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CHAPTER I INTERFEROMETRY - THEORY AND PRACTICE

11 Introduction

The study of far-infrared spectra by interferometric
methods is a fairly recent development, although the theory
has been known for over sixty years, It is probably true
to say that the chemical spectroscoplst has not yet

accepted the interferometer as an every day tool,

Defining the far-infrared region as those frequencies
between 375 cm ™~ (KBr cut.off) and 10 em™* (1 mm), there
are a number of reagons why thls region has not been
extensively explored, The most important reason is due
to the fact that no source adequately emits in this region,
A black body radiator has the energy-wavelength distribution
shown in figure [1,1]. The far-infrared part of this curve
is shaded, The minute percentage of far-infrared radiation
emnltted by a black body means that the avallable energy in
this region must be used as efficiently as possible, This,
until recently, has unfortunately not been achieved, It
was not until 1947 that Golay} invented the detector that
now bears his name, The limitation on the detectivity of
the Golay detector is set by the intrinsic noise of any
device operating at 300°K, The liquid helium bolometer

which operates at 1+5°K is a far more gsensitive detector



but is not generally available, Besldes the lack of
suitable detectors the poor use of the mvailable energy was
dueizhe absence of good and suitable dispersive materials
for use in prisms, TFortunately rock salt crystals could
be found naturally but this only allowed spectra to be
measured down to 650 em™ . Only in 1930° were the firet
synthetic crystals of potassium bromide made, extending

the spectral region down to 375 em™ .

The alternmative method of dispersion to the prism is
the grating., The first one for use 1n an infrared
spectrometer was made by WWood and Trawbridge in 19103.

There is a distinct energy gain with a grating compared

to a prism, For instance at 1000 cm ~ & 2,500 lines per
inch grating has six fold energy gain compared with a 60°
NaCl prism, When the lerton screw for reproduction of
gratings became avallable it was inevitable that grating
instruments would replace prism ones except for the simplest
applications, ¥ven allowing for the energy galn ohtained
using a grating it can be shown that slit spectrometers do
not use this availeble energy in the most economical mammer,
In fact the lower the frequency of radiation considered

the lower is the light grasp of a prism spectrometer,

By light grasp we mean the relative guantity of radiation
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from a source, as measured by the product of source area
and s0lid angle cubtended by the source, which each
spectroscopic system can transmit to a detector for the"
same spectroscopic resolution, A grating spectrometer
has a slightly higher 1light grasp than a prism instrument
but is still not a great deal more efficient, Because of
the unsatisfactory nature of the prism and grating
spectroneter in the very far -infrared othér types of
spectrometer have been sought as an alternative, One
alternative that has proved particularly successful 1s
the Michelson interferometer, The first spectrum of.
chemical interest obtained with an interferometer was
published in 1956‘. Thus we see that the raison d'etre

for the application of interferometry to the study of the
far-infrared region was the inadequacy of the slit
spectrometer in this region; the advantages of the
interferometer over the slit spectrometer will be given

later,
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1.2 Brief history of interferometry

In 1891, Michelson? showed that the intensity at
the detector of a two beam Interferometer of variable
path length is the cosine Fourier transform of the
spectrum emanating from the source, It follows that
the cosine Fourler transform of the interferogram should
yield the spectrum itself, Interferogranm is the
conventional name for the plot of intensity of radiation
falling on the detector versus the path difference
between the two beams in the interferomecter., Generally
the celculotion of the Fourliepr transform required to
yield all spectral elements 4is prohibitively long and a
computer is really necessary, It is for this reason that
Michelson only used the interferogram to resolve the fine
structure of certain spectral lines in the visible part
of the spectrum, Although his calculations did not yield
the exact position of the particular bend studied, they
did indicate whether the band had structure or not, The
first far infrared spectrum obtained 1nterferometr1cally‘
was calculated by Rubens and Wood? although it is probable
that they did not realise the full significance of their

work.

Present day interferometry springs from the attempts
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by Fellgett to measure the spectrum of the night sky,
Apuvarently in 1949 he communicated to Golay the fundamental
advantage of spectrographic measurenents over spectrometric
ones7; this advantage has become known as the Fellgett or
maltiplex advantage, He used two balanced balometers to
record the interferometric pattern produced by a narrow
air wedge between two glass plates, the scurce beirig
focussed on this wedge. One bolometer recorded the light
transmitted, the other that reflected, By recording the .
interference pattern up to the 100th order of interference
and taking the Fourier transform of this pattern observed
Fellgett was able to obtaln spectra of mercury end carbon
arcs in fair agreement with the conventional spectral
meosurements of these sourc:s, Subsequent studles began
independently at John Hopkins University and the Centre
Nationale de la Recherche Scientifique, Bellvue, France,
The first published far-infrared spectrum of chemical
interest came from John Hopkins University; Gebbie and
Vanesse* obtained the spectrum of water vapour between

60 and 120 ;::m"1 with reasonable agreement with the
theoretically calculated spectrum, The extensive work
performed at Bellvue is admirably summarised in a serles
of articles that appear in Revue d'Optigue. T Gebbie

continued his interest in interferometry at Ii,7,%.; the



subject developed so rapidly that importent Conferences
took place at Bellvue in 1957 and N,P,L. in 1959,

Inorganic solids were first investigated
interferometrically in 1962; Adams and Gebbie18 obtained
the stretching, bending and lattice mode vibrations of a
number of complex halides, Since 1962 there has been
considerable increase in the number of papers published
each year which have quoted interferometric results,
This is mainly due to the availability of the first
commercial instrument, the FS~520, mamufactured by Research
and Industrial Instruments Co, Although this interferometer
has been extensively used there has not been to date a
critical analysis of its particular advantsges and faults,

The key experiment that demonstrated the actual
advantage of interferometry over slit spectrometry, as is
theoretically predicted, was performed at Bell Telephone
Laboratories by Richards.ia Three instruments, a diffraction
grating monochromator, a lamellar grating interferometer
and & Michelson interferometer were all operated with the
same source and same detector, thus providing, for the
first time a direct comparison on the relative merits of the
two types of spectrometer, The detector used was a liquid
helium bolometer operated at 1°2°K connected to the exit
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slit of the above instrument by a 1 metre light pipe;

the source was a conventional high pressure mercury arc
lanp in a fused quartz jacket, For the interferometers
resolation . approaching O+l cm was obtained in the
region 3-80 cm_i. Comparison of the results obtained with
the interferometer when used at resolutions equivalent to
that of the gratling spectrometer showed that the signal to
noise ratio of the former Instruments were at least three
times better thah those with the latter., This is entirely

in keeping with the Fellgett advantage.

The most promising recent development in commercial
interferometers is the use of an anologue computer in
conjunction with the interferometer, This system alleviates
the tedious time-waste in walting for the spectrum to be
computed on a digital system, Research and Industrial
Instruments Company mamufactured the FTC-100 system which
basically is an FS-620 interferometer and a analogue

computer,



13 Theory.

Consider as a model a normal two-beam interferometer,
Assume that a beam splitter separates the incident
radiation into two equel beams causing a path difference A
when the two beams re-unite, In this hyp o thetical
experiment we shall give D a largest value L 3 that is
to say A\ changes from -L through zero to +L, The principle
of the interferometer has its origin in the wave theory of
light, Simple wave theory states that the phase difference
between two beams of monochromatic light after re-uniting

is [(2w7%) x path difference] or zgzkjkis the wavelength

of the light, ‘Vave theory also states that a light beanm

can be represented by a scalar, 9, with

§ : = a sin wt-$) 1]
[w = period, t = time, § = phase constant, & = amplitude
constant ]

Consider first the interference of two unequal beams of
1ight of the same frequency, Taking equation (1] as a

model they can be represented as

&
&

i

2, sin (wt-§,)

az sin Wt-§ )

Using the principlc of superposition of light the resultant §
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will be given by

§

gy sin (Pt-8;) + & sin Wt-& )
sinwt (a4 cos 51 + g, COS 52 )-cosw t (a, sin 81 +

8z Binsz) [2]

il

To simplify [2] put

A aincs = & 8ind, + a, sind,

A cos § a, cos §; + B, CO8§,

“quation [2] now reduces to the form

(==
[

A sin Wt ~$S)

where

2 ]
a8y + 8 + 2 8485 COS (52"51)

e (o)
n

and

tan § = (ay sinSi + 85 sinvsg)/(ai cos 51 + 8, cos&z)

If now 8, = a, = a (say), as is the case in an interferometer
model where both beams have the same source, then A the

amplitude constant takes the special form

A = 28 [1 + cos (§; - §1)]

= L;:_:z2 cos (52'2'51 ) (3]
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The square of the amplitude constant is of course
proportional to the intensity of the light beam, Also

(§2 - §1) represents the phase difference between the

two beams and is equal to (2wA/>) as stated above, It is
conventional in chemicgl spectroscopy to use wave numbers
instead of wavelengths ; using the relation o~ = 1, where
0" is the wave number (in cm—i), the phase difference
becomes 2med and on substituting this in equation [3]

one obtailns

2 2

A = La . cos (wera). (4]

Reverting back to the cosine form from this half-cosine

form,
]

A = 2a [1 + cos (2m04)]. [5]
The right hand side of this equation consists of a constant |

part and a variable part, The varlable part, if pi).t equal
to I(4) gives

I(Q) = 28° cog (2mea) [6]

If the path difference between the two beams is changing
linearly with time the resultant intensity of the
monochromatic beam after self-interference varies

sin usoidally with time, and anyway always with path difference,
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In a real system the radiation will vary between,
say, 01 and & en™t and there will be an arbitrary
spectral input B(c). If the same arguments as above

are given equation [7] now takes the form

I(n) = Z B(6) cos (2w on). ., A (o)
g = 0

or in the limit of A(0) ~ do

| 6z
I(8) = S B(6) coe (2m 6A).deo” (8]

o

Equation [8] marks the point where interferometry theory
takes over from wave theory, I(A), the signal detected
after the radiation has interfered is called the
interferogram, and is, as equation [8] implies, the
Fourier transform (cosine part) of the spectral input,
Since Fourler transformation is a recisracal operation,
that is to say that two functions A and B must be Fourler
transforms of each other, if one is knowvn to be the
transform of the second, then B (¢) must be the Fourier

trarform of the interferogram I(A),

thus + oo

B(og) = I(A) cos (2woa)d o [9]
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This Is the fundamental relationship of interferometry,
and tells one how to re-crecate the spectrum from the
interferogram,

since a cosine is an even function (end since
theoretically, the experimental interferogram is
symmetrical about zero path difference) one can re-write

equation [9] es

o0
B(o) = 2L I(A) cos (2w da)da.

quation [9] has implied that the path difference
has varied from -e® to +o© , As mentioned sbove this
is not so and varies in fact from a finite-L to +L.
This means that thc spectrum one measures is not B(o) but

B' (&) where

+L
B' (&) .—:S I(4) cos (2md4a)dA.
-L

It is convenient to represent this as in equation [10] to

introduce the important term APODIZATIOI,

+ 00
B' (&) =J I(4A).F(&). cos (2md4)dA. [10]

-

F(\) is the rectangular function defined by

FO) = 1, -L LA (1, FB) =0, AL
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The shape of this function is shown below,

FCA)

The right hand side of equation [10] involves the
product of two fﬁnctions of'AS; B'(¢) equals the Fourier
transform of this product, The convolution theorem states
that the Fourier transform of a product of two functions is
equal to the convolution of the two individual Fourier
transforms, The convolution of two functions h(t) and

g(t) is k(r) where

+00
k(r) =§ g(r) h(t-r) dr.
-od

Now the Fourier transform of I(4) is B(o¢) precisely.
Putting the Fourier transform of F(A) equal to G(o) for
the moment we see on applying the convolution theorem
_ +ed . N
B' (3 ) =§ B(6).0(050)). an’ [11]

-”S’
The obcerved spectrum is therefore the convolution of the
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actual spectrum with the function G(¢), This function
is commonly called the INSTRUMENTAL FUNCTION, The ideal
instrumental function would be G(¢") = H0,,8 where
foi,0 is the Kronecker delta, The Kronecker delta Sa,b
is defined by sa,b =1 if a = b and zero otherwise,

In this case one would find B'(¢) = B(o).

In interferometry the form of the instrumental
function arises to a large extent from the fact that only
a finite maximum path difference can be taken snd thus it
is very important to consider the Fourier transfdrm of
F{&a). This function was defined earlier as a rectangular

function; the Fourier transform of this is given by

G(e) = si;c,( 1{07-31 (K&

where K 18 an arbitrary constant, Si(K¢) contributes to
a large extent to the instrumental function, The
conveolution of the spectrum with Si(K6) is automatically
implied when the Fourier transform of a finlte maximum
path length interferogram is computed numerically, This
function [5i(X¢)] 1s plotted in Figure [1.2]. From this
Figure it is seen that the instrumental function Si(Kcﬁ
quickly goes to zero as one moves elong the &bclesa pu¢
that there 1s a quite large secondary mzximumwhich would

considerably distort an absorption band,
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It is possible to replace the rectangular function
F(A), which as stated above is implicit in numerical
calculations, by another function A(A) which is more
suited to spectroscoplc problems; such a function is
called an APODISING function, The value of I(A) is merely
replaced by I1(A).A(4).before the numerical transform is
performed, The most common apodising function is the
co-called triangular function defined by

AQ) = 1-}%/ ,  L{AdL

AQD) = © , 180y (1L

The shape of this function is shown below ¢

ACQ)

-L +L 4~
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This apodising funetion causes the instrumental function
to be of the form

3
i (Ro)

fl

2
(o) = [sin Ko’]
Ko

The plot of this function is shown also in Figure[:.2].
Although it goes more slowly to zero than Si(Ko) the
secondary maximum is further from central maximum and is
much less pronounced, Although a better profile of en
absorption band is obtained in this way the effective
resolution: of the spectrum 18 roughly halved when compared
with the raw unapodised spectrum, as will be shown later,
For the programme written for the interferomecter used in
connection with this thesis a novel apodising function has
been used; novel in the sense that 1t has not been used
before in interferometry but is quite well known in other
applications, The function used 1is

A
FA) = sin( ‘L

50 for -L (& £ L

F(Q) for N B A

"
O

This implies one is using a mainly rectangular function as
instrumental funetion, Theory predicts that this systen
should have a higher resolution than systems using a
triangular function as apodiser, This has not been checked

by testing various apodisers but the spectra obtalned have
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been quite satisfactory, The programme itself and its
features will be described in the next section,

There is no obvious analogue of the slits of a
conventional spectrometer in an interferometer, 1t
night appear, therefbre,that ﬁhe resolution of en
interferometer was merely a function of design and there
was no variable parsmeter with which to vary this
resolution, In fact the resolution of a particular
spectrum is proportional to the maximum path difference
taken, This can be shown by assuming that the Rayleigh
criterion for resolution of two monochromatic bands is
satisfactory, This criterion requires, that for two bands
to be resolved, the central maximum of the one band must
not fall over the minimum of th4 second band, This is

11lustroated below, A g

To be resolved from the above band, the maximum of a

second band must not fall between the lines A and B,
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A monochromatic band, as mentioned earlier, is
convoluted to an observed band that has the shape of

the instrumental function, Consider a raw unapodised
spectrum from an interferometer, It was shown above that
a finite maximum path length implied an instrumental
function of form sin _%g%_. For a monochronatic

absorption B(®) the exact form of the cbserved band is

B'(e) = sin [2m(H o)L
2m( &)L
where L as before is maximum path difference teken, The
spectral resolution of B'(@) can be obtained by finding
where B' (o) first goes zero, i.e, the higher the
resolution the narrower the instrumental function,

Putting B'(6) = O requires 2mAo) L = w orAC = i,

2L
Thus the resolution is proportional to maximum path

difference,
For an apodised spectrum with a triengular apodising
function the exact form of B'(o) is

B () = [S2frEaLly

and the same arguments as before yleld A0 = % . The
resolution of a spectrum is roughly halved therefore 1f

it is apodised with a triangular function,
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The fundamental advantage of interferometry was first
stated by Fellget£7in 1950, He showed that using a

single channel detector to measure all the spectral
elements sirultaneously 1s analogous to spectrographic
methods of detection and has great advantage over direct
methods; he called such forms of spectroscopy multiplex
spectroscopy. Suppose that there are I spectral elements
to be neasured in a time T, With a slit spectrometer

each element is scanned for a time T/, With an
interferometer each element is scanned for the whole

time T, For instruments whose noiese i3 not increzsed by
the arrival of several spectral elements simultanecusly

it is well known that the accuracy of the measurements vary
as the square root of the total time for the measurenent,
For the slit spectrometer this accuracy Ay, say, is (TN)%
wvhile for the interferometer the accuracy A i T'% . The
ratio A, /A; is thus N¥ which implies that the interferometer
has a distinct advantage over the conventional spectrometer
which is greater the larger the speetral range considered,
This advantage 1s commonly stated in three different but

equivalent ways ; -

(1) For a given time of measurement the signal to noise
ratio of the interferometer is MY/, times better than with

a conventional instrument,
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(2) To achieve a given signal to noise ratio the time
required with the interferometer is only /N that of the

conventional instrument,

(3) For the same time and signal to noise ratio there is
a greater resolution (undefined) with the ihterferometer

as compared with the conventional instrument,
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1°4 Programme

It was mentioned earlier that the cosine was an
even function and that this implied that the interferdgram
function I(A) should also be even, i.e, I(A) = I(-A).
Thus all the information about the spectrum is contalned
in one half of the interferogram, Another implication
of the fact that both cosine and interferogram are even
functiors is that the funection I(A) can be represented by
a series of cosines only. For these two reasons it is
common to compute numerically what is called a ‘'single-
sided cosine Fourier transform', Only one helf of the
interferogram ls used to calculete the cosine Fourier
coefficlents, 4 programme was available for this written
by Drl J, R, Thompson of the liathematics Department.
This programme has been extensively used but for several
reasons has not always been satisfactory; this is not
the fault of the programme because this calculates exactly
what it is asked to calculate, Deviation from the
syametrical interferogram can be caused in two ways,
The most common way occurs in the process of digitising;
at 8 micron intervals of A the value of I(A) is digitised
onto paper tape and it 1is essentlal for there to be a
reading on tape at 2€ro path difference whenA = 0O,
If there is no reading on the tape that corresponds to

this then a phase error is sutomatically given to the
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digitally sampled interferogram, and it no longer is an
even function even if it is in fact even as far as the
instrumental ocutput is concerned, The other possible
reason for loss of the even function occurs when the

optics are not correctly alligned; 1n this case an
unsymmetrical interferogram results and even if there is

a reading on tape corresponding to A = O the sctual
interferogramn is not even, '‘‘hen either of the above

faults occur in the interferogram, actual or measured,

a certain amount of information is lost in the sine part
of the Fourler transform, which takes care of the uneven
part of the function, Computed spectra from unsymmetrical
interferograms show a marked ‘skewness' and the intensities
of the bands are considerably distorted. To overcome these
difficulties a programme has been written that computes
both the sine and cosine Fourler transforms of the
interferogram; the actual spectrum required is derived
from the individual transform by taking the sunm of the

i

squares of these, If at 6’ cm  the sine and cosine

transforms are S(o) and C(¢’) respectively, then the proper

spectral intensity is given by B(¢) where
2 2 2
B(o) = C (&) + s (o)

It should be noticed that if the interferogram is even then
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then S(6) = 0 and the above relation reduces to

B(o) = C(o)

To perform this type of calculstion both sides of the
interferogram are required and is generally called a
"double-sided sine squared plus cosine squared" transform,
There are a number of set-backs with this method, and

these will be dealt with in a later section,

The programme has been written in both ®lliott 803
and Atlas (Harwell) Algol. The “1liott programme utilises
a Creed teleprinter as a plotter while the ftlas version
is written to take use of the facility of a: off-line graph
plotter, The number of occaslons sines and cosines are
used in the calculations would maeke the programme
prohibitively long if these were calculated each time as
required even in a low resolution study. A computer
normally sums a convenient infinite series each time a
trigonometrical function is required, To save this waiting
of time, all the sines and cosinesthat are possibly required
are calculated before the programme proper begins and placed
in the store, Suppose that there are 2N+1 points in the
interferogrem corresponding to values of I/A) (actually
proportional toA) with varying integrally from -N through

zero to N, All possible cosines required can be included
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in the expression cos (2wZ/N) where Z also can vary
integrally between O and 2N, These (2M+l1)cosines (and
hence sines) are quickly calculated and stored as two
srrays. The first stage proper in the calculation 1s
to make the average value of I(4) zero by an unususl

welghting process, The value of P defined by the relation
N-1
P= [1/,,1(11) + Y (-0) + 2 I(a) )N
I, o |
is subtracted from each value I(A) to give a new set of
numbers I'(Q) say. The cosine and sine components are now
separated by taking suitable linear combinations of
I'Q) and I'(-0), From the array I'(4). A= -N ... N,
the two arrays C(8) and 8(8), A = 0,1.,..N, are set up as

shown 1in equation

C(8) = *% [1'(-4) + 1'(4)]
5@) = *p [17(8) -1'(-2)]

These two functions are even and odd respectively and
cosine and sine Fourler transforms suffice for each
function without loss of information, At this stage the
apodisation is introduced; a typicsl term C(4) is
multiplied by sin(wZN)/(2-Z2/7) to give a new array of
terms C' (A).‘ The first and last terms are given half
weight in the Fourier transforms that follow, Considering
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Just the cosine transform, the C'(A) array produces
another array C:F(K), X = 0,1 ,.. N, of Fourier
coefficients defined by

N
CFK) = Z c*(8) cos (Kam/A)
A= 0

It will be noticed that in a 500 point double sided
transform approximately 65,000 cosines will be required
although there will be at most only 1,000 different ones
used, This accounts for the setting up of the cosine
array,

Hach of the (W+1) Fourier coefficients is calculated
in turn using a conventional double loop in the programne.
Provision is made to ensure that XAw/ is less than 2w
by subtracting units of 2w from it until this condition
is satisfied, This 1s required because only cosines for
angles less than 2% exist in the array, A similar
procedure is used to calculate the sine-Fourler coefficients,
and the true absorption intensity is given by the square
root of the sums of the squares of corresponding sine and
cosine Fourier coefficients, Standard procedures are used
for the plotting of the spectrum depending on whether the
803 teleprinter or Atles graph plotter 1s used.
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Both programmes are given in the appendix to this
chapter. The first one written for the Elliott requires
the 4 104 Algol compiler while the second programme uses

the compilers as shown at the top of the programme,
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1*5 Description of Interferometer,

The interferometer used in the work connected with
this thesis was a prototype FS5-520 manufactured by
Research and Industrial Instruments Company. A block
diegram ie showmn in Figure[l+3]. Many faults were
encountered with the instrument and can be variously
described as belonging to the following categoriéa;

(a) mechanical, (b) electroniec, {c) vacuum, (d) optical
and (e) computing troubles, These will be discussed in
detail In the next section,

The optics of the system are very simple and can
be very briefly deseribed, Referring to Figure [1-3],
radiation from the source (S) is collimated by the concave
nirror (L) end reflected towards the beam splitter by the
plane mirror (B), The beam splitter divides the radiation
into two beams both of which are reflected by plane mirrors,
one of which is fixed (D) while theother can be moved on
an axis perpendicular to itself (C). The recombined beam
i1s condensed by the concave mirror () and brought to an
intermediate focus in the cell housing by the convex
pirror (¥)., The sample is normally placed in the cell
housing at this focus, After passage through the sample
the beam is brought to a final focus by the Cassegrainian

systen of mirrors (G) and (1), this final focus falling on-
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the window of the detector,

The mirror (C) is moved along the optical axis by
the drive unit; this is basically a LAPPED piston and
cylinder system, The piston on one end carries the
plane mirror (C) and at the other end the cne half of
a Molre grating. The rate at which the path difference
changes is twice that of the mirror movement rate,

The lioire system consists of the grating mentioned above
along with a fixed grating in a separate casting held
about 50 microns from the moving one, The system is
designed to ensure that relative rotation of one grating
with respect to the other 1s impossible, Light from the
Moire lamp is ccllimated and shadows of the fringes
produced after passage of the light through the gratings
is focused on a photocell, At 4 microns intervals of
mirror movement the intensity of radliation on the photocell
is sufficient to trigger off the mechanism that records
digitally the intensity of radiation falling on the Golay
detector, The signal detected by the Golay is also
displayed visuslly on a strip chart recorder, A typical

interferogram is shown in Figure [1°4].

The cell housing is fastened to one side of the main

tank: both of which are evacuable independently by a rotary
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vacuun pump, The source is a high pressure mercury lamp,
water cooled, and chopped at 12+5 cycles per second:

the detector used is a Golay detector with a diamond

window,
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16 Faults encountered with the F3-520 Interferometer.

As mentioned previously the kinds of 'teething'
problems associated with the FS-520 can be placed in
the following general categories; &) mechanical,

b) electronic, ¢) vacuunm, 4) optical, and e) computing
troubles, These will each be briefly discussed.

() The mechanical troubles occurred mainly when the
older type of drive was fitted, This drive consisted

of a stainless steel cable which connected the gear box
to the piston, The movement of the piston was not always
perfect, and irregular punching occurred at times, This
is not very serious at relatively slow drive speeds
because the punching interval is a function of distance
rather than time, A few spectra however, that were
recorded imnediastely before the cable snapped were quite
neaningless, but thls was not realicsed until it was known
that the cable had in fact broken, Occasionzally when the
present drive appears to be sticking slightly, movement
of the piston at maximum speed backwards and forwards
along the length of the drive two or three times, to
re-distribute the lubricant, generally produces a smooth
drive again,

(b) The electronic troubles encountered generally

manifested themselves as unususl features on the
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interferogram, The most common fault was for a spike
to appear on the monitored interferogram each tine a
data point was belng punched, Sometimes the value
punched on the tape corresponded to a position of the
pen recorder actually on a splke, This resulted in a
noisy interferogram and s consequently nolsy spectrun,
On a number of occasions this fault corrected itself
but at other times earthing various parts of the
electronics was required to remedy this, Another enmying
feature that occurred occasionally was for an overall
good interferogram to have a series of regular bumps on
it, This was an infurlating but generslly only
temporary fault, It was thought to be due to a dirty
thermostat or the like belng used by somebody elsewhere

in the department,

(¢) and (d) 1Initially, a great deal of trouble was
encountered in obtalning = good vacuum in the c¢ell housing,
Cleaning and regreasing the O-rings on the ports had no
effecty; the feult was found eventually to be a poor
connection between the Golay and the sample chamber,

XZven when the sample chamber was properly evacuated 1t was
still thought that it was inadequate and that water vapour
bands were creeping onto the spectrum, This was in fact

an optical fault and not & vacuum one, The bands that hsd.
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been attributed to water vapour were the well known
channel spectra that are equally well known in
conventional spectroscopy, Channel spectra arise fron
interference of the optical beam betwesn the two faces
of a parallel thin sheet, If the thickness of the sheet
isxcnm, and the separation of the bands of the chamel
gpectrum 18 X cm™ then the twd are related by 2% = 1,
The most common causes of the chennel spectra in inter-
ferometry are (a) the black polythene filter used to
remove radiation above 450 cm™ and (b) the quartz
envelope of the mercury source, The sourcc in the F3-520
is nowndays specially roughencd on the surface to avoid
this fault but the black polythenc (whose thickness
correspondecd to that predicted by the chamnel spectrum)
was quite smooth, After squeezing this in a vice the

channel spectra disappeared,

One of the most important optical problems was the
construction of an adequate beanm splitter, The beam
splitter is really the weak link of an interferoneter,
the rest of the instrument being entirely dependent on
its correct functioning, Any uneven strain in the melinex
filn is reflected in a poor interferogram with very low
minimum to maximum peak values, and no certain method can

be given for making a good beam spllitter, It is also



difficult to align the beam splitter correctly in its
cradle which is situated on the base of the interferometer,
The most common mishap with the optics is for there'to be
a total loss of alignment of one of the two plene mirrors.
It is possible for the system to be so badly misaligned
that zero path difference (z,p.d,) cannot be found on the
recorder, The procedure for finding z,p.d, 1s as follows,
The chopper is switched off and the g=ar box is set in
neutral allowing the drive to be turned by hand, The
moveable mirror is adjusted uhtil the beam splitter is
roughly equi distant between both mirrors, The moveable
mirror is now adjusted very slowly until 'finges' are
vigible on a piece of paper situated in front of the sample
chamber, ‘ihen this 1is achieved the micrometers which
control the axes of the fixed mirror are adjusted until

the 'fringes' sre evenly spaced across the paper, The
optics should now be correctly aligned, ~ulte often this
is not the case end further adjustment is required, The
recommended technigue for this is to run through z.p.d.
changing the micrometer settings each time until a
satisfactory symmetrical interferogram is obtained, This
method generally works but is very tedious and a better
way has been developed, This consists of running the drive

at the slowest speed and stopping it actually on z,p.d.



3‘!+.

