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THE CHARACTERISATION OF SOME HIGH TEMPERATURE
MOLECULES USING MATRIX ISOLATION

by Simon Nicholas Jenny

The molecules studied were those obtained from heating samples of
sodium phosphate, arsenic oxide, antimony oxide and phosphorus oxides.

A survey is given of previous applications of matrix isolation to
high temperature chemistry. The experimental apparatus used in this work
is described and the method of analysing vibrational spectra is given.
Isotopic substitution is shown to be a powerful aid to spectral
interpretation and was extensively used. The application of isotopic
substitution is discussed with reference to the molecule FeClj.

Sodium phosphate vapour was studied in order to identify the
major vapour phase species and this resulted in the determination of the
geometry of the molecule NaPOj, which until now has remained unknown.

The 180 isotope pattern is shown to distinguish between mono- and bi-
dentate coordination of the cation and experiments carried out on 180
enriched material show that coordination of the cation is bidentate.
This conclusion is confirmed by a force constant analysis.

The vapour above heated antimony trioxide was studied to determine
the major species present, and matrix isolated molecular Sb,0¢ was
obtained. For the first time vibrational data was obtained for molecular
Sby0g and parallel studies on As,Og were carried out for comparative
purposes. A method of identification of molecules of this type, via
isotopic substitution was developed and an approach to the location of
inactive fundamentals is discussed.

The oxides of phosphorus P,0g, and P,0;, were studied as an
extension to the studies on AsyOg and SbyOg. The molecules P,0,, P,Og
and P,0g were also prepared, and the frequencies of some of their
fundamentals were measured. The results obtained represent the most
complete set of vibrational data so far available for these molecules,
The use of mass spectroscopy in conjunction with matrix isolationis
shown to be a powerful method for studying high temperature vapours.
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CHAPTER 1

MATRIX ISOLATION
I
HIGH TEMPERATURE CHEMISTRY




1.1 INTRODUCTION

The identification and characterisation of high temperature gas
phase species is of interest industrially as well as to the structural
chemist. Corrosion problemsassociated with gas turbines are thought to
arise in some cases from the deposition on the turbine blades of species
from the gas phase originating from the combustion of some common fuels,
and the identification of the culpable species and the subsequent
elimination of the problem must start with the development of capable
techniques. Although this is one isolated example of the industrial
importance of high temperature gas phase chemistry, for the structural
inorganic chemist the vapour phase offers a rich hunting ground for novel
and interesting information, in cases where little or nothing is known
about vapour composition and molecular structure of gas phase species.

Although the high temperature chemist is often confronted with
information concerning the condensed phases or solutions, definitive gas
phase studies are often less abundant. Into this category fall the
alkali metal phosphate systems studied in this work where solution and
melt studies have been numerou52 but the nature of their gas phase
behaviour has until recently remained unknown. Gas phase studies of
phosphorus and arsenic oxide systems have been carried out3 and thermo-~
dynamic data has been produced for arsenic and antimony oxide,4 but no
definitive gas phase study of antimony oxide exists and moreover the
composition of the vapour above heated Sb406 has remained in doubt.s’6
In the case of phosphorus. , the oxides P4O6 and p4010 are well known and
have been subjected to gas phase studies,” but although P4O7 has been
prepared7 little is known about gas phase behaviour of this oxide and the
other possible intermediate oxides P408 and P409, an area investigated in
this work.

An important aspect of gas phase studies is that they enable the
examination of discrete molecules, the focus of attention in this work,
where in condensed phases polymers may predominate, and this approach can
thus provoke some interesting comparisons between gas phase and condensed
phase structures. In many cases polymeric material may persist in the

vapour above the solid or liquid and a combination of both high temperat-



ures and low pressures may be necessary to generate monomeric species.
This requires considerable modification of techniques suitable for room
temperature, ambient pressure systems and the development of new
approaches.

The ability to study species present in the vapour phase can lead

. . . L 8,9,10
to the identification of hitherto unknown molecules,”’””’

giving some
insight into chemical behaviour not available by other means. The nature
of the thermal decomposition of vapour phase species in many cases is
uncertain and the ability to study such equilibria can often lead to
surprising conclusions,11 where the decomposition products present in the
vapour phase at first sight seem unusual.

The term 'high temperature'! in this work is used to refer to
vapourisation processes carried out above ambient temperature although
the actual temperatures used ranged from ~ 373 K to ~ 1673 K, a region
where the technological problems of achieving vapourisation (container

materials and temperature attainment) are not limiting.

1.2 PHYSICAL METHODS

Although vibrational spectroscopy is the technique used almost
exclusively in this work, and its use for structural elucidation is well
established, there are other techniques available to the high temperature
inorganic chemist and it is as well to consider these at this stage, when
the reasons for the choice of vibrational spectroscopy will become
apparent.

At room temperature in the solid state X-ray crystallography is the
predominant technique, but requires that radiation-stable single crystals
can be grown. Where the compound under investigation is either low
melting, or soluble without reaction (properties not always associated
with inorganic species) nmr spectroscopy offers an attractive aid to
structural determination by indication of the relative number of ﬁagnet—
ically equivalent nuclei in each molecular environment. A further
limitation of this technique, however, is that it requires that the atom
under detection has a non zero nuclear spin. Moreover the spectra

obtained may be complicated by exchange processes,



In the gas phase, mass spectrometry can yield information
concerning the composition of the vapour.lz Here though, confusion can
arise owing to the occurrence of fragmentation reactions within the
spectrometer, or more fundamentally, reactions arising during the vaporis-
ation process, the latter complication being an important consideration
in all gas phase studies. Microwave spectroscopy requires the presence
of a permanent dipole moment and the analysis of the spectra can be
difficult for molecules of low symmetry. Electron diffraction may be
imprecise for high temperature species where high amplitudes of vibration
lead to '"shrinkage' effects for non-bonded distances with the result that
linear molecules appear bent13 and planar molecules pyramidal.14

Definitive quantitative information, then, can be obtained from
Xray, microwave and electron diffraction studies, but where a single
crystal cannot be grown, a permanent dipole moment does not exist, nmr is
inapplicable, or mass spectrometry inconclusive, more qualitative methods
such as vibrational spectroscopy become important. Vibrational spectros-
copy has the added advantage that all species are detected simultaneocusly
$0 that changes in composition may be studied. When coupled with matrix
isolation, the observed bandwidths are such that impurities and decomposi-
tion products are often easily recognised and isotopic shifts can be
observed for many species,

If, as in this work, we are concerned with high temperature vapours

in the main, then the sensitivities of the various techniques become

important;15
Mass Spec 107! torr
Microwave 107 torr
Electron diffraction 1 torr
Vibrational ir 1 torr
Vibrational Raman 100 torr (v4 dependent)

In the vapour phase, then, at elevated temperatures, vibrational
spectroscopy coupled with mass spectroscopy where possible, presents a
realistic and generally applicable approach to qualitative determination

of vapour composition and structural determination of the species present.



1.3 VIBRATIONAL SPECTROSCOPY OF HIGH TEMPERATURE VAPOQURS

By far the most attractive way of studying high temperature vapours
is in a closed system where an equilibrium state is under investigation.
Here the effect of temperature and pressure variation can be simultaneously
studied. Using vibrational spectroscopy, the spectra obtained derive
from transitions between vibrational levels the selection rules for which
are well known.16’17

The major experimental problem associated with this kind of study
lies with the design of suitable high temperature cells. The criteria
for a suitable cell present some major technological difficulties;

(1) The cell windows must be transparent to the radiation used in the
experiment.

(2) Both cell and windows must be capable of withstanding the temperat-
ures required.

(3) The cell and windows must be unreactive, even at elevated temperat-
ures.

(4) The windows must be attached to the cell with a gas tight seal.

(5) It should ideally be possible to evacuate the cell after introduction
of the sample, and where necessary to load the sample in an inert
atmosphere.

In the case of gas phase infrared spectroscopy many attempts have
been made to satisfy the above requirements, but the selection of suitable
window materials and their subsequent attachment to the cell have limited
the ultimate working temperature of the system. Both polythene and
silver chloride windows present major problems, and silicon, although it
can be sealed directly to pyrex, suffers from attack by oxidising
materials. Diamond, perhaps the most satisfactory window material, under-
goes graphitisation in air which limits the ultimate temperature to around
600°c. 17

gas phase infrared spectroscopy suffers from the fact that backgrbund

In addition to the technological problems of cell construction,

radiation emitted by hot cells can seriously limit the sensitivity of the
technique.

Gas phase Raman spectroscopy has a distinct advantage over its
infrared counterpart in that glass or silica cells can be used, as

visible radiation is used as the exciting source and the scattered light



is also in the visible region of the electromagnetic spectrum. However
reactivity problems can become limiting at temperatures in the region
800°C - 1000°C. Sapphire, although useful above 1000°C, cannot be blown
as is the case with glass, and plunger type cells have proved unsatisfact-
ory for various reasons not least of which is the difficulty of
dismantling after the experiment. Again background radiation from hot
cells causes major 'stray light' problems at elevated temperatures, even
when using a triple monochromator with its inherent enhanced stray light
rejection, making it at best very difficult to observe weak signals.

More recent advances in laser technology have initiated the birth
of Coherent Raman techniques of which Coherent antistokes Raman spectros-
copy 1s the most popular.l8 This technique has the same selection rules
as conventional Raman, but has the added advantages that a coherent or
laser-like signal is generated, that the high powers available from
modern lasers significantly increases sensitivity and that the coherent
nature of the signal enables spatial resolution of background cell
radiation. All sapphire equilibrium cells, with a working temperature
of up to 1600°C have been developed,lg in which the sapphire windows are
sealed directly to a polycrystalline alumina body, and although results
are only preliminary, this may prove to be an advance in the study of
high temperature equilibrium vapours.

Matrix isolation provides a very attractive alternative to equil-
ibrium studies when the latter are impractical and possesses many
properties which, when exploited, can yield information not available
from the gas phase even under the most favourable conditions. Moreover,
matrix isolation, being a cumulative technique, can overcome the
relatively low sensitivity of vibrational spectroscopy and this is
particularly important in the case of Raman scattering. It was for these

reasons that matrix isolation was used almost exclusively in this work.

1.4 MATRIX ISOLATION

L . 20-24 . . .
Matrix isolation 0 was originally devised to trap reactive

chemical species for spectroscopic investigations,25’26 and its applica-

. i ! . 2
tion to high temperature molecules has been extensively reviewed. 7,28



The technique consists essentially of 'freezing out' the molecular
species of interest together with a large excess of inert gas at
cryogenic temperatures so that reactions between molecules of the species
to be studied are effectively prevented. Thus species which under
normal conditions may have only a very short lifetime can be examined
over a long period of time by one or more spectroscopic techniques. The
suitability of matrix materials must be subject to certain requirements.
The most common matrix materials used are the noble gases, of which
argon is by far the most popular. It is clearly important that, at the
temperatures involved (10 K typically) the matrix gas takes the form of
a rigid solid. Moreover the matrix material must also be unreactive
towards the species of interest and must not absorb in the spectral
region of interest. The noble gas solids fulfil these requirements
adequately being transparent from below 100 cm_l to the vacuum uv. They
do however have phonon spectra below 100 cmbl as a result of lattice
defects which can be both infrared and Raman active but these are easily

. 29,30 .. . .
recognised.™’ Nitrogen is another commonly used matrix gas and the

presence of the Raman active NN stretching mode at n 2330 cm‘1 has
proved a distinct advantage as an aid to spectral alignment.

The low temperatures necessary for matrix isolation (typically 10
- 12 X), were initially achieved using complicated liquid helium transfer
systems, but may now be easily and conveniently obtained utilising
commercial closed cycle refrigerators. These, combined with the
necessary vacuum equipment, are designed to fit the sample compartments
of most commercial spectrometers. Full details of the apparatus used in
this work are given later.

The technique of matrix isolation then, provides a novel approach
to the study of high temperature species, by overcoming some of the
major problems associated with closed system equilibrium studies.
Container problems are overcome by generation of a molecular beaw from
the sample using one of many available techniques. Reactions between
species present in the vapour can be quenched or monitored within the
resulting matrix by controlled diffusion studies, in which the matrix is

allowed to warm up to 20 - 30 K for a finite time before recooling. The

behaviour of the matrix can be observed either before and after, or during



this process. Lastly, matrix isolation provides a means of studying

species which have only short lifetimes under normal conditions.

1.5 VIBRATIONAL SPECTROSCOPY OF MATRIX ISOLATED SPECIES

Although there are obvious practical advantages of studying high
temperature systems using matrix isolation it is useful to compare some
of the characteristics of the spectra produced with those of convention-
ally produced spectra.

At the low temperatures involved in matrix isolation population of
excited vibrational states is negligible, and consequently 'hot bands' are
absent. Moreover for all but the smallest molecules (e.g. HZO’ COz) there
is a complete loss of rotational structure. At first sight this may appear
to be more of a disadvantage than an advantage, but although there is a
loss of potential information, the resulting narrowness of the bands (1 -

2 cm_l) not only enables resolution of transitions with similar energy

but also small isotopic shifts of as little as 2 - 3 cm_l. This means
that one is in the position to resolve isotope fine structure for a
significant number of main group and transition metals (e.g., Mg, Ca, Sr,
Ga, Sn, Fe, Cr) as well as the much larger isotopic shifts associated with
180, 34S or 37C1, Provided it is possible to carry out the necessary
isotopic substitution for a particular molecule, it is sometimes possible
to identify the stoichiometry unequivocably, simply by examining the

31,32

consequent isotope patterns. The importance of this type of isotopic

information will become evident later in this work.

33,34 35 36,37

The shape of the molecules SOZ’ Sin, GeF2 and SeO 38,39

have been shown to be the same in the matrix as in the gas phase, alihough
small frequency shifts (around 5 - 10 cmhl) have been observed for the
fundamental vibrations of these molecules, and many others, on changing

the environment. As well as theée differences between gas phase vibration-
al frequencies and those of the matrix isolated species, multiplet
absorptions can also arise where there should be only a singlet absorption.
These shifts in frequency and the occurrence of multiplets may be caused
by several factors. Under the broad heading 'Matrix Effects' we may

distinguish three different types of perturbation, matrix induced



frequency shifts, matrix site effects, and molecular distortions.

When considering the vibrational shift from the gas phase to the
matrix (Av = Voas - Vmatrix) the problem presents itself as a complex
interaction of many contributing inductive, repulsive and dispersive
forces. This complexity has rendered quantitative evaluation of matrix
frequency shifts impractical. However we may consider these shifts to be
the result of what may be regarded as a solvent effect of the matrix and

40,41 Matrix site effects,

this approach has been discussed in some detail.
which can result in the appearance of multiplet absorptions where single
bands are expected arise from the trapping of molecules in different sites
within the matrix cage (each site having a characteristic frequency shift)
or in different orientations within the same sites. Alternatively actual
molecular distortions may occur appearing in the spectrum as the splitting
of certain bands whose degeneracy has been partly or completely removed.
With respect to genuine molecular distortions, one of the mechanisms by
which this can occur is as a result of coordination of the matrix gas with
the species of interest. Monomeric AlCl3 was reported to be pyramidal in
a nitrogen matrix42 but this was later shown to be caused by production of
species of the type A1C13.V2, and AlCl3 has since been shown to be planar
in argon matrices, Finally it is possible that a trapped molecule has
as its nearest neighbour another guest molecule, resulting in considerable
intermolecular forces being exerted. These potentially confusing compli-
cations can however very often be eliminated, or at least recognised for
what they are, by simply changing the matrix gas, carrying out diffusion
experiments, or varying the concentration of the matrix (matrix ratio).
The effect of changing the matrix gas can often be dramatic, as is shown
by Figure 1.1 which shows the infrared spectrum of Vg of matrix isolated
PCl3 under high resolution in argon and nitrogen matrices. Whereas in
argon a complex multi-line pattern is observed, in nitrogen the spectrum
appears as the expected four line pattern32 (see Chapter 2) and the
complication in argon can confidently be assigned as being caused by matrix
site effects.

Provided then, that care is taken in assigning spectra when these

perturbations are present, the matrix isolation technique possesses some

fundamental advantages over more conventional methods, which can result in
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characterisation of high temperature vapours for which other techniques
have proved unsuccessful. An adequate characterisation of vapour phase
species using matrix isolation and vibrational spectroscopy can be
thought of as consisting essentially of two stages, qualitative and quan-
titative. The first stage results, in favourable cases, in the assign-
ment of the observed spectrum to the most likely molecular model, the
second stage in the calculation of a realistic force field for the mole-
cule which reproduces the observed spectrum and thus gives further weight
to the preferred structural model. 1In more fortunate cases this approach
might give some indication as to the nature of the bonding within the
molecule or may provide a means to test bonding theories. This is not
always the case and very often one has to be content with a tentative
proposal of molecular shape particularly for more complex molecules.

Here other techniques apart from vibrational spectroscopy and matrix
isolation may have to be applied for further clarification of the

problems.
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CHAPTER 2

EXPERIMENTAL DETAILS
AND
VIBRATIONAL ANALYSIS




The first part of this chapter is concerned with methods of
generating high temperature species and with the experimental details of
the apparatus used in this work; the second part deals with the analysis

of the vibrational spectra obtained.

2.1 THE GENERATION OF HIGH TEMPERATURE SPECIES

There are many methods which have been employed for the production
of matrix isolated species.1 These range from methods suitable for
species volatile at room temperature to those used for the production of
high temperature species and as the bulk of this work was concerned
with generation of species above ambient temperatures attention will be
focussed on high temperature methods. In all but a few experiments
Knudsen cell techniques were employed for the production of species
studied in this work.

The use of Knudsen cells in high temperature chemistry is as
extensive as the cell designs are varied, and the characteristics of this
type of cell are well documented.?

