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ABSTRACT

The work described in this thesis may be divided into three parts,

The first part is an investigation into the changes which occur in
the pyridine spectrum when the molecule complexes with the halogens or ICN,
It has been shown that intensity changes are due to charge transfer and
other (electrostatic) interactions. Normal co-ordinate calculations show
only minor changes in vibrational mixing on complexation (see below),

The second part of this work is a detailed investigation of the changes
in the IX acceptor spectra on complexation with pyridine, dioxan, and other
donor solvents. Studies on the variations of temperature and concentration
were carried out to determine the nature of the absorptions in the very
far-infrared (<150 cm.—l) for these complexes. It has been shown that for
the 'weaker' interactions (e.g. dioxan-Iz) the bands arise from a 'collisional'

mechanism, However, for the longer-lived pyridine-X, complexes the band is

2

composite, This is partly due to a well-defined v mode broadened by

(D-I)
vibrational relaxation in a polar medium of excess donor. There is also a
contribution from the Poley-Hill 'libration' of the complex dipole in
solution. Band shape studies show that the rotation of the pyridine donor

in solution is considerably restricted by intermolecular forces. The acceptor
band profile reflects only vibrational and/or translational effects,

The third part describes normal co-ordinate calculations for the 'tri-
atomic' (D-X-Y) and 'whole molecule' models of the pyridine-IX (X = C1, Br)
complexes. The pyridine-ds-IX complexes were used to calculate the inter-
action constant for the D-X-Y system., This information was used with the
pyridine force field to calculate thg frequencies and normal co-ordinates
for the 'whole complex' molecule., It is shown that the frequency shifts
observed on complexation are caused largely by the G matrix changes when the

X-Y molecule is complexed. It was found that some mixing between the



essentially D-I-X vibrations and the 'ring' modes does occur. The pyridine
normal co-ordinates, however, change little on going to the complex, and the
massive intensity changes thus appear to be due to electronic re-distribution

during vibration,
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CHAPTER 1

Introduction

A, Scope and Objectives of this Work,

The work described in this thesis can be divided into four main
sections,

The first section deals with the cffect of the formation of a donor-
acceptor complex on the vibrational spectra of the donor and acceptor
molecuies. A series of halogens, interhalogens and the 'pseudo' halogen,
iodine Cyanide,were used as acceptors complexing with both strong and weak
donors. In particular, the effects which the 'strong' donor pyridine and the
'weak' donor p-dioxan have on the vibrational spectra were investigated,

In the case of the p-dioxan-iodine complex a study was made to try and
establish if a 'rigid' or 'well-defined' complex existed in solution.

The pyridine-iodine monochloride complex is usually considered a 'well-
defined' stable complex. A stable complex might be defined as a complex
which does not change chemically over the period it takes to make the
measurement, Whilst the iodine chloride molecules will interchange, the
equilibrium constant is large (about 146 litre mole_l) and the equilibrium
Py + ICl g— PyICl
will be far over to the right. The complex will thus have a long lifetime
relative to the period it takes to make vibrational measurements, The
dioxan-iodine complex, on the other hand, has a much smaller equilibrium
constant (about 0°89 litre mole-l) and will have a much shorter lifetime
than the pyridine-iodine chloride complex. A search was made for bands due
to the oxygen-iodine stretching mode, The absorption band found in this
region did not seem to behave 1ike a normal vibrational band.

This resulted in the second part of this work, a systematic variation

of temperature, donor concentration, and acceptor concentration observing
@gﬁﬁvﬁﬁ\-
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the change in band shape, intensity and frequency, This information was then
interpreted in terms of a collisional model,

The third part of this thesis deals with a normal co-ordinate study
on pyridine and the pyridine complexes to find out how much the changes
in vibrational spectra were due to the mass effect, how much due to force
constant (chemical) changes and how much due to mixing of the donor and
acceptor vibrations.

Finally, the inorganic chemistry of halogen complexes is very interesting
and the fourth part deals with the preparation of a number of ionic complexes
not mentioned in the literature., Unfortunately,most of the complexes
prepared decomposed in solution. However,the vibrational spectra in the solid
were observed and an attempt made to explain the structure in terms of the

spectra,

B, Instrumentation in the Far-Infrared Region,

(i) Fourier Theory,

The far-infrared spectra recorded over the region 50-400 cm.-1 were
obtained using a Beckman-RIIC Ltd, FS720 Interferometer., The interferogram
was recorded on eight track paper tape and then analysed using the computer
program given in Appendix A, The computation was carried out using the
I.B.M, 360/67 computer jointly owned by the Universities of Newcastle and
Durham,

Fourier theory was originally developed by J,B.J. Fourier1 to solve
the one-dimensional heat-diffusion equation. However, this theory has
applications far beyond the bounds of heat transmission, Michelson2
discovered that the interference pattern from a two beam interferometer as
a function of the path difference between the two beams is the Fourier
transform of the optical power spectrum of the source illuminating the

interferometer. Before the advent of optical detectors and electrical
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data recording the lechnique was impracticable because the intensity and
number of fringes had to be estimated visually,
The full theory of the application of Fourier theory to interferometric
spectroscopy is beyond the scope of this thesis., There are, however, a
number of excellent papers on this topic in the 1iterature.3-6 Only a
general outline of the technique will be discussed here,
It is first important to understand the meaning of some of the mathematical

expressions and theorems frequently encountered.

(a) Fourier's Theoren,

Any periodic function f(x) can be expressed as the sum of a series of
sinusoidal functions which have wavelengths which are integral sub-multiples

of the wavelength A of f(x).

210x 271Xn
f(x) = Co + Clcos( o * al).... + Cncos( .t an) [1.1]

The n's are called 'orders of the terms' which are harmonics.

