, the C-0 bond length in
CH,CSOSiH, is the same (within estimétéd error) as in related
esters in the gaseous phase, although there is a distinct widen-
ing of the CCStangle by 1.5° from 116.5° to 118° compared to
CH3COOSiH3. The 5i-0 bond length is rather long for many S5i-0

compounds, but is close to values reported in other silyl

65,44,83 26

esters For example in (SiH3)20, Si-0 = 163.4(2) pm™ 7,

but in CH3CSOSiH3 it is 171.7(6) pm. The widening of these
angles on substitution of su;phur for oxygen is probably an
effect of the increased steric bulk of sulphur. There is also a

slight increase of the torsion angle along the C-0 bond,

raising the SiH3 group out of the CCOS plane. This
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apparent twist from planarity may only be due to shrinkage.

As shown in Table 4.7, the S5i...S distapce is
considerably shorter than the sum of the van der Waals'
radii for silicon and sulphur, although the distance is too
long to be considered as a bonded distance. The sum of the

radii is 390 pm, and the reduction in distance to 314 pm
44

is quite close to the decrease found in CHBCOOSiH3 and
HCOOSiH365, but is twice the decrease found for the«!...0
distance in CHBCOOCH344 (solid and gas phase). The close

contact of the Si and S atoms is almost certainly an
electrostatic attraction with the positive charge on the
silicon atqm greater than on carbon, explaining the greater
attraction between Si to 0, and Si to S, than C to O.
Interestingly, the shortening of the distance between Si
and S is almeost the'same as the shortening between Si and 0O,
indicating that it is the silicon atom that has the main

influence on the interatomic distances.

It is also noteworthy that the substitution of sulphur
for oxygen does not alter the C...Si 2-bond distance, which
is consistently shorter than the sum of Bartell's37 hard
sphere radii for silicon and carbon. Additiocnally, the
shortenihg of the Si...C is greater than the shortening of
the C...C distance in HCOOCH382 as shown in Table 4.7. This
interaction would also appear to be an electrostatic
attraction; the Si...C contact in silyl formate65 (260 pm)

is distinctly shorter than that observed in methoxysilanes4

(266 pm) or silyl dimethyl amine85 (276 pm) while the C...C



Table 4.7:

HCOOCH3

HCOOSiH3

CH,COOSiH,

CH3CSOSiH3

a
Non-bonded distances in esters in the gas phase (pm)

2 bond distance 3 bond distance
M,..C Hard sphere M...0 or S Van der Waals'
M=C,Si radii M=C,Si radii
235.2 250[15] 268.7 300[31]
260.1 282[22] 286.5 350[64]
259.,3 282{23] 279.5 350[71]
263.2 282[19}1 314.3 390[ 761

%The numbers in square brackets are the differences between the experimental 'distances and

the sum of the hard-sphere radii or Van der Waals' radii.

11t
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contact in methyl formate82 (233 pm) is very close to that
found in dimethyl ether86 (234 pm). This may be because the
attractive interaction between the silicon and carbonyl
oxygen shortens the Si,..C distance in the esters, but

in CH3COOGH344 and HCOOCH382, which have small C...0=C inter-

actions, the C...C distance is not reduced to less than in

dimethyl ether.

There are also certain differences between the solid87

and gas phase structures of silyl monothicacetate, and

these are listed in Table 4.8 below. The Si-0 bond length
and C=S‘remain the same for both phases But the C-0 length
and CCSi angle both change. The result is a longer C-0 bond
in the gas phase but a narrower angle resulting in the
C...S5i non-bonded distance remaining about the same,

Similar changes were observed in the gas and solid phases

of CH3COOS:‘LH344 and are attributed to the relatively strong
intermolecular interactions in the solid. There is 'a widenirg of the
OCS angle from the solid phase [123.0(2)%1 to gas phase
[127(2)°1. However the gas phase angle has a large error
and the difference may be of small significance. The
érystal structure study of CH3CSOSiH387 has shown that as
‘well as short Si...S intramolecular distancas, there isla
similar short intermolecular distance of 338.2(10) pm with
an . 5,..8i-0 angle of 166.3(3)0. This attractive inter-
action may explain why the silyl group is bent further away
from the C=S in the sclid than the gas phase. In the crystal

structure of CHBCOOSiH3 there is an intermolecular

C=0...5i distance of 272.1(4)mm and an 0-5i...0 angle of



Table 4.8

CH3COOSiH

CH3COOSiH

CHBCSOSiH

CH3CSOSiH

3

3

3

3

Comparison of certain bond lengths and angles in gas and solid phase

gas

solid

gas

seolid

a

5i-0 -0 COoSi gsi...C Si...0/S Ref

168.5(3) 135.8(4) 116.5(7) 259.3(9)  279.5(13) 44

169.9(¢(4) 131.2(6) l20f9(3) 262.6 283.2(4) 44

171.7(6) 134.5(7) 118(2)  263.2(22) 314.3(9)  This work
87

169.9(2)

131.9(3)

125,1(2)

1 268.4

318.5(1)

%bond lengths in pm;

angles in degrees;

errors in brackets

€11
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173.1(2)°, while CH,COOCH,, studied as a reference
structure, has no short intermolecular contacts.

The arrangement of four short and one long bond to
silicon is entirely analogous to, although more striking
than, the situation in crystalline disiloxane, which has

intermolecular Si...0 contacts of 311.5(5) pm.

The intermolecular Si...0 interaction also appears to
cause a slight narrowing of the 0SiH angle as the silicon
becomes nearer five coordinate. The angle in crystalline
CH3CSOSiH3 is 100.3(17) while the gas phase angle 1is 110°.

44

This is similar to the OSiH angle in CHBCOOSiH3 {10601,

and other silyl compounds inveclving short Si...M (M=N,0) inter-
molecular interactions; e.g. SiH3NC088; Despite the known
inaccuracy in finding the position of hydrogen atomsthese

angles are clearly distorted from the tetrahedral shape.

The molecular structure of gaseous germyl monothio-
acetate was refined assuming that only the S-bound isomer
was present and this was found to be adequate. The CH,;-C
portion of the molecule gave parameters consistent with
other esters and the C=0 bond length appears to be lengthened
relative to other silyl and methyl esters although the
effect is small; most esters have C=O bond lengths in the range
120.9(7y -.121.4(4) pm, while the bond in GeH3SOCCH3 ig
122.4(8) pm. The OCS angle (124.1(10)°] is very similar
to the angle in SiHBO(S)CCH3 despite the double bond being
a carbonyl rather than thionyl. As with other related

esters the heavy atom skeleton is planar with the small
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~apparent deviation from planarity {5°] . almost certainly

due to a shrinkage effect.

The remaining geometrical parameters show small
differences to those reported for related compouﬁds but
they may be significant. The C-S distance [176.5(7) pml
is shorter than in dimethyl sulphide [180.2(2) pm]4l,
but the difference (3.7 pm) is only half as great as that
between C-0 diétances in methyl acetate44, silyl acetate44

and silyl monothioacetate, and that in dimethyl ether86.

Table 4.9 gives the differences between these distances.

Table 4.9: C-0 and C-S bond lengths in esters, ethers
and sulphides.

Difference/
C-0/pm C~S/pm pm Ref

CHBCOOSiH3 135.8(4) - 5.8 44
CHBCOOCHB- 133.7(4) - . 7.9 44
CH3CSOSiH3 134.5(7) - 7.1 This work
CH3COSGeH3 - 176.5(7) 3.7 This work
(CH3)2O 141.6(3). T - - 86
(CHB)ZS . - -180.2(2) : - 41

\ ,

The Ge-S bond length [223.3(4) pml is greater than in

digermyl sulphide89 [220.9(4) pml]l, and associated with this,

there is a narrowing of the angle at sulphur from 98.9(1)O
to 96.7(4)0. . These changes are in the same direction as,
but much smaller than, changes in the Si-0 bond length

and angles at oxygen when comparing disiloxane26 to silyl
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esters44'65. By comparison with ethane42, methyl

silane43 and dimethyl ether86, the Si-0 bond length would
be predicted to be 174.9 pm, and the Si-S bond length,
predicted from ethane, methyl silane and dimethyl sulphide41
would be 213.5 pm. In fact it is found that Si-0 in
(SiH3)20 is much shorter [163.4(2) pm], while the Si-S
bond in (SiH3)2S is almost as predicted [213.6 pm]4o.
Coupled with the short Si-0 bond in (SiH3)2O is a wide
S$i0si angle of 144.1(8)0. In the silyl esters the angle
at oxygen is narrower and the Si-0 bond longer with values

of 116.5-118°, and 168.5-171.7 pm respectively.

Prediction of the Ge-0 and Ge-S bond lengtls from
ethane, dimethyl ether, dimethyl sulphide and methyl-
germanego, gives values of 182.7 and 221.3 pm respectively,
and again there is a shortening of the M-0 bond in

27 |GeoGe angle 126.5(3)°], but

(GeH3)20 to 176.6(4) pm
the difference is only half the shortening of the 8i-0
bond. The Ge-S bond-length is shortened by only 0.4 pm
in (GeH3)2589 [GeSGe angle is 98.9(1)°]. 1In both the
germyl and silyl esters the shortening of Si-0 or Ge-S
bond is less than in the respective oxide or sulphide,
particularly for Ge-S which is almost as predicted and
the factors involving shortening have most influence on
the S5i~0 bond. Ohe explanation is that the lone pair of
electrons on the oxygen atom is delocalised to the vacant
d orbitals on silicon. This weould also contribute to a

widening of the angle at oxygen. Alternatively, there is

greater ionic character of silicon with an increase in
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electrostatic attraction to oxygen as explained by
Oberhammer and Boggs34 which would cause shortening of the
bond. The predicted values of course.assume the atoms
retain their covalent character. The COSi angle is
narrower than 5i0S8i since there is only one silicon
adjacent to oxygen to influence the angle and there

is the short Si...S attraction. The lack of shortening

of the bonds involving germanium and sulphur or oxygen is
as expected since germanium does not tend to contribute to
(p~d)n bonding, and would not have as strong electrostatic

attraction to oxygen as silicon.

Finally, thé Ge...0 non-bonded distance in
GeH3S(O)CCH3 is observed to be significantly shorter
[297.2(14) pm] than the sum of the Van der Waals' radii
for Ge and O <ca 360 pm . The shortening is not as great
as those observed for silyl esters (ca 80 pm) but must
nevertheless indicate that there is a strong non-bonded interaction
between germanium and oxygen. This attractive interaction
could account for the narrowing of the CSGe angle compared
to the GeSGe angle and slight lengthening of the Ge-S

bond length.

No good crystals were obtained of germyl monothio-
acetate so no study of intermolecular Ge...0 contacts in
the crystalline phase was possible. However, the crystal

9l
structure of CF3COOGePh3 has very recently been published,
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and this was also found to have a cis configuration

with a short Ge...C distance of 277 pm close to the limiting
contact distance for germanium and carbon, and a short
Ge...0 distance of 309 pm (sum of Van der Waals' radii

360 pm). Unlike silyl acetate and monothicacetate there

were no intermolecular interactions.

Clearly a consistent pattern in the bonding of Si-0O
and Ge~S and the angles at O and S8 is emerging and a
further study of GeH,00CCH,and SiH,SSCCH, would be

interesting, to gain a greater understanding of the

factorsthat influence the ester structures.
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CHAPTER 5: THE GAS PHASE STRUCTURESOF MONOMETHYLSILYL
ISOCYANATE AND DIMETHYLSILYL ISOCYANATE

5.1 Introduction

Silyl isocyanates have been the subject of many
structural studies, with particular interest in the SiNC

92

angle. Electron diffraction studies of (CH SiNCO™ ",

373
Cl3SiNCO93 and F3SiNCO94 all require molecular mocdels with

non-linear SiNCQ chains, while the microwave spectra95’96’97
of SiH3NCO were all analysed for the molecule in its

ground vibrational state by equations that were essentially

based on the standard symmetric top expression.

28 indicate

Electron diffraction results for SiH3NCO
an apparent angle at nitrogen of 1520, and this is ascribed
to the shrinkage effect from the low frequency, large
ampl;tude bending motion at nitrogen, The same study
went on to look in more detail at the SL...O peak in the
radial distribution curve and deduced that the potential
energy function for the bending motion had a low hump
at the linear configuration, the height of which approximated
to the energy of the lowest vibrational level, i.e. about

1 This was obtained from an expression for the

1y = Z300 8% + 1090 8%

20 cm
potential of v(cm (6 = bend from
linear configuration) whic¢h has more,recently97 been slightly
modified but the same double minimum trough is found. The
same work on the gas—-phase microwave spectrum97 concluded

that the potential surface in the SiNC skeletal bend had a

‘minimum that can be described in the form of a circular
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valley at a configuration of 8 = 22° with a maximum at
linear SiNC configuration some 20 cm_l higher in energy.
The ground vibrational state is within 1 cm-l of this
maximum and the first vibrationalinterval is about 22 cm-l.
The infra-red spectrum of SiH3NCO contains some rotational
detail suggestive of C3v symmetry and the low frequency
region of the-infra-red has confirmed the nature of the
p.e. functiongs, with vlo(SiNC bend) assigned to 64 cm-l

in the gas phase.

Therefore all the above gas phase electron diffraction
and microwave spectroscopy results indicate a linear
molecule for SiH3NCO with a low fregquency, large amplitude,
bend at nitrogen, causing an apparent angle of about 152°,

99 and X-ray

However in the solid phase the infra-red
diffraction33 results indiéate a bent configuration. The
unit cell of SiH;NCO was found to be a zig-zag chain of
SiNCO linked from O to adjacent Si, with angles of NCO
176.4(6)° and SiNc 158.4(5)°. The closeness of the
apparent electron diffraction derived angle and the solid
phase angle is probably coinciaental. The other gecmetric
parameteré of the solid phase molecule are similar to gas
phase except for a lengthening of the Si-N bond attributed
to intermolecular interaction to surrounding molecules in
the unit cell. The solid phase vibrational spectra99 of
SiH3NCO have been studied for the molecule in a number of

matrices, and all were interpreted from normal coordinate

analysis in terms of CS symmetry.

Less work has been done on trimethylsilyl isocyanate
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but the studies completed indicate a linear SiNCO chainloo

in the gas phase but an apparent angle of 150(3)O at

nitrogen in the electron diffraction workgz.

More recently MNDO calculations36 on a large range of
silyl and substituted silyl isocyanates showed that the
SiNC chain is linear or very near linear. Those showing
the greatest deviation from linearity were those with Cq
symmetfy. For example SinclNCO with an angle of 170°.

In contrast the methyl and substituted methyl isocyanétes
were calculated to have bent configurations of up to 130°.
The NCO angle remained at 180° in all silyl compounds but

around 167° in the methyl isocyanates.

Since the silyl and trimethylsilyl isocyanates are
symmetric tops when linear, it was felt that a study of
monomethyl and dimethylsilyl isocyanate-would be
interesting. The methyl groups lower the symmetry of the
molecule, giving it Cg symmetry whether bent or linear.
Also the effect of the methyl groups on certain bonds, in
‘particuiar the Si-N bond which one would expect to be
influenced by the electron—donéting methyl groups, will be
noted. Lastly, if the SiNC group is bent, there will be
a preferred configuration of methyl groups to the NCO
group. No detailed analysis is possible of the Si...O
peak in the radial distribution curve because in the methyl-
silyl compounds this distance overlaps into the long C...C

distance.
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5.2 Refinements and Models

5.2.1 Model of MeSinNCO:

The subroutine was written describing the atomic
coordinates by six bond distances, five bond angles and
three torsion angles. The Si-N bond torsion angle was
defined to be zero when the NCO group was trans to the
methyl group. The torsion angle of the methyi group
viewed along the C-Si bond was at zero when one hydrogen
was in the CSiN plane ana bisecting the HSiﬁ angle.

Local C symmetry was assumed for the SiCH3 group.

3v

Hence thé independent parameters are the §i-N, S$i-C,
C-H, Si-H, N=C, C=0 bonds, the NSiC, HSiH, HCSi, SiNC
and NCO angles, and the torsion angles are along the S$i-C,
Si-N, and N=C bhonds, and the torsion along the N=C bond

was defined to be zero when oxygen lay in the SiNC plane.

5.2.2 Model of Me,SiHNCO:

This molecule was described by six bond lengths, six
bond angles and three torsion angles. The two methyl
groups were assumed to have local C3v symmetry and the NCO
group was trans to the bisector of the CSiC angle when
the torsion angle along S§i-N was zero. The six bond lengths
are S5i-C, Si-N, 8i-H, C-H, N=C, C=0, the angles are CSiN,
C5iC, SiCH, NSiH, NCO and SiNC, and the three térsion«

angles are one along the Si-C bond, rotating one methyl
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group; one along the Si-N bond rotating the Si(CH3)2

group;and one along the N=C bond. The methyl twist angle is a
clockwise movement of one H on one methyl group from a

plane parallel to the SiNC plane (when f(Si-N) = Q),

whilst the second methyl group remained fixed.