Knudsen cells can be used not only for the production of pure
vapours but also for the study of Knudsen cell reactions where one or
more substances are reacted together within the cell and the products
allowed to effuse out. The species AlO, AlO2 and A1202 have been thus
produced by reacting alumina with Al3 and similarly SiO, Si202, Si303
have been produced by reacting silica with silicon.4 Moreover double
oven Knudsen cells have been employed for production of monomeric species
from predominantly polymeric vapours. A double oven Knudsen cell consists
essentially of two separate cells each of which can be held at different
temperatures, so that in the lower temperature part a vapour can be
produced which can then be subsequently superheated in the second part of
the cell before deposition. This approach has been successfully applied
to the halides of group IIBS and to the group IIIB trichlorides.6 It is
important of course, when Knudsen cells are employed, to consider possible
reaction between the sample and the cell material, and the reduction of

YF3 to YFZ has been observed in a tantalum cell.7

The designs of the Knudsen cells used are shown in Figure 2.1. When












target window and is supported in the sample compartment of the spectro-
meter within its vacuum shroud. The essential features of the combined
'"Displex’/vacuum jacket arrangement is shown in Figure 2.2. The vacuum
jacket consists essentially of a brass cylinder (a) with a rotatable
vacuum '0° ring seal (b), and a pumping port (¢). The lower section of
the shroud, containing the outer windows (d)}, was demountable to allow

for easy access to the target window (e) which was attached to the
expander module using a suitable copper holder (f) and an indium gasket.
The lower part of the expander module was surrounded by a copper radiation
shield (g) with holes which allowed the passage of radiation. The matrix
gas was introduced via the gas inlet (h) using a suitable needle valve to
regulate the spray on rate. The sample cell was supported in the

mounting collar (i) and the whole unit could be evacuated by a silicone
0il diffusion pump backed by a rotary pump, the ultimate vacuum attainable
being 1077 Torr.

The choice of target and outer windows depends on whether infrared
or Raman studies are being carried out. These windows must be transparent
in the spectral region of interest and the target window must also have
suitable thermal properties. For infrared work CsI windows were used for
both target and outers, and for Raman work a Pt mirror soldered to a copper
block was used as the target with glass as the outers. Apart from optics
the essential difference between the Raman and infrared apparatus was that
for Raman work the 'Displex' unit was mounted horizontally. The incident
laser light entered the vacuum shroud from the underside and impinged on
the Pt mirror at an angle of 93_300, the scattered light being collected
at 90° to the incident light. The sample holders could then still be
mounted horizontally so that the same holders could be used for both

infrared and Raman studies, without modification.

2.3 SPECTROMETERS

For infrared work the spectrometer used was a Perkin Elmer 225,
which is a double beam instrument covering the range 5000 en! to 200 em”l,
A closed cycle dry air purger was used to remove water vapour and

significantly improve the performance of the spectrometer in the region






| 450 cmml to 200 cm_l. The instrument was calibrated by recording the
vibration/rotation bands of atmospheric water and carbon dioxide, and
cells of ammonia, were also used. The frequencies of these bands are
accurately known.9

The Raman spectrometer used was a standard Cary 82 fitted with a
triple monochromator. The exciting source was an argon ion laser (Spectra
Physics 170) of which the 514.5 nm line only was used and power levels

at the sample were in the region of 500 mW.

2.4 EXPERIMENTAL TECHNIQUES

Since infrared absorption is a relatively sensitive technique,
dilute matrices can be employed with a resulting gain in spectral
quality. Because of this high sensitivity, great advantage can be taken
of the narrow slitwidths possible to resolve isotopic fine structure,
and more generally, matrix infrared spectroscopy presents no major
experimental problems.

In contrast, matrix Raman spectroscopy is a far more difficult
technique. The experimental difficulties arise primarily because the
Raman effect is weak and because it is a scattering, rather than an
absorption process. The weakness of the effect usually requires the use
of more concentrated matrices, larger spectral slitwidths (2-5 cm = as
opposed to 0.5-2 cm_l for IR) and high incident laser power. The use of
concentrated matrices can compound the problems of aggregation,
resulting in deterioration of ultimate resolution, while local heating
of the matrix can cause evaporation of the matrix gas, matrix annealing
and in severe cases destruction of the matrix. Since the technique
relies on the collection of scattered light, accurate alignment and
stability of optics is important as also is the quality of the matrix.
Glassy or transparent matrices are desirable, as this allows penetration
of the matrix by the incident beam, and collection of scattered light
from a depth of matrix, whereas if frosty matrices are used, one is
reliant on a surface effect, and greater scattering of the incident light
will occur leading to a higher optical noise level. Finally, fluorescence
effects are a problem as with any application of the Raman effect,

although in this work they were not found to be serious.
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For an experiment to be performed, it was gemerally found to be
advantageous to clean both the deposition surface and the outer windows.
This was achieved by removing the lower part of the vacuum shroud and
cleaning the surfaces with ethanol. The sample was then loaded and
after reassembly, the whole system was evacuated. When the pressure was
sufficiently low (usually after 1-2 hours pumping) the Pisplex unit was
switched on, and after 'cool down' (when the pressure had reached ca
10—7 Torr) the sample and sample holder were degassed by gentle heating.
During this process the expander head was orientated so that the
radiation shield faced the sample. A background spectrum was then
recorded before deposition. After rotating the expander head so that
the target faced the sample, the sample furnace was brought up to
vaporisation temperature, and the matrix gas flow rate adjusted by means
of a needle valve, the flow rate being monitored on a fenning gage.
Reproducible matrix gas flow rates could thus be achieved. After a few
minutes deposition, it was generally found to be helpful to record a
spectrum to check the deposition rates, any necessary adjustments being
made at this stage. Deposition was then continued until a suitable
spectrum was obtained. For Raman experiments, optimum alignment of the
system was achieved by back projection of the entrance slit of the
spectrometer on to the matrix, and adjustment of the incident light to
coincide with the slit image. When nitrogen was the matrix gas, the Nz=N
stretching mode at ~ 2330 cnf1 was utilised for fine adjustment. It was
often found to be advantageous to perform diffusion experiments. Here,
the temperature of the matrix is allowed to rise and the trapped species
to diffuse within the matrix before recooling. The temperature of the
cold surface during diffusion was monitored using a hydrogen vapour bulb
thermometer for infrared studies, and a chromel vs gold (iron doped)
thermocouple for Raman work. The spectrum could be monitored during

this process and any changes noted.

2.5 SPECTRAL ANALYSIS - SYMMETRY SELECTION RULES

The work described in the following chapters was carried out with
the aim of deducing the molecular symmetry of some vapour phase molecules,

trapped in inert gas matrices, using vibrational spectroscopy. The
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deduction of molecular symmetry from vibrational data relies on the
application of the symmetry selection rules governing the appearance of
infrared absorption and Raman scattering.

A vibration  will be infrared active if one or more of the

. . 10
transition moment 1m:egrals M

f‘IJV:UXlP dT: f‘l)vvuyw

e dr or fwv,uzw dr (1)

VH V”

is non-zero. Here wv' and wv” are the vibrational wave functions of the
lower and upper vibrational levels, u , are components of the electric
moment of the molecule along the x, vy éné z directions. v is the
vibrational quantum number, changes in which are governed by the simple
harmonic oscillator selection rule which states that Av = 1. It has been
Shown11 that the wave functions for states with v = 0 (the ground
vibrational state) belong to the totally symmetric representation and for
v = 1, the wave functions belong to the same symmetry species as the
vibrational mode. At low temperatures the transition v = 0 > 1 is the
only transition considered as only the ground state, v = 0, will be
significantly populated. For the above integral to be non-zero the
integrand must be invariant to all the symmetry operations of the mole-
cular point group. That is, the direct product “x,y,z'wv‘ must contain
the totally symmetric representation. Thus a vibrational fundamental is
active in the infrared if its symmetry species is the same as that of
at least one of the components of the electric moment of the molecule.

In the case of Raman scattering it is necessary that at least one

of the integrals of the type,lo

Lo, P d (2)

VH

be non-zero, where P is a component of the derivative of the polaris-
ability tensor. The physical meaning of the above non-zero requirement
is that there must be a change in the polarisability of the molecule
when the transition occurs and by similar reasoning to that used
regarding infrared absorption, a vibrational fundamental will be Raman
active if the normal mode involved belongs to the same representation as
one or more of the components of the derivative of the polarisability

tensor of the molecule.
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Before the above symmetry selection rules can be applied, the
number and symmetry of the normal modes of vibration of the molecule
under investigation must be determined. This process is best illustrated
by means of an example and the molecule chosen is of the type MXS‘ The
first step is the choice of a suitable model for the molecule and here
two will be considered, a planar model (a) and a pyramidal model (b):

AN /
S

M

M X X X
X
X
D3h C3v
(a) (b)

Considering first the planar geometry, this molecule belongs to

the point group D Applying the symmetry operations of this group to

3h”
the set of cartesian displacement vectors on each atom results in a
reducible representation, the characters of which are;
E ZC3 SCZ 9, ZS3 30V
r 12 0 -2 4 -2 2
red

If a; is the number of times the ith irreducible representation occurs in

the reducible representation then;

4 T g R ® (3)

where h is the order of the group, x(R) 1s the character of the reducible
representation under operation R and Xi(R) is the character of the
irreducible representation under operation R (for derivation of Equation

(3) see Reference 11). Applying this formula to the above example gives:

= ! ! - " 1"
eartesian AT+ AT+ 3BT+ ZAT + B

This expression contains contributions from rotational and translational
modes as well as from genuine internal vibrations. Consulation of the
D3h Character Table enables identification of the translational and
roational contributions and these are:



translational components Ayt o+ BT
rotational components AZ' + EM
giving:
. = A + ALY+ 2R
I1\/1‘0 1 KZ =

for the genuine internal vibrations of a planar ng molecule. The nature
of the vibrations in terms of changes in the internal coordinates may be
found using the three bond lengths (2) and three interbond angles (a) as

internal coordinates. However this gives rise to:

- t oX
Toin 20"+ 2E

and it 1s evident firstly that a redundancy exists in the A, " representation

and secondly that this choice of internal coordinates does not generate an

AZ” mode. The redundancy arises from the fact that it is impossible to

simultaneously increase all three interbond angles. The choice of a
furthar = set of internal coordinates overcomes this problem and it is

found to be convenient to consider the angles between the bonds and the

three fold axis (B). This gives rise to:

= ? [ T 1t
FB Al + E + A2 + E

where the AZ” mode is taken to represent the out of plane bending
vibration of the molecule.
Applying an exactly similar treatment to the pyramidal model (b)

which belongs to the point group CSV gives:

I‘cartesium = éA1 * AZ + AE

which may be reduced by removing rotational and translational components

to:

Fvib = ZA1 + ZE

Applying the set of internal coordinates consisting of the three bond

lengths (%) and three interbond angles (8) for the CSV model does not

result in redundancy as is the case for the D., model, since all interbond

3h
angles can increase simultaneously and this gives:



Now, the symmetry selection rules can be easily applied to the
vibrations arising from each model by consulting the character tables for

each point group. In Equation (2) P transforms in the same way as the

. . . . . 2 2 2

quadratic functions of the cartesian coordinates, i.e. x°, y~, z°, xv,
. . . 2 212 .

vz, zX or linear combinations such as x° - vy, and these are listed

opposite their associated representations in the character tables. Hence
for the planar D3h model it is found that the Al' vibration 1is Raman
active only, the Az” infrared active only and the E' modes both infrared
and Raman active. For pyramidal CSV MXS’ Al + E vibrations are found to
be both infrared and Raman active. The activities and coincidences

expected for each model are summarised in Table 2.1 below.

No of IR No of R No of
MX3 active bands active bands Coincidences
D., Planar 3 3 2
3h
C3V Pyramidal 4 4 4
Table 2.1. The number and activity of vibrations for D

3h
and C. MX,.
v 773

If we consider only the stretching modes of these two possible
models (Al' + E', DSh and Al + E, CSv) the appearance of an absorption
due to the totally symmetric stretching mode of the molecule in the
infrared spectrum is clearly evidence for a pyramidal structure and hence
for an interbond angle of < 120°. This distinction is illustrated by a
comparison of the infrared spectrum of InClS, AlCl3 and GaCl3 13 with that
of PCIS, a molecule with known pyramidal geometry and interbond angle of
100°6". The non-appearance in the infrared of the totally symmetric
stretch of InCl, ALCl; and GaCl; would imply a bond angle of 120°.  The
application of symmetry selection rules and simple 'band counting' can
then distinguish between two possible molecular geometries. The limitations
of this approach lie with the possibility of the breakdown of the

selection rules and with the sensitivity of detection of very low intensity



absorptions. In a matrix environment, molecular distortions due to
coordination of the matrix gas or impurities can result in observation of
formally 'inactive' bands, {see Chapter 1). The calculation of the exact
‘degree of planarity' can be seriously affected by the sensitivity of
determining relative intensities for very weak absorptions. In cases where
these problems are apparent, or where further evidence is required for a
particular preferred geometry, isotopic substitution (see Section 2.7)

may provide an invaluable aid to structural determination.

2.6  THE CALCULATION OF FORCE CONSTANTS. THE FG MATRIX METHOD

In addition to the qualitative methods for determining the symmetry
and number of normal modes for a molecule, there is also the quantitative
aspect of relating the frequencies of these vibrations to the masses of
the atoms, bond lengths, bond angles and force constants of the bonds.

The starting point for this process is the equation due to Wilson,lo
[FG - Ex| = © (4)

where E is the unit matrix and ) = 4ﬂ2C2w2 (w here refers to the vibra-
tional frequency in cm“l in contrast to v which will be used to represent
observed transitions). F in equation (4) is a matrix containing the force
constants, describing the potential energy of the molecule, and G is a
matrix involving the kinetic energy of the molecule. Once the elements of
the F and G matrices are known for the molecule, then Equation (4) can be
written out explicitly. Using known vibrational frequencies a force field
can be proposed and some of the principal force constants can be
calculated. Alternatively, force constants can be used to calculate the
frequencies of normal modes of vibration. The elements of the G matrix

can be constructed using the relationship:

3N
Beer T §=1 HiBiiBerg (%)
(tt' = 1 3N - 6)

in which Hy is the reciprocal mass of the atom i and the coefficients Bti
relate to the internal coordinates s_ with the cartesian displacement

coordinates P by:



3N

St - ; Btipi (6)
i=1

(t =1~ 3N - 6)

Linear combinations of the internal coordinates which transform according
to each of the irreducible representations of the 3N - 6 normal modes,

known as symmetry coordinates, can be obtained from the expression:
S = Us (7)

where U is a matrix of the coefficients of the internal coordinates
contained in the linear combinations. WNow, if f is a matrix of force

constants, the matrix F contained in Equation (4) is given by:
F = Ufy (8)

where U' is the transpose of U. Similarly the matrix G is obtained from

the elements g defined by Equation (5):
G = UgU' (9)
The potential energy of the molecule can be obtained from:

V = ¢ ftr'stSt! (10)
tt!
where an element such as fttSt2 represents the potential energy of
stretching a bond or bending an angle, and elements such as ftt'stst’
represent energies of interaction.

The above process results in the F and G matrices being factored
into blocks corresponding to each of the symmetry species of the normal
vibrations. For example, the matrices for a pyramidal MX3 molecule would
contain a 2 x 2 block for the 2A1 modes, and two identical 2 x 2 blocks
for the two components of the doubly degenerate E modes. Thus, using the
basic FG relationship, Equation (4), two quadratic equations are obtained
where the values of X are the roots, each root corresponding to a_ normal
mode. The normal procedure used in subsequent chapters begins with the
interpretation of an observed spectrum in terms of a preferred molecular
geometry. This involves the choice of a suitable model and the subsequent
calculation of some of the principal force constants, using the observed

values of X. This is most conveniently achieved using a computer, where
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an iterative procedure can be incorporated which refines an initial set
of force constants until calculated values of X agree with those observed.
In this work the program SOTONVIBP, which has been fully
describedl4 was used. This program operates on a modified FG method and
the input consists a set of approximate cartesian coordinates together
with the masses of the atoms, a set of internal coordinates (which may be
redundant) and an initial set of force constants, which may be related to
one another if appropriate. The output of the program includes a set of
principal cartesian coordinates (with the origin at the centre of mass)
the principal moments of inertia, calculated frequencies and refined
force constants. Isotopic substitution provides further information as an
aid to band assignment and determination of molecular geometry, and using
this program the frequencies of isotopic variants are readily calculated

simply by altering the masses of the atoms in the program input.

2.7 THE IMPORTANCE OF ISOTOPES

When an atom of a molecule is replaced by an isotopic atom of the
same element two basic assumptions are made (see Reference 10, pl82).
The first concerns the potential energy function of the molecule which is
assumed to remain invariant (i.e. the force constants remain the same) and
the second assumes an unchanged geometry. However, owing to the mass
change, vibrational frequencies may be appreciably altered. The observa-
tion of these 'isotope shifts' can provide further information about the
molecule, both qualitative and quantitative.

The introduction of the isotopes Y' and Y'" into a molecule of the
type XYn in a random manner will result in the production of at least
n + 1 different molecular species.ls The relative proportions of the
resultant isotopomers will be determined by the relative abundances of Y!

37Cl 35

and Y" (in the case of naturally occurring isotopes, e.g. . Cl) or

by the extent of isotopic enrichment used in the preparation of an isotop-
ically substituted sample (e.g. l80, 160). The relative proportions of the
isotopomers follows a distribution given by the binomial theorem. In
general partial isotopic enrichment of a molecular species results in the

appearance, in the vibrational spectrum, of multiplets where singlets
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occurred for the isotopically pure species. These patterns, however,
vary according to molecular geometry, number of atoms and type of

vibrations, and in order to appreciate the problems involved the next
section deals with the determination of the molecular shape of FeClB.