(b) Fourier Analysis,

This is the name given to the determination of amplitude Cn and the phase

angle a in Eqn. [1.1]. Fourier theory has an extension to non-periodic functions

based upon the concept of the Fourier transform. A beam of light is a periodic
function, so expressing a beam of light in terms of a Fourier series, would be to
express it as a sum of waves each with a particular Cn and M/n corresponding

to the frequencies of the component beams,

(c) The Fourier Transform,

Fourier's ‘theorem refers to periodic functions, By definition the
function f(x) is periodic, if f(x+p) = f(x), for every x, where p is the period.
The Fourier series must be modified to cover the case of a continuous

spectrum of wavelengths of light. Since an integral is the 1limit of a sum,

the Fourier series (i.e. a sum of terms) is replaced by a Fourier integral.



The Fourier integral represents a continuous spectrum of frequencies.
The Fourier transform of a function f(x) is defined as,

+co

a(k) = J f(x)exp(ikx)dx ceess [1.2]

-C0
The Fourier transform of a Fourier transform is the original function multiplied

by 2n.

(d) The Convolution Theorem,

The convolution of two functions (f(x) and g(x)) is defined by the function

+oo

B(x) = | £(x"glx - x")dx’ ceene [1.3]

—®
where F(x) is called the convolution of f(x) and g(x) and x' is the 'dummy’
variable, It is the sum of the product of the two functions over the region
where they both have values. The Fourier transform of the convolution of
two functions is the product of their individual transforms.

Functions which can be most easily Fourier-transformed with the help
of the convolution theorem,include functions which can be expressed as the
product of two simple functions, and whose transforms are therefore written
as a convolution. An observed spectrum is the true optical spectrum,convoluted

with the slit function.

(e) The & Function,

The & function is the 1limit of a square pulse as its width h goes to zero,
but its enclosed area Hh (H is the height) remains at unity. It is therefore
zero everywhere except at x = O, where it has infinite value., The transform of

. . . s . . . 7
a & function at the origin in one dimension is a constant.

)

S,




(2) PFPourier Transform Spectroscopy.

Fourier transform spectroscopy is dependent upon the fact that in a two
beam interferometer the intensity of the central light fringe is the Fourier
transform of the incident original power spectrum., The spectral intensity
G(v) at any frequency v cm.-1 with the measured interferogram intensity I(x)

is given (neglecting the imaginary part) by,

X =0
G(v) =% [I(x)—I-g%)]Cos(Zﬂ'ﬁx)dx ceees [1.4]
x=0

where Q is the optical path difference of the two terms and I(o) is the
interferogram intensity at zero path difference., The intensities of the
interferogram are measured at discrete values of optical path difference
nAx up to some maximum value NAx where n is an integer equal to 0,1,2,3,4 ... N

and Ax is the interferogram sampling interval, The value of Ax must be such that

px € ——— veers [1.5]
2(v; - v,)
where (;1 - ;2) is the total range of frequencies incident upon the detector.

Special filters (e.g. black polythene) are used to restrict the range of
frequencies incident upon the detector from O to ¥ , Where v is the high
max max

frequency cut off, i.e. 52 = 0,

ax < —L ceees [1.6]

This ensures that the highest frequency present is sampled at least once every
half cycle.

Equation [1.4] becomes approximated to thec sum,

=N
G(v) = I [I(ntx) - 1I(o)]Cos(2mynAx)Ax ceeee [1.7]
n=0

when n = 0



The output of the detector is amplified and converted to binary
numbers. The range of the digitiser is from 2° to 212. The value of $I(o)
is obtained by taking the average valuc of the interferogram and must be
subtracted from all values of I(x) before Fouricr transform computations

begin. The computed spectral intensities G(v) are directly proportional to

the measured amplitudes of the interferogram function, i.e,

I(O)]

[I(nax) - >

and the first term in the summation makes a constant contribution to the
whole'spectrum and is independent of v. However, the Fourier transform depends
only upon the oscillation of the function and there is no theoretical reason
why I(°)/2 should be subtracted. However, in practice subtracting I(°)/2
reduces the size of the figures in the array to be transformed and saves
computing time. The transform program will only transform arrays which are
of the size 2" where n is an integer, This is because our program uses the
Cooley-Tukey Algorithm16 (see below),

Because a finite sampling interval is involved all interferograms will
contain a phase error depending upon how near the sampling point has come to
the exact zero path position. Corrections for phase error due to this must
be made.

The optical resolution Av of the interferometer is related to the
distance (D) travelled by the moving mirror,

_ sin[2n(v-v: )D]
Av = 2D[ ] ceees [1.8]
[2n(v=v;  )D]

ax

where the total path difference D = NAx, Qan is the frequency of the peak

at its maximum and the width at half height is (v - ;Aax)'

This equation has the limiting condition that the smallest interval

resolved is approximately

- (o
Ay = 7/D usually further approximated to {/D ceees [1.9]



Since the computed spectrum is the convolution of the actual spectrum
with the instrumental function, the subsidiary side lobes of the latter cause
oscillations to be seen near regions where rapid changes in absorption are
occurring. These oscillations give rise to 'noise' which should be eliminated
as far as possible. The process of weighting the interferogram values
[I(nAx) - %Io} so that the modulation of the interferogram goes to zero at
maximum path difference D, (NAx) is known as 'apodisation'. Apodisation
usually involves modifying the scanning function so thaé it takes no negative
values and the side lobes are reduced, Although the central band is made

much broader, i.e.
. 2 - =,
sin [Zﬁ(v—vmax)D]
2 *e 000

Av = 2D[ [1.10]

Vet
[2m(v-v* ID]
and the price of reducing side bands is lower resolution, The

resolution is reduced to

Ay~ %D ceess [1.11]
In this work normal runs were 1024 points with a sampling interval of
8 microns. This gave a resolution of 25 cm._1 since all the interferograms
were apodised.
The angular beam spread of off axis rays due to imperfect collimation
of the finite source aperture will also reduce the resolution, If the source
subtends a solid angle fMNat the collimating mirror then the maximum value4

of R is given by

=2 & ghH2 ~
R=97 8(d)

D1<I
(4]

cesee [1.12]
where d is the source diameter and £ is the focal length of the collimating
mirror,

The FS720 has source apertures of 3, 5 and 10 mm. which give resolving

powers of 104, 4 x 103 and 103 respectively.