5.2.3 Refinement stages of'MeSiHZNCO structure:

In the refinement of these two structures it was
anticipated that there might be problems distinguishing the
C=0 and N=C distances, and the Si~C and Si~N distances
because in each case the two bond lengths are under the
one peak in the radial distribution curve (see Figure 5.1}.
In fact ih both compounds all four distances were
refined to give sensible values, with the N=C bond
remaining longer than the C=0 and the Si-C boad longer
than the Si-N bond. The preferred orientation of the
methyl group to the NCO along the Si-N is defined by the
C...C and C...0 distances, and the twist angle was found
by a series of refinements varying the twist angle stepwige.
The angle giving the lowest R-factor was then used in
subéequent refinements. The minimum R-factor was found
to be when the C=0 group eclipsed one Si-H bond. There
was strong correlation between the amplitudes of vibration
of N=C and C=0 distances and so these were constrained to
be equal in all refinements. The amplitudes of Si-N and Si-C
were initially tied to be eéual, but refined to rather

high values. However when u(Si-C) was fixed to 5.2 pm, and
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u{si-N) refined, the amplitude emerged as a value equal
to u(Si~C). All the angles at methyl aﬁd SiH2 refined
to values close to the tetrahedral angle or were fixed.
The NSiC angle refined to a slightly wider angle than
tetrahedral, 111.6(8)° and the SiNC angle refined to
148.0(15) and this is discussed later. Rotation of the
methyl hydrogens about the Si-C bond gave a minimum R-
factor when the hydrogens were staggered with respec£ to
the silicon hydrogens. The angle of ﬁhe NCO group when
refined; went to a value of 175° with a large estimated
standard deviation; so this was then fixed at that angle.
With a bent angle at earbon, the oxygen atom could be
rotated about the N-C bond. This had very little effect
on the R-factor but the final'angle is ihcluded'for
completeness. The only bond distances not féfined were the
C-H and Si~H. The C-H distance lies under the same peak
in the radial distribution curve centred at 120 pm as.
the C=0 and N=C bond lengths.and tended to fefine to
unreasonébly high wvalues. The Si~H bond length should give
a weak peak independent of the other distances, but no
feature was observed in the radial distribution curve and

the distance when refined went to very high wvalues.

All the heavy atom non-bonded distance amplitudes were

refined independently. The C...H(dg) and N...H(d,,)

12
distances contributed significantly to the area of peaks
in the curve, but their amplitudes of vibration did not
refine well, so were fixed. All the other amplitudes for

interatomic distances involving two hydrogens, or one
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Figure 5.1: Observed and final difference radial

distribution curves, P(r)/r, for

CH3SiH2NCO.
T I ] i ] DR
100 300 500 700
r/pm
—dﬁ%&%—wﬁ%&w&

Before Fourier inveriion the data were multiplied
by s.exp[-0.000015 s /(ZSi-FSi)(ZN-FN)].



Figure 3.2: CH3SiH2NCO 126
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Figure 5.3: CH3SiHJNCO

(a)

Molecular structure of CHBSinNCO
(a) general view
(b) viewed along bond from N to Si



Table 5.1: Scale factors, weighting functions and correlation parameters

A s s s Scale Wavelength
Camera distance s Smin 1 -1 2 max p/h factor o
Compound , mm : nm pm
CH3SiH2NC0 285.73 | 2 20 40 120 146 0.0740 0.811(9) 5.676
CH,SiH,NCO ‘ 128.37 4 60 80 320 344 -0.0939 0.846(16) 5.676
(CH5) ,SiHNCO 285.59 | 2 20 40 120 146 0.334 0.866(15) 5.681
(CH3)2SiHNCO 128.36 : 4 60 90 290 336 -0.0211 0.866{19) 65.682

CEA



Table 5.2:
r, re
100

100

Only correlations with absolute values greater than 0.4

included.

Least squares

multiplied by
Angles
re 1 4
-98 -79
100 78
100
100

correlation matrix

100.

-42
-94

+94

100

U.S U.8
44
75
100
100

10

~48

100
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for CH3SiH2NCO

15

-68

=40

100

leé

~45

45

62

-44

-62

100

are



Table 5.3: Molecular parameters for CH3

(a) Independent geometrical parameters:

(Si-N)
rz(Si-H)
r3(Si—C)
(C-H)
rs(N=C)

r6(C=O)

Angle 1
Angle 2
aAngle 3
gngle 4
Angle 5
Angle 6
Angle 7

Angle 8

NSiC
HSiH
HCSi
SiNC
TCH3
TSi-N
NCO

T({C-N)

Distance/pm

171.8(4)
148.0(fixed)
185:3(5)
109.0(fixed)
120.5(15)

116.9(13)

Angle/°
111.6(8)

109.0{fixed)
110.2(14)

148.0(15)

45.0(fixed)?

60.0(fixed)

175.0(fixed)

. -80.0(fixed)®

(b) Dependent distances

Distance/pm

245.2(18)
272.2(5)
295.5(13)

260.8(5)

281.4(8)
237.2(5)

393.1(13)
402.4(16)
514.4(15)

aangle found by R-factor plot.

130

SiHZNCO

Amplitude/pm

5.2(4)
8.8 (fixed}
5.2 (fixed)
7.0(fixed)
3.1(8)

3.1(tied to u5)

Amplitude/pm

11.7(17)
13.0(fixed)
6.1(18)

13.0(fixed)

7.2(10)
4.6(8)

11.3(10)
20.3(50)
33.9(12)
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hydrogen and one heaviér atom, were fixed at reasonable
values. The final list of parameters and amplitudes is
given in Table 5.3, corresponding to the values giving

the lowest R-factors (RG = 0.094, RD = 0.092). The

intensity curves are shown in Figure 5.2 and the pictures

of the molecule are in Figure 5.3.

5.2.4 Refinement stages of (CH3) ,SiHNCO structure:

The radial distribution curve for (CHB)ZSiHNCO is
similar to that for the monomethyl compound, with two main
peaks at 120 and 180 pm, and smaller, broader peaks at
240, 290 and 400 pm. The Si-N and Si-C bond distances
under the 180 pm peak again refined easily, and their
amplitudes were refined whilst constrained to be equal.
Under the peak at 120 pm are the N=C, C=0 and C-H
distances, and in this refinement all three distances
refined although the final C-H bond is perhaps slightly

long.

Again the Si-H distance did not refine and was fixed
at 148.0 pm. It was found that when the NSiC and C8iC angles
were refined independently one went to a high value, and one
to a low value, although the average remained close to 110°.
However by constraining the angles to be egual and refininé
NSiC, an acceptable angle was obtained. The torsion angle
along the Si-N bond, rotating the NCO group with respect to
the (CH3)2Si group, was found from an R-factor plot from

0 to 180° and the angle giving the minimum R-factor was used
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Figure 5.4: Observed and final difference radial
distribution curves P(r)/r for
(CH3}ZSiHNCO

P(r)/r

Before Fourier inverﬁion the data were multiplied
by s.exp [-0.000015 s /(Zsi-Fsi)(ZN—FN)]:



Figure 5.5: (CH;),SiHNCO 133
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Figure 5.6: {CH3)ZSiHNCO

(a)

(b)

Molecular structure of (CH3)2SiHNCO
(a) general view
{b) viewed along bond from Si to N



Table 5.4:

<1l <2

100 53
100

Least squares
multiplied by

100

100

135

correlation matrix for (CH ) ,S1HNCO
1002 3

-BO 60 ‘<1

=51 . <2

-62 . rq
44

100 ~a1 ' -40 -47 r
100 <3

. 100 43 49 u,

100 _ 60 64

100 -50 -~46

100 u

100 . u

100 ) u

100 73 k
100 ko

aOnly correlations with absolute values greater than 0.4 are

included.



Table 5.5:

(a) Independent parameters

rl(Si-N)-
r,(si-C)
r4 (C-H)
r4(N=C)
r (C=0)
ro(SiH)

Angle 1
Angle 2
Angle 3
Aangle 4
Angle 5
Angle 6
Angle 7
Angle 8

(NS1iC)
(SiCH)
{SiNC)
(CSiC)

T(CH3)
T(Si-N)

(NSiH)
(NCO)

distance/pm
172.1(4)
185.9(2)
113.3(8)
121.7(4)
115.8(4)
148.0(fixed)}

Angles/o
111.5(11)
107.2(7)
152.7(10)
111.5%
10.0°
0.0°

109.0 (fixed)

180.0(fixed)

(b} Dependent distances

d,(C...C)

dg(C...N)

dg(8i...C)
dy5(N...0)
dll(Si...H)
dlZ(C" C)
dl3(C...C)
dq,(81...0)
dlS(C...O)
d,g(C...0)

%tied to be equal to NSiC - see text

distance/pm

307.3(30)
296.0(20)
285.7(6)

237.5(4)

244.6(10)
404.0(16)
404.0(16)
398.3(8)

512.5(14)
512.5(14)

R-factor plot - see text
Crefined to 180 i3o, therefore fixed - see text.

Molecular parameters of'(CHB)ZSiHNCO

amplitude/pm

136

6.1l(tied to uz)

6.1(4)
9.4(10)
.5 (fixed)
.5(fixed)
L.7(20)

~ W W

amplitude/pm

15.5(tied to
15,5(12)
6.8(6)
4.2(6)
14,.5(10)
27.6(35)
27.6(tied to
10.1(9)
26.0(26)
26.0(tied to
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for subsequent refinements.When the NCO anglé was

refined it remained at 180° with a large estimated standard
deviation and so was fixed at that value. Similarly, the
twist of the methyl groups was found by successive
refinements with systematic variation of the angle. The
remaining angles refined to acceptable values, except the

NSiH, which was fixed at 109.0°.

The heavy atom non-bonded distance amplitudes were
all refined with the pairs of C{H)..C and C(H)...O
amplitudes constrained to be egual when refiﬂing. Also
WC(H)...C(H)) and u(C...N) were constrained to be equal.
All the other amplitudes not refined were fixed at values
compatible with other methylsilyl compounds. The final
parameters giving the minimum R-factors [RG = 0.0749,

D

distribution curves and intensity curves are given in

R. = 0.0597] are given in Table 5.6, and the radial

Figures 5.4 and 5.5. Figure 5.6 is a perspective picture

of the molecule.

5.3 Results and Discussion

The interpretation of the structures of pseudohalides
has always been difficult in view of the proﬁlems of
shrinkage and the unknown extent of (p-d)n bonding.
Molecular orbital calculations have predicted a linear
structure even without the use of silicon 3d orbitélsg3.

Thus the precise angle at SiNC may be a fine balance of a
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a number of factors, steric and electronic. ©On the other
hand, the bond lengths may reflect mainly electronic

factors.

The Si-C bond lengths of 185.3(5) and 185.9(2) are

slightly shorter than in many methylsilyl compounds but

the difference is only 2-3 pm. For exampile Siz(CH3)6102

2 103

(187.9(3) pm), Si(CcH;), 0% (187.6(2)), (SiH;),CH,

104 92

(187.4(2) pm}, (CH3)3SiCECl (186.8(4) pm), Me,SiNCO

3
(189(1)).

It is also noted that the Si-C bond is not shorter
than the predicted value calculated from the covalent
radii of Paulingsl, and making an allowance for the
~difference in electronegativities introduced by Schomaker
and StevensonlOS. This suggests that there is little, if

any, ™ bonding between carbon and silicon, as would be
expected as there is no lone pair unlike the Si-N and
Si-0 honds which are up to 16 pm shorter than predicted.
Alternatively it can be considered that the electrostatic

attraction between silicon and carbon is small and the

bond remains covalent with no ionic character.

The $i-C amplitudes are consistently higher than

calculated by Cyvinlos, but are close to the walues
obtained for Me3SiNC092, and other methylsilyl compounds

studied recentlleT

(i.e. (MeSiHZ)ZO, (MeZSiH)ZO and
(MeSin)ZNH). The increase may arise in these compounds
because the Si-C distance overlaps with either the Si-N

or Si-0 distances in the radial distribution curve,
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although similar values have been observed for CH3SiH2Cl

and CI:I:,’Sj.H:BrlO?,r which do not have any distances over-

lapping with Si-C.

Considerable interest has been shown in the
significance of the changes in length of the Si-N bond.
The sum of the covalent radii (Pauling)81 is 187 pm but
the observed value is much shorter. The shortening was

108, and explained as due to

first observed in (SiH;) 3N
donation of the nitrogen lone pair into the vacant d
orbitals of the silicon atom. The shortening of the
bond also appears to.be related to the number of silicon
atoms around nitrogen as Table 5.6 shows:

Table 5.6:. Variation of Si-N bond with number of silicon
, atoms around nitrogen :

Compound . Si~-N/pm ' Ref
(SiHjy) 5N - 173.5(2) 108
(SiH,) NH 172.7(3) 109
(SiH,)N(CHy) 171.6(4) 110
[Si (CH3) 5] ,NH 173.7 111

With more silyl groups around the nitrogen the lone
pair will be donated over more Si-N bonds, and so will
have less shortening effect, giving a longer bond.
Additionally, one can see from the table above that
replacement of hydrogen by methyl groups on the silicon
causes an increase in bond length. This would suggest
there must be a reduction in the electfon acceptor

ability of silicon by the electron ddnating effect of
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methyl groups. - For instance, if the Si-N bond contains
some {(p-d)r bonding, the methyl groups would appéar to
donate electrons along Si-C o-bhond towards the silicon
atom, decreasing the acceptor-ability of the d-orbitals,
resulting in less shortening of the Si-N bond length.
Listed in Table 5.7 are the Si~-N bond lengths of a number
of silyl isocyanates including monomethyl and dimethyl
studied in this work, and showing the variation.of Si-N
to number of methyl groups. Also in the table are

parameters for trihalosilyl compounds.

Table 5.7: Certain parameters of siéyl isocyanates
(bond length/pm, angles/")

Compound Si-N/pm C=0 N=C SiNcC Ref
S1iH4NCO 170.3 116.4 - 121.6 151.7 28
MeSiH,NCO 171.8 116.9 120.5 148.0 This work
Me ,S1HNCO 172.1 115.8 121.7 152.7 This work
Me3SiNCO 176 118 120 150 92
F3S1iNCO 164.8 1182 1182 161 94
C1,SiNCO 162.6 113.9 121.9 138 93

(SiH,) 4N 173.5 - - - 108

a

mean value of bond lengths.

The fﬁrther shortening of the Si-N bond in the
halosilyl iscocyanates can be explained as an inductive
electron withdrawing effect by the halide atoms, causing
increased (p-d)m bonding between silicon and nitrogen and

delocalisation of electrons on the halide.
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This change in bond length can also be interpreted

in terms of simple valence bond structures:

=C=0 x3Si—N+sc-o? x3Si“=N+=c=o
1%,

(A] [B] [C]

Structures [A]l and [B] will be adequate for HNCO and
substituted methyl isocyanates, but the third structure
[c] is necessary for the structures of silicon isocyanates
to seem reasonable. This structure allows for a negative |
charge to reside on the silicon, possibly delocalised into
the d orbitals. It explains the shortening on the Si-N
.bond, and will be stabilised by SiCl3 and SiF3 groups,
but destabilised by SiMe3, SiHMe, and SinMe groups. The

methyl substituted silyl group will stabilise structure

[B] by electron donation to the nitrogen.

The bond lengthé of N=C and C=0 in MeSiH,NCO and.
MeZSiHNCO are.both in accbrd with the valence bond
structures. Thus the C=0 bond should be short relative
to the N=C bond when the X group is electron releasing
{structure A) or when structure [C] is stabilised and it
is found that the C=0 bond is longer in the methylsilyl

isocyanates than in the trihalosilyl isocyanatesg3'94.

The heavy atom angles of NSiC and CSiC are slightly
. wider than tetrahedral but this may be'simply attributed
to the increased steric bulk compared to hydrogen étoms,
and the HCSi angle in both compdunds remains exactly
tetrahedral (within one estimaﬁed standard deviation}.