The micrometers are then adjusted for maximum energy
by moving off z,p.d, and back again and adjusting the
micrometers once again the correct alignment is quicily

found,

(e) The computing troubles were in fact faults that

were not spotted until the spectrum in question had been
computed, The most serious fault which fordunately only
occurred occasionally, was the effect of dropping a digit
from the data tape, ITf this occurs when the interferogram
is near completion a 'spike' 1is effectively placed on the
interferogram, The programme would transform this to a
cosine curve end this would be superimposed on the rest

of the spectrum, The spectrum would appear as if a shannel
spectrum was being produced, This 1s quite useful in
finding where the dropped digit is, The thickness of the
imaginary sheet which was causing the interference
corresponds to the distance from z,p.d., that the dropped
digit occurred. The relative amplitude of the 'channel
spectrum’ would indicate the magnitude of the digit
dropped by the 2/D converter, If the spectrum was swamped
by the interference bands then it is quite likely that the
dropped digit was one that indicated the hundreds of the
data point, Consequently this data tape would be editable,

The effect of two dropped digits would be nmore complicated
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and probably incapable of correction,

There are a number of muindane things which can go
wrong, and these are worth mentioning because they often
have the same symptoms as more serious faults,

The Moire lamp has an average lifetime of about
nine months, The lamp usually goes out during a run and
this is manifested by the cessation of punching, It is
possible to check whether the light has gone ocut (or is
something more serious) by noting if the p,v., cell 1is
"trigging' on an oscilloscope, Replacement of the lamp
is a simple matter and generally the exact locatioh of
the lamp is not critical,

One of three things can have happened during a run
if the base line slowly crecps towards higher energy as

shown below,

m—
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The most common thing is for the source not to have

been switched on long enough before use. It is

necessary to have been warming up for at least twenty
minutes. Usually if the source has been on long enough
then this wandering base line can be attributed to the
sample chamber not being evacuated for long enough a
period before the run was started. At least ten minutes
evacuation is required (with a double stage rotary pump)
to obtain a reasonable vacuum. If neither of the above
things are responsible for the sloping base line then the
most probable cause is too thin a mull; during the run
the sample slips do.vn the plate slowly with consequent
increase in energy at the detector. If the background
slopes towards the energy decrease direction then this 1is
an indication that the interferometer has a leak somewhere.
It might be thought that this could equally be caused by
the source going out. However, apart from the fact that
the source can be seen from outside, the interferom ecter,
the energy level would decrease far more steeply than in
the above cases. The source does in fact have a finite
life of about eighteen months. Although they lose their
hard ultraviolet emission properties they retain their
far infrared emitting properties entirely until they
actually die. leplacement of the source is such a tedious

operation that it is worth while noting that even if the
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source 'apparently dies' during & run it still may be
usable., During the lust few weeks of lts life the
source will often arc agaln when 1t has been left to

cool after such an 'apparent death'.
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1*7 Interferometry versus slit spectroscopy.

The theoretical advantages of interferometry over
slit spectrometers ore not always realised. Even so,
it is a better method of measurement in many circumstances
and the Fellgett advantage does appear to manifest itself,

Energy is at a premium in the far infrared and this
fact coupled with the fact that most of the resolved
radiation in a conventional spectrometer falls on the
jaws of the slits means that much small amounts of sample
are required in an interferometer. Since the resolution
of the interferometer is merely a function of mirror
travel a spectrum between 40 and 440 cm*” to a resolution
of 1 cm~ can be obtained in about 30 minutes®* a comparable
spectrum from a grating spectrometer would take far longer,
A very strong point in favour of tie PS-520 interferom eter
is easy accessibility of the sample area. This can be
approached quite easily from four sides and use of
sophisticated sample cells is very simple. The sample
area 1s particularly convenient for the normal solid,
liquid or gas cell.

In normal operation the ihterferometer is evacuated
thus eliminating the very troublesome water vapour spectrum.
With a double beam conventional spectrometer it is necessary

to purge the instrument with dry air* theoretically this is
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not essential but the amount of encrgy available after
water vapour has absorbed is very small, ZIven with dry
alr purging the PE 225 poor spectra are quite often

obtained below 300 cm *

The size of the FS-520 is comparable with most
conventional spectrometers, In the near future however,
the interferometers available commercially will have a
distinct size advantage. R,I,I.C, are making an FS-720
interferometer which will stand on a small table, An
added advantage of the smaller interferometer will be the
ease of replacement of the beam splitter, The range of
frequencies studied 1s critically dependent on the thickness
of the beam splitter, It is etandard with the F5-520 to
cover the range 4O-4OO em™ with 5 25 micron beam splitter
made of melinsx, If a 50 micron melinex was used instead
the range 20-200 cm™  would be covered, With the FS-520
changing the beam splitter 1s a tedious Jjob because the
exact tension of the melinex ig critical and quite difficult
to obtain, The nmirrors also have to be re-aligned although
this 1s not quite so awkward, This difficulty will not
exist in the smaller interferometer since 1t will only tske
a matter of minutes to change the beam splitter,

The biggest disadvantage of interferometric
spectroscopy is the time delay between experiment and



40,

reception of results since one has to wait for a

computer to calculate the spectrum, The cost of
calculation of this spectrum can also cost around £2

to obtain a resolution of 1 em™* between 100 and 400 em™*,
Both the time lag and the heavy cost of computation will
be avoided when the interferometer with bench analogue
computer becomes generally available,

The second fault to be found with the interferometer
concerns the background of the instrument, A typicsl
background run is shown in Figure [1¢5]. Besides the
general inconvenient shape of the background there are
major absorptions at 382 and 436 cm™ due to melinex
and at 73 and 142 cm™* due to polythene, The background
tends to be slightly variable (probably due to imperfect
interferograms) and to really establish the existence of
wealk features in a spectrum may require several
interferograms of the same compound to be computed, It
is possible to remove the background of the instrument,
thus mseking it effectively a double-beam system, by
"ratioing' the spectrum in question asgainst a typical
background spectrum; this may be conveniently performed
by the computer, This process of "ratioing" out the
background is particularly difficult with the F3-520

because the fine gain control has a discrete set of gains
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rather than a continuous gain control; 1t is difficult
therefore to obtain both interferogram of sample and
background on the same milli-volt level as is required
for optimum "ratioing". Perry;* has shown that although
a double-sided computation has a larger signal to nolse
ratlo than a single~sided run the double glded
computations are more reproduclible especlially st low
frequencies,

It is generally true that with a conveniioﬁal
spectrometer one always gets some sort of spectrum from
a conmpound even i1f 1t is a poor spectrum, This is not
true of interferometry for apart from the faults mentioned
above there are a number of things that cen go wrong with
the interferogram that can produce false absorptions or
completely ruin a spectrum, For instance, guite often the
baseline of the interferogram slopes quite asteeply from
the horizontal ruining the resulting spectrum, This fault
and the many others not mentioned however probably merely
indicate the state of the art at present, These now
elusive faults which can and do now appear in & typical
run will probably be well documented in a few years, as

more chemists become familiar with this instrument,
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APPENDIX

ELLIOTT PROQRAL.

DOUBLE SIDED FOURIER TRANSFOR:/

BEQIN

ILTEQER M'

BEQIN

READ N'

REAL 0, SUL, SULIl'

ARRAY FC-M:N),SCO: {0,U, VCO:N), COSAR, ST MARCO : 2%10 '
INTEGER 7,Y,J,P,K,INDEX'

SWITCH X:=L,L1'

FOR 7:=u STEP 1 UNTIL CM DIV 2) DO
CGSARCZ):=C0SC5.1415L265*Z/N)"

FOR Z:=0 STEP 1 UNTIL CM DIV 2) DO

BEGIN

END'

COSARCM DIV 2+Z):=-COSARCN DIV 2“2X'
COSARCN+Z):=-COSARCZ)'

COSARC;*N DIV 2+Z):=COSARCN DIV 2-Z)'
SINARC:0:=COSARCM DIV 2-Z)

FOR L:=CN DIV 2+1) STEP 1 UNTIL 2*N DO
SIFARCZ):=COSARCZ-N DIV 2)'

fiEAD 2'

FOR Y:=1 STEP 1 UNTIL Z DO

BEGIN

FOR 0:=-N STEP 1 UNTIL N DO
READ FCF)'
: =0
:=CF C-N)+FCN))/2"
FOR J:=1-N STEP 1 UNTIL N-1 DO
Q:=0+FCJ)"
G:=C'/(2*N)"
FOR P:=-N STEP 1 UNTIL N DO
FCP):=FCP)-0'
FOR P:=1 STEP 1 UNTIL N DO
BEGIN
SC0):=5.14159265*P/N"'
UCP): =CFCP)+FC-P))*SINARCP)/C2*%SCO) '
VCP): =CFCP)-FC-P))*SINARCP)/C2*SC0))
END'
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UC0d:aFC0d/2%
VC0):=0"
UCND s=UCND/2¢
VCND s=VCND/20
FOR K:=0 STEP 1 UNTIL N DO
BEGIN
suu.=sun1-=0'
INDEX :==K*
FOR J:=0 STEP .1 UNTIL N DO
BEGIN :
+ INDEX:=INDEX +K'
L1: IF INDEX LESS (28N> THEN Goro L
ELSE INDEX :-INDEX ~C28ND! :
GOTO L1!
L: SUM:'UCJ)‘COSAR(INDEX)+SUM'
SUM1:=YCJ)*SINARCINDEX) +SUM1?

END!

FCK) :mSUM®2/N!

SCK):=SUM1Te2/N?

FCK) :mSQRTCFCKI##2+SCK)ne2)!
END' . -
SUM:=SUM1:=FC0)"*

FOR K:=1 STEP 1 UNTIL N DO
IF SUM GR FCKY THEN SUM:=FCK) ELSE IF SUM1
LESS FCK) THEN SUM1:=FCK) -ELSE INDEX:=0'
FOR K:=0 STEP 1 UNTIL-N DO '
BEGIN - -
© PRINT K!

FCKD :=FCK)~SUM+0.000001"
ECK) :=ENTIERCFCK)*60/SUM1)?
FOR J:=0 -STEP 1 UNTIL FCK) DO
PRINT ££S22! e :

PRINT SAMELINE,g+?"!
END' . :

PRINT ££R100272'
END'! :
END!
END'
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B) ATLAS PROGRAM.

1J0B vZOn ILIGRRI3 FOURIBR TRANSFORT.IS

I IKPUT 1 INTFRFEROGRAA.:3

: OUTPUT 0 LIFFPRINTIUR 200 LIKES ,
OUTPUT 12 LINEPPcIKTER 200 LINESA

IMNTTPUT
IBM 14 MORRIS COMLIONCP)/PLEASS u\B2L MORRIS, LEICESTER,

13 LINEPRIKTER 200 LINES -

| CC:ELUTING 2 MINUTES

1 3DGRE 30 jBVOCEKS

m CCI-IPILER ATJGOL

iL.II2UT ICT 7-HOLE TAPE WITH GRAPH 1/0 PROCEDURES;

becrin

integGT N,N1,N2,N3,N4,N5,NG,N/; select input(l);
K1:=i’ead;

N2:=read;

N3 t-i-ead;

N4:=read;

Nj:=read;

NG:=read;

N/:=read;

N:=((N1-1)-r2);

bof;in
real SUM,SUM!,Q;
array F[-N:N],3,U,V[O;N], COSAR, 8 INAR[0 :2-N J;
integer 72,Y,],7,K,INDEX;
switch X:=L,L1;
Tor Z:=0 steo 1 until (N*2)do
CosAR[Z] :=C0s (3.141j 92G5 Z/Ny;
for Z;=0 step 1 mitil (N*2)do

begin
COSAR[N*2-hZ ] :=-COSAR[N*2-Z ;
CO3AR[N-Z] ;=-COSAR[Z] ;
CO03AR[3"N-2+Z] ;=COSARCN-2-ZJ;
SINAR(Cz ] :=C03ARLN-2-Z];

end;

for Z:=(Nt2-!-1 )step 1 until 2"'N cW
3INAR :Z]:=COSARLZ-Nf2];

for Y:=1 step 1 until N6-1 do
begin

graph paperthrow;

1¢G6

graph identification(-fJOB #/ZOll MORRIS-));

for J: step 1 until N
FLJ]:=read;

Q:=(F[N]+F[-N])/2;

for J:=1-K step 1 until N-1 do
Q:=Q+F[Jj;

Q:=Q/(2"N);

for P:=-N step 1 until N do
F[P]:=F[P]-Q;

for P;=1 sten 1 until N do



end

md;
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"begin
S[0]:=3J413()255»P/N;
ULP]|:=(F[p]+r[-P])*SD;AR[P]/(2%3]0]);
J Vipl ;=(F[P]-F[-p])*SnfAR[P]/(2*S[0]);
end;

U[0] :=F[0]/2;

V(o] :=0;

ULN3:=U[K]/2;
VI[N];=VIN]/2;

for K;=0 step 1 until N do

begin L
Slili :=SiTin :=o0;
XIn3EX:=-K;
for J:=0 step 1 until N do
begin
INDEX :=INDEX-Z;
LI I[i:DEX<(2fN) then go
else IIT)EX;=INDEX-(2-N);
go ~ LI
L:SUM:=U[J J*"COSAR[ INDEX ] -fSUM;
SUIul :=V [J]*SINAR[ INDEX |-rSmn ;
end;

F[X]:=SUM'"2/N;
S[K]:=SUMI-2/N;
F[Kj:=sqrt(F[X]cxp2+S[K]exp2);

SUM=3U7\n :=F]o];

for K:=l step 1 until N do

if SUM >FTIK1* then SUM:=FTK] else if
SUMKFLK] then SUM :=F[K] else

INDEX :=0 ;

graph header(0,N/10,0, (SUMI+.0002)/!12.5 ,<K-7>;
for K;=0 step 1 until N do

graph data(K,F[X]j)C

end;
end;
graph end;



FIGURE 1.1

Relative emission from a black body.
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FIGURE 1.2

Instrumental functions.
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FIGURE 1lo3

Block diacram of an FS-520 interferometer»
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FIGURE lo4

Typical interferogram»



FIGURE 1lo5

Typical interferornetrio background spectrum,
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CHAPTER TWO

SLIT SPECTRQMETHY
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CmPTEB 2 - SLIT SPECTROMETRY

] Introduction.

The backbone of this thesis has been conceraed with
interferoraetry and the information obtained from it.
By no means, however, have all the results quoted in this
thesis been obtained interferometrlcally. This department
1s equipped with a number of conventional slit
spectrometers. The author has used besides the
interferometer, a Perkin-Elmer PE-225, a Perkin-Elmer LR-I
(Raman), a Unicam SP-100 and a single beam evacuated
far infrared spectrometer16 (475-175 cm«1 Yo The last two
instruments ar*e mentioned for the sake of completeness
since only a handful of spectra have been run oh these.
However, it is pertinent to discuss the performances of
the other two instruments. The PE-225, a well established
instrument, need only be mentioned briefly, but the LR-1
being a new instrument deserves a fairly detailed

description.
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2°2 The Perkin-Flmer Pr-225,

This is o double beam spectrometer covering the

2
-

spectral region 5000-200 cm = in the four separate ranges
5000~2000, 2500-1000, 1000-400 and 410-200 em™, Unlike
the SP 100, which is in this case filled with dry nitrogen,
the PE-225 1s continually flushed by dry air] /ith this
particular instrument the drying process is not very
successful and quite often water vapour bands creep onto
the spectrum below 310 cm ~. Another part of the spectrum
that is not covered very well is 460-410 cm™* It 1s

quite likely that week or even some medium bands are nmissed
if they occur in this region, For instance some metal-~
nitrogen stretching frequencies in ammines of the type
[(NH, )oJ[11'"Xe] (X = halogen)that should occur near

420 em™ have not been observed,

Above L4OO em ' solids have been run in nujol
suspensions supportcd on XBr plates. Below LOO ch’i the
same suspension was supported on polythene plates, The

16
nujol was the 'degassed' varliety supplied by tr, J,B,Cornell .

The termperature in the beam is near 70°C =nd this is
obviously unsatisfactory for thermally unstable compounds,
There is an air blower which blows cold (wet) air onto the

sample and cools it to 65°C. This is still warm enough to
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decompose some samples, Tor this reason a cold cell was
designed for use with the PE-225, The coolant is liquid
nitrogen and therefore above 400 cm'"1 AgCl plates are
used. The author used the cold cell on & few occasions
but did not detect substantial differences in the spectra
compared with the normal run, Besides retarding
decomposition of sample the cold cell in theory should
sharpen up the bands especially those below 300 cm .

The transition normalls referred to in vibration:zl
spectroscopy is the one from the ground state level to
the first excited state, However, at room temperature
this Tirst excited state is substantially occupied at low
frequencies and thus the transition from this state and
the second exclted state will also be observable, This
transition in theory should be indistinguishable from the
normal one but because the potential energy curve is not
exactly harmonic the transition will 1in fact occur at a
elightly different position. This will be manifested by
a broadening of the band studied.

Acecording to the Baltznann distribution law the retio
of the population of the first excited state (1) relative
to the groumd state (NO) is given by @~

Simo = € ~hew/KT _ -1 Ll T

where h, ¢, K, e and T have the usual significance, W is

e
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the frequency of the band considered. Thus the higher
the frequency considered the smaller will be the
percentage of molecules in this first excited state. and
the less significant will be this broadening, Table [2¢1]
shows the relative population of this level at various
frequencies at the three temperatures (a) -196°C, (b) 25°C
and (e¢) 75°C. It is spparent that at low temperatures

. even at low frequencies the first excited state is
extensively depopulated compared with room temperature
and that a substantial charpening of the bands should be
apparent, However, this was in fact hardly ever realised
in practice, TIigure [2°1] shows the plot of relative
population versus frequency for the three temperatures

mentioned gbove,
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2+3 The Perkin-Elmer LR-1.

I'or the last year of the work with which this thesis
has been concerned, a Perkin-Elmer model LR-1 Laser~ixcited
Raman Spectromecter has been available, Using a HeANe 9mw
lager which emits at 63285 (15,802 cm’i) it is claimed that
this instrument could obtain spectra of compounds that are
transparent in the red region of the spectrum, This is not
precisely true with either solids or liquids, Aqueous
H, TeBrg, @ red solution, pgave & very good Raman spectrum
while solutions of Rel;Cl in CFCl; apparently having the
same red colour gave practically no signal, (EtgN)Tel,
and K,PtCl, are both red cryctalline solids but only the
former compound gave a spectrum, Presumably the visible
spectrum of a compound should be taken to obtain a first

indication of the possibility of obtaining its Raman spectrun,

The use of laser excitation results in & substantial
reduction in the size of a Raman spectrometer when compared
with the normal mercury arc instruments, The LR-I is
baslcally constructed from Perkin-Elmer building block
components and only the sample area is of new design, The
laser radiation, . plane polarised, enters the sample area
horizontully, is reflected by a plane mirror downwards into
the sample cell and makes several traverses through the

sample, The optics of the sample area are demountable and
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depend on whether the sample is solid or liquid, After
prassage through these optics the Raman radiation enters
the entrance slit of a double pass monochromator, thile
in the monochromztor it is both dispersed and chopped

(at 13 c.p.8. before emergence at the exit slit. This
radlation is detected byfﬁhotomultiplier before
amplification and demonstration of a 0-10 mv, strip chart

recorder.

The frequency shifts from the exciting line are
measured in Drum Numbers (DN), Zero DN corresponds to
4000 cm~* while 2400 DN is equivalent to zero cm — (i.e.
the exciting line), There is no simple relation between
DN and wavenumber shifts elthough over limited ranges the
relation tends to be linear, It 1s rather inconvenient that
the spectrum produced is neither linear in wavelength or

' the instrument was calibrated

wave number, Below 800 cm
with the known Raman bands of carbon tetrachloride,

dichloroethane, tetrachloroethylene and benzene,

As mentioned previously, the laser emits primarily at
63284 but if not aligned properly when the micro cell is
being used then there is slso marked emission at 64023
indicated by an apparent strong band at 2320 DN (180 cm ).
Also at all times non laser transitions are produced (due

to the atomic spectrum of Ne) but are normally removed
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by a spike filter, The most serious bands below

Av = 900 cm_1 occur at the following frequency shifts
with the given intensity s~ 134 cm > (2345 DN)w,

* (2325 DN)vw, 198 cm™* (2318 DN)vw,

286 cm™* (2281 DN)w, 386 cm™® (2238 DN)vw broad,

437 cm™ (2216 DN)s, 495 em™* (2185 DN)vs broad,

640 em™t (2121 DIf)m, and 830 en™* (2034 DN)w. The very

181 enm

strong broad band at 2185 is not in fact due to a non
laser transition but is one of the 'ghosts' of the
instrument, Although the monochromator is desiéned

to prevent stray light from reaching the detector it

is found that some of the scattered excited radiation
does get through to the photomultiplier when the
monochromator is set at 2185 DN, Apparently at this
setting the exciting line passes through the chopper in
a reverse direction and is then scattered from various
surfaces before reaching the exit slit, There 1is

obviously room for improvement here with this instrument,

The above spurlous bands are not normally observed
because a spike filter which transmits 80% of radiation
at 63288 removes most of the other resdiation before the
beam reachee the sample, If the sample ecatters badly
however, some of the features may be observed, Besldes
the spike filter there are two other optionsl filters
which can be used to (a) remove the ghost, and (b) bring
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dovn the background near the exciting line more steeply
than usual,

The colour filter (F, ) which has the transmission
curve shown in Figure [2¢2] removes the exciting 1line
and quite substantizlly removes the radiation that is
quite close to it (in frequency). Since the exciting
line is responsible for the ghost this filter effectively
rémoves this ghost and is meant to be used in the region
2260 DII to O DN, The background in the region of
2260-2160 DN with and without this filter is illustrated
in Figure [2+3].

The interference filter (Fy;) 1s used to bring down
the level of the background off the exelting line more
steeply than normal, It has the transmission shown in
Figure [2-4], and the resultant background curve is also
shown in this figure,

From the transmission curve it is apparent that this
filter is designed to remove the exciting line, but not
substantially sffect Raman shifts quite close to 1it,

At 2260 DI both filters transmit the samé amount and
the instrument has the facility of an 'auto-mode', \When
used in this fashion F, is operable until 2260 DN when F,

sutomatically cuts in as Fy cuts out, In the mamual with



the instrument it is suggested that the normal
operation involves using this 'auto~-mode' facility,
but this is debatable, In the opinion of the author
better results are generally obtained without the use
of filters, especially below 300 ecm ~. However, for
s0lid samples the state~of-the-art is such that both
nethods musgt be used as a matter of course in order to
obtain the maximum information possible, When used
without filters the typical background is shown in
Figure [2:5].

Certalnly the filter F, is useless in the study of
low frequency shifts ({150 cm™ ). Vhen used in the
'auto-mode' X;TeBrg only showed the stretching modes of
the anion around 200 em *; without filters quite strong
bands were observed down to 70 em -, The conclusion from
this result is that most of the low frequency Raman
radiation is slso removed (or reduced in 1ntensity)'by
the interference fllter, The other major snag when the
instrument is used in the 'suto-mode' 1s that the relative
intensities of those bands observed are meaningless,

This is well illustrated with (NHg),TeCle. Vhen used in
'auto-mode' the spectrunm shown in Figure [2°6] was obtained,

However, when run without filters, spectral lntensities

were completely altered (this is also shown in Figure [2°6],
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The Cary 8l-laser instrument spectrum of this compound

also shows the three bands of equal intensity,

The packing requirements of the solid sample holder
are completely different for both of the sbove methods
of use, ihen used without filters it is essential that
as little as possible of the exciting radiation gets
through the sample to the monochromator, The more that
does get through, the worse 1s the spectrum obtained,
The holder is filled by dropping sample into it until
the exit slit of the holder is Jjust covered, llone or
very little tamping of the sarple is required, For use
in the 'auto-mode' the sample preparation.depends on the
ease of excitation of the sample, For the first trial
run the gample is placed in the holder and tamped quite
heavily, Just enough sample is placed in the holder so
that the top part of the exit slit is not covered, If
no excitation of the sample occurs then only encugh
sample must be placed in the holder to half cover the
exit slit, A pointed spatula is then put into the exit
8lit &nd the sample altered in distribution until there
is a "gulley' for the laser-beam to be reflected straight
off the sample. This reflectance nethod sometimes
produces results where the above method feils, It is

worth mentioning here that particular difficulty was
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experienced in exciting white samples with the laser,

This is’very unexpected because there can be no

electronic absorbption of the laser frequency by

colourdess compounds, The same trouble has apparently
been found with the Cary-81 when the He/Ne laser

attachment is usedf7. The sample holder provided 1s
useless when air unstable compounds are to be investigated,
However, it has proved possible to obtain Raman spectra

of some solids by the novel method of placing the solid,

in its ampoile, merely beneath the laser beam!, By adjusting
the height of the ampwile correctly, a satisfactory spectrum
could sometimes be achieved, This method can only be used
in the'auto-mode' but using it, a very good spectrum of |
(NEt, ) [1TbC1lg ] was obtained,

With liquids and solutlions the laser was generally
more successful in excitation of the sample. The 3 ml,
liquid cell holder supplied was both easy to use and align
properly., In many cases it was not found necessary even to
filter solution before use, This is a marked improvement
on non-laser instruments where any scattering material
tends . to ruln the spectrum, In marked contrast to
colourless solids, colourless liquids provided no
difficulty in excitation and very good spectra were

obtained, The one notable exception to this was found
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with liquid water; the broad weak feature near 170 cm -
could not be properly located, ~ulte good spectra were
obtained irrespective of whether they were run in the
'auto-mode' or with the filters out. TFor unstable liquids
or those which might corrode the cell (which cost £120) it
was found possible to improvise with a home made cell and
still obtain reasonsble spectra, This glass cell has the
shape shown in Figure [2°7]. The point maerked X is
optically flattened so that none of the laser beam is lost
by reflection, The dumping mirror and OQtica‘designed
for use with the liquid microcell are used in conjunction
with the cell so that the meXimum number of traverses of
the sample could be obtalned, The cell in fixed in
position by a piece of plasticine, For liquide which are
thermally unstable or for a low temperature study, a
particularly successful cold cell was designed by Dr, D,Il,
Adans, $hip-te—iliustrated—in—Rigure-[2:24, One of the
above home-made cells is used. There are two difficulties
involved in using this system, Perhaps the most important
is due to the fact that the Raman radiation has to pass
through two separate glass windows, It is very hard to
arrange for both pieces of glass to be normal to the
radiation and some loss of signal 1s inevitable, At first
sight it might appear that the second difficulty was more
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significant:; it is tricky to align the cell properly
with the sample holder 1id closed. However, by leaving
the 1id open and closing the blinds in the room a
perfectly good spectrum could be obtained in the dark,
Apart from these difficulties the cold cell operated
perfectly., Spectra of solids obtained by fréezing liquids
could not be obtained, presumably because of too much

scatter,

It was found particularly simple to obtain
depolarisation ratios for liquids, A demountable Ahrens
prism is quite quickly fitted between the sample and
monochromator, Ilerely by altering the alignment of this
prism from horizontal to vertical and taking the direct
ratio of these two readings from the recorder is the
depolarisation ratio P measured, It is important to note
that this ratio refers to measurement with plane polarised
light, It is usual to quote values P' with respect to
unpolarised light. Generally P does not equal P' but they
can be shown to be related by ;-

P' = 2p
1l +P

A band 1s sald to be polarised whenever the depolarisation

ratic is less than 6/7. This value is determined by
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quantum mechanical considerations and refers to
measurements with unpolarised light, The above relation
leads to an equivalent value of 3/4 when dealing with
plane polarised light., The use of the polariser is well
illustrated with HyTeCls, The region 4OO-200 em™ is
shown in Figure [2+8]. The continuous line shows the
spectrum obtained without the polariser in, while the
dotted line is that obtained with it in., Thus there are
seen to be two bands in this region with the higher one

polarised,

Two practical considerations should be mentioned
before this section is closed., The first one 18 concerned
with how close to the exciting line Raman shifts can be
observed, It might be thought that with a highly
monochromatic coherent exciting line that shifts of only

10 em™*

might be observed, but Perkin-Zlmer only claim that
shifts of greater than 30 em™ are detectable, In practice
no bends at shifts less than 65 cm ~ have so far been
observed, The second point involves the resolution of the
LR=I. The monochromator is adjusted for best resolution
using an argon lamp, This has an emission at 667.7& while
the neon in the laser has an emission at 667,8%. This 1is
observable when the splke filter 1s not being used., The

two emissions are separated by Just 1 DN at 2030 DN,
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The argon band corresponds to a frequency of 14,977 e
while the neon one to 14,974 em™ thus supplying two

sharp bands with only 3 cm’i separation, These bands
should be clearly resolved when conditions are optimun,
The practicel test for resolutlon involves study of the
459 cm band in C Cl, j this is the A, symmetric breathing
node of the tetrahedron and is very strong, The chlorins
isotope effect is such that there is a 2,5 cmt separation
of two bands in this mode, It 1s of course faé more
difficult to resolve such a system compared to the above
ideal case of Ar/Je, %“hile the Ar/Ne test worked
perfectly, the C Cly test was never obtained to any real
satisfaction, Although signs of splitting were 1ndicated,

these splittings were 1lmpossible to measure,



FIGURE 2.1

Boltznann Distribution Curves.
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FIGURE 2.2

Tranemission characteristic of the colour filter (Pg).
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FIGURE 205

Background of LR-1 in the region of 2200DN Both
with and without colour filter in*
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FIGURE 2 .4

Transmission characeristic of interference filter (F*),
and resultant background spectrum near exciting line.
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FIGURE 205

Background spectrum when filters not in use.
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FIGURE 2.6

Raman spectrum of ammonium hexachlorotellurate.
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FICaEE 2.7

Sealed Raman cell for air-sensitive liquid samples.
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HGURE 2.8

Haman spectrum of hexachlorotelluric acid.
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TABLE 2.1

Dependence of Ist excited state population on temperature

and frequency.