The fact that the source beam has a finite width results in the off
axial rays of light having to travel slightly further than the axial rays.
This leads to all the calculated frequencies being over-estimated by a factor
of the order of (1 + Z%b. ‘'The true frequencies can be obtained from the

calculated frequencies by the formula,

v
3 - fecalc.) ceess [1.13]
true (1 + EL)
’ 4m
In practice this factor is only of the order of 10—4;(ca1c ) and only

becomes important where high resolution is required at high frequencies, In
this research this was not a prcblem as most of the work was carried on broad
bands at low frequency.

The region over which measurements can be made depends on the thickness
of the beam splitter, Unfortunately a beam splitter with a transmittance and
reflectance of 50% does not exist, In practice a Melinex (polyethylene
terephthalate) beam splitter is used because it has a high permittivity and
a refractive index of 1+85 in the far infrared.8 The beam splitter efficiencies
at various thicknesses are shown in Figure 1.1,

If 50% of the light were reflected and 50% transmitted the beam splitter
would reach its theoretically ideal value of 25% (i.e. the product). In
practice multiple internal reflections reduce the beam splitter efficiency.g’10

The overall efficiency of the beam splitter is given by

E a (2mvd*) ceves [1.14]
where E is the efficiency
Vv is the frequency of incident radiation

d' is the apparent thickness of the beam splitter material,

In the FS720 where the beam splitter is at 45° to the two Michelson mirrors

d' is given from the refractive index n and true thickness d,

d' = d/nz - % seese [1015]
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By choosing the beam splitter of appropriate thickness it is possible to
obtain spectra throughout the far-infrared region,

It is advisable to use optical filters to restrict the energy falling
on the detector to the frequency range of interest. The table below lists

some typical beam splitter and optical filter combinations.

Table 1.1,

'Frequency' Range/ Beam Splitter Filter
cm ~1 Thickness

140-350 6 microns Black lens
(25 gauge)

300-500 41 microns Yoshinaga filter,
(15 gauge) white lens

20-220 12 microns Black lens
(50 gauge)

The detector in the FS720 was a Golay pneumatic detector.11 A chamber
containing gas of low thermal conductivity is sealed at one end with a
diamond window through which radiation reaches a thin absorbing film,

The absorbing film has a low thermal capacity and responds readily to
infrared radiation, in turn warming the gas with which it is in contact.

A rise in temperature of the gas in the chamber produces a corresponding

rise in pressure and therefore a distortion of the mirror membrane with
.which the other end of the gas chamber is sealed, To prevent changes in

room temperature from affecting the detector a fine leak is provided which
connects the detector chamber with a ballasting reservoir of gas on the other
side of the wirror membrane. In the absence of a changing radiation signal
pressures are the same on both sides of the membrane which remains flat.

An alternating radiation of f cycles per second will produce a

corresponding deformation of the mirror membrane at f cycles per second
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which by a suitablc optical system and photocell can be converted into an
alternating voltage.
3 .
Golay detectors]” have a signal to noise ratio of 30 - 50 on grating
instruments but this is increased to over 150 on interferometers for a
. -1
resolution of 2 cm,
Therefore it is clear that the grating instrument has few advantages over
the interferometer except that the interferogram requires computation before

a spectrum can be obtained. However, this poses few problems where good

computing facilities are available,

3. Advantages of Interferometers over Grating Instruments.

(i) Sources in the far-infrared region are very weak, The source used
in this work was a high pressure mercury discharge in a silica
envelope, Since silica absorbs above 70 cm._'1 the lamp‘is Jjust
a hot silica rod for most of the far-infrared region (40-400 cm.-l).
Using an interferometer the whole spectral range falls simultaneously
upon the detector at a given time rather than a single resolution width
as with a grating instrument. Thus the interferometer receives
information about the full spectral range during an entire scan
while a grating instrument receives information only in a narrow
band at a given time. (This is the Fellgett advantage7).

(ii) To cover the far-infrared region several gratings would be required
with a series of filters for removing unwanted orders of diffracted
radiation and 'stray' light, With a monochromator it is also
necessary to halve the slit widths in order to double the resolution
and this reduces the éignal to noise level by a factor of four. -
Thus, it would take sixteen times as long to maintain the same signal
to noise ratio by increasing the time constant on a grating
instrument as an interferometer, In order to double the resolution

on an interferometer one has only to double the distance travelled

(i.e., double the time taken).



The fact that the spectrum is calculated does in itself have some

advantages because certain mathematical improvements can be made in the data

to produce a more accurate spectrum.l2 These include:-

(1)

(ii)

Apodisation, This smoothes out noise ripples giving more accurate

transmission data, (For a further discussion see the following
section on Computing).
Aliasing. The equation [1.7] for G(V) does not give the true

spectrum GT(G) because a finite sampling interval Ax has been used,

It has been shown that14
G(v) = Gp(v)xD' ceees [1.16]
where D' is the transform of the dirac comb function D, Dt =
f£(v,0x%,8).
However if v <Z—l—
vmax 20Ax
G(V) = G.(V) ceees  [1.17]

Therefore by filtering off all frequencies greater th;n ;max the
computed spectrum is made identical with the true spectrum.

