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ABSTRACT: The Raman spectrum of polycrystalline or matrix-isolated SoNs shows
three bands attributable to its Raman active fundamentals, including
two in close proximity; the possibility of Fermi resonance is

~discounted. The infrared spectrum of polycrystalline SoNo shows
five bands, including three attributable to the infrared active
fundamentals, while the others are associated with some intermediate
species in the polymerisation of 82N2.
The vibrational spectra of matrix-isolated S)Nj are consistent with
previous observations in the solid state and in solution, also with
the established cage structure of the molecule.

The stretching force constants of SoNo and SN}, lower than those
predicted on the basis of observations on acyclic S-N molecules,

are correlated with the strain in the molecules and their associated
thermodynamic instability. The interaction force constants indicate
delocalised 7 -bonding, apparently more extensive in SoNs. Substantial
cross~ring S5-5 bonding is evident in S)N); S-S interactions in SoNo

are apparently non-bonded and repulsive in nature.

The infrared spectrum of matrix-isolated CrOCl3 contains bands
attributable to the fundamentals of this molecule, along with several
indicating the presence of CrO0oCls and possibly other related
molecules. The Raman spectrum shows just three strong bands, all
below 250 cm~1, assumed to arise from the deformation fundamentals

of CrOCl3; the form of the spectrum is attributed to absorption or
fluorescence, The force constants derived for Cr0Cl3 correspond
closely to their counterparts in VOC13 and Cr0,Cly, suggesting
similar force fields in the three molecules.

The infrared spectrum of the volatile products of the reaction
between PCl3 and NalN3 indicates the presence of several molecules,
possibly including C 2PN3 and oligomers of Clpo P = N, although no
definite conclusions are drawn. Spectroscopic evidence also suggests
that the reaction between (CH3)oPCl and Nal3 yields (CH3),PN; as a
major product, although observations such as the effect of u%tra—
violet photolysis remain unexplained.
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Chapter 1

INTRODUCTION

The first study of reactive chemical species by the method of trapping in a
rigid matrix at low temperatures was the work of Lewis and Lipkin on large
organic radicals;1 this followed earlier reports of luminescence following
irradiation or electron bombardment of solids at low temperatures.2’3 The

term 'matrix isolation' was introduced, however, by Pimentel and his associates
in 1951,[,)'l and it was from this point that the technique as we know it really
developed. The species studied are typically those which under normal conditions
have only a short lifetime, undergoing either unimolecular or bimolecular

reactions to yield longer-lived products.

There are, in fact, two alternative approaches to the study of such species.
The first of these involves generation of the species in the gaseous or liquid
state followed by rapid spectroscopic observation, as in flash photolysis,5
pulse radiolysis6 and related techniques. The second method is to trap thé
species in a large excess of inert material at low temperatures (typically

L -L4O0K), in order to prolong its lifetime and allow the use of conventional
methods of spectroscopic characterisation. This effective isolation of the
species concerned limits the chances of bimolecular reactions, while the low

temperatures employed limit the thermal energy available and hence the chances

of unimolecular decay.

A variety of spectroscopic methods has been used to study matrix-isolated
molecules: these include the methods of infra—red,7_9 Raman,1o 0ptical,11
13

esr,12 and Mossbauer - spectroscopy. The methods of vibrational spectroscopy
have found the widest application, making up for their relative insensitivity
by the extent and chemical significance of the information which they yield.

As well as qualitative information about the number and nature of the species

present, infrared and Raman methods usually give some indication of molecular



symmetry and allow some sort of definition of the molecular force field, which

may be correlated with the nature of the bonding in the molecule.

If matrix isolation is to be a useful tool in the characterisation of novel
molecular species it is important that the spectroscopic properties observed are
not significantly perturbed by the matrix environment. Such perturbations

have been identified by characterisation of stable molecules in the matrix-
isolated state and comparison with gas-phase measurements. Certain spectral
changes induced by a matrix environfent,such as slight differences in
frequencies and absorption coefficients, are analogous to those which occur upon
dissolution of molecules in a liquid solvent. In addition, however, there are
effects peculiar to matrices, such as the possibility of observing a mnltiplet
where only a single spectroscopic feature is expected, commonly attributable to

variations in the matrix environment experienced by the guest molecules.

An important effect of the matrix environment is the quenching of rotational
motion for all but the smallest molecules. This, together with the elimination
of vibrational 'hot bands', leads to considerable simplification and sharpening

of observed spectral features. The consequences of such sharp bands include
enhanced sensitivity, the possibility of meaningful determination of wvibrational
frequencies to + 0.1 cmf1, and greater ease of resolution of nearly degenerate
features, often allowing clear observation of the effects of isotopic substitution.
These characteristics compare favourably with the diffuseness of the bands in

the vibrational spectra of high-temperature vapours.

Where comparisons are possible, the vibrational frequencies of a matrix-isolated
molecule are found to correspond quite closely to those of the same molecule in

the gas phase. The frequency perturbation induced by the matrix environment are

of the same order of magnitude as anharmonicity corrections, and relationships

such as the isotopic sum and product rules may be usefully applied to matrix-
isolated species. Hence matrix isolation may be useful in the vibrational analysis

of stable molecules, particularly because of the improved definition of the



molecular force field allowed by observations on isotopically distinct species.

This has proved to be the case in a variety of examples, such as the molecules

1 15 o 16
H3B3N3H3’ CHSOH, and ClF3.

in attempts to explain the behaviour of molecules such as xenon hexafluoride; in

Similarly matrix isolation has been employed

this case the apparent dependence of the infrared spectrum on the thermal
history of the sample has been attributed to the existence of three electronic

17

isomers.

Chemical reactions may also be monitored using the methods of vibrational
spectroscopy. Spectroscopic evidence about chemical changes has been obtained,
for example, following the photolysis of matrix-isolated metal carbonyls, either
alone (eg'Ni(CO)h18) or in conjunction with other reagents (egIM(CO)6 with N,
M= Cr, Mo or W19). Sample-warning experiments may be informative when diffusidn

results in polymerisation or other reactions, leading either to known or to new

products. Examples are provided by the dimerisation of such species as CH320 and
001221 and the behaviour on diffusion of group IV B oxide species, resulting in

spectroscopic characterisation of the molecules [ﬁq]n (M = Si, Ge, Sn or Ph;

n=2,3o0r h)?Z-ZS

This thesis is concerned with the study of a variety of species in low-temperature
matrices. These include both unstable molecules, such as the products of high-
temperature and photochemical reactions, and others which are actually relatively
stable under normal conditions. In all cases a combination of Raman and infrared
techniques has been employed either simply to characterise the species or to
determine its vibrational and structural properties and, ultimately, the nature

of the molecular force field.
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VIBRATTIONAL SPECTROSCOPY

Introduction

The intéfaction of light with a molecule causes a distortion of its
electron cloud, leading to the possibility of elastic (Rayleigh) scattering
of the incident photons. When there is a change in electrical polarisability
of a molecule in the course of a vibrational transition, there is also the
possibility of inelastic (Raman) scattering. If \b is the frequency of the
incident light, then the frequency ¥' of the scattered light is given by the
equations

v' o= v, v (2.1)

wvhere VYV is the frequency of the vibrational transition. Thus the Raman

I+

effect is a scattering phenomenon, normally induced by monochromatic light

subject to the condition vo > V.

By contrast, inf:ared spectroscopy normally relates to an absorption
phenomenon in which energy is transferred to the vibrational motion of the
molecule by interaction of the electric vector of the incident radiation with
the molecular dipole moment. It is because the mechanisms of the two processes
are different that vibrational transitions allowed in infrared absorption

may be forbidden in Raman scattering, and vice versa. In various respects

the two methods are complementary.

Normal Modes and Normal Coordinates

A molecule consisting of N atoms reqﬁires 3N coordinates to define completely
the positions of the nuclei in space. Three of these coordinates relate to
translational motion, three to rotational motion (or two in the special case
of a linear molecule), and the remaining 3N-6 (or 3N-5) to vibrational motion.
This vibrational motion is generally complex but may be regarded as a
superposition of a number of so-called 'normal modes', in each of which the

atoms execute simple harmonic motion about their equilibrium positions with



the same frequency and phase.

The classical equation of motion for the iJCh mass has the form

_d
dt

2

3

p
=)+ ( ;¥.) = 0 (2.2)
1 1

(

&

where T is the kinetic energy and V the potential energy, and xj is a

displacement coordinate. The total kinetic energy of the system is given

by

2r = ) m.%.° (2.3)

and the potential energy by

-1 3

2v = 37 )7k

i:'] i+

ij(xi - Xj)L (2.L4)

assuming simple harmonic motion. These expressions may be simplified,
firstly by using mass-weighted displacement coordinates, defined, for
example, by the relation

q; = m X, (2.5)

and secondly by constructing linear combinations of these, the normal
coordinates Q; defined as follows:

_Qa = 11aq1 + 12aq2 + 13aq3...+ 13Naq3N

= a, + 1 1

U = Ipy *

(
2pdz * lapze et Iypdsy (2.6)
3N
where the coefficients of the qj's are normalised such that .5;21182 = 1.

The expressions for the kinetic and potential energies reduce to:

2 2
where)i'is a constant characteristic of the ith mode. The equation of

motion may be expressed in terms of the normal coordinates, thus:

d, 2T 2V
FE gai) + g@i = 0 (2.8)

whence it follows that
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.Z.Q.i - 210 = O (2.9)

For the ith coordimte the equation Q, - XiQi = 0 has a
solution of the type
A
_ 2
Q; = A; cos (Xi t +g) (2.10)
where Ai is the amplitude of vibration and € is a phase angle; also, if
\G:is the frequency of the vibration in cmf1, then )i = anczviz.

The solution implies that nuclei vibrating in the ith mode represented by
Qi do so with a common frequency V; .

Normal Coordinate Analysis

It can be shown26 that the quadratic expression for the kinetic energy may

be written in matrix form as:

*y

~

(2.11)

eI
W4 .

2T =
where g; is a column matrix of the derivatives with respect to time of the
Cartesian displacements, §+ is its transpose, and 1 is a diagonal matrix
of the nuclear masses, each appearing three times. This refers to the total
kinetic energy; in the treatment of the purely vibrational problem for a
non-linear molecule it is convenient to introduce a set of 3N-6 intermal
coordinates by a transform matrix B :

D = B (2.12)
where D is a (3N-6) column matrix with elements D; and X is a 3N column
matrix with elements %y . If the matrix A is defined as the inverse of B,
so that X = A D, then the vibrational kinetic energy may be expressed in

terms of the internal coordinates as follows:

T (2.13)

 {w i

2T =
In deriving this expression it is assumed that there is no interaction
between the internal vibrations and other forms of molecular motion,

26

particularly rotation; this is normally a good approximation.