The most interesting geometric parameters of the methylsilyl
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isocyanates are in the SiNC angle and the torsion angle
between the NCO and methyl groups along the Si-N bond.
The apparent SiNC angle in MeSiHZNCO'is 148.00(15) and
in MeZSiHNCO is 152470(10). Firstly, it is noticed
that these angles are cloée to the angles found for

28 92

S1H,NCO (151.7°) and MeySiNCO

the structurdl analysis by microwave

(150°(3)), even though
95,96,97 and
theoretical calculations36 indicate linear configurations.
The ratiocnalisation of this disparity for,SiH3NCO is that
the low fregquency large amplitude bending mode at N causes
a shrinkage effect, giving an apparent bent configuration.
The infra-red and Raman spectroscopic data for these
compounds (see Chapter 8) suggest that both dimethyl and
monomethyl silyl isocyanates have low freguency bending

modes below 100 cm—l, assigned to SiNC bends,'and hence the

same explanation could apply to these structures.

When the configuration of methyl groups to NCO was
established there was a clear minimum R-factor when the
NCO was eclipsing an Si~H bond and trans to the bisector
of CSiC (in Me,SiHNCO) or at 120° to the methyl group (in

MeSiHZNCO).

Therefore the relative position of the methyl groups
to the NCO is the same for both structures, and it would
appear that most steric influence is exerted by the lone
pair of electrons on the nitrogen. Without the lone pair
the steric interaction between CH3 and NCO would be
expected to give the monomethyl compound a trans .configuration.

Hydrogen bonding between the C=0 and SiH is unlikely as
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CH, CH,
C=0 C=0
H H CH, H
CH, - CH,
N Naw
/S T C=o ‘ S/ TCso

/s i\ / \

the interatomic disténce is too large. The configuration
in trimethylsilyl isocyanate92 was thougﬁt to be staggered,
with the C=0 trans to one methyl group-. This is as
predicted considering bulk steriq influenbes and would
leave the nitrogen lone pair eclipsing one méthyl group,
suggesting that thé C=O:CH3 repulsive interaction is
'qreater than the CH3:lone pair interaction, which in turn

is greater than the C=0:SiH interaction.

The fac; that there is a clearly preférred
configuration of the methylsilyl isocyanates suggests that
the SiNC must be bent or is bending at a low frequenéy in
a particular orientation with a large amplitude. The
potential function for SiH,NCO was described as a

circular valley for the ground vibrational state, with a
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slight hump at the linear configurati,on’97 and the same
description can be used for the substituted silyl iso-
cyanates, except that within the circular #alley will be
small humps corresponding to the methyl groups.'Thg*fﬁﬁﬂ;:}
barrier has been determined for SiH3NCO, with a value of

about 2 cm“l.

The mean amplitudes of vibration also give an
insight into the bendihg motion of SiNC. Calculated mean
amplitudesllh*of 5i...0 for a rigid molecule refinement
in SiH3NCO give a value about half the magnitude of the
experimental magnitude and the experimental values for
the methylsilyl isocyanates amplitudes compare well with

the values for SiH3NCO. Thé same similarities are found

fo; Si...C (see Table 5.8).

Table 5.8: Amplitudes of vibration (pm)

Atomic Calculated valuesllla
Distance at 273 X for . ' 7

SiH3NCO SiH3NCO MeSinNCO MezsiHNCO Me3SiNCO
Si...C 3.4 6.8(12) 7.2(10) 6.8(6) 6.5(fixed)
Si...0 5.1 9.6(9) 11.3(10) 10.1(9) 7.5(fixed)

Using these experimental amplitudes and comparing the
change of mean amplitudes and shrinkage with assumed SiNC
bending frequency Vig’ the plot that best reproduced the
experimental results for SiH3NCO was for V1o~ 69 cm_l.
Subsegquently the band‘has.been observed at 64 cm‘l in the

gas phasegs. Since the amplitudes across the nitrogen

~atom are all close for this range of isocyanates, the model
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applied to SiH4NCO for shrinkage and a low frequency large
amplitude bending mode is likely to be applicable to

dimethyl and monomethyl silyl isocyanate.

The Valence bond structures on page 141 are
useful in explaining the linearity at nitrogen. It has
‘already been established that structure [c] is favourable
for silicon pseudohalides and this clearly will be linear.
However the addition of methyl groups around the silicon
will stabilise structure [B] (alsb linear) and to some
extent structure ([A] (non-linear). Thus there must be
competing structures, with the methyl groups stabilising
one that is linear and one that is bent. Also, of
course, the linearity can be explained without the valence
bond structure as being due to (p-d)r bondiné between
silicon and nitrogen. This has been discussed earlier

and is a very plausible explanation for linear SiNCO groups.

It is possible to attribute the structural anomalieslat'
nitrogen without the use of the d orbitals on silicon.
.The second order Jahn-Teller effectllz has been used to
predict the angle in a number of silyl pseudohalides36 in
which the linearity éf XYZ group was predicted in examples
where the valence orbitals of X and Z were much less
tightly bound than thdse on Y. TIf the X and 2 orbitals
were more tightly bound than those on Y the structure of
XY¥Z should be bent. Therefore taking the values for
SiNCO where XYZ is SiNC, the binding energy of the orbitals

for N is greater than for Si and C and so a linear structure

would be expected, without resorting to using (p-d)w bonding.
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According to calculations by Glidewell36 the pseudochalides

with the biggest deviation from linearity at nitrogen are
the asymmetrically substituted silyl compounds, e.g.
SiH,Cl, 170.5°; SiHCL,, 174.7°%; SiH,F, 172.7°; but from
the electron diffraction evidence there is not a
significant difference in the apparent SiNC angle to show
that (CHB)ZSiHNCO and CH3SiH2NCO were more bhent than the

symmetric SiH5 and (CH3)3Si isocyanates.

An alternative approach is to consider the thermal
average Si...C distance using the "hard sphere" radii
proposed by Bartell37. It was found38 that the Si...C
distance is remarkably constant in a range of silicon
compounds with totally different bond lengths; for

example'SiH3NCO28 (283 pm), SiH3NCNSiH338 (281 pm),

SiHBN(CHB)Z85 (276 pm), (CH3),SiHNCO (285.7 pm}, and
CH3SiH2NCO (281.4 pm), and it is suggested that the angle
is determined more by the Si...C interaction than the

Si-N, N=C bonds and presence of a nitrogen lone pair.

Finally, as can be seen from the pictures of the
molecules in Figures 5.7 and 5.8, the hydrogens of the
methyl groups adopt a staggered configuration to the silyl
hydrogens in CH3SiH2NCO, and to each other and the Si-H

in (CH3)2SiHNCO.

Thus this study of the methyl substituted analogues
of SiHBNCO has helped to support the earlier structural
work. The structures are remarkably similar to that of

S1iH4NCO although there is a clear lengthening of the Si-N.
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bond, while the change in the apparent SiNC angle is
probably insignificant. The adoption of a préferred
configuration of NCO to methyl groups, with the lone pair
on nitrogen governing the final shape, suggests that
MeSiH,NCO and MeZSiHNCO may be slightly bent in the
ground vibrational state with a small hump in the
potential function of the SiNC bending mode at the linear

configuration.

Further work in the far infra-red region would
probably be useful but the meﬁhyl bends and torsions
may complicate this region of the spectra. Also, the
photoelectron spectra may help to identify how important

the nitrogen lone pair is.
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CHAPTER 6: THE GAS PHASE STRUCTURES OF MONOMETHYLSIL YT,
ISOTHIOCYANATE AND DIMETHYLSILYL ISOTHIOCYANATE

6.1 Introduction

The spectra and structuresdf silyl and trimethylsilyl
isothiocyanates have been investigated by a number of
researchers. The Raman spectra of the liquid phase and
the infra-red spectra of the gas phase of silyl iso-
thiocyanate113 were ihte;preted on the basis of Cay
molecular symmetry which requires the SiNCS to be linear.
Microwave data114 confirmed this structure, but with a
large amplitudé SiNC bending vibration, the frequency of
which was estimated to be 54 cm_l. In the most recent
infra-red and Raman study115 it was observed that the band
assigned to the SiNC bend does not show appreciéble
broadening'due to hot-band transitions and it was suggested
that this was a good indication that the vibration was
harmonic. The electron diffraction study of SiHBNCS28
found that the SiNC angle was not linear but explained this
as a result of shrinkage and characterised the bending
potential function with a purely harmonic potential with

Viem ') = 2400 o®. 1In the same work SiH,NCO was found to

have a very anharmonic potential function with V(cm_l)

1090 a4-3OO az.

Other workers have looked at the gas phase structure92

and infra-red and Raman spectra of trimethylsilyl
isothiocyanateloo. The structure analysis showed an

apparent angle at nitrogen of 154(2)0, but in all the

parameters there are large esds and the determination is not
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as reliable as more recent structural work. The spectro-
scopic studyloo concluded, particularly in the light of work
on SiHBNCS, that the experimental angle is smaller than

the true equilibrium angle because of the large shrinkage
effect arising from the large amplitude low frequency
bending mode. The fundamental was observed at 45 cm“l in
the Raman spectrum as a very broad and depolarised band,

and no overtone was found.

Evidence for a linear SiNCS chain was that only one
band was observed for the NCS bend (an e mode for Cay
symmetry, but a' and a" for Cq symmetry), while the
related structure Me3SiN3 has two bands for the NNN bend.
Clearly the analysis of the Si...5 peak28 in the radial
distribution curve, as had been done for SiH;NCS, was not
possible'for MeBSiNCS because of the overlap with the C...C

distance peaks.

Additionally, the spectroscopic data for Si(NCS)4116’117'll8

has been interpreted on the basis of Tq symmetry around
the silicon, implying a linear structure for the four
SiNCS groups. In contrast the infra-red data for

(CH3)3CNCS118 indicated C_ symmetry and the electron

119 gave a CNC angle of 141.60,

diffraction study of CHBNCS
which is more bent than any silyl pseudohalide. The
linearity of the silicon comﬁounds, and the bent carbon
compounds, has been rationalised in a number of ways. One
factor may be the delocalisation of the nitrogen lone pair
into the vacant 4 orbitals on the silicon atom. This is

cbviously not possible in the carbon compounds., Also the

possikle valence bond structures are more stabilised by
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silicon than carbon.

There is interest in the Si—-N bond length and how the
distance varies with substituents on the silicon. 1In all
cases the Si-N distance is shorter than the sum of the
covalent radii63’81 while the C-N bend length is much
closer to the predicted value and this observation is used

to support the interpretation of delcocalisation in silicon

but not carbon.

Finally, it was of interest to compare the molecular
structures of the methylsilyl isothiocyanatéswith the
predicted structures of a number of halosilyl
pseudohalides36. The calculations were designed to test
gquantitatively a model of molecular geometry based upon
the second order Jahn-Teller effect, in which ligands of
low electronegativity lead to stereochemical inactivity on
lone pairs of electrons on a central atom. The overall
model envisaged three major cases: according to whether
the ligand's electronegativity is greater than, comparable
with, or less than the electronegativity of the central
‘atom, then the force constant for skeletal deformation
from linear coordination is negative., close to zero, oOr
positive, giving rise to ,respectively ,distortion with
stereochemical activity of lone pair, or to large
amplitude, low frequency skeletal vibration, or undistorted
skeletons with no lone pair on the central atom. From
these calculations the force constant for all silyl

isothiocyanates were between 2.7 to 6.9 x 1073 T (i.e.
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v.small) and hence it was predicted that the §hube

nitrogen should be linear. The silyl isocyanates had
values of -3.8 to +8.08 Nm™ 1, giving angles bent by up to
o

10°, and the methyl pseudohalides had force constantsof

-10 to -2 Nm T, giving clearly bent configurations.

A crystal structure of SiH3NCS is not available and,
although there have been attempts to grow crystalslzl,
these have been unsuccessful, or the crystals have
suffered X-radiation damége However the infra-red
spectra in various matrices122 have all been interpreted

in terms of C symmetry molecules with a linear chain of

3v
SiNCS. This is not the same as SiHBNCO which was found to
be linear in the gas phase {like SiH3NCS) but bent in the

solid phase, and bent in various matrices.

It is theréfore of interest to study tﬁe mono- and
dimethyl-silyl isothiocyanates. These should have Cs
symmetry, whether the configuration is linear or bent at
nitrogen, and one would hope that comparison of the apparent
angle in the methyl isothiocyanates with SiH3NCS will give
some idea of whether the angle is more bent when the
gilicon atom is asymmetric, as predicted by Glidewell36
for halosilyl pseudohalides, BAlso there is interest in
the configuration of the methyllgroubs to the NCS group,

particularly in the light of the shapes adopted by the

isocyanates described in Chapter 5.
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6.2 Refinement and Models

6.2.1 Model of CH,SinNCS:

For the purposes of the refinement, it was assumed
that the methyl group had local C,, symmetry: the molecule
.can then be described by six bond lengths, five bond angles
and three torsion angles. The bond distancés chosen were
S$i-N, Si-H, Si-C, C—-H, N=C and C=S; the angles were
NSiC, HSiH, SiCH, SiNC and NCS; and the three torsion
angles are along the Si-N bdnd, along the C-N bond, and
the twist of the methyl hydrogen about the Si~C bond. The
initial conformation of the NCS group was trans to the
methyl—group and the methyl group torsion was at zero when
one hydrogen was in the heavy atom plane, and trans to the
SiH, group. It was also assumed that the bisectors of the

HSiH and NSiC angles coincided.

6.2.2 Model of (CH,),SiHNCS:

This molecule was described by six bond lengths, six
bond angles and three torsion angles. The two methyl
groups were assumed to have local C3V symmetry and the NCS
group was initially assumed to be trans to the bisector of
the CSiC angle. The six bond lengths were the Si-N,

§i-C, C-H, Si-H, N=C and C=8; the angles were NSiC, csic,
SiCH, NSiH, SiNC and NCS; and the torsion angles were of
one methyl group, one along the N=C bond and one along the

Si-N bond, rotating the HSi(CH,), group with respect to



Table 6.1: Scale factors, Weighting functions and correlation parameters

Camera Height 7 As min sl S, Smax p/h Scale Factor Wavelength/pm
Compound mm -1
nm
MeSinNCS 285.65 2 20 40 120 146 0.4225 0.885(20) 5.682
MeSinNCS 128.36 4 60 90 290 328 0.4417 0.826(41) 5.682
MezsiHNCS 285.67 2 24 40 120 146 0.2789 0.908(19) 5.681
MezsiHNCS 128.36 4 60 90 280 340 0.0426 0.907(27) 5.681

€9T



154

the NCS group. The methyl twist was a clockwise movement
relative to that in which one hydrogen lay in the CSiN
plane. The nozzle to plate diétances and operating wave-
lengths are given in Table 6.1 for mono- and dimethyl-

silyl isothiocyanates.

6.2.3 Refinement of the CHQSinNCS structure;:

‘In the refinements of the structures of these compounds
it was anticipated that there might be problems distinguishing
the C-H and N=C lengths and the Si-N and S5i-C lengths. In
fact most of the bond distances were refined to give reason-

able wvalues.

The main features of the radial distribution curve
were one peak at 120 pm, a brecad peak at 170, one large

peak at 280 pm and minor peaks at 245, 380, 410 and 440 pm.

The peak at 120 pm contains the C-H and N=C bond
distances and it was found necessary to fix the C-H, and
refine N=C, to obtain acceptable values, ~The broad major
peék at 170 pm containsg the C=5, Si-N and Si-C distances,
and all refined. The main bond angles of the molecule were
defined by the C...N, Si...C and N...S non-bonded
distances, all of which overlap under the peak at 280 pm.
In fact NSiC and NCS were fixed at 109 and 180 respectively
leaving the SiNC angle to refine to 168°. The position of
the methyl group relative to the NCS group was defined by
the C...C and C...8 peaks, both of which are relatively

small. The optimum torsion angle was found by varying the
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angle in a series of refinements and recording the minimum
R-factor. Then for subsequent refinements the torsien
angle was fixed at this value. A similar method was used
to find the twist angle for the methyl group - giving a
staggered cénformatibn with respect to the SiH2 group.In
all the monomethylsilyl compounds studied so far the HSiH
angle was not refineable and so it was fixed at llOO,
while the HCSi angle did fefine to 110.2°. The amplitudes
of vibration for the bonded interatomic distances in the
CH,SiH,-N group.did not refine well and so were fixed at
values found in other methylsilyl and isothiocyanate.compounds. but
the N=C and C=S amplitudesrefined satisfactorily.

Once most of the bonded amplitudes were fixed the non-
bonded amplitudes refined reésonably, and compare well with
those for CH3SiH2NCO. " The final molecular parameters are
given in Table 6.2. Allowance has been made in the quoted
uncertainties for possible systematic errors, and these
have been added to the random errors obtained by the least
squares analysis. The least sguares correlation matrix is
presented in Table 6.3, and it can be seén that the
refineable parameters and amplitudes were those that héd
relatively low correlation. The parameters quoted are

those that gave the lowest R-factor (R, = 0.165 Y and

G
RD = 0.123@%). This is not a particularly good fit

between the theoretical and experimental intensity curves,
and the radial distribution curve (Figures6.l and 6.2) sﬁows
that the main region of poor fit is between 90 and 130 pm.