2.8 THE SHAPE OF MOLECULAR FeCl3

The molecule FeCl3 has been the subject of recent investigations
concerned with the determination of its molecular shape. Up to 600 K the
vapour exists mainly as F82C16 dimer and high temperatures ar§6needed to
ensure monomer production. From electron diffraction studies™ planar
DSh and bridged D2h structures were suggested fo§7the monomer and dimer
respectively. Infrared matrix isolation studies™ of FeClz, Fe613 and
their dimers have been interpreted in the case of FeCl, in terms of a

3

planar gecmetry. These spectra however were of mixtures of FeZClé,

FeCIB, F62Cl4 and FeC12 and their consequent complexity rendered inter-
pretation difficult. Moreover a weak absorption noted at similar frequency
to that of the Raman active (DSh) Al totally symmetric stretch could be
evidence for a pyramidal geometry. More recent matrix Raman Studies18
have been interpreted in terms of a pyramidal (sz) geometry for FeCl3
monomer with a bond angle of 115.66°. Doubt as to the molecular shape of
FeC13 monomer clearly exists and a series of experiments was carried out,
exploiting the existence of naturally occurring chlorine isotopes, in an
attempt to resolve this problem.

For a planar or pyramidal FeCl3 molecule, with three equivalent

chlorine atoms, four isotopomers are possible resulting from the occurrence
35 37

of "°Cl and "'Cl. The relative proportions of each isotopomer will be as
follows:
Fe(35C1)3 Fe(*c1), (7c1) Fe(35c1)(37c1)2 Fe(37C1)3
1 : 3 : 3 T 1
37 37

Incorporation of the natural abundance of " Cl (SSCl: Cl = 3:1) gives

each isotopomer the following statistical weights:

27 : 27 : 9 : 1



Now, if we are concerned with the non-degenerate Al node (pyramidal)
or Alf mode (planar) then we would expect four lines in the high resolu-
tion spectrum with intensity ratios 27:27:9:1. This pattern was observed
in the Raman spectrum of FeCl, monomer, Figure 2.3(a) and in those of the
trichlorides of group IIIB.IO For degenerate vibrations (E, pyramidal,

E', planar} isotopic substitution in general results in a pattern which
shows a clear departure from a binomial intensity distribution, Figure 2.3
(b). This is because the degeneracy is invariably lifted in the partially
substituted species and the spectrum contains either more than n + 1
distinct lines, or an anomalous intensity distribution due to band over-

5
lap.“o

The infrared spectrum of PeCi3 shown in Figure 2.3(b) is again
similar to those observed for the group IIIB trichlorides.lg This four

line pattern arises from the virtual coincidence of the A, and B, compon-
P4

- < U
ents of the partially substituted (Fe(JDCl)7(J7Cl), Fe(éSCl)(J7C1)7)
molecules, which now have C2v symmetyy, with the parent E' mode and equal
intensity distribution between resulting AI and 82 modes. These conditions

arise only if the A, symmetric stretch and the in-plane bending mode are

well removed in freéuency from the parent E' antisymmetric mode. In cases
where this is not so, a six line pattern may be expected.zo Using isotope
patterns then, bands observed can be unambiguously assigned to a particular
species and to a particular vibration and in the case of FeClz, both the
symmetric and antisymmetric stretches of the monomer can be identified.

The quantitative information which can be obtained using isotopic
substitution is concerned with the estimation of bond angles and the
refinement of force constants. Before proceeding with the example of
FeClB, it is as well here to mention the limitations of a quantitative
approach to isotopic substitution. In general, the frequencies, w, used
in equations to calculate bond angles are based on the assumption that
vibrations are simple harmonic. This is not the case and it has been shown

that21

if observed frequencies are not corrected for anharmonicity central
atom (M) substitution gives rise to a lower limit for the bond angle (az)
and outer atom (X) substitution gives rise to an upper limit (an). In
this case, a reasonable estimate for 9§ is %(aﬁ + an). Furthermore,
uncertainty in the experimentally obtained isotopic shifts can result in

large errors in «. This has been shown to be particularly true for a
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triatomic molecule of the type XY, where, as the YXY angle approaches
1800, increasingly large errors in o are noted for a given isotopic shift
uncertainty.zz These limitations must be considered when any quantitative
information is sought from observed isotopic shifts.

The spectra of FeCl3 obtained in this work would appear to point to
a planar DSh geometry on the basis of symmetry selection rules (i.e. the
non-observance in the infrared spectrum of the symmetric stretch). How-
ever on one spectrum a small band was observed in the infrared spectrum
at 370 cm—l {Raman observed,Av, 371 cmﬁl) when the antisymmetric stretch
(VB) was off scale, (Figure 2.4(a)). The high resolution spectrum of
this band is shown in Figure 2.4(b), and the absolute frequency, and
isotope pattern observed would suggest that this is in fact vy The
appearance of vy in the infrared spectrum could be due to the fact that
FeCl3 monomer is in fact pyramidal (bond angle < IZOO) or that a break-
down of the selection rules has occurred. This could be caused by the
presence of impurities in the matrix (not unlikely after extended deposit-
ion) or as a result of matrix induced molecular distortion.

The estimation of bond angles for an MXS molecule from relative
infrared intensities can be made if certain assumptions concerning the
dipole moment of the molecule are made. If it is assumed that the stretch-

ing modes of the molecule are uncoupled from the bending modes then it can

be shown thatlo’lz’z3

I = _(_Sil__ 2G

Al 6SA1 A1
and

2
Sp
I = [ G
E GSE E

Where IA1 and IE reprzsent the intensities of the Al and E vibrational
modes respectively. 3§§' represents the change in dipole moment with
symmetry coordinate Sk’ and u represents the dipole moment of the molecule.
Gk are G matrix elements for the irreducible representations k. If 8 is
the semi-vertical angle between a bond and the C; axis (90O for planar)
then the changes in dipole moment with respect to each symmetry coordinate

can be expressed as:
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Su
V3 cosB | —=] dr

duAl - Sr
Sur
and du. = V2 V3 sing | ——] dr
E ér
Gur
where 35 Trepresents the change in dipole moment with respect to

internal displacement coordinate.
It is assumed here that all elements M. can be vectorially summed
over the whole molecule. Now,

G =y, *+ uM(l + 2cosB) and GE =

+ “W(l - cosfB)
l A ¥

My

where Hy and Hy are the reciprocal masses of atoms X and M respectively.

Therefore,

IA (py *+ 1, (1 + 2cosg))
1 E-cotzg X M

IE 2 (UX + UM(I - COSB))

If Hy >> 1y {(i.e. M is much more massive than X)

G = G
Al E
I
A 1 2
and —= = Z cot“B (11)
IE 2

Although this final assumption is not strictly valid if atoms X and M are
Cl and Fe the necessary correction will be small and Equation (11) can be
used to give an estimate of the bond angle o which is related to the semi-

vertical angle B by:

sin = = ﬁé— sinf
2 2

The estimation of 8, and hence a, for FeCl3 from the spectrum shown
in Figure 2.4(a) is further complicated by the fact that dimer bands present
in the spectrum affect the observed relative intensities. This is because
of the coincidence of vS(FeC13) and v8(P82C16). If however, vngeCls)

is assumed to exhibit 80% transmittance, and vy % transmittance, then
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estimation of the bond angle using Equation (11) yields a value of B8 of
84.8° and a bond angle of 119.2°. As this would appear from the spectrum
to be a conservative estimate for the intensity of Vs then this approach
would seem to add weight to the argument for a planar D3h structure for
monomeric FeClS.

A definitive estimation of the bond angle can be obtained in
principle by exploiting central atom isotopic substitution. It is well
known that the totally symmetric stretching mode of BCl3 shows character-
istic chlorine isotope splitting,24 but a boron isotope effect has never
been observed for this molecule. This is because during this vibration,
for a truly DSh species such as BClS, the central atom does not move at
all, and the same may be expected for any D3h planar MX3 species. Using
the procedures outlined in Section 2.6 and employing again the assumption
that bending modes can be treated independently of stretching modes the
following expressions can be obtained for the frequency of the totally

symmetric stretching mode of a molecule of the type MX, where g is defined

3
as before.

R 2
Xl = (Fr + 2Frr)(3cos BuM + uX)

where A = 4ﬂ202w2 and Fr is the principal stretching force constant and

Frr is the interaction constant. On substituting the central metal atom,
a similar procedure yieldsa similar expression in terms of M' where M' is
an isotopic variant of M and the assumption that the force field remains

unchanged is made:

At = (Fr o+ 2Frr)(3c0528uM, + oy

1 X)

This leads to an expression for the totally symmetric stretching frequency

on central atom substitution of:

2
2 0 M 3Mxcos™B + M’ 2 )
wp (9 o (3choszs e ©r
where MX is the mass of chlorine in the case of FeCls. It can be shown

for a planar geometry (B = 900, cos 90° = 0) that this expression reduces

to:

200 - 20
w SO = w T0n
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That 1s, no isotopic shift would be expected. Simple calculations based
upon the above expression allow estimation of the bond angle for a given
isotopic shift. In the case of the molecule FeClB, the expected shifts
on central atom substitution (58F8/54Fe} for some given bond angles are

shown below.

8° Bond angle® v1(54)cm’1 vl(SB)cm~1 \)1(54)~\)1(58)cm_1
90 120.00 370 370 0
85 119.25 370 369.81 0.19
80 117.05 370 369.29 0.71
75 113.55 370 368.53 1.47
70 108.94 370 367.63 2.37
Table 2.2. The expected isotopic shifts for FeCls, on central atom

substitution, for varying bond angles.

Clearly the shiftsconcerned are small and the accurate determination
of the bond angle must be dependent upon the accuracy of the shift measure-
ment. At this time, no conclusive experiments involving central atom
substitution have been carried out for FeCl3 and until this is achieved
the shape of FeCl3 monomer must remain in doubt. However all the evidence
obtained from this work would point to a D3h planar geometry.

In general therefore, isotopic substitution can vield information on
a qualitative level concerning the identification of molecular species and
individual vibrational bands, and on a quantitative level concerning the
calculation of bond angles and refinement of force constants. The change
in isotopic mass on substitution is usually of the order of 1 or 2 amu,
and this means that the isotopic shift will be dependent upon the atomic
mass of M or X. Therefore, although useful information can be readily
obtained for 180/160 and 35C1/37C1, shifts due to 54Fe/SSFe substitution
will be more difficult to observe and 81Br/7qBr for example is of little
use,

In this work isotopic substitution is used to confirm assignments of
observed spectra to particular vibrations and to identify the species

present. In addition, comparison of calculated and observed isotopic



splitting patterns is used to check the validity of proposed force fields
and to refine force constant as well as to differentiate between possible

molecular structures.
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CHAPTER 3

MATRIX ISOLATION STUDIES ON

ALKALI-METAL PHOSPHATE VAPOURS
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3.1 INTRODUCTION

Alkali-metal phosphates constitute a major area of inorganic
chemistry, but until recently structural determinations of these systems
have been concerned with the solid state and with solution species. In
the solid state X-ray crystallography has been the major technigue
employed and a large collection of results has been assessed.lﬂa
Vibrational spectroscopy has been used to a lesser extent in the study of
solutions,4 glassess and powders.6 The last decade has also seen growing
interest in molten phosphates as potential solvents,7 but it is only quite
recently that alkali-metal phosphate molecules have been identified in the
vapour phase. Here high temperature mass spectrometry in particular8—14
has shown that the monomeric species MPOS (M = Li, Na, K, Rb, Cs) are
prominent species in the vapour above heated metaphosphates, but no
structural data have yet been reported for these molecules.

In general gaseous group Vb oxides have been examined to a far
greater extent than the vapours above the corresponding oxo-anions, but
a recent investigation using matrix isolation coupled with isotopic
substitution has resolved the structure of KNO3 in favour of bidentate
coordination of the metal ionIS where doubt previcusly existed. The
spectrum of NO2— has also been reported.16

The aim of the work described in this chapter was to identify some
of the species present in the vapour above heated alkali-metal phosphates
and to use isotopic substitution to obtain a structural characterisation
of the molecule NaPO, which has been identified in the vapour phase by

9,10

mass spectrometry.

3.2 THE INFRARED SPECTRA OF MATRIX ISOLATED ALKALI METAL PHOSPHATES

The starting point of this investigation was the vaporisation of
some commonly occurring alkali metal phosphate salts. Those used were the
metaphosphates of both sodium and potassium and the orthophosphate of
sodium, The metaphosphates were obtained as anhydrous salts (BDH) and
anhydrous sodium orthophosphate was obtained in quantitative yield from
the hydrated salt (NaSPO4.12H20) by heating in vacuo to mZSOOC.l7 These

phosphates were all vaporised from inductively heated alumina holders at
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temperatures of 1550-1650 K, and the products of vaporisation were
condensed in an argon matrix at 12 K. The infrared spectra of these
deposits were typically as those in Figure 3.1.

Figure 3.1(a) shows the infrared spectrum obtained from a deposit
of sodium orthophosphate after a deposition time of ca 40 minutes, and
sharp absorptions were observed at 1341.7 em ' and 1211.2 cm Y. Weaker
features were also noted at 1004.0 cm'l, 586.6 cm"l, 474.,0 cm_l and 287.0
cmml. The metaphosphate of sodium also exhibited bands at 1341.7 cm-l,
1211.2 cm‘l, 1004.0 cm‘l, 536.6 cm™* and 474.0 cm“l, but in addition bands
at 1144.0/1137.5 cm—l (doublet) and 1058.0/1052.2 cnf1 (doublet) were also
observed, Figure 3.1(b). The spectrum of potassium metaphosphate consisted
of bands at 1333.75 cm“l, 1221.0 cm’l, 1085.0 cm“l, 521.5 cm” ' and 476 cm‘f
Figure 3.1(c). All observed frequencies are summarised in Table 3.1.

Minor variations in deposition conditions (e.g. matrix gas flow rate,
sample temperature) produced no detectable changes in the relative
intensities of the bands observed for the sodium orthophosphate and
potassium metaphosphate systems. However, the 1144.0/1137.5 cm~l and
1058.0/1052.2 cm~1 doublets observed in the sodium metaphosphate system,
although always present, did vary in intensity relative to the other bands
observed in the spectrum. Controlled diffusion studies performed on the
two metaphosphate systems also showed no significant relative intensity
variations. The two highest frequency bands in both cases decreased in
intensity with the growth of broad polymer features, Figure 3.2. The
1144,0/1137.5 c:m—1 doublet observed in the sodium metaphosphate spectrum
behaved in a similar manner, while the 1058.0/1052.2 c:nf1 doublet was not
observed after diffusion, possibly as a result of itsg relatively low
intensity in the original spectrum.

It would appear therefore, that in each case, (apart from the
1144.0/1137.5 em™ ! and 1058.0/1052.2 em 1 doublets in the sodium metaphos-
phate spectrum) all bands are associated with a single molecular species.
At this stage, the spectra observed were assigned to the species NaPO3 and
KPO3 and subsequent work has shown that the 1144.0/1137.5 cm"1 and
1058.0/1052.2 em™t doublets are fundamentals of the species NaPO2.18 The
interpretation of these spectra in terms of the molecules NaPO3 and KPO

3
is suggested by three observations. First, the considerable qualitative
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R I ~ 15
similarity between these spectra and that of matrix isolated KNO3

would indicate that this is a reasonable interpretation, Figure 3.3.
Secondly, the frequencies of corresponding bands of the sodium and
potassium systems are cation dependent as would be expected, and would
indicate that the presence of a simple phosphorus/oxygen species is un-
likely and finally this interpretation is supported by the information
gained using isotopic enrichment which is discussed in detail in subsequent
sections. All observed bands and thelr qualitative assignments are given
in Table 3.1,

O0f the phosphate salts used the best spectral quality was obtained
from vaporisation of sodium orthophosphate (N33PO4) and for this reason,

this salt was chosen for the subsequent ~ O enrichment studies.

3.3 THE DETERMINATION OF THE MODE OF COORDINATION IN MXO, SPECIES

A free XOB" ion will have D3h symmetry and the normal modes of
vibration will be distributed among the symmetry species according to:

Tvib - AI' * AZH + 2B
as is the case for planar MCI3 species (see Chapter 2). Of these the Al'
mode is Raman active, the AZ” mode is infrared active and the E' modes
are both infrared and Raman active. Coordination of the metal atom can
take place via oxygen in either monodentate or bidentate modes. Either of
these two modes of coordination reduce the symmetry of the molecule to CZV

and the correlation of vibrations of such a molecule with those of the D

3h
parent ion is as follows:
P3n Cov
AL G/, B
E'=:::::::::::::::: .
Bond B, (i/r, R)
Stretching Al, Al (i/r, R)
Angle A" B, (i/r, B)
Stretching A, (i/r, R)

. 1
E <:B (i/r, R)
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Coordination of the metal atom via phosphorus can be ruled out at this
point since the resulting molecule will have C3V symmetry and the degen-
eracy of the E' mode is not removed resulting in only a two line spectrum
in the stretching region. Distinguishing between monodentate and bi-
dentate binding is not therefore achieved by simple 'band counting' and
another approach must be employed.