(ca“?) T(“K) 100
100 350 66.3
100 300 61.9
100 77 15.4
200 350 43.9
200 300 38.3
200 77 2.4
400 350 19.3
400 300 14.7
400 77 .06

1000 350 1.6

1000 300 0.8

1000 77 I

3000 350 ¥

3000 300 X

3000 77 *

350K is the ten”erature of the beam of the PE-225,
300""'K is room temperature and 77“K the temperature
of the cold cell,

X less than ,0001
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CHAPTER THREE <« OCT HEDRAL ANIONS

31 Introduction

The wvibrational spectra of hexahalogenometallates are

1

well understood, Only below 130 cm  1is the interpretation

of the infrared spectra in any possible doubt, The first

i ’

) 1
reported infrared spectrum of an [NClg anion was by Adams

He investigated the spectra of the compounds K [MC1s] (M =

* and concluded the

Ir,0s,Pt,Pd) between 4OO and 170 cm
absorption near 300 em™? was due to a metal chlorine

stretching frequency and that below 200 en™ to a bending mode,
For the stretching mode the chlorine isotope effect was
observable and usually the M-Clﬂv stretching vibration was
resolved, Since this first work, many papers have been

]n.. 12 ,48~-31

published which have included spectra of [liXg anions, ’

Meny of the investigations only searched to 200 cm >, and
this much work is still left to perform before complete

gspectra are obtained,

All the above infrared work was concerned with solids;
on the other hand practically all Raman investigations of
such systems have been limited to solution measurements,
Although Raman spectra of octahedral anions have been
available since 1934 it was only recently that acceptable
data was obtained. For example, the first investigation of
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[SnBra]zu ions in solution concluded that this ion had
Dyp symmeiry. Also, the posslbility of obtaining Raman
spectra from deeply coloured solid compounds has only
arisen since the discovery of thé laser, i‘oodward was
able to study some coloured solutions by use of the
Helium discharge lamp, but this was not powerful enough
to excite coloured solids, Since the first work of
Woodward = on [snCle I~ only a limited number of other
systems have been 1nvestigated.a*~°7 No coloured solid
samples have so far been investigated and the only white
solids investigated so far are (Et,N),[SnClgs] (Et. N)[AsCl,]
and Cs[CeClg Je Thus the Raman studies desctibed in
this chapter represent the first comprsehensive study of
solid complex halides,

The first force constant calculation on octahedral
halldes used a modified Urey-Bradley force field?*. Guite
good agreement was found between calculated and observed
frequencies for the neutral metal hexafluorides whered,,
the inactive mode, was also known from combination bands,
Calculations on hexachloro and bromometalletes using the
same force fleld were salso performed, and reasonable force
constants obtained, The only drawback with the calculations
on the chloro- and bromo species was that the infrared and

Raman data used referred to different physical statesof the
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sample, This trouble did not occur for the fluorides
because the full vibrationsl spectrum was observed from
the infrared spectrum of the vapour, Since, as will be
shown later, the Raman frequencies of the chlorometallates
in solution never qulte compare exactly with those of a
solld salt, the calculated forece constants for these
systems will be slightly in error, For the flrst time,
observations of the complete vibrational spectrum of

samples in the one state have now enabled accurate

calculations of force constants of these chloro and bromo
species, Also in this chapter the dependence of fresquencies
of the onion ond associated force constants with varlation
of cation has been investigated, It has been previously
noticed thatd g, the infrared active stretching mode of the
octahedron, does decrease as the cation is increased in
size.zi’ao where observable, the lattice mode variation,vﬂ,
of the cation has also been Sorrelated with cation weight,
If moximum information is to be obtained from such an
investigation then Judicious choice of system for study is
required, As far as the Raman requirements are concerned,
the sample must generally be both air stable ahd elther
yellow or orange~red in colour, From the non-transition

5 - 2 -
metals the palr of anions [SnClef and [PbCle] were

obvious ones to choose, The ideal transition element to
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study was Pt as [PtCly] and[PtBry]  are yellow emd

red respectively; in fact only [PtClﬁja- was studied in
detall., This anion is of special interest because of the
unusual feature in i1ts solution Reman spectrum:¥ , was
observed to be more intense than”i. With the understanding
obtained from study of the Sn,Pb and Pt anions, where no
electronic distortions are expected to occur, it was

thought likely that investigation of the [TeXg] (X =
Cl1,Br,I) anions might prove fruitful. The chioride is
yellow, bromide orange and iodide black.

Besides the above anions being investigated in detail,
other octzhedral anions were studied less fully where 1t
was thought useful information might be obtained,
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32 Force Constants

Consider a molecule that is labelled in some
co-ordinate system by co-ordinates of the type qy . The
potential energy of the system will be dependent on the

changes in the qi's and for small displacements is given
a9

” g (Bv = V2V
2V = 2V + 2 —) L qy + (g— ) |
o T 24 0 i é:l 1993 oqiq,j (1)

+ higher terms

3 3N
= 2V, + 2 fiq +£ £ij q,Q
° %. H 3= ik (2)
= =

+ higher terms

The coefficients ry and fid are the force constants, The
expression for V can be simplified by a number of
assumptions, If the energy at equilibrium is taken as

zero then one can put V, =0, Also when all qi's are zero
then the molecule is in equilibrium position and the enérgy

of the system is & minimum, This leads one to0 the relations-

%{-’)o (sf4) =0 for i =1,2,.,, 3N (3)

The last point to remember i1s that for very small vibrations
the terms higher than quadratic can be neglected.

Remembering these above points the expression for V 1s much
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simpler :-
3N
oV = EE £5499; (4)
i, =1

[rote fij = fdi}

The form of V in (4) is the basic assumption of the general
valence force field {G¢,V,F,F,]. There is a force constant

for gvery pair of co-ordinates in the molecule considered,

If instead of considering changes in the position of
the atoms in the molecule one considers the changes in
the internal co-ordinates the form of V is further

simplified to
3N-b

v 2 f“qiqj (5)
1,3 =1

qy is now considered to be the change in some internal
co~ordinate from its equilibrium value, AiAs stated above
the G.V,7,F, allows for stretching and bending force
constante as well as Interaction force constants‘between
every pair of stretching and bending force constant,

If this interaction was totally neglected, one would be
left with the simple valence force field (2. V.7, ). This
allows stretching and bending force constants only?9~*°.

Both the G,V.7, 7, and the 3,V.F,P, are inadequate for some
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chemical a»plications, From an N atom system (3N-6)
frequencies at most can be obtained tut the G,V,F.F,
postulates a far greater number of force constants,
This means that therc will be many different sets of
values of these force constants that will satisfy the
observed frequencies, The choice of the correct set
can sometimes be helped by use of isotopic substitution
which 18 assumed to change the frequencies but not the
potential field, Usually however, this method is
impracticable and the G,V,*,F, has to be abandoned in
favour of a simpler field, The S,V.,F.F, 18 usually too
simple to be usefuly generally there are far less force
constants than frequencies and one has to be satisfied
with a "best-£it". The above difficulties can be
illustrated by a bent XY, system, The internal

co-ordinates are shown in the figure below
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The G,V.,F.F, expression for the potentigl energy is given
by equation [6] while the 3,V,F.F. representation is

shown in egquation [7].

2V = L4y (Ari)z + Lyy (O )2 + faaffA (/-\oc)g + 204, (BFy) A1)
+ 2 fiar(Ari) (Aa) + 21“131‘_’(%) (Aa) [6]

N = £, BF) + £, OR) ¢ £ F @a) (7]

The G,F,V,V, requires therefore, four force constants while
the S,V ,F,F. only two. An XY, molecule has three
fundanental vibrations which shows that the G,V,F,F, 1s

too complicated while the 5,V,F,7, too simple, V/ith sonme
complicated molecules the discrepancies between the numbers
of force constants and frequencies becomes large,

The most useful type of force field would be one in
which there were the same number of force constants as
frequencies and where a larfe percentage of these constants
were physically meaningful, Perhaps the best compromise
involves the assunption of the Urey-Bradley field (U.B.F.F.)éi;
this is equivalent to the S,V,F.F., but also includes
repulsive force constants between non bonded astoms, The
advantage of this fleld over the G,V P, F, is two-fold, The
most important one is the number of force constants is far
less than in G¢,V.F.F, and do tend to have more obvious

physical meaning, The second advantage is that it is
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easier to transfer U,B,F,F, constants from one molecule

to another, One disadvantage of U,B,F,I', occurs with
highly symmetric molecules, TFFor such molecules sypmetry
properties tend to reduce the number of different force
constants from a reasonable number to an inadequately small
number, It is perhaps not exactly true to say that the
U,B,F, /'y is a hybrid between G,V,?,F, and S,V,F,F, because
the interaction constants in U.B,F.F, are repulsive while
in G,V.F.F. they are attractive, Nevertheless it is a
useful way to imegine it,

The construction of the potential energy F-matrix
assuming a U,B,f,F, will now be given, The most general
statement of the U.B.,F.7, is
V=4S v S (€ Ry v R @)

1 J(#1)
1 s
v 2 [Hyy = 81433171y * tygtsaFyyl (g8 oyy)
13

+ :E; [ 'tijtjipfj + SijsjiFij] @ﬁri) @1rj)

13

r 1
oS ThygsyaTyy ¢+ bygeggRy) Oy “@rs)ary aa )
143 (8]
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vhere , o
844 = (ri-rj cos aij)/qid (9]
B4q = (rj--ri cos aij)/hij [10]
tyy = (ry sin aid)/qi:l [11]
by = (ry sin oy4)/ayy - - [12]
‘19‘1:1= Ty + 1y mapgry 003(313) [13]
with Ty = 14Ty (4]

-

hi and.HiJ represent stretching and bending force constants
i
respectively with Fij being the repulsive constant; F 13
-3
is normally taken as being /10 Fij'

For ths purpose here is is convenient to represent [8]

a8

V= 1/22[&1](&1)2 + 1/52[1313] (rijA aij)z

+ 2[01]%1‘1)@1‘3) +2[dijJ(Ari)(rijAd j_‘-’) [15]

The G,V,I',I', Matrix F willl be & square array of terms shown

in equation [16].
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ol

Only internal coordinates which are bond stretches or
angle bends are considered, To arrange for all elements
of F to have the same dimensions it is customary to
multiply =1l elements in block B by r and 211 in C by o .,
Thus the terns N and Bux%yz in blocks B and C
respectively become r r.a . and F;awquz.' It is not
necessary to do this, but it 1s useful in that it enables
ong to follow what is happening more easily. The relation
between F and the potential energy is quite close,
Conslder the row vector of the internal coordinates
(Py veu gy 1 oe aM) = P, The matrix expression PFD
is a (1x1) matrix (i.e, a pure number) and is in fact the
potential energy of the system considered.

The simple empirical rules for obtaining the form of
the U,B,F.F, can now be stated, Consider each of the three

blocks of the matrix F in turn,
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Block A

In this block there are two types of term, the @Ar; )
ones and those of form (AriXArJ). Those terms involving
the (Ari)2 lie on the diagonal of matrix A, and the
coefficlents are given simply by 8y The off-dlagonal

terms which involve (Ari) (Arj) have as coefficient C,.

Block B

The elements of this matrix involve terms of the
general form (Ari) (AaJK) but not all are represented in
the U,B,F.,F, Only those terms which have J or K equal to i
are included; thus if neither j or K are equal to i, the
coefficient is zero, TFor the terms where one or other of
J or X is equal to i the coefficient is given by di(j,K)
where (J,K) 1s that value of j or K NOT equal to i, This
rule is best explained by an illustration, In the fragment
of the potential energy matrix below the values of the

coefficients are shown,

Qs 2 Q43 4
Ty ‘}m Jia 0
o Jzi 0 0

&
o
Q.
[~ ]
-
Q.
(]
»
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Block C

The G,V,F,F. allows for the most general type of
term in this block, i,e, (Aaij)(Aam) but the U,B,F,F,
only includes terms of the form Qggaij). Thus all
non dlagonal terms are zero while those which lie on the

diagonal have coefficient bij'

There 18 one condition to the above rule which takes
priority over them, If the peair of internal coordinates
considered in a particular term do not have a common atom
then the values of the coefflicient is zero and not that

as given before,

The actual value of the coefficients a,b,c,d. are
found by inspection on equating couation [15] with

equation [8],

The above method of determining the form of the
force constants has been given in some detail because
all too often authors, in their papers, indicate that
the coefficients of the U B, F.I's were obtained by
comparison with the general field, but do not indicate
exactly how this was achieved, Just the opposite is true
where symmetrization of the FP-mctrix is considered, This
is done in exactly the same manner as the G-matrix, is

a8
very well documented , and nced not be dwelt upon here,
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or an octahedral molecule liXg; the conventional
internal coordinates taken are shown in Figure [3.1].

The necessary symmetry coordinates are s-

81 (A1g) = (l/ﬁ)(rx + Ty + Ty + Ty + T + Ig)

Sa ('g) = (1/[.{5)(21‘5 +2rg = Ty = Ty = T3 ~Ty)

S (Fay) = (1/,&')(1‘5 - Tg)

Sa (Fay) = (l/ﬁ)(r)(aud-aw +0g 3 +0ls 4= 0lg 4 ~Ogz2 ~Cgs =g 4 )
S5 (Fag) = (1/2)(2) (o2 o +0sa=tiaa)

Se¢ (Fzu) = (l/ﬁ?) (1) (a1 =0tsz +053 =05 £ =051 +0lg2 =1 63 +Xg 2 )

Using the coefflcients of these coordinates as the elements
of the U~matrix, and remembering the equivalence of bonds
and angles in an MXg molecule, the resulting elements of
the F-matrix efter symmetrization (UFU") on the U,B,F,F,

are found to be s~

(Aig), Fyqy = K +4F

(Eg), Fpe = K +F+3Fﬂ

(Fiy)y Foz = K + 2(F + Fi), Fgge = F + Fi, Feo = H + i/z(F+F1)
(Fag)y Fos = H + 4 (F+F)

. 1
H +4 (F+F )

11

(Fau)y Fee

These elements can be further simplified by using the

standard assumption that Fo= -F/sc. X, H and F represent
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the M-X stretching, X-ll-X bending and X - --- X repulsive
force constants respectively, In the normal coordinate
analyses that follow the modified Urey-Bradley force
field (iI,U,B,F,F.) was used, This follows the treatment
of Hiraishig*. Here two further interaction force
constants are envisagsd, One of them, A, represents
interaction between adjacent bonds while the other, B,
cllows for interaction between any two angles of tie
octahedron that are not coplanar, Using this modified
system Hiraishi has shown that the elements of FP-matrix

are now g-

Fyq

i

K+A +4PF, T,y =K+ 4 +0TF, Igg =X = A + 1.8F,
Fye = 0°97, Feq =H + 2B + 0:55F, TFgs = H + 0*55F

With this fleld five force constants can be found to
give an exact fit to the five observed frequencies, although
only K, the stretkhing force constant, is chemically
neaningful,
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3+3 Hexahalogenoplatinates.

Raman spectra of [PtCl; P~ and [PtBr, ]®~ have been
observed in aqueous solution by Voodward and Creighton.z9
using o heliunm discharge lamp, Spectra have not been
reported before for the solids,

IR ,18 24
Only the infrared spectra of the potassium, °~ '’

26 & 20
caesiun, ammonium, and tetrssthylsmmonium chloroplatinates

have been reported previously and only below 200 cm"i for
the potassiun salt,

The compounds L‘Lf[PtCle], (MI = K,Rb,Cs,T1,ITH, ) are
known to crystallize with the face centred cubic structure,
As well es elemental enalysis, all the above compounds were
characterised by their X-ray powder photogrsphs, and
indexed on a face centred cubic basis, The lattice constant
for the thallium salt does not appear in the literature and
is & = 9+754. The powder photographs of the salts with
MI = Ag,1eN, ZTt,N, Bqu, PheAs and Ph, I were also taken,
The silver salt was 1indexable as face centred cubic with
a = 9-93§. This is perhaps larger than would be expected
since the ionic redius of Ag+ is 14263 compared to Kkt ror
which the ionic redius is 1+33%; K,PtCl, has en a- value of
only 9.77%. The methyl-amnonium salt was indexable on the
basis of a slightly distorted face centred cublc structure,

For (hP+k5+1?) values of greater than 27 some forbidden
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reflections were observed, The lattice parameter for

this salt was 12:66%; 2+4% larger than that of the

caesium analogue, The distortion from the cubic structure
is probably a reflection of the packing requirements of

the methyl group in the lattice, 1i,e. the structure is still
baslcally face centred cubic, This is supported by the
powder photograph of the tetraethylammonium salt which 1is
also indexable on a cubic basis (a = 14°074) but has
forbidden lines eppearing for (b +k° +1° ) volues as low as
21, The photographs of the tetra-n-butylammonium and
tetraphenylarsonium salts were proporticnately more
corplicated, ‘hether this reflcets merely a2 more pronounced
distortion of cubic structure or a complete change of
structure (say anti-rutile) is not certain, However, the
spectra of these salts could be assigned on the assumption
that they were 1somorphous with the other chloroplatinates,
The powder photograph of the diphenyliodonium salt was even
more complicated than the tetraphenylarsonium salt and this
1s taken as good evidence that a new structure is adopted,
The photograph was not indexed but was very similar to thet

of the corresponding bromide,

A regular octehedral species has¥, (A4 g), ¥, (Bg) and
Vs (Fog) Reman active; ¥V, (Fiu) sndl, (Fyy) infrared

active; Vg (Foy) 1s inactive, These normal vibrations are
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depicted in Figure [3°2]. The absorption frequencies for
the chloro and bromo platinates studied are liscted in

Tabte [3+1 ] with assignments. oodward and Creightonaa
found for [PtCl, ]3— and [PtBrg J°~ that¥, snd . are closer
together than for non-transition metal octahedral halides,
and that the intensities are in the unusual order¥,; »¥,.
The proximity of the two stietching vibrations is confirmed
for the solld salts but the relative intensities are more
variable, For the potassium end caeslum saltsd, andd,
are of comparable intensity, Half bandwidths are ca, 15 om™
Yy the Raman active band is unusually strong being the most
intense feature of the spectrum for potassium, caesium and
tetraethyla:monium salts, The spectrum of K,PtCl; 1s shown
in Pigure [2*3], For the organic cations difficulty was
experienced in exciting the samples, Vhether this is a
feature of the physical state of these samples or a
dilution effect is not certaln, The same difficulty was

found with the other halometallates, dlscussed later,

In the infrared spectrumd», is eslways intense and
sharp (ca. 10 cm ' half-bandwidth) but ¥, varies
considerably with change of cation and is at least twice
the width ofd ., except for the emnorium calt for which the

1

* and v,, 40 em™,

half band-width values arey ;, 30 cm

vs 1s always asymmetric on the low-fregquency side, probably
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due to absorption of [PtCly J’~ ione with varying proportions
of °’Cl. Half bandwidths increase in the order T1 (15 cm™); |
NHe, Rb, Co (ca.20 cm ™ ); K, Ag, NMe,, NBui, AsPhg, (ca.
30 em™ )3 WEt, (55 em™ ). The general feabures of these
four classes are depicted in Figure [3°4]. The silver salt
is unusual in having?V, at 215 cm'1, 20 em™* higher than any
other Vg3 YV, however is at a quite reasonable frequency,
Using diphehylioddnium as cation causes a change in
structure from thst of K;PtCl,;, reflected in a relaxation
of the selection»rules. The diphenyliodonium cation 1is
presumebly bent being formally analogous to H;0 in structure,
i.e, two ligands and two lone palrs coordinated to the
central atom in a tetrshedral manner, with the lone pairs
forcing the ligands closer together than required by Td
symmetry, Diphenyliodonium chloride has two regions of
absorption between 410 and 200 em™; a doublet of mediun
intensity centred on 260 cm"1 vhile a vweaker feature appears
at 403 cm™', For the hexachloroplatinate), is split and a
weak-medium band appears at 338 em ~, coincident with the
Raman value for?d,, )’2 night also be present but would
be overlaid by the split V,. ¥, and); are also clearly
split, and a strong band appears at 86 cn™* which 1is
assigned to the infrared active compbnent of g (vide
infra), Taking average values for the split bandsYg is
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calculated to be at 91 em™', 1in good agreement with the
cxperimental value. These results are consistent with the
complex anion having Cyy site-symmetry, as in the hexagonal
K, inFg structureao. They are not consistent with a lsyer
structure of the bis(p-toluidinium)hexachlororhenate(IV)

42 '

type , which requires Ci gite-symmetry for the comnlex

anlon, The corrclation table for !X molecules is given

bclow.,

V4 Vo Vi YV, Vs Ve
Oh. “f"ig Bg Fiu J.‘iu Fa g Fgu
Ca a 1:11 E Ai +Is Ai +1 A'i +Is AQ +5

ith Csv symmetry A,+E; are infrared active while Au

ies infrared active in Ci symmetry, ¥, [ in (Ph, I);PtClg]
was not observed in the Raman spectrum, but this is not
concluslve as the performance of the instrument with solids
at very low shifts is not very good; also, the difficulty
of excitation of samples with organic cations has already
been mentioned, In contrast to the chloride (PhyI), [PtBrg ]
shows only a single sharp 3 (Pt-Br) band in the infrared
spectrum, This is surprising in view of the fact that the
powder photogreph was similar to that of the chloride,
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Although K; PtBrg, a tomato red solid, gave a good Raman

spectrum, the Phy1I salt was too brown to give one,

llost of the compounds used have further absdfption
at very low frequencies, These bands, whoge origin has
been discussed previouslytg’ai could be eitherdy/, or
lattice modes associated with the cations, If they were
due to Y4 the change of selection rules implied would
require spectra of the complexity of that observed for
(PhyI), [PtCle], end this is not found, Their dependence
upon cation mass, as shown in Figure [3-5], argues strongly
for their assignment as translational lattice modes, On
mass considerations alone, Ph;I' would be expected to translate
ca, 55 cm"ig this strengthens the assignment of the 86 cm™
band to) ;. The change in site symmetry from 0, to Csy would
not be expected to have a profound effect ox the position
of the lattice mode, This statement can be supported by a
comparison of the lattice modes in the unrelated systems
MthCI*4Q and K,PtClg [M = K,Rb,Cej 4 - the bands attributed
to the lattice modes are listed below (in cm 1),

4 [PtCle] M, [PECL ]

K 106 ' 106
Rb 82 84
Cs 30 13
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Although several force constant calculations have
been made for complex halides, none has been made with
Raman and infrared data which related to the same state,
Comparison of the Raman frequencies of [PtCls]S"
obtained in atueous solution.&9 with the solid state
value shows that no one cation fits the solution values
and that, consequently, force constants calculated using
data from different states are slightly in error, Torce
constants calculated here have used a modified Urey-
Bradley force field (MEFH mentioned previously.
Abramowitz and Levinfi have recently made a comparison
between force constants obtained using this field and
those obtalned with the general field; they concluded
that the MUBFF yields values for the principal force
constants in good agreement with those obtained from the
general force field., Using a computer initisl values of
the force constants vwere refined until an exact fit was
obtained with the observed values of)Y, to¥Yg. Vg was
then calculated, Force constants are listed in table [3.2]-

andy), is included in table [3-1].

For Mg[PtCIGJ there is an gpproximate linezr decrease
in X, the stretching force constant, wilth increase in
ionic size fron Ag+ to Cs+, after which a limiting value

of 173 to 1°74 millidynes/Z is reached for the large
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organic cations, This is related to the generai lowering
of the three stretching frequencies in the same sequence,
shown most clearly byV;. The plot of K versus ionic size
is shown in Figure [3°6]; the radius of the alkyl-smmonium
ions were taken ss thoce 1indicated by calculations on

45
limiting mobilities by Stokes' law

The orange compound K,PtCleBr,, formed by reaction of
brémine with potassium chlorOplatinite*B, has the spectra
given in table [3+3]. It could be cis- or trens-

Ko [PtC1laBr; ], or a 2:1 mixture of X; [PtClg ] and Ka [PtBry].

The correlation between Oy and both D,h and C,v is given

below,
%
4 1 Y 2 v 3 v‘& v 5 6
Oh Aig Eg Fiu F:Lll Fgg Fgu
D*h Ai g ‘[‘*1 8+B1 g A2 u+Eu AQ u'f‘Eu Bg g"’Eg BQ u+Eu
Cz v 'Ai ."\\1 +A;: A1 +B1 +BB ‘Ai +B1 +B2 A‘i +B1 +B2 AE’. +B1 +B2

For Dy symmetry (trans formulation) fApy+Eu are infrared
active while Aig,Bzg, B;g and Eg are Raman active, For C.vy
(cis formulation) all bands are Ramen active snd only 4, is
infrared inactive, The relative simplicity of the spectrav
rules out the cis but 1s consistent with the trans
formulstion, although it is necessary to essume that the

site-symmetry of the anions is lowered sufficiently to allow



V(Pt-Cl.), =y, to be split and Y(Pt-Br), Ay g, to be
infrared active, The spectra might also be interpreted
as the sum of contributions from [PtClg ]~ and [PtBrg ] ~,
but the bands are shifted considerably from the positions
for the two separate potassium salts, To confirm the
identity of the compound, the X-ray powder photograph was
taken, This was indexable on a face-centred cubic basis
assuming a= 9°90ﬁ, The observed and calculated values of
sin'® are shown in table [3+4]. The compound thus is
not a mixture of chloro- and bromoplatinates, It is
strange that it packs in a cubic luttice but this 1s
consistent with the interpretation that trans-[PtCl,Cl; ]
anions are packed randomly in crystal, This also explains
the lowering of the site symmetry postulated in the
interpretation of the spectra, The lattice papameter
(9'90&) may be compared with those of the chloroplatinate
(9o76ﬁ) and the bromoplatinate (10°30R).

A fair approximation to the modes and assignments of
the epectra of trans-[X,PtCl,Br, ] can be obtained by
calculating the expected modes for the separate PtCls and

PtBr, moeities, This is done below,
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Infrared Raman
PtCl, (Dgp) 1 stretch, 2 bends 2 stretches, 1 bend
PtBr, (Deop) 1 stretch, 1 bend 1 stretch
PtCl,+PtBr, 2 stretches, 3 bends 3 stretches, 1 bend

This should be compared with the requirements calculated
using correlation taebles which are 2 stretches and 3 bends
in the infrared and 3 stretches and 2 bends in the Raman,
There 1is thus one Raman active bend not predicted by
treating the two Dgn and Deoj reeidues separately, This
bend is probably therefore, associated with both chlorine
and bromine bending, However, since it is certalnly below

150 em >

it has been assigned as mainly¥ (Pt-Br). The
strong band in the infrared at 92 cn ' attributed to
¥ (Pt-Br), E,, probably also has a lattice mode contribution

from the potassium ions included in it
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34 Hexachloro-stannates and plumbates

Raman spectra of aqueous solutions of [SnCl,]z- and
of [PbCle]z— have been reported by Woodward and Anderson?a,
and Creighton and WOOdW&Pd?* respectively, Using HeAle
laser excitations we have now extended these observations
to series of the solid complex chlorides 1,} [MC1g] (M =
Sn,Pb), These compounds have the cubic K; [PtClg] structure
for MI = K,Rb,Cs,NH*,47 and X-ray powder photographs for
MI = NMe, and NEt, can also be indexed on a cubic structure,
The Nie, salts were indexable with a = 12+604 (M = Sn) and
a = 12°71 (1 = Pb) but as with the platinum analogues some
forbidden lines were observed for high hkl values; even
more distorted were the NEt, salts indexed with a = 14+ 00A
(M = Sn) and & = 14+11X (M = Pb), Correspondingly
(NBéL)g[Sn01°] had an even more complicated powder
photograph as did both Ph:,As salts, The Phgi compounds
had photograph more complex thanthe Ph, As salts and thils
is teken again as good evidence that they adopt a different

structure from that of K, [PtClg].

The infrared active stretching frequency,) s, has been

24,38
observed for (NH,).[SnClg] '  and MéI[MCls], (MI = K, Rb,

20,30

Cs, NEt,), (M = Sn, Pb), but the only lower frequency

bands known are those for K,SnClg and (NHg),SnClg given by
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28
Greenwood and Straughan , A series of these complexes
have now been studied to 60 cm . The bands observed
with obvious assignations are given in tables [3°5] and

[3-6].