Since the C-H and N=C bonds are at reasonable wvalues, and
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Table 6.2: Molecular parameters for monomethyl silyl "isothiocyanate

(a) Independent parameters

rl(Si—N)
r, (Si-H)
r,(8i-C)
r, (C-H)
rS(N=C)

r6(C=S)

Angle 1 NSiC
Angle 2 HSiH
Angle 3 HCSi

Angle 4 SiNC

Angle 5 T(CH3)

Angle 6 T{(Si-N)

Angle 7 NCS

Angle 8 T (C-N)

Distance
171.0(6)
7148.Offixed)
184.8(7)
109.0 (fixed)
118.7(6}
156.8(5)

Angles
109.0 (fixed)

110.0(fixed)
110.2¢1.8)

168.4(1.6)

10.0 (fixed) 2

0.0{fixed)?

180.0(fixed)

0.0(fixed)?

Gfixed by R-factor plot — see text

Distances and amplitudes of vibration are given in pm.
Angles are given in degrees, and angles 5, 6,and 8 are

torsion angles along the given bond or of the group.

Amplitude
5.0(fixed)

9.0 (fixed)
5.0(fixed)
8.0(fixed)
4.6 (10)

4.5(7)



Table 6.2 {(contd)

{b) Dependent parameters

d7 (Si...H)
d8 (N...C)
d9 (N...H)
le(Si...C)
dll(N...S)
dlz(Si"'S)
d13(C...C)
dqy,(C...85)

244.

289.

.260.

288.
275,
444,
400.

551.

ance

Dist

81(26)
7(6)
8(4)
3(5)
6(6)
4(6)
2(15)
4(23)

(c) Other amplitudes kept fixed

Ha. . Hg
C...Hg,
Hgy - -Hgy
Hgo By
N...H_
C.--Hgy
C...H,
S...Hg
S...H

14.0
13.0
12.0
17.
15.
19.
20.

25.

O o o O 0o O

20.

.AmElitude
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Amplitude

12.0(fixed)
6.5(fixed)

13.0(fixed)
6.7(12)
5.2(9)
9.1(6)

19.1(50)

30.7(55)



Table 6.3: Least squares correlation matrix x100 for CHBSiHZNCS

ry ry re re A3
100 -35
100
100 -33
100
100

r - bond distance
A - Angle

u - amplitude of vibration

A4

-41

-33

100

Ug Ug Y0 11 12
-33
32
100
100
100 66
100
100

Only values greater than 30 are given

36

~-4]

31

30

100

32

31

37

37

48

33

100

8GT
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Figure 6.2: Observed and final difference radial distribution
curves, P(r)/r, for CH,SiH,NCS

P(r)/x

Before Fourier ingersion the data were multiplied by
s.exp [-0.000015 s (ZSi—FSi)(ZN-FN)].
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Figure 6.1: CH3SiH2NCS
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scattering intensities at nozzle-to-plate distances
of (a) 128 and (b) 286 mm
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the poor fit cannot be explained by an impurity (e.g.
(MeSin)zd), s0 the problem must arise from the experiment.
Possible explanations are that the sector eguation is not
adequate or that the photographic plates were very dark
and insufficient detail could be made out from them.

From the intensity curves it can be seen that the short
nozz;é to plate distance has the poorest agreement: short
distance R, = O.277ﬂ?, R. = 0.264.-:, long distance

G D

Ry = 0.121%, Ry = 0.08K%F.

6.2.4 Refinement of the (CH,;),SiHNCS structure:

The data for this compound gave a much more satisfactory
refinement and the agreement between experimental and
theoretical curves is good, suggesting that the sector
equation is quite adequate. The radial distribution curve
is similar to the curve for CstinNCS except #hat the C=8
bond distance is now distinct from the peak containing the
Si-N and Si-C distances. All the bonded distances except
the S8i-H refined, although the N=C is longer than in any
other related isothiocyanate compounds. Again the heavy
atom internal angles were defined by the non-bonded
distances contained under a broad peak between 265-300 pm.
The CSiC angle tended to widen on refinement, while the
NSiC angle stabilised at around lO7O. 'However by
constraining the angles to be egual the result was more
acceptable. The SiNC angle refined to 157.9 which compares

well with the angle in SiH;NCS and (CH,),SiNCS. The SiCH
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angle refined well, probably because the Si...ﬂ distance
was well defined and isolated in the radial distribution

curve at 245 pm.

The conformation of the Si(CHB)ZH group relative to
the NCS group was found by a series of refinements, with
the torsion angle varied from 0O to 180°. The C,..C and
C...S distances define this angle, and the minimum R-
factor was when the NCS group was twisted 20° from
trans to the CSiC‘bisector. This now means that there are
two different C...C distances and two different C...S
distances, contained under the relatively broad peaks at
400 and 550 pm in the radial distribution curve. It was
found that the NCS angle refined to 180° with a large esd
and so was fixed at 180° and not refined subsequently.
This made the torsion aleong the C-N bkond redundant and
so is not included in the final parameter list. The non-
bonded amplitudes of vibration were all in accord with those
for (CH3)2SiHNCO,except (C...CN) which is very small, and
refined well. The Si-N, Si-C and N=C bonded amplitudes
were also refined. The remainder were fixed at normal

values.

The final parameters giving the minimum R-factor
(Ry = O.1140%, Ry = 0.091:%") are given in Table 6.4 and
the radial distribution and intensity curves are given in
Figures 6.3 and 6.4. The estimated deviations quoted in
Table 6.5 include the random errors, determined in the

least squares analysis, and allowances have been made for

systematic errors and for the constraints applied during
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Tablé 6.4: Molecular parameters for MeZSiHNCS

{2} Independent parameters

rl(Si-N)
r2(Si-C)
r3(C*H)
r4(Si-H)
r5(N=C)

r6(C=S)

Angle 1
Angle 2

Angie 3
Angle 4
aAngle 5
Angle 6
Angle’7

Angle 8

NSiC

CsSicC

SicCH

NSiH

twist (CHj)
SiNC
twist (Si-N)

NCS

r - bond distance

a - Angle

Distance

172.1(6)

184.9(5)
112.5(8)

. 148.0(fixed)

121,2(6)

157.9(5)

Angles
110,7(5)

110.7%(tied equal

109.7(10)
109.0 (fixed)
0.0{fixed

155.6(14)

20.0 (fixed)?

180.0(fixed)

d - non-bhonded distance

a
see text

b

fixed by R-factor plot - see text.

)b

Amplitude
6.6 (10}
5.8(7)
8.0(fixed)
7.6 (fixed)
4.7(8)

4.5(fixed)

to Al)
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Table 6.4 (contd)

(b) Dependent distances

Distance Amplitude
d, (C...0) 304.3(7) 16.8(14)
d8 (C...N) 293.8(6) 16.8(tied to u7)
dg (Si...Q) 286.9(7) 9.5(13)
d) o (N...8) 279.1(7)  6.7(T)
dll(Si"'H) 246.7(12) 12.1(10)
dlz(C...C) 394.9(7} 7.9{20)'
dl3(C...C) 407.9(8) 7.2({tied to u28)
dl4(Si...S) 441.5(8) 9.9(6}
dlS(C...S) 539.2(7) 24.8(27)
d,g(C...8)  561.0(10) 24.8(tied to ug,)

(c) Other amplitudes of dependent distances (all fixed)

Amplitude
(C...Hgy) - 13.0
(N...Hg;) | 13.0
(Hg. . . Hg) 14.0
(N...HC) | 15.0
(Hg. . -Hg,) 17.0
(C...Hgy) 19.0
(C...HJ) 13.0
(C-..Hp) 23.0
(Hg- - -HQ) 20.0
(S...Hgy) 23.0
(S...H.) 25.0



Table 6.5: Least sguares

correlation matrix x100 for (CHB)ZSiHNCS

ry r, Iy Al AlO rg re u, uy ug u, U, uy, kl k2
100 -49 65 52 77 71 '
100 : -38 -42 =50 -76
100 -39 -35 53
100 -30 -31 - -54
100 34 58 57. 58 ‘ 32 -41
100 - ‘ 45 39 38
100 43 61
100 79 34 35
100
100 31
100 44
100 .33
r - bond distance 100
A - Angle 100 40
u - amplitude of vibration 100

Only values greater than 30 are given.

991
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Fiqure 6.3: Observed and final difference radial

distribution curves, P{r)/r, for
(CH4) ,S1iHNCS.

Before Fourier ingersion the data were multiplied
s.exp [-0.000015 s /(Zsi*Fsi)(ZN—FN)].

by
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Figure 6.4: (CH3)2SiHNCS
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Observed and final weighted difference molecular
scattering intensities at nozzle-to-plate distances
of {a) 128 and (b) 286 mm.



168

the refinement. The final least squares correlation matrix

is given in Table 6.5.

6.3 Results and Discussion

As with the methylsilyl isocyanates discussed in
Chapter 5, the interpretation of the structures of the
isothiocyanates was complicated by the problems of shrinkage
and the unknown extent of (p-d}n bonding between the silicon

and nitrogen atoms.

The molecular parameters found for monomethyl and
dimethyl silyl isothiocyanates do not differ greatly from
other methylsilyl compbunds and other isothiocyanates.
However there are small but significant changes which run
in parallel with trends observed in the methylsilyl

isccyanates.

Firstly, the $i-C bonds were found to be of equal
length in ¢H3SiH2NCS and (CH3)28iHNCS {within 1 esd). but
were slightly shorter than those in methylsilyl
isocyanates (see Table 6.6).

Table 6,6: Si-C bond léngths (pm) in methylsilyl isocyanates
and isothiccyanates

r(8i-C) f
Compound Y=0 Y¥=5 Ref
CH3SiH2NCY 185.3(5) 184.8(7) This work
(CH3)ZSiHNCY 185.9(2) 184.9(5) This work

(CH4) 4SiNCY 189(¢(1)  187(1) 92
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The data for the trimethylsilyl derivatives were less
reliable, with large uncertainties, but the data doﬁﬁ
consistently show tﬁat the $i-C bond is shorter in
isothiocyanates than in isocyanates, although there is no
immediately apparent reason for this. Despite these small
changes in the Si-CH3 bond, it is not significantly shorter

than predicted from the sum of the covalent radii63’81.

In thé trimethylsilyl derivativegz, the isothio-
cyanate was found to have a long Si*N bond with respect to
the silyl, monomethyl, and dimethylsilyl derivatives
which all refined to give almost identicg} Si-N bonds
(see Table 6.7). The Si-N bond length prédicted by the
Schomaker-Stevenson equation63 is 180 pm, and the observed
bond ;eﬁgth is up to 9 pm shorter. It would appear that
-there'may be considerable (p-d)n donation in this bond
which should influence the SiNC angle, and this is ‘discussed
later: The length of the Si-N bond depends on the sub-
stituents on the silicon atom such that an electron with-
drawihg group should shorten the bond by permitting increased
lone pair donation from nitrogen, while electron donatiﬁg
groups such as a methyl group, should tend to increase
the bond length, probably by the inductive effect from
the methyl groups towards silicon, reducing lone pair
donation from nitrogen. There is no evidence of the methyl
groups donating electrons into the vacant dlorbitals as
this would result in Si-C bond shortening. From this
structural study the methylsilyl isothiccyanates do

follow this trend. Hence the respective bond lengths are



170

sin.Ncs?®, 170.4(6) pm; CH,S1iH,NCS, 171.0(6) pm;

3
(CH,) ,S1HNCS, 172.1(6) pm; and (CH,) 3SiNCS %, 178(2) pm.

372
These values can be compared to trichlorosilyl isocyanate93

which has a very shortened Si-N bond of 164.6 pm.

The possible valence bond structures can alsc be used
to explain the Si-N bond length wvariation. The bond
lengths of HNCS and CH3NC8119 can be explained in terms
of the two forms A and B given below, but for the struc-

tures of silicon isothiocyanates these are insufficient

and form C has to be included,

I
w
10

If there is an electron withdrawing group for X, or
the M has vacant d orbitals, form C is stabilised and
structure A becomes more favourable than B. The presence.
of silicon at M will favour C and the halogen groups at
X will further stabilise this form, which has a M=N

double band which will therefore be short.

Conversely, the methyl groups will destabilise the
structure g,'lengthening the Si-N bond, in favour of
structure 3 or B. In fact structure B is the only form
that the methyl groups will actually stabilise, possibly
resulting in a shortening of the N=C bond and a lengthening
of the C=S bond. Table 6.7 shows how the Si-N doces vary

consistently with the number of methyl groups, but the N=C,



C=S bond length change is less clear.
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Table 6.7: Si-N, N=C and C=S5 bond lengths in isothiocyanates

Bond Lengths/pm-

Compound Si-N N=C C=5 Reference
HNCS - 121.7 156.0 123
SiH,NCS 170.4(6) 119.7(7) 156.3(6) 28
CH,S1iH,NCS 171.0(6) 118.7(6)  156.8(5) This work
(cn3izsiHNcs 172.1(6) 121.2(6)  157.9(5) This work
(CH,) ;SiNCS 178(2) 118 (1) 156 (1) 92

The bond angles NSiC, HSiC, HCSi and HSiH were all
close to tetrahedral values, witﬁ a slight widening for
the more bulky groﬁps, and do not warrant further comment.
The NCS angle was fixed at 180° which was consistent with

the calculated skeletal bond angles36
28,92,119,123

and with other

isothiocyanates

However the SiNC angle is more important, and should
be more influenced by the electron—~donating efféct of the
methyl groups, the valence kond structures, and the steric
effect of the methyl groups. Firstly, there.is not a
definite consistent trend of this angle through the methyl-
silyl series, although all the angles are wider than in

19

germy1124 and methyl j.sothiocyanates:L , and with more

methyl groups SiNC is generally more bent. Additionally
the angles in the isothiocyanates are wider than in the

comparable isocyanates (see Table 6.8).
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Table 6.8: SiNC angles in methylsilyl isocyanates and

isothiocyanates
sinc(9)
NCO NCS
SiH4- 151.7(12) 163.8(26)
CH,SiH,- 148.0(15) 168.4(16)
(CH4) ,SiH- 152.7(10) 155.6(14)
(CH3) 45i- 150(3) 154 (2)

By the analysis of the Si...S peak in the radial
distribution curve of SiHBNcsza'it was found that the shape
of the peak was best fitted to a purely harmonic function
for the bending vibration and the apparent bent angle
accounted for by considering the shrinkage due to the low
frequency bending mode. Since the SiNCS chain was shown
to be linear in SiH3NCS and since the methyl substituted
silyi isothiocyanate SiNC angles are quite close to the
angle in SiH,NCS it is likely that they also are near
linear. However it is noticeable that the dimethyl and
trimethyl.derivatives do have narrower (by lOO) apparent

angles, suggesting that they may be bent by a few degrees,

or may be more easily bent by a bending motion.

Glidewell36, in a series of MNDO caiculations for
péeﬁdohalides of the type RNCS where R = SiH,, SiF3,
.SiCl3, SiF2Cl and SiFClz, has shown that the RNCS compounds
should be linear at nitrogen in all cases, while the RNCO
compounds deviate from linearity by a few degrees if the R
group did not have local C,, symmetry. In contrast methyl isothio-
cyanates were calculated to have CNC angles of between

130—1500, and these agree with experimental resultsllg.
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Attempts to fit the Si...S peak to a probability function
for thelmethylsilyl.compounds could not be done because
of the overlap with the C...C distance, obviously not

present in SiH3NCS.

The possible valence bond structures could also be
used to explain the linearity of the SiNC group (see page 170).
Forms B and C have linear chains and although C will be
destabilised by the presenée of ﬁhe methyl groups, form
B will be stabiliséd. Hence there is likely to be a fine
balance between the steric and electronic influences. It
should be noted that there will be conflicting tendencies
in these forms, because when M has a vacant d orbital
forms A and C are possible, one with a wide SiNC angle,
and the other with a narrow angle. It is known froﬁ the

124,125 that the GeNC angles

study of ge:myl pseudohalides
are narrower than in the related silyl derivatives and
this is‘commonly attributed to the weaker overlap of

the nitrogen 2p orbitals with the germanium 4d orbitals,
which allows delocalisation of the nitrogen lone pair. As
explained in éarlier chapters the overlap of the silicon‘

and nitrogen (3d-2p) orbitals is an acceptable way of

explaining the angles at nitrogen.