2.4

The potential energy may also be expressed as a function of the internal
coordinates. When the molecule is in its equilibrium configuration,. the
potential energy is at a minimum, leading to the vanishing of all terms of
the form (bV/bDi)O evaluated at D; =0 ; if this position is taken as
the arbitrary zero from which the potential energy is measured, then the

required expression is as follows:

2 32,
_ 157, 9% 2 Y > v
- , z 3y
The force constants .are defined as Foo= ( 2) and F = (8 V__
ii ij dD.3D. bD o’

so that the expression for the potential energy may be rewritten as

- 2 Y
= §:FiiDi + 20,7, DD, (2.15)

This may be expressed in matrix form as follows:

2v = p'r o (2.16)

where ¥ is a square matrix whose elements are the force constants Fij'

The Wilson G Matrix

The vibrational kinetic energy T may be expressed in terms of the internal
coordinates by the use of the matrix G, defined a.s27

g = Bu 8" (2.17)
Here B is the transform matrix of equation (2.12) and M-'is the inverse of
the diagonal matrix M of equation (2.11). If A again denotes the inverse
of B it can be shown that the inverse of G may be expressed in the following
ways

¢ = A (2.18)
Thus, comparison with the equation derived in the previous section leads
to the following relation for the vibrational kinetic energy:

2r = p*g"'p (2.19)
Introduction of this, together with the corresponding expression for the

potential energy, into the equation of motion results in a series of

equations of the form
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2. Z(F.. - A.a, .-1) D, = O (2.20)
1 5 1] iTij i
These equations may be expressed in the form of a square matrix of oxder
3N-6, and the solutions )1, which lead directly to the vibrational
frequencies, may be obtained by solving the corresponding secular equation.
Written in the form of a determinant
\F - Ag”l = 0 (2.21)

this generates a polynomial in A of order 3N-6. The left-hand side of
equation (2.21) may be either pre-multiplied or post-multiplied by )Gl
to obtain the alternative forms

|gf - Xgl= 0 =nd gz - XEl= o (2.22)
where g represents a unit matrix of the appropriate order.

Molecular Symmetry and the Factorisation of the Secular Equation

The internal coordinates generally form a number of distinct sets (eg
stretching of a particular type of bond), within each of which the members
may be interchanged by a symmetry operation of the molecular point group.
Although the internal coordinates form the basis of a representation of

the molecule,28 this representation is generally reducible; by reference

to the appropriate character table, however, it is possible to generate
internal symmetry coordinates. S; which take the form of a series of linear
combinations of the original internal coordinates, and which form the basis
of a fully reduced representation. If this transformation is expressed in

~

matrix formas S =U D , then symmetrised F and matrices ¥_ z2nd GS
~ ~ o~/

A

S

may be generated as follows:

g, = L& y" and F = UE y* (2.23)
‘=12 - +
so that 2T = §'G_ 8 and 2V = SES (2.2L)

The effect of the transformation is to reduce the ¥ and G matrices to a
number of independent blocks, or, in other words, to factorise the
secular equation; this leads to considerable simplification of the

vibrational problem.
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Solution of the Secular Equation

In order to solve the secular equation (2.21) or (2.22), it is necessary

to construct the symmetrised f and$ matrices. The elements of the G matrix
are expressed in terms not only of the atomic masses but also of the bond
lengths and bond angles of the molecule (derived from experimental data or
otherwise estimated by comparison with the dimensions of related molecules.
The relation between the components of the F matrix and the force constants
of the molecule demands some knowiedge of the molecular force field. In
practice, the probleﬁ is usually one of calculating the components of the ¥
matrix and hence the force constants from observed vibrational frequencies.
The number of unknown quantities exceeds the number of measured frequencies
for any given molecule containing more than two atoms, and although the
amount of information available may be increased, for example, by isotopic
labelling, it is commonly necessary to make certain assumptions about the
force field, for example, that certain force constants are transferable from
one molecule to another, or that certain force constants are zero. The case
where all interaction force constants are zero corresponds to a simple
valence force field, characterised by a diagonal & matrix. Alternative
approaches include the Urey-Bradley approximation, a force field which makes
use of repulsive force constants between non-bonded atoms as well as the
usual stretching and bending force constants.32

Isotopic Substitution

Isotopic labelling of a molecule increases the amount of experimental
information available, since it gives rise to new vibrational frequencies
because of the change of mass, but leaves the force field unaffected to a
good approximation. However, the increase in the number of independent
observed parameters is not as great as might be expected at first sight,
because the frequencies of one isotopic version of a molecule are related
to those of another by the so-called product rule.26’33 This rule follows

from the fact that the product TA of all the roots of an equation of the
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form |D - ME|= O is equal to the determinant Dl . If there is no
change in symmetry on isotopic substitution, then the F matrix remains

unchanged, and it follows that for any symmetry block

™ Ted) | gl
TN .n,(vvz) = Igvl | (2.25)

where the primes denote the frequencies and G matrix appropriate to the
secénd isotopic version of the molecule In practice, the anharmonicity

of real vibrations causes deviations from this rule, but these are appreciable
(> ca 2%) only when the anharmonicity correction is relatively large. This
in turn occurs only for very light nuclei with their relatively large
vibrational amplitudes. An example is provided by the totally symmetric

(A 1) vibrations of the phosphine molecule, for which the observed frequencies
(2327 and 992 cm | for PH3,3)4 169 and T30 cm | for PD335) show a slight
deviation from the product rule. The rule is generally useful as a means of
confirming a particular assignment. Its application requires a knowledge of
the molecular geometry, moreover, and if sufficient isotopic information is
available, the rule may be exploited to define the limits of a particular
interbond a.ngll.e3 6.

Selection Rules for Infrared Absorption

According to classical theory, a molecule is capable of emitting or absorbing
electromagnetic radiation by virtue of periodic changes in its electric
dipole moment p. This dipole mbment is a vector quantity which may be

expressed in terms of the vibrational normal coordinates Q as followé:
) |
= - + 2 :(—E—) Q, + higher terms, (2.26)
R Fo * 4=73Q,°0 “k

the zero subscripts signifying the values appropriate to the equilibrium
configuration of the molecule ( Qk=o ). Provided that the amplitudes of
the vibrations are small, then the higher (anharmonic) terms of equation

(2°26) may be ignored. Then the condition that the molecular dipole moment
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oscillates with the frequency V. (corresponding to the normal coordinate
Qx ) is that

M,

(-ﬁ—ka) £ O (2.27)

for at least one of the Cartesian components i = x, y or =z.

Using the language of quantum mechanics, this may be expressed in terms of
the. transition moment, which determines the intensity.of absorption. For a
transition between two states characterised by the wavefunctions 4Kn) and ¢(m)
the transition moment p, is defined as follows:
*

By “(mﬂ\km g (2.28)
in which dT is é volume element in configurational space and the integral
is to be extended over the whole of this space. OSubstitution of the Taylor
expansion value of the dipole moment given by equation (2.26) leads to the

expression

A * : > *
— ,,«Olq»(nw(m) dt 3 ;[<;5;>0 g Pm” ac]  (2.29)

The mutual orthogonality of the wavefunctions means that the first term
vanishes unless n = m, a condition clearly corresponding to no transition;
the condition for the second term to be non-vanishing leads to a selection

rule analogous to that obtained via the classical treatment.

Thus a vibrational transition is forbidden in infrared absorption unless at
least one of the three components of the transition moment, J?(n)riW(m)*d{,

i = X,y Oor 2, does not vanish; whether this happens depends on

the symmetry properties of the wavefunctions of the initial and final states

on the one hand and those of the dipole moment p on the other. For a vibration
to be active in infrared absorption, the product 4Kn)’%i\y(m) must
belong to a representation containing the totally symmetric species for at
least one of the components w; of the dipole moment (i = x4 y or z) .

for a fundamental transition this condition is met only if the wavefunction
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or normal coordinate of the vibrational mode belongs to a representation
containing the same symmetry species as at least one of these components.

Selection Rules for Raman Scattering

The first generally accepted theory concerning the origin of Raman scattering
was developed by Placzek37; recent accounts have normally favoured the bond

38

polarisability approach first introduced by Wolkenstein” and subsequently
developed by Loné39. The Placzek theory requires firstly that the molecules
are in a non-degenerate electronic ground state, and secondly that the
frequency of the exciting radiation is far removed from any absorption of

the molecules. The intensity I of Raman scattering at a displacement Dy

from the exciting frequency Y is given by

KM(v. - Av)L’ [p ]2

L = Lv[1 - exp(-hB»/kT)T “~nm (2.30)

where K is a constant, M is the molar concentration of the scattering species,
and the denominator includes a Boltzmann factor allowing for the initial
molecular populations of the two vibrational levels designated by the labels
m and n to which the transition moment P, relates. P,, in turn determines
the possibility of a transition between these two vibrational levels, being
related by the expression

Pon = j\}z(n)g\b(m)* dr (2.31)
to the induced dipole moment P generated by interaction of the molecular
electron cloud with the electric field associated with the exciting radiatioh.
For field strengths of the magnitude ordinarily used, the induced dipole
moment is itself determined by the product of the field E and the molecular
polarisability a:

P = «E (2.32)

The molecular polarisability has the properties of a symmetric tensor,

characterised by six distinct components « Q Qa a a,  and
D ' %yy? %2z’ %’ vz aZX'

12
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Like the dipole moment, the polarisability is in general a function of
all the normal vibrational coordinates, and may be expanded as a Taylor
series with respect to these coordinates, neglecting terms higher than the

first. Thus

ot Z[(sz q, | (2.33)

In this equation, which is analogous to equation (2.26), o, is the
polarisability tensor in the equilibrium configuration of the molecule é.nd
(dut/ bQ‘k)O is the so-called derived polarisability (also at the
equilibrium configuration) for the k th normal mode. Like o itself, (Bﬂ/hqk) 0
is a symmetric tensor, each of its components being the value, at the
equilibrium configuration, of the derivative Bdij/BQk of the corresponding
component of ¢ (i or j = x, y or z). Then the induced dipole moment of

a vibrating molecule may be expressed as

1

o= won+ XI5, 3z (2.34)

The first term otoE gives rise to a component of P which oscillates with
the frequency YO characteristic of ,@' corresponding to the phenomenon of
Rayleigh scattering. On the other hand, the second term contains the product
of two time-dependent factors, namely Qg, which oscillates with the normal
frequency vk? and E, which oscillates with the incident frequency ‘VO; the
corresponding contribution to the' induced dipole moment is characterised by
the two new frequencies ¥, +Y and V, - VK. It is this contribution which
corresponds to Raman scattering. For a particular vibrational mode with the

normal coordinate QK to be active in Raman scattering it follows that

SO 0 2.
Qe # (2.35)
for at least one of the components (i or j = x, y or z) of the polarisability

tensor. Expressed in quantum-mechanical terms, this selection rule amounts

to the requirement that
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Jk}l(n)otijt)l(m)* at £ 0 (2.36)

for a transition between the vibrational states represented by +(m) and +(n).
By anology with the case of infrared absorption, therefore, a fundamental
transition is inactive in Raman scatterng unless its vibrational
represeﬁtation contains the same symmetry species as at least one of the
components of the polarisability tensor (or one combination of these

components).