The yellow hexachloroplumbates ylelded good Raman
spectra in which )y was considerably stronger thany/ ..
Some difflculty was experienced with the white tin complexes
and only Y, was fouhd in several cases, even though the
samples were microcrystalline, Surprisingly, difficulty
has been encountered in exciting Raman spectra of many
other white or colourless inorganic solids with the 6328A 3
better spectra might be obtained with conventional mercury
sources, The same difficulty has been noticed by other
workers” . With the platinum, tin and lead complexes,
Hg [MC1s ], poorer spectra were obtained when MI = organic
cation than when an inorganic cation was used, Results
reported here for the solids compare well with the solution

values and the assignments follow clearly,

In the infrared spectral, and) g are unambiguously
assigned in every case; the shapes and half-band widths
@y, A ) vary considerably with MI. For the ammonium salt
v, 18 very broad (ca, 75 cm * half bandwidth) and is wider
thand ; (¥, ca. 60 em™), and for K, [SnCls] both

Y5 (Avi/z ca, 100 cm™’) and¥, (B 1/a CB. BO en™) are very

brogd. Otherwise,Vs is 30-50 cm™ and¥, 25-30 cm  half
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bandwidth, The compounds (NR4 ), [SnClg], (R = Et,Bu )

and (EteN), (PbClg ] haveVgy clearly split; it is distorted
in most other cases, These factors made the bands
difficult to measure pccurately, ~Agreement between the
values reported here and those already published is good,
making general allowance for these factors, The band
centre frequency has generally been reported here, not the

band maximum frequency, in the cases of asymmetric bands,

As for (PhyI), [PtClg), the diphenyliodonium salts have
complex spectre which indicate a pronounced lowering of
site-symnetry. In both casesY; 1s resolved into two
components, accompanied by a weaker band co-incident with
the Raman value fory,, Y, for the tin salt splits and a
band appears at 89 cm - vwhich is assigned to normally
inactive ) . It is too high to be a lattice mode (vide
infra) and it is close to the position calculated for
Vg for CgfsnCl;]. In (PhyI), [PbClg], Y4 is asymmetric but
not split,

Cation~-dependent lattice modes were found for both
series of anions and decrease in & fairly regular manner
with increase in cation mass, The band at 110 em
reported by Greenwood and Straughanfe was not Eound, but
a strong absorption at 83 cm-1 was observed, more consistent

with previous values of lattice modes for potassium in
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12
complex halides .,

Since the infrared active lattice modes are of Fyy
symmetry they can interact with?d,. It is unlikely that
this 1is significant in the present series, except for the
ammonium salts, (NH,), [lClg] (¥ = Sn,Pb,Pt) have )’z;
at 122, 106 and 134 em * respectively; in each case 2, is
the highest observed for the complex anion, Thus it is
quite possible that in the unperturbed spectra of the
ammonium salts ¥, and )’L would be much closer together,
There 1s in any case a slight decrease iny, with decrease

inY ; for the hexachlorostannates, but it is unlikely that

L
this is primarily attributable to interaction between?V .
and)JL, a8 the stretfhing modes also show the same trend

with expansion of the lattice,
No force constants have been calculated for [SnClg J°~

and [PbCl, ]*~ using infrared and Reman data taken from the
same gtate, This has now been done using the INUBFF,
Calculated force constants are shown in table[3+7]. The
vibrational frequencies for the lead complex ions cre
substantially lower thon for those for tin, This lowering
18 accompanied by a decrease in bond stretching force
constant, K, showing that the changes are only partly due
to mass effects; there 1s a genuine decrease in }-Cl bond

strength from tin to lead, KX shows a general decrease with
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increase in lattice size, except for the highly distorted
diphenyliodonium salt; for the tin complexes the change

is very slight.
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5+5 Hexahalogenotellurates

The hexahalogenotellurate anions [TeXgs '~ (X = C1,
Br, 1) are of particular structural interest, Gillespie
and Nyholm*s, suggested that they should be distorted from
octahedral by the effect of the lone pair of electrons:
however, several crystal structure determinations*g-sz
have failed to show any significant distortion,
Furthermore the solid complexes Mg[TeXB], (! = K, Rb, Cs,
NHs), (X = Cl, Br), have been shown to have the K,PitCl,
structureso’sg’sa. X-ray powder photographs have been
taken of ¥s[TeXq], (X = C1,Br) (% = Wiey, NEts, AsPh,)
end (PhyI),TeCly. Both M = Nie, and NEt, are indexable
on a slightly dilstorted face centred cubic basis; nt =
Nie, a = 12.90%, X = C1, a = 13-32}, X = Bry ML = NEt,,
a = 14 14X, X =C1, a = 15°09 X = Br., The (EtyN),TeBr,
X-ray photograph showed that this compound Was.more
distorted than the other Et,N salts since forbidden lines
appeared for (h® - +1%) values as low as 18, Both the
PhyAs and Phy; I salts had comparably complicated photographs;
whether the Phy As and Ph;I salts have the same structure
(presumably different from K, PtClg;) or different ones is
not certain, It is possible that the sane situation‘occurs

here as with the Pt,Sn and Pb series where the Ph As salt

tends to be merely distorted from X, [PtClg] while the Ph,I
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salt appears to adopt e new structure,

Greenwood and Straughanza recently summarised the
situation and reported far-infrared spectra of seven
hexahalogenotellurates, concluding that there is no
distortion of the indilvidual octahedra due to the lone
palir of electrons, Partial or complete Raman and infrared
data for twenty-one hexahalogenotellurates are now
reported; the interpretation of this data has been aided
by our studies of the series [MCls]z-, (M = Sn,Pb,Pt),
for which there are no electronic complications, No Raman
work has been reported previously for these compounds
because their intense colours preclude excitation of the
spectra with the usual mercury arc, Using a He/MNe laser,
spectra have been obtained of the yellow chlorides and
orange bromides, but results could not be obtained from
the black iodides, The frequencies observed are shown in
tables [3+8] and [3*9] for the chlorides and bromides plus

iodides respectively; assignments are also included,

The Raman spectra of the free acids H, TeXgs (X = C1,Br)
in solution, show the three lines expected for regular
octahedral ions, In boﬁh cases the highest frequency 1line
is polarised and is therefored, (f;g). The Raman spectra

of the solid salts show three similar bandsy; there is no sign
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of any splitting, consistent with undistorted [Texa ]a-
octahedra, Half»band\v.rid.t:hs,Ay._%a , are comparable with
those found for hexahalogenoplatinates and plumbates under
similar instrumental conditions, 'With the larger organic

cations less complete spectra were obtained due to increased

difficulty in exciting the spectra,

The far-infrared spectra are more complex than the
Ramen spectra, but the most striking feature is the
extraordinary breadth ofd ,(F;y). For the hexachlorotellurates
&»., can be as great as 180 cm™?, It is unlikely that this
breadth can be accounted for solely by "crystal effects" as
vas suggested by Greenwood and St;rxaug;’ha‘ﬁ28 . In order to
understand the effect better the behaviour of)Y ; and¥y ¢ in
[1C1s P~ (M = Pt,sn,Pb) has been studied previously, It
was found that) ; 1is always broader than),, except for
ammonium salts in which)Y, 1s broadened unusually, reaching
By, values of 40-80 cm™ >, The largest velue ofY, found
was for K, [SnCl, ] (A)!%,2 ca. 100 cm""), but values of
L40-80 em ™t were most common, Tetraalkylemmonium cations,
particularly NEt*+, tend to produce resolvable or near

resolvable splitting inV ,,

The same pattern of behaviour is found for [TeClg [ ~
salts, buty, is broader than in the [MClg F~ salts. It is

also more intense relative tod,, which shows no abnormal
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broadening, Thus potassium, ammonium and pyridinium
[TeC1e I~ salts havel; , ca. 180 cm‘i; the other cations
vield Ay, 4 <a. 80 cm_f, and there is generally some
asymmetry, which is first resolvable for (Nle, ), [TeCls ].

(Phy 1), [TeCly ] shows complex splitting ofY , which
can be interpreted as for the platinum mnalogue, Thus
288(m-s) cm® corresponds to the Raman value forV,,
258(m-8) cm * is close toV, (the exact fralue is difficult
to determine as thies peak overlies absorption close to the
cation), endY; is split into a triplet, Very similar
results are obtained with tetraphenylarsonium ss cation,
Both these hexachlorotellurates have spectra consistent

with C5y site-symmetry for the complex ion,

The bromides and iodides show); bands which are broad
compared with the other [MXg ]~ anions, but much narrower
then for [TeCls]°~. Among the bromides only the pyridinium
salt showed any splitting, (ZtyN),[Tels] hasy ; clearly
split and for (Py H), [Tels] it is asymmetric on the high
frequency side, but it was not resolw}'able as reported by
Greenwood and S't;rzmghzan28 . There are other discrepancies

between this work and theirs:)Y , found 12 cm -

higher for
(IMe 4 ); [TeClg ]; ard dn additional band was observed at

79 cot(8).
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The splittings found inV ; are not different in kind
from those shown by other snions [1Xg '~ where the cation
is varied and it is concluded that, for [TeXs ]’ ~, the
lone pair is not primarily responsible for the splitting,
Consistent with this conclusion no splitting was observed
in the Raman lines,

The decrease inw% for ¥y in [TeXq J°~ &8 chloride
is replaced by bromide and then lodlde seecms to be a
general feature of metal-halogen vibrations, It 1s equally
clesr in series such as [PtXzJ~, (X = F,C1,Br,I), and
suggests a correlation betweenAv%g and degree of covalency
or polarity of the bonds, It is likely, however, that the
exceptional widths ofY s for [TeXs '~ is related to the
partial distribution of the lone pair, The presence of a
stereochemically sctive lone palr has no broadening effect;
bandwidths are normal for TeXs, (X = Cl,Br,I)a*psv. Ureh
suggests that the lone pair in [TeX5§7" nay be in an Aig
antibonding molecular orbital and as such will effectively
reduce the electronegativity of tellurium, Compatible with
this,¥ ; for [TeClg '~ 1s very low compared with [SnClg ]~
and the bond stretching force constants for the potassium
salts are 0492 and 1+07 millidynes/f respectively., Onlyd 4
shows this abnormal broadening and it is the only

entisynmetric mode of vibration, one which requires the
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netal atom to move, The inltially Afg orbltal containing
the lone pair will then no longer be of g-symmetry and
will be able to mix in with other bonding orbitals thereby
achieving some transient directional effect and providing
a mechanism for the broadening,

Below 150 em™t

the infrared spectra are complicated,
In contrast to other ions of the [MX,J~ type, )Y, is not
as readily identified for [TeXs]? . For the chlorides,
sbsorption is found below 100 cem ' but there are no strong,

* whereY, would be expected (cf.¥ s ),

sharp bands ca, 140 cm~
except for the PhyAs® salt, It is concluded that¥, is

abnormally weak in this series,

Ve aﬁd the cation lattice mode,V 1,2 are of the same
symmnetry species and will interact, If they are quite
widely separated in frequency it is reasonable to make
assignments to them, as in series [IC1¢ ], (B = Sn,Pb,Pt).
For bromo and lodotellurates it is doubtful if such
assignments would be meaningful and therefore they have

not been definitely made here.

The results of some force constant calculations, using
the HMUBFF are shown in tables [3*10] and [3*11] vwhere
various values of Y, and s have been assumed, The general -

trend 6f values is consistent with those for other series.,
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[TeClg P~ end [TeBrg *~ have closely similar values of K,
in contrast to other ions (X F~, (X =C1,Br; M = Pt,Sn)a*,
for which the ratio X (M-Br)/K (M-Cl) is usually 0.79-0.85,
Thus this ratio for the halotellurates varies between 0°87
ond 0+94, This can also be understood in terms of Urch's
description.sa of the bonding in ions such as [TeX, F~ and

would seem to be good evidence in its favour,

The compound analysing as H,TeBrg.2H,0 was prepared
according to Riponég. The chloro analogue could not be
made in a pure state, It was thought that the structure of
this might be (H,0), [TeBrg]. The H,0' ifon could be present
in such & compound in one of three ways, If hydrogen
bonding was significant then the H30+ would be rigidly
held in the lattice and the spectra of [H,0]; [TeBrg] might
te interpreted as similar to (Ph,I),TeBrg. On the other
hend, 1f hydrogen bonding was absent then free rotation of
H’ao+ would be expected; depending on the nature of rotation
the H,0" ion would appear to have either spherical or
conical symmetry., A structure including a conical cation
would again be analogous to (PhyI),[TeBr,] but one with a
spherical catlon would be cxpedted to adopt to K, [PtCl, ]

structure (as does (NH,), [TeBry]).

The X-ray powder photogreph was taken of the compound

snd was found not to be isostructural with K, [PtClg]; on
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the other hand the photograph was not as complicated as
would have been expected if it had been isostructural with
(PheI); [PtC1g ],

The infrared spectrum was measured to 200 cm™ gnd
the sample gave a good Raman spectrum, The ebserved
frequencies are shown in table [3+12], The band at 190 cm "
in the infrared may or may not be a true band since the |
performance of the PE-225 below 200 cm & is doubtful; also
in the Raman spectrum the bands observed at 185 and 137 cm
are both in well known spurious positions for the LR-1.
The interpretation of the spectra wlill be discussed with
both possibilities in mind.

Neglecting the bands at 190, 185 and 137 cm

first,
then the best interpretation of the spectra is on an

octahedral basls with the HIS.O+ ion causing a lowering of
symmetry to Cgy. In the solid salts of [TeBrgf V4,V
and), were around 175, 150 -nd 190 cm™' respectively;Y g

is considerably higher than . whereas in all other cases

8

of [iXg '™V 7¥gy. If [TeBrg ™ is present then it is
necessary to postulate a rise in frequency of the stretches
of about 50 cm™ . compered to the other solid salts., Thus

in the Raman spectrum the bands &t 226 snd 210 cm are

assigned toY, andV, respectively. The band at 122 em

1

is attributed to),; and that at 85 cm = to a lattice mode,
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The strong broad (but not split) band in the infrared
at 238 cn~ 1s assigned toY, while the strong
absorptions at 222 em™® with a shoulder at 210 cm™ are

assigned to), and¥, respectively.

If H,TeBrg.2H,0 does not contain discrete [TeBrg ]ﬂn
anions then the lattice is likely to containr elither
[TeBry ]7 or TeBr,. TFor these species to be present it
would be necessary to postulate structures [TeBra+]
[H,0% ), [Br~ ]s and [TeBr,][H;0" ), [Br~ ), respectively.

The former lattice would contain pyramidal TeB_rs"' (Cav)
ions while the structure of TeBr, in the lattice would
be expected to be similar to that of SF, (Gv). The
correlation between C;, and Cpy for the above spéciles - is

given below,

v, Vs Y, v,
T (liXe) Ayq E ' Fa
Cav (MX) 2y Ay E E
Cov (MXy) Ly A+l A 4B, +B; 24 4B, +B,

Another possible structure that would require ['I'e:E-Sr3 I
would be [TeBrs J¥[HBr, ]” [Br]™ [H,0]7.H.0, but this was
rejected because no absorption between 1550 and 700 cm -
was observed, which is where [HBr, |7 might normally be

expected to absorb,
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Teking the Cpy postulate firgt, reasonable agreemént
can be obtained by comparing the data here with that of
Adams and Lock - who postulate a TeBr, 'Br~ structure for
80lid TeBr,, Thus in the infrared the assignments are
238(A) and 222(E) bothd (Te-Br) while ths medium band
near 190 cm— is assoclated with the bromide ion . In the
Raman shifts are assigned thus g3- 226(A) and 210(E) both
¥ (Te-Br) and 122 cm ™ (4) and 85(:2) $(Te-Br), This
assignment assumes thus that the two Raman bands at 185
end 137 cm"1 are spurious but gives an explanation for the
infrared band near 190 cm .

An explanation of the spectra on the basis of the
presence of TeBr, would require the three bands in doubt
to be real, Four stretching vibrations are required in
both the Ramzn and infrared spectra, Four bands (viz,
238, 222, 210, 190 cm ) can be found in the infrared but
only three are observed in the Raman, I'ive bending modes
are expected also in the Raman whereas only three wefe‘
observed, Cn balance the presence of TeBr3+ species being
present in the compound H, TeBrg .2H; 0 is postulated by the
author, Low frequency infrared data or X-ray evidence 1is
really necessary to decide which of the possibilities is

correct.,
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3+6 1st row transition hexachlorometallates and related

systems,

lst row transition hexachlorometallates have only
80
recently been prepared; Piper et al. have characterised
the species [COIII(pn)a]'[MIIICIG], (f = Cr,}n,Fe 3 pn =

1,2-propanediamine), [MII

Clg]*” (¥ = ¥n,Fe) ions have
been postulated in the ores chloromanganokaliteei
(K4 1inClg) and rinneite83 (KyNaFeCly ) respectively, but
not properly confirmed, Desides the above compounds,
Piper also made [Co(NHy)e] [FeClg], and [Co{pn),] [InCl,].
The spectra of these [HCle]a' species were taken in
the infrared; to help assignments the cation spectra were
also observed in [Co(IH; )¢ JC1l; and [Co(pn),; JCls. The
related system of compounds K, [MnCls], K, [IrClgs],
(NEty )5 [IrC1lg ] and [Co(NHy)e ] [IXCl,] were also prepared
and their spectra taken, Assignments of anion bands are

given in table [313],

[Co(pn); ]JC1; has infrared absorption at 376sh, 366s,
335s, 277br, 226br,w and 105vs, This last band at 105 cm™
is almost certainly a lattice mode of the chloride ion.
since this band disappears in the other complexes studied,
In gll cases the cation and anion spectra overlap to.sdmé
extent but the cation absorption in the complexes is close

to that in free [Co(pn); JCl,.
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83
K, [MnCle ] has the K; [PtClg ] structure ; the

;
assignments of V, at 358 cm™  and ¥, at 200 em™* are
obvious, The band observed at 102 cm ~ is almost
certainly X' lattice mode. K, [MnCls] cen only have the
electronic structure t:g. The compounds [Co(pn)s ]J[}Clg],
(M = Cr,iin,Fe,In) have been shown to be 1lsostructural but
the exaet structures not found, The transition metal
anion complexes have also all been shown to be high sping
thus the electronic configurations of [MC1l,J~ are t:g

(M =Cr), t, eg

of VY, arec sensitive to the arrangement of electrons in

(M = Un) and t:g Eé (M = Fe), Values

the d~orbitals and the oxidation state of the nmetal.

The presence of two electrons in the e, antibonding

g
orbital in the iron complex causes a drastic lowvering

of ¥ (1-Cl) compared with thé chromium complex; Y (Cr-Cl)
15 observed st 315 cm - while the iron anslogue has
Y(Fe-Cl) 67 cm * lower., This is directly comparable with

6%
IIIc1.p, Jcl, ©° vwhere D 1s & chelating

the complexes trans-[H
diarsine, Where I = Co (electronic configuration tag)
Y (1-Cl) is at 384 cm

level (I = Ni) causes »(M-Cl) to drop to

' but introduction of an electron

into the eq
238 co . [MnCla]a_ is expected to suffer John-Teller
distortionn, probably to give four short and two long bonds,

In accordance with this, a single ) (¥n-Cl) band (at 342 cm *)
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is found higher then the analogous ) (Cr-Cl band and
comparable with?; is K, [¥nClg] (not expected to suffer
distortion) allowing for the different cation, Vs in

%o [MnCl, ] would be expected to be higher than "J,' in
[1nCle '~ because of the increased oxidationstate of the
minganese, The single band¥ (n-Cl) in [¥nCl,°~ 1is
therefore probably more correctly assigned to the Ey
stretching mode of the Dyn [MnCly] group; if the lohg
bonds are lengthened to the extent found for (say) CrF;,
one would expect this to give rise to & discrete (lower)
stretching frequency, Thus the asslgnment of the band

at 184 cm ™’ asYs is in some doubt, This almost certainly
however, is a bending mode whether it be assocliated with
the [MnCl,] group or [MnClg I~ octahedron, It is possible
that a stretch of the long Mn-Cl bond is overlald by a
cation band, V (In-Cl) is as low as that of ¥ (Fe-Cl); this
can be rationalised by taking into aceount (a) the increase
in mass and (b) the absence of any ligand field stabilization

energy for indium,

The spectra of [Co(WHy )g J[1iClg], (U = Fe,Ir), were
similar to those of the above series, The probably structure
of these complexes, considering the comparable size of the
ions, is that of Xa’l or CsCl, It scems lilk2ly that for

the iridium complex) , for the cation (§(Co-N))is at 320 cm™*
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anaV s for the anion is at 302 em™ 3 both bands are sharp

H
and no splittings are observed, In contrast both these
bands (and) , for the anion) are split for the iron complex,
suggesting a
A lower site symmetry, Thus), for the cation while
centred at 290 cm™* 1is composed of a main strong band at
248 em * with shoulders either side at 272 and 227 em ™,
Similarly) , consists of a strong band at 181 cm ~ with a
shoulder at 160 cm . The comparison of W(Ir-Cl) and
Y(Fe-Cl) in these complexes shows dramatically the effect
of the presence of electrons in the e¢g level in the Fe
complex; [IrCl, J°” is a high field, low spin complex with
configuration t; ge A Raman signal vas obtained also from
the iron complex; a strong band at 283 cm is attributed
t0), for the anion while a wesker feature at 313 cm ~ is
lef't unassigned, Both spectra show well developed sharp
bands at lower frequencies, but these are unlikely to be
due to the inactive ). They are possibly associated with
the restrahlen frequencies of the complex ions; consistent
with this these bands are lower in the iridium complex
which has a higher formula weight for the anion than the
iron complex,

The sharp bands associated with [Co(iiH;)e][IrClg] are
in sharp contrast to those of K;[IrClg]. K, [IrClg] is

reported to have bothy, and Yy, sharp but the analogous
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bands in K3IrCl, are described as broad unsymmetrical
features . Under higher resolution),; and?, in this
latter complex is now seen to be composed of several
components: a more extreme form of this is shown by
(2tgN)g [IrClg] in which Y, andV, are both split and
complex absorption is found below 100 em ™, probably due
todV ¢ and)JL. Thus in the), region there is a strohg
band at 305 eo > with n shoulder at 317 cm ® and a
separate component at 336 en > In the bending region a
doublet is observed at 171 and 188 cm ~ (strong) end
another band is situated at 221 em™~, A crystal structure
determination of ¥;IrCl, would be intzresting to find out
what is the actual site symmetry of the [IrClg] group.
The structures are, probably, related to the cryalite
structure which in certain modifications can obviously
have a low enough site symm\.etry“ to explain the infrared
splittings observed,
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3+7 Hexachlorocerates.

(HeqaN), [CeCls ] 1s reported to have the X,PtCl,
:31;:m1cture85 while a recent crystal structure deteimination
of Csy [CeClq ]‘56 has shown to crystallise in the K, [GeFg]
structure, The preparation of caesium complex has not
been published yet but the methylenamonium salt is quite
easlily prepared.u The tetraethylammonivm and
diphenyliodonium salts of [CeCly P~ hove been prepared
by anslogous methods; it is likely that the EZt,N' salt
will be isostructural with the lMe N’ salt while the Ph,I”
salt will probably suffer some distortion, No vibrational
spectra of [CeClg P~ or any other lanthenide analogue has

been previously reported,

(Et4N); [CeClg ], although yellow, did. not yield a Raman
spectra but), andV, were both strong in the infrared with
Y, at 268 em™* and ¥V, at 117 em >, (PhyI), [CeCle ] Bave
only a poor Raman spectrum butd,,V, and¥ , were found;

Y, endV, were at 295 and 265 cm = respectively while
¥, (very wesk) appeared at 120 em™ ., The infrared spectrum
was consistent with a lowering of site-symmetry of the
[CeCls ', probably to Cyy., TFour bands were observed
between 300 and 255 em -, Two strohg features at 277 and |

265 cm = both had clear shoulders on them; the band at
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277 cn™’ had a shoulder at 294 cm™* while the 265 cm *

had one at 258 cm™>. This lowest band (258 cm ) can be
attributed to cation absorption, The most convincing
assignment of the bands at 277 and 265 cm is that they
represent) ;, split by the low site symmetry. An
alternative assignment would be to equate the 277 em™*
band withY , and the 265 cm™" with),; elther assignment
implies a lowering of site-~symmetry from that of ¥, [PtCl,].
The sbsorption at 294 cm— is obviously the Raman active
frequencyV,. V, was also clearly split with a strong
band at 114 cn* end a shoulder at 120 em™ ., One strange
feature of the spectrum was a medium-strong band at 217 cm'i;
this is unlikely to be an impurity band since the compound
had satisfactory analysis figures. Using values of¥, to
Y, of 294, 265, 267, 117 and 120 em = respectively the
MUBFF force constants were calculated, They were (in

millidynes/R) X, 1°14; F, 0°11l; H, 0°02; A, 0-26; B, 0-01,
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38 @General Conclusions

For the octahedral hexshalometallates studied
correlations between 1i~-Cl bond stretching force constants
and cation size, and between lattice modes and cation mass
have been investigated. Correlations between these

paremeters have definitely been established,

The complexes (Ph,I),[1Cl4], (1! = Pt,Sn,Pb,Te,Ce)
have vibrational spectra conslstent with Cy, site symmetry
of the anion, This ls probably caused by the unsymmetrical
cation Ph,I. No splittings, however, were observed for the
complex (PhyI), [PtBrg],

For thefirst time Raman data on [TeXg [ ~’ (x = C1,Br)
and [CeClg F~ have been reported, The spectra of the
tellurium compounds show that the lone peir on telluriun
does not occupy a stereochemical position, The first
infrared data on [CeClg] ~ and [MC14]®", (M = Cr,Mn,Fe)
has also been reported, The spectra of the first row
transition ‘hexachlorometallates are rationalised in terms
of the Jahn-Teller effect and the electronic structure of

the transition metal,
For solid K, [PtClg] the anomalous intensities ofV,

and) . observed in solution spectra were not found, The

proximity of the bands however was confirmed, The

38
suggestion by Woodward and Creighton  that the low S -value
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(5 = My-Y3: )44 ) 18 due in . some way to the presence
of six non bonding electrons on Pt is probably wrong,

For [SeClgf 7§ = 0.21,67 but for [TeCly ™ (and [TeBrg] ~)
Shes been found to be 0.08. Woodward and Creighton have
correlated §-values of around 0,25 with ions that do not
have lone pairs, and values of less than 0,1 with those of
species with lone pairs, Since [SeCls] and [TeBrg ]~
have the same electron configuration they would, on
woodward's theory, be expected to have the same S-value.

The same kind of discrepancy occurs with [T1Clg BT,
81 - 37
(§=.06) and [InCl*7, (§ = .36) .

The stretching foree constant for [lClg P~ decfeases
in the order Pt DCe >Sn>TeD>Pb. This order probably
reflects to some extent the order also of bond strengths

of the metal-chlorine bonds,
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3+9 Experimental

K, [PtCl; ] and X, [PtBrg ] were obtained from Johnson
Matthey and Co, Limited and used without further
purification, I [PtCl,] (M = Rb,Co,NH,,,NMe,,,I\TEt‘,N‘Bur:,,
AsPh,,IPh; ) were prepared by mixing warm aqueous solutions
of MCl and K; [PtClg;], cooling before filtering the precipitate
and recrystallising from dilute HCl, (Ph,I], [PtBre] was
made in analogous mamner, For M = Tl and Ag the complexes

were made by mixing M[NO; ] and K; [PtCl,].

K, [PtBr,Cl, ] was prepared by adding the calculated
amount of bromine to aleccholic K, [PtCly], refridgerating
overnight, and collectiig the product,

M, [SnCle], (¥ = K,NH,,Rb,Cs,Nle,,NEty,NBug,AsEh,,IPh; ),
were made by mixing solutions of MC1l in 1:1 HCl and H3SnClg,
The Pb analogues were made in a simllar mamer; H,PbClg
was made first by dissolving PbQ, in 11N HC1l at 0°C and
filtering the excess Pb0O,, K;PbClg could not be made by
this method,

H, [TeClg ] and H, [TeBry ] were prepared in solution by
dissolving TeO; in the relevant concentrated acid, The
salts M, [TeX;] X = Cl1l,Br,Is M = Cs,Nlleg,NEt,,PyH,AsPh,,
IPh, ) were made by adding agueous solutions of MX to free

68
acid . For M = X,Rb or NH, concentration of the resulting
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solution was necessary before crystallisation occurred,

[Co(pn); ][1C1lg], (M = Cr,Mn,Fe) and [Co(NH; )g ][¥Cle ],
(¥ = Fe,In) were prepared according to the method of
Piper’ . (NEty)s[IrCls] and [Co(NH, )g][IrCle] were
prepared by mixing (Ii€t,)Cl and [Co(NH, ) JC1ls respectively

in water to an agueous solution of Kz {IrClg].

(NEty ), [CeClg] and (PhyI), [CeCls ] were made in a
similer fashion to the publishsd method for the preparation

8
of (Nile, ), [CeCls]."