Without more detailed spectroscopic study of the
region bélow 200 cm—l, analysis of the bending motion at
nitrogen could not be done. Only in CH3SiH2NCS could a
band be found that could possibly give an indication of

the fundamental bending fregquency (an overtone at 156 cm—l).

Comparing the amplitudes of vibration of the
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isothiocyanates it is clear that the refined values for
the methyl substituted derivatives are clocse to the values
for SiH3NCS and hence it is reasonable to suggest that the
structure of the SiNCS group and pure harmonic potential
for the bending motion, calculated from the amplitudes

for SiH,NCS, are applicable to the substituted silyl
isothiocyanates. However the methyl groups have been
shown to affect the bond lengths and so it is likely they
will also affect the bending motion to some extent.

Again spectroscopic data from 0-200 cm_l would help clarify
this. Table 6.9 gives the non-bonded amplitudes of

vibration.

Because the SiNC group was found to be bent in the
eleétron diffraction structure, the NCS group could be
rotated about the Si-N bond with respect to the methyl
groups. The optimum fit was found to be exactly trans
in monomethylsilyl isothiocyanate, and 20° from trans to
the bisector of the CSiC angle in dimethylsilyl
isothiocyanate. Thus it appears that the steric influence
of the C=S group is greater than the electrostatic

influence of the nitrogen lone pair (see Figure 6.9).

This is in contrast to the isocyanatés discussed in
Chapter 5 in which the lone pair had the greater steric
influence. Therefore the apparent widening df the SiNC
angles in the isothiocyanates noted in Table 6.8 must be
real, with increased delocalisation of the lcone pair in the
isothiocyanate compounds. The configuration of trimethyl-
silyl isothiocyanate was not well defined but it was

reported that the staggered arrangement was most likely.
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Table 6.9: Amplitudes of vibration in silyl isothiocyanate/pm

Distance SiH3- CH3SiH2" (CH3)2SiH (CH3)3Si
N...S 4.1% 5.2(9) 6.7(7) 4.5
Si...C 6.8(12) 6.7(12) 9.5(13) 5.5
S8i...S 9.6(9) 9.1(6) 9.9(6) 7.5
Reference 28 | This work This work 92

ferrors are given in brackets after the refined value. When
no error is given the value was fixed during refinement.

Figure 6.9: Conformation adopted by methylsilyl isothiocyanates

CH3 CH3 CH3
/,\
ng*&
H H CH3 H H3C ’ CH3
C C
I} I
S S
CH3SiI-12NCS (CH3) 2SiHNCS (CH3) BSiNCS



176

The greater repulsive interaction of H or CH3 to C=8
than H or CH5 to a lone pair was also found in CH3NCSJ'19
with the nitrogen lone pair eclipsing one hydrogen.

The slight twist of 200 from exactly trans position along
the Si-N bond in dimethylsilyl isothiocyanate must either be

due to the repulsive interaction between the C=S group

and the hydrogen, or may just be a shrinkage effect.

Finally, it was found that there was a staggered
configuration of the methyl group with respect to the
SiH, group in the monomethyl derivative, and a small
twist of one methyl group with respect to thé other in

_ the dimethyl derivative (see Figures 6.10 and 6.11).



Figure 6.10: CH3SiH2NCS 177

Molecular structure of CH'SiH NCS
(a) general view; (b) viewed-dlong bond from N to Si; and

(c) viewed along bond from C(H} to Si.
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Figure 6.,11: (CH3)2SiHNCS

Molecular structure of (CH3)2SiHNCS

(a) general view; (b) viewed along bond from N to Si
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CHAPTER 7: THE GAS PHASE STRUCTURE OF MONOMETHYLSILYL
CYANIDE '

7.1 Introduction

The electron diffraction studies of the structures
of methylsilyl isocyanates and isothiocyanates have
shown that there is a lengthening of the Si-N bond when
the number of methyl substituents on the silicon atom is
.increased. Also when the silyl group is attached to a
nitrogen28’92’126 or oxygenzs’lll’g5 étbm the Si-N
and Si-0O bonds are appreciably shorter than predidted
from the sum of the covalent radiial'ﬂ@ﬁ, and these
observations have been interpreted in'terms of (p-d}n
bonding between silicon and first row atoms. However,
although similar w~interaction between silicon and the
carbon of a cYanide group shouid be possible the observed

Si-C bond lengthslz?'128

are no shorter than would be
expected after making allowance for the effect of the sp
hybridisation of the carbon atom (see Table 7.1).

Table 7.1: Predictedﬁgi—c bond lengih from Schomaker and
stevenson'® and Pauling predictions/pm

Schoﬁaker/Stevenson Pauling Experimental
Si-N 180.2 187 169-172
Si-0 175.7 183 163-165
si-c? 187.7 187 182.5-185
si-cP 194 194 186-187

qith allowance for sp hybridisation, i.e. in cyanide or
acetylene compounds

bfor sp3 hybridisation, i.e. Si--CH3
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Thus the structural study of monomethylsilyl
cyanide should show whether the methyl groups have the
same effect on the Si-CN bbnd as they have on the Si-N
bond in isocyanates and isothiocyanates. Also there
is interest in the electron-withdrawing effect of the CN
group on the molecular structure and there exists the
possibility of bonding through nitrogen of the CN group to
form the isocyanide isomer. Some recent work on
(CH3)3SiCN129 by Durig et al suggested the presence of an
appreciable amount of the isocyanide at ambient tempera-
ture but a more detailed study by nmr130 and microwave
spectroscoplel has shown no isocyanide was present. It

was believed the rotational spectrum assigned to

‘isocyanide should have been assigned to (CH3)3SiCl.

Lastly the ampiitudes of vibrations are of
interest, when compared to related compounds as they can
be indicative of the shape of the molecule, and the bending

motion of apparently linear groups.

7.2 Refinement and Model

7.2.1 Model of CH,SiH,CN:

A subroutine was written which descfibed the atomic
coordinates in terms of five bond lengths, five bond
angies and one torsion angle. The bond distances were
the Si-CH,, Si-CN, C-H, Si-H and C=N; the angles were

SiCN, SiCH, HSiH, CSiC and the angle between the HSiH



181

bisector and the Si-CN bond. The torsion angle was
along the S5i-CH, bond, rotatihg the methyl hydrogens
with respect to the silyl hydrogens. The methyl was
assumed to have local C3v symmetry and a torsion angle
along the Si-CN was not necessary because the SiCN angle

in fact proved to be 180°.

7.2.2 Refinement of CH3SiH2CN structure:

The radial distribution curve (Figure 7.l1) shows
three main peaks: one at 120 pm containing the C=N and
C-H distances; one at 180+190 pm containing both Si—é
distances; and one at 300 pm containing S5i,..N and C...C
non bonded distances. Two smaller broader_peaks are |
present at 400 pm for C...N, and at 250 for the three
Si...H distances. Initially the heaviest atom bond
distances were refined and it was found that the Si-CH,
and Si-CN distances did separate and refine independently
~even though they are under the samé peak and just 3 pm
apart. Then the C:=N distance was refined to 116 pm.
There was some uncertainty whether the amplitudes of
the S5i-CN and Si—CH3 bonds should be refined separately
or constrained to be equal. However when refined
separately, they gave almost equal but high values with
large uncertainties, while when constraineé the values
were reasonable and uncertainties low. In subsequent

refinements the amplitudes were constrained to be equal;

The non-bonded amplitudes C...C and C...N both

refined to acceptable values, as did the Si...N and C...C,
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when constrained at various ratios from 0.60 to 0.75.
The ratio giving the lowest R-factor was then fixed in

all following refinements.

The positions of the methyl hydrogen atoms were
defined by'the angle HCSi (which refined to 110.90) and
the twist angle along the Si-C bond. The optimum twist
angle was obtained by varying the angle systematically
and noting the R-factor. The angle giving the lowest
R-factor was then taken as the oPtimum value providing
the parameters and amplitudes remained reasonable. This
method was also u;ed to find the bend angle of the SiH,

plane.

Allowance for (CH,SiH,),0:

When most of the refinement was complefe, there was
still a significant peak in the difference curve of the
radial distribution curve at 164 pm and a wave of
frequency 4 nm—l running through the intensity curve.
Since all the parameters had already been refined to
reasonable values this strongly suggested that another
compound was present which had not been allowed for in
the model program. The most likely impurity was
(CH3SiH2)20 which readily forms when the cyanide reacts
with any trace of air or moisture. Thus the model
program was modified to allow for a small percentage of
impurity by including the S8i-C, Si-0, S8i...Si and C...0O

distances. The radial distribution difference curve then lost
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Figure 7.1l: Observed and final difference radial
' distribution curves,,P{r)/r, for

CHBSiH2CN
P(xr)/xr
t ' S R s
100 300 500 700
r/pm '
Awf\. LAW "A‘\"MV N ‘_'h‘-f" /\V =

Before Fourier inveriion the data were multiplied
by s.exp [F0.000015 s /(ZSi~FSi)(ZC—FC)].
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Figure 7.2: CHBSiH2CN

(a) .

{ I A ] l[\\_//i\ /I\\\/}\//\\ I
40 'S R?lv \/280

A

P W a2 Va0 =N e = P
e Ve e S TN

E;/nm-l

Observed and final weighted difference molecular
scattering intensities at nozzle-to-plate distances
of (a) 128 and (b) 286 mm
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the peak at 164 pm, and the R-factor decreased for the
short distance plates, but increased for the long
distance plates. Therefore a second model was written .
only allowing for (CH4S1iH,},0 in the short distance plates
and this proved to give the lowest R-factor. Having
allowed for the impurity it was now possible to refine the
Si-H distance to an acceptable value although the

amplitude of vibration remained fixed.

The final parameters giving the minimum R-factor
'(RG‘= 0.07§EE¥ Ry = 0.069&%) are given in Table 7.2 and
the final radial distribution curves and intensity curves
are given in Figures 7.1 and 7.2. The errors are
estiﬁated standard deviations obtained from the least
squares analysis and increased to allow for systematic
errofs. Table 7.3 is of the least sguares correlation
matrix and Table 7.4 contains the nozzle to plate

distances, wavelength, and the s range for the intensity

curves, with the weighting points.

7.3 Results and Discussion

It is unfortunate that the electron diffraction data
for dimethylsilyl cyanide were not available to be
discussed in this chapter. A paper describing the
microwave spectrum of (CH3)2SiHCN64 only gave the Si-CN
bond length and the angle between the CSiC plane and
Si-CN bond, for which values of 184.Cgwand 123.97°

respectively were cbtained, assuming the C$SiC angle was

112.25°.



Table 7.2: Molecular parameters of CH,

(a) Independent parameters

H

H
= W N

C-H

oK

Ty C=N
Angle
Angle
Angle
Angle
Angle
Angle

%(CH331H

u

0o oo

Si-CH

Si-H
S5i-CN

92 I N U B (G T

6

=u
1 4
angle between HSiH bisector and Si-CN bond - see text

3

HCSi
HSiH
Csic
S1CN
TCH,
B(SiH,)
2) 2°

percentage of

Distance/pm

Angle/O

187.
108.
148.
183.

116

109
108

(b} Dependent distances

5(6)
6(7)
3(9)
9(6)

.7(4)
112.

5(14)

.0(fixed)
.8(7)
180.
39.0(fixed)?
55.5(fixed)?’
8.0(fixed)b

O(fixed)

angle by R-factor loop — see text

Distance/pm

d6 {C...H)
d7 {(Si...H)
d8 {(si...N)
dg‘(C...C)
dlo(c...N)

8tied to ug -

274.6(9)
250.1(17)
300.6(6)
302.1(10)
402.4(12)

0.7 # Uy

d

SiH,CN

2

Amplitude/pm

6.2(3)

7.8(£ixed)

11.4(9)
6.2 (tied to ul)c
3.7(3)

Amplitude/pm

(MeSin)ZO allowed for in short plates

13
18

.O(fixed)
LO(13)

5.7(3)
8.1(tied to u8)a

.5(14)
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Table 7.3: Least sguares correlation matrix x 100 for CH3SiHZCN

ry r, ry ry re
100 - -89 41
100 46 39

100
100 -43
100

r - bond distance
A -~ Angle

u - amplitude of vibration

Only correlaticons with values greater than 0.3 are included.

Al

32

100

A3 ul
56 -54
-72 50
100
100

31

100

100

-37

100

33

100

34

-57

41

100

33

45

-34

31

44

52

100

L8T



Table 7.4: Weighting functions, correlation parameters and scale factofs for MeSiH2CN

Distance- As Smin sl 52 smax Correlation Scale Factor
mm nm_l

285.73 2 20 40 120 146 : 0.0022 0.670(8)

128.36 4 60 80 320 . 348 0.1762 0.862(16)

Wavelength = 5.679 pm

88T
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In monomethylsilyl cyanide the bond distances for
C-H and Si-H and the angles HCSi and CSiC are at
expected values and do not warrant further discussion.
The Si-CH, distance (187.6(6) pm) in methylsilyl cyanide
was found to be slightly longer than the Si-C distance
in most other methylsilyl compcounds (about 186 pm),
but this is likely to be due to‘the high negative
correlation (see Table 7.3) between Si-CN and Si-CH,
bond lengths resulting in a separation of the distances
during refinement. Thus the.Si4CN bond length is

shorter than the same bond in SiHBCNl32, but is very

close to the bond length in (CH3)ZSiHCN64, although not
significantly shorter than predicted from the sum of the

covalent radii, with allowance for sp hybridisation of

the carbon atom.

Sincé the 2s orbital of carbon has a smaller radius
than the 2p orbitals, it would be expected that the greater
the s character of a hybrid orbital, the shorter the
internuclear distance, at which the best overlap and
- repulsion would occur in the o bonds. It has been
estimated that the single bond radii for a carbon atom in
the several states of_hybridisation are: sp3, 77 pm,
sp2, 74 pm and sp 70 pm. Hence at least part of the
decrease of the Si-CN with respect to the Si-CH3 must be
attributable to this effect rather than to any w-bonding.

Table 7.5 lists a number of compounds containing Si-C

bonds, with the C atom in sp3, sp2am15phybridised states.



Table 7.5: Si-C bond length for sp3, sp2 and sp hybridised carbon atoms

Method of
Hybridisation Si-C/pm Determination Reference
. 3
SlH3CH3 sp 186.7 ed 43
S1H,CH=CH,, sp? 185.3 ed 136
SiH3CECCl ~ sSp 181.2 ed 137
SiH3CECCH3 sSp 180.2 _ ed "~ 138
SiH;C=CH | sp 182.6 mw 128
' SiH;CEN sp - 185.1 ed 132
CH,SiH_C=N sp 183.9 ed This work
(CH, ), SHICN sp 184.0 mw :
(CH3)3SiC5N sp 184.4 ed 139

a . . . '
ed electron diffraction, mw microwave spectroscopy

1

06T
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As confirmation that the shortening of the Si-C bond is
due to the carbon orbital hybridisation rather than an
explanation involving (p~d) tbonding (as for Si-0 and Si-N
bonds), it is found that the decreasein the length of
Si-CH3 bond to Si-CN bond is quite similar to, although

actually less than, the decrease for the C-C bond from
42 133

CH3CH3 to CH3CN . The shortening is about the same
as that observed for the C-C bonds in isopropyl cyanide
(150.1 pm)134 and propane (152.6 pm)lBs.

Also noticeable from Table 7.5 is that the Si-Czbond
is much shorter in the acetylene derivatives than the
cyanide derivatives and this is believed to be because
the c¢yanide is a much stronger electron withdrawing group,
and so could decrease electron density in the Si-CN
" bond. Also the lengfh of the Si—CH3 bond does not
appear to be affected by the cyanide group as the distance

was found to be almost equal to the Si-C bond length in

102

4 {187.6(2) pm),

Si(CH3)

The effect of the methyl groups on the Si-CN bond
is not clear, but appears to be small. &as is shown in
Table 7.6 the bond in the methyl sﬁbstituted cyanides 1is
only 1 pm shorter than in SiH3CN and this, as explained
above, 1s quite likely to be due to‘the high.correlation
between Si—CH3 and Si-CN bond length during refinement,
exaggerating the difference which is not very significant
anyway. The lack cf influence of the methyl groups on

the Si-CN bond is in contrast to the situation in



Table 7.6: Molecular parameters of methylsilyl cyanides in the gas phasea

Si-H

Si-CN

HSiC»
SiCN>
5i-CH

3

Reference

5iH,CN

148.1

185.1

116.5

109.9

177.0

132

CH3SiH2CNb
148.3
183.9
116.7
112.5

[180.0] ©

187.5

This work

a,. , .
distances in pm, angles in degrees

b A : . .
structure without any vibrational corrections

“parameters in square brackets were fixed - the data for Me,SiHCN was from microwave
spectroscopy

(CH3)2SiHCN
[148.3]
184.0
[115.6]
t109.161
[180]
[186.7 ]

64

(CH3)3SiCN

184.4

1i7.0

187.1

139

b

6T
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methylsilyl isocyanates and isothioccyanates, in which
the addition of methyl groups lengthened the Si-N bond.
This was thought to be due to the decrease of (p-d)n
bonding, or through the methyl groups influencing the
preferred valence bond structure. The lack of change of
the Si-CN bond suggests very little (p-d)w bonding can

bé involved,

In all the cyanide compounds studied the =8 bond
length appears to be almost constant.and unaffected by

the methyl substituents.