The general problem of distinguishing between monodentate and

bidentate binding in molecules of this type has been extensively reviewed

19 20,21

and the work of Hester and co-workers describes how an unequivocal

distinction based upon spectroscopic data is theoretically possible if the
symmetries of the X-O stretching modes, (in molecules of the type MXOS)
can be correctly assigned. In a C, bidentate complex the expected order

20 PAY

of the X-0 stretching modes is vAl > VB, > vAl and this is different

from that predicted for an idealised monodentate complex where vB, > vAl

2

> vAl. For both types of complex these three stretching modes are both

infrared and Raman active and in principle, a definitive depolarisation

study in the Raman should establish the assignments of the Al and B2

modes and hence the type of coordination present. However the identifi-
cation of even strongly polarised bands in matrix isolation spectra is
regarded as at the least difficult by most experimentalists and conse-
quently the approach developed recently for KNOS, using isotopic

substitution was employed to establish the mode of coordination in NaPOS.
This method has been described in detail,ls but the essential features
are as follows. Since the épproach is concerned exclusively with the

stretching region of the infrared spectrum an initial assumption is made

that the stretching modes for both free and coordinated X03' ions are

uncoupled from the bending modes. Two stretching force constants then
suffice to describe the A' and E' modes of a free D3h XOS' ion, and these
have been labelled Kr and Krr’ the principal and interaction stretching

constants. The equivalence of the three X-0 bonds is removed on coordina-

tion giving a unique bond with force constant K, and two other equivalent

1

bonds with force constant KZ. Monodentate coordination can then be

simulated by reducing K, and increasing K, and the reverse process

1 2
simulates bidentate coordination. It is assumed that the XO3 unit remains

planar, with all interbond angles being set to 120°. In the case of the
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nitrate ion a series of calculations was carried out which ranged from
'strong’ monodentate binding through 'free' nitrate to strong bidentate
coordination, incorporating a 50% random distribution of 180 atoms. The
basic assumption is made that all frequency components arising from the
parent E' mode in a DSh molecule have equal absorbances. Thus in
coordinated XO3 where the degeneracy is lifted as a result of inequivalent
force constants, the A. and Bz components are taken to have the same

1
intensity whilst in free X0

3 where the degeneracy is removed as a result

of inequivalent oxygen masses, the same assumption is made. This
assumption has been shown to be reasonable.zz

The free nitrate calculations yield an isotope pattern which appears
as an almost equally spaced quartet characteristic of partial substitution
of the E' stretching mode of a molecule of the type XY3 23 {see also
Chapter 2). In the case of bidentate binding two groups of bands emerge
which can be readily associated with the Al and B2 components of the split
E' mode, the highest frequency group appearing under high resolution
essentially as a 1:1 doublel, each doublet consisting of a closely spaced
1:2:1 triplet. The highest frequency [Al) mode in bidentate coordination
thus gives rise to a total of six bands on l80 substitution. These arise
from the terminal X=0 modes and are derived from the possible isotopic

species as follows:

160 160 160 180 180 18O

S U SR S
166/ \016 160 \b18 180 \018 166/ \016 186/‘\016 186/‘\018

\/ \ / \ / \ / \/ \ /
M M M M M M
<—— increasing frequency

For monodentate binding the highest frequency mode is of 82 symmetry and
is calculated to appear as a 1:2:1 triplet and this arises from the three
different types of terminal groups present. The calculation predicts
superposition of B, frequencies for species which differ only in the

nature of the bridging isotope.



~51-

160 016 160 018 180 018
\ / N/ N/
| | |
016/18 016/18 016/18
i l !
M M M

<—— increasing frequency

A diagramatic representation of the isotope patterns expected for mono-
and bidentate binding and their derivation from the DSh [XOB]“ ion is
shown in Figure 3.4.

The observation of isotopic splitting patterns can therefore result
in unequivocal distinction between monodentate and bidentate coordination
in molecules of the type MXOS“ It was decided at this stage to attempt to
prepare isotopically substituted NaSPOg and to subsequently record the
high resolution infrared spectrum of 1 0/180 NaPOs, with a view to deter-
mining the mode of cation binding.

3.4 THE INFRARED SPECTRUM OF NaPO, (160:180 = n3:1)

Samples of 180 enriched phosphate were obtained by elemental
oxidation of the metal phosphide in a reaction sequence initially
explored using 1602. A stoichiometric (3:1) mixture of sodium and freshly
distilled white phosphorus was gently warmed in an atmosphere of argon
until reaction was complete. After removal of the argon the resulting
black-red phosphide (NaSP) was reacted with an excess of oxygen gas of
known isotopic abundance until there was no further take-up. During this
stage it was necessary to apply gentle heat from time to time to ensure
continuous reaction. The product of this oxidation was typically a
colourless glassy solid containing small amounts of embedded dark material
which was almost certainly unreacted phosphide, covered with an impervious
layer of phosphate. tHowever, although this reaction only occasianally
went to completion, all 16O samples prepared in this way ultimately
vielded matrix infrared spectra identical to those obtained from commercial
samples of N33P04.

The effect on the infrared spectrum of 18, enrichment is shown in
18D

g,
0

Figure 3.5. Here a phosphate sample enriched with ca 28 atom
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has been isolated in an argon matrix, and it is evident that extensive
isotope fine structure is present. In particular, the band at 1341.7 cm‘l
now appears as a basic doublet each component of which consists of a
closely spaced triplet whilst the second intense band at 1211.2 c:rrf1
appears as a well spaced triplet. Isotope fine structure was also
observed for the weaker 474.0 c:m“1 band (under high resolution only) but
could not be satisfactorily obtained for the remaining bands. High
resolution studies were carried out on the bands observed at 1341.7 cmhl,
1211.2 cm_l and 474.0 cm_l. These spectra are shown in Figure 3.6(a) (b)
{c). The remaining bands were not of sufficiently high intensity to

yield meaningful isotope patterns. The nature of the spectra obtained

and of the isotope patterns observed would clearly indicate a frequency
order vAl > vBZ > vAl for the P-0 stretching modes (see Section 3.3) and
consequently a bidentate structure for the molecule NaPOS. The following
force constant analysis is based on this assignment. The observed NaPO3
(160) fundamentals are listed in Table 3.2 together with their assignments
on the basis of a CZV bidentate structure. Table 3.2 also contains the
frequencies of the bands observed on isotopic substitution, along with

the isotopic species from which they originate.

3.5 SPECTRAL INTERPRETATION AND FORCE CONSTANT ANALYSIS

The quantitative analysis of the spectra obtained on isotopic

substitution is concerned first with the in-plane motion of the PO, ion,

neglecting cation motion. The overall approach is concerned with ihe
calculation of frequencies from an appropriate model which are in agree-
ment with the frequencies observed for the eleven distinct bands assigned
to the isotopically substituted species NaPlGOnlsOS_n (n = 0-3).

It has been shown that 1° for KNO, the two principal stretching
force constants (FR and FD) and the principal interaction constant (PRD)
calculated from the three observed stretching frequencies in the all 164
spectrum generate an isotope pattern whose frequency fit is well outside
experimental error. A more realistic force field was used for KNO3 and
satisfactory agreement between observed and calculated frequencies was

obtained, and this force field was applied to NaPOS.



-55-

Table 3.2 Vibrational Frequencies (cm'l) of isotopically substituted

NaPO3 isolated in argon matrices.

Observed(a) Calculated(b) Assicnment(c)
1341.7 1341.7 Nat®0tO0ploq )
1338.0 1337.6 Nat®0180p10g
1333.2 1332.8 Nat80180p16q
1312.2 1311.9 Nat00100pl8y
1307.5 1306.8 Na 001 80pt8g
1302.0 1300.5 Nat8ot8oplSo
1211.2 1211.2 Na16016OP o (B.)
16,16 2
1211.2 0 %0p18y
1193.3 1193.4 Na16018OP16O
1192.8 Nal00180p18g
1173.5 1173.3 Nat2ol80ply
1173.3 Na'Sot80pi8g
16
1004.0 1004.0 NaP*®0, )
536.6 536.6 NaPl603 (8,)
474.0 474.0 NaPl6O (8,)
470.4 470.5 NaP1602180
1618
166.8 467.1 na P %0'%0,
463 .3 163.6 Nap® 03
287.0 vNa-0 (")

(a) Frequency accuracy 0.3 cm L.

(b) Calculated using force field and model shown in Table 3.2.

(¢} Assuming C2V bidentate structure.
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Figure 3.6(a)

(1) High resolution infrared spectrum of the
highest frequency Al modes of matrix isolated
NaPO3 (180 enriched) - argon matrix.

(ii) Calculated spectrum.
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Figure 3.6(c) (1) High resolution infrared spectrum of the

out of plane bending mode of matrix isolated
8 . .

NaPO (1“0 enriched) - argon matrix.

(11) Calculated spectrum.
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Using the standard FG matrix method (see Section 2.6) the
following symmetry coordinates can be written down to represent the

three A, and two B, vibrations of the POZ— unit, ignoring cation motion:

1 2
s, = R (a,)
5, = 72— (4D, + AD,) (A])
S, =y (48] * 86,) (A))
s, = 7%~(AD1 - 4D,) (B,)
Se = 7%—(A61 - 18,) (B,)

where the internal coordinates 6, D and R are defined as below:

0
/‘\

D 8
\ 1
¢ S P———u-0
%‘/82 ’
0 D2
It is impossible for the angle 6 and ¢ to all increase simultaneously,
resulting in a redundancy, so the above symmetry coordinates omit the

angle.¢. From these symmetry coordinates the F matrix elements can be

calculated. Use was made of the C,  symmetry of the molecule to simplify

v
the F matrix. Consequently fDlel = fD262 = fDecis and fD162 = szel =
fDetrans' Similarly fRDl = fRDz' The resulting F matrix was simplified
further by neglecting fDetrans and the interaction constant fee. The
force field used was then:
_ 2 2 2
2V = FpART + F(I8D%) + F(Z807) +2F, (ZARAD)
+#2Fp, (ZARA) + Fpo . (8D;86, + AD,A6,)

The F and G matrices are factored into a 3 x 3 block (A1 modes) and
a 2 x 2 block (B2 modes). If the secular equation for the two BZ modes 1is

calculated, it is found to contain three unknowns, F44, FSS and F45; for

only two observed frequencies:
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|[GF - Ex] = [(G G,.F - M) (6 + G, F. )1

aafqq F CysFys 14%45 457557 |
Gy * GgeFyg) (Gyefys * GgsFog - M)
where G 4’ G.. and G,. are the corresponding G matrix elements and X =
0TS 44”755 45
dn"c™v". A quadratic of the type:
2
A GV GbSTSS 26 50A
A
* (665 - Gyg )(F44 55 Fgg ) = 0

can be constructed where the roots of the equation are the B2 frequencies.

A computer was used to calculate F,, and F_. for a given value of F

4 3 55 45

The 82 frequency of the species NaP 03 was then calculated for each set

of F44F55 and F45. The final set of force constants was then chosen to be

that which calculated the overall isotopic shift accurately. Since F

44 =
fD - fDD’ FSS = fe and F45 = £y this set of values determines fe’ fDe

and (fD - fDD). These force constant values were then used in the

SOTONVIBP program along with fR, fD, fRD’ f¢, fR and fDe’ as defined in

Table 3.3. A frequency fit for the molecule NaP O3 was obtained, and

subsequent calculation of the isotopic frequencies gave good agreement
with observed frequencies using the final force constant values shown in
Table 3.3. The line diagrams accompanying the high resolution spectra of
the stretching modes (Figure 3.6(a) and (b)) of isotopically substituted
NaPO3 were calculated using this force field and excellent agreement was
observed.

There remains the problem of the assignment of the out-of-plane
(B ) mode of the PO, group. KI\'O3 shows two relatively weak features of
827.3 and 721.1 cm ~ which have been a551gned 15 as the B, out-of-plane
and B2 in~plane bending modes of the NO3 group respectively. For NaPOS,
corresponding features are observed at 536.6 and 474.0 cm—1 and these are

similarly assigned as deformations of the PO, group. However the

3
following discussion shows that the isotopic fine structure observed for

the 474.0 band indicates a reversal of the assignment for NaPO3 with sz

lying above vBl

The out-of-plane bending mode is a non degenerate mode involving

the in-phase motion of three oxygen atoms and for a free {POS]' ion with
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Table 3.3 Force field and model used for the calculation of the line

diagrams in Figure 3.4,

0 D 0
/// \\\ 0 D= 1.65 A
(8]
N ¢(”j:l—5;-o R = 1.40 A
\\\\ /// 6 =9 = 120°
0

0.1
F, = 10.14 mdyn A

R o1
F_ = 8.42 mdyn A

D -1
Fop = 0.35 ndyn R
F = 0.183 mdyn A *

DD o )
F = 1.36 mdyn A rad
F, = 1.25 ndyn R raa™?
Frg = 0.63 mdyn rad”t

R ~1
FD@ = 0.62 mdyn rad

(1 dyn = 1072 N)



idealised DSh symmetry 28% 180 enrichment would yield a 17:20:8:1

quartet related to the A," vibration. These four bands arise from the

four distinct species P GGnlgos_n (n = 0-3) and the frequencies are

obtainable from the following expression, derived using the standard
Wilson GF matrix approach:
2.2 Ko [ 9 1 1 1 )
N B e T
12 mp mo' mo"! mo'"

,

KA . .
Here — is an out-of-plane bending constant, mo', mo' and mo'' are the

masses of the three oxygen atoms and mp is the mass of phosphorus. On
coordination this equation will no longer hold exactly, but it may never-
theless be used to predict the general appearance of the isotope pattern

since the B1 mode is almost certainly well removed from the perturbing

influence of out-of-plane cation motion. The line diagram accompanying
the high resolution spectrum of the 474.0 cm_l band (Figure 3.6(c))
calculated using this equation shows excellent agreement with the observed
fine structure.

A more general relationship has recently been derived for describing

the out-of-plane motion of the coordinated [COz}_ ion.z4 If one considers

the out-of-plane mode of a planar molecule AXYZ in which atom A is

centrally bound to X, Y and Z by bonds of length Rl, 2., and L respectively

2
it may be shown that the frequency of this mode is given by:

2 . 2 . 2 . 2
5 9 F R sin 81 sin 62 sin 83
drvt o= = e ey
R MA .M QZ MY 13 MZ

B sinel Sin62
where el, 62 and 63 are the angles YAZ, XAZ and XAY, R = ( 71 + B +

§%§§2 ) and F is the force constant for an out of plane potential
function 2V = F(AS)2 in which AS represents a small displacement of atom A
out of the XYZ plane. This equation should be more generally applicable
for describing this type of molecular vibration. A full derivation of
this equation is given in Appendix 1.

The agreement between calculated and observed isotopic splitting

patterns provides excellent quantitative evidence to support a bidentate



structure for the molecule NaPOS. Moreover it would appear that the
general approach used here for NaPO3 and previously for KNO3 15 should be

applicable to other coordinated [KOS}- ions.

3.6 CONCLUSIONS

These infrared matrix studies indicate that molecular NaPO3 is an
important species in the vaporisation of Na3P04 and that this species has
a bidentate sz structure in low temperature argon matrices. However the
identification of NaPO; as a result of vaporisation of Na.PO, raises the
question of whether the residual 2Na + O remains behind (possibly as
sodium aluminate) or is present in the vapour, remaining undetected by
infrared spectroscopy. In general, the experiments carried out on this
system involved degassing of samples at ca 1400 K before deposition. A
dark film which slowly formed on the cold parts of the vacuum jacket
during this process was thought initially to arise from impurities in the
tantalum susceptor. Subsequent tests however showed that this film
reacted vigorously with water to yleld a strongly alkaline solution
containing sodium ions, implying that when Na3P04 is heated under these
conditions, some sodium is lost as elemental vapour.

By comparison with the spectra obtained from Na3P04, the vibrational
frequencies observed for the potassium metaphosphate (KPOS) system can be

confidently assigned to the molecular species KPO,, and similarly NaPO

3)
can be considered to be an important product of the vaporisation of

3

sodium metaphosphate (NaPOS) together with NaPO The presence of NaPO

in the spectra of sodium metaphosphate is probagly due to reduction of I%IaPO3
during the vaporisation process by hot tantalum. Later experiments carried
out in which the sample was contained in a platinum boat (to prevent
contact with the tantalum susceptor) overcame this problem.25

Finally although the synthetic route used for the preparation of
isotopically enriched NaSPO4 typically starts from a non-random distribution
of oxygen atoms (principally l602 + 1802 with little l60180) the
resulting infrared spectra indicate that complete isotope scrambling has
taken place. It is not possible from these experiments to decide upon the

mechanism by which this scrambling occurs. Two mechanisms would appear to
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be possible. First, scrambling may be the result of breaking the C-O
bond during the oxidation of the phosphide. Secondly, if the 0-0 bond
remains intact, scrambling may arise by exchange processes occurring in
the melt. The mechanism of scrambling could be investigated by mixing

16 ; . .
together NaP O3 and NaP 03 and recording the spectrum obtained from the

vapour above the resulting melt.
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CHAPTER 4

MATRIX ISOLATION STUDIES OF THE VAPOUR ABOVE
HEATED ARSENIC AND ANTIMONY OXIDES
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4.1 INTRODUCTION

Group V oxides containing the M4O6 (Td) cage structural unit have
been the subject of investigation by many researchers in recent years. Of
this series of compounds by far the most popular subjects for study have

been the oxides of phosphorus (P4O P4010) and of arsenic (As406).

s
Considerable information is availagle pertaining to the nature of these
compounds in the vapour phase, including vapour phase vibraticnal analyses.
In contrast, in the case of the oxide of antimony (Sb406),although there is
some information available for this molecule in the solid state, there

has been very little work published relating to the nature of antimony
oxide species in the vapour phase, and no definitive vapour phase
vibrational data has appeared.

The work described in this chapter was carried out primarily in an
attempt to identify and fully characterise the species present in the
vapour above heated antimony trioxide and to obtain a complete vibrational
analysis of these species. Parallel studies on arsenic trioxide were also
carried out in order to confirm vibrational assignments made by previous
workers, where uncertainty exists, and for the purpose of comparison with
the antimony system. 18Oxygen enrichment studies were also carried out
as an aid to spectral interpretation, and an approach to the location of
inactive vibrational modes using isotopic splitting patterns is also
discussed. Results obtained from the oxides of phosphorus are discussed
in Chapter 5.