Representative analyses [~

Cs, [PtClg ], calculated, Cl 31,6:; found, Cl 31,5%

(PhgI), [PtClg ], calculated, ¢ 35.5%, H 25., Cl, 26,2%
found, C 35.7%, H 3,1%, C1, 26,2%

(NEtg ), [PtClg], calculated, C 28,8:, H 6%, C1 31.%:
found, C 29.0%x H 65, CL 31,Te.

(PhgI), [PtBrg], calculated, C 23.%5:, H 1,9, Br 39%;
found, C 23.49%, H 1895, Br = 38,64,

Ka [PtC14Br; ], calculated, Br 27.8%, Cl 24.65;
found, Br 27,6k, Cl 24,3,

Rb, [SnCl, ] calculated, Cl 42,4%; found, Cl 42,2%

(Ph,As); [SnClg ] expected, C 52,65, H 3,7, C1 19.4%,
found, C 52,65!, H 3,4, ClL 19,T%.

(NEts ); [SnClg ],calculated, C 32.1%, H 6,7, Cl1 36k,
found, C 32.1%, H 7.1%, Cl 35,T%.
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Co; [TeC}g ], expected, C1 35,1%; found, Cl 35,1%
(PhaI); [TeClg ], expected, C 38,7, H 2,7, Cl 28,6/
found, C 38,9%, H 2,7, Cl1 28,94,
(NEty ); [TeCls ], expected, C31.95%, H 6,75, C1l 35,45
found, C 32,2%, 6,L-, Cl1 35,5%.,
Rb, [TeBrg ], calculated, Br €L5%; found Br 61,8%,
(Nieg ); [TeBrg ], cale, C 12,7, H 3,27, Br 63,2
found, C 12,9%, H 3,5%, Br 63%.
[Co(IfH, )¢ ] [FeClg Jycale, N 20,15, Cl 50,9%;
found, N 19,55, Cl 49,.6%,
(Phy 1), [CeClg], cale, C 31.5%, H 2,6%, C1 23,5%;
found, C 31,495, H = 2,4%, C1 = 23,7,

Spectra were recorded on the following instruments:-

(a) Perkin-rlmer PE-225, (b) R,I.I.C. FS-520,
(e) FTC-100/FS-620, (d) Perkin-Ilmer LR-I,
Where applicable, transforms were computed 10 a resolution
of 5 cn T,

Normal co-ordinate analyses were calculated on an
Elliott 803 computor, using a programme written by
Mr, R, G, Churchill,

X-ray powder photographs were taken with a “eyhe
camera using K radiation, Dr, D, R, Russell helped

in interpreting some of the powder photographs,



FIGUR2 Sol

Internal coordinates for an octahedral molecule

defined as angle between

internal coordinates 17 and Q



FIGURE 3.2

Kornel modes of an octehedral MXg molecule
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FIGURE 3.5

Raman spectrum of solid potassium hexachloroplatinate®
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FIGURE %4

The four types of band-shape of”*”encountered with
solid hexachloroplatinates.

A= NEt*
B =K,Ag, NMe*,NBu>sPh
C =NH.Rb,Cs.

D=TL
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FIGURE 5.5 o .
Dependence of cation lattlcemode frequency upon cation
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mass of some hexachloroplEbtinates* - ;e
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FIGURE 5.6

Plot of bond-stretching force constant,(K),versus
cationic radius,r+,for some hexachloroplatinates.
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Table 3°1

Frequencies (cm *) of Mi[PtCls] and M&[PtBrsl
in the solid state.

+
[PtC1, P~ ))1 VU, Y, Y, Vg (¥ ] J)L(IR)
X 350 320 341 186 171 82 106(vs,br)
Rb 342 316 337 185 173 87 84(vs)
Cs 337 312 332 186 172 83 73(vs)
T1 353 319 339 182 167 79 62(vs)
rg 3,0 328 337 215 186 535 82
NH, 345 316 338 193 177 84 134(vs) 97
Nie, 339 315 326 182 166 77  90(vs)
Nt 340 315 325 181 160 65 75(s,br)
NBu, 335 315 325 181 177 99 -
AgPhg 337 313 327 187 167 70 -

6 323 180 180 *
Agqueous
solution 3y 320 - - 162 =
[PtBrg P~
X 217 195 243 78 115 100
IPh, - - 230 - -
Aqueous
Sglution7 207 150 - - o1 -

- -1
FCalculated values 86(vs)em  , experimental value,

TrReference 35. 5338 em ™t (w-m) in the infrared,



Table 3+2

Force constants for M&[PtClej . millidynes/.
K F H A B

3T =X 1+83 0.13 0.08 022 0-0l
Rb 1.80 0.11 010 0-215  0°035
Cs - 175 0-10 0+10 0+215 0«04
11 1:80 0+145 0°+065 0225 0-04
Ag 1+89 0+05 0+15 0+32 0°08
ITHg 179 0.12 0.10 0'21 04045
NMes 174 0°10 009 0°26 .04
NEt, 173 0¢105  0-08 0°265 0045
NByua 1+745  0°08 0:12 0427  0°03
AsPhy 173 0+10 0409 0°25 0°05
IPh, 176 0°09 0°11 0+30 04035

K, [PtBrg]l | 1°57 0.12 0+09 0°13  -0°035




Table 3+3

Frequencies (cm™" ) and assignment for K; [PtClyBr; ]

IR

319(s)

248(m) V(Pt-Br) agy
234 (w-n)

337(%? - V(ptCc1) o

(sh) S(Ptcl,) e,
183(s) m(PtCl,) 8oy

92(vs) G(PtBr)+ L, ey

Raman

.337(78)
323(s) )

232(s)
201 (w)
165(m)

Y (Pt-C1)
»(Pt-Br)

S(pt-C1)
S(Pt—Br)

&13

81g

b2 g



Table [3-4].

Observed and calculated sin°© values for K, [PtCl.Br; ]

sin @ (Observed) sin'@ (Calculated) ( 1?4+ 41°)
*0182 *018L4 3
*0245 *0243 b
*0L483 *0485 8
*Q670 0677 11
*0740 0737 | 12
*0965 *0941 | 16
*1150 *1153 19
*1209 *1213 20
*1456 *1455 24
*1640 *1637 27
*19438 *1949 . 32
*2129 *2119 ' 35
*2176 *2180 36
* 2425 *2422 ‘ 4O
*2603 *2607 , L3
* 2660 *2662 Ll
*2907 *2907 L8
*3085 *3090 - 91
* 3160 *3150 52
* 3394 *3395 | 56
*3968 *3572 59

* 3880 *3877 6l



Table [3.5]

Vibrational frequencies (cm'i) of solkd hexahalogenostammates

i )’1 )}2 vs yﬁ- )ja {-vs] vL(f:lu,IR)

[snCle P |

k 323 249 34 174 184 124 83
NH, 317 250 310 180 179 113 122
Rb | 316 214 312 173 171 107 _72
Cs 309 243 310 172 165 102 72
Nlles 307 - 298 172 - - 76
NEt, 3055 -  Pre(en)lél - - 68

n

N - 306 - 320 158 - -

Bye 3 550
- AsPhy - .- o84 161 - -

IPh, 10% - 294  180(w) - +

> o8 (sh)162 89

Aqueous _

Solution 311 229 - - 158 -

x311 in infrared

*Obsewed in infrared spectrum,



Table[3°6]

Vibrational frequencies (cm'i) of so0lid hexahalogenoplumbates

Y, v, Vg YV, Y, Vel )?L(fiu,,IR)
[PoC1e T T
NH, 296 220 278 | 154 157 84 106,90(sh)
Rb 293 220 281 139 w7 83 65
Cs 285 217 272 144 148 81 63
Nifeq 281 209 262 142 139 64 68
NEty 281 215 ggg("‘h{js Wy 8o
AsPhg 279 211 247 133 139 75
IPh, 22" 231 322 135 ua 84
igeoe les @z - - 7 -

-r
278 in infrared



Table [3-7]

Force constants (millidynes/A) for solid

hexachlorostannates and plumbates.

X F H A B
[snCle P~
K 1,07 0,27 0,03 0,04 0,0
NH, 1,08 0,24 0,03 o,04 0,00
Rb 1.04  0,26° 0,01 0,00 0,02
Cs 1.05  0.23  0.,01° 0,02 0,02
[PbCle T~
NH, 0.86 0,25 0,01 =-0,02° 0,03
Rb 0,89 0.24 -0,02 -0.04 0,02
Ca 0.86 0,22 =-0,00 =0,02° 0,02
Niley 0.7/ 0.22 -0,02 -0,01 0,03
ite 0,80 0.21 =-0,00° 0,02 0,02
AsPhy 0,75 0.,21 -0,00° 0,05 0,02
IPh, 0,91 0,17 0,01 0.09 0.02




Table [3+8]

Vibrational frequencies (em™ ) for the hexachlorotellurate(IV)

anion in the sollid state,

otherwise),

(AH bands strong unless shown

Raman
Y, 2, Vg Y, Others
K 301 253 150 L3 139(w—-m) V 108(w—-m),
w-m
Rb 299 254 235 $3200R)  g3m),»
Cs 288 247 139 251 62(m), v L
NH, 300 250 142 250 h2(w-m), ¥ 43
110, 98(w-n),¥_
-'-
Niley 281 243 136 228 206(vw); 79(vs), Y
NEt, |280 243 127 Eggg(w-m) 66(w-n), ¥
PyH 283 -~ 146 2295(81‘) 100(w), ¥
X " 248
ABPhy 284 268 - fzg_;)i 156(w-m), 146(8) Y4
2
230
IPh, 291 252 @ - %{210
185
haweone hsoor 263 137 -

+ Probably has two equal components, ca. 250, 212 cm

-1

#In the infrared spectrum bands are also found at 288(m-s),
258(m-8) cm™?, and are assigned toY, and ¥, respectively.

Xobserved in the infrared spectrun,



Table [3°9]

Vibrational frequencies (em™*) for hexabromo~ and
hexaiodo tellurate (IV) anions, in the solid state,

(A1l bands strong unless shown otherwise).

- Raman I.R.
[TeBrg ]2 V. 9 Vs Others )V Others
K 174 153 73(w) 90(vw) 198 100(m), 76(m)
Rb 179 160 90 109(w) 195  95(vw)
Cs 173 151 91(m)
HIl, 180 155 83 198
Nles 170 148  96(w) 180  104(vw), 68(m)
NEts 168 144 - 180 65(m), 54(wm)
178
PyH 173 157 - 149(511) 73 (w=-m
Agqueous ‘ :
Celntion |167P 146  73(m)
[TeIl¢ '~
Niey 154 106(m-s); 68(w),
vy,
NEty 152 112 (vw) s
172(sh) 98(m), Y1,
PyH 148 104 (w-m)




Table [3°10]

Force constants (millidynes/X) for Mg [TeClg ],

K F H A B Value ofd, [Mg],en™™
[TeCle P~
=k | 0.92 0,17 0,025 0,30 0,00 139 103
0,93 0,17 0,022 0,29 =-0,02 105 121
Cs 0,95 0,14 0,02 0,23 -0,03 62 125
NH, 0,922 0,17 0,01 0,26 0,01 142 88
0,93 0,17 0,01 0,25 -0,01 105 111
Nlle, |0.,86 0,13 0,03 0,28 -0,01 106 106
0,868 0,13 -0,01 0,28 -0,01 79 81
NEt, |0.87 0,12 0,02 0,28 -0,02 66 111
PyH |0,90 0,11 0,05 0,33 =-0,02 100 122



Table [3°11]
Force constants (millidynes/A) for L‘L} [TeBrg ].
t -d

K F H A B Value of 2, [2], cm
[TeBre

X 0.86 0.10 0.04 0,17 0,01 10035 =90 57
0,90 0,10 0,01 0,14 0,00 763V5=73 51
0,90 0,10 0,04 0,14 -0,02  T76;V5=90 73
0.86 0,10 0,01 0,17 0,02 1003¥Y=73 22

Rb 0,91 0.09 0,04 0,23 0,00 Vs =90 61
0091 0009 0.09 0023 "'0002 v5=109 87

W, 0,87 o.12 0,02 0,18 0,02 105 Lo
0,90 0,12 0,02 0,15 -0,00 82 61

NMeg |0.75 0,10 0,05 0,22 0,01 104 62
0.80 0,10 0,05 0,17 -0,03 68 83

Net, |0.77 0.11 0,05 0,14 -0,03 65 84
0.77 o.,11 0,05 0,13 -0,04 54 87

1 Calculated values



Table [3+12]

Observed frequencies for H, TeBrg.2H,0 (cm *)

Infrared

238 (broad,strong)
222 (strong)

210 (shoulder,weak)
[ 190 (medium)]

Bands in parentheses doubtful

Raman

226 (strong)

210 (strong

[185 (weak)]

[137 (medium-strong)]
122 (medium-strong)
85 (medium)

(see text).



Table [3°13]

Observed infrared frequencies of some [YMClg]®~ ions (em™)

Vs Y, Others

[Co(pn); ][CrCls ] 315 200 107
[Co(pn)3][MnClg ] 32 183 107
[Co(pn)s J[FeClg ] 248 184 105
[Co(pn); J[InCl, ] 248 161 100
[Co(lHy )g ] [FeClg ] 272,248,227 181,160 129,107,90
[Co(NH; )g ] [IrC1s ] 302 195 100,85
(NEtg )3 [IXClg ] 336,317,305 188,171  112,95,85
¥, [¥nClg ] 358 200 102
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SQUARE=PLANAR IONS




CHAPTER 4 =~ SQUARE~-PLANAR IONS

4+1 Prologue

Confusion exists in the literature over the numbering
of the normal vibrations of square-planar molecules, It
is conventional when numbering the normal rodes, to label
them in the order of occurrence in the character tables
of Decius, Cross and.ﬁilson?a. Thus, Nakamotoag, for
example, uses the wrong numbering system in his well known
book, lluch of the published data on square~planar ions
uses this same system, The correct numbering of the
representations of an i, systen 18 !~ (A4g, V 5 (Big),
Y, (Bagls V& (B2y), Vs (Bau),Y e (Eu), andV, (Eu).

Azy and E, are the infrared active modes while all the
g~modes are Raman active, These normal vibrations are

shown in Figure [4-1].

The numbering of the normal modes for octahedral ¥4

7
molecules is also wrong but the convention used by Hertzbeng

is too well established to be changed,

0
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4«2 Introduction

The aims of the work in thls chapter may be broadly
divided into two categories, Firstly, the spectrum of
X, [PtCl, ] was examined in detail to help sort out the
confusion that existed in the literature concerning
assignments, To help this work a number of other simple
chloroplatinites were investigated also, as well as some
[MK]™" enions, In the second part of the chapter we discuss
the effect of lagnus green type lattices on the spectrum of
[PtC1,.]*~ and related ions, In particular it was hoped to
decide whether there was a vibrationally effective
metal-metal bond in such systems, The [PtI,F~ ion has
also been characterised for the first time by incorporating
it in = llagnus green type lattice, The spectra of
[Pt(NH; ), ] [PtXy], (X = C1,Br,I) admit of two interpretations
neither of which is wholly satisfactory.
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4«3 Potassium chloroplatinite

The first investigation of K, [PtCl,] was by Adams
and G-ebbie18 in 1963, They used a prototype Michelson
interferometer at N,P,L, an instrument which at that time
possessed only a limited resolving power, They reported
bands at 320, 183 and 93 cm“i, all bands being strong,
while the ones below 200 cm = were also very broad,

A three band spectrum is all that is predicted for an
isolated [PtCl,] ~ ion and hence, quite naturally, the
assignments made wereY = 320,V ., = 183 andl, = 93 ecm ",
Fairly obviously”l’é will fall below) , since it is an

out-of-plane deformation whilst) , is in-plane,

Almost simultaneously a year later, Sacconi et alta
and Mathieu71et al. both reported the spectra of X, [PtCl,.],
each group of workers dlsagreeing with the assignments
made by Adams, Thelr data were in falr egreement, but
their assignments were quite different, Thelr data, with

their assignments, are given below,

(a) Mathieu.
322 (¥g), 195,172,160 (¥,), 111 (y), 89 (VL)'
(b) Sacconi,

325 0/6)’ 193 (y‘?)’ 175 ())ﬁ-)’ 106 (yL).

It is clear that Adams failed to resolve the 133 cm -

band into the two or three components that Sacconil or
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liathieu observed., Because of the disagrcement betveen
Sacconl and Mathieu, 1t was decided to messure the spectrum
of K, [PtCl,] a number of times in order to substantiate
any splittings or weak bands, The observed frequercies

with our assignments are given below,

326 (Yg), 194 @), 1745 (¥s), 108.5,87,5,59 (a1l ).

It is evident from the assignments given thsat we
support Sacconl's assignment end disagree with that of
Mathieu, Ve do this for the following reasons,

1) The site-symmetry of [PtC1,]'~ in the potassiunm salt
is the same as that of the free 10n?2. It is thus difficult
to account for the triplet nature attributed tod, by
Mathieu, Thus the space group of K, [PtCl.] is D;h and
the Bravais cell consists of one molecule only; this
implies that the only degenerate vibrations are E-modes
and only two bands would be expected from any splitting,
Furthermore no splitting is predicted for¥ 70

2)  The band near 110 cm = assigned by Mathieu tod 4 is
absent in the spectrum of Xagnus Green Salt, [Pt (IH; )s]
[PtC1l, ](vide infra), and is thus more likely to be a
lattice mode, Three translational lattice modes of the
potassium ions are predicted and three have been observed
by us, all of which we belleve may be assoclated with the

potassium ions,
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3) Assignments are supported by the band width
conslderations; the band assigned to an Ay, mode 1is
sharp and narrow, while those assigned to E, modes are
at least twice as broad. A similar band width effect

is seen in (CO) bands for complexes of the type M(CO),

(II-arene).7a
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4+4 Other single chloroplatinites,

Beoides 7 [PtCly] a number of other cingle
chloroplatinites Bfig[Pt014] (.&’EI = Rb,C8,T1,%tN, PhyI,
Ph,s) have becen prepored and infrared spectra investigated,
The salts Na, lPtCl, ].nH,0, Ba[PtCl,].nH,0, Pb{PtCl,] &end
Fg, [PtC1l4] which have aleo been studied, do not it into
the 1‘::,% [PtCl,] estegory, rssignments of fundamentzls end
other bands are ¢iven in table [4°1], The Rb and Cs salte
have becen investigated pmviously% » but sre included here

for the sake of completsness,

It is likely that eaech of the compounds ?f(I[PtCl‘,].
(:* = £b,0e,T1) have the Iy [PtCly] structure. In accordance
with this there 18 & smooth decresse inVg, the platinunm
chlorine stretch, and in),, the in-plene deformation as
the cation size ic incressed, V., the out-of-plane
deformation, however, decreasecs rather more spectacularly

* in X, [PtC1l,] to 146 ex™' 4in the thallium salt,

from 175 em”
Kather surprisingly the tetraethylsmmoniun salt hasd/, ot
the same position almost as the potasslum calt and «lso
Y. 18 higher by 4 ca* than in K; [PtCl,], Even less
correlation 18 obtained when the tetraphenylasrsoniun salt
15 considered, Compared with K, [PtCl,], Vs is 20 em™

1

lower,), cbcorbs at the saze frequency, snd ), is 25 cm

lower, Fairly obviously, the 'cation-cifcct' is nore
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complicated with square-planar conplexes than with
octahedral ions, Force-constant calculations would
probably be useful to obtein a better understending

of the subject, However, calculations which require the
incorporation of out-of-plane vibrations are notoriously
difficult because of the difficulty of finding suitable

internal coordinstes,

In spite of these difficulties in finding convinecing
correlations, the effect of the unsymmetrical cation Ph21+,
was rather similar to that noticed in octahedral systems,
Thus ), was quite definitely split into two components at

321 and 308 cm ' giving a band centre of .315 cm -

cy-ﬁ was
not split but broader than the comparable band in other
chloroplatinites, No bands which might have been Raman

active fundamentals of [PtCl,J*~ were observed,

The only other monovalent cation chloroplatinite
investigated was Ns; PtCl,., This, apparently, is hydrated
and only poor spectra of it were obtained, The fundamentals
of the anion were in each case the highest of all
chloroplatinites investigated, Three low frequency bands,
(144, 89, 54 em™ ), must be attributed to lattice vibrations
of the sodium ion, Since X' ions in K, [PtCl.] translate at

1

110 cm = 1t is not impossible for Na® ions to translate at

1y em T,
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The three divalent cation chloroplatinates, Ba[PtCl,],
Pb[PtCl,] and Hg, [PtCl,] all had unusual spectra, The
barium salt ( from which many of the other salts were made),
is hydrated, No splittings were observed, as might have
been predicted, and no bands were unusually broad. The
fundamentals appeared and rcasonable frequencies, but a
medium-strong band was observed also at 208 cm—i. Tentatlvely
this 1s attributed to a vibration associated with the torsion
of the water molecules, Plumbic chloropiatinite, (not
hydrated), also haddY,, Ve, and¥, in normal positions, but
Y, was only a weak-medium broad band, ‘“hether this is
indicative of splitting is not certain, but certainly a
medium feature at 350 cm = can be equated withV,.

Presumably mercurous chloroplatinite contains the E@b2+ ion,
and the salt will obviously be of unusuzl structure,
Difficulty was experienced in obtaining a spectrum of this
compound; the only band observed (from a very thick mull)
was at 285 em - . Tentatively this is attributable todg,

Unfortunately, in spite of their promising colour, none

of the so0lid chloroplatinites gave a Raman spectrun,
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4*5 Other squere-planar ions

Square-planar anion chemistry is a feature of the
heavier d° ione; this type of configuration (in the case
of halogeno complexes) is limited to Pt{1l), PA(II) and
Au(III), Since simple salts containing the [PtI, ]~ or
(Pa1. ]’ ~ ions are not properly characterised, only a
limited number of these square-plenar ions exist, They
are nemely, [PtX,JF~, (X = C1,Br), [Pax,]
and [AuX4j: (X = C1,Br,I), Besides K, [PtCl,], the spectra

o -

(X = C1,Br),

of X; [PtBr.], K[Au014j and K[AuBry ] have been investigated
elsewherein’ﬁs. However, the spectra of K, [PaX,], ( X =
Cl,Br) and K[Aul.] are reported here for the first time,
(see table [4+2], The spectrum of [PtI, )" , which has
been characterised with s complex cation associated with 1it,

will be mentioned in & later section.

The spectrum of K, [PtBr,] is worth mentioning here,
because 1t was probably wrongly assigned, The assignations
for it were directly dependent on those of X, [PtCl,], which
was also investigated at the sane timeiz. The :assignments
of K, [PtCl,] are now knovn to be wrong (see section 4°3),

The assignations of Y¢ andV, to the bands at 233 and 135 cm -
are still probably correct, but the interpretation of the

two lower fregquency bands (107,80) is in doubt,
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The proximity of Y, and?, in K, [PtCl.] suggest strongly

that the band st 107 em = ghould be attributed to Y., and

1

that at 80 cm tod,. However, in direct conflict, the

! in X, [PtC1l.],

fact that potassium ions translate at 109 cnm
suggest that they should translste near this frequency in

K. [PtBr,]; this requires assignation of the 107 cm - to

¥, and (presumsbly) the 80 en™ band toY,. To make

matters worse, 1t can be shown that one of the translational
lattice modes in X, [PtBr,] is of A,y symmetry'n (the others
are Ey). It is quite 1likely therefore, that both the 107 cm™
and the 80 cm = bands contain contributions from Y, (%q)

end ¥, (A y)e The only known simple iodo complex K([Aul,]

was also studied in order to find out at which frequency

the potassium ion translated., ¥¢ (a sharp strong band, in
line with other iodo complexes) appeared at 191 en™' and

the only other bands observed were weak features at 70 and

54 em” . Although KlAul.] must adopt e different structure
from the K, [PtCl,] structure, it was thought that the XK'

ions would translate at roughly the same frequencies,

However, no absorption was seen around 110 cm"i; thus in

1

K; [PtBry], it is more likely that the 107 cm ~ band contains

more contribution from V. thanvL. Tentatively the 70 em™?

1

and 54 cm~ ' bands in X[ful,] are assigned toV, and¥,, but

again, it is probable that some lattice mode contribution
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must be present in these bands,
The assignments for X.[PdCl,] follow from direct
comparison with the platinum analogue; the low frequency

1

bands at 111 and 90 cm — are attributed to lattice

vibrations of the potessium ions., Except for a 20 cm *
difference in?,, the spectrum of K, [PdBr,] is slmost
identical with K; [PtBr,]. As with the platinum compound
it is a moot point whether the band at 106 em™ is wholly

assigned to) 4 or not, Besides the potassium salts of
[PaX. ™ (x = C1,Br), e, [PdCl,] was slso investigated
for comparison with Ng, [PtCl,]. Rather surprisingly, each
of the fundamentals for the Ng, [PdCly ] fall below those of
the pdatinum analogue, This is probably because the
palladiun compound is anhydrous whereag the platinum one
is hydrated, The lattice mode of the sodium ion in

Ne, [PtCly] at 144 em™ ' was also high compared with its
frequéncy in Na, [PACl,] (132 em ).



L4+6 Summary of the lagnus Green and Magnus Pink problemn,

Mzgnus Green salt (LGS) was first made in 1828 by
Magnusqs by the action of ammonia on PtCl,, Empirically
the compound had the forrula PtCl; ,2NHz, but was fairly
obviously [Pt(NH;),][PtCl,]. 4GS would be expected to be
pink; [Pt(NH, )o ¥ is colourless and [PtCly]®” 1s red.
However, Jorgensen and Sorensen"e noticed that a pink
modification with the same analysis, [llagnus Pink salt
(1PS) ] could be prepared, and that this was easily
transformed to lIGS by hot water, They suggested that
1iPS was a monomer while LGS was a polymer, Cox et alzv
examined both modifications by Xeray and concluded that
IGS was not a polymer but contained discrete cations and
anions, Although correct, the actual structure they
postulated is now known to be incorrect, Cox et al.77
also suggested that MPS when generally made was not MPS
but Cleve's salt, [Pt(NH;);C1); [PtCl.], and that both
Cleve's salt and MPS were easily converted to MGS,
(Cleve's salt also snalyses to PtCl, ,2NH,), It was also
postulated that genuine MPS end Cleve's salt were
structually similar although no actual structures were
suggested,

78 :
Yamada , (basing his theories on the structure of

NMGS postulated by Cox), took the first quantitative
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dichroism measurements on MGS and the bromo analogue,

He suggested that the anamolous colour was due to
interaction between various planes of ions (giving
apparently a bathochromic effect), He concluded that
the interaction was caused by mutual disturbance between
the electronic clouds of d-electrons which spread above
and below the central platinum atoms, Yamada obviously
neglected the compouhd [Pt(NH,).][PdCl,] which does have

the expected pink colour,

The eccepted crystal structure of !iGS was determined
79
by Rundle et &l. who demonstrated that LGS crystallised

in a tetragonal lattice with crystollographic symmetry

D*£s~PA/MNC. The Pt-Cl bond distance was 2.34 A, the
Pt~N distance 2,06 A and the nearest platinum atoms were
3.25 A apart, The structure adopted is of stadked ions
(cation and anion in turn) with a staggered configuration
of 28° between the individual planes, This is illustrated
in figure [4°2]., Rundle et al, also took radial
distribution measurements of both lGS eand MP3, These are
shown in Figure [4°3]. Referring to this figure, it is
clear that both I and I' represent the Pt-Cl distance.