Finally, the conformation of the methyl hydrogens
relative to the silyl hydrogens was found to be staggered,

as is shown in Figure 7.3.

Further work on methflsilyl cyanidés should include
the gas phase structure of dimethylsilyl cyanide which so
far has only beenlstudied by microwave spectroscopy64
which gave one bond length dependent on other assumed
parameters. Data have now.been collected, and the

structure should soon be known.



Figure 7.3: CH5SiH,CN 194

(a)

N

(b)

Molecular structure of CH3SiH2CN
(a) general view
(b) viewed along band from C(H) to Si
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CHAPTER 8: VIBRATIONAL, NMR,AND MASS SPECTRA OF METHYLSILYL
'PSEUDOHALIDES

8.1 Introduction

An essential part of the characterisation of a new
compound is a study of its vibrational spectra, and in this
work in addition to the gas phase infra-red spectrum, the
s50lid phase.infra-red and solid and liguid phase Raman
spectra have been recorded. For each compound it is of
interest to record the change in frequencies and the
changes in the relative intensities .for the three phases.
Also there are certain differences in position for the
equivalent'vibration'in the cyanide, isocyanate and

isothiocyanate,.

The assignment of the bands has been done by comparison
with the appropriate methylsilane, the pseudohalide acid, -

and also the trimethylsilylloo and silyl pseudohalidesgg’l22’

140’141. From all these it was found that the C-H stretches
were found between 2980-3000 cm_l, methyl deformations

at 1250 and 1380-1430 cm—l and the Si-H stretches around
2200 cm-l. The silyl deformations and methyl rocking
modes occur between 800-950 cm_l and tend to coverlap,
making distinguishing the modes more difficult. The $i-C
stretch in monomethyl derivatives was found at 760 cm” L,
and the dimethyl derivatives had two bands at 750 and 780
cm—l for the symmetric and asymmetric Si-C stretches. Also
the Si—-CH3 and Si-CN stretches appear £o be distinguishable,

with the Si-CN stretch occurring at a lower frequency.
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Between 600 and 400 cm © the SiH, rock, Si-N stretches,
and SiH, twist are usually found. The vibrations related
to the pseudohalide groups occur at 2200 cm_l for C=N
stretch (overlapping with Si-H stretch), the NCO
asymmetric stretch slightly higher at (2250 cm-l) énd
symmetric stretch at 1400 cm"l (overlapping with methyl
deformation modes), and for isothiocyanate at 2i00 and
1000 Cm—l. The bending modes of NCO and NCS are less

predictable but usually around 600 and 480 cm_l respectively,

Below 400 cm © the skeletal and methyl torsions are
expected and it is often difficult to make definite
assignments. Commonly the assignments of the pseudohalides
have been made easier by comparison with the spectra of the related
_isotopically labelled samples. However in more complicated
spectra, substitution of H for D merely shifts the SiD
deformaﬁions from overlapping with the methyl rocking

modes to overlapping with the Si-C and Si~N stretches.

The assignment of the bands in the gas phase is often
not clear because the bands are broad, containing rotational
detail in bands 20-30 cm_l wide. However when the sample
is observed in the solid phase, much of the broadening can
'be removed and the bands are mofe easily distinguished.

For example the NCO symmetric stretch and methyl asymmetric
deformation overlap in the gas phase in a broad band at
1400-1450 cm-l. Howevér-on freezing the sample the bands
sharpen and separate, giving the methyl deformation at

1 1

1420 cm - and the NCO stretch at 1450 cm -. Both bands are’

only 3-5 em ! wide. Similarly, between 800-950 em L in the
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solid the SiH, deformations and methyl rocking modes

2

separate to leave distinct sharp bands.

The infra;red spectrum was used in this work as an
indication of the purity of the sample. The usual
impurities were the bis(methylsilyl)ether, and the pseudo-
halide acid. Obviously there is a great deal of overlap
between the bands of the impurities and.the desired
product, but all the ether compounds have a band at
around 1100 cm-1 {(Si-0 stretch) and HCN a sharp Q-branch
at 714 cm-l, and HNCO-an N-H stretch at 3500 cm_l. None
of these bands coincides with the sample bands and can

be used to check purity.

By observing the nuclear magnetic¢ resonance spectra
one is able to confirm the predicted atomic arrangement.
‘For example’CH3CN can be prepared as either the .cyanide
or isocyanide and nmr spectroscopy should show if any
CH3SiH2CN exists in this form as well as the normal SiCN
arrangement. Also nmr can be used to confirm that the
methylsilyl isocyanate really is CH,SiH,NCO and no£

CH SiH(NCO)z, which would not be easily distinguishable

3

by infra-red spectroscopy.

Much erk has been done analysing the gas and solid
infra-red and Raman spectra of SiH3NCO and SiH3NCS to
decide if the SiNC group is bent or linear. If it is
bent the molecule will have Cg symmetry while if the group

is linear the mclecule will have Cay symmetry. Much of

the analysis is based on whether the NCO or NCS bend have two
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components, a' and a" for Cs_symmetry, or whether there

is one band for the degenerate e.mode for C,, symmetry.

In all the methylsiiyl molecules the symmetry will be at
most CS, whether the SiNC chain islbent or linear. However
it will be interesting to compare the splitting (if any)
for the symmetry species a' and a" with the splitting
found for other bent pseudohalides.- The infra-red spectrum
of solid SiH3NCO99 in various matrices shows the silyl
rock to have a doublet splitting of up to 34 cm_l and the
NCO bending mode splits by up to 27 om L. Although the
solid phase spectra of the methylsilyl pseudohglides were

not run in a matrix, in many cases it was possible to see

the splitting for the in and out of plane modes.

The Raman spectra are often found to be useful in
observing the low frequency modes which are often weak
in therinfra*red sPecﬁra but medium to strong in the Raman
spectra. In molecules with an inversion centre it can be
shown that a mode active in the infra-red will be inactive
in Raman, and if inactive in the infra-red will be active
in the Raman. For less symmetrical molecules fhere is not
the complete mutual exclusion of activity but often |
bands strong iﬁ the infra-red are weak in the Raman and
vice versa. For example the symmetric stretch of the NCO
group at 1450‘cm_l is weak in the infra-red but strong
in the Raman while the asymmetric.stretch of the NCO group,

particularly strong in the infra-red, is weak in the Raman.

' By studying the liquid phase Raman spectra one has an

additional aid in the assignment of bands, by observing
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whether the band is polarised or not. Totally symmetric
vibrations give rise to completely polarised Raman
lineswhereas the asymmetric vibrations give depolarised
lines. Hence if a piece of polarcid is put into the
scattered radiation first with its polarising axis at
right angles to the incident beam and then parallel to the
beam, the degree of polgrisation can be estimated by

noting how the intensity of the band changes.

For less symmetrical molecules, such as the methyl-
silyl pseudohalides under investigation, the polarised/
depolarised effect may be less pronounced but in many
cases a change in intensity can be observed. A symmetric
vibration gives rise to a polarised band that decreases
in intensity with the polarizing filter, while an asymmetric
vibration maintains its intensity. Fbr example the C-H
stretching region in all spectra showed two bands around
2970 and 2920 cm-l. The band to lﬁwer frequency was
polarised (changed intensity) and so waS'assignéd as
the symmetri¢ stretch, and the higher frequency band
assigned to an asymmetric stretch which actually contains

two components, a' and a".

The shift in vibratiocnal fregquency from the gas to
solid phase is in many cases indicative of intermolecular
interaction. The following spectra were all run after
annealing the samples, and this should allow the molecules
to align themselves according to any intermolecular
attractions that may exist. For example in infra-red

studies of SiH3CNl42 the SiCN chain was found to align by
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strong Si...N interactions resulting in shifts in the
Si-C band vibrations and an increase in the number of
Si-H stretching bands as the molecules aggregate and
molecules are constrained in different crystal sites in

the unit celll32.

As all the molecules under‘study were ohserved to
form relatively long spindle-like crystals on the cold
traps of the vacuum system, it would appear there are
considerable intermolecular attractions in these molecules
as well. The crystal structure of SiH3NCO33
has strong Si...N and‘also 8i...0 interactions,

resulting in short interatomic distancesbetween these

atoms.

The band shapes in the infra-red are significant and
can sometimes be useful in making assignments. An early
paper on the‘mono-methylsilyl halidesl43 described the bhand
shapes expected for these compounds. A vibration with a
dipocle change parallel té tﬁe axis with the greatest
moment of inertia gives a C-type band (Q branch), a vibration
with a dipole change parallel to the axis of intermediate
moment of inertia gives a B-type band (PR branches), and
lastly a vibration parallel to the axis of least moment
of inertia gives an A-type band (PQR branches). In fact
for Cs symmetry the band shapes may not'be completely clear
as two of the types wili mix. These will probably

be the B and C types.

Finally, the mass spectra of the pseudohalides are
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recorded. These are largely inconclusive because the mass-
spectrometer is not scrupulously dry and all the silyl
compounds react with any traces of moisture and air to
form the related ethers. However in most cases the parent

ion peak was observable.

8.2 Vibrational Spectra of Moncmethyl Silyl Cyanide

The infra-red and Raman spectra of CH3SiH2CN are shown
in Figures 8.1-8.4. The molecule was first prepared in

195682

but not fully characterised, and the proton nuclear
magnetic spectrum144 was published later. The molecule
beloﬁgs to the symmetry group Cq and therefore has l3a' and
8a" modes of vibration. The methyl motions should give

9 fundamentals, the SiH, motions another 6 and motions of
CSiCN should account for the remaining 6 vibrations.

The complete vibrational assignment is presented in Table

8.1.

The asymmetric C-H stretches are assigned to the bands
centred. at 3002, 2986 cmﬂl (a' and a") in the solid ir
and the symmetric stretch,usually lower in frequency, is
assigned to the band at 2930 cm_l in the gas phase.
Distinguishing between the Si-H stretch and the C=N stretch
is more difficult. In trimethylsilyl éyanide a strong
line at 2l§0 cm--l was observed in the ligquid phase Raman

142

spectrum, and in SiH3CN in a nitrogen matrix a medium

strong line at 2200 cm—l is observed, and these have -been

assigned to the C:=N stretch. Since one would expect the C:=N
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Figure 8.1: Infra-red spectrum of CH3SiH2CN in the gas phase
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Table 8.1: Observed fregquencies (cm_l) and assignments for
A monomethyl silyl cyanide

Raman Infra-red Assignment
Liguid Solid Solid Gas
3140
3000 vw,dp 3005 w 3002 w 2992 w (a"+a') v (C-H)asym
2985 w 2986 w a' v (C-H) sym
2935 m,p 2915 m 2930 w (a') v (C-H)sym
2246 s 2280 w
2225 br.m 2220 s 2209 s a'a"y(Si-H)asym & sym
2200 vvs,p 2195 vs 2198 m 2198 s alv(CEN)
2100 w,p 2093 m v{(C=N) in HCN
1650 w
1420 vvw 1425 w 1430 m 1430 mw a" CH3 asym def
- 1415 w 1410 mw a' CH3 asym def
‘ 1377 w
1265 m(p) 1258 w 1258 s 1271 m a' CHy sym def
'945m,dp 928 s 923 s 958 s a' SiH2 bend
878 m 870 vs 904 vs a" 8iH, wag
880 m a' or a" pCH4
765m,p 768 m 764 s 768 s a'y(Si-CH,)
743, w 738 s a' or a"_,pCH3
720s,p 723 vs 714 m 709 m a" SiH2 twist
‘ _ . 575 m
580m, p 518 s 522 vs 590 m a' (8i-CHN)
515w 506 w a' SiH2 rock
360 w{dp) 370 w 364 m 340 w,br CSiC bend
270 w,dp 283 m 284 m a" SiCN bend
160 m,dp 166 m a' SiCN bend
136 m
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stretching frequency ﬁo‘beireiatively inSensitiVe to the
substitution of a Hydrogen for a methylléroup, ‘the band
at 2198 cm-'1 in the solid infra-red sbéctrum i1s assigned
to this vibratibﬁiin Cﬁ;SiH2CN. 'This band is relatively
strong in the solid phase Raman, but weaker in the
infra-regt:_Thg_S;fﬁ_gt;chPes F?p_then Eg‘gﬁgigﬁgd to
the band at.ézgp fm:}_yh}cp iswge;y-sg;?ng in iqfra::ed
but onlyJPf_medigm intgnsitg ;n[the Eamgn: "Thgég y
frequencies are close Eg_;hgig:fqypd;f?;_ggb?r monomethyl
~5ilyi compoung§}4?.t

after much annealing_thgrbapd at 2210.cm T splits to two,

aIn the §Plid phase_infra-red spectrum

+*

equal intensity bands which could be the symmetric and
asymmetric mod?s_of the SiH2 group. However the separaFion
B o . PR N S R TR . . . o

of . 26 gm_l is perhaps rather high. For example.tpe
separation of the a' and ¢ modes for.SiH_3
.SiH3CN142 was 16 cmfl, A more likely assignment is that

-
4

stretches in

the bands are due”tg crystal splitting for molecules in

different sites of a crystal lattice.

' The relatively weak band at 2093 et only observed
~in thé solid infra-red and iiqdid'Raman ‘spectra is‘llkely
-Eo-be#due‘to the impurity HCN. This is é'common
decomposition product when the sample was left' at room
temperéﬁure;'aﬁd only becomes more evident -on annealing.

The asymmetric methyl deformations {(a' and a") are
assiéﬁed'%o the bands around 1415 cm *. These are weak
in the liguid phase Raman spectra and so one cannot
confirm their'assignméht'tb an’ésymmeiric vibrétioh‘by

observing the depolarisation. The band at 1271 cm_l in
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the gas phase is assigned to the methyl symmetric
deformation (a'). This band shifts to low frequency by
13 cm_l and sharpens in the solid phase, and appears to
be slightly polafised in the liquid phase, as would be

expected.

In the éas phase, the two strong bands at 958 and
904 cmdl and the shoulder at 880 cm-l are assigned to the
SiH, bend, SiH, wag and methyl rock respectively. When
the spectrum for the solid phase was observed the SiH,
vibrations shifted to lower frequency covering the methyl
rocking band. The polarised band at 765 cm_l is assigned
to the Si--CH3 stretch and does not shift significantly
between gas, liquid and solid phaées. The second methyl
rocking mode is assigned to the band at 738 cm—; in the
solid phase infra-red spectrum as a sharé band that is
hidden under the ‘broad Si—CH3 stretch in the gas phase.
On annealing the intensity of this band increases to equal
that of the Si-—CH3 stretching band. The sharp band at
709 cm"l in the gas phase is assigned to the SiH2 twist
and thié would be expected to be relatively weak in the
infra-red as it must involve only a small dipole change.
However in the Raman spectra this mode gives rise to a
very strong band at 723 cm_l in the solid and 720 cm-l

in the ligquid.

In the region 600-400 em™t only two bands were found

in the gas phase spectrum. The weaker band at 506 c:m-l is

assigned to the SiH2 rocking mode, after‘comparison with
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related methylsilyl compounds, e.d. (CH3)28iH2 470 cm-l,
. -1 . -1 .

CH381H2C1 510 cm —, CH381H2Br 495 cm and CH351H21

480 em + 143, This leaves the stronger band at 590 em™ 1

to be assigned to the Si-CN stretch. Comparison with the
solid infra-red and Raman spectra shows the intense band
~is now at 522 em™ 1 (see Figure 8.5) and it is suggested
that the large shift must be due to-constraining inter-
molecular interactions between adjacent methylsilyl
cyanide molecules. Similarly, there is a shift of the
$i-CN stretch in (CH),SiHCN (30 em 1184 when the sample
is frozen, coupled with an increase in intensity in the
infra-red spectrum. The strong Si...N interactions have
been observed in the crystal structure of SiH3CN in which
chains of Si-C=N...Si-C=N... link up, and give SiH,CN
certéin physical properties such as a high melting point
in the vacuum systems. Monomethyl silyl cyanide ' was

also observed to melt with some difficulty.