Like the corresponding conditions for infrared absorption, these selection
rules are "restricted" in the sense that their derivation is based on

certain assumptions, in particular, that the vibrations of a molecule are
simple-harmonic. Relaxation of the simplifying assumptions means a change

in the nature of.the potential energy and hence also in the wave equation

and its solutions. For example, the eigenfunctions associated with anharmonic
rather than harmonic vibrations no longer possess the special properties of
the Hermite polynomials which form the basis of the restriction of transitions
to Ov = 1 in infrared absorption or in the Raman effect. It is a
consequence of anharmonicity that overtones and combination tones of
vibrational fundamentals may become active in infrared absorption or Raman
scattering although,'generally speaking, the 'restricted' selection rules

give a fairly good account of the observed spectra.

Polarisation of Scattered Light

The radiation scattered by a molecule has components in planes parallel and
perpendicular to the direction defined by the incident electric vector

(see Figure 2.1); in general, the intensities of these two components I,
and I, are unequal, the ratio I”/IJ_'being termed the depolarisation ratio
or degree of depolarisation. According to the Placzek theory37, the

depolarisation ratio of Rayleigh scattering emitted in a direction at 9¢°

14
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to that of the incident light by a large number of molecules in random

orientations is given by

2
= Lo . 2y (2.37)
Pp I, hoa 1 b

Here 53 and ¥ are the mean value and anisotropy invariants respectively

of the polarisability tensor, their definitions being as follows:

- 1 ) ;
CHE N A G N L (2.38)
and
¥ = 2[(o‘xx—wyy) ¥ (O(yy—dzz) * <(xzz D(xx) * 6(°<xy * Nyz T Tax )1

(2.39)
A similar expression applies to the depolarisation ratio of Raman scattering
emitted under anslogous conditions, except that the mean value and anisotropy
invariants employed relate not to the polarisability but to the derived

polarisability tensor (det/d Qk) o With components conveniently denoted

by °‘ij' . If& =0, pr = 2 and the scattered radiation is
-l
said to be 'depolarised'; if « £ 0, f? < 2 and the radiation is

said to be 'polarised'. Group theoretical methods show that the condition
&' £ 0 for which p, < Z arises only for vibrational modes
belonging to the totally symmetric representation of the molecular point
group, so that the degree of depolarisation can be used as a test of
molecular symmetry or as evidence for a particular vibrational assignment.
At a more quantitative level, polarisation measurements may provide an
insight into details of the molecular force field, providing information,
for example, about the extent of coupling between totally symmetric normal
L0

modes.

Fluorescence and Resonance Effects

The Placzek treatment shows that, if the frequency of the exciting radiation
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Vp is far removed from any absorption region of the molecule, the intensity
of the Raman scattering is roughly proportional to vb4 [see equation (2.30)/;
deviations from this fourth power dependence are an indication that the pre-
conditions of the Placzek treatment have lapsed. Thus, when the frequency
of the exciting radiation coincides with an absorption band of the molecule
under investigation, absorption and re-emission of radiation with a different
frequency commonly leads to the phenomenon of fluorescence, in the presence'
of which the relatively weak Raman scattering may be difficult to detect.

As little as 1 ppm of a fluorescent material can seriously affect the
observed spectrum. Fluorescence bands are, however, easy to detect, being
generally broad and intense and extremely sensitive to variations in the

L1

frequency of the exciting radiation.

As the exciting frequency approaches the origin of an electronic transition
of the molecule, the Raman lines due to one or more fundamentals show a
pronounced enhancement in intensity, a change often accompanied by the
development of progressions of overtone or combination bands.hz_hh This
so—-called resonance Raman effect is also marked by deviations from the

dependence of the scattered intensity on the fourth power of the existing

frequency. In fact, the following expression has been derived to accommodate

the scattered intensity in circumstances such as these:)‘LS
, V% 4y H°
I &« (Vg =-V) 5 5T (2.37)
(v -V.7)
ez 0

Hence, it appears that, as the frequency difference \gg between two
electronic states approaches Vb s the intensity of the scattered radiation
departs from its approximate dependence on \QS . It is generally observed,
however, that the increase in intensity varies from one Raman line to another.

With a knowledge of the symmetry properties of the electronic transition,

characterised by the frequency m%g, certain predictions can be made
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concerning the changes in intensity,”o and it has been shown that the lines

&

contribute, via vibronic mixing, to the 'forbidden' intensity of the

subject to intensity enhancement asigaqr arise from vibrational modes which

electronic transition.

One feature which distinguishes resonance Raman from fluorescence effects is
the time-scale of the two processes. Fluorescence is an absorption and
re—emiésion phenomenon in which the lifetime of the excited state is about
10"'7 s; Raman scattering, on the other hand, occurs on a time-scale of about
10'-15 s. This difference has been used to record the resonance Raman spectra
of fluorescent species.h7 One problem which is common to both resonance Raman
and fluorescence phenomena is that of sample heating; the heat produced may

be enough to destroy a thermally sensitive sample, or to volatilise a matrix
if the matrix isolation technique is being employed. This problem may be

L8

overcome in some cases by surface scanning of the laser beam over the sample.

Since resonance Raman spectra may be observed at very low concentrations
(~ 10—%M), the phenomenon may find increasing use in conjunction with the
matrix isolation technique, where the usual problem is one of low Raman
intensities. Resonance Raman spectra of matrix-isolated 012—,h9 03- 50 and
NOZS1 have been reported, for example, and valuable information about

anharmonicities of vibrations has been obtained from the overtone progressions

in certain of the fundamentals.
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Chapter 3

MATRIX TSOLATION: EXPERTMENTAT, TECHNIQUES

Introduction

The principles of matrix isolation have already been outlined in Chapter 1.
The use of the technique was originally limited by ready access to suitable
cryogenic facilities, but with the commercial development of miniature
refrigerators, it has now become a widely exploited method. The extent of
current interest in matrix isolation may be judged by the number of books

and reviews which have been devoted to the subject.36’ 52-5T

The matrix~-isolation technique has been applied in conjunction with a wide
variety of spectroscopic techniques, the deposition surface being modified
to suit the technique. Thus, alkali halide windows have found widespread
use for studies of infrared and electronic spectra; a polished copper or
aluminium block has commonly been the deposition surface for Raman, a
sapphire rod for esr, and a beryllium disc for Mossbauer studies. The
projects to be described in this thesis have been confined to studies of

the infrared and Raman spectra of the species concerned.

The essence of the technique is that the species under study is trapped in
a large excess of an inert, rigid matrix at low temperatures. The
conditions employed lead to considerable simplification and sharpening of
the spectral features associated with the trapped molecules. There are
three main reasons for these significant improvements: (i) vibrational 'hot!
bands are eliminated because of the all but negligible probability of a
vibrational transition originating from any but the lowest vibrational
level; (ii) rotation of all but the smallest molecules is inhibited by the
matrix, leading to sharply defined vibrational bands; and (iii) resonance
fluorescence effects, which often mask the Raman spectra of gaseous

molecules,58 appear often to be quenched when the molecules are trapped
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in a matrix. The sharpness of the vibrational bands allows the effects
of isotopic substitution to be assessed, to striking advantage.

Generation of Species

The generation and reactions of matrix-isolated species are summarised
in Figure 3.1. The methods employed for bringing molecules into a matrix
environment generally fall into the following classes:

(a) Trapping from the vapour phase. For stable molecules having a vapour

I,

pressure greater than ca 10 mm Hg at or below room temperature,
;apour-phase mixing with the matrix gas, followed by deposition,is a
straightforward procedure. In some cases the use of elevated
temperatures is necessary, the species being generated by evaporation
from an oven or Knudsen cell and the effusing molecuiar beam caused

to co-condense with an excess of matrix gas. High temperature species

such as S, 59 and Al 0‘60 have been studied in this manner.

2

(b) Production in a discharge in the vavour phase. An example of this

method is provided by the production of xenon dichloride when a
mixture of xenon and chlorine gases is passed through a microwave
discharge prior to deposition on a surface cooled to 20K.61 The
dangers of this method, however, are illustrated by the fact that the
species obtained by similar treatment of a mixture of krypton and

3,62 is now believed to be 013—.63
(¢) Co-condensation. This technique, developed by Andrews and Pimente1,6h

chlorine, originally thought to be Cl

entails the co-deposition of a beam of metal atoms with a potential
reagent, such as a molecular halide. Hence, for example, radicals
such as CH3 65 and CCl3 66 have been generated by halide-abstraction.

(d) Photolysis. The most fruitful method of producing free radicals and

other species of interest has been photolysis in situ using ultra-
violet or vacuum-ultraviolet radiation, as in the production of

radicals of the type NX (X = H, F, Cl, Br or CN) and OX (X = H, F or c1)
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from the parent molecules XN3 and OX2 respectively. The success of
this method depends on the coincidence of the frequency of the
photolysing radiation with an absorption band of the parent molecule,
on the condition hw 3 D(X-Y) if the fission of a bond X-Y is to occur,
and on the ability to counteract the 'cage effect' of the host lattice.
Possible expedients for coping with the last of these problems include
(1) the production of an unreactive fragment which remains trapped in
an adjacent matrix site; (ii) production of a fragment small enough

to diffuse away from the photolysis site; (iii) stimulation of
diffusion by warming the ma,tri_x;67
of the matrix to take advantage of the greater mobility implied by the
act of quenching.

Conditions of Deposition

The matrix normally obtained by rapid quenching from the gas phase appears
to consist of a collection of randomly oriented microcrystallites
characterised by weak host-host and guest-host interactions. The actual
choice of matrix material is governed by such factors as volatility,

67, 68

inertness, rigidity etc and also by its spectroscopic properties and

the nature of the species to be isolated.

The aim of most matrix-isolation experiments is to produce a sample with
optimum isolation of the species concerned within the host lattice, which
is itself transparent to the radiation used for spectroscopic measurements.
For Raman measurements, the latter requirement may be formulated, in part,
in terms of the ratio of the intensities of the inelastic (Raman) and
elastic (Rayleigh and Tyndall) scattered radiation. In addition, the
matrix material should itself be relatively free from Raman scattering,
although such scattering from materials such as nitrogen and methane can

prove useful for the purpose of alignment of the sample with respect to

the incident radiation and spectrometer optics. The scattering of radiation

and (iv) photolysis during deposition

22
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is less of a problem with infrared studies, since the particle size of

the microcrystallites is then small compared with the wavelength of the

radiation used.