II in MGS represents the Pt-Pt distance, but there is no
snalogous II'in 1PS, It is possible that II' is overlaid

by III', but even if this were so, it places the Pt-Pt



distance in MPS at more than 5 3. rundle also was of
the opinion that the colour of MPS was identical with that
of [Pt(NH; ).]Cl;, but this is surely incorrect, No

structure was suggested for KPS by Rundle,

Since MGS was first prepared, a number of analoguus
have also been made. Thus [Pt(NH;R),][PtCly] (X = ¥e&,Ft,
Pr,Bu™), and many bromo and thiocyanato analogues have
been made, Also systems have been made where different
netals are present in each lon, For the single amines,
the resultant colour is the expected one if the two
different metal atoms are present, but generally green if '
metal atoms are the same, In the series [Pt(NILR),][PtCl.]
(R = H,Me,2t), both the amine and methylemine complexes
have green colour but the ethylamine complex reverts back
to the expected pink colour,

Millerao in 1961 examined the electronic spectra of
a large range of Magnus Green type salts, He concluded
that the reason for the structure gdopted was NOT the
formation of metal-metal bonda, but that this type of
packing was merely electrostatically favourable, He zlso
showed that this type of structure was not restricted to
J8 ions alone because (a) [Cu(NH,;),.][PtCl,] was found to
be i1somorphous with MGJ and (b) there was a copper anslogue

to nickel dimethylglyoikirme, He demonstrated that
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[Pt (Et.11H,; )o ] [PtC1, ] was not isomorphous with LGS,

In table [4°*3] the properties of a number of the salts
that he investigeted are listed. Both the actual and
expected colour, as well as the metal-metal bond distance
is shown, The metal-metal bond distance 1s actually half
the length of the c-axis of the fctragonal unit cell,
Miller was of the opinion that metal-metal interaction
between the plenes nmight explain the enomalous colours but
was probably restricted to compounds in which the metal-
metal distence was less than 3,35 A, He based this figure
of 3.35 £ on the properties of the compound [Pt(NH;),][Pt(SCN),]
which would be expected to be orange, but is in fect red,
11iller believed that the fact that the colour was only
slightly different {rom the expected one, indicated that
the metal-metal distance in this compound (3,35 A) was the

critical distance for interaction,

i1iller re-examined the problem in 1965!H extending the
range of compounds studied, He claimed to demonstrate
quantun mechanically, that metal-metal interaction did occur
in all compounds with Megnus Green type lattices, even with
those possessing normal colours, However,.he s8till stood
by his earlier opinionc1 that this interaction was not
responsible for the structure adopted, He also failed to

index the powder photograph of [Pt(Zt,NH; ), ][PtCls] again,
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Williams g&_g;,ez published a paper almost
simultaneously with that of MillerP1 which examined the
electronic spectra of MPS as well ss the normal °© Magnus
Green type compounds, They postulated that the colours
adopted were due to 'vibronic intensity-borrowing
mechanism', In this paper a Russian reference83 is quoted
in which & full X-ray structure shbwed that [Cu (NH), J[PtC1l,.]
was indeed isomorphous with MGS, The angle of stagger
between the planes in the complex was the same g8 in MGS
and the stereochemistry of the ligands were square-planar.
%1lliams claimed that the absence of hydrogen-bonding in
Magnus Green type complexes (concluded from infrared studies
in the (N-H) region) indicated that the staggering of the
planes was such, merely to satisfy the packing requirements

of the hydrogen atoms,

Although [Pt(Et.NH, )4 J[PtCle] did not have the MGS
structure, 'illiams thought that metal-metal interaction
was s8till not precluded and that higher amine complexes

might possess a quasl -llagnus Green structure,

The same paper reported a near infrared band at
6000 em - in MGS, which was attributed to intermolecular
electron transfer transitions, It is also stated that the
ligand field bands should be affected by changes in the

Ungerade (u) vibrations, Since the E, stretching vibration,
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YV (Pt-Cl) decreases from 325 em * in K, [PtCl,] to 310 cm™*
in MGS, it is claimed that the amplitude of this vibration
is greater in MGS (than X;PtCl,), leading to an
enhancement of intensity, In K;[PtCl,], it is suggested
that the A,y and Byy out-of-plane bending modes are active
in vibronic coupling, but 1n MGS they are inhibited by the
proximity of the ions (which should not affect the &,
vibration), Overall, %“illiams et gl., are of the opinion
that the electronic spectra of [PtA,][PtCly] tends towards
that of K, [PtCl,] as the size of A becomes very large.

In support of this 7illiams et al. have recently quoted
Prout?‘ who claims to have found a metal-metal distance in
[Pt(Et.NH, ), ][PtCl,] of 3,40A. Thus the metal-metal
distances in ¥GS, [Pt(Zt.NH,).][PtCl, and K, [PtCl.] are
3,26, 3,40 and 4,10} respectively,

The summary above shows that the nature of the metal-
metal interaction in 1G5 type compounds is stlll uncertain

and that no structure has been postulated for MPS, It was

thought therefore to be of interest to (a) determine whether

there was a vibrational active (antisymmetric) metal-metal
bond in these complexes, and (b), seek any structural hints
from the spectrum of IPS, The complexes studied however
are worthy of a separate study for their own sake, since

they are as yet little studied below 250 em .
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The assignments of frequencies observed for all
compounds of 4GS type are shown in Tables [L4+4] to [L-7].

The arrangement of the Tables 1s thus :-

(a) Table [L4+4a], assignment of [PtX, ]~ bands 4in

(ML, ] [PtX, ],
(b) Table [4+4b], assignment of [ML,J** kernel bands in
[MLs J[PtXs ],
(¢) Table [4*°5]. assignment of N-H bands in [IL,][PtX¢].
(d), (e)., and (f£). Tebles [L4+62], [4°6b], and [4*7] refer
to the spectra of the analogous [lLg ][PdXs] compounds,
L refers to the ligand in the cation; high frequency modes
other than those associated witix N-H are not reported,
Some spectra are sketched in Figures [4+)4]) and [4°5].
Poor spectra only, were observed for a number of the
compounds studied., The only previously reported spectra
for compounds of this type are for I'GS by lMathieu et g;,vi
end for MGS and the palladium analogue by Clark and
Willians ~. 1In the Tables [44]. [4+7], all bends are strong

unless otherwise stated.
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L4+7 Spectra of Magnus Green type compounds,

The assignments for the spectrum of MGS published by
us in 1965?6, is the one given in the tables in this
chapter, but in falrness it should be mentioned that a
re-investigation of the spectrum casts doubt on this
assignment, HMathieu g_g__a_l;.u have recorded the spectrum
of [Pt(NH; )4 JCly; the [PtN.] kernel has the frequencies
510 (¥g), 236 (J7) and 150 (¥,). A consideration of these
data, taken Jointly with the present data from K, [PtCl.]
(¥ = 325, ¥, =194, Y, = 174) suggests the following
assignments in 1GS :- [Pt(NH; ) F™ 234 (¥,), 141.5 W)
[PtCL. ™ 310 (VYg), 198 (¥,), 175 (¥,). However, section
L4+4 has shown that the cation effect appears to be moré
active in Y, (bend) thand, (stretch), In T1,[PtCl,]¥,
is only 8 em * lower than in K, [PtCl,], but Y, is ebout
30 cm™* lower at 146 cm™?., SinceY, for the anion in
GS, 15 at 310 cm™* it is very possible that the band at
141,5 might be Y, for the anion rather than the cation,
The spectrum of the bromo analogue , [(Pt(NH, ), ][PtBr,]
was taken in order to help assignments, the band near
145 em ' disasppeared completely. This would seem to
indicate that this band is halogen sensitive; indeed it

obviously is x-sensitive but the author prefers to discuss
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the spectra considering this band to be an-:anion

vibration., If the 140 cm *

band 1s taken as being
for the [PtCl,]°~ anion, then grave doubt must be cast
on Mathieu's assignments of the spectrum of [Pt(NH, ), ]Cls.
In MGS, ¥, would have to be assigned to the bend at
266 cm * and Y, to the one at 234 cm™?,

There are two things wrong with using the bromide
as a comparison, The first thing 1s not serious and is
merely instrumental; the deformation modes for the
[PtBr*]a‘ ion are very low gnd not always observable with
the interferometer, The other problem is caused by the
structure adopted by liGS type compounds; the out of plane
deformations (¥, Ayy) Will probably be very sensitive to
the nature of the counterions, Thus, it willl be more
difficult for a nitrogen atom than a halogen atom to move
out of plane, This should be reflected by an increase in
frequency of Y, for the cation as larger halogen atoms are
placed in the anion, thus), for the cation in
[Pt(NH, ), ][PtBr,] has been assigned to a band at 185 cn .
The fact that) , for the cation in HGS is close to that in
[Pt(VH; ). JC1. need not necessarily be surprising because
these two compounds have entirely different structures,

The in-plane deformation (¥, ) is not affected.

In order to confirm the ebove theory concerning the
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sensitivity ofM,, an attempt to make [Pt(NHj )s][PtIe]
was made, This was successful, Addition of [Pt(NH,)eT7
ions to a solution of X, [PtCl,], to which excess KI had
been added, yielded a green solid that analyses to

PtI, .2NH;. The colour is itself interesting; the
golution of K,PtI, was 1tself black. and thus some metal-
metal interaction is indicated by the green colour,
However, the metal-metal distance is almost certainly
greater than the limiting value of 3,35} set by MillezPo
for metal-metal interaction to ceccur, X-ray data on this
compound would be useful,

In [Pt(NH; )¢ J[PtI,], the 185 cm™* band present in the
bromide disappeared (the band at 180 em! 1s attributed to
Y, the platinum-iodine stretch) but a new band at 228 cm *
(not present in MGS either) can be attributed to2/, in the
cation, The change in ¥, in going from MGS to the iodide
1s thus 90 em ~; this value is very large and the assignment
made for this series of complexes depends entirely on vhether
such an increase 1s possible, The deformation modes in
Magnus Green iodide were observed at 56 cm - (¥, ) and 4O em
(¥4+). These bands were confirmed with an FS-620
interferometer which had a 100 micron beam splitter (end
thus spectral region studied was 10-100 cm ), Recently
Hendra87 reported the Raman spectra of a large number of

square-planar 1ons in the solid state, Apparently however,
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the reported spectrum of K, [PtI,] was in fact that of
K;Z[Ptls],88 for which the same three band spectrum is
predicted,

An attempt to make the complex [Pt(NHg)e][Pdl.] was
not wholly successful because the black solid obtained
always had poor analysis figures. However, the spectrum
could be interpreted on the basis that [Pt(NH, )¢ ][Pdl.]
was the major constitiicnt, Thus the palladium-iodine
stretch) 4, was observed at 198 cm * whilstV, the
palladiun-nitrogen out-of-plane deformation absorbed at
238 cm™.

“etal-metal bonds stretches are generally very strong
and sharp in the infrared, Two wesk features were observed in
the MGS spectrum at 82.5 and 74 cm *, but these can be
attributed to lattice modes (of uncertain nature) rather
than metal-metal bonds, Also no discontinuous change was
noticed in the spectra of the species [Pt(R.NH, ) ][PtC1l, ],

(R = H,Mr,5ut), as R=H was replaced by R=Me and then R=Ut,
It is therefore concluded that there is no vibrationslly
active metal-metal bond in Magnus Green type compounds,
No comment is required on the cation part of the spectra
(excépt that already mentioned); the coordinated ammonia

bands are reported as a matter of course, It is worth

mentioning however that in many cases, )4 the metal-nitrogen
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stretch was too weak to be observed,

No structural hints are supplied by the spectrum of
¥MPS, The platinum-chlorine stretch was at 322 cm'i,

12 em * higher than in MGS, Three band spectra were
observed for both the cation and anion parts and thus it
is likely that both [Pt(NHy ).t and [PtC1,.F ™ are in fact
present in lPS,

An interesting feature of the spectrum of Cleve's
salt, [Pt(NH;);Cl), [PtCl.] 1s that three bands were
observed in the metal-chlorine stretching region (319, 330
and 344 cm'g). This observation can be correlated with
presence of chlorine atomsin two different environments,
The structure of Cleve's salt is unknown, but from its very
nature must contain ions of low site symmetry, Thus the
degenerate E, mode (Vg) of the anion is split into a doublet
with components at 319 and 330 cm & giving an average value
of (Pt-Cl) of 325 em . The 344 cm™™ band is almost
certainly (Pt-Cl) of the cation; taking into account that
the cation has a dipositive charge whilst the anion has a
double negative charge, it is very likely that Y(Pt-C1) for
the cation will be higher than) (Pt-Cl) for the anion, No
spectral data on the [Pt(NH; );C1l]* ion iz available for

reference,
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L+8 Cconclusions.

The infrared spectra of X, [PtCl,] and of a number of
other simple chloroplatinites have been assigned; the
interpretation of the spectrum of ¥, [PtCl,] supported that
nade by Sacconi _e__g.g_;t_.“ The spectra of various other
square planar ions have also been assigned, although for
bands at lower frequencies than 150 em —, lattice mode
contributions to the spectra were seen to be complicated.

The spectra of some MGS type compounds c¢en be interpreted
on the basis that there is no metal-netal bond that is
vibrationally active, The [PtIo]~ ion hae the expected
spectrum, |

PS probably contains both [Pt(NH; ),]'t end [PtC1. P~
ions, V(Pt-Cl) and Y(Pt-N) are 12 ,nd 10 cm = higher
respectively than the corresponding bands in MGS, The
absorption in the J(Pt-Cl) region in Cleve's salt can be
interpreted on the basis of a low site symmetry for the ions
present in the salt,

One lafge problem set by thie chapter has been the
exact positions of the in-plane and out of plane deformations
af' square-planar systems, It seems very strange that for
the [Pt P " =nd [PtCl,JF~ systems thatV, is higher in the
first systenm than in the secohd system vhile the reverse is

true of the )/ modes, Unfortunately, not enough square-
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planar systems are avallaeble for complete studies to be

made, Txcept for those already mentioned the only other

conmon square-planar systems are encountered in thiourea

complexes of some metallolds and in some c¢cyanide complexes,
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4*9 Experimental

MGS type compounds were nade by nixling equeous
solutions of the counterions at O°C.Bc MPS was prepared
by the method of Cox _@_ﬁ.g_]_._.w To an aqueocus solution of
[Pt(IiHs )g JCl;, to which one quarter of its volume of
0,88 NH, had been added, neutral K; [PtCls] was added
whereupon the product precipitated, !'PS has the calculated
analysis of N, 8,7% and Cl, 23,5 while the found analysis
had N, 8,75% and Cl, 23,5%,

[P, )4 J[PI,] was prepared by mixing equimolecular
solutions of [Pt(IH, )‘,,]'a+ and [PtI,]°  ions; [PtI,F~ ions
were made by adding excess KI to X, [PtCle] solution,
Calculated, N 5,3%, I 52, Pt LO%s; found, N 5,31%, I 51,94
Pt 39.80, [Pt(NH;).][PtI,] was prepared in a similar manner
but reasonable analysis figures could not be attained,

Cleve's salt was prepared according to Tschugaev's
xrw:thod.89

Spectrometers used have been mentioned previously

(section [3°9]).



FIGURE 401

Romal modes of a square-planar MX” molecule.

D, (EV)



FIGITHE 4.2

Crystal structure of Magnus Green Salt

U t o ' 111
(001) Projection. Solid lines indicate 2 =0,
broken ones 2=Y”"

Large circles represent Cl, small ones

represent M



FIGURE 4.3

Radial distribution functions of ilagnus Green
ICagnus Pinlc Salts.

A(r)

r(A)

A=MGS
B=MPS

(after Rundle et.ol. OA.CS.. 1957,79 3017)



FIGURE 4.4

Mar-infrared spectra of (Pt(UHM)(PtX™M)'r (X = CI1,3r,1),

i\N&- Br)
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FIGURE 4.5

Far-infrared spectra of (M(UH")")(PtCI*), (M* Pt,Pd,Cu)

100 200 400

cml"



Table [i+-1]

Assignments for some simple chloroplatinites

Cation.

1/\6

Na~(hydrated) 327

Et*N+
K*’
Rb"

Cs"™

326
326

324
320

(hydrated) 319

Te"
Pb/\/\

Phal"?

PlifcAs**

A1l bands

318

315m
321,308

305
285w

>NT
209m 190
190 181
194 174.5
187 168
183 161
173 154
182 146
176 146
177 145
(broad)
193 151

strong unless

indicated.

Other bands

144,89,54

108.5,87.5,59

208m

350w-m

260vw



A ssigr ments for

Ka [PtBr,
NSa [PdC1*]
Ko [PdC]1,]

Ks [PdBr* ]

K[Aul*]

A1l bands strong unless

Table [4*2]

some simple

233

322
332
294
191

>NT

135
183
190.5
136jn
70m

stated

106
159
168
106m
54m

otherwise.

square-planar ions (em'"** )

Other bands

81
132,80
111,90

8lw



Table [4+3]

Properties of some Magnus Green type complexes (from

ref.81).

Metal-metal
Compound Colour Colour distance (?0
[Pd(HHa)4][PaCl*] Pink Pink 3.245
[Ptdiife )*][PdCI,] Pink Pink 3.225
[Cu(NH3 )*[PtC1*] Purple Pui*ple 3.230
[?7d(HHa)4][PtC1,] Pink Pink 3.250
[Pt(HH3)*][PtC14] Green Pink 3.230
[Pt(Me,NHa ),][?tC 1,] Green Pink 3.245
[Pd(NHa)4][PdBr*] Red Red 3.370
[Pt(NHa),][PtBr*] Green Red 3.310
[Pt(Me.NH3 )t][PtBr*] Green Red 3.305
[Pd(MHa )*][Pd(SCH)*] Pink Pink 3.345
[?t(ITHa ),,][Pt(SCK)*] Red Orange 3.350

[Pt(Et.N% )*][PtC1,] Pink Pink iTot tetragonal



Table [4%4a]

13-

(X = C1.Br.l)

1),

[Pt(«H3 ),][PtCL,](M GS 310 198 175
[Pd(NHa )* [P tC 1*] 320 187 174
[Cu(NHa )* [P tC I,] 320 184 175
[Pt(NHa )* ] [PtC1* ] (KiPS) 322 188 178
[Pt(NHo )aC |[[PtC I*] 330,319
[Pt(Me.NHa)*][PtCI*] 313 One band observed

187
[Pt(Et.NHa )*][PtC1*] 312
[Pt(NHa)*][PtBr*] 222 One band at 95 cm"™
[Cu(NHa),j[PtBr*] 228 One band at 105 cm_}

m-s

[Pt(Me.NHs ),][PtB r*] 217 139 105
[Pt(Et.N % )*JtPtBr*] 220 - -
[Pt(Br.NHg)*][PtBr,] 219 — -
[Pt(NHa )4 [P tI.]'" 180 56 40

-1
A)A(Pt-Cl) in cation at 344 cm"
Known not to be isomoi*hous with MGS

m*Low frequency bands (56,40) obtained from FTC-100.



Table [4*4D]

Assignments for A Inm MGS complexes with Pt

in onion

Da
500w 234 141.5
266 144
435w 238w-m 146,5m
510 250 or 267 154
502w 253 144
49 6w : 140 Pr 152
456w 272 155,wm
247m 185
440w 235 185

4.91,503w 268
264
267m 195m
- 255 228



Table (4*5]

:H frcRuenclea In aQii tooe cccaounds c¢”»tniining nt

In anion.

PtCiiHa ).]JU >tC1*]

Cu(i-nio)4]12tC1*]

?2¢(i1Hs).][2tC1.](i,-P 8 )

2t(fflla)aCl]e[2tC1.]

2t(Me fil* ;*][2tC1.]

Pt(F,t.N1il, J.JfPtC1.]

Pt SH,

Gu(RI4, )* ][?t0r*]

rt(!.le.nHa

2t{Et.21]J" ).][;>tar.]

?t(Bu.r,H,
)-1(p tl.]
(II-H) 3200 cm~
(m, ) 800 cfl"*

3260,31705 1624,15365 1310; 324
3305,3198; 1624,1572; 1272; 776
3305,3265,3190; 1600; 1310,1245; 633
3250,3130; 1583; 1330.1343; 356
3250,3190; 1530; 13!»0,1308; 922,308
3235,3170,1575; 1344.1268 ; 698.
3235,3200,3170; 1585; 1253; 734
3260,3170; 1604; 1296; 780

3300,3220; 3190; 1600; 1312,1292,
1256; 688
3200; 1592; 1248,1300; 698.

3208,3193,3165; 1570; 1238; 722
3260,3168; 1570; 1304,1233,1215; 727
3230,3163,1603; 1318; 316

(m%) 1600 ca"* / (#3) 1300,



Table [4-5a]

Aselgnnienta for [PdX.] ~ In MG3 type comptNmde

(x =CIl,Br,l).

Compound v«
[Pd(NHa )*][PAC 1*] 326
[Pt(HHB )*][PdC1*] 332
[PACHHa ).][PdB r.] 262
[Cu(«% )*][PdBr.] 262
[Pd(Me.R% ). ][PdBr*] 250

[Pt(HHo )* [P dI*] 198

m-8

197
224

V*
188

164

One band at 110 m

One band at 105 m



Table [4'6b]

Assignments for [1.<L.]° In MQ8 complexes with

Pd in anion.

Compound y, vy, y'*
[Pd(IIHo )4 J[PdC1.] 490w 260 147
[Pt(NHs ).][PdC 14 ] 491w 245m 137
[Pd(NHo )*][PdBr4 ] - 262 186 w-m
[Cu(NHa )*][PdBr*] 468w - 186
[?7d{Me.H% )* ] [PdBr.] 498w - 190

[Pt(NHa ).]J[PdI*] - 254 238m



Table [4'7]

IIH frequencies In MGS complexes containing

Pd in anion.

[Pd(HHo)*][PdC1*] 3305,3185; 1624,1580; 1277; 779

[?t(inia )*][PdC1*] 3310,3190; 1600; 1246; 752,
[?7d(HHa ).][PdBr*] 3282,3170; 1603; 1197,1164; 648,695
[Cu(ICEa)*][PdBr*] 3400,3280,3220; 1608; 1279,1245; 776

[?7d(Me.liHj )* J[PdBr*] 3275,3235,3190; 3165; 1536; 1240; 680

[Pt(NHa )* [P dI*] 3235,3160; 1603,1530; 1319; 818

V(H-H)'.-3200 c¢cm"\ S(NHs)*1600 cm"™ S/NH3) ~1300 cm™

Pr@mHa) 800 cm""



CHAPTER FIVE

CTRAHIDRAL ANTONS
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CHAPTER 5, TETRAHRDRAL ANTONS

5+1 Introduction

The first halogeno complexes of thallium(III) were
90
made by Meyer 1in 1900, The elements of group III 2
appear to be able to form various complex halides of the

P (= 3,4,5,6) as well as various aquated

form [MX,
halogenocomplexes, and thus subsequent reports on T1X,
ions have been sometimes conflicting.gi’92 The situation
was sunmarised by Cotton.ga who also authentically
characterised for the first time the tetra coordinated
species TlX, , (X = C1,Br,I). He also demonstrated that
(BPheAs)[T1Cle ] was isostructural with (Phe/s)[FeClg] and
thus [T1Cl.]  was also tetrahedral, The compounds
(Bu,"N)[T1Xs ], (X = C1,Br), were also shown to be
isomorphous with each other, However, /toJi g&.gl,sﬁ have
claimed that X-ray evidence shows that some tetrahalothallates
are square-planar, Infrared and Raman spectra of [T1Xg]™
ions provide an elegant method of distingulishing between
tetrahedrzl snd square-planar configurations and these
complexes vere made in order to obtain thelr spectra,

56,965 '

Since this work was completed, Spiro ’ has published

data in close agrecement with that reported below,
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he2 Results and Discussion,

The infrered and kaman frequencies observed for
the conmplex studied are given in table [5'1], with
assignments made on the assumption of a tetrahedral
structure, The spectra of the tetraethylammonium salts
are shown in Figure [5°1].

The major differences in the spectra of tetrahedral
and square-planar ions will occur because the tetrshedral
ion does not have a centre of inversion, Thus,
coincidences between Raman and infrared spectra are to be
expected for tetrahedral ions, while there should be none
for square-planar ions, For K. [PtCl,] the highest Raman
stretch occurs at 335 cm - and the infrared stretch is only
10 em ' lower. Good Raman spectra were obtained from the
vellow (Zt.M)[T1Br.] and red (7t,N)[TlI.]). In each case
coincidences were observed with the infrared spectra; a
Ramen band at 183 cm in (Et.N)[T1Bry] was matched by one
in the infrared at 185 cm ©, while the corresponding bands
in the iodide occurred at 149 and 146 cm * respectively.
It is concluded that these ions are tetrahedral and not
square-planar,

It is impossible to use correlation tables to compare
the spectra of tetrahedral and scuare-planar ions, because

Td and Dyp point groups lie in separate branches at the
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o8
synmetry-hierarchy (see Figure | 5'2]). However, the
nuumber of expected bands for each symmetry group is

shown below &~
Td 2 I.R. )-" R. ; D@h 3 I.R. 3 R-

It should therefore be mlso possible to decide which
configuration is adopted by merely counting the number
of bands in the spectra, For the thallium complexes,
(except for iodide), however, most bands were split to
some extent and therefore this method failed, Neverthe-
less, it 1o believed that the coincidences observed argue
strongly for a tetrahedral configuration, and the spectra
will be discussed on this assumptlon, For a tetrahedral
complex MXe, the bands expected areV, (A), ¥, (E),

Y, and ¥, (both ¥, ), »; andV,; are stretching vibrations,
all bands are Raman active but only the F,-modes infrared
active, The form of the normal vibrations aré showvn in
Figure [5°3].

None of the chlorides R[T1C1,], (R = Meg N, HtyN,
Ph.4s), (all white) gave a good Raman spectrum,¥, for
the tetramethylammonium salt was very broad, possessed
structure and was centred at 302 cm ., A doublet at
98 and 115 cm > (both strong) is assigned tod,. The
possibility of one component belng a lattice mode 1s

discounted on the evidence presented in Chapter three;



ME*N+ would be expected to translate at about the same
frequency as Cs', and Cs' generally translates at less
than 80 em™~. 5o Raman signal at 21l was obtained from
this compound, In contrast (IteN)([T1Cl,] gave a Raman
slgnal of sufficient intensity to be able to observeY,,.
and) ;. The strength and sharpness of the band at

312 cm ~ unambiguously assigns itself asV,; ) ; was of
only medium intensity, quite broad and centred at 290 em™t
This value of); compares quite well with the corresponding
value in the infrared spectrum, i.e, 293 cm . This was
quite broad, but not as broad as) , in the lle N7 salt,

V. wss very sinllar to the¥, in (liegN)[T1C1l.]): thus =

' had a shoulder at 93 cm™*. TFor the

band at 110 cm
tetraphenylarsonium saltd ; appeared as a distinct doublet
(at 306, and 292 cm '), as d1dY,. The fect that all

three tetrachlorothallates had this neer 90 cm™ lends
further evidence for 1ts assignation as a component of))*,
rather than a lattice mode, It seems likely from the
spectral evidence that in the compounds investigsted there
is some distortion in the crystal: vwhether this is due to
packing of the organic group or an actual lowering of Td
symmetry is not certain, In (Ph.is)[FeCl,] it was found

in fact, that the actual tetrahedron, [FeCl,], was slightly

07
flattenecd along cne axio.
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The interpretation of th: spectra of the bromides
follows closely that of the chlorides, No Raman spectrum
was obtained from the !ﬁe.,,N+ and Ph.}.l\.s" salts but
(£t4N)[T1Br, ] gave a good signal, ))3 for the (le N)[T1Br,]
was split into a definite triplet (main strong peak at

* with shoulders either side at 186 and 207 em ™).

199 cm”
The strong band at 102 em™* is rether high for ¥,,
considering the position in the chlorine anslogue, In
table [5°1] this band is listed under V., but really this
is rather doubtful, In (Et,N)[T1Br,] Y. was quite broad,
and overlaid by the polythene band; thus the figure of
78 c:m"i is only an approximate one, Y s was gplit into two
very strong features at 173 and 185 cm ~ .Y , and ¥, are
much closer together in the kaman spectra of (Iﬂt.,,N)[TlBr%]
than in the chloride: thus¥, was a very sharp and strong
at 192 em™" vhile¥, was of only weak-medium intensity at |
182 em *. This value ofV, compares well with the infrared
value, TFor (PheAs)[T1Br,] only e poor spectrum could be
obtained and only )Y, was observed with certainty in the
infrared: this had the same shape as the Me,N* salt and
was centred at 196 cm .

The Raman spectrum of [T1I,.] in :l.ts tetraethylammonium
salt showed the same trend as the bromide when compared to

the chloride. (i,e, proximity of Y, andd;). 1In this case
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howeverV, fell belowd, at 130 em™ . As with the bromide
Y; was very sharp and strong, while slits of 0.15.mm were
necessary to resolveY, (at 149 cm ). In sharp contrast
to the other halothallates?; in the infrared was very
sharp (at 146 cmfi), VY, was observed as a medium sharp
feature at 60 cm ©. For the tetraphenylarsonium salt only
Y, (at 148) was observed from the infrared spectrun,
However, the spectra of the tetraethylammonium salt was

good enough to suggest that there is no distortion in the
iodothallate salts,
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5*3 {onclusions,

The spectra of the tetrahalothallates [T1X,] ,
(X = C1,Br,I), have been observed and assigned on the
basis of a tetrahedral configuration. In no cases were
Y, andV, observed in the Raman spectra, It is concluded
that there 1s some distortion in the chloro and bromd
complexes but not in the iodothallates, The observed
frequencies observed here compare well with those of the

$8~1012
indium analogues already in the literature.
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54 lxperimental

All compounds were prepared according to the
preparations given by Cotton..93 The salt (Et,N)[T1I,]
which had not been prepared previously had satisfactory
enalysis figures,

Spectra were taken on instruments mentioned

previously (see Section 3°9).