The shift of the Si-CN stretch to lower frequency
causes an overlap with the SiH2 rocking-band which is not
observed in the solid phase. However in the liquid phase
a decrease in the intermolecular attraction causes the
bands to shift to positions much closer to the gas phase
positions than the solid phase. The band at 580 cm-l was
found to be polarised and the band at 515 cm-l slightly
polarised, confirming the assignments of Si-CN stretch
(a') and SiH2 rock (a') respectively. The band at
575 cm—l in the solid phase infra-red spectrum decreased

in intensity on annealing and is probably an extra band
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assigned as arising from molecules in different crystal

sites,

Below 400 cm T the assignments are less certain.
Silyl cyanide has one band in this region at 246 cm—l
which can only be due to the SiCN bending motion, and this
has an overtone at 475 cm—l. For CH3SiH2CN one would
expect four bands in this region: the CSiC bend (a'),
two SiCN bends (a' + a") and one methyl group torsion.

In EP@ solig phase Raman spectrum of CH §E§2Cll45 a band

at 225 cm—-l was assigned to the CSiCl bend, and since

CSiC would be expected at higher frequency than this the
band at 340 cm™ ' gas phase is assigned to the CSiC bend.
Also the CH3 is probably very weak and not seen, leaving

1

the bands at 283 and 166 cm — to bé assigned to the SiCN

bends. These two bands average to 220 cm_l which is close

to the SiH,CN bend at 246 em™ Y. Lastly, the splitting

1

of the 160 cm — band in the solid phaée Raman spectra

is most likely due to intermolecular couplings.

In all spectroscopic studies of cyanides evidence for
the isocyanide has been looked for, e.g. CH3SiH2NC. None
has been found for this compound as it is thought that the
band at 2093 cm_l (often assigned to isocyanide) is due to
‘the impurity HCN present, In support of this is the sharp
band at 714 cm © (the HCN bend) and at 3308 cm ! (the

NC-H stretch).
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8.3 Vibrational Spectra of Monomethyl Silyl Isocyanate

The molecule should have Cg symmetry, and so the 10
atoms should give rise to 24 fundamentals{ 15a' and 9a” modes.
The methyl group hydrogen motions will take up 5a' and 4a",
while the SiH2 hydroéens taﬁe 3a' + 3a". The remaining
modes are heavy atom vibrations, with 4a' due to bond
stretches and 3a' + 2a" due to bending motions in and out

of the plane.

The one a" C-H asymmetric stretch is assigned to
the depolarised band at 2985 cm-l and the two a' C-H
symmetric stretches to the bands at 2900 and 2850 cm-l.
It is also possible the band at 2850 is a combination or
overtone band. The relatively strong band at 2400 cm_l
only observed in the gas phase infra-red spectrum, is
-probably the combination of the NCO asymmetrié stretch
and a low frequency bend, as a siﬁilar band was observed .
for (CH3)3SiNCO (but left unassighed)loo, and for
(CH;) ,SiHNCO (see Section 8.4). The NCO asymmetric stretch
is assigned to the very strong band at 2300 cm_l in the
infra-red which is weak in the Raman. This contrast in
intensities between the infra-red and Raman spectra is
found for all silyl isocyanates., The solid phase Raman
spectnm was found to gfve two strong bands 10 crn-l apart
at 2210 cm-l and these are best assigned to the symmetric
and asymmetric Si-H stretches. This leaves two more bands
above 2000 cﬁfl, one which is observed in the solid phase.

Raman spectrum at 2150 cm—l which could be assigned either

as a difference band, although this is unlikely for a
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Table 8.2: Observed bands in infra-red and Raman SPECEEa and
)

Raman
Solid

Liguid

2985 w,dp
2915 s,p

2310 w

2190 vs,p

1445 s,p

1258 m,p

S360mp
915
870
766
735
716

w,dp

w (dp)
m,p
m,sh,p
5,p

570
518 w,dp

250 m,dp

29890
2920

2290
2215

2205
2150

1452
1422
1402
1381

1250

957
900
872
770
730
706

603

540
520
470

245

m
m

w
vs

vs
W

3 £5 54

vw

m

145 vw

Abbreviations used:

Infra-red
Solid

2990 w

2900 w
2850. w

2295
2200

1450 s

1410 m
1255 s

955 vs
905 wvs
880
760
735
710

n 0 wnu n

605

550 vs
530 s

)]

245 w

Gas

3754
2986

2920

2400

2304
2188

2060
1457

1269
973

962
925
876
766

728
685
606

571
530

238

=

vvVs
vvs

1]

Swu n 8w

assignments for methylsilyl isccyanate (cm

Assignment

v(NCO) sym and asym
a" (C~-H) asym stretch

a'{(C-H) sym stretch

a'v(C-H) sym stretch
combination
a' vw(NCO) asym stretch

a"v(Si-H)asym stretch

a' v(Si-H) sym stretch
comb. y(NCO)+8SiH, twist
comb. NCO sym+NCO bend

a' NCO sym stretch

a'a" CH, deform.asym.
a' CH3 sym deform,.

. .
Sle bend

a
a" SiH2 wag

a" CH3 rock

a' 5i~C stretch
a' CH3 rock

a" SiH., twist
a" pCH3 rock
NCO beind
a
a

' §i-N stretch
' 8iH. rock
2 X CSIN bend

a" CSiN bend
2 X SiNC bend

s strong, m medium, w weak, v very, b broad, p polariséd,

dp depolarised, sh shoulder, asym, asymmetric, sym, symmetric.
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sample at 80 K or as a combinatjon band of the NCO
symmetric stretch and the SiH2 twist. The other band is
at 2060 cm_l and is assigned to the combination of the NCO

symmetric stretch and NCO bend.

In the gas and liquid phase one band is found at
1457 cm_l. However in the solid phase, the broad band splits
to‘give a band in the Raman spectrum at 1450 cm;l and much
weaker bands at 1422, 1402 and 1381 cm—l. The former is
assigned to the NCO symmetric stretch a' and the latter
bands as the methyl asymmetric deformations (a'+a") although
they are too weak to observe whether they are depolarised as
would be éxpected. However the band at 1258 cmml is clearly
polarised and assigned to the symmetric (a') methyl

deformation. This band sharpens on annealing and shifts by

J_5'cm_l to low frequency in the solid phase.

The three bands between 800 and 1000 cm-l are assigned

b

to the SiH2 bend and wag and one methyl rock, and the

relative intensities in the infra-red and Raman compare

99,122,146

well with the SiH3 deformations in SiHBNCO and

the methyl rocks in (CH3)3SiNCOlOO. The assignment is
then: SiH, bend at 960 cm™ Y, the SiH, wag at 915 em L and

the methyl rock at 870 cm .

Unfortunately the polarisation
data are unclear because the band at 950 cm_l is broad

but the methyl band does appear to lose intensity with the
polariser filter sco is assigned to the out-of-plane rocking

mode (a").
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The Si-C stretch at 766 cm“l appears to vary very little
for all the methylsilyl compounds, and stays constant in the
three phases. The band at 735 cm—l, cnly observed in the
liquid and solid phases, is likely to be in-plane methyl
rock (a'). The last band above 700 cm_l is then the very
strong band in the sclid phase Raman spectrum at 716 cm—l
which shifts to 728 cm-l in the gas phase, and is assigned
to the SiH2 twist, even though the band appears to be

polarised {(a') and the twisting mode would be expected to

. be a:ll.

Since the molecule has CS symmetry the NCO group should
have two bending modes (a' + a"). For SiH,NCO and
(CH4) 4SiNCO in the gas phase (C3v symmetry) the NCO band
is_aﬁ 620 cm-l and medidm intensity in the infra-red but
_weaker in the Raﬁan. A similar band is found for‘
CH3SiH2NCO at 606 cm_l in the gas phase which is sharp and
strong in the solid infra-red, and weak in the Raman.
Phenylisocyanatel47, which has C, symmetry, has two NCO
bending modes assigned to bands at 569 and 632 cm_l. Hence
if the band positions are similar in CH3SiH2NCO the sécond

NCO bend should overlap with the very strong 8i-N stretching

band centred at 550 cmul and is unlikely to be seen,

Between 5300 and 600 cm-l the two bands that are
observed are assigned to the Si-N stretch and SiH2 rock;
both a' species. The Si-N stretching vibration is relatively
strong in the gas phase infra-red but has greatly enhanced
intensity in the solid phase, and shifts by 20 cm-;l to

lower frequency. This must be because of strong intermolecular
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interaction, between S5i and ¢ and N atoms in adjacent
molecules allowing linking of SiNCO chains. The drop in
frequency is identical to that found for SiH3NCOl46, which
has already been studied in the crystal state by X-ray

33 and the close Si...0 and Si...N contacts

diffraction
observed. The weaker band at 530 cm_l is assigned to the

SlH2 rock.

This leaves only two bands below 400 cm-l. The

strongest is at 245 cm-1 and appears to be depolarised.
Since the SiNC bending frequency for SiH3NCO and (CH3)3SiNCO
is found below 100 cm ¥, this band is most likely to be the
CSiN bend. 1In (CH3)3SiNCO the 5iC; asymmetric and symmetric
deformations are assigned to bands at 278 and 246 cm_l
respectively so this assignment does not seem unreasonable,
"The very weak band at 145 cm-l, only observed in the solid
phase Raman spectrum, could be the first overtone of the
SiNC.bend._ When SiH,NCO was studied in the gas. phasé in

the far-infra-red region98 two bands were observed at 64 and
134 cm_l, and so if this assignment 1is correct one can
predict the SiNC bending fundamental of CH;5iH,NCO to be

at about 72 cm-l. ‘

The full table of bands observed and their assignments

is given in Table 8.2, and the spectra are given in

Figures 8.6 to 8.9,
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8.4 Vibrational Spectra of Dimethylsilyl isocyanate

The molecule belongs to the point group Cs, and so
from group theory one can predict that the molecule
should have 19 a' and 14 a" modes of vibration. The
methyl group motions should give rise to 18 of the
fundamental modes, 6 of them are C-H stretch, 10 are
deformations and rocking modes, and 2 are torsions along
the Si-C bonds. The Si-H group should have 1 bond
stretch and 2 bending modes, and the heavy atom skeleton
should give rise to 12 modes, 5 bond stretches, and 7

modes assigned to bends, deformations and torsions.

The spectra that were obtained are shown in Figures
8.10 to 8.13 and the band positions and assignments are

given in Table 8.3.

The C-~H stretching bands are relatively strong in the
infra-red énd éaman spectra, and the assignments are the
asymmetric stretches (2a' + 2a") to the bands at 2983 and
2918 cm_l, with the weaker band at 2862 cm_l assigned
to-the symmetric stretches (a' + a"). The characteristic
NCO asymmetric stretch, strong in the infra-red and weak
in the Raman '~ is assigned to the band at 2270 cm_l,
and the Si-H stretch is found 100 cm-l lower in frequency

at 2172 cm-l in the gas phase, and slightly lower still in

the so0lid phase.

In the region 1400-1500 cm—l only one broad band is

observed in the gas phase, infra-red, but in the solid phase
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Table 8.3: Observed frequencies (cm_l) and assignments for
dimethylsilyl isocyanate

Raman
Ligquid Solid
2970 m,dp 2965 m
2910 vs,p 2900 m
2860 vw
2255 wvw
2160 vs,p 2155 wvs
1437 vs,p 1444 s
1400 w,dp 1410
1262 m,p 1260 m
1254 w
910 w,dp 912 w
890 w,p 890 m
840 w,p B52 w
777 m,dp 784 m
752 m,p 750 m
710 m,p 709 m
690 vvs,p 682 vvs
632 m,br,dp 640 m
620 w,m
550 s,p 540 s
277 m,dp 274 m
255 w,dp 259 m
222 s,dp 222 s
Abbreviations:

Infra-red
Solid Gas
3720 w
2981l m 2983 s
2918 w
2862 w
2360 vs 2383 s
2257 s,bxr 2270 vs
2171 wvs 2172 vs
1446 m 1451 m
1434 m
1400 m
1386 w
1258 vs 1269 wvs
1252 vs
919 s 917 s
900 s 901 wvs
850 s 845 s
780 s 780 s
750 s 750 s
706 w 710 m
682 m 685 s
635 m 625 s
609 s 610m,sh
600 s
551 s
544 s 563 s
510 w
424 w
274 m
256 m 255 w

Assignments

asym+sym NCO stretch
a'+a"C-H asym stretch
a'a"C-H asym stretch

a'+a" C-H sym stretch
NCO asym +I.F. bend

a' asym NCO stretch
a' Si-H stretch

a' sym NCO stretch
a“CH3 deform asym

aasym CH3 def
aasym CH3 def

a' sym CH, def

CH3 rock

CH3 rock

Si-H bend

Si~-C asym stretch

-

S5i-C sym stretch

CH3 rock

CH3 rock

" 8i-H bend
NCO bend
NCO bend
2 x 274

a' 8i-N stretch
2 X 256

O L I O N I I

a' SiC2 scissors
a" CSiN bend

a' C8iN bend

s strong, v very, m medium, w weak, p polarised, dp depolarised,

asym asymmetric,

sym symmetric,

sh shoulder, br broad.
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en annealing this splits into four sharp but relatively
weak bands. Thé liquid phase Raman spectrum has a very
strong polarised band at 1437 cm-l, and a weaker band at
1410 cm_l. From the position and intensity of the Raman
band at 1437 cm-l, this is assigned to the NCO symmetric
stretch (a') and the lower frequency bands at 1434, 1400
and 1386 cm ' to the methyl asymmetric deformations.
These appear to be depolarised, although should contain
polarised bands as well (3a' + 3a"). The contrast between
the intensity of the symmetric NCO stretch which is strong
in Raman but weak in the infra-red, while the asymmetric
. NCO stretch is weak in the Raman but strong in the infra-

red was noted in CH3SiH2NCO and SiH3NCO.

The dimethyl silyl compounds ﬁould be éxpected to
have two symmetric methyl deférmations (a' + a") and in the
solid pﬁase infra-red and Raman spectra these bands are
discernible at 1258 and 1252 cm—l. In monomethyl silyl
compounds, the_SiH2 deformation bands are more intense
than the methyl rocking modes in the region 1000-~750 cm_l.
However for dimethylsilyl compounds the methyl modes
appear to be relatively more intense, and obviously there
are fewer Si-H related vibrations. The bands at 917 and
901 cm-l depolariséd and polarised respectively, are
assigned to the two methyl rocks (a' + a") and the Si-H
‘band (a') is assigned to the band at 845 cm_l. A band
at the same frequency was found in the spectrum of
SiH(NCO)3¥%8 which has no methyl rocking‘modes to confuse

the assignment. All these bands are relatively weak in the

Raman spectrum. The asymmetric and symmetric Si~C stretches
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are assigned to the bands at 780 and 750 cm_l and show no

significant shift on change of the phase.

The assignment of the bands between 720 and 600 cm_1

is not so straightforward. The vibrations with bands in
this region are two methyl rocks (a' + a"}, the out of
plane Si~-H bend (a") and the bending modes of the NCO
group (a' + a"). What is observed is a very strong Raman
band at 690 cm_l and three medium to weak bands at 710,

642 and 620. The infra-red solid phase spectrum also has
an extra band at 600 cmfl. The strong Raman band at

682 cm-l can be assigned to the in plane methyl rock

{a') by comparison with spectra of dimethylsilyl halides149
in which the methyl rock is stfong in the Raman but weaker
in the infra~-red. The second methyl rocking mode (a") is
then aséigned.to the weaker band at 706'cm—}, and the Si-H
bend, normally weaker than the methyl rock, is assigned

to the band at 640 cm T in the Raman solid, and 625 —

in the gas phase. This leaves one remaining band at 610 crn-l
in the gas phase infra-red,which splits to give two equal
intensity bands in the solid phase. The separation of
these bands (89 cm-l) is reasonable for the assignment as
the two modes of the NCO bend (a' + a"), to be made. 1In
the Raman spectrum the NCO bend is characteristically weak,
and only cbserved in the solid phase. The polarisation

data for the bands in the 600-700 cm_l region are

consistent with the assignments made.

Finally, the relatively strong band at 544 cm_-l would
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be expected to be the Si-N stretching vibration and the
polarisation data support this assignment. The shoulder
at 551 cm_l could be the overtone of the band at 274 cm_l
and has enhanced intensity by Fermi resonance with the
Si-N stretching fundamental.r The interaction will also
cause a shift to higher frequency away from the Si-N band.
Also the band at 510 cm“l could be an overtone of the band
at 256 cm-l.