In practice, the requirements of isolation and transparency tend to be

muitually incompatible, and a balance has to be sought between the

experimental factors which may be varied in order to achieve the best

compromise. These factors are as follows:

(a)

(v)

The deposition rate. This affects both the degree of isolation and

the transparency of the matrix. Deposition rates are typically in
the order of 1-5 mmol of matrix gas per hour, with deposition times
of several hours; an alternative to this "slow spray-on" (SSO) method
is the "pulsed matrix isolation" (PMI) technique, in which the sample
is deposited in a matter of minutes in a series of pulses each involving
a volume of perhaps 10-20 cm3 of gas at a pressure in the order of
10-20 cm Hg.69’70 This leads to a better degree of isolation than
slow spray-on T and to more transparent matrices, probably because
of local seeding and crystallising effects, but is applicable only in
those cases where the species to be isolated is sufficiently volatile
to allow pre-mixing with the matrix gas.

The deposition temperature. The sample must normally be condensed

rapidly enough to restrict diffusion of molecules during condensation
and held at a temperature low enough to inhibit subsequent diffusion
of the trapped species. A general, empirical rule is that the
deposition temperature should be appreciably less than half the
melting point (Tm/K) of the matrix materia1.68 It is often found
that deposition at a temperature slightly higher than the lowest
attainable improves the transparency of the matrix, possibly through
improved amnealing with the elimination of imperfections arising from

phase changes within the so0lid matrix (eg the o-B phase change of



methane at 20.2K' ).

(¢) The matrix ratio. True isolation is likely to be achieved only at

high ratios of matrix to solute molecules (M/S), usually greater
than 1000:1, but dependent also on the relative sizes of the matrix
and solute molecules. At lower M/S ratios, molecular aggregates are
likely to be trapped, a condition usually identifiable by the
dependence of the measured spectrum om the matrix.ratio and by the
results of controlled warm-up experiments in which the aggregation
of monomeric molecules initiated by diffusion is monitored spectro-
scopically.

3.4 Matrix Effects

The vibrational properties of a molecule are invariably perturbed by its
interaction with a matrix environment, just as solvation modifies the
vibrational properties of a molecule with the transition from the vapour
to the solution phase. The following effects may interfere with the
characterisation of molecular species but at the same time may also bear

LLICTmETICnL abour intermolecuwlary 01 CesS wiliilr ohe mMatrix:

(a) Frequency shifts. Vibrational frequencies are subject to matrix

shifts which are usually less than 1-26 of the frequency associated
with the gaseous molecule, though shifts of up to 100 have been

reported for highly polar molecules.53

There have been several attempts to give a quantitative account of
these matrix-induced perturbations of the vibrational energy levels

of a trapped molecule;68’ 3 these have mostly been based on the
correlation between the polarisability of the matrix material and

the frequency of a particular vibrational mode of the isolated
molecule. The intermolecular potential energy, and hence the matrix
shifts, may be expressed as the sum of dispersive, inductive, electro-

static and repulsive contributions, and expressions for the various
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terms have been derived on a semi-empirical basis; the results of
this sort of treatment lend themselves to presentation in the form
of so-called '"Buckingham plots','n‘l whence the vibrational frequency

of the gaseous molecule may be estimated by extrapolation.

In many cases, the measured frequencies of isotopically distinct
species have been used to analyse the force field of a matrix-isolated
molecule. The matrix shifts are normally comparable inrmagnitude

with anharmonicity corrections,nso that thé errors introduced by the
use of frequencies uncorrected for such shifts are likely to be no
greater than those incurred by assuming the force field to be
harmonic. In fact, the ratio of the freguencies exhibited by two
isotopic versions of a molecule for a particular vibrational mode is
usually indistinguishable for the gaseous and matrix-isolated species,
so that the methods of normal coordinate analysis, including the
isotopic sum and product rules, may be legitimately applied to matrix-
isolated molecules. With the aid of the frequencies for two or more
isotopically distinct molecules, such methods often allow the
possibility of determining certain of the molecular parameters which
contribute to the Wilson G matrix, and bond angles, for instance,

have thus been deduced for a variety of simple molecules. Where it
has been possible to make comparisons between the molecular parameters
calculated for gaseous and matrix-isolated molecules, satisfactory
agreement emerges, as in the case of SOZ’ for which the bond angle

of 119O 37' calculated for the matrix-isolated species agrees closely
with the value of 119o 19' obtained from the microwave spectrum of
the gaseous molecule.75

Molecular distortion. Both positive and negative matrix shifts are

observed, and there is substantial evidence to suggest that the shift

tends to be more positive for low-frequency bending modes than for



(c)

(2)

the higher frequency stretching modes of a particular molecule.

This observatioh has been rationalised76 in terms of the
incompatibility of the guest molecule with the matrix cage, those
iﬁterngl coordinates associated with low force constants being most
likely to be found in a 'tight cage' as the molecule seeks out the
most economical way of accommodating itself in the space available.
The principal effects of such disfortions are frequency shifté and
variations in the relative intensities of the vibrational bands, but
it is conceivable that the symmetry of the trapped molecule may also
be lowered, leading to changes in the selection rules and in the
degeneracy of particular modes.

Matrixsplitting. It is often found that a multiplet is observed

where only a single band is expected; this may arise from different
orientations of the guest species within a particular matrix cage, or
from the population of more than one type of cage from the range of
opportunities offered by substitutional, interstitial and dislocation
sites within the matrix. Changes in either of these circumstances
result in slight differencés in the intermolecular forces between

the guest species and its environment which may manifest themseives
in discernible perturbations of the vibrational energy levels of the
guest species. In addition, the degeneracy §f certain vibrational
modes may be lifted by the symmetry of the matrix site; again,
pertuibations'by the proximity of another guest molecule may be
sufficient to produce observable differences in the vibrational
frequencies 6f the trapped molecule. In practice, the various
mechanisms of matrix splitting may be‘distinguished by studying the
effects of diffusion and of systematic variations of the matrix
material and matrix ratio.

Mbledﬁlar orientation. The possibility of matrix splitting arising

from different orientations of the guest molecule within the matrix
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cage has already been referred to; in some cases, for example that

of NF2,77 esr studies have provided evidence that the guest molecules
actually adopt preferred orientations relative to the trapping surface,
particularly in less rigid matrix supports such as neon. This effect
is particularly significant in relation to the interpretation of
polarisation measurements involving the Raman scattering due to matrix-
iéolated molecules for which a random orientation has usually been
assumed, though not proved. A possible method of testing whether

the isolated molecules are randomly oriented is to measure the
depolarisation ratio as a function of the angle of incidence of the
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laser beam with respect to the deposition surface.

3.5 Application of Raman Spectrometry to Matrix Isolation

Studies of the Raman spectra of matrix-isolated species were rather slow
to develop in comparison with those involving the more sensitive technique
of infrared sﬁectroscopy, but preliminary experiments reported in 1971 78-80
established thé feasibility of such studies, showing, for example, that as
little as 1 ppm of carbon disulphide could be detected in a carbon dioxide
matrix. Raman spectroscopy possesses a number of advantages over other
methods of investigating matrix-isolated species: for example, almost the
entire energy range of vibrational transitions can be covered in a single
scan without the need to change the optics of the spectrometer, and, in
contrast with infrared studies, there is no problem of interference from
atmospheric carbon dioxide or water vapour. In addition, there is the
opportunity of observing totally symmetric modes, which are commonly seen
as the strongest bands in the Raman spectrum while being weak or even
inactive in infrared absorption. This often leads to a fuller knowledge

of the vibrational properties of a matrix-isolated molecule and to a

better definition of the molecular force field. Other advantages of the

technique include the possibilities of testing the uniformity of a matrix

by focussing the incident laser beam on different regions of the deposit,



3.6

28

and of carrying out polarisation measurements (q.v.).

Apart from the difficulties associated with the inherent weakmness of the
Raman effect, the main problems posed by the application of the technique

to matrix-isolated species arise from the photolytic and thermal effects of

the laser radiation, from the limited resolution attainable with the relatively |
large spectral slit widths normally required to achieve an acceptable signal-
to—noiée ratio, from the optical properties of the matrix, and from
fluorescence originating either in impurities or in the matrix-isolated

species itself. The optical properties of the matrix are particularly
important if spectra of good quality are to be secured, the level of background
scattering varying markedly with the nature of the matrix according to

whether it is a transparent glass, an opaque film or a microcrystalline

solid.

The Apparatus

The main components of the apparatus used for the present programme of
research were common to all the experimental systems studied using the matrix
isolation technique.

(a) Cryogenic equipment. All the experiments to be described were carried

out using an Air Products CS-202 'Displex' closed cycle refrigerator,

which enabled matrices to be deposited and maintained at temperatures

as low as 10K. The principle of operation of this unit involves a
modified Stirling cycle,81 in which helium is compressed to ca 330 psi,

fed to the expander (Fig 3.2), where it undergoes cooling as a result

of the work which it is allowed to do, and then returned to the compressor.
The heat of compression is removed by heat exchange with either air or
cold water.82 The temperature of the deposition surface was monitored

in practice either by means of a hydrogen vapour pressure bulb, which

could be used to measure temperatures in the range 12-25K, or using a
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Pig. 3.2. The Air Products CSA-202 Displex closed cycle

refrigeration system. The expander.
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(b)

thermocouple of chromel and gold doped with 0.07 atom per cent iron,
the output of which was delivered to an Air Products APD-T3 ‘direct
temperature readout!'. By balancing the power of a small electrical
heater wrapped around the cold end of the refrigerator against that
of the refrigeration system, it was possible to provide for variations

of temperature and temperature control in the range 10-150K.

The Displex expander was contained in a demountable vacuum shroud
(Fig 3.3) in which it could be rotated without loss of vacuum or inter—
ruption of the gas flow. For infrared experiments, caesium iodide
windows secured to opposite faces of the shroud were used to give
spectroscopic access to the central caesium iodide window, whereas in
Raman studies the incident radiation and scattered radiation were
transmitted through Pyrex windows secured to adjacent faces, the
sample being deposited on a polished rectangular block of high purity
copper. The shroud was evaculated by an NGN OPA-25 oil diffusion pump
(13" internal diameter) backed by = PSR-2 rotary pump, the pump unit
being connected to the shroud by means of copper tubing and flexible

couplings of 1" internal diameter.