Arsenic trioxide vapour is known to be composed of tetrahedral
(Td) AS406 molecules up to 1073 K and this has been demonstrated by
vapour density measurementsl and electron diffraction investigations of

2,3

the vapour. These also show that AS4O6 (g) has the same bond angles

and interatomic distances as AS4O6 units in solid arsenolite4’5 and a
more recent mass spectroscopic investigation also confirmed the presence
of AS406 in the vapour.6 Electron diffraction studies of the vapdur
above antimony trioxide also have shown it to consist of tetrahedral
Sb406 molecules having the same interatomic distances and bond angles as
those of senﬂrmonites’7. These observations are supported by vapour

8,9,10

density measurements up to 928 K and by a more recent mass spectro-



~-5H8 ~

scopic study by Norman and Staley.6 However Boerboom et al report
preliminary mass spectroscopic results which indicate that the vapour
above heated antimony trioxide consists of lower oxides than Sb496
(notably SbO) under what might have been reducing conditions.ll The
vapour pressure and thermodynamic functions of both AS406 (g)1§n§38b406
’ In

the case of antimony trioxide this vibrational data was obtained from

(g) have also been measured using available vibrational data.

solid senarmonite.
AS4O6 has been subjected to a number of vibrational analysis in
both solid and vapour phases. Beattie et al14 reported single crystal

Raman spectra of AS4O6 and gas phase Raman spectra of P, 0O and

1% P4%

AS406' The vibrational assignments for AS4O6 resulting from this study

have been supplemented and revised as a result of an in-cavity Raman

15

investigation by Brumbach and Rosenblatt. Some infrared studies,

16

notably those of Cheremisinov "~ have provided further information as an

aid to a complete vibrational assignment. More recently Muller et all/

have reported a vibrational analysis of As406 employing the same approach

18

used previously for P,0, and P,0 Sourisseau and Mercierl9 have

reported vibrational ip:ctra og ig406 powder (at 4 K, Raman) and infrared
spectra of AS4O6 in a nujol mull, as well as computed valence force fields
for P4O6, As 0, and Sb406‘ The Raman spectra of the vapour above heated
arsenic trioxide up to 1200 K have also been reported.ZO
Once again, in the case of Sb406 the existing information as
regards vibrational analyses is much less comprehensive than for the
arsenic analogue. Single crystal Raman spectra have been reported for
Sb40614 as have infrared spectra of nujol mulls containing Sb406.19
The published vibrational analyses and force field computationsl7’19 rely
on the single crystal results of Beattie et al and on the results
obtained from nujol mulls, since no gas phase vibrational frequencies are
available for Sb406. This fact highlights a possible inconsistency in
the information available for these molecules. Moreover even in the case

of As O_, where more data are available, computed force fields have been

476
calculated using a mixture of gas phase and solid phase vibrational
. 17,19
frequencies.

This chapter describes work carried out on the arsenic and antimony
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trioxide systems with the principal aim of characterising the vibrational
spectra of the species present in the vapour above heated antimony tri-
oxide. A complete vibrational assignment is reported for molecular AS4O6
and Sb406 trapped in inert gas matrices. Both infrared and Raman
experiments were carried out and the technique of isotopic substitution
was employed to provide further information as to the nature of these
molecules, and to act as an aid to location of inactive fundamentals.
Using the vibrational frequencies obtained, some of the principal force
constants were calculated.

4.2 THE INFRARED AND RAMAN SPECTRA OF MATRIX ISOLATED Sb4160 AND

16 ”
as, o,

The infrared and Raman spectra of both A5406 and Sb406 were
obtained employing similar experimental conditions and it is reasonable
therefore to consider both infrared and Raman results together.

Figure 4.1(a) shows a typical infrared spectrum obtained after
condensing the vapour above heated antimony trioxide (at ca 640 K) with a
large excess of nitrogen at 12 K for about 60 minutes. The spectrum
consists of absorptions at 796.0 (:rrf1 (802.0 shoulder), 424.0 cm™ 1 and 296.0
en L, Very small frequency shifts (g 2 cm*lj were observed on changing the
matrix gas to argon and Figure 4.1(b) shows the infrared spectrum obtained
from a similar deposit when argon was used as the matrix gas. Absorption
occurred at 800.0/795.0 cm™* (doublet), 422.0 ent and 296.0 em”l, Figure
4.2(a) shows the Raman spectrum obtained from a similar deposit of antimony
trioxide vapour in a nitrogen matrix and bands were observed here at 466.5
em™t, 424.0 em™, 281.2/272.0 em™} (doublet), 179.0 cm™t and 133.2 cm”l.
Figure 4.2(b) shows the corresponding Raman spectrum obtained employing an
argon matrix. Again, only very small frequency shifts were noted on
changing the matrix gas from nitrogen to argon, and this spectrum exhibited
bands at 466.1 cm >, 423.0 cm >, 272.1/281.0 em™' (doublet), 177.9 cm™ ! and
132.0 cm'l, All the vibrational frequencies observed for antimony trioxide
are summarised in Table 4.1 where they are also compared with those observed
by other researchers.

Figure 4.3(a) shows the infrared spectrum obtained by condensing the
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vapour above heated arsenic trioxide (at ca 373 K) with a large excess of
nitrogen at 12 K. Absorptions were noted at 829.6 cm*l, 498.0 cm“l,

378.2 em~! and 255.0 em™l. As is the case with antimony trioxide, only
very small frequency shifts were noted for the arsenic system on changing
the matrix gas and Figure 4.3(b) shows the infrared spectrum obtained from
a similar deposit of arsenic trioxide vapour in an argon matrix. Here
absorptions were observed at 830.1 em™t (832.0 shoulder), 499.0 cmnl,
378.0 cm—l and 256.0 cm‘l. Figure 4.4(a) and (b) show the corresponding
Raman spectra obtained from deposits of arsenic trioxide vapour (nitrogen
-1

3

. 386.0/381.0 cm-l (doublet), 255.0 cm™ " and 191.0 cm™ ' (nitrogen
1 498.0 em™t, 387.0/382.0 em™! (doublet), 257.0 cm™*

and 192.0 cm™? (argon matrix). All the vibrational frequencies observed for

and argon matrices respectively) and bands were observed at 558.0 cm
497.0 em™t

matrix) and 558.0 cm~

arsenic trioxide are summarised in Table 4.2 where they are compared with
the results of previous workers.

In view of the similarity between the frequencies observed in argon
and nitrogen matrices, the following discussion will only include data
obtained using nitrogen matrices, since these spectra were of marginally

better quality than those obtained using argon as the matrix gas.

4.3 SPECTRAL INTERPRETATICN AND ASSIGNMENT

Infrared experiments carried out on the antimony trioxide system in
which the sample temperature was varied, but with the same matrix gas flow
rate (i.e. effective matrix ratio variation) failed to yield evidence of
any relative intensity variations. As a consequence of this and in view of
the conflicting mass spectroscopic evidence which exists for antimony

trioxide vapour,6’l1

it is as well to consider first the antimony trioxide
results in qualitative terms.

The infrared spectrum of matrix isolated antimony trioxide vapour
exhibits only three absorptions. Relative intensity variations were at no
time observed, even when deliberate attempts were made to achieve this.
This would indicate that these three absorptions are due to a single
species. Indeed, if it were the case, as Boerboom et al suggest,11 that

the major species above heated antimony trioxide was the simple diatomic
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Sb0, then a complex system of polymer formation might be expected, as is

the case with the oxides of silicon and tin,ZI’22

together with highly
significant relative intensity variations which such a system should
exhibit. On the basis of this fact, and the similarity between correspond-
ing spectra obtained from the antimony and arsenic trioxide systems, it
would seem reasonable to suggest that the spectra which appear in Figures
4.1 and 4.2 are due to matrix isolated molecular Sb4O6 units. This
qualitative assignment is supported by the evidence provided by the spectra
obtained from isotopically substituted Sb406 (160/180) and AS406 (160/180)
which is discussed in Section 4.4. It would appear then, that the major
species present in the vapour above heated antimony trioxide is Sb4O6 and
the spectra obtained are subsequently assigned on this basis.

A simple group theoretical treatment of an M4O6 cage type molecule
(belonging to the point group Td) leads to the following irreducible
representation for the vibrational modes, of which the 2Al and 2E modes are

Tvib = 2A1 + 2E + ZFl o+ 4F2

Raman active only, the 4F2 modes are both infrared and Raman active, and

the ZFl modes are both infrared and Raman inactive. Therefore for antimony
trioxide, on the basis that the spectra obtained are due to molecular Sb40
1424 et and 296 cm-!

are readily assigned as three of the four FZ fundamentals. One of these,

6’
the three observed infrared absorptions at 796 cm

namely the band at 424 cm~1 is also observed in the Raman spectrum.
Similarly in the case of As406, all four F2 fundamentals are seen in the
infrared spectrum (at 829.5 cm'l, 497 cm'l, 378.2 cm b and 255.1 cm"l) of

which two (at 497.0 cm™! and 255.0 cm“l) are also present in the Raman

spectrum. Comparison of the As406 spectrum with previous work by Beattie

et all4 and Brumbach and Rosenblatt™™ enables assignment of the bands

observed in the Raman spectrum of As,0, at 558 cm~1 as A

476 1’
A1 and at 191 cm! as E. Moreover, comparison of the Sb406 spectra with

at 386 c:m'1 as

those of AS4O6 allows assignmf?ts of the bands ??served in the Ramam‘l

spectrum of Sb406 at 466.5 cm ~ as Al’ 281.2 cm ~ as Al and 133.2 cm ~ as E.
The band observed at 179 cm™© in this spectrum is assigned as the remaining
Fz fundamental of Sb406, not observed in the infrared spectrum owing to the

200 cnf1 limit on the spectrometer used.



1

A
A
1

fundamental of AS406 could be explained by more than one possibility.

These are as follows:

The small shoulder on the low frequency side of the 386 cm

(1) the F2 fundamental observed at 378 cm*l in the infrared
spectrum;
(2) an overtone or combination band enhanced by Fermi-Resonance;
(3) due to the presence of some aggregate species in the matrix.
Explanations (1) and (2) are best dealt with together. At first
sight both these possibilities seem likely. Fermi-resonance between the

first overtone of the E mode at 191 cnf1
23

, which contains the totally

symmetric representation

(2 x 191 cnf1 = 382 cm'l) and this effect could be present along with the

could be evoked as a possible explanation

possibility of the presence of a discrete F, fundamental.

However, Figure 4.5(a) shows the eff;ct of a controlled diffusion
experiment carried out on a deposit of As4O6 in an argon matrix and it is
clear that the lower frequency component of the doublet has grown in
intensity relative to the high frequency component. Moreover Figure 4.5(b)
shows the Raman spectrum obtained from a deposit of As4O6 in an argon
matrix where the matrix gas flow rate was significantly reduced (i.e.
effectively a more concentrated matrix) and here again relative intensity
variation of this doublet is noted together with the appearance of small
bands at the sides of two of the remaining four fundamentals. This
evidence would seem to suggest that the low frequency component of this
doublet is in fact due to some aggregate species. Indeed, no relative
intensity variations would be expected if this band was a discrete F,
fundamental. This evidence however, does not entirely rule out the
possibility of Fermi-resonance where variation of the degree of coupling
may be a consequence of varying matrix gas perturbations. This effect
would be expected to be more marked on changing the matrix gas, although
this was noted, this effect would alsao be expected if the low frequency
component was due to some aggregate species. Explanations (1) and (2)
seem to be finally ruled out when the corresponding doublet appearing in
the Raman spectrum of Sb406 is examined in more detail. Here the lower
frequency component has no coincident band in the infrared spectrum (F, at

296 cm‘l) so 1t cannot be an FZ fundamental, Fermi-resonance enhancement



~79-

(a)

+ 80 \ !]%1 %
f § !
Bl by ¥ A ﬁ
% | i ¥ IX%;; e’?\/ &N’ﬂ % / \ J/ » ,;jbi%
40 f S
5
} \ ;
o | \ | /
° ”@ﬂ&%J s \%@%ﬁ@*mwﬁ&&%&%ﬁ %W/\%%@ Kafl d , ﬁﬁ/
' %&?%@%”&ka/ ﬂ%VW#?Wﬂjg%@%ﬁﬂ&%MﬁMV*WMW
%‘ ] ‘f =T 5 % §
600 500 400 cm 300 200 100

Figure 4.5 (a)

(b)

~+- 80

Raman spectrum of arsenic trioxide isolated in an argon

matrix with the results of a controlled diffusion experiment.

Raman spectrum of arsenic trioxide isolated in an argon

matrix with lower matrix ratio.

(b)

h

| v
51 ka*aj &wmywygvﬁAnﬁﬁVW%MWA”WVMWA*j \%«*mwﬁv&m%wavan«/uﬂxvWVWNﬂmyﬁﬁwwaﬁfvf%”

% + i i

i

H _ H H
00 400  emt 300 200 100



~-80-

can be rejected as an explanation in this case as there is no band of
similar energy to the Al mode for resonance to occur (2 x 133 c:nf1 = 266
cm-l). Consequently, the presence of aggregate Sb406 units would seem to
be the only reasonable explanation in the case of Sb406 and this would
also account for the weak broad shoulders observed on these spectra from
time to time, The occurrence of aggregation is then invoked as the
explanation of these doublets, but the basic assignment is not affected
by the presence of these doublets.

Tables 4.1 and 4.2 contain a complete assignment for the spectra
obtained in this work based on the previous discussion, as well as a
comparison with assignments made by previous workers.

The 829.0 cm * band of As 0. (v,F,) and the 796.0 — band of
Sb406 {also v7F2) were not observed in the Raman spectra obtained in this
work, and the same is true for the 378.2 cm—l (ngz, As406) and 296.0 cm’l
(ngz, Sb406) bands, although all should be Raman active. Vo has however
been observe?4i25t?§ ggman spectrum of solid Sb4O6 and of solid and vapour-

phase AS406'

until now has been concerned with the location of Vg for both As4O6 and
15

Sb406. Brumbach and Rosenblatt™™ have shown that the bands previously
observed at 86 cm -

The main uncertainty regarding the assignments

and 99 cn” ! for As 0. in the solid and vapour phase

14, .
IOPZ ) is not a fundamental of A$4O6

by reason of its kemperature dependent frequency variation and its

spectra respectivelyl4 (assigned as v

disappearance in their work on going from solid phase to vapour phase.
They suggest that this band is associated with the crystal lattice and this
assignment is consistent with low temperature vibrational studies of solid

Co, COz, NZO’ NZ’ 02, Br2 and C12 whose lattice mode frequencies have been
shown to be temperature dependent.24'26 As a consequence of this and the
observation in this work of F2 fundamental at 378.2 cm~! for As406 and

296.0 cnf1 for Sb406 in the infrared spectra these bands are assigned as
1

vy(F,), and the 255.0 cm’

as le(PZ). This assignment is supported by previous infrared observations

(As,0.) and 179.0 em (8b,0.) bands are assigned

of a band at 395 cm~1 for AS4O627 although only once has this band been
reported as appearing in the Raman spectrum.zo
There remains the problem associated with the location of vs(E) which

was not observed in this work. Most investigators have placed this
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fundamental at ~ 409 cmnl for AS406 and ~v 355 cnfl for Sb406 although the
409 cmﬁl band has also been assigned as being due to Fermi-resonance
enhancement between v, and 2v6.20 There would however, seem to be
insufficient evidence for the rejection of the previous assignment, which
has remained consistent over a number of investigations. This band (sz)
has been reported as being of very weak intensity and as a result its
non-appearance in the Raman spectra of this work is not altogether
unexpected,

This work then, provides a vibrational assignment for As406 and
Sb4O6 trapped in inert matrices with the exception of v3(E), and the
inactive Fl fundamentals. The non-appearance in the Raman spectra of the
Fz mode Vg noted by workers before, remains unexplained as does the non-
appearance of v7(F2) in the Raman spectra obtained in this work. s

At this stage it was decided to obtain vibrational spectra of ~°0
enriched arsenic and antimony trioxides, as an aid to structural
confirmation, and as a method of locating the infrared and Raman
inactive Fl modes. Isotopic splitting patterns obtained from a particular
vibration have been shown to be affected by the presence of a fundamental
of similar energy which gives rise to vibrations of the same symmetry
types on partial substitution. Here intensity 'borrowing' may affect
the observed intensity ratios and the absolute frequencies observed may
also be affected,28 (also see Chapter 2). Consequently the observation
of a highly perturbed isotopic splitting pattern, where no observed
frequency is of similar energy, may be evidence for the presence of an F1
fundamental. Suitable calculations could then be performed to give an
estimate of the frequency of the Fl vibration, as the proximity of the
two vibrations governs the degree of perturbation of the isotopic
splitting pattern. Previously, researchers have relied on the observation
of overtone or combination bands as a means for locating inactive modes.
The use of isotopic substitution would appear to present an alte?native

approach where overtone or combination bands are not observed.

4.4 FORCE CONSTANT ANALYSIS

Using the computer program SOTONVIBP an exact frequency fit for the
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16 16
4 06 and Sb4 Oé' To

achieve this an eight parameter force field was used to describe the

seven observed frequencies was sought for both As

potential energy function of the molecule. The eight force constants

used are defined as below:

Fl = Fr (principal stretching constant, M-0)

F2 = Fa (principal bending constant, 0-M-0)

F3 =F . (interaction constant through common 'M' atom)
F4 = F'rr (interaction constant through common '0' atom)
FS = FB (principal bending constant M-0-M)

Fé = Faa (interaction bending constant 0-M-0/0-M-0)

F7 = Fra (stretch/bend interaction constant M-0/0-M-0)
F8 = FrB (stretch/bend interaction constant M-0/M-0-M)

This force field resulted in an exact fit between observed and
calculated frequencies for the all l60 species. The observed and
calculated frequencies for As41606 and Sb41606 appear in Table 4.3,
Table 4.4 gives the final force constant values which reproduced the

observed frequencies.