The FS720 interferometer used in this work had 2 sampling
intervals available (i,e. 4 and 8 microns) with aliasing frequencies
of 1250 and 625 cm.-1 respectively, In most cases the 4 micron
sampling interval was used because of the 'oversampling advantage®
making the approximation of G(v) more accurate. In practice little
difference was observed using the two sampling intervals, Filtering
out frequencies above 450 cm.—1 was done using a black polythene
filter, For work between 400-550 cm._1 a Yoshinaga filter was used
to remove frequencies above 550 cm.-1 No measurements )
have been done in this work above 550 cm.-1 using the FS720,
Truncation. The effect of only being able to integrate to a maximum

14
path difference D instead of to infinity may be expressed as

GT(G) = G(v)C!'
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C is a crenel function which is unity for ‘xl < nbAx and zero for x > nAx,
C' is the transform of the crenel function. This means that any fine
structure in the spectrum G(V) comparable in magnitude to the resolution
will.be blurred out. The maximum travel allowed on the FS720 is 10 cms,
which gave a theoretical resolution of O-1 cm._1 In fact since the
bands studied were > 20 cm._1 wide a resolution17 of 0«2 x 20 = 4 cm.-1
is all that is required. Computation using 1024 points gives a travel
distance of 0°82 cms. (sampling interval 8 micronsi giving a theoretical
1

resolution of about 12 cm.

(iv) Normalisation. As explained in the section on Computation (see p. 14)

the normalisation corrections is used to give the true percentage
transmission, correcting for the normalisation of sample and background.

(v) Noise in the Interferogram. A large 'spike' transforms to give a sine

wave and this spectrum must be rejected. There is also a danger of
normalising to 'peak'noise level rather than 'mean' noise level, The
effects of noise can be reduced by removing frequency components outside
the range over which the spectrum is required}s

(vi) Autocorrelation Procedure, This is explained in the Computation Section

(p. 14), it eliminates the problem of phase error.
(vii) Padding, Transforming a padded interferogram is sometimes valuable
when the number of padded points added is small, The number of points
transformed can only be multiples of 2" with the Cooley-Tukey a1gorithﬁ¥
Thus if 1012 points were present on a tape, 1024 or 512 points would

have to be analysed. To add on extra 12 points would allow all the data
to be used. However to add further points is a waste of computing
time since the padded points contain no extra information.

From the above discussion it can be seen that interferometric data can be

analysed to a high degree of precision. The raw interferogram does at least
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indicate whether reaction or cell leakage has occurred, High frequency bands
give sharp ripples and low frequency bands broad ripples, This is because the
interferogram is the Fourier transform of the power spectrum. In other words
the interferogram is the time domain of the optical spectrum. Fast oscillations
represent fast variations (sharp ripples) i,e, high frequency, slow oscillations

(broad ripples) represent low frequency bands, (This is shown in Figs. 1.2A and 1.2B).

4, Computation,

The interferogram, in pure binary form, is recorded on 8 track paper tape.
The tape is spooled on to a magnetic disc using program DCL99SPY, This program
converts the binary numbers to decimal numbers (format I4) and then stores these
in arrays of 20 as card images on a magnetic disc,

The program most frequently used in this work was filed as DCHO5277, This
employed an autocorrelation phase correction and a Cooley-Tukey transformation.16
For convenience the program was written as a series of sub-routines linked to
a main program.

A brief description of the program will now be given explaining the main

function of each section. The program is listed in Appendix A,

The Main Program.

This section defines the size of the arrays and calls the various sub-
routines, Further information is self-evident from the comment cards in the

program,

The Sub-routines,

(i) Sub-routine TPREAD (Tape Read).

This sub~-rcutine reads the M decimal numbers of the interferogram from the
disc into array A(J) where J = 1,M, Arrangements are provided to read a second

tape if a ratioed spectrum is required,

(ii) Sub-routine AMX,

This routine finds the maximum value of the input data i.e., the nearest

point to the top of the interferogram central fringe, It then prints out the
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maximum value of the interferogram and the values close to it., If the number

of points M is less than the number N to be transformed the program puts in N-M
points equal to the Mﬂlvahm. AMX also calculates the average value of the array
by summing all the elements of the interferogram and dividing by the number of

points,

(iii) Sub-routine SUBDH (Data Handling).

This routine calls AMX (array A maximum value) which gives the maximum
value in the array and the average value. The routine there selects N/2 points
on each side of the maximum value., The copied interferogram is then printed
out, The array is reduced by removing the average value from each data point.
The reduced interferogram is then printed out as C(X) - K going from 1 to N,

The reduced interferogram is next autocorrelated to remove phase error,
Autocorrelation is a process of displacement multiplication of the interferogram
C(K) followed by summation of the series., This process always results in a
function which is symmetrical about the maximum value and hence phase errors

are eliminated, This produces a function as in Figure 1,3,

A(K)

512

Fig, 1.3,
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Initially the large central values of the interferogram are in phase with
each other and are thus multiplied by each other, hence at small values of
N the summation has a maximum value. As N incrcases the function reaches a
minimum as the maximum values are now multiplied by what is essentiallyI&%/Z.

. As N -+ K the two arrays are nearly 360° out of phase and the function approaches

a maximum again.

Taking 512 points as an example the array is almost symmetrical when one
plots A257 -+ A512 and Al -+ 256, The interfcrogram maximum value is A(1),

The routine AMX is then recalled to find the largest value in the array
and to check its position, The interferogram is normalized by dividing by
the largest value A(l) and the normalized array is printed out. The auto-
correlated interferogram is stored with the largest number in element 1 of the
array,

The interferogram must be apodised before transformation otherwise a
sinusoidal ripple appears on the computed spectrum.l2 The apodisation function

used in this work was,
2. .K-1
APOD = COS “(NTZ) senee [1018]

where K goes from 1 to N/Z.
The maximum at zero path difference is not affected since if K = 1, then
APOD = 1, The apodisation function reaches a very small value at its extremes

as illustrated by Table 1.2,

(iv) Sub-routine TM (Transformation).