30

The Handling of Matrix Gases. Matrix gases and substances with appreciable

vapour pressures at room temperature were handled using a conventional
high-vacuum line (Fig 3.&) evacuated by a rotary pump in conjunction
with a mercury diffusion pump. Continuous deposition was carried out
via a needle valve coupled with an Edwards CG3 Bourdon gauge to control
and monitor the flow of gas; in the case of pulsed matrix isolation, the
delivery of gas was controlled by two taps separated by a reservoir with
a capacity of 20 cm3. The matrix gases, supplied by the British Oxygen
Company, were of 'Grade X' quality, for which a purity of 99.9% or

better was claimed; they were used without any attempt at further

purification.
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(¢) Purnace Techniques. For the deposition of materials with low vapour -

(4)

(e)

pressures at normal temperatures, and for pyrolysis studies, it was
necessary to maintain the sample at a temperature somewhat above room
temperature and to co-condense the vapour with a large excess of
matrix gas introduced from the vacuum line through the needle valve.
The sample was contained in a length of Pyrex tubing having an internal
diameter of 6 mm connected to the shroud via a constriction and heated
by a small furnace wound with Nichrome wire. The temperature of the
sample was controlled by adjustment of the heating current using a
Zenith 'Variac! potentiometer and monitored by means of a copper/
constantan thermocouple, the output of which was delivered to an
Advance Instruments DMM2 digital multimeter.

Photolytic Techniques. The source of radiation forphotolysis experiments

was a Hanovia Uvitron 100 high-pressure mercury arc., The thermal effects
of the radiation were minimised by the use of a water filter with a path
length of L4 cm. Matrices were irradiated via a quartz window mounted

in one face of the vacuum shroud adjacent to the deposition surface.

Infrared Spectrometers. For infrared studies of matrix-isolated species,

the 'Displex' expander unit was supported vertically in the sample
chamber of a Perkin-Elmer Model 225 infrared spectrophotoﬁeter. This

is a double-beam, optical null instrument which covers the range 5000-200
cm  in four steps, and is capable of a resolution better than 0.5 cm .
Radiation from a 'Globar!' (silicon carbide) source is predispersed by

a potassium bromide prism (in the range 5000-450 cm-1) or by scatter
plates (below 450 cmf1) before reaching the principal monochromator and
is finally detected by a thermocouple. The frequency of the radiation

scanned determines which grating of the monochromator is used, as well

as the spectral order in which it functions. A dry-air purging system

was used to improve the quality of the spectra in regions of atmospheric



(£)

absorption, particularly at frequencies below 500 cmf1. Spectra were
calibrated by superposition of sharp lines in the vibration-rotation

83

spectra of water vapour, carbon dioxide and ammonia.

Preliminary studies of solids held at 77K using the apparatus

described in Section 3.6(g) were carried out with the aid of a Perkin-
Elmer Model L57 spectrophotometer. This is again a double-beam, optical
null instrument; it covers the range ,000-250 cm._1 in three steps, and
is capable of a resolution of about 2 cm.-1 throughout the range.
Calibration of the spectra thus obtained was achieved by reference to
sharp bands in the infrared spectrum of a polystyrene film.&L

Raman Spectrometer. Raman studies were carried out using a Spex

Ramalog 5 spectrophotometer. In order to investigate the effects of
varying the angle of incidence of the exciting laser beam with respect
to the matrix deposit, it was appropriate to mount the 'Displex!
expander and vacuum shroud horizontally. In addition, the entire
system was supported on a movable trolley to allow maximum flexibility

in the precise position of the matrix sample.

The optical arrangement of the spectrometer is shown schematically
in Figure 3.5. The laser light passes firstly through a beam expander

and then through a so-called Claassen filter assembly,85

a prism
monochromator with a narrow bandpass which allows discrimination
against unwanted plasma lines. The light is then focussed on the
sample by a microscope objective; the collection optics collimate the
light scattered by the sample in a direction at 90o to that of the
incident radiation and focus it on the entrance slit of the mono-
chromator. The principal monochromator has two holographic gratings
each with 1800 lines mm.-1 set in a Czerny-Turner optical arrangement;

the gratings are blazed for highest efficiency near 500 nm and used

in their first order. In addition, there is the option of a third

34



Fig 3.5. SCHEMATIC DIAGRAM OF THE RAMAN SPECTROMETER
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monochromator directly preceding the detection system; this improves
spectral quality by reducing the amount of stray scattered light,
particularly at frequencies close to that of the exciting line. The
scattered light is detected by an RCA C3103lL photomultiplier, which is
contained in a chamber cooled to -BOOC to‘reduce the 'dark noiset! count
and so improve the signal to noise ratio. This photomultiplier shows
approximately 9% variation in quantum efficiency throughout the visible
region of the spectrum. After amplification, the signal from the detector
is relayed to a 'photon counting' system, the output being monitored by

a chart recorder. Raman spectra were calibrated by superposition of

the atomic emission lines of a low-pressure neon discharge lamp.

One of two lasers was used to excite the Raﬁan spectra measured in the
course of the present study. The first, a Spectra-Physics Model 165
argon-ion laser, has two principal emissions, at 514.5 and 488.0 nm,
each with a maximum power output of about 1.5W; in practice, the
emission at 514.5 nm was generally preferred because of its comparative
freedom from secondary emission lines., The second was a Spectra-
Physics Model 125 helium-neon laser having its principal emission at
632.8 nm. This proved generally to be of limited use in matrix-isolation
studies because of its modest power output (in the order of 50 mW)
combined with the reduction in intensity of Raman scattering and the
reduced sensitivity of the photomultiplier at longer wavelengths.
Nevertheless, its use was sometimes enforced by the photosensitivity

or absorption exhibited by certain samples with respect to the radiation
produced by the argon-ion laser.

Preliminary Solid-Phase Studies. In some cases, preliminary studies

of the infrared spectra of solid species held at low temperatures were
carried out prior to any matrix-isolation experiments. The apparatus

used for these studies, which is shown in Figure 3.6, consisted
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essentially of an evacuable cell having a path length of 10 cm fitted
with caesium iodidé windows. In the centre of the cell, secured between
two copper mounfing plates, was a central caesium iodide window on
which the solid sample could be condensed. After deposition, this
window could be rotated in order to introduce the sample info the beam -
of the infrared sPectrometer; The window could be cooled via a copper
block mounted at the base of a reservoir capable of holding liquid
nitrogen; good thermal contact between the window and the reservoir was
ensured by the inclusion of'twd lead gaskets between the copper block
and the mounting plates.

3.7 Experimental Procedure

A matrix-isolation experiment was initiated by cooling of the 'Displex!

unit, requiring a pressure inside the vacuum shroud not exceeding ca 10_h
torr. Within about L5 minutes, the temperature of the cold station of the
"Displex' normally fell to a level where cfyopumping caused the pressure
inside the shroud to fall to ca 10"7 torr, before the minimum operating
temperature was reached. The témperature of the deposition surface could
then be adjusted by balancing the power of the electrical heater against
that of the refrigerator itself. The matrix was then formed by either

- continuous or pulsed deposition, the deposition times for the two processes
being in the order of 2-3 hours and 10-15 minutes respectively. Where
continuous depqsition was employed, the deposition surface was generally
'primed! by condensation of é thin layer of matrix gas prior to deposition
of the sample itself. The build-up of the matrix was monitored spectro-
scopically from time to time by rotating the iDisplex' expander so as to
align the deposition surface for spectroscopic measurements and recording
the infrared or Raman spectrum of the deposit. When the bands associated
with the isolated species had developed. sufficient intensity, deposition

was halted, and the spectrum was examined in detail; this normally occurred

after deposition of a total of 4-6 mmol of material.
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It was desirable, thdugh\not always possible, to have some knowledge of the
matrix ratio used in a particular experiment. Matrix ratios for pre-mixed
samples were simply equated with the composition of the gaseous mixture,
although this set no more than an upper limit to the ratio since the sticking
probability of the matrix gas is invariably lower than that of the less
volatile guest species, and may be.as low as 15 per cent;a7 Determination

of the matrix ratio im a co-condensation experiment proved difficult.
Moskovits and Oziﬁ88 have used a quartz microbalance to estimate the rate of
deposition of metal atoms effusing from a furnace. In the present study,
however, it was sometimes possible, for substances with a low vapour

pressure at room temperature, to estimate the matrix ratio simply by
weighing the central deposition block or window before and after deposition
for a fixed time in the absence of any matrix gas; the block or window was
allowed to warm up to room temperature in an atmosphere of dry nitrogen

prior to the second weighing. The amount of matrix gas deposited &uring

the course of an experiment was then estimated by measurement of the pressure

differential produced in a known volume of the vacuum line.



h.1

4o

Chapter L

STUDTES OF SULPHUR-NITROGEN SYSTEMS. PART I: DISULPHUR DINITRIDE, SN,

Introduction

Sulphur and nitrogen form a variety of compounds, whether binary in nature
or incorporating one or more other eleﬁents as substituents of a sulphur-
nitrogen framework. The simplest of these éompounds is the diatomic thiazyl
radical, SN, which has been detected, for example, by its electronic emission
spectrum in a mixture of nitrogen and sulphur vapour when spbjected to the
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action of an electric discharge, and by its photoelectrén spéctrum.'91 On
the other hand, most sulphur—nitfogeh compoundé favour structures having a
cyclic -S-N framework which may be rationalised by the assumption that
delocalised ™ - type interactions play a major part in the bonding.92 Each
sulphur atom is assumed to donate two electrons to the 7 - system, as in the
case of the ShN3+ ion (a planar seven-membered ring incorporating an S-S bond
linked by a sequence of alternating sulphur and nitrogen atoms93), which
emerges as a 10w system on the basis of a semi-empirical self-consistent
field treatment of the molecular orbitals.9h Interest in this and other
aspects of sulphur-nitrogen compounds may be gauged by 2 rumher of ganev:’

2.95-99

reviews which have been publishe

The simplest ring system of the type (SN), is disulphur dinitride, SoN,
formed by passing the vapour of tetrasulphur tétranitride‘over silver wool

100-10L Crystal-structure determinations involving

the dinitride itself °° and the adduct SoNo (SbC15)2106 show that the four-

at elevated temperatures.
membered ring of alternating sulphur and nitrogen atoms is characterised by
trans-ring sulphnrhsuiphur distances of 2.33 and 2.37k respectively, short
énough to iﬁply a bonding sulphur-sulphur interaction in terms of overlapping
van der Waals radii (the van der Waals radius for the sulphur atom being
1.851107). The relative stability of the nearly square-planar 52N2 molecule
may be related tq the fact thaf the ring has six w- electrons in accordance

with the Huckel ly, + 2 rule;m5 simple Huckel molecular-orbital theory suggests
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that the molecule has one pair of electrons occupying a 7 - type bonding

orbital. There have, in fact, been several theoretical studies of this and

109

other sulphur-nitrogen compounds, mainly at the CNDO or xx31° level; more

recently, an ab initio molecular-orbital study of 82 2111 has led to a

minimum energy for a square-planar structure in good agreement with the

geometry established experimentally for the crystalline solid. This treatment
employed a basis set including 3d orbitals on sulphur; the presence of these
was found to be necessary to give a good account of the geometry of the
molecule, although their importance has been a matter of some controversy in

accounts of sulphur-nitrogen compounds.