4.5 INFRARED SPECTRA OF MATRIX ISOLATED §E416/18O AND As4l6/180

O

Samples of 18O enriched Sb406 and As406 were prepared containing
40% and 50% 180 respectively. This was achieved by direct reaction of the
metal with oxygen under controlled conditions. The antimony or arsenic,
contained in a platinum boat, was heated using a resistive furnace to
750-800°C in the presence of ca 3007w of a 160/180 mixture of known
composition. When oxygen uptake was complete (about 1-2 hours) the
residual pressure of oxygen was usually found to be 20-40Torr. The resulting
white crystalline oxide was then sublimed in the presence of oxygen into
pyrex 'break-seal' ampoules, leaving any unreacted metal behind in the
reaction chamber. The ampoules were then evacuated finally being 'sealed
off' under vacuum.

Figure 4.6(a) and (b) shows the infrared spectra obtained from 18O
enriched samples of Sb,0. and AS406 employing nitrogen matrices. It is

476
clear that the highest frequency mode in each case now appears as a sextet,
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Table 4.3 Observed and calculated frequencies for As4160 and Sb4160.
Frequencies were calculated using the force field and

model described in the text and in Table 4.4,

As41606 Assignment Sb41606
ol | et ot | end
829.6 | 829.6 F2 796.0 | 796.0
498.0 | 498.0 P2 424.0 | 424.0
378.0 | 378.0 F2 296.0 | 296.0
255,5 | 255.5 F2 179,0 | 179.0
558.0 | 558.0 A1 466.5 | 466.5
386.0 | 386.0 Al 281.0 | 281.0

- 507.4 E - 435.5
191.0 | 191.0 E 133.0 | 133.0
- 778.3 Fl - 734.4
- 191.3 Fl - 144.0
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and model used for the calculation of

shown in Table 4.8 and the line diagrams

9.
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= 1.8 R, r (Sb) = 2.0 R
= 100.0°, « Sb = 100.0°
- 126.0°, B (Sb) = 126.0°
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0.49  0.41 mdyn & rad™?
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and Figure 4.7(a) and (b) show high resolution spectra of the highest

frequency bands of Sb and As, O _ respectively. Under high resolution

-1 4% 72 1%40% 16 18 .

the 424.0 cm =~ and 498.0 c¢cm ~ bands of ~ 0/ °0 Sb406 and A5406 yielded
isotope patterns but these were of lower spectral quality, Figure 4.8(a)
and (b). It is clear on a qualitative level that these isotope patterns
would suggest the presence of Sb406 units in the matrix owing to the
similarity between the spectra produced from the arsenic and antimony
systems. The complexity of the isotope patterns clearly rules out the
possibility of the presence of molecules such as SbO and associated

16/180 As O, and Sb406 are listed

polymers. All observed frequencies for 4%

in Tables 4.5(a) and (b),

4.6 ISOTOPIC SPLITTING PATTERN ANALYSIS

A more stringent test of the validity of a particular force field
is its ability to reproduce isotopic splitting patterns accurately. This
force field was used to calculate theoretical isotope patterns for the
two highest frequency F2 modes. of AS406 and Sb406'

Foiga Tglecule of the type M4O6 there arelzleven possigle combina-
tions of “70/""0 incorporation in going from M4( 0)6 to M4( 036. These
include the existence of different geometrical isomers when di- and tri-
substitution is considered. 1In the case of di-substitution two isomers
are possible, the cis isomer (where the two 180 atoms are adjacent) and
the trans isomer (where the two 180 atoms are diametrically opposed).

For tri-substitution, three isomers are possible, the ‘apical' (A) isomer
(where the three 180 atoms are bonded to a common M atom) the 'facial’
(fac) isomer (where the three l80 atoms form a 'face' of the molecule)

and the meridional (mer) isomer (where the three 180 atoms are common to
one 'edge' of the molecule). Diagrams of the possible geometrical isomers
are shown in Figure 4.9. The computational problem is complicated

further by the fact that the partially substituted molecules will no
longer have Td symmetry, and as a consequence the three-fold degeneracy
of the F2 modes will be removed. Using the force field described above
separate calculations were carried out for each possible combination of

180/160 and for each isomer, changing only the necessary isotopic masses,
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Table 4.5(a) Vibrational frequencies of isotopically substituted

arsenic trioxide for the two highest frequency FZ modes

Molecule Pt Grp | Vib modes| Frequencies cm
16
As, (07, T, F, 829.6 829.6 829.6
498.0 498.0 498.0
As4(016)g(018) C,y | ApB,B, | 829.1 829.5 816.5
498.0 497.5 481.8
16, . 18. . . o .
15,019, (0%) (cis) ¢ 24T, A 829.2 807.4 823.1
497.5 482.7 480.6
16, . 18
As, (0%, (0" j(exans) | Dy, | B,E 816.4 816.4 828.7
497.5 497.5 475.7
As4(016)3(018)3(A) Cop | ALE 823.1 823.1 790.2
480.6 480.6 483.2
16, .18
As, (079, (0'%) ; (mer) c, A[,B ,B, | 816.0 825.3 802.3
492.9 481.2 475.5
16, . 18
As, (07 (0"%) (£ac) Csy | ALE 807.1 807.1 829.0
480.3 480.3 483.9
16, 18
As (079 ,(0'%)  (trans) | D, | B,,E 815.5 815.5 790.6
475.3 475.3 488.7
16, . 18. . .
15,07, (0™, (cis) c, 2471, AN 822.7 807.0 790.0
481.7 480.3 475.3
As4(016)(018)5 c,, A[,B LB, | 815.5 790.0 789.6
474.9 475.5 488.7
As4(018)6 T, ) 790.2 790.2 790.2
475.5 475.5 475.5
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Table 4.5(b) Vibrational frequencies of isotopically substituted

antimony trioxide for the two highest frequency F2 modes

Molecule Pt Grp | Vib modes | Frequencies cm~1
16
$b, (0M°), T, F, 796.0 796.0 796.0
424.0 424.0 424.0
Sb4(016)5(018) C,, A[,B B, | 795.6 795.9 781.8
424.0 423.6 409.5
16. .18, _ .
sb, (01, (0™, (cis) c, 2A1, AN 795.5 789.0 772.1
423.6 410.0 408.7
16, .18
Sb, (07, (0™%), (trans) | D, B,.E 781.6 781.6 795.1
423.6 423.6 404.1
16, . 18
$b, (071, (0"°) () Coo | ALE 788.9 788.9 756.1
408.6 408.6 410.4
16, .18
5b, (0°%) (0'%) ; (mer) c, A[,B B, | 791.4 781.2 766.9
403.9 420.6 409.1
16, .18
$b,(01%) (0™, (£ac) Cop | ApE 795.3 771.8 771.8
410.9 408.4 408.4
16, . 18
Sb, (0°%),(0™%), (trans) | D, B,E 780.8 780.8 756.3
403.7 403.7 417.1
16, . 18, . .
§b,(01°),(0™%), (cis) c, 241, AN 788.5 771.6 755.8
409.5 408.4 403.7
Sb4(016)(018)5 C,, AL,B ,B, | 780.7 755.8 755.4
403.4 403.7 408.7
18
sb, (01°), T, F, 755.3 755.3 755.3

403.4 403.4 403.4
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but retaining the same equilibrium internal coordinate values. The
results of these calculations are given in Table 4.5(a) and (b) where
each isomer, its point group and the vibrational species originating
from the parent F, mode are listed together with the calculated
frequencies for tge two highest frequency F, modes. These calculated
isotopic frequencies are represented in thehline diagram accompanying
the high resolution spectra shown in Figure 4.7 and 4.8. These line
diagrams incorporate isotopic enrichment of 40% for Sb406 and 50% for
A5406' For the highest frequency F2 fundamental agreement between
observed and calculated isotope patterns is excellent, providing further
evidence of the validity of the force field used. The line diagrams
were derived assuming that the intensity of the F2 mode is shared
equally among all components for the partially substituted molecules.
This has been shown to be not too gross an assumption where there is no
close proximity between bands belonging to the same symmetry specie529
(see Chapter 2),

Although the PZ and PI modes of an M406 molecule give rise to
bands of the same symmetry species for certain partially substituted
molecules, the separation for the highest frequency F2 and Fl modes
(~ 50 cnfl for As406 and ~ 60 cm—l for Sb406) would appear to be
sufficient to reduce the possibility of mixing of these bands to a
minimum. Moreover, a series of calculations carried out recently for the
molecule V4O10 shows that perturbation of the F2 isotope pattern only
become significant when the separation is of the order of 20 cm‘l.So In
the derivation of predicted isotopic splitting patterns assumptions are
made regarding the distribution of intensity between components of the triply
degenerate F2 modes for partially substituted molecules (see above and
Chapter 2). This could render estimation of the frequency of the Fl modes
on the basis of relative intensity variations between components of the
isotope pattern, unreliable. However, if any assymetry in the observed
pattern (i.e. small frequency shifts) could be successfully modelled by
deliberate incorporation of a nearby Fl fundamental, this might prove to be
a relatively sensitive method for the estimation of frequencies for inactive
fundamentals. At worst, this approach would appear to provide an alternative

to frequency estimation by observations of overtone bands. Of course little
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positive information could be obtained in cases where no assymmetry is
detected in the observed pattern.

Owing to the uncertainty in the frequency of the highest frequency
E mode, and its non-appearance in the Raman spectra obtained in this
work, no value for the frequency of this fundamental was used when the
initial force field was calculated. These calculations predict its
frequency to be at 507.4 cm’l and 435.5 c:rrf1 for AS406 and Sb406
respectively. Although too much emphasis should not be placed on these
predictions, the close proximity of these fundamentals and the Fz
fundamentals observed at 498 cm : (As,0.) and 424 et (8b,0;) is
interesting in view of the poor agreement between observed and calculated
isotope patterns for this Fz fundamental. Here the E mode is likely to
produce significant mixing with components of the F, mode in the symmetries
CZV’ CSV’ CS or C2 which occur in partially substit;ted species. If this
is the case, the fact that the calculations performed made no allowance
for this could be the reason for the poor agreement between observed and
calculated isotope patterns. ,

It is interesting to compare the force field used in this work with
those recently reported for P4O6’ P4010’ Sb406 and As406.17’18 In the

case of Sb4O6 these calculations were based on the single crystal

frequencies of Beattie et al12 whereas for AS406

were used. A valence force field has also been calculatedlg for Sb406

using vibrational frequencies obtained from nujol mulls together with

gas phase frequencies

those obtained from single crystal Raman 5pectra.l4 In view of these
inconsistencies it would seem reasonable to suggest that the force field
used in this work for Sb406 will be more realistic as all frequencies
were recorded in the same molecular environment. Moreover, Cyvin and

Cyvin18 attempted a force constant analysis for P and As406

4% P40
using only a three parameter force field consisting of a principal
stretching constant and two angle bending constants. This simplg force
field was found to be inadequate and interaction constants had to be
introduced to adequately define the problem. Finally further evidence in
support of the validity of the eight parameter force field used in this
work is provided by the fact that a similar set of force constants has

been used successfully in a recent investigation of the molecule V4010'31
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4.7 CONCLUSIONS

The species Sb4O6 has been identified as the major constituent in
the vapour above heated antimony trioxide. With the exception of VS(E)
a complete vibrational assignment has been made for Sb406 and AS4O6
isolated in low temperature matrices, and the isotope patterns obtained
on 180 substitution for the highest frequency F2 modes have been success-
fully interpreted. An eight parameter force field has been developed
which reproduces both observed frequencies and isotope patterns accurately,
and the isotope pattern observed for the FZ fundamental of Sb406 and
AS4O6 has facilitated identification of this type of vibration in similar
molecules.31
The sensitivity of these isotope patterns to the proximity of inactive
Fl modes has been shown to be a possible approach to the estimation of
frequencies for inactive fundamentals.
It is interesting to compare the difference between matrix and solid
frequencies for the series of compounds M406 (M = P, As, Sb). In particular

the frequency for the top F_, modes are listed below:

2
Selid (a) Matrix Frequency
frequency frequency shift
cm” cm” cm”
*
P4O6 959 954 5
AS4O6 829 780 51
Sb406 796 717 79
{a) Ref 14, * See Chapter 5.

It is clear that although in the case of Sb406 the solid must be structurally
similar to the matrix isolated species, it could not be described as

406‘ This would
06 and Sb,0,., the use of vibrational data

4 4767
from solid and gaseous phases in subsequent calculations might result in

containing 'isolated molecules' to the same extent as say P

suggest that in the case of As

misleading results. In particular thermodynamic functions derived from
vibrational data are liable to be more reliable if a consistent (i.e.
obtained from the same phase) set of frequencies is used. This work provides

for Sb4O6 for the first time such a set of consistent vibrational frequencies.
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CHAPTER 5

MATRIX ISOLATION/MASS SPECTROSCOPIC STUDIES
OF VAPQUR PHASE OXIDES OF PHOSPHORUS
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5.1 INTRODUCTION

The oxides of phosphorus P,0, and P,0. . are well known and have

476 4710
been the subjects of many investigations in previous years. Recent gas
phase electron diffraction data exists for P,0 1 and for P.O 2-5 in

476 4710
addition to earlier studies.6’7 There also exists considerable

information regarding the nature of the vibrational spectra of P406 and

P4OIO. An infrared (C82 solution) and Raman investigation (liquid) has

been carried out for P406 and infrared (nujol mull) and single crystal
Raman investigation for P4OIO’ as part of a series of articles dealing

with phosphorus compounds.8-10 This study supplements previous
investigations of the spectra of P406 11-13 and P4OIO’13_16 and more
recently, these molecules have been the subjects of a detailed Raman

studyl7. Normal coordinate analyses using infrared and Raman vibrational

18,19

frequencies have also been computed. Much data are also available

for the analogous Group V compounds As406 and Sb406 (see Chapter 4).

As far as the intermediate oxides of phosphorus are concerned

(P4OX, x = 7-9) there is much less data available. Oxidation of P406

was thought to yield only P, 0., but recently the oxides P,0, and P,O
4710 20 21 478 479

were shown to exist in mixed crystal phases, Additionally X-ray

crystallographic space group determination indicated that P,0., exists

22,253 47

in crystal phase mixtures with P Little chemical characterisa-

Q,.
tion of these compounds was madeAhiwever, and the synthetic techniques
used (pyrolysis flow»quench20 and gas phase oxidation22) led to mixtures
and/or low yields. Renewed interest in these compounds in recent years
has been made apparent by the appearance of the results from some new
investigations. A high yield synthesis of P4O7 (by the thermal
decomposition of P4O6) has been developed and this compound has been

analysed by 31P nuclear magnetic resonance spectroscopy and mass
spectrometry.24 Its structure has been shown to retain the cage
associated with P4O6' An improved synthesis of P4O7 has since been
reported25 where P4O7 1s the major product of reaction between P406 and
P4010. A sample of P4O7, prepared according to this method has been
investigated by X-ray crystallography26 where the molecular dimensions

1,2

obtained are compared with those obtained previously for P408 and P409.
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Vibrational data relating to these intermediate oxides are
however very limited. No detailed vibrational study has appeared
although there is some information available for P4O7 obtained from CS2
solution (IR) and crystalline P407 (R}.24

The purpose of the work carried out in this chapter was to initially
obtain good quality infrared and Raman spectra of matrix isolated P40

6
and P,0, . and their lSoxygen substituted derivatives as an extension to

the ticigiques of isotopic splitting pattern analysis used in the
characterisation of AS406 and Sb4O6 described in the previous chapter.
Accurate assignment of vibrational frequencies to these molecules allowed
the identification of intermediate oxides present in the samples used,
and the subsequent assignment of vibrational frequencies to the molecules
P4O7, P408 and P409. A sampling technique was devised so that parallel
mass spectroscopic and matrix isolation studies could be carried out
using the same sample and this is shown to be a powerful method for
determining the composition of the vapour obtained from a heated sample,
particularly where a mixture of products results.

Finally, the force field developed in the previous chapter to
reproduce accurately observed frequencies and isotopic splitting patterns
for AS4O6 and Sb406 is shown to be successful in the same respects for
P406 and with some extension for P4OIO'

5.2 EXPERIMENTAL

5.2(1) Sampling techniques for mass spec/matrix isolation studies

The identification of the molecules P4O7, P4O8 and P409, described
in subsequent sections, was greatly facilitated by the ability to be
able to carry out both mass spectroscopic and matrix isolation studies
on the same sample. Provided, in the case of mass spectroscopic results,
spectrometer induced reactions are taken into account and their
subsequent products identified, the major vapour phase species can be
identified first by preliminary mass spectroscopic experiments, enabling
subsequently observed vibrational spectra to be assigned with some
confidence. This is particularly useful where more than one species is
present in the vapour phase. The problems of species identification can

be further complicated when the species present in the vapour exhibit
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vibrational bands at similar frequencies. This complication arises when
considering the series of compounds P4OX (x = 6-10) where vibrational
transitionsof similar frequency would be expected for all these molecules.
Indeed extremely complex spectra would be expected (and were observed)
when mixtures of these molecules were present. However, the use of
mass spectroscopy enabled the identification of P4O7 which in turn
facilitated the identification of P408 and P409.

The essential features of the mass spectroscopic sampling apparatus
is shown in Figure 5.1. The sample contained in a sample holder (a)
(described in Chapter 2) complete with greaseless tap (b) was supported
in the mounting collar (c¢) using an 'o' ring (d) and retaining clamp (e).
The dimensions of the mounting collar were identical to that used for
infrared experiments (see Chapter 2). The sample was heated using a
loosely wound resistive heater (f) wound directly onto the pyrex sample
holder. A gate valve (g) was placed between the sample and the spectro-
meter lonisation chamber (h). This allowed isolation of the sample
chamber prior to an experiment being carried out so that this part of the
apparatus could be pumped out via a port (i) using a separate pumping
system. This allowed the vacuum in the spectrometer itself to be
maintained at all times. The gate valve also acted as an effective
shutter during the course of an experiment allowing or intercepting
passage of vapour into the ionisation chamber of the spectrometer as
desired. Although there was considerable condensation of the vapour on
the 'off axis' parts of the apparatus, sufficient vapour reached the
ionisation chamber for samples which had a significant vapour pressure
in the region 0-100°C. Modification of this sampling technique would
clearly be required for less volatile samples. The mass spectrometer
used throughout this work was an AEI MS 12.