This carries out a Fourier transform by the Cooley Tukey Algorithm.16
The spectral distribution is obtained from a 'one-sided' Fourier cosine
transform and hence must consist of a symmetric function about zero path
difference, This is why the autocorrelation procedure by convolution of the

interferogram with itself giving a completely symmetric interferogram is used
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Table 1.2,

N K APOD
512 1 1
512 35 0°+9574
512 86 0+750
512 137 0+448
512 171 0250
512 205 0+095 .
512 239 0-0108
512 256 o)

in SUBDH, The spectrum was not computed using a double-sided power transform
because it has the disadvantage that the signal/noise ratio is poorer in

regions of low energy.

(v) Sub-routine PT (Plot).

The results of the Fourier transform over the spectral region are selected,
the square root of the intensities taken (since the autocorrelation procedure
effectively squares the intensity data) and the transmission value is
normalized by dividing by the maximum value, The sub-routine calls the sub-~
routine LP (line printer) which prints the scale on the transmission axis
prior to printing the spectrum on the line printer using sub-routine GP

(graph plot).

(vi) Sub-routine GP,

A plot of the spectrum on the line printer is produced together with cards,

(vii) Sub-routine COR,

This deals with the gain corrections, Before the normalized single beam
spectrum can be ratioed it is necessary to correct for the normalization
constants employed and the different gain settings used. The ratioed

transmission values are multiplied by a normalization factor NF given by
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NC(T )
o

NE = (D x NC(R) _ ceees [1.19]

NC(TO) = normalization constant in background array
NC(T) = 1" 7" 1" Sample 1"t
NC(R) = " " " ratioed "

NF gives the ratio of the original transmission values.
In order to compensate for the different gains employed to obtain T and To
a gain correction which depends on the differences in gain settings is used.

v

1
1db = 201og10(v9)
or
Vi 2303 dB
== = exp(————) = amplification ..... [1.20]
\F 20

where V1 and V2 are the amplifier output and input voltages.

The gain correction factor is the reciprocal of the gain increase
calculated,

Thus a reading of 5 dB corresponds to an amplification of 1776, and
reading of 10 dB corresponds to an amplification of 140 (3:17 -~ 1+77) so the
gain correction to multiply by the ratioed transmission values would be
1/1-40 ~ 071,

A typical example in this work would be for pyridine-iodine monobromide in
chloroform which had gains of about 35:15 dB and 36:60 dB for the solvent
and solution respectively. This results in a gain correction factor of 0-:848,
It is to be noted that,as the detector aged”the gains had to be increased in
order to bring the interferogram level (far from zero path) to 50% on the
recorder, However, the difference in gain between sample and background is
independent of the age of the detector since it only represents the variation

in absorption of sample to background.
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C. Instrumentation in the Near Infrared Region.

The Grubb-Parson's GS2A, Near infrared measurements were carried out using

a Grubb-Parson's model GS2A, This instrument covers the spectral region between
2 and 25 microns and is fully described in the appropriate Grubb-Parson's
Spectrometer Manual, This is a conventional grating (12,000 lines per inch)
double beam spectrometer with a Nernst glower source, Vertically oscillating
mirrors act as a chopper separating reference and sample beams so that they fall
alternately on the detector., The detector is a thermocouple, Potassium
bromide and calcium fluoride prisms are used to select the orders of the
grating,

The GS2A works on the principal of the optical null balance. A metal
comb with 'v-shaped' teeth is provided in the reference beam, This comb is
automatically adjusted by means of a servo system to produce at the wavelength
selected absorption equal to that of the sample in the other beam,

As long as the energy received by Fhe spectrometer from each beam is
equal there will be no change in energy received by the detector while the
mirrors are reciprocating, When the sample absorbs energy, more energy is
received from the reference than from the sample beam so that as the mirrors
reciprocate there is an alternating component produced in the energy reaching
the thermal detector in the spectrometer, The resulting A.C. output from
the detector is amplified and used to control the servo motor which drives
the comb into the reference beam until balance is restored. If the sample
absorption now becomes less, an A.C, output is again produced but of opposite
polarity, and this drives the servo motor in the opposite direction until
balance is again restored. As the absorption produced by the comb is a linear
function of its displacement its position at balance provides a direct measure
of the absorption of the sample., The pen of the recorder is mechanically

coupled to the comb so that a direct record of sample absorption is obtained
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on the chart. Any non-~linearity of the scale is due to non-linearity of the

1
comb and is usually small, 6a

(i) Instrumental Factors to be Optimised to Obtain the most Accurate Results

Possible in the Near-Infrared Region,

The response time of the spectrometer is the time it takes the chart
recorder to record the signal from the detector. The optical null system
has the disadvantage that the motor driving the pen goes progressively slower
as balance point is reached. Further, the pen takes a finite time to reach the
'‘proper' transmission value and this leads to 'tracking' error, The 'tracking'
error can be checked by switching off the grating and chart drive on the side of
a band. The distance the pen moves before it comes to a step is the 'tracking'
error, However, switching on or off caused an electrical 'spike' to appear on
the chart so tracking error is difficult to assess, The 'tracking' error was
reduced to a minimum by adjusting the gain and the grating speed so that the
time taken to scan the steepest part of the band was at least twice the time it
takes the pen to rise or fall that distance, when the beam is suddenly blocked
off, Normally, speeds of one micron in 30 minutes were adequate. Each band was
scanned twice and the difference in peak height should be no more than the
tracking error, In most cases the 'tracking' error seemed to be of the order of
0+5% transmission value at transmission value 30%. At 5% transmission the error
was about 0°8% and at 50% transmission the error was less than 0°+5%,

The formulae for calculating the intensity are strictly only correct if

the slit is assumed to be of zero width - which is experimentally impossible.