The thermal instability exhibited by disulphur dinitride arises partly from
dimerisation to tetrasulphur tetranitride, ShNh’ but more impbrtantly from
the formation of the polymeric species (SN)y - so called 'polythiazyl! -
ﬁhich has recently aroused much interest because of the pronounced metallic
character implied by propertiés such as its electrical canductivity.112—116
The polymerisation is normallyvinduced simply by allowing the dinitride to
warm up to room temperature, but it has been shown that it may also be inauceu
photolytically at temperatures as low as —65°C.117 A theoretical study of

the polymerisation118 has proposed two symmetry-equivalent reaction modes
involving 'one-point cleavage' of the SoN, ring and producing chains related
by a centre of symmetry (Fig.L4.1). In the light of such observations, it
appeared that a study of the effects of controlled warming on the vibrational

spectrum of disulphur dinitride would repay investigation.

The main aim 6f the present study, however, was to obtain further information
‘concerning the structure of the isolated 82N2 molecule and its vibrational
properties and to shed further light on the bonding by carrying out a normal

coordinate analysis on the basis of the measured vibrational frequencies.

Certain other molecules of the type XoYo are thought to exist in the form

of planar rings, notably the alkali halide dimers M,X,,""? tne 1ithium oxide
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dimer Li 0, 120

227
)22—25 referred to in Chapter 1. Frequencies of the infrared-active

and molecules of the type M'ZO2 (where M' = 5i, Ge, Sn or
Pb
fundaﬁentals of such molecules have been measured; hence partial normal
coordinate calculations have been carried out for the alkali halide and
lithium oxide dimers assuming a central force field, and for the Group IV

oxide dimers assuming a general valence force field.

The infrared spectrum of disulphur dinitride has been reported121’ 122 and

interpreted on the basis of a planar rhombic structure with D2h symmetry.
There remains some doubt about these assignments, however, with the reporting
of no less than five bands widely separated in frequency in the spectrum of
the solid compound, as opposed to the three infrared-active fundamentals
expected for the isolated 82N2 molecule with its assumed D2h symmetry.
Previous matrix-isolation studies in this Laboratory123 have confirmed the
assignment of the three infrared-active fundamentals but further investigation

was necessary to determine the origin of the other two bands exhibited by

sclid disnlphur dinitride.

Since Raman-active fundamentals have not been observed for any other cyclic

molecules of the type X Y2, it was of particular interest to measure the

2
Raman spectrum of disulphur dinitride in order to complete the assignment of
frequencies to all six vibrational fundamentals of the molecule, thereby
allowing a complete normal coordinate analysis to be undertaken. ZEarlier
attempts to measure the Raman spectrum of disulphur dinitride were frustrated
by the thermal instability of the com.pound.121 Preliminary studies of the
Raman scattéring due to the solid and the matrix-isolated molecule carried

123

out previously in this Laboratory met with more success but left open to
doubt the assignment of the features observed. One of the main purposes of
the present study was to carry out a more thorough and systematic examination,

seeking to establish the polarisation properties of the Raman lines and to

determine the effects of isotopic substitution at nitrogen in order to
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establish conclusively the origin and assignment of the observed scattering.

Fxperimental

Tetrasulphur tetranitride was prepared by the formation first of thio-
trithiazyl chloride, S£N3C1, from disulphur dichloride and ammonium chloride,ﬂlz'4
followed by treatment of this intermediate with ammonia.125 The dinitride

was then prepared in situ by pyrolysis of the vapour of tetrasulphur tetra-
nitride which was passed over heated silver wool. The apparatus for effecting
this pyrolysié, illustrated in Figure L.2, consisted of a simple two stage
furnace incorporating a Pyrex. glass ampoule approximately 15 cm long and
having an internal diameter of 6 mm, connected directly to the vacuum shroud
of the matrix isolation assembly via a constriction. The ampoule, containing
‘at one end a sample of tetrasulphur tetranitride, was packed with a column

10 cm long of very fine silver wire as supplied by Johnson Matthey Metals Ltd.
Pyrolysis temperatures as high as 30000100 and as low as 130°C103 have been
reporﬁed elsewhere; in the present study the best results were obtained when
the silver wool was maintained at a temperatﬁre of‘180—2000C during deposition.
A convenient deposition rate was achieved by vaporising the tetrasulipnaux
tetranitride at 70—7500 (no definite details about the vapour pressure of
tetrasulphur tetranitride are available, but qualitative observations have
been taken to suggest a vapour pressure of about 1 mm Hg at 1300090). In

some experiments, particularly those concerned with the study of 15N-1abelled
species, it was found more convenient to generate the tetrasulphur tetranitride
in situ by controlled pyrolysis of thiotrithiazyl chloride, 5)N3C1, at 95-

100%¢, 123

In order to study the volatile products of pyrolysis, the material effusing
from the heated column of silver wool was co-condensed with a stream of
matrix gas on a cold caesium iodide window or copper block. The matrix gas -
argon, krypton, nitrogen or methane - was deposited typically at a rate of

2 mmol/hr, total deposition times generally being about 2-3 hours. These

deposition conditions led to matrix ratios, SQN2: matrix gas, in the order
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of 1:800. Preliminary infrared studies of films of solid disulphur
dinitride held at 77K were carried out using the apparatus described in
Section 3.6(g); deposition times were then in the order of 30-L5 min.

Infrared Spectra

Figure }j.3 illustrates a spectrum typical of those obtained during
pre}imihary studies involving a film of solid disulphur dinitridg held at
TT&. The frequencies of the absorptions thus observed are listed in
Table L.1, together with those previousily reported in the literature.121’ 122,
The Table also includes the frequencies of the infrared bands attributed to
the S N2 molecule isolated in an argon matrix at 20K; these are derived

2
from the earlier studies carried out by Peake.123

Selected regions of the
infrared spectrum of the matrix-isolated molecule are illustrated, for

reference, in Figures L.l and L.5.

The infrared spectrum of polycrystalline disulphur dinitride shows a total

121, 122 Of these the two at 660 and 230 c:m_1 have been

of five bands.
shown123 to be absent from the spectra not onlv of the matriv-isolated
species, but also of the solid condensed from the vapour phase at 20K. In
addition, the band at 660 cm | appears to be absent from the spectrum of
the dinitride in the vapour phase and in solution.121 Of the bands
observed in the present study, those occurring at approximately 940, 710,
550 and 340 cm—1 originate in traces of tetrasulphur tetranitride,121’ 122, 126
and weak bands near 1000 cm-1 exhibited by some samples may be attributable

to the polymer (SN)x'127 The presence of both of these impurities arises
presumably either from improperly adjusted conditions of pyrolysis or from

thermal annealing of the condensate occasioned, for example, by poor thermal

contact between the deposition surface and the refrigerant.

On the evidence of this and previous studies, it appears therefore that

the infrared spectrum of the 82N2 molecule contains only three absoritions

attributable to vibrational fundamentals. It appears too that the solid
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Table i.1. Frequencies and Assignments of the Infrar:d 3ands

Observed in Studies of Disulphur Dinitride

Frequency/cm"1 : Assignment
Solid,77K | So01id,80K | So0lid,193K | Ar matrix,20K
(here) (ref. 118)| (ref. 119) (ref. 120)
936 SN,
793 795 735 789.2 Vg (b IS N,
705 SyNy,
663 665 SN2 b
553 SNy
480 Lk 476 L73.7 Vs(bau)SZN2
346 SN,
221 S,N,? b
91 35.0 vL‘(b,m)SzN2
Footnotes

-1
(a) Frequencies measured to +2 cm

(b) See text,

in the present study.
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quenched at 20K has a random arrangement of S _N_ units, which are effectively

2 2
tself-isolated!. The three bands located at 789, 473 and 90 cm.—1 in the

infrared spectrum of matrix-isolated SN, have already been assigned by

22
123

Peake, in accordance with the details given in Table l;.1, to the three

infrared-active fundamentals (b1u + boy + b3u) expected for a planar SZN2
molecule having Doy symmetry. Such an interpretation is also consistent
with the assignment of these bands favoured by Bragin and Eva.ns,122 and
nothing brought to light by the present study'has given cause to alter the

consensus of opinion.

Further experiments were carried out in which a film of solid disulphur
dinitride was deposited on a caesium iodide window at 20K and then allowed
to warm up in a controlled manner, in order to investigate the effects of
annealing on the infrared spectrum of the solid. Illustrations of the
results of these experiments are given in Figures 4.6 and 4.7, which
demonstrate the appearance on warming, apparently independently of each
other (at approximately 100K and 150K respectively) of the additional bands
at 660 and 230 cm.-1 normally associated with polycrystalline disulphur
dinitride. Consideration has been given to a variety of possibilities in
seeking to account for these extra bands: (i) that they arise through the
reduction in effective symmetry impressed on the 82N2 molecule by the site
which it occupies in the crystal lattice; (ii) that they result from
correlation between the molecules which make up the unit cell of crystalline
disulphur dinitride; (iii) that they correspond to translational or
librational motions of the SN, molecules within the unit cell; (iv) that
they, originate in defects of the crystal lattice; or (v) that they are due
to a different phase either of disulphur dinitride itself or of some other

compound, eg (SN)y.

The possibility that the extra bands arise through the reduction ih

effective symmetry imposed on the SoN, molecule by the crystal site has
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128, 129 The

been investigated by the method of factor group analysis.
effective symmetry group in the crystal is Cpy, (Figure L.8) and the
correlation chart shown in Table ;.2 may be constructed for the internal
vibrations of the two S2N2 molecules which make up the unit cell. There is
clearly no correlation of infrared-active and Raman-active modes, and on
this basis there is no reason for expecting extra bands to appear because
Qf the reduction in effective symmetry. In fact, there should be six
infrared-active modes for cxrystalline disulphur dinitride, but unless there
is strong correlation between the molecules (ie strong intermolar forces),
these will appear as three absorptions each consisting of two virtually
coincident components. The fact that the frequencies of the internal
vibrations of the 82N2 molecule suffer little change with the transition
from the solid to the matrix-isolated condition provides a strong argument

against the presence of "strong intermolecular forces" in crystalline

disulphur dinitride.