5.2(i1) Sample preparation

4O6 and the

intermediate oxides of phosphorus have usually involved the use of 'flow!
20,22

Preparative methods developed for the molecule P
techniques or gas phase oxidation. More recently a high yield
preparation of P4O7 has been developed24 from the thermal decomposition

of 9406, and has been shown to be the major product of reaction between
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Pio6 and P4OIO'25

A requirement in this work was that any synthesis used should be
economical enough in its use of oxygen, that ready incorporation of l80
could be easily achieved. This clearly rules out the use of flow
techniques and an approach via the controlled oxidation of elemental
phosphorus was sought. The preparation of p4010 is the most straight-
forward and involved the oxidation of a weighed quantity of freshly
sublimed white phosphorous by an excess of oxygen. p4010 was the only
major product of reactions of this type and 1 O substituted samples of
P, 0., could be readily prepared using an 160/180 mixture of known

cgmégsition. The P4010 was vacuum sublimed into 'break seal' ampoules
in the presence of oxygen, at which time any unreacted phosphorus was
oxidised.

Complications arose however when this preparative method was
extended to P406‘ Although P406 was a major product when the above
reaction was carried out in a deficit of oxygen, only rarely was P4O6
isolated alone. Separation of P4O6 from small quantities of P4010 could
be achieved owing to the high volatility of P406’ but all samples of P,0

prepared contained small quantities of unreacted phosphorus. More oftinf
mixtures of P406, P4O7, P408, P409 and P4010 were produced. The
differential volatilities of these species however, simplified greatly
analysis where mixtures were produced and the use of mass spectroscopy
enabled the major vapour phase species to be identified at any stage of the
vaporisation. The fact that mixtures were generally produced in this way
also enabled the production of an 18O substituted sample of P4O7, although
P406 was often present.

Finally it is interesting to note that freshly sublimed white
phosphorus frequently had to be warmed before reaction with oxygen
occurred, even when the partial pressure of oxygen was in the region of

250 torr.

5.3 THE INFRARED AND RAMAN SPECTRA OF MATRIX ISOLATED p416016 AND
16
24 O5

As 1s the case for AS406 and Sb406, both infrared and Raman spectra

of P406 and p4010 were obtained using similar experimental conditions, and



~102-

they are therefore dealt with together.

Figure 5.2(a) shows a typical infrared spectrum obtained after
condensing the vapour above heated p4010 at ca 373K (sample prepared as
in Section 5.2) with a large excess of argon for about 30 minutes. The

1 1

spectrum consists of absorptions at 1403.0 cm” ~, 1024.0 cm'l, 765.0 cm

575.1 cmnl, 410.0 et and 272.0 cm™t. Negligible frequency shifts were
observed on changing the matrix gas and therefore nitrogen was used for
Raman experiments owing to its production of optically clear matrices.
Figure 5.2(b) shows a typical Raman spectrum obtained after condensing
the vapour from a similar sample with an excess of nitrogen (again at ca
373K) for about 45 minutes. Here bands are observed at 1428.0 cmﬁl,
1402 em™?, 716.0 em™, 555.0 em™Y, 410.0 et 273.0 em™! and 255 em”
The molecule P,0, . retains Td symmetry and the normal modes of vibration

4710
are distributed among the symmetry species according to:

Fvib = 6F2 + 3A1 + 3E + 3F1

Here, the Fl modes are infrared and Raman inactive, the F2 modes are
infrared and Raman active, and the Al and E modes are Raman active only.
Comparison of these observed frequencies with those of previous

investigations allows assignments to be made of:

F, A, E
-1 -1 -1

Vig 1403.0 cm vy 1428.0 cm Ve 255 cm
Vi 1024.0 cm™t v, 716.0 em™
v 765.0 cm” ! v, 555.0 cm !

12 1 3
v 575.1 c¢cm

13 o
v 410.0 ¢cm

14 -
vlS 272.0 cm

All observed frequencies for P416010 appear in Table 5.1 where they
are compared with those observed by previous workers. The location of two
of the E modes (v4 and vs) remains in doubt, and these modes were not
observed in this work. There is however considerable agreement with
regard to the assignments of the remaining active fundamentals for P4010.
No estimates of the frequencles of the infrared and Raman inactive Fl



{(XTa3eu uoBie) oHo v

-103-

=
=
>

Z

{
1 1 T
wo 7
I- 00

91 d P91BIOST XTI3lRUW Fo wnxideds poreijuj {()z°'gs aand1y
T oy
-+ 09
_¢k)/ T
L(/\{z{.\,}fé

. xff?f ({p L%

({f.&.\ J&wxnpmm«\v%r {

e — | * “ | |

008 006 0001 0011

00Z1 00¢<1 00pI



(xtayew usaSoxitu) OHO

oﬂvm P83BTOST XTI1BW JOo umiioads ueuey {a)z's @and1y
wdy Q07
I- m Z cwq omm 008 0007 oo.ﬂ 00v1 oo_ﬁ
1 I ¥ H i
P N S rih it s AN, it Pty g,
N S P ) PN
/ Y e LA WA
/\ AJ* w &}v&x\w&ﬁ&n 1%
| J ! iy
-«
o]
et
t
T09







-106-

modes have previously been made and information regarding these vibrations
is not available from these results.

P406 is volatile at room temperature (mpt 22°C) and the deposition
rate of a sample prepared according to the method described in section
5.2 was controlled using a greaseless needlevalve. Figure 5.3(a) shows
a typical infrared spectrum obtained by condensing the vapour above P406
{ambient temperature) with a large excess of argon for about 15 minutes.
1 640.7 em™t, 406.2 em™t

301.3 cm'l. Again, negligible frequency shifts were noted on changing

Absorptions were observed at 954.8 cm and

the matrix gas to nitrogen, and for similar reasons as before nitrogen

was used as the matrix gas for the Raman experiments. Figure 5.3(b) shows
a typical Raman spectrum obtained after condensing the vapour above P406
(again at ambient temperature) with a large excess of nitrogen for about

30 minutes. Bands were observed at 640.0 mel’ 619.1 cmnl, 406.0 cmt

and 301.3 cm ©.
Comparison of these observed frequencies with those of previous

workers allows assignments to be made as follows:

F A

2 1
-1 -1
Vo 954.8 c¢cm vy 619.1 cm
vg  640.7 em!
vg 406.2 cm‘l
-1
Vig 301.3 cm

All the observed frequencies for P41606 appear in Table 5.2 where
together with their assignments they are compared with those of previous
workers. Although these observed frequencies are in agreement with
previously reported value58’17 it is interesting to note the non-appearance
in the Raman spectra of v, (Al)' Gerding et alll suggested that the two
Al modes were coincident at 613 cm—l in the liquid. This would appear not
to be the case as Chapman8 observed a weak polarised Raman band from
liquid P4O6 at 569 cmhl. This observation is supported by the presence
of Raman bands at 599 cm” ' (solid P,0.) and 562 cm™ ( gaseous P,0., 150°)

17

in the spectra reported by Beattie et al. Moreover if a coincidence
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does exist it would seem unlikely that it would persist in all phases and
consequently the assignment of Chapman8 is accepted.  His assignment of

Vg (E) at 691 cm“l would also seem to be correct as a band previcusly

111

assigned to this vibration at 1029 cm has not been observed by

other workers. Chapman includes in his work a tentative assignment for
the highest frequency infrared and Raman inactive Fl mode, on the basis
of an infrared absorption observed at 832 c:m~1 in €S, solution. Although

no information regarding the frequencies of these Fl modes is available

from the spectra obtained from matrix isolated P,0, in this work,

6
subsequent calculations (see section 5.4) place the frequency of this

vibration at 866.2 cmwl, and this 1s significant in the light of spectra

obtained from P4O7, P408 and P409 {see section 5.6).

Finally it is interesting to compare the spectra obtained from

P406 with those obtained from samples of AS4O6 and Sb406. In particular,

although all the infrared spectra appear similar, in the Raman spectra the

relative intensities and frequencies of the P4O6 fundamentals varies

appreciably from those observed for As406 and deoé, whose Raman spectra
are very similar in these respects. This is not altogether surprising
however if the relative masses of 31?, 75As, 1ZISb and 16O are considered.
It would seem reasonable to suggest that in the case of P4O6 the lighter
phosphorus will exhibit greater motion during the course of the molecular

vibrations with consequent relative intensity and frequency variations.

5.4 FORCE CONSTANT ANALYSIS

As a further test of the force field used to describe the

potential energy function of Sb406 and AS4O6’ this force field was used to

calculate frequencies for both P4O6 and p4010' This process for P4010

required extension of the force field to include the four terminal P=0

bonds. Besides the eight force constants used to describe the motion of
H

the M406 cage (Fr’ Fa, Frr’ F rr? FB’

constants were introduced for P,0. these being:

F , F_and F_,) two new force
oo O hge!

4710
Fd - principal stretching constant P=0
Frd - interaction constant 0-P=0

This force field was found to be adequate to accurately reproduce
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observed frequencies and the observed and calculated frequencies for 94010
are contained in Table 5.3.

For P4O6, the eight parameter force field used for A5406
was successfully used without modification to reproduce the observed

and Sb406

frequencies and the calculated and observed frequencies for P4O6 are also

shown in Table 5.3. Table 5.4 gives the final force constant values used

for P406 and P4010, together with the sets of internal coordinates used.
The successful use of this force field to describe the vibrations of the
molecules P406’ P4OIO’ AS4O and Sb4O6 together with its recent use in the

characterisation of V4O would seem to lend weight to the validity

10
of this approach.

16/18
4 10

In order to obtain a more complete characterisation of the molecules

5.5 INFRARED SPECTRA QOF MATRIX ISOLATED P 0, _AND P416/18O

P406 and P4OlO and as a further test of the validity of the force field

used for the calculations carried out on these molecules, it was decided

to obtain high resolution spectra of 16/180 substituted samples of P406
and P4010'
Figure 5.4 shows the infrared spectrum obtained from a sample of

P4010 prepared using a 3:2 mixture of 16O:18

similar spectrum of a sample of P406 prepared using a similar isotopic

0. Figure 5.5 shows a

mixture. Although this P406 sample contained some unreacted phosphorus,
this did not seem to degrade the quality of the spectra obtained.
Moreover no absorbtion due to P4 were observed in the spectrum.

It is clear from Figure 5.4 that the high frequency (terminal) FZ

mode of p4010 now appears basically as a doublet and that the highest

frequency cage F, mode (1024 in P416010) appears as the characteristic
multiplet similar to the patterns observed for As,0. and Sb406' Figure

476
5.5 shows that the highest F2 mode for P4O6 also appears as a multiplet

characteristic of an F2 M406 cage vibration. Figure 5.6 shows the high

resolution spectra of the two highest frequency F2 modes of p4010’

while Figure 5.7 shows a similar spectrum of the highest frequency F2

mode of P4O6' High resolution spectra could not be obtained from other

absorptions in either case, owing to the low intensities of these bands.
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Table 5.3  Observed and calculated frequencies for
p416010 and P416O6. Frequencies were
calculated using the force field and
model described in the text and in
Table 5.4.

P4O6 Assignment p4OlO

Obs Calc Obs Calc

em™ emt emt e

954.8 1 954.8 Fo Fy 1403.0 | 1403.0

640.7 | 640.7 P2 Fy 1024.0 | 1024.0

406.2 | 406.2 F, Fy 765.0 ) 765.0

301.3 | 301.3 Fy F, 575.1 1 575.1

619.1 § 619.1 Aq Fy 410.0 ¢ 410.0

562.1 Aq Fz 272,04 272.0
647.9 E Al 1428.0 1 1428.0
285.4 Al 716.01 716.0
855.2 Fq A 555.0} 555.0
209.9 Fl E - 880.2
E - 378.4
E 255.0 255.0
Fy - 1122.8
Fl - 449.2
Fy - 267.9

not observed
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Table 5.4 Force field and model used for the calculations of
frequencies shown in Table 5.3 and the line diagrams

in Figure 5.

|
P
r
////// tzj\\\\\
0 0
g
0
p P
;i///, 0 0
0 /
L
O///// \\\\\‘O
P40 P4%0
O
r o= 1.65 A r = 1.6 &
o« = 99° o = 101.6°
g = 128° B = 123.5°
a4 = 1.4 %
P40 P40
F = 3.51 F - 5.64 mdyn A"
T T o _2
Fa = (.53 Fa = 1.24 mdyn A rad
= -0.23 F = 0.46 mdyn 371
Trr rr 0-1
' = 0.56 F' = -0.24 mdyn A
rr Ty o -2
FB = 1.5 FB = 1.56 mdyn A rad
_ s o .2
Faa = -0.21 Faa = 0.13 mdyn A ra?
Fra = 0.1 Fra = 0.21 mdyn rad .
Fo = 0.13 Fo = 0.9 miyn r?i
F, = 11.16 mdyn R
F = 1.07 mdyn -1
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Figure 5.6 High resolution spectrum of part of

Figure 5.4
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Turning first to PiO,, it is clear that the high resolution
isotope pattern obtained is identical to those observed for AS4O6 and
Sb406' This appears as a septet which is expected for the presence of
six equivalent oxygen atoms. Using a procedure exactly analogous to
that used for AS406 and Sb406 and utilising the force field described
earlier the frequencies of the bands derived from the highest frequency
F2 mode of P406 were calculated for all isotopic variants. The results
of these calculations appear in Table 5.5 and in Figure 5.7, where they
take the form of a computed line diagram. Agreement between calculated
and observed spectra is excellent, again indicating the reliability of
this approach to characterisation of M O6 cage vibrations.

For the molecule P4010’ a quantitative analysis of the spectrum
of isotopically ( 80) enriched p4010 is understandably more complex.
Random incorporation of 1 O into this molecule results in the generation
of 90 isotopomers. Consequently, the computational problem is vast and
although individual isotopic frequency calculations were carried out for
all 90 isotopomers (using the SOTONVIBP program) a complete analysis was
not attempted and a realistic simplification of the problem sought. This
simplification rests on the assumption that the four terminal bonds can

be effectively decoupled from the rest of the molecule. This assumption
28

4

a similar spectrum on O enrichment to that obtained in the terminal

can be supported by observa ions made on the molecule 0sO which gives
P=0 region for p4OlO' Considering the stretchlng region only, OSO (Td)
has vAl at 963.0 cm~1 and vFZ at 956.0 cm” (argon matrix). This
proximity of frequencies leads to perturbation of the pattern produced

by the F2 mode on isotopic substitution, owing to the generation of A1
modes from the F, mode in partially substituted molecules. This leads to
frequency perturbation and intensity borrowing. The resulting IR spectrum
1s essentially a doublet with fine structure on the high frequency side

of the prominent 051604 band, Figure 5.8(a). Frequency calculations show
that (unresolved) fine structure is also expected on the high frequency

side of the 0s180 band. This comparison with OsO4 has recently been

4
used to explain the observed spectrum of 184 substituted V4O10 27 and

this spectrum appears in Figure 5.8(b). It is evident that this

spectrum shows a marked similarity to that of 0504.



-119-

Table 5.5 Vibrational frequencies of isotopically substituted
N .
*406 for the highest F2 mode

Molecule Pt Grp | Vib modes| Frequencies

p [0%°] Td F 954.8 954.8 954.8

4 6 2 : : :
16, .18

P, [0"%] [0 C AL,B),B, | 954.8 954.6 937.9

P4[016]4[018}2 (cis) c, 2A1 AN 954.8 946.8 927.1
16, 18

P,[0°°1,[0°°1, (trans) | D, B),E 937.9 937.9 954.7
16, .18

P,[0°°1,[0"°], [A] o ALLE 012.5 946.8 946.8
16, .18 2

P,[0°°1,[0'°]; (mer) c, A;,B B, | 937.8 950.1 921.8
16, 18

P,I0°°1,[0°°] (fac) C,, ALLE 927.1 927.1 954.7
16, 18 .

P,[0°°1,[0"°], (trans) | D, B, E 937.7 937.7 912.5

P4[016]2[018}4 (cis) c, A1, AN 946.7 912.5 927.1
16, .18

P,[0°°1[0"], C, A[,B B, | 912.5 912.4 937.7

P, [0%], Td F) 954.8 954.8 954.8
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Figure 5.8 (a) Infrared spectrum of matrix isolated Os 04
(argon matrix) from Reference 28,
16/18O

(b) Infrared spectrum of matrix isolated V4 10

(nitrogen matrix) from Reference 27,
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The spectrum of P4010’ in the terminal P=0 region is again similar
to that observed for OsO4 (and V4Olo) although no high frequency fine
structure was observed on the P416010 band. This may however be due to
lack of resolution on the observed spectrum. Considerable fine structure

was observed however on the low frequency side of this band and on the
high frequency side of the PAISOIO band. The assumption that the terminal

modes can be effectively decoupled from the cage modes, and that the cage
acts essentially as a heavy central atom may not be as rigorous for

p4010 as it is for V4010’ when the relative masses of vanadium and

phosphorus are taken into account. Isotopic frequency calculations

carried out on P4010, considering the whole molecule, and using two

additional force constants to those used for the M406 species (see

section 5.4) produced the following results for selected isotopomers:

Molecule Terminal P=0 cm™ ™ Cage P-0 ent
Cage Terminal
p41606 160, 1403.0 1024.0
P4l606 1804 1362.3 1019.6
P41806 1604 1400.06 986.4
p, "0, o, 1359.2 982.8

Although these calculations reproduced the observed overall
frequency shift within 1 <:m'1 (Av = 42 cm"l) the introduction of a cage/
terminal interaction constant results in limited cage/terminal coupling
and a consequent small frequency perturbation (of the order of <1%) in
the calculated isotope patterns. This could explain the significant fine
structure observed on the terminal P=0 doublet of p4010 although it is
not possible to tell from the observed spectra whether this occurs also
for the 1024 cm™ ' cage mode.