FIGURE 5ol

Viorational spectra of (NEt*)(TIX"), (X= CI,Br,l),
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FIGURE 5,2

The symmetry-hieraxchy diagram of Jorgenson®
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FIGURE 5.3

Normal modes of a tetrahedral MX4 molecule,
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Table [5*%1]
Observed frequencies for some tetrafaalothellateadll)

(In cm~")

(KetK)[TI1C1*] 302 (IR) 115,98(IR)
(Et*H)[TI1C1*] 312 293 (IR) 110,93 (IE)
290 (R)
(Ki4"s)[TICI1*] 306,292 (IR) 107,93 (IE)
(M éiN)[TIBr4] 207,199,186(IR) 102 (IR)
(St*N)[T1Br4] 192 185,173 (1IE) 78 (IR)
183(E)
(Ph*.is)[TIBr*3 196 (IR)
(Et*N)[TII*] 130 146 (IR) 60
149(E)

(Ph*As)[TII*] 148 (IE)



CEATTER SIX

TUNGSTE!" CHLORIDE PENTAFLUORIDE
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CHAPTER 6. TUNGSTEN CHLORIDE PINTAF.UORIDE

6+*1 Introduction

Chapter three dealt with the spectra of octahedral
anions typified by Pt0162~. with most cations it was
found that the spectra obeyed the normal octahedral
selection rules. However, with the diphenyliodoniun
cation and sometimes with the tetraphenylarsonium cation
the spectra (especially the infrared) were more compatible
with Cyy site symmetry for the anion, Thus ¥, became
infrared active,? ; split andV, the inactive mode was
sometimes observed directly, The central metal atom in
the anion still would have, however, six halogen atoms
around it situatcd octahedrslly. This 'spparent distortion'
of the octahedron can be useful sometimes in helping ncks
assignments, It is possible to achieve 'distortions’
chemically by substituting a different hzlogen into the
octahedron for one of the original halogens, If an atom X
in ¥K; 1is replaced by a similar one Y then the symmetry of
the octahedron 1is reduced to Csy. The relaxation of
selection rules for thls symmetry group would help in
making assignments for MXsY when compared with MXg.

No well established anionic complexes of the type
[MXsY]™ are known where both X and Y are halogens, The

102
first neutral complex of this type made was SIgCl,
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163
Woodward et,al. assigned the complete vibrational.

spectrum of this molecule., All mention of SFzCl elsewhere
in this Chapter (except where otherwise stated) refers to
his work, The fundamentals assigned for this compound are
given in table [6°1]. The modes assoclated with each T
(1 =1,2,,,.11) will be given in the next section, The
second example of a neutral ¥X;Y molecule was prepared by
Cohen g&.gl.iC* and was VWFgCl, This system is sufficiently
different from SFsCl to warrant a separate study.
Considerable differences are to be expected in the spectra
of the two molecules because sulphur and tungsten have &)
entirely different atomic weights (32 and 184) and b) cone
from completely different parts of the periodic table,

Samples of WFsCl were kindly supplied by Dr., G. V. Fraser,
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6*2 Expected molecular vibrations,

For sn octshedral molecule MXg; the irreducible

representation is -

F: Aig + Eg + 2F1u + L‘zg + Fau

It is more convenient to meparate the strcetching

vibrations from the deformation modes thus :-

M= dug W) + By G4) + Fay (4) / + Fru@e) + Bag(%) +

Fau Ve).

Using the correlation tables to transform from Dy to Cqy
(Via D‘Qh) onc finds Aig - 4’-‘\1. Eg nd 'Ai + Bi, Fiu - Aﬁ. + E,
Fog » By + E and Foy @ B, + 5., Thus for WisCl the |

irreducible representation is

M- 3hy Wi,Vo V) + By (V) # EV )/ + Ay (Y5 ) + By (V)
+ By Pa) + 3BV WVioVie).

The selection rules for C,y symmetry reguire all modes
except A; to be Raman active and all except the B modes
to be infrared active, The infrared spectrum of WFsCl
should therefore contain 8 fundamentals, 4 of which are
stretches, All 11 fundamentals should be Raman active
including the 5 stretching vibrations, The individusl

contributions to the irreducible representation of the
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various stretches and deformations are ¢ -

(Y-r) = a0 )
Pycr) = n @)

PYim,) = a, (%) + B, (%) +E M)
DSy =2 04)

MSuc1) =2 044)

[ S(iry) =B, () + E (o)

[ w(iFe) = Ay (%4) + By ()

There are no redundancies in these representations since
all eleven vibrations are accounted for, The approximate
forms of these modes are shown in Figure [6°1]. 1In this
Flgure + indicates movenent of an atom above the
horizontal plane of the octahedron while ~ indicates

the opposite,
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6*3 ZIxperimental.

The infrared gpectra were measured on either a

PE-225 or 0-520 interferometer. .bove L4OO em™t

XBr
windows snd plates were used for the gas cell, The c¢old
cell for this region used the same windows but the cold
finger plate was made of AgCl., Below 400 cm— both gas
cell and cold cell used polythene windows and plates,

The Raman spectrum of the llquid was measured with
an LR-1 which uses He/ne las2r excltation at 63282 using
the cold cell designed by Dr, D, I, Adams, and described
in Chapter 2, The temperatule of the liquid was maintained
at -25°C except when room terpcrature mcasurements were
required,

The bands observed are listed in table [6+2] with
their intensities and polarisation state 1f of mediunm
intensity or stronger, Band contours a2re aolso shown,

The assignment of fundamentzls discussed in the next section
are listed in table [6:3]; in cases of infrared and Raman
coincldences the gas infrared figure is gquoted, Tor
convenience the ReFgCl assignment is given in the same

table,
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6°4 Infrared Spectrum of Gas,

This spectrum is shown in Figure [6+2a]. 1In the
metal-fluorine streteching region three bands were
observed; a nedium strong one at 743 cm * definitely
POR with splitting 12.5 em ~, a very strong one at 703 cm -
again PCR with splitting 13 em™? and a medium strong band
at 667 cn™*, This third band had an unusual shape looking
like a normal PR system with two 2 branches, These three
bands correspond toV,,V,, andV,; but not necessarily in
this order, V. is the axial tungsten fluorine stretch, A,
mode, a parallel vibration which chould therefore show
PeR atmcturo.vg i3 the symnetric tungsten fluorine stretch
involving the equatorial fluorine atoms, strictly this is
an /\, perpendicular vibration and should not exhibit POR
structure, 7’8 is the degenerate equatorial fluorine tungsten
stretch, o mode &nd perpendicular, In SFECl Voodward found
Yo ) V, 7”7 ¥, but in WFeCl 1t is far more iikely to find
v, > Y, Y Y. The breadth of the 667 cm~ band compared
to the other two suggest in fact that this 1s the ® vibration,
This mode is one of two stretches that involve tungsten atom
movement and this should lower its frequency considerably
compared tod, andY,. The analogous vibration in

octahedral complexes isV, the triply degenerate stretch,

Tnis would therefore also be expected to show considerable
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central mass dependence, For SFg Y 4 is at 775 while

Y; appears at 940 em™*: 1in Wiz Y, absorbs at 769 cm
but M, 1is considerebly lower at 712 cm - . Since the
symnetric stretches (Y, ) in SFy and WF, are very similar
it 1s reasonable to expectd, in WF;Cl to be close to

1 and

that in SFzCl, ¥, 1in SFsCl occurs at 703 cm~
therefore the 703 cm - hand in WFsCl can also be assigned

to Y. In fact the description of this mode (symmetric
equatorial fluorine-tungsten stretch) cannot be an exact
one; such a vibration would not normally be expected to

be infrared active but 1t is very difficult to construct

a vibration of MXzL that is (a) a stretching vibration, =nd
(b) an A; mode, and therefore both Raman and infrared active,
Both the axial stretches [Y(M-X) and (¥-L)] satisfy these
conditions but three A, vibrations are required, It is
possible that Coriolis intersction is interfering with the
normal vibrations in WFgCl., This hypothesis 1s supported

by the fact that the band assigned to?, shows PCR structure
(although it is a perpendicular vibration) and the band
assigned to ¥y also has a peculiar band shape, ¥V, should
show a slight central etom mass dependence snd would
therefore be expected ot lower frequency than 834 em *,

where it occurs in SFsCl, The PCR band at 743 cm * is

therefore assigned toV,,
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The medium strong band at 400 cm & is assigned to
Y, the tungsten chlorine stretching vibration, This is
an A; parallel vibration and should exhibit POR structure,
but the only observed structure was attributable to Cl?’.
In SFsC1 VY, was assigned to a band at 4O4 cm"" This
was not observed in the infrared because measurements only
went to 500 cm™ ., It is not known therefore whether this
band shows PCR structure or not, In ReFgsCl the situation
is reversed; the rhenium-chlorine stretch does show PCR
structure while the rhenium fluorine stretches do not
appear to show any structure at all, The very high position
of the tungsten chlorine stretch will be considered later
when the information glven by the PCR splittings 1s also

1

discussed., Supporting evidence that the 400 em = band is

due to the tungsten chlorine bond is indicated by the
placing of the rhenium-chlorine stretch at 390 em™t,

The degenerate sulphur chlorine deformationY,,(E) in
SFsCl was assigned to the lowesat band in the Raman spectrunm
at 270 cm™'. The most reasonsble band to assign to this

vibration in WFsCl 1is at 228 em © (medium strong)., This is
-1

8till 50 em * higher than the deformstion mode in

(Zt,l1) [WClg]. The stretching mode is 80 em higher than

in the above chloro tungstate, The best evidence for the
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assignment of this band will be given in the discussion

of’ the spectrum of the solid.

Three bands, 302 cm = (medium) 278 en” (weak-medium)
and 254 em™® (very strong) are left to assign, All occur
in the metal fluorine deformation region., The infrared
active bands expected are (a) V. (©) the degenerate tungsten
fluorine (axial) deformation, (b)V,, (E) the degenerate
in plane tungsten fluorine (equatorial) deformation and
(¢) Y5 (£,) the symmetric out of plane tungsten fluorine
(equ. torial deformations, This last node is the only
parallel vibration and therefore the only one expected to
show PCR structure, The only band that exhibits any shape
is the one at 254 cm - which shows "residual"™ PGR structure
but no definite splitting., This is assigned to?);, This
band should be quite low beceuse it is sn "out of plane”
mode and all four fluorines approach the chlorine atom
simulteneously, loodward placedd’; in SFsCl at 600 cm ™ :
this is quite reasonable considering that?, in SF, occurs
at 615 en *, Y, in WFg occurs at 256 cm™*, No help is
ziven in declding which of the remaining two bands 1s
assigned to Y, and which toV,., In SF;Cl oodward (for
no obvious reason) assigned?y; to a band at 579 em™ and

Y, to one at 442 em™, Consideration of the modes involved
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however suggest that it is more likely to findzjic
greater than) , and tentatively the band at 302 cm™ 1is
assigned to Y,, and that at 278 em™  to yg .

No bands were observed below 200 cm"i, all infrared
active fundamentals have been assigned in the gas phase
spectrum but a number of bands were observed above
750 em™*., 4 weak medium band at 784 em™® is assigned
to 2Y, (A;). The four very week bands observed above

1100 cm"1 are given the followlng tentative assignments ¢

a) 1180 Y, +V, (24)
b) 1238 2V, (/4 + By + By)
ec) 1330 2Y, (Ay + By + B)

<

da) 1395 2, (fy4) or Y, +¥g (E) or ¥, +V8 (E)
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6+*5 Infrared Spectum of Solid.

The spectrum is shown in Figure [6°2b)]. The site
symmetry of WFg in the solid phase has recently been
shown to be C;. Thus the spectrum of WFg in the solid
can be expected to be more complicated than the gas
phase (or liguid) speectrum., Degenerate vibrations can
be expected to split and Raman active frequencies should
appear in the infrared, It is quite likely that the site
symnetry of WFsCl will alsoO be C1 in the solid. or even
lower, and that the same sort of complication in the
infrared might reasonably occur.

The spectrum of the solid was taken at 77°K. A thin
film of solid was obtained by condensing the vapour onto
a cold finger, As expected all band shape normally
attributed to PCR effects disappeared in the spectrum of
the solid, The tungsten-fluorine stretching region was
more complex than in the gas phase spectrum, The two
bands observed in the gas phase spectrum above occurrecd
at 734 and 704 em™* in the solid but with apparently
reversed intensities, The 734 cn™' band was in fact the
most intense absorption in the entire spectrum while the
704 ca~’ band was only of mediun intensity. This band at
704 em™' actuslly was part of a complex of absorptions

between 705 cm = and 635 cm™t, none of the features of
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which were completely resolved, The band assigned to

), at 667 cm® in the gas spectrum split into a doublet
centred around 668 cm~ in the solid. The two peaks
occurred at 665 and 678 em & and were of strong intensity
and the splitting supports the assignment because, is

an E-mode and would be expected to be resolved into two
components in the solid spectrum, A new strong band
appeared at 640 cm— and the most 1likely assignment of

this band 18V (B;). This is one of the three Reman
active bands that are not infrared active, This particular
nmode 1s out of phase stretching vibration of the equatorlal
fluorine atoms,

))4,, the tungsten chlorine stretch appeared at 390 cn™
in the spectrum of the solid; there was still a shoulder
on it in sccordance with 27Cl splitting., The bands assigned
to J)io andyg in the gas phase spectun gppeared at 293 and
278 em™' respectively. The higher band was of medium
intensity but the 278 cm ' band was only weak, Both are
gegenerate vibrations and should show signs of splitting in
the solid, The 293 em ~ band was quite definitely split
into a doublet and the 278 cm™* band might have been split
but 1t was too weak to be able to show splittings,

Below 250 cm - the bands seemed to have coalesced,

The band at 254 cm - in the gas spectrum appeared only as &
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medium band at 243 em * in the solid, The metal chlorine

wag (J,4) was assigned to a band at 228 em ™t

in the
spectrum of the gas, This is a degenerate vibration and
should show some asymmetry in the solid spectrum, Two
bands (not real;y describable as a doublet) were observed

' and 209 em™. The low frequency band was

at 225 cm
slightly more intense than the higher one, It is still
probable however that these both originate from the
Z-mode and that unusuasl distortion effects account for
the difference in intensity of the two bands,

No bands were observed either below 200 cm = or above
750 em -. This supports the assignation of bands in the
gas spectrum as combinations or overtones, This 1s qulite
important for the gas phase band at 784 cm™~ which might

conceivably have been one of the tungsten-fluorine

stretching vibrations,
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6+6 Raman Spectrum of Liguid.

This spectrum is shown in Figure [6°2c].

In his study of 57 Cl ‘oodward obtained generally
very good agreenent between the bands common to both the
Raman and infrared spectra., This is perhaps slightly
surprising because the infrared spectrum was obtained
from a gas at room temperature while the Raman sample was
2 liquid held at -50°C, It would be reasonable to expect
fairly lerge differences between the same band observed
in both infrared and Raman when the two spectra were
obtained from dlfferent physical atates, The largest
discrepancy that Yoodward had to contend with was 20 em
(834 Raman, 854 em ™t infrared), Coincidences the spectra
of WFgCl are not as conclusive as in SFgCl but nevertheless
the only satisfactory interpretation of the Raman data 1s
a Cuy structure for WFzCl,

Above 700 cm ' two bands (744 em™ vs, 703 em *m) were
observed, Both were strongly polarised and thus confirm
the infrared assignments to the corresponding beands as
A and YV, (both A, ) respectively, It is perhaps surprising
that two A, modes can exist with such a small percentage
difference of frequencies (5%) between them without

“interacting, and consequently becoming more widely

separated, It 1s also interesting to note that the
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intensities of )11 and-va in the Raman spectrum are
reversed in Intensity compared with the gas spectrum
in the infrared, A medium intensity band occurred at
661 cm™* with a shoulder on the low frequency side at
64 cm™'. Both the medium bend and the shoulder
appeared to be depolarised. The band at 661 cm *
obviously corresponds to that attributed to)-/8 in the
infrared at 667 cm™ . No cbsorption at 644 em™> was
observed in the infrared spectrum of the gas but an
intense absorption occurred at 640 em™? in the infrared
spectrum of the solid film, This band was tentatively
assigned to¥, (B,) the only Raman active atreteh in the
spectrum, It is surprising that it is so weak in the
Raman but it is still the only reasonable sssignment,

Two bands were observed around 400 cm ', A very
strong feature occurred at 407 em™' vhile a medium
intensity band absorbbd at 377 em™> ., The former band was
clearly polarised while the second one was depolarised, |
The band at 4O7 cm™* is clearlyd, (4,), the netal-chlorine
stretch, The first overtone of this band was also observed
at 820 cm '3 this is also of class A, but was too weak
to yield polarisation data. The band zt 377 cm = is a

new feature not preczent in the infrared spectrum of either

the gas or solid, This band is one of the two remaining
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B modes to be assigned (the first one assigned was the

644 em~' band), The description of these two modes are

a)¥ (B,) the in phase anti symmetric out of plane

deformation of the equatorial fluorine atoms and (b),

2)7 (B. ) the scissors in plane deformation of the same

fluorine atoms, Actually the terms 'in plene' and

'out of plane' have no rcal meaning in this molecule,

In SFsCl Voodward found ¥, DY,. The most similar modes

of an octahedral molecule areJ) 5 and))s respectively,

As expected here 'in plane'V; > 'out of plame'?, (in

fact simple theory requires [Ms/7q P =2)., In WEC1

however the 'out of plane' B, node involves movement of

two fluorine atoms towards the bulky chlorine atom

simul taneously, Thus it is quite likely that 1)3"' Y, or

even¥, >Y,., Thus no definite assignment is given to

this band at 377 cm"i; 1t is elther Y, (B,) or¥, (B;).
The medium strong band observed at 307 cm * which

is depolarised is presumably J)m the tungsten fluorine

in plane deformation observed at 302 cm © in the infrared.,

Bands observed below 300 cm"i were, with one noticable

exception, all weak and the exact maxima of these bands

are sometimes doubtful, A shoulder was precent on the

low frequency side of the 307 em? band at 290 em™'. This

is probably ))9 the tungsten fluorine wag observed at
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278 cm * in the infrared spectrum of the gas., It is

possible that this band could bed, orde but unlikely
considering the position of the other band assigned to
Vs or¥Y, at 377 cn™'. The otrong features observed at
254 end 228 em * in thh gas infrared spectrum occurred

at 257 and 227 em * in the Ramen, The 257 cm *

band
attributed to? ; should be polarised but it im too weak
to toke measurements on, The band at 227 em - coincides
with that in the infrared assigned tol),i the tungsten
chlorine wag.,

A disturbing feature of the Raman spectrum was the
appearance of two bands below 200 cm -, o weak one at
182 cm™* and a medium strong feature, depolarised, at
123 cm ‘. The most difficult bend to explain is the

1

higher one at 182 cm ~ 3 it is conceivable that it is the

;
metal-chlorine wag ¥;, and that the 228 cm™" band is one
of the metal fluorine deformatlion modés, There are

several reasons however why this interpreation is unlikely,
Perhaps the most important one is the absence of an
absorption in the 1175-185 em * reglon in the infrared,
Also the complete set of fundamentals in the infrared have
been sssigned satisfactorily assuming the 227 en t is in
factd,4., This band splits in the spectirum of the solid

sample and 1t is very unlikely that eny other absorption
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predicted for that region could split, The possible
assignment of the 182 cm ~ band as the missing B mode
Vs or¥,) is slso unlikely,

The frequency quoted at 123 cm—1 for the strong band
in that region was for a temperature of -25°C, At room
temperature this band absorbs nearer 116 cm"i. It is
quite inconceivable that this absorption can be due to
a fundemental internal vibration of the octahedron VFgzCl,
It is most unlikely also that it 1s due to a combination
band between two other fundamentals because it is qguite
an intense absorption, A tentative assignment for this
band in view of the marked temperature dependence is that
it represents a "liquid lattice mode" ; a vibration of
the pseudo lattice that exists in many 1liquids, OSuch bands
are known in the infrared spectra of iiquidaw5 but have
not been reported previously for Raman spectra, Further
vwork on this and related systems is obviously required
before this tentative assignment can be confirmed,
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6°7 Infrared Spectrum of rhenium chloride pentafluoride
gas.

A sanmple of ReIFgCl was kindly supplied by Dr, D, F,.
Stewart, This is an intense red liquid which is far
more unstable than its tungsten analogue, DBoth the neat
liquid and solutions of it in CFCl; were too intense in
colour to yleld Raman gpectra. Sometimes the more
intense bands due to CFCl; were actually observed but
none due to ReFzCl were, The infrared spectrum of the

gas was obtained however and thus will briefly be described,

In the metgl-fluorine stretching region three bands
were observed with the same sort of intensities as the
tungsten analogues in WFsCl, These were at 732, 689 and
640 cm™* and are attributed to?,,V ., znd}, respectively.
o PCR structure was observed for any of these bands,

The reasons for the lowering of frequencies by 11, 14 and

27 em*

respectively for these three bends compared to
WFsCl is presumably due to the presence of the extra
electron on the rhenium atom, (WsCl is a2 4 systen),
The rhenium chlorine stretching vibrotions quite
obviously occu-red at 388 ecm - ; this was @ strong band
with classic PCR structure and splitting 13 cm ', The

first overtone of this was not observed in the spectrum
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unlike WFzCl where 2)L was observed,

The bands that occurred at 302 and 278 cm * in
WFsCl were found at 330 and 278 em = in ReFyCl, For
the same reasons as with WFgCl these bands are assigned
to¥,, andd, respectively, The symmetric out of plane
deformation of the ReF, system occurred at 250 em™t while

the rhenium chlorine wag was found et 22% em t,
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6*8 Structural conclusions from the gas phase spectrum

of WF,C1l,

2>3 the infrared active metal halogen stretch in
potassium hexachlorotungstate(lv)21 occurs at 324 em *,
in the rubidium and cazesjum salts it appears at 308 and
306 em~ ' respectively. For tetraethylammonium
hexachlorotungstate(vjzo the corresponding band is at
329 em™*, 23 cm™' higher than in the above caesium salt
the cation of which NEt,” is most comparable, It is not
surprising to £ind’ ; in [WClg J*~ lower than in [wCle 1™,
The extra negative charge increases the size of the anion
giving a larger metal chlorine distance and hence a lower
stretching frequency. This increase in size of an anion
by the'addition of negative charge is well known and
X-ray evidence can be given in verification of it, UNo
structure determinations are available for chlorotunstates
but an elmost comparable actinide system has had a crystal
structure determination, 1In uranium hexachloride106 the
uranium~chlorine bond length is 2,42 A while in caesium
hexachlorOplutinate(IV)iov,[ngPuCIG)] the plutonium
chlorine distance is 2,62 A, It is likely that the
analogous uranium salt would leave an even larger bond

length then the plutonium compound because lonlc radil of

uranium ions are slightly bigger than plutonium ions,
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Prelininary work by E, G., Churchill in the
department indicates that neutral tungsten hexachloride
hasY ; around 370 ecm™', The bond length in solid WC1, 108
is 2.26 3, presumably smaller than in the anionic
chlorotungstates, 3/4 the tungsten chlorine stretch in
WF;Cl has been unambiguously assigned to a band at 400 cnfig
this assignation was supported by (a) the intensity of
the band in both the infrared and Raman spectra, (b) the
presence of the C1®7 isotope effect and (c) the polarisation
data on this band, It was mentioned earlier that this
position is almost exactly the same plzce where the
sulphur~chlorine stretch occurs in SFgCl, This is most
unexpected at first sight because sulphur only has an
atomic weight of 32 compared to that of 184 in tungsten,
This indicates that the tungsten-chlorine bond distance in
WFsCl is considerably shorter than in WClg,,

tuantitative informetion can be gained from the band
contours of the infrared gas spectrum, For symmetric
molecules CGerhard and Deinison have shown that if the
parallel moments of inertia are of the same order of
magnitude as the perpendicular one then PR structure can
be expected for parallel vibrationa.w9 This is the

reverse of the case in linear molecules; there, molecules
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do not have a moment of inertia parallel to the main
axis end this causes parallel vibration to be of the
type PR and perpendicular ones PGR, TFor heavy molecules
the individual splittings in the P and R branches become
50 small that the structure of the outer branches
collapse and appear just as broad contours, For such
molecules the I'R splitting A> is defined as the frequency
scparation between the two maxlma of these contours,
Gerhard has shown that with the knowledge of ohe of the
two different moments of inertia of a symmetric molecule
and the PR eseparation of a parallel band it is possible
to calculate the unknown mo.ent of inertia,

Suppose that the moments of inertia of a symmetric
molecule are A,A and C, Assume that the parallel moment
of inertia C is known, Define B such that B = /g1
and therefore A = C(B + 1), The relation betweenA) and
A lsi~

By = 3B) [xral% 1]
e
Here ¢ is the velocity of light, KX is the Boltzmann
constant, and T is the absolute temperature,
rmpirically, S(B) can be found to 0,5f accuracy by

the relation :-
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log,, S(B) = .721/(B+) 1'13, [2]

this relation holding to this accuracy for the range
-0+5 { B \( +100. Substituting {2] in [1] and rcplacing
A by C(B+l) gives

A= 10 [*721/(B+4) 1.13] [KT/C(B+1)]?; [3]

e,

K, T, C, Q are known and A)Y can be measured, It is a
simple matter to write & computer program to determine
the velue of B that gives the correct value of AY . From
the value of B, A can be calculated,

For WiFsCl ¥, the axial metal fluorine stretch occurs
at 743 em™t with PCR splitting 125 em Y, The gspectrum was
obtained from the PE-225 and the temperature in the beam at
w3 en” was 35°C, C, the parallel moment of inertia in
WFsCl is given by C = 4 gﬁthi. where My is the weight

of the fluorine atom and R is the tungsten fluorine bond

W-F
distance, The most recent determination’ '° of the tungasten
fluorine bond distance in WFg is 1*826 X ; this value is

probably very close th that in ViF4Cl and this value will be
assur=2d in the calculations that follow, Taking the atomic

welght of fluorine as 18.99, C is given by

C =4 X (19/6.023 x 10°3) x 1°826" x 107 gm, onf,
or C =420°7 g. cm?,
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The value of B which gives the required PCR splitting
with the ebove value of C is ,36, The perpendicular
moment of inertia A is given immediately by A = C(B+1)

as 572,5 g. co . In terms of the geometry of the
molecule A 1s given by A = 3§a.IE,E?9m,J_F + mClRaw-c;l. The
ondy unknovn quantity in this equation is the
tungsten~-chlorine bond distance znd this comes out to
2.10 X. It is very difficult to guote the limits of
accuracy of this figure but Wwoodward in his study of
SFsCl was able to calculate a sulphur chlorine bond
distance that was only ,03 A different from the more
exact microwave calculations,111 It 1is important-to note
that the value calculated above for the tungsten chlorine
bond distence is 0,15 & less than in VWiClg but the sulphur
chlorine distance in SFgCl 1s quite normal compared with
the simple chlorides of sulphur,

The spectrum of the gas has therefore given two
arguments to the fact that the tungsten chlérine bond
distance 1s anoma@lously short, There is a third plece of
evidence that indicates a short bond distance : WFgCl 1s
a pale yellow liquid, Both SF; and VWFg are colourless and
80 1s 8FzCl, the bond length of which is Xnowm to be normal,
WFgCl is a dd system -nd no colour is to be expected from
tungsten(VI); 1t is probable therefore that the
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tungsten~chlorine bond is partly double bonded and
consequently imparting colour to the molecule, The
rheniun analogue ReFgCl 18 a d' system and 1ts deep
red colour is not surprising,

In VFgCl presumably the very electronegative
fluorine atoms withdraw electrons inductively from the
tungsten atom, There will therefore be a greater
electron density between the fluorine atoms and the
tungsten atom then between the tungsten and chlorine
atom, As mentioned above thé tungsten aton 1is a° and
can readily accept electroné into its 4 orbitals,
Thus besides the normal 6" bond between chlorine and
tungsten there will probably bealso a w-bond, the

electrons of which are supplied by the chlorine atom,
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Table

Fundamental vibrations

Frequency (cm~*")

70k
600

kOh
62k

396

504

916
573

kkz

211

[6"1]

of SP5CI

>M 1

Assignment

ai)
ai)

ai)

ai )
bi)
bi)

b j

e)
¢)
e)

¢)

ajcial SP stretch

8P* square stretch
out of plane
deformation
S-C1 stretch

SP* square stretch

SP* out of plane
deform ation

§F* in plane
deform ation

SP* square stretch
SF wag

SP* in plane
deformation

S-C1 wag



Table [6%2]

Observed bands in WECI in cm’?

(a) Gas, Infrared.

1395 (v,w), 1330 (v.w), 1258 (v.w), 1180 (v.w),
784 (w.ra), 743 (m.s) PQR, 703 (v.s) PQR,
667 (m.s) **PQCR”, 400 (m.s), 302 (m), 278 (w.m),

254 (v.s) 'VCR**, 228 (m.s).

(b) Solid, infrared.

743 (v.s), 704 (m), fli (e), 640 (a), 390 (s).

2s| (m), 278 (w), 243 (m.s), 225 (m), 209 (m.s)

(¢) Liquid. Raman.

820 (w), 744 (v.s) P, 703 (m) P, 661 (m) DP,
644 (w), 407 (s) P, 377 (m) DP, 307 (m) DP,

290 (w), 257 (w), 227 (w), 182 (w), 123 (m.s) DP.



Table [6°3]

Fundamental vibrations of WFsCl end ReFsCl

WFsCl ReFsCl
b 43 732

J, | 703 689

Y, 254 250
Y, 400 389

Y, | 6l -

Ve 377" -

Y, 377 -

2, 667 0
Yo 278 278 |
'1)10 302 330
V,, 228 227

% 377 band either Y, orV,.