On the basis of the foregoing arguments, then, explanations (i) and (ii)

seem unlikely. In addition, explanation (iii) is made relatively implausible
by the fact that the frequencies of the extra bands are substantially

higher than those normally associated with the "lattice modes" of molecular

130

solids. Hence the most likely explanations of those listed appear to

be (iv) and (v). Defects simply involving packing of 82N2 molecules are
unlikely to cause the appearance of the extra bands, but the defects could
arise from a change of form of some molecules, possibly as a prelude to

polymerisation (Figure L.9); in this sense there is really no distinction

between (iv) and (v).

As noted previously, there are two symmetry-equivalent reaction pathways
open to the polymerisation of disulphur dinitride involving ‘'one point
cleavage! of the SZNZ ring,118 and the exact course of the polymerisation

may depend on the conditions of thermal annealing. The existence of these






Table 4,2, Correlation Chart for the Internal Vibrations of the

N, Molecules in Crystalline Disulvhur Dinitride

222

Isolated molecule, D C factor group

2h i?

N,
T
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two distinct modes could well have a bearing on the apparently independent
appearance of these two extra absorptions. The band at 660 c:m_1 possibly

reflects the stretching vibration of an open-chain SZNQ moiety. The origin

_of the banéd at 230 cm.-1 is rather less obvious, although it would rise from a

deformation mode of a unit of the type shown in Figure L.9.

Raman Spectra

The Raman spectrum attributed to disulphur dinitride, whether in the forﬁ of

the solid condensed from the gas phase at 20K, of the annealed solid, or of a

- matrix-isolated sample, consistently showed just three bands comparable in inten-

sity at approximately 615, 890 and 930 cmf1. Examples of the spectra recorded
for the solid at 20K and for 821\12 molecules isolated in a solid nitrogen,
argon, krypton or methane matrix are shown in Figures L4.10 to L.1L, and the
measured frequencies are listed in Table L4.3. In some experiments, the
scattering included other bands, either in addition to, or actually in place
of, those associated with disulphur dinitride (Figure L4.15). The frequencies
of these bands are also included in Table L.3. Two such bands, at 560 and

720 cmf1, evidently arose from the presence of tetrasulphur tetranitride,126
while the broad feature at L70 cm_1, often very intense, and a weaker, broad
feature at about 670 cm.—1 are probably due to polythiazyl, (SN)X, the Ra~an

spectrum of which has been reported.131

The simplicity of the vibrational spectrum acrsociated with disulphur dinitride
both in the solid state and in the matrix-isolated condition, combined with
the apparent operation of the mutual exclusion rule governing the activity of
vibrations in infrared absorption and Raman scattering, is consistent with a
centrosymmetric structure of Dy, symmetry for the SoN, molecule. This view

is supported by measurement of the depolarisation ratios of the Raman lines
due to matrix-isolated disulphur dinitride; the results of such measurements
involving a nitrogen matrix are shown in Figure L.16. Two of the three Raman-

active fundamentals associated with an 82N2 molecule having Doy symmetry are
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Fize 4,12, Bands in the Raman spectrur. of SZN, isolated in an arzon
-

matrix at 20K.
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Table 4.3, Frequencies and !

Assignments of Raman Bzands Observed in

Studies of Solid

znd

63

Matrix Isolated Disulphur Dinitride

a
L Frequency/cm Assignment
Solid N2 matrix Ar matrix Kr matrix CH4 matrix
30K 20K 20K 20¥ 20K
170° 470" i70° 470° (SN)_?
560 ° 561° 560° S,N),
7 & 7 v
615 613 517 517 521 Z(ag)SZNZ
- r b )
670b 070b 070b 670 (SN)X?
725° 724° 723° SN,
2 2! ‘ \
390 336 539 392 899 v3(b )sZI\2
928 929 934 926 928 v1(ag)a2v2
Footnotes
(a) Trensuencies of SZNZ bands measured to +1 cm .
b) Usually observed in absence of SZNZ bands,
c) Occasionally observed in conjunction with S,N, bands.

zman Bands Associzted

Hatrix at 20K

Table L.L4. Tre-suencies znd ASsignments of
with the Sﬁ15Wﬁ Molecule in =n irgon
Z [
-1 a .
Trequency/cnm Assignment
15,
617 VZ( 5 N, )
858 v (S 1oy 2)
15,
902 v,l(s2 ”2)
|~
Footnote

- o - g —

-1
(a) Frequencies measured to +1 cm .



totally symmetric (Ag) and indeed two of the three Raman lines believed to
originate in matrix—iéolated 82N2 molecules were found to be polarised, a
feature clearly in evidence in Figure L.16. Although the results of

mwlarisation measurements on the Raman spectra of matrix-isolated molecules

19

should be interpreted with caution, the observed Raman lines have therefore
been assigned in accordance with the scheme detailed in Table L.3. The
assignment of the scattering at 615 cm—1 to the symmetrical in-plane
deformation rather than the corresponding S-N stretching mode, despite its
being the most intense of the three Raman lines, was found to be necessary
in order to solve the secular determinant defining the Ag fundamentals of the

82N2 molecule (see section L.5).

The appearance in the Raman spectrum of two bands in close proximity (near
890 and 930 cm—1) and of almost equal intensity led initially to consideratio:
of the possibility of Férmi resonance. Such an interaction might involve,

on the one hand, an overtone of an unobserved fundaméntal having a frequency
of about 450 cm._1 and, on the other hand, a genuine fundamental belonging to
the same symmetry class'(Ag),also ﬁith a frequency close to 900 e 1. Thus,
two alternative sets of frequencies were initially considered for the Raman-
active fundamentals, namely 930, 890 and 615 cm—1 (in the absence of Fermi
resonance) and ca 900, 615 and ca L50 m (if Fermi resonance is assumed to

occur).

The eventual assignment of all three lines in the observed Raman spectrum

to viBrational fundamentals of the 82N2 molecule was based on two pieces of
evidence., In the first place, the measured depolarisation ratios already
referred to were totally in keeping with such an assignment; in the event of

Fermi resonance, all three lines should be polarised. In addition, the

Raman spectrum of the molecule 8215N2

measured, with the results illustrated in Figure L.17 and the frequencies

isolated in an argon matrix was

listed in Table L4.4. The measured frequency shifts of the three bands
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relative to those for 821uN2 corresponded closely to the results of
calculations based on the assumption that the bands originate in the three

Raman—-active fundamentals of the 82N2 molecule,

After deposition at 20K of a sample of polycrystalline disulphur dinitride
free from impurities, as judged by its Raman spectrum, attention was

focussed on the effects of controlled warming on the Raman spectrum of the
deposit. No additional bands were observed to develop under these conditions,
in marked contrast to the response of the infrared spectrum; the bands due to
disulphur dinitride merely decreased in intensity at temperatures above 150K.
A very poorly scattering yellow-black deposit was eventually obtained at room
temperature, and shown by its infrared spectrum to contain tetrasulphur
tetranitride. Again this contrasts with the conclusions drawn from the
infrared studies, which gave no evidence for the formation of tetrasulphur
tetranitride on annealing. It is possible that annealing follows a different
course in the Raman studies either because of irradiation of the deposit by
the laser or because of the replacement of caesium iodide as the deposition
surface by a copper block.

Normal Coordinate Analysis

Reference has already been made to the influence of delocalised 77 -type
bonding on the structure of the 52N2 molecule (see Section L.1). The Tact
that the highest frequency ascribed to a vibrational fundamental of 82N2

does not exceed 940 cm.—1 is in keeping both with this delocalisation and

with the cyclic structure of the molecule; by contrast, acyclic S-N species
are generally characterised by much higher S-N stretching frequencies (eg
1324 and 1372 cm.—'1 for the gaseous molecules NSCl132 and NSF133 respectively).
In view of the knowledge already.gained about the structure of SZN2’
calculation of the force constants on the basis of the measured vitrational

frequencies may be expected to lead to various interaction terms reflecting

the influence of v -type and transannular S-S interactions.



In the first instance, however, the possibility of obtaining an estimate

of the bond angle of the matrix-isolated SZN2 molecule warrants

investigation since it is not obvious that the isolated molecule should

have the same geometry as the 82N2 molecule in crystalline disulphur

dinitride. In the case of the unique bqg mode v3, the corresponding

blocks of the symmetrised F and G matrices each consist of a single element,

given in the case of the G matrix by the expression

Gyq = Z(FN sin2 e + Mo cos> o) (h.1)

Here PFI and ’“S are the reciprocals of the appropriate atomic masses and

28 = [/ S-N=S, The secular equation therefore becomes
: . 2 2 2 2.2
2F11(PN.Sln e + rg cos @) = 4n"¢ v5 (4.2)
in which Fqq 1is the corresponding F matrix element. Hence, if values of V

3

are known for two different values of r%q, ie if the frequencies are

available for two different isotopic versions of the molecule in which its

68

Doy, symmetry is preserved, it is possible to obtain a value for the bond angle

at nitrogen. For the 82N2 molecule isolated in an argon matrix, the Raman
line assigned to the b1g fundamental was found to occur at 889 and 868 cm_1
Szml\l2 and 82151\12 respectively. These frequencies lead to a value for [ 5-1-5
of 90.9 + 1.5°, which is in remarkably close agreement with the value of
90.142o obtained by X-ray diffraction for the 82N2 molecule in crystalline
disulphur dini’cride.105 The error limit quoted refers to the continued
assumption of simple harmonic motion and not to any allowance for
anharmonicity, which is considered unlikely to be important for this
particular vibration. Hence it appears that the geometry of the 82N2
molecule in the matrix—-isolated condition is essentially the same as that
in the crystalline solid, lending further support to the view that the

molecular units of the crystal are subject to comparatively weak inter-

molecular forces.

In order to determine a set of force constants for the molecule, it was

for
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necessary to calculate all the elements of the Wilson G matrix. This
calculation réquires a knowledge of the bond lengths and bond angles of the
molecule, and the values assumed correspond to those determined by X-ray
diffraction for single crystals of disulphur dinitride (all S-N bond lengths

1
05 The g matrix has been obtained in

equal at 1.65A and ZS-N-S = 90.42°).
the first ﬁlace by manual calculation, the method adopted being to choose a
set of six internal coordinates (Figure L.18), express these in terms of
Cartesian displacement coordinates by means of the transform matrix B, and

1 §+ (se Chapter 2). The calculation has been

determine the product B ;\’I—
repeated using a computer programe GMAT, which is based on the Wilson vector
method and again requires for its input the molecular dimensions and a suitable
set of internal coordinates; there is extremely close agreement between the
results obtained by the two mefhods. The algebraic expressions linking the
internal symmetry coordinates employed to the internal coordinates are listed
in Tablelh.S. The expressions for the G matrix elements derived by the first

method are listed in Table }j.6 and the numerical values of the elements

obtained by the second method appear in Table L.7.