At worst the above procedure would appear to be a useful
approximation for describing vibrational spectra of molecules of the type

M4O10 especially where the mass of M is greater than that of 0.
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5.6 THE INFRARED SPECTRA OF MATRIX ISOLATED P.0., P.O, and P.O
=7 4=5 4 =0
@ 20

A sample of oxidised white phosphorus prepared according to the
methods of section 5.2(ii) and subsequently subjected to a mass spectro-
scopic study as described in section 5.2(i) showed an intense ion peak
at 236 amu as well as peaks at 220 amu (P4O6+)’ 173 amu (P305+), 157 amu
(P304+), 124 amu (P4+), 62 amu (P2+) and 47 amu (PO*). The fragmentation
patterns obtained from P406 and P4010 would indicate initial loss of a
'POZ' unit from the parent ion on ionisation. This results in the

formation of P,0,* from P,0, and P.O_" from P,0., etc. Thus, the

374 476 375 477
observation of an ion peak for P304+ would indicate that the P4O6 observed
in the mass spectrum was not a product of fragmentation of P4O7, but was

present in the vapour phase prior to ionisation. This observation is
supported by subsequent matrix isolation infrared studies. Clearly then,
the two parent ion peaks are those of P406 and P4O7 (mw 236), the rest
being products of fragmentation reactions. Previous mass spectroscopic

experiments carried out on samples of P4O indicated that the peak due

10
to P,0, was not the result of P,0.  fragmentation, since the parent ion

(P4Oioz) was always observed in4tigse experiments, and fragmentation of
P4010 proceeded by initial loss of a 'POZ' unit to form P308+, not
observed in the above spectrum.

Further mass spectroscopic experiments carried out on partially
oxidised samples of white phosphorus indicated that P4O7 was a major
product of these reactions, and moreover, prolonged vaporisation of
these samples resulted in the appearance of ion peaks at 252 amu (P408+)
and 268 amu (P409+). These results were reproducible over a number of
experiments, and were interpreted on the basis that partial oxidation of
white phosphorus produced a mixture of P406, P4O7, P408 and P409. More-
over, the apparent differential volatility of these molecules presented
the opportunity of simplification of the spectra obtained from subsequent
matrix isolation experiments, and the mass spectroscopic facility enabled
vapour composition to be monitored both before and after the matrix
isolation experiments.

An attempt was made to prepare a sample of partially oxidised

white phosphorus, monitor the vapour composition using mass spectroscopy,
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run an infrared spectrum of the matrix isolated vapour, and subsequently
re-check the vapour composition using mass spectroscopy. Figure 5.9
shows the infrared spectrum obtained from a deposit of vapour from such a
sample (argon matrix) whose mass spectrum exhibited intense ion peaks at
236 amu (P4O7+) and 220 amu (P4O6+) both before and after the matrix
study. The deposit was obtained by warming the sample to about 323K and
the deposition time was approximately 20 minutes. Apart from absorptions
1 640.7 cn™! and 406.2 cn™! strong
988/976/966 cm™* (triplet), 708 cm L,

653/649 e (doublet), 636 et and 428 cm—l. Comparison of this spectrum

readily assignable to P,0 at 954 cm’

absorptions were noted at 1380 em™t

with that obtained for P4010 clearly rules out interpretation on the basis
of this molecule and the observed spectrum was assigned to matrix isolated
P4O7. This experiment was found to be reproducible and at no time were
relative intensity variations observed for the absorptions assigned to
P4O7. Of course, the molecule P4O7 no longer possesses the Td symmetry
associated with P406 and P4010, and in fact belongs to the point group
C..- This results in removal of the degeneracy of the F

3v 2
these now becoming Al + E.  This will not directly affect the expected

vibrations,

nature of the terminal P=0 absorbtion however, and only one band would be
expected and was observed. For the highest cage F2 mode however, three
absorptions were observed where only two are expected. This observation
may be due to removal of degeneracy of the E mode by matrix cage
perturbations, but no further evidence in support of this explanation was
obtained. The formally inactive Fl modes of the parent Td molecule
become significant for P4O7 where 03V symmetry is attained. On reduction
of symmetry to C3V these now become AZ + E of which the E mode is both
infrared and Raman active. This is suggested as a likely explanation of
1

the absorptions observed at 708 cm™* for P,05; i.e. that it is the

derivative of the parent Fl mode (866 (:m'l calculated for P406). This
may also account for the lowest component of the cage mode triple?

(966 cm‘l). This would result in the observation of the correct number
of bands derived from the parent F2 for this mode and this explanation of
the observation of the triplet is an attractive alternative to that
mentioned above.

As a further test of the assignment of the observed spectrum to
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18 .
molecular P4O7, an attempt was made to prepare an ~ O substituted sample.
Again, the vapour composition was checked both before and after the
matrix isolation experiment using mass spectroscopy, which confirmed the

presence of randomly substituted P Figure 5.10 shows the infrared

407.
spectrum obtained from a deposit of this sample, produced under conditions
similar to above. It is clear from this spectrum that the terminal band
now appears as a doublet, and the highest cage Fz as a complex multiplet,
further complicated by the presence of P406 (isotopically substituted).
Figure 5.11 shows high resolution spectra obtained of the terminal and
highest cage mode regions of Figure 5.10. These observations are
consistent with the previous assignment to P4O7, although the poor
quality of the spectrum of the highest cage mode renders this region
unassignable.

It would appear then, from the above results that matrix isolated
molecular P4O7 has been produced and its major infrared absorptions

identified. All frequencies assigned to P4O7 are tabulated in Table 5.6.

SO ICN
Prolonged vaporisation of samples similar to those used above
resulted in the appearance of ion peaks at 252 amu (P408+) and 268 amu
(P409+), as well as P4O6 and P4O7, in the mass spectrum. Having identified
the major infrared absorptions of P,0, an attempt was now made to achieve
the same for P408 and P409.
Figure 5.12 shows the infrared spectrum of a deposit (argon matrix)
obtained from a sample of partially oxidised white phosphorus, the vapour
from which was shown both before and after the matrix experiment to consist
of P406’ P4O7 and P408‘ Here after subtracting abfirptlons dui to P406
and P4O7, new absorptions were observed at 1396 cm ~, 1384 cm ~, 1004/995
cn} (doublet), 702.5 cm™t, 683.3 cm -

this spectrum is in fact due to matrix isolated molecular P4O8’ then the

and 439.5 em™t. As expected, if

terminal region should exhibit two P=0 stretching frequencies as a result
of a totally symmetric vibration and an antisymmetric vibration. P408
belongs to the point group sz, and the F2 mode of a Td molecule becomes
Al + B2 + B1 on reduction of symmetry to C2v' As all these bands are

formally both infrared and Raman active the observed doublet in the
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Table 5.6 Observed infrared frequencies for P4O6’ P4O7, p
and P409 and correlation diagram
P406 P4O7 P4O§ P409
em~1 emt cm” em-1
1396 13967
1380 1384
988
F, 9548 976 tooe 10127
966
Fl 866* 708 702.5 7
653
F, 640.7 649 683.3
636
F2 406.2 428 439.5
FZ 301.3
Td C3V C2v C3V
e "N M M
2 \\\\\\\\\\\\\ Bl
A ——
2
——— A A2
1 ~—0 B
2

(frequency accuracy + 0.4 cmhl)

* = calculated value only

408



terminal region is consistent with the presence of P408 in the matrix.
Only two new frequencies were observed in the highest cage vibration
region, and although three absorptions would be expected the possibility
of coincidences cannot be ruled out. The absorption observed at 702.5 et

is assigned as the derivative of the inactive parent F. mode, as was the

case for 9407, although for C2 symmetry this is expectid to appear as

Ay + Bl + BZ’ and the observation of only a single band remains unexplained.
The observed spectrum would then appear to confirm the presence of

matrix isclated P,0,, and the frequencies assigned to this molecule appear

4787
in Table 5.6.

(1iii) P49

Finally, an attempt was made using similar procedures to those used
above to obtain the corresponding infrared spectrum of matrix isolated
P409. Figure 5.13 shows the matrix isolation infrared spectrum obtained
from a sample which exhibited ion peaks at 268 amu (P409+), 252 amu
(P408+), 236 amu (P4O7+) and 220 amu (P406+) in its mass spectrum.
406’ P4O7 and P408 would
indicate the presence of only one new band (1012 cm"l). However, the

Subtraction of the bands previous assigned to P

relative intensities of the terminal bands has changed and comparison with
the spectrum of P4O7 and P4O8 (Figure 5.12) would indicate that the highest
frequency component of the P4O8 doublet is enhanced in intensity. This
may be due to a coincidence between the terminal modes of P4O8 and P409,
although this explanation is only tentative. In all experiments carried
out, however, where P409 was present in the vapour, the appearance of

the absorption at 1012 cm~! was always accompanied by this relative
intensity variation in the terminal region. It is not clear why, if

indeed P409 is present in the matrix, only one band should be observed in
the terminal region for this molecule. Of course, as the oxides P4O6,

P4O7 and P408 were always present during attempts to locate the fundamentals
of P409, the possibility of coincidences must be considerable. Until
spectra of P409 alone can be obtained, the assignments made here and in

Table 5.6 for P409 must remain tentative.
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5.7 CONCLUSIONS

The infrared and Raman spectra of matrix isolated P4O6 and P4OIO
have been obtained and the force field developed for AS4O6 and Sb406 has
been successfully used to describe these spectra. Infrared spectra of
18O substituted samples of P406 and P4olO’ have been shown to be
consistent with the known structures, and for P406 calculated isotopic
splitting patterns were in good agreement with observed spectra,
confirming the validity of the force field used. An approach via
lsotopic substitution to the identification of molecules of the type M4010,
containing the M4O6 unit by considering the terminal vibrations to be
decoupled from the cage has been evaluated and shown to be a useful
approximation.

By means of parallel mass spectroscopic/matrix isolation experiments,
the molecules P4O7, P408 and P409 have been shown to exist in the vapours
above heated samples of partially oxidised white phosphorus. The major
infrared absorptions of matrix isolated P,0, and P408 have been identified
and a tentative assignment of frequencies was made for P.O The

infrared spectrum of 18O substituted P4O7 has been obtaiiez and is shown
to be consistent with the existence of a P4O6 cage with one terminal P=0
bond.

It is interesting to compare the relative frequencies for the
molecules P4OX (x = 6-10) in the terminal and highest cage mode regions.
Figure 5.14 shows these frequencies represented by a line diagram. The
fact that the frequencies of both regions increases according to P4O6 <
P4O7 < P408 < P409 < P4OIO is consistent with an increase in w character
and decrease in ¢ character in the unique 0-P-O cage bonds and P=0
terminal bonds on going from P406 to P4010, and would imply that drm pw
bonding becomes more important.

Finally, although the results obtained for the intermediate oxides
P4O7, P408 and P409 are only qualitative they do represent the most
complete vibrational information on these molecules so far produced, and
indicate that the production of these intermediate oxides is an important

feature in the oxidation of elemental phosphorus.,
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L
Yty 4
Lo 2144

1 Zl + d1

The area of triangle XTZ a 4, + d1 and the area of triangle YAZ o dl S0
A

. ) Z}.Al
1 AT
where A1 = area of triangle YAZ and
AT = garea of triangle XYZ

A similar treatment for Z, and Zg gives for the total symmetry coordinate:

5, = i - i 2 ; > %4 (D
1 T T T
Equation (1) may be rewritten as:
S = i~-~(z A+ z A+ 2z A, + 2,4 (2)
B1 AT 171 272 373 4°T
A A A
1 2 3
If R, = =~ , R, = -2  and R, = -2
1 AT 2 AT 3 AT

then the appropriate G matrix element for this vibration will be:

G = — + + + (3)

1 Rlz Rzz R32
A= F{— =+ + + (4)

where )\ = 4ﬂ2c2v2 and F is the force constant associated with the out-of-
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™ - — — — 1 A
plane bend. For the DSh case where Al = A2 = AS =3 Ay then the frequency
will be given by:
9 1 1 1
A = F (M- + Y ﬁ*),
m X v z

the equation used to calculate the isotopic frequencies for the 81 mode

of NaPO3 (see Chapter 3) . Rearrangement of Equation (4) gives:
Amz A 2 A 2 A 2
F H 1 2 3
AR S U VS~ wn v w R v (5)
T m X y z
£.8.5%,.51in8
. 17273 1
= 1 e
If Al = 222z351nel 2Q1
2.0,%,5in8
. 17273 2
= 1 . -
AZ = 2£12351n62 222
2,2,2.,51inb
. 17273 3
- 1 -
AS = 2z12251n83 --§Eg—~—*

then substitution into Equation (5) will give:

2.2 sin
S Y- g.sine L. 2.1.sin6, 2 (%T' _i“g;%”"”§1'+

1°273°70) | P1tptsSiRYy Ry Rohgsingg n 1

2% 21, 2ty
218,2551n0,, ) 22,0 sing, 2 | 8q8,8sing, 2

2% 20g Mo o T

2,2.,%,.sinb 2 2.9.%.sin8., 2)
1 17273 2 + 1 17273 3

Pyt 2

Cancellation of the factor

in Equation (6) will give:

[Y)
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|3

siné sine7 sinf

F 1 1 3
A= : : = 2| T + + +
51n® sing@ sing., M L, 2., %
1 2 3 m 1 2 3
R S
‘1 2 3
1 51n81 1 51n62 1 51n83 B
Rt + o + (7
M 2 M 2 M 2.
X 1 v 2 Z 3

. 5iné sin® sin@.
Nowsz=< 1+ 2+ 3

Ql QZ 23

then Equation (7) can be rewritten as:

L

ol
La

R

R
M e AL 2y ' Y
17X 2y 372

A =

.2 .2 .2
2 sin~ 6 sin~ 8 sin~ 8.
( 1 2 3

This equation is then generatly applicable to molecules of the type AXYZ

or coordinated [MXS]— ions, and using this expression, an idealised D3h
structure need not be assumed.
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Apgendix 2

FG MATRIX ANALYSIS OF THE BIDENTATE PHOSPHATE ION

This appendix deals only with the stretching and in plane bending
modes of {POS}', the out of plane mode being dealt with in Appendix 1.

Consider the following model for the [PO ion:

3]_

0(4)

The stretching modes and in plane bending modes are SAl + 252

modes. The choice of internal coordinates as above leads to the

following symmetry coordinates;l
§, = AR
=1
S, = 1/¢2(AD1 + D)
Sg = 1//Z(Ae1 + 40,)
S, = 1//Z(AD1 - AD,)
8. = /%é(Ael ~ 287)

It is not possible for all angles el, 62 and 2a to vary independ-
ently. This results in a redundancy among these internal coordinates, and
therefore the above symmetry coordinates omit 2a.

These symmetry coordinates, S, can be expressed in terms of

cartesian displacements of the individual atoms:
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S;p = R = -2y vz,

S, = MV20yys - zpe s 2250 ¢ s+ zge)

Sz = 1//?(Y1C/D - le/D + 225%/D - y3€/D - 25°/D)

34 = l//2(“y15 -21C + 2y,5 - yzS + Zz¢)

S5 = V20710 = 2755/D - 2ya/R o+ y5S/D + 2y4/R - 21%/D + 255/D)

where ¢ = cosa and s = sina.

The B elements can then be obtained from2

For example, considering 84, the following B elements are obtained:

By, =0 By, = -s/V2 Bys = -c/V2 Byy =0
By = 2s/V2 By = 0 Bys = 0 Byg = -5/¥2
Byg = ¢/V2 B410 = Bay1 " Bypp = O

The G matrix elements are given by:2
3N

! =
Gt LooHiBeiBery
i=1

(where s is the reciprocal mass of atom i), which results in the following:

1 1 -cv?2 -sv?2
G Z e e G = G 5 e
117 M, " 12 M, 13~ M,D
1 1 2c2 2sc
G., =G,. =0 G, = + ¥ G, = ==
14 15 22 7 M MG T 23 D
1 1 1 1 252
G, = = - mo G,. = 0 G,. = S+ ;o 25,
24 T M T g 25 33 T 2MD 2M.DZ * M,D
1 1 1 1 2
G/:O G = v - G = +—-——-+25
34 35 ° 2DZM T ZD2M; 44 = o -
1 3 2
G,. = 2
45~ M,(s¢/D - s/R)
2
G _ 1 1 2 . 2(rc + D)

55~ 202 T MzpZ T RAM, T T ,ren?
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The F matrix is given by:

fa

F = UfU
where U = SI
= /1 0 0 0 0 AR
0 1/V2  1/v2 0 0 aDy
0 0 0 /Y2 1/v2 AD2
0 1/V2 -1/V2 0 0 664
lo 0 0 1//2 -1/72 88,
£= £, £, £ fg
1)
f15 fpg - - - - - fes

Because the molecule possesses C2V symmetry, in practice the Fmatrix can
be simplified owing to the fact that, for example f12-= f13 (or fRDl =
£RD,) -

Therefore the following F matrix elements are obtained:

Fi1 = £ Fip = V2 Fig = V2fp, Flg = F5 =0
Fpp = (Ep * fpp) F23 = fpg(trans) Fog = Fpg =0

Fgg = (Fg - fgp) Fgg = Fz5 =0

Faq = (p - £p) F45 = Gpeeis) ™ fpe(trans)’

Fgg = (fg - £44)

where fD191 = szez = fpgcis

and fDlez = fpye; = fpetrans
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