Normally the resolution is adequate17 if the slit width is less than
0¢2Av] where Avi is the observed half-band width,

The instrument may be operated with a programmed slit and in this mode of
operation the energy falling on the detector is kept approximately constant,

However, for the narrow bands in the pyridine complexes it was necessary to



go to the narrowest slit width available consistent with a satisfactory amount
of noise-free energy falling on the detector, The optical width (S) is

larger than the geémetric slit width (d) because the light is not a point

source so it has a solid angle at the sample larger than the slit areaj

in fact S =~ 400d/nX2

where d = geometrical slit width in mm,.

XA = wavelength in microns

n = the order of the grating defined below:-
1 5-25mu KBr prism
2 346 - 5 myu CaF, "
3 205 - 37 my CakF, "
4 2 - 25 mu Can "

In the case of the 1012 cm.—1 band18 in the pyridine-~ICl complex the intensity
is constant up to slit widths of O°5 Av{ although the shape changes considerably
as the slit is narrowed., For larger slit widths the intensity falls and
the band-width increases considerably,

The Ramsay procedure17 was followed; decreasing the slit width manually
until the peak height of the band reaches a maximum showing that S is lower
than A;%. As the slit is closed the gain must be increased so a compromise
must be reached between increased noise and small slit,

Electrical drift was minimised by blocking both beams and adjusting the
balance so that over a period of 10 minutes (the time to run a band)

transmission variations were less than 1%,

(ii) The Perkin-Elmer 577

A number of measurements were made using the Perkin-Elmer 577 in 1974 for
the following reasons :-

(2) Measurements in the 500 cm.-1 (twenty micron) region are difficult

with the GS2A or the FS720,
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Both the polythene and melinex have strong absorptions in this

region so using the FS720 little energy was available in this region,
The deteclor in the GS2A is not accurate enough for intensity
measurements over about 17 microns.

(b) The GS2A is linear in microns, Since absorption bands are expressed
in wave-numbers, and many of the bands overlapped for the systems
studied,it is far easier to fold over the non-overlapped portion
of the band to determine the band profile and intensity if the
measurements are made in wave-numbers,

(c) The PE577 is fitted with a nitrogen 'flush which eliminates water
vapour absorption, this facility is absent in the GS2A,

(d) Measurements on a second machine will give some indication of
the systematic error and the reproducibility of the results,

The slit = 2 was used as the compromise between slit width and energy
reaching the detector. In all cases for the measurement of intensity the
expansion 25, gain division 5 and automatic time constant were used.

The source does not emit the same amount of energy at all wavelengths.
To compensate for this and other instrumental factors the slit widths are
programmed, to maintain the energy falling on the detector at approximately
constant signal-to-noise ratio. At slit = 2 half the normal program slit
width and one quarter the normal program energy is used,

The transmission values at 2000 cm.-1 (approximately the average frequency

studied) were checked using linearty discs., The results are tabulated below.

Theoretical Value Observed
Disc Value
6°3 60
136 13-1
25°1 254
500 500
700 700




D. Intensity Measurements in the Necar- and Far-Infrared Regions,

The apparent integrated intensity can be obtained from

T
a N _o 5
T’ (apparent) = & I In(z5)p ,d(@Lnv) ceees [1.21]
band
or T
B, (apparent) = L I Ln(=2) dY ceees [1.22]
i Ci T v

band
where C is the concentration, 1 the path length, To the apparent transmitted
radiation intensity of the reference material or cell, T the apparent
transmitted radiation intensity of the sample and where the two intensities

are related by1
B, ~ I'i¥, ceeee. [1.23]
The best value of Bi or I?? is obtained by plotting the band area against
Cl1 followed by a least squares analysis if sufficient data are available,

To obtain a value of the true integrated intensity one must use

1
t 1 o -
ri = Cl ‘r Ln(I )and(an) ce o [1.24]
or
1 Io -
Ai = EI I L“(T—)ﬁdv cosns [1.25]

band

[where Io is the incident radiation intensity and I the transmitted radiation

intensity] it is then necessary to plot Bi against Cl1 and extrapolate to

C1 = 0}9’20 This extrapolation is only strictly valid for constant incident

radiation and resolving power over the width of the band.19

1, Using the GS2A,

Output from the chart recorder (0O-50 millivolt scale) was monitored
on a Solartron digitai voltmeter, model LM1450,
A Solartron data transfer unit measured this voltage every 4 seconds
and printed the time and voltage out on a Westroe ASR33 teletype unit. These

voltages were also recorded on paper tape, These tapes were then stored on a
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magnetic disc in the usual manner, The GS2A program filed as DCHO514 had
read into it the starting value in microns, the speed of the wavelength drive
in microns per second and the values from the tape. It was then able to calculate
the ratioed spectrum,

This method was used to reduce the tedium of feeding in data by hand.
A number of band areas were calculated by the program and by hand using a
planimeter, the values were in agreement up to about one decimal place,

Table 1,3,

1010 cm, ™" (Band PyrIBr/CHC1)
Area (from Area (hand- % Difference No, of No. of
tape) done) points points
(hand) (tape)
2+81 2+63 8% 10 30
278 15
290 275 6% 10 32
285 15
6+84 685 04% 27 48

The table above compares hand values and tape values. The tépe values
were slightly more accurate because more points were taken, However,
estimation by hand is equally as good if enough points are taken near the
central maximum. For hand values to be meaningful the separation between two
points must be approximately a straight line otherwise the Simpson's rule

calculation for the area is not valid,

2, Using the 577.

The transmission of sample and background read off at one wave-number
intervals was written on to NUMAC sheets, typed out onto cards and fed into
program DCHO514, This program then worked out the area and (if required)plotted
out the ratioed spectra in a similar manner as for the GS2A, This method

had the advantage that the base line could be better estimated by eye than with
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the tape output where editing of the tapes is extremely difficult,

A displacement of 1% in the base line (Tp) curve can result in a change
of band area of between 3 and 10%21 depending on the total band area and the
shape of the base line. For solution work it is normal to employ the pure
solvent as reference. Sometimes, however, the pure solvent does not fit the
wings of the complex band, This is because:-

(i) Absorption by the complex in the wings due to other bands
in the same region.