Below 306 cm-l three bands are observed in the.solid
and liguid Raman spectra. One would expect three bends
at silicon in this region, plus the‘methyl group torsion
(a") which is usually very weak. These deformations are
the CSiC scissors' bend(a') and two CSiN bends (a' + a");
the two a' components would probably mix and be well
separated so the middle band is likely to be the a" mode.

Hence the assignment is SJ'.C2 bend at 277 cm—l, the a"

CSiN bend at 255 cm * and a' CSiN bend at 222 cm Y. No

bands were observed that could give any indication of the
frequency of the SiNC bending fundamental, although since
no band was found above 150 cm—l, the fundamental must

l. In (CH3)3SiNCOlOO this is observed

98

be less than 75 cm
at 37 cm—l with an overtone at 84 cm_l, and for SiH4NCO
the fundamental is assigned to a band at 6¢L"c1't'l-l which is

only found in the gas phase spectrum.
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8.5 Vibrational Spectra of monomethylsilyl isothiocyanate

The molecule has the samé shape and atomic arrangement
as CH3SiH2NCO and hence will have the saﬁe number of
fundamentals. The spectra obtained are shown in Figures
8.14 to 8.17 and the band positions and assignments are

given in Table 8.4.

The C-H stretching modes assigned to bands at 2988
and 2928 cm—l'are particularly weak in the infra-red
spectra partly because the pressure achievable in the gas
cell is low because of the compound's low vapour pressure.
Also weék C-H bands seem to be inherent in isothiocyanate
derivatives as (CH3)3SiNCSlOO and (CH3)28i(NCS)2148 are
reported to have weak bands. The band at 2583 cm_l is
characteristic of silyl isothiocyanates énd assigned as a

combination band of the Si-N stretch and the NCS asymmetric

stretch.

In the solid and liquid phase Raman spectra, the Si-H
stretching band at 2200 cm_l is broad and very strong,
while in the solid phése infra-red, the band is sharp and
weaker, splitting by 12 cm_l on annealing. This split
must be the symmetric and asymmetric Si-H stretching
bands (a' + a"). A single broad band at 2080 cm_l in the solid
and liquid phasé is assigned to what is commonly termed
the asymmetric NCS stretch, although it is mainly the N=C
vibration. In the gas phase this band appears as a doublet
at 2090 and 2036 cm-l. This band shape must be because of

the overlap of the NCS asymmetric stretch fundamental and the
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Figure 8.14: Infra-red spectrum of CH SiH,NCS in the
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Table 8.4: Observed frequencies (cm-l) and assignments for
' spectra of monomethylsilyl isothiocyanate

Raman - Infra-red Assignmént
Liguid Solid Solid Gas
2980 w,dp 2970 m 2967 vw 2988 w a" C-H stretch(asym)
2910 m,p 2910 s 2928 w a' C-H stretch(sym)
2530 w 2583 w "V (Si-N}+y(NCS)asym=2543
2299 w
2204 w
2200 vvs,p 2200 vvs 2192 s 2194 s a'a” Si-H stretch
2080 m 2080 vs 2093 vs 2090vvs a' NCS stretch (asym)
1990 w 2036v¥vis 2y (NCS) asym
1415 w 1405 w 1410 w
1370 w a'a" CH, def asym
1344 w + sym
1260 m,p 1251 m 1254 m 1271 m a' CH3 def (sym)
1010 wvs,p 998 wvs 1030 m a' NCS stretch (sym)
955 m,dp 958 m 959 m 960 s a' SiH, bend
: 945 w 948 s
933 s
895 m,dp 901 w 895 vs 910 vs a" SiH2 wag
‘ 884 m
850 w,p 868 m 865 vs 875 m a' CH, rock
765 vs,p 753 wvs 759 s 763 m a' Si-C stretch
. 735 m a" CH3 rock
725 w
710 s,dp 711 s 714 m 721 m a" SiH2 twist
518 m,dp 514 m 519 m a' SiH2 rock
(505 m}
2;2 m " 477 w : ~ {a' or a" NCS bend
m,s 499m,bx(
470 s,p 431 s’ 453 s ’ (a' Si-N stretch
.250 m,dp 251 m a' CSiN bend
156 vw 2 x SiNC bend
Abbreviations:

s strong, v very, m medium, w weak, br broad, p polarised,

dp depolarised, asym asymmetric, sym symmetric, sh shoulder.



236

overtone of the NCS symmetric stretch. The eﬁhanced
intensity of the overtone must be due to Fermi resonance,
which also causes a separation of the bands. The inter-
action giving enhanced intensity is greatest when the
fundamental and overtone are close in frequency. Hence

in the solid phase, when the NCS symmetric stretch decreases
by 32 cm—l to 998 cm_l the separation between the overtone
and asymmetric stretch will be increased and the Fermi-
resonance effect decreases, giving rise to a single band

at 2093 cm_l, and a weak (unenhanced}) band at 1990 cm_l.

The symmetrical (a') and asymmetric (a") methyl
deformations are assigned to the bands at 1254 and 1410 cm_l
respectively, and this is supported by the polarisation

data.

In the gas phase the "symmetric" stretch which is
mainly a C=$ stretch of the NCS group is assigned to the
"band at 1030 cm_l,Awhibh is of medium intensity in the
infra~red‘but very strong in the liguid Raman spectra,
while in the solid phase no band is observed in the infra-
red but in the Raman the band is strong and shifts to

998 cm_l. These positions and relative intensities agree

well with the data published for SiH,NCS'!® ana for

(CH3)3SiNCSlOO, but the infra-red data for (CH3)3SiNCS
from reference 148 do not agree with those from reference
100, in that the NCS asymmetric stretch is listed as very
weak and the symmetric stretch as very strong, which is

opposite to referencellD and the observed spectra of

CHjSinNCS.
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. The bands between 800-1000 cm-'l are easily assigned

to the SiH2 bend (a') at %60 cm_l

, the SiH, wag (a™)

at 910 cm—l and a methyl rock (a") at 875 cm-l, although
the 960 crn_l band is not strongly polarised. The Si-C
stretching vibration (a') is assigned to the strong
polarised band at 760 cm © and the SiH, twist to the
broader depolarised band at 721 cm_1 in the gas phase and
710 cm—l in the solid phase; the shift in frequency

with phase is as found for CH381H2CN and CH3SiH2NCO.

A second methyl rocking motion is assigned to the medium

1

intensity band at 735 cm ~ only observed in the solid phase

- Raman spectrum.

Below 700 c:m-l bands for the SiH2 rock, the Si-N
stretch, and possibly two NCS bending motions are expected.
The gas phase spectrum has one single broad band centred
at 499 cm-'l which splits to three bands in the solid and
liguid phases. The assignment is complicated by the
disagreement that exists over the position of the Si-N
stretch and NCS bend in SiH3NCS and (CH3)3SiNCS. Durig
et a1'%° assigned Si-N.in (CHj) ;5iNCS to 481 cm * and NCS

bend to 430 cm_l, while more recent workl48 has reversed

the assignments with the stronger infra-red band at 438 cm—l

assigned to 5i-N, and 483 cm_l assigned to the bend. There

is similar disagreement over SiH3NCS, with one assignmentll5

of a weak band at 425 cm—'l {gas) to the NCS bend and the

L to the 5i~N stretch,

medium intensity band at 502 cm
and another group122 after comparison with matrix isolated

labelled samples, disagreed and reversed the assignment.
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The assignments made for CH3SiH2NCS in the light of the
frequencies in SiH,NCS and (CH3)3SiNCS are (in the solid
phase) the SiH, rock to 514 cm_l, NCS bend to 476 cm-l
and Si-N stretch to 441 cm-l. The Si-N stretch is in most
cases stronger than the NCS bend.in infra-red and Raman,
and usually shows a significant shift from gas to liquid
to solid phase. BAlso the Si-N stretch should be polarised.
The strongest band in this region is at 499 cm"l in the
gas, 470 cm T in liquid, and 441-453 cm * in the solid,
and is polarised. Hence the assignment seems reasonable.
The NCS bend is then assigned to the weaker band at

476 cm—l and the remaining band at 514 cm_l assigned to
the SiH, rock. It is possiblé that the shoulder at

456 cm_l only found in the solid phase Raman spectrum::

could be the second NCS bending mode.

Finally, a likely assignment of the 250 c:m"l band
found only in the Raman spectrum, is to the CSiN bend
(a') and the lowest frequency band at 156 cm_l could

be an overtone of the low frequency bend of SiNC giving

an estimate of the fundamental of 78 cm-l. This would

compare well with Durig's observation for SiH3NCS115 of

a weak band at 157 cm-l in the Raman and the fundamental

at 67 cm-l.

8.6 Vibrational Spectra of dimethylsilyl isothiocvanate

This molecule should have the same point group and

number of modes of vibration as dimethylsilyl iscocyanate.
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The infra-red and Raman spectra are shown in Figures
8.18 to 8.21. The gas phase spectrum is relatively weak
because the compound has a very low vapour pressure, and
it was impossible to introduge more material into the
gas cell. To achieve more intense bands it would be
necessary to run the épectnmlwith a longer path gas cell.
The complete vibrational assignment is presented in

Table 8.5.

Only one C-H band is observed that could be
assigned to the asymmetric stretches (2a' + 2a“} at
2980 cm_l and the symmetric stretches (a' + a") are assigned
to the band at 2920 cm_l. The medium intensity.band at
the next highest frequency (2170 cm-l) is eaéily assigned
to the Si-H stretch (a'), and‘the broad band at
2060 cm"l is assigned to the asymmetric NCS stretéh. It
is surprising that the same band in (CH3)3SiNCS is
reported in reference 148 to be very weak but in reference
100 to be very strong. The Si-H stretch is clearly
polarised as expected, but the data for the NCS stretch
are not clear. The additional band just below 2000 cm-l

is best assigned to the overtone of the NCS symmetric

stretch.

The asymmetric methyl deformations are assigned to-
the infra-red bands at 1434, 1409, 1399 and 1372 cm—l, and
the symmetric methyl deformations to the sharp bahd at
1254 cm-l, which showed no sign of splitting to its a' + a"
components. A characteristic shift of 10 cm-l is found

for this deformation vibration from the gas to solid phase
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Figure 8.19: Infra-red spectrum of

(CH3)2SiHNCS in the solid phase
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Table 8.5: Observed frequencies (cm_l) and assignments
for dimethylsilyl isothiocyanate

Raman Infra-red Assignment
Ligquid - Solid Solid Gas
2980 w,dp 2980 m 2967 m 2980 w a" C-H stretch (asym)
"2920 s,p 2920 s 2906 vw a' C-H stretch (sym)
2530 Si-N + NCO Stretch(asym)
2185 m,p 2190 m 2180 s 2170 m a' 8i-H stretch
2080 m(p) 2090 s 2100 vs 2060 vvsa' NCS stretch (asym)
1995 m 1995 s 2 x NCS (sym)
1949 m -
1432 w 1434 w 1430 vw a"
1400 vw,dp 1409 w a' CH3 def (asym)
1400 w 1399 w a"
: 1372 vw a'
(1340 vw)
1265 w,p 1252 w 1254 s 1265 a',a" CH, def ({(sym)
1000 s,p 994 s 996 m 1010 w a' NCS stretch (sym)
952 w 951 m 967 w 2 x NCS bend
905 vw,dp 903 w 202 s 902 s a" CH3 rock .
875 vw,p 872 w 871 wvs 880 vs a' CH3 rock
845 w,dp 842 W 842 s 840 s a' Si~-H bend.
785 w,dp 782 m 783 s 775 m a" Si-C stretch (asym)
748 m,p 745 s 744 s 744 m a' Si-C stretch (sym)
715 vw 710 m 711 vw 705 w a" CH, rock
670 vs,dp 670 vs 6692 s 660 m a' CH; rock
640 w,dp 632 m 631l m 630 w a" Si-H bend
482 w 480 m 475 m NCS bend
452 g,p br 440 ' 444 vs 445 m Si~N stretch
275 m,dp 272 m 270 m a' S8iC, scissors
251 m a" C8iN bend

212 m,dp 212 m a' CSiN bend
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which is believed to be a result of crystal packing and

intermolecular interactions. The spectra show one band

1 (996 em™t in solid) and one at 967 em

at 1010 cm
(951 em™ ! in solid). Since the NCS stretch is usually weak
in the infra-red and strong in the Raman, the higher
frequency band is best assigned to the NCS fundamental,
leaving the band at 967 cm-l assigned as an overtone of

the fundamental at 475 cm-l. The two methyl rocks

expected around 900 cm"l are assigned to the bands at

902 cm 1

(a") and 830 cm_'l {a'), and the less intense band
at 840 cm_l is assigned to the Si-H bend. Since it is
polarised it must be the in;plane a' mode. The bands at
784 and 748 cm“l are clearly assigned to the asymmetric
and symmetric Si-C stretches in close agreement with

SiHCN72 and (CH3)2SiHNCO. The relative intensities

1

(CH5):y
of the two methyl rocking modes expected arcund 700 cm
are usually found to be very different, and this

assignment attributes the -strong polarised band at 670 cm_l

1 to the a"

to the a' mode, and the weaker band at 710 oem
mode. The third band in this cluster at 630 cm-l and
depolarised is the ocut of plane (a") Si-H bend. The discussion
over the reversal of Si-N stretch and NCS bend vibration
frequencies in 8.5 also applies in this section. The position
and intensities in the infra-red and Raman are the same as

in CH3SiH2NCS, except in the gas phase the Si-N and NCS

modes are distinguishable. Hence the assignment is of Si-N
stretch to the band at 445 cm-l and NCS bend Eo 475 cm_l.

Again the relative intensity of the Si-N stretch in the

solid phase infra-red spectrum is greatly increased to become
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the strongest band in the spectrum, and the enhanced
intensity is attributed to strong Si...N and Si...O
interactions in the solid phase. Future X-ray diffraction

studies could confirm these predictions.

Below 300 cm-l the assignments can only be tentative
but the bands present are at similar frequencies to those
found in the spectra of (CH3)2SiHNCO. Hence the

assignments are 270 c:m-l to SiC2 scissors (a'), 251 cmml

1 to the second CSiN bend

to CSiN bend (a") and 212 cm
{({a'). These assignments are made despite not agreeing
with the polarisation data which are often unreliable

for skeletal deformations.

There is no band at a low enough frequency toc be the

overtone of the SiNC bending mode.

8.7 Assignment of Infra-red and Raman Spectra

The assignments of the spectra and the justification of
these assignments have been included in Sections 8.1 to 8.5
and in this secticn there is a discussion on the positionsof
the bands, noting certain trends that have been observed
while some motions appear unchanged in the different
compounds and in different phases. Included in the
discussion are the daté for (CHB)ZSiHCN taken from reference

64.

The C-H stretches are vibrations that do not show any

significant change in the six methylsilyl compounds under
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study. Similarly the methyl deformations between 1380~

1420 cm-l are constant. This is not surprising since these
motions are almost entirely hydrogen movement and the

silyl substituent will have little influence on the
vibrational frequency. The only C-H vibration that does have
a constant shift from solid to gas phase is the\symmetric
deformation of the methyl groups. Table 8.6 gives
frequencies in the two phases of the three pseudchalides.

Table 8.6: Methyl symmetric deformation frequencie_sa (cm-l)

CN NCO NCS
CH3SiH2 1271-1258 1269-1250 1271-1251
(CH3)ZSiH 1264-1263 1269-1260 1265-1252
1248 1254 :
(CH3)3Si . 1262~1259 1262-1257

agas phase position given first

As can be seen from the table, the shift varies from
about 20 cm_l to 15 cm—l to 5 cm—-l for mono-, di- and
trimethylsilyl derivatives respectively. The shift is
attributed to the constraint of the molecule by inter-
molecular interactions which are likely to be most
significant in the monomethyl derivatives and hghce give

the largest shift in vibrational frequency.
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The frequencies of the SiH, bend (scissors) vibration
show only a small shift for the isocyanate and isothio-
cyanate but is quite large for the cyanide (35 cm—l).

This may again be an artifact of the arrangement of the
molecules in the unit cell of the crystal, and suggest that
the SiH2 is more influenced by adjaceht molecules in
CH3SiH2CN than CHBSinNCO or CH3SiH2NCS. Comparison

with the crystal structures of SiH4CN and SiH3NCO
indicates that the cyanide is linear chains of SiCN

linked Si to N, while the SiNCO chains are arranged in a
zig—-zag pattern. And so assuming the crystal structure of
the methyl derivatives is similar to the silyl compounds,
the SiH, group will be constricted more by the linear
chains of SiCN than SiNCO chains. Theré is however a
change in frequency with phase oflthe SiH2 wag (a") in all

three derivatives, suggesting that this motiocn is influenced

by adjacent molecules in the crystal structure.

In contrast, t