CHAPTER SEVEN

CUPRIC HALIDE=QUINOXALINE COMPLIXES
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CHAPTER 7. CUPRIC HALIDE-SUINOXALINE CONPLEXES

71 Introduction.

Copper(II) compounds have a & configuration and
provide one of the best opportunities for observing the
Jahn-Teller effect, For s 4 ion in would-be octahedral
surroundings, appreciable distortions should occur, and
for Cu(IIl) there are extensive data to bear this out.

In all cases investigated so far it has been found that

the distorted octahedron consists of two trans long bonds
and four short ones, Generally analogous Zn(II) complexes,
where the Jahn-Teller effect is inoperative, show expected
undistonted octahedral or cubic structure, Also it 1s not
always certain whether some square-planar copper(II)
complexes are manifestations of extreme tetragonal
distortions or not,

Because of these distortions the structures formed by
copper(II) compounds are quite often rather novel,
Tuinoxaline and its derivatlives form a series of compounds
with copper(II) halides of varying stoicheiometries and
Dr, A. E; Underhill kindly provided samples of these for
far-infrared study, It was expected that far-infrared

investigation might provide pointers to the wvarious
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structures adopted. Before the infrared evidence is
given the structure and spectra of the parent halides

are discussed,
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7*2 Structure and spectra of CuX; and CuXgpy, (X = C1,Br).

It is usual to discuss together the structures of
cupric and palladous chlorides., In both compounds the
metal and halogen atoms form an infinite chain in which
each metal atom is surrounded by four coplanar bridging
halogen atoms.iiz

In PACl, the PA-Cl distance in the chein is 2,311

and the angle between two chlorines and palladium is 37°

“we

CuCl; has almost ldentical parameters, Here, however,
the similarity between the two structures ends because
the chains pack in entirely different fashions, In P4dCl,
the chains are isolated, and the crystal structure is
probably dominated merely by packing requirements, The
chains in CuCl, are packed in such & way as to form
secondary Cu-Cl bonds between the chains 2,95 x apart,
Thus each copper atom has a tetragonally distorted array
of six chlorine atoms around it, The next‘nearest chlorine
atoms from palladium in PACl, after those at 2,3 % are
situatkd at the corners of a rectangle, which is
perpendicular to the plane of the main chain, and 3,25 2
array,

The infrared spectra of these compounds have been

113 -
measured by Adams et.al. between 40O and 160 em *,

For PdCl, bands at 348, 340, 297, 187 and 174 cm~ were
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observed., Only the 340 and 174 cm = frequencies were
assigned, the former to Y(Pd-Cl) end the latter to
$(PdCL, ), CuCl, appeared to have only two regions of
absorption in the spectral range studied, The higher
frequency band at 329 cm -~ was assigned to ¥(Cu-Cl) the
stretching vibrations between the copper atoms,and
chlorine atoms in the chain, No definite interpretation
of the lower band at 277 cm =~ was given, Two suggestions
were however put forward, The less likely one suggested
that the unusually close proximity of the chalns made
infrared active a mode not normally active, This is
unlilkely since any relaxation of the selection rules
would probably be reflected by the appearance of more than
just one band in the region 400-160 cm™ , The second
suggestion was that this band was due to the stretch of
the long copper-chlorine bond, This is eqnivalent to
interpreting this band as an "interchain mode'. This
latter description is more in keeping with the structure
and was the one that was used in the tentative assignment
of this band.

The assignation of a band to a 'long bond' stretch
has not been completely accepted but nevertheless several
workers have successfully based interpretations of the

spectra of copper halide complexes on this assumption,



177,

114
For example Goldstein et,al. exanined e series of

compounds derived from the parent on CuCl,py,. This
compound also has an infinlte chain structure but each
copper atom has two trans pyridine group attached such
that the N-Cu-N axis is normal to the chain, The chailn

is distorted in such a way that the chlorine bridges

are unsymmetrically placed between the copper atoms,

This is illustrated in Figure [7+1]. Thus the environment
of each copper atom is that of six ligands arranged around
it at the vertices of a distorted octahedron.‘ The
published far-infrared data for CuX,py. (X = Cl,Br) is
showvn in table [7+1]. For the chloride the bands at

287 and 229 cm = were sttributed to the short end long
bond stretches respectively., This data will be discussed

in a later section,
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7*3 Extant data on quinoxaline complexes of copper(II)

118
The complex CuCl,py, has been known since 1888

but only recently have the complexes formed between
copper(il) and other heterocyclic bases been extended,

in 1961 the complexes between copper halides and pyrazines
were first described?is. These complexes vere generally
polymeric containing both halogen and pyrazlne bridges.
They were however usually unstable, and investigation of
them was difficult, being easily reduced to the copper(I)
state,

Eecently Underhill117 formed complexes between either
guinoxaline (Q) or substituted quinoxalines and copper(II)
seemingly znalogous to those formed by pyrazine, The
stoicheiometry and properties of these complexes were
heavily affected by the number and nature of substituents
on the quinoxaline ligand, The structure and numbering
of the atoms in the quinoxaline molecule is shown in
Figure [7°2],

Guinoxaline and 2,3 dimethylquinoxaline (Dmq) formed
complexes of the type GCuX; while 2 methylgquinoxaline (mq)
and 2,3 diphenylquinoxsline (Dpq) formed species with
stoichelometry (,CuX, (X = C1,Br). Reflectance spectra of
these complexes suggested that they fell in two groups.iia

The evlidence indicated that the spectra of 2CuCl; and
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(mg),CuCl, were similar to each other and also to

(py )sCuCl,, while the spectra of DmqCuCl, and (Dpg),CuCl,
were also simllar to each other, This indicated that
while the first two compounds were probably polymeric

the second two were not and were possibly Just

nonomers with lower co-ordination numbers around copper,
This was confirmed with molecular model studies which
showed that the methyl and phenyl substitutes on'
quinoxaline had profoﬁnd steric effects, Thus the model
of Mq showed that the N atom adjacent to the methyl group
could not approgch as close as the observed Cu-N distance
(2,0 3) in CuCl,py. without some steric hundrance between
the hydrogen atoms of the methyl group, the 8-H atom of
the quinoxsline, and the chlorine atom of th& chain,
Models involving quinoxaline itself showed that this was
able to form an analogous complex to CuCl, (py). and in
addition was able to co-ordinate with both nitrogen atoms,
Both Dmg and Dpy were unsble to approach copper atoms
Joined to short Cu-Cl bonds but were able to co-ordinate

to copper atoms joined to two long Cu-Cl bonds,
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7+*4 Infrared evidence,

(&) Copper-Halogen frequencies. The far-infrared
frequencies of Q, Mg, Dng, Dpg, QCuX., (Hg),CuX,,
DmgCuX; and (Dpg);CuX,, (X = C1,Br) are shown in
tables [7+2a]end [7¢2b] with possible assignments,
The spectra of the dmqg series is élso shown in Filgure
[7+3]. The spectra of CuX,(py). (X = C1,Br) measured
by Goldstein are given in table [7°1] with his assignments,
As mentioned above it is not knowvn for certain
vwhether the long Cu-X "pbonds™ give rise to a stretching
frequency, even in those cases in which ultraviolet
spectra clearly indicate the presence of a tetragonal
crystal fileld, ‘‘hereas palladous chloride was seen to
exhibit only one band due to Pd-Cl stretching, copper(II)
chloride was seen to have two, viz., 729, 277 cm . The
suggestion that the lower of these bands was possibly
associated vith the long Cu-Cl bond led to an analogous
interpretation of the spectrum of CuCl, (py). although here
both frequencies were very low, viz,, 287, 229 cm .
What is certain is that since all halogen atoms in the
cupric halides are in bridging positions, any Cu-Cl or
Cu-Br frequency higher than those of the cupric halides
are associated with Cu-Cl or Cu-Br terminal bonds, This

criterion clearly indicates that the complexes DmgCuX, and
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(Dpq),CuX, have terminal Cu-X bonds, Thus they have

bands assignable to) (Cu-X) (terminal) st 368 and 345 cm ™

respectively in the chlorides and at 278 and 269 cm ™

in
the bromides, Furthermore, the next lowest X-sensitive
bands in thelr spectra are at comparable positions
(156,44 X = Cl, and 105,98 em - X = Br), though much
lower than those of {CuX;, and (Mg),CuX,, This can be
taken as good evidence that the two pairs of complexes
have different structures, Since the QCuX, and (Mq),CuX;
only have apparently bridging (Cu-X) it is likely that
these are both halogen bridged polymeric species, The
bridging frecucncies are in fact very close to those in
the parent copper halides, The absence of bridging
frequencies in the Dmg and Dpq series 1imply that these are
probably mohomeric or at least cannot be polymeric with
halogen bridges, Polymeric specles involving bridging
quinoxalines cannot yet be discounted,

The variation of the lower X-sensitive frequencies
(i.e. those less than 220 em ") can be explained by
postulating varying amounts of Cu-X long-bond interaction,
If square-~planar molecules Cu¥;L; are so packed in the
crystal that long Cu-X bonds can be formed glving the metal

atom a distorted octahedral environment of four short and

two long bonds, then the in-plane and out-of-plane
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deformation modes, §(CuX, ) and w(CuX, ), will both be
raised in frequency as the strength of the Cu-X long

bond is increased, At the same time, )/ (Cu~-X) values
should drop as the halogen atoms teke on more bridging
character; this is exactly the observed trend., Thus

the @ and lMg complexes for which long Cu-X bonds are
postulated have § (CuX,) around 190 cm™> (X = Cl) and

140 em ™ (X = Br) while the corresponding bands in the
Dmg and Dpq series are near 150 and 100 em = respectively.
Aiso w(CuCl, ) is observable in both the ¢ and lq compounds
(near 95 cm—i) while only the Dmg complex has the

comparable band observable and is below 90 cm .

(b) Y (Cu-N) snd Internsl Vibrations of the Ligands,

Each of the organic liggnds has in-plane and out-of-
plane skeletal deformation modes which may be at frequencies
dovn to sbout 150 em ~ although they may not necessarily
be infrared active in the free ligend, Thus, it is quite
likely that an in-plane vibration will interact with
stretching of the copper nitrogen bonds, giving rise to
delocalised normal modes; i.,e, 1t may not be correct to
assign eny one band to Y(Cu-N) alone, There are further
complications; for the ligandsG and Dmq, which it is

suggested co-ordinate through both nitrogen atoms, changes
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in position and intensity of the internal modes seem
probable, whilst for Dpq the loss of symmetry consequent
upon coordination through just one nitrogen atom would
cause four, previously inactive, out-of-plane skeletal
modes to become infrared active, For lig, which 1s less
symme tric anyway than Dpgq, neither of these complications
should arise,

The generazl features of the spectra confirm the above
predictions, In the lig complexes, the ligand modes can be
clearly identified at approximately the same frequencies
and relative intensities in (liq),CuX;., These occur near
135, 180, 285 and 300 cmwi. Apart from the bands and the
X-sensitive ones there is one X~-insensitive band (208,

X = Cl; 200, X = Br) not present in the lignad spectrum,
end this is maybe associated with ¥ (Cu-N), In the compounds
DmqCuX, , the ligand spectrum is considerably modified; in

' is shifted slightly and reduced

particular, a band at 166 cm
to low intensity, Whilét & band at 278 cm t appears to be
shifted about 60 cm ~ to the long-wavelength side,
Alternatively, the band around 220 en~" could be Y (Cu-N);
it would then be assumed that the 278 em —~ ligand band is
of vanishingly smal}] intensity in the complexes,

For the quinoxaline complexes, similar changes occur,

although here there are X-insensitive bands which do not
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originate in the ligand spectrum, Tentatively the bands
at 246 (X = C1) and 244 (X = Br) are assigned to ¥(Cu-N),

f1lthough the spectra of Dpq and its compounds are
conplex, they are particularly valuable in that they
enable one to place, qulte clearly, an upper 1limit about
220 cn - on any mode involving Y(Cu-N) vhere the

substituted quinoxaline complexes are considered,

(c) Conclusions. The above evidence, tzken as a whole,

sugrests that in these complexes there ig absorption in the
region 200-250 em™" which ie associated, at least in part,
with])(Cu-N) motion, This range extends a little below that
found by Goldstein et,al, for substituted pyridine complexes,
and may be taken as additional support for the above
assignments, as a simple mass effect would cause a shift
in this direction,

From the X-sensitive frequencies, a consistent
explanation 1g offered of the results, which requires that
¢ and Mq complexes have similar structures in which there
is apprecizble "Cu-X long bond" interaction, whilst in the
Dmq and Dpg complexes there is no such assoclation involving

the halogen atoms,
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7*5 General discussion.

The evidence of the far-infrated spectra taken in
conjunction with the reflectance spectra and molecular

model studies leads to the following structural conclusions,

(a) The complexes CCuX., The far-infrared spectra of

these palr of compounds ere very similor to those reported
for CuX. (py):.. To account for this, and the different
stoichelometry of the Q complex, it is easiest to postulate
bridging quinoxaline molecules &s well as bridging halogens,
Thus tho structure is nogt 1likely to be a two dimensional

network as shown in Figure [7°L4].

(b) The complexes (Mg).CuX,, The reflectance spectra again

suggested that these complexes were similar to the analogous
pyridine complexes and in this case the same stolichelometry
was found, This is supported by the far-infrared spectra,
which indicate bridging rather than terminal halogens,

Since the molecular models indicated steric hindrance at

the 1-N atom when this is coordinated to a copper atonm,
which is iteself Joined to a bridging halogen atom, it is

likely that an entirely analogous structure to CuX;py; is
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adopted with coordination through the 4~N atom,
This is illustrated in Figure [7°5].

(¢) The complexes DmgCuX,, Reflectance spectra

suggested that these complexes were either square-planar
or very strongly tetragonally distorted octahedral
coordination around the copper atom but did not
therefore distinguish botween these two possibilities,
The far-infrared spectra chowed the presence of terminal
halogens only and a different structure to Cu¥;py-.. To
account for these facts and the stolcheiometry it is
required to postulate bidentate coordination by Dmq with

the resulting polymeric structure shovm in Flgure [7'5].

(d) The complexes (Dpq),CuX,. Bidentate coordination

by Dpqg is impossible in this case and the reflectance
spectra indicated a square plenar system, This is entirely
supported by the far—infrared spectra which showed the
presence of terminal halosens only, Also the presence of
only one V(Cu-X) frequency sugzests a trans rather than
clis configuration, It also rules out a tetrahedral
configuration, The structure postulated for this 1is
indicated in Figure [7+5). | |
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The complexes described here show that 2-substituents
on a ligand can have a very significant effect on the
structure of a complex, Apparently complexes of cobalt(II)
and nickel(II) halides with these ligends form a much
nore limited range of structures, The facility with which
copper(II) halides form these complexes is therefore
probably due to the preference of the copper(II) ion for
a distorted octahedral or square-planar environment,

which will reduce steric effects due to the 2-substituent,
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Epilogue,

Since this work was completed, P, J. Lock%igof
this department has made an extensive study of chloro
end bromo complexes of copper, He has concluded that
spectra of copper(IIl) complexes can be explained without
the need to postulate "long Cu-X bonds", 1In cases where
two stretching frequencies have been observed in the
Y (Cu-X) reglon he has described these as both belonging
to internal stretching modes of a chain, “hether this
description is correct or not the structural conclusions
found above will not be affected, Although the mechanism
of assignation of the individual bands may be wrong the

najority of assignments will still stand,



FIGURE 7.1

Structure of Ouxzpyzo )




FIGURE 7.2

Conventional numbering of the quinoxaline ring,
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HGQURE 7.3
ired spectra of (dnn)Gdzo, (X = Cl .Brl, and dm.

100 . 200 300 400 5p0 cm



FIGURE 7.4

Postulated structure for QCuX,, (X = C1,Br).

! |
I X
LS NJ
~c Cu .

D OO

\\/ \\/

Cu



FIGURE 7.5

Postulated structures for (mq),CuX,, (émq)CuX,,
end (dpg)oCuXy, (X = Cl,Br). ,
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Table 7-1

(Cu-X) and (Cu-N) vibrations of CuX;py: (X = C1,Br) (em™*).
(from ref, 114).

CuCl; pys CuBrg; pya »
(cu=X) 525, 200
§ (cu-x) 177 132
Y(Cu-N) 266 268
$(cu-n) ~ 200 196
(Cu~X) ‘ 50 60




Table [7*%2a].

Par-Infrared Absorption Frequencies (cm~" ) of some

Cu(Il) Quinoxaline Complexes in the Solid State

CuXgQ Cu)* (mQ)j
Q X = ClI X = Br mQ X = Cl X =
88 w 88 w
98 m 90.5
129 m 115 w 107 ah 102
147 m 141 ush
180 vs 138 m 217 m 132
184 8 1?2 ush 172 a
137 m 138 m 139
205 sh 195 ush 193 w 188 vs 173 m 181
220 211 w
246 8 244 sh 208 sh 200
276 V8 286 m 294
293 Sh 300 sh 305
324 vs 255 s 320 8 252
274 w
tentative assignments ush = unresolved

shoulder



Table [7'2Db].

CuXq (djnQ)

dimQ X =Cl X =Br dQ

88 m -
110 w 112 sh
139 w 137 w 97
156 B 106 m
166 s 178 w 176 w

192
214 8 220 8
278 S 307
320 m 315 s 315 S 332
368 V8 278 V8
360

OvUa (dpQ)3
X = ClI
w 115 w
144 sh
138 m
168 m
194 sh
s 202 m
217 8
m 298 U8Sh
m 315 m
337 s
8 345 ush

X

110
98
139

165
183

201
220
298
317
269
349

ir(Cii-X)

S(Cu-X)

WCu-H)

V(Cu-X)



REFERENCES



10

11

12

15

14

15

16

17

IS

19

20

21

22

25

RBFEREIIGES

i-I.J.E.GOLIY, Rev. Soi. Inst., 1947>18,3570

EoH. RAIE)ALL, J.CptoSoCoAno,1954,i4,97<>

R.W. WOOD & Ao TROV/3RIDGE, Phil .Flag., 1910,20,770.
H.Ao GE3BI2 & G.A. VAITASOS, Rature, 1956.178.432c
A. IIICHELSOR, Phil .MageBerc, 1891,31,256c

H. RU3EIT3 & R.W. WOOD, Phildlagc, 1911,21,249»

P. F2LLGEIT, J.Phys»Radium, 1958,1%,1870

J. COIRTES, Rev.Optique, 1961.40.450
ibidec,1961,30,116.

ibid., 1961,30,171.

ibid., 1961,30,251.

D.M. ADAMS « H.A. GE3BIE, S.A., 1963,13,925»

P.L. RICKARDS, Applied Optics, 1965,3,111»

C.II. PERRY, R. GEICK, & E.F. vour'ic, Applied Optics,
1966 3 ,1171.

D.M. AD;R:S, S.A., 1962,10,1059»

J.B. CORISEDD, Ph.D. thesis,Leicester, I967.

X. LIVII'TGBTOR, Private Gonmiunication.

D.M. ADAMS, Proc. Chem. 3o0c., 1961,535»

L.A. WOODWAPA) & J.A. CREIGHTON, S.A., 1961,20,711.

D.M. ADAMS, J. CHATT, J.M. DAVIDSON, & J. GARRATT,
J., 1965,2189.

D.M. apaMS, H.A. GEB3IE, & R.D. PEACOCK, Nature,
1965,199,278.

K.W. 3AGNALL, D. BRO'E, & J.G.H. du PREEZ, J., 1964,2605.

XoW. BAGNALL & D. BROVYN, J., 1964,3021.



24

25

26
27T

28
29

30

31
32
33
34
35
36
37
38

39
40
41
427
43

44

J. HIRAISHI, I. NAKAGOWA, & T. SHIMANOUCHI, S.A.)
1964,20,819.

I.R. BEATTIE, G.P. McQUILLAN, L. RULE, & M. WEBSTER, _
Je, 1963,1514.

L.A. WOODWARD & M.J. WARE, SeAe, 1963,19,775.

M.Le POSTELLOC, J.P. MATHIEU, & He. POULET, Je;Chim.Phys.,
1963,60,1319. '

NoN. GREENWOOD & B.P. STRAUGHAN, J(4)., 1966,962.

I.R. BEATTIE, T. GILSON, K. LIVINGSTON, V. FAWCETT, &
GeAe 0ZIN, J(A)s, 1967,712.

D.H. BROWN, K.R. DIXON, C.M, LIVINGSTON, R.H. NUTTALL, &
D.W.A. SHARP, J(A)., 1967,100.

?.W. SPIRO, Inorg.Chem., 1967,6,569.

0. REDLICH, T. KURTZ, & P. ROSENFELD, J;C.P., 1934,24619.
L.A. WOODWARD & L.E. ANDERSON, J., 1957,1284, |
J.Ao CREIGHTON & L.A. WOODWARD, T.F.S., 1962,58,1077.
LoA. WOODWARD & J.A. CREIGHTON,SeAe, 1961,17,594.

L.Ae WOODWARD & M.J. WARE, 1964,20,711.

LeAe WOODWARD & M.J. TAYLOR, J., 1960,4473.

E.B. WILSON, J.C. DECIUS, & P.C. CROSS, "Molecular
Vibrations", Mcgraw=-Hill, 1955.

No BJERRUM, Verhandl.Dent.Physik.Gese,1914,16,737.
D.M. DENNISON, Phil.Maz.,1926,1,195.

HeC. UREY & C.A. BRADLEY, Phys.Rev., 1931,38,1969.
E. ADRIAN & T.N. MARGULIS, Inorg.Chem., 1967,6,210,

AJSABATINI, L. SACCONI, & V. SCHETTINO, InorgeChem.,
1964,3,1775. '

So ABRAMOWITZ & I.Wo LEVIN, Inorg.Chem., 1967 ’é' 558.



45

46
47
48
49
50
51
52
53
54

55"

56
57

58
59
60

61
62
63
64

65

66

R.A. ROBINSON & R.H. STOKES, "Electrolyte Solutions",
Butterworths,1959. '

R. KLEMENT, Z.Anorg.Chems,1927,164,195. .
A.F. WELLS, "Structural Inorganic Chemistry", Oxford,1962.
ReJe GILLESPIE & R.S. NYHOLM, Quart.Rev.,1957,11,339.
J.L. HOARD & B.N. DICKENSON, Z.Krist.,1933,84,436.
G.ENGEL, Z.Kriste, 1935,90,341.

EeEs AYNSLEY & A.C. HAZELL, Chem.& Ind.,1963,611,

I.D. BROWN, Canad.JeChem., 1964,42,2758, |

RJW.Ge WYCKOFF, "Crystal Structures", Interscience, 1965,
DeMe ADAMS & PoJo LOCK, J(A)e, 1967,145.

N.N. GREENWOOD, B.P, STRAUGHAN, & A.E. WILSON, J(A).,
1966,1479.

GoCe HAYWOOD & P.J. HENDRA, J(A)., 1967,643.

JWe GEORGE,‘ N. K.ATSAROS’ & KeJoe WYIHTE, Inorg.Chem.,
1967,6,903.

DeSe URCH, Jey 1964,5775¢
R. RIPON & R. PALADE, Ann.Sci.Univ.Jassy, 1948, 30,155,

W.E. HATFIELD, R.C. FAY, C.E. PFLUGER, & T.S. PIPER,
JeAeCuSe, 1963,85,265,

A BELLANCA, Periodico Mineral, 1947,16,73.

ibide, 1948,16,199.

P.C. MOEWS, Inorg. Chem.,vl966,§,5.

J. LEWIS, R.S. NYHOLM, & G.A. RODLEY,.J., 1965,1483.

DoT. CROMER & R.K. KLINE, J.A.C.S., 1954,76,5262.

To KAATZ & M. MARCOVICH, Aota-Cryst., 1966,21,1011;



67
68

69

70

71
72
13
T4
15
76
17

78
79

80
8l

82

83

84

85
86

N

L.P. LINDERMAN & M.Ko WILSON, Z.PhysikoChemo, 1956,9,29s
"Inorganic Syntheses", Volume 2, 1946.

K. NAKAMOTO, "Infrared Spectra of Inorganic and
Co-ordination Complexes", Wiley, 1963.

Ge HERZBERG, "Infrared and Raman Spectra of Polyatomic
Molecules", Van Nostrendj 1945.

H. POULET, P. DELORME, & J.P. MATHIEU, S;A., 1964,20,1855,
W. THEILACKER, Z.Anorg.Chem., 1937,234,161.

D.M. ADAMS, J., 1964,1771.

J. HIRAISHI & T. SHIMANOUCHI, S.A., 1966,22,1483.

MAGNUS, Pogg.Ann., 1828,14,204. .

JORGENSEN & SORENSEN, Z.Anorg.Chem.; 1906,48,441.

E.G. COX, FeW. PINKARD, W. WARDAW, & GeH. PRESTON, J.,
1932,2527. '

Se YAMADA, J.AeCeSe, 1951,73,1579.

M. ATOJI, J.W. RICHARDSON, & R.Ee RUNDLE, JeA«C.S.,
1957,19,3017.

JoRe MILLER, Jo, 1961,4452,
ibid., 1965,973.

P, DAY, A.F. ORCHARD, A.J. THONSON, & ReJ.P. WILLIAMS,
J.CeP., 1965, 42,1973,

1M, BUKOVSKA & M.A. PORAI-KOSHITS, Kristallografiya,
1960,5,137

P. DAY, A.F. ORCHARD, A.J. THOMSON, & ReJ.P. WILLIAMS;
J.CoP., 1965,43,3763.

ReJ.H. CLARK & C.S. WILLIAMS, J(A)., 1966, 1425.
D.Mo ADAMS & D.M. MORRIS, Nature, 1965,208,1973.

P.J. H:ENDRA, Nature; 1966,_21_2,1790



88
89
90
91
92

93
94

95
96

91
98
99
100

101
102

103
104
105
106
107
108

W.P. GRIFFITHS, Private Communication.
TSEUGAEV, J., 1915,1247.

R.J. MEYER, z.Anorg.Chem.,19oo,2_4;321.

GeJ. SUTTON, Austral. J.Chem., 1958,11,120.

F.Y. KULBA, V.E. MIRONOV, C. TSUNG, & Z.G. FILIPPOVA,
Zh,Neorgan.Khim., 1962,8 672.

F.A., COTTON, B. F.Go JOHNSON, & ReMo WING, Inorge.Chem.,
1965,4,502.

T. WATANABE, Y. SANTO, R. SHIONO, & M. ATOJI, First
Congress of the International Union of Crystallography,1948.

T.G. SPIRO, Inorg.Chem., 1965,4,1290.

C.K. JORGENSON, "Orbitals in Atoms and Molecules"
Academic Press, 1962,

B. ZASLOW & R.E. RUNDLE, J.P.C., 1957,61,490,

Ao DAVISON, M.L.H. GREEN, &G, WILKINSON, J., 1961,3172.
L.Te REYNOLDS & G wmcmSON, J.I.N.C.y 1956,2,246,
FoCo WILSON & DoP. SHOEMAKER, JeCePey 1957,27,809. |
FoCo WILSON & D.P. SHOEMAKER, Naturwiss, 1956,43,57.
H.L. ROBERTS & N.H. RAY, J.,1960,665.

L.H. CROSS, H.L. ROBERTS, P, GOGGIN, & LeAs WOODWARD,
TeFeS, 1960,_5_,945

B. COHEN, A.J. EDWARDS, M, MERCER, & R.D. PEACOCK,
Chem,Comm., 1965,322. ‘

G.W. CHANTRY, H.A. CEBBIE, B. LASSIER, & G. WYLLIE,
Nature, 1967,214,163.

W.H. ZACUARTASEN, Acta Cryst., 1948,1,285.
ibid’ 1948’l,2680

Je GAUNT, T.F.Se, 1954,50,546.



109 S.L. GERHARD & D.M. DENNISON, Phys.Rev., 1933,43,197.
110 B. WEINSTOCK & J.G. MALM, Proceedings of the Second

United Nations International Conference on the Peaceful
Uses of Atomic Energy, Geneva, 1958,28,1254.

.

111 R, KEWLEY, K.S.R. MURTY, & T.M, SUGDEN, T.F.Se,
1962,58, 1284.

112 A FJWELLS, J., 1947,1690.

113 D.M. ADAMS, M., GOLDSTEIN, & E.F. MOONEY, T.F.S.,
1963,59,2228.4

114 M. GOLDSTEIN, E.F. MOONEY, A.ANDERSON, & H.A. GEBBIE,
Sehe, 1965,21 105.

115 W. LANG, Ber., 1888,21,1578.
116 A.B.P. LEVER, J., LEWIS, & R.S. NYHOLM, Nature, 1961,189,58.
117 A.E. UNDERHILL, Jey 1965,4336.

118 D.E. BILLING, A.E. UNDERHILL, D.M. ADAMS, & D.M. MORRIS,
J(A)., 1966,602, -

119 DJM. ADAMS & P.Je LOCK, J(A)., 1967,620.