(ii) Changes in solvent concentration due to the presence of
complex in solution, This is probably most important with
strong solute bands.

(iii) Small changes in the refractive index which leads to different
reflective properties when the complex is removed.

(iv) Changes in the solvent band intensity due to interaction with
the donor, acceptor or complex species,

e.g. The large solubility of pyridine-iodine monobromide in the ‘inert solvent®
chloroform is partially due to hydrogen bonding with chloroform; this causes
an increase of the C-H intensity. This perturbation is of the order of, or
greater than, the intensity of the C-H vibrations of a saturated solution of

the complex., (The v band intensities in the complexes are low),

(C-H)
For this reason it is impossible to carry out any measurements of the C-H

pyridine-halogen complex bands in chloroform.

3. Using the FS720,

Card output containing the percentage transmission and wavelength at
suitable intervals (usually 2°5 cm.-l) was fed into DCHO514 and the intensities
evaluated in the usual way,

In conclusion it can be said that if the precautions outlined in the
above discussion are taken, intensities can be evaluated to better than 90%

of the 'true' value,
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CHAPTER 2

Theoretical Background

A, Infrared Spectral Studies on Donor-Acceptor Complexes,

1, Intensity Changes Due to Charge Transfer from Donor to Acceptor on

Complexing.,

The extreme case of charge transfer occurs when an electron on the donor
is transferred to the acceptor to produce two independent ions:

D: + A —p D+ + A
solv solv

Intermediate cases occur when partial transfer occurs resulting in
partial bonding. The degree of charge transfer will depend upon the:

(i) ijonization potential of the donor,

(ii) the electron affinity of the acceptor,
(iii) the polarity of the solvent.
A polar solvent will encourage the formation of ionic species.

However, the above discussion assumes a static situation. As the molecule
vibrates the ionization potential of the donor and electron affinity of the
acceptor will change. The effective centres of gravity of positive and
negative charge will change., The sizes of the charges may also vary. The
dipole moment is given by the charge multiplied by the distance separating the
charge, Since both these quantities are changing the dipole moment will change,
which results in an absorption intensity, Furthermore,the larger the initial
charge transfer, the larger the dipole moment change (assuming the same charge
displacement takes place on vibration), so one would expect that the stronger
the complex,the greater the observed intensity,

- According to Mulliken23 the dipole moment change determines the extent of
charge transfer from base to acid which is in turn a function of the ionization
energy of the base, This was verified by plotting the frequency of charge

transfer absorption bands against ionization energy of the bands.24’25
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Since,
v . _ 1p £ 2 1 2
I = V — v - EK (Q—Qo) - EK(Q-QO) es e [20 l]
IV = vertical ionization energy.
Q0 = normal co-ordinate for the particular vibration under consideration in the

isolated donor.
Qé = normal co-ordinate for the particular vibration under consideration in the

donor cation,

K' = force constant for the vibration under consideration in the donor cation.
K = force constant for the vibration in the isolated donor.
b—l = K'(Q - Q') es o s [2.2]
dQ Q = Q o (o}
o

Thus from measurements on the first electronically excited state the
values for the donor cation may be estimated and an approximate value of the
variation in vertical ionization energy (i.e. dI) obtained.

2 B
Mulliken 3 assumes a wavefunction ¢N for the ground state of the complex

wN = ad)o + bd)l o0 008 [2.3]
arm ] b <K a

¢o = wave function for a non bonded state.

wl = " " " " dative state in which an electron has been

transferred from the base to the acid.
Neglecting overlap and setting the energy of the no bond state equal

to zero, perturbation theory gives,

H
b ol
- = - - esses [2-4]
a Wl N
here H . = [p Ry dt
where ol - ot
v v .
wl = I - EA - C L B I BN ) [2.5]

EX = vertical electron affinity of the acceptor.

C = Coulomb energy of the pair,
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Assuming Ho and C are fairly constant with respect to changing acceptor,

1

these quantities can be estimated from the electronic spectra of complex.

Substituting values of H C and the equilibrium value of the ionization

ol’ b
energy, the equilibrium value of the mixing coefficients ;g may be obtained
e
and since
1
b = LR B B O [2l6]
€ [az/b2 + 1]
e e

the equilibrium value be can be evaluated, Re-substitufing with the perturbed
value of the ionization energy (I + dI) a new value of b i.e. b' is evaluated.
Thus db = be - b' which is the change of mixing coefficient on vibration.

The dipole moment of the complex is given by,
2
ljl = beu o9 e 9 e [2I7J
where Hl is the dipole moment of the dative state.

dp = 2b_dbu, ceees [2.8]

The integrated intensity Ai is given by

Nrmig, 2
- i fop
Ai - 3c2 bQ) eo 000 [219]
where
2 2 2
%%) = [ diy + [ By + [ DK,
dQ / yz dQ /[ xz dQ / xy

substituting [2.8] into [2.9].

Nrg, 2
A. = 4b2|J-2 —= Q - seves [2-1()]
i el 3c2 »Q

Thus it can be seen that the intensity depends upon :-
(i) The variation in vertical ionization energy of the donor.
(ii) The equilibrium value of the mixing coefficient b which is in turn
controlled by the electron affinity of the acceptor, the ionization
energy of the donor and the resonance integral Hol’

(iii) The change in overlap during vibration.
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Ferguson26 et al, have shown that, since the resonance integral Hol

will be to a first approximation proportional to the overlap integral Sol’

where S = I%owldw eeres [2.11]
then the mixing coefficient be will be proportional to the overlap integral Sol'
Hence a variation of donor and acceptor wavefunctions during vibration will
give rise to absorption. He also observed that variations in the Coulombic term
in equation [2.5] will be negligible if the variation in mean donor acceptor
distance is not varied by donor vibration (for donor bands). It is interesting
to note that the overlap integral depends on the geometry of the complex
unlike the ionization energy and electron affinity variations,

In view of the high electronegativity of the halogens it is believed that
in donor-halogen complexes the electron affinity of the acceptor and orbital
overlap seems certain to increase with increasing halogen inter-nuclear
distance so that the two effects should be additive in the infrared intensity,
i,e,

ob « db® = [db(overlap) + db(EX)]Z eeess  [2.12]
]

The intensity of donor vibrations will also depend upon dbz which is in

turn dependent on the change in ionization energy. The ionization energy of the

26,27 Thus vibrations

donor varies when the size of the molecule is varied,
where the form of the normal co-ordinates involve a change in molecule size
will be perturbed in intensity.

Some donor molecules will be able to delocalize the positive charge over
the constituent atoms, This movement of charge will céuse a variation of the
transition dipole moment resulting in a change of intensity. Vibrationai
modes of the donor which involve a variation of overlap between the donor and
acceptor molecule during vibration will also be perturbed in intensity. This

would be expected to be more important for 'strong' complexes than weak ones

since in a weak complex one would expect no relative movement of the donor and
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acceptor molecules should occur during vibrations of the donor,

Finally, from equation [2.5] it can be seen that db will be dependent on
the change of Coulomb energy (dC) of the pair. Mulliken and PerSOn28 have
shown that bc/bQ should be zero if there is no change in the donor acceptor
distance during vibration. Mulliken and Person28 take the view that for weak
complexes the D-A distance does not change and that bc/bQ will only affect the

D-A low frequencies in the 'stronger' complexes,

2. Frequency Changes on Complexation,

The structure of the complex between the donor molecule D and the inter-
halogen acceptor IX can be described in terms of two structures:
D ssvese I - X (A)
-1 x” (B)
For weak complexes the no bond structure (A) is important but as the
strength of interaction increases the ionic structure (B) becomes more important.
The increase of

This model predicts a fall in k and a rise in k

(1-X)

charge-transfer (which oscillates during the vibration) with increasing

(D-1)°

interaction points to an increase in intensity for the ;(D-I) and ;(I-X) bands.

Person et al.29 pointed out a second model which explains the observed
situation equally well,

D seesse I - X (A")
D+""'° [I - x]" (B') '

The solid line represents a covalent bond; the dotted line represents
van der Waals forces.

The electron in B' spends part of its time in an ao(or ac*)molecular
orbital of the halogen, and hence reduces the I - X bond order and the
observed force constant and frequency. The intensity is explained by the
iodine vibrating towards a [D - I]+ eeeses X7 state. Person et al.,29 using
a very crude model, have estimated that pyridine-iodine monochloride has a

structure which is highly ionic.
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A better estimate of the electronic charge distribution may be obtained
from N,M,R, and N,Q.R, studies, N.,M.,R, studies on the substituted pyridine
iodine monochloride complexes30 indicate the electronic redistribution is not
influenced by steric effects and therefore by the extent of overlap between
the molecules, Assuming that the double bond character and s'orbital
hybridisation of the halogen molecule are zero the charge distributions for
iodine chloride and the pyridine complex have been estimated from N.Q.R,
studies.31

+0+26 +0+35 -0°61

4032 -0-32 Neeeoeoe T - C1
I -

Classical electrostatic forces thus appear to play a dominant role in
complex stabilisation, Fleming and Hanna31 have also given an interesting
discussion on the charge transfer structure of pyridine-iodine chloride which
will be referred to in Chapter 3,

A recent study32 has been made on pyridine-iodine monochloride using
E.S.C.A, These results suggest a transfer of O+l electrons from the nitrogen
to iodine atom in the C,T. complex. However, the difference from the N,Q.R,
data can be explained as due to the fact that the E.S.C.A, measurements were
made in the vapour phase.

To summarise, the vibrational spectra of the complex are interpreted from
the spectra of the isolated molecules and from the predicted spectra of D+

and A,

3, Changes in the Acceptor Spectra on Complexation.

Where the electron is accepted into a localised orbital involving the X - Y
bond of acceptor X -~ Y - Z then changes should occur mainly in the X - Y
frequency with much less change in the Y -~ Z frequency;

Electronic rearrangements occur for vibrations which

v
(i) change the vertical electron affinity E,,
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(ii) Change the overlap between donor and acceptor atomic orbitals,

The value of the mixing coefficient b is related approximately to the
. Ak ., 33a
relative change of force constant /k by the expression

Ak, =~ b2 2,5 1 ceees [2.13]

where So is the overlap integral,

1

Thus a change in b will produce an increase in intensity of the acceptor

;(X Y) band and a reduction of the band frequency.

4, Changes in the Donor Spectra on Complexation.

The spectra of D and p* would be expected to be similar, the loss of
part of one bonding electron is spread over several bonds in aromatic donors
or the electron comes from non-bonding orbitals (in the case of pyridine or
dioxan for example).

Electronic rearrangements occur for vibrations which:

(i) Change the vertical ionization energy Iv. For donor-acceptor
interaction the ionization energy interaction is directional so only
totally symmetric (i,e, on the axis of X - Y interaction) vibrations
will do this,

(ii) Change the overlap between donor and acceptor atomic orbitals,

Vibrations of the donor which have displacement co-ordinates along the

axis of interaction between donor and acceptor in their respective symmetry

co-ordinates will be expected to be the most perturbed on complexation.

5. Hydrogen Bonding and Charge-Transfer Complexes.

Since chloroform was frequently used as a solvent in these studies and
chlorofofm is known to interact with pyridine forming a hydrogen bonded
complex33b it is important to make some mention of hydrogen bonding. In the
hydrogen-bonded complex the 1light ;ydrogen atom is moving whilst the heavy

donor and atoms attached to the hydrogen atom are approximately stationary.







































































































































































































































































































































































































































































































































































































































































































