Once the G matrix has been evaluated, the next step is to obtain expressions
for the elements of the corresponding ¥ matrix in terms of the molecular
force constants. A general valence force field has been chosen initially,
and details of the corresponding unsymmetrised and symmetirised ¥ matrices
are given in Tables 4.8 and h.9 respectively. In fact, the calculations
have shown that considerable siﬁplification of the force field is possible
since all the observed frequencies are satisfactorily accommodated by a
symmstri sed F matrix in which the off-diagonal elements are set equal to
iero. On this evidence, the stretch—beﬁd interaction involving the

coordinates of the Ag block appears to be negligible.

The calculation of F matrix elements complying with the observed frequencies

has been carried out using a second computer program FGSOL.13L’ 135 This
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Table 4‘5..Intcnnal sl-metgleoordinates Used in the Normal

Coordinate Analysis of the S_N, Molecule

2

{See Figure 4.18 for an explanation of the symbols)

Symmetry block Coordinate

A = 3
| 31 z(r1+r2+r3+ru)

S2 =,’%(ﬂ1+°(2)

B18 83 = %(r1-r2+r3-ru)

By S, = %(r1+r2-r3-rh)
1

B3u S5 = f(r1-r2—r3+rh)

Sg = #(%X4-9,)

Footnotes

1. The b u fundzmental (the out-of-plane deformation) has

ll
been ignored.
2. The redundancy =ffecting the b}u coordinztes is lszter

eliminzted =5 a —ero root in the =clution oi the relevznt

secular eguation,
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Table 4.5, Elements of the Symmetrised G latrix for the SZEZ Molecule

Symmetry block Element
2 . 2
A y — -
Ay C‘q,1 B(FN cos” O + /M\S sin_ 8)
n - EE( - ) 3 Q cos 9
“12 T Tr Y T/ s ®ocos
b .2 2
G22 = r’(r\N sin~ © +IAS cos” 8)
2 2
B’Ig G35 = 2(,MN sin~ © + /AS cos~ ©)
B G, = 2(M. + M.) 5in° 9)
2u LY P * Ms
B 3 = 20, + ) vosz 6
>u 55 J[_‘u s
o )
3_, = =—=(mM._ + M_) =in € cos 8
52 r (F;I on
i ) > 5
r:// = -2 + 3
jole] r_\/Ah FS tn




Table 4.7. Numerical Values of the Symmetrised G Matrix Elements

for the S_N_ Moleculea

2—2
Symmetry block Element Value?
Ag G11 1.02366
Gy -0.34365
G, 0.7551
'qu G33 ' 1.02954
BZu th 1.03413
Bay G5 1.01308
G56 0.87934
G66 0.75377

“ootnote
(a) Actuzl vzlues multiplied by 10, =s calculzted using thne

computer program GMAT.



Table 4,8, Unsvmmetrised F Matrix for the SZEZ

Molecule based

on the Assumption of a Generzl Valence Force Fiesld
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Table 4.9, Elements of the Symmetrised F Matrix for the SZH2

Molecule Expressed in terms of Valence Force Constants

Symmetry block Elements
A F,, = f +f +f F.. =Lr(f +f )
g 11 r r1r2 r,lr3 12 r1u1 rﬂ“z
+f
r,r),
.2
L =1§r(fr x o ) Foy =T (qx+fw“)
11 12
B F = f -7 +f -f
1g 33 rTrar, Try T4T,
B F = f +f -f -f
2u L T, r,]r3 £,
B F__ = f =f -f F_, =Lr(f ~f )
3u 55 r r1r2 r,]r3 50 r1u2 r1&1
+fr r
174
_ .2
Fes =f§r(fr1°‘2-fr1u1) Feg = 1 (fy=foad)




employs the so-called method of stepwise coupling, in which all off-diagonal
elements in the F and G matrices are initially ignored but then introduced
in several stages, corresponding to successive coupling of individual
vibrational modes. As the symmetry blocks of the F and G matrices for the
S2N2 molecule are small, however, it is a relatively simple task to perform

this calculation manually.

The numerical values determined for the elements of the symmetrised ¥ matrix
are listed in Tablé .10, together with the calculated isotopic shifts

associated with the sﬁitch from S21hN2 to S 15N these shifts are seen to

2 T2
match the observed values (also listed in Table 4.10) within experimental
error. Table L.11 lists the magnitudes of the actual stretching and bending
force constants. Reference has already been made in Section L.l; to the need
to assign the Raman lines near 930 and 615 cm_1 to the S-N stretching and
in-plane deformation modes respectively in order to secure a satisfactory
solution of the secular equation. In fact, replacement of 1LLI\T by 15N
produces an isotopic shift of 32 cm._1 for the scattering at higher frequency
and practically zero for that at lower frequency, leaving little room for
doubt that the former corresponds to a vibration in which motion of the

nitrogen atoms predominates, whereas the latter corresponds to a vibration

in which motion of the sulphur atoms predominates.

The value of 328.5 N m—1 obtained for the principal stretching force
constant of S2N2 is appreciably lower than the value of about L30 N m—1
predicted on the basis of the relationship between bond length and force
constant derived by Glemser gz.gl.136 for sulphur-nitrogen bonds. However,
this relationship was based on the properties of acyclic molecules and its
predictions may well be invalid when applied to cyclic systems, particularly
in view of the much lower stability of 82N2 as compared with its acyclic

counterparts and the considerable strain imposed by its almost square-planar

geometry.
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Table 4.10. Calculated ¥ i2trix Klements and Isotopic Shifts

for the Matrix Isolated S liolecule

225

Symmetry block F matrix Numerical | Isotopic shift/cm-1
~ 14 15
element value? (82 N2-S2 N2)
cale obs
L 2
Ag F11 37404 27, 32.0
F22 469, 4 O.i 0.0
r12 0.0
B w 552.0 20. 3 21.0
1g 33 55 3
® ’I - 1 o
B2u qu 127.3 1.0 2.7
B ® e 3 18.4 13.3
3u 55 29
~ootnote
. -2
(a) Units are as follows: F11,F33,F44 z2nd F55, F22, N mrad
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Table 4.11. Calculated Valence rorce Constants for the SoN, ifolocule

Force constant Humerical valuea
fr 328.5
f _7704
r,lr2
f A4, 7
r,]r3
, 1
£t ; 38.6
174
f« + foaw 1723
“ootnote
(a) Units are as follows: T s T sy T
r r.r r.r r.r

fuu, N m_1.
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The molecule is characterised by substantial stretch-stretch interaction
force constants which are associated presumably with the delocalised

bonding implied by the results of molecular-orbital s’cudies.m9—111

The
seemingly large value of 172.3 N m—1 deduced for the sum of the principal
bending and bend-bend interaction force constants is suggestive, as is the

short S-S distance, of substantial cross-ring interactions between the

sulphur atoms. However, the results of the most recent ab initio molecular-

137

orbital study indicate that while adjacent atoms are bonded (positive

overlap), cross-ring bonding is absent, presumably as a result of repulsive
interactions between lone-pair electrons. The unusual negative value of
fr1r2 (Table L4.11) might also be indicative of such interactions. Hence

any interactions between the sulphur atoms in the S2N molecule appear to be

2

of a non-bonded nature; this contrasts with the SMN) molecule for which there

is evidence of considerable cross-ring bonding involving the sulphur atoms

(Chapter 5).
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Chapter S

STUDIES OF SULPHUR-NITROGEN SYSTEMS, PART TT: TETRASULPHUR TETRANITRIDE,‘§hEh

5.1

Introduction

After a detailed investigation of the vibrational spectra of disulphur
dinitride and their relationship to its molecular structure, the next step
was to tackle its precursor, tetrasulphur tetranitride, in a similar vein

in order that the two compounds might be compared. Tetrasulphur tetranitride,
the most familiar sulphur-nitrogen compound, was first prepared as long ago
as 1835,138 but 1little was known about its structure until comparatively
recently. It is formed as either the main product or a by-product in a
variety of reactions; standard methods of preparation include the interaction
of a sulphur chloride with ammonia in an inert solvent such as carbon
tetrachloride.139 The chemistry of tetrasulphur teﬁranitride has been the

98, 140

subject of two fairly detailed reviews published comparatively recently.

The ShNL molecule is now known, as a result of electron diffraction1h1 and

X-ray diffraction1h2

stvdies, to consist of a buckled eight-membered ring of
Dog symmetry, in which the nitrogen atoms form a square and the sulphur
atoms lie at the corners of a slightly distorted tetrahedron (Figure 5.1).
The following features cf this-structure are particularly noteworthy.
(1) The eight S-N bond lengths are identical at 1.616li.0.01x,1h2 a
distance significantly shorter than that normally associated with
an S-N single bond (ca 1.7hﬁ1u0). It has been suggested in one
quarter1h3 that the bond length corresponds to a bond order of about
1.65.
(ii) The S--—-S distances along the edges of the tetrahedron (2 x 2.58A
and L x 2.69K) are appreciably shorter than the sum of the van der
Waals radii (3.69% in orthorhombic sulphur1hh) and actually at the
upper limit of the range normally associated with S-S single bonds
(ca 2.00-2.60% depending on the relative contributions made by the
1h5)

valence S- and p~ orbitals of the sulphur atoms



Fig. 5.1. The S,lNh mOlecule.

Fig. 5.2. Ihe As, S, molecule.
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(iii) The N-N distances along the sides of the square are again much

146

shorter than the sum of the relevant van der Waals radii (3.13)- ’

but there is no conclusive evidence for significant N-N bonding.1h7’ 1,8
Several attempts have been made to explain the observed geometry of the SNy,
molecule. One such interpretation,1h9 based on symmetry arguments concerned
with the effects of various distortions of a planar structure of D)y, symmetry,
leads to the conclusion that the configuration of lowest energy should consist
of eight single S-N bonds and two transannular S-S bonds. Two relatively
strong S-S interactions are also implied by CNDO/2 calculations,150 but these
also indicate an S-N bond order of 1.5 arising from highly delocalised
tislands! of electron density superimposed on the o~framework emulating the

features attributed to the cyclophosphazenes. 2

The second interpretation,
unlike the first, assumes a contribution from the 3d-orbitals of the sulphur

atoms.

It has been suggested by Banister152

- that the sulphur atoms each provide two
electrons for the U—bbnds and that one of the two 'lone pairs! on each atom
acquires a contribution from certain of the 3d-orbitals to give two further
bonding electrons of higher energy. If one non-bonding pair of electrons is
allocated to each atom, fourteen pairs of bonding electrons remain; eight of
these are allocated to the S-N o-framework, leaving six pairs of higher
energy to bind together the sulphur atoms making up the near-tetrahedral Sh
unit. The structure of ShNh may also be contrasted with that of AshSh
(Figure 5.2),153 in which the electronegativity values of the constituent
atoms (As, 2.2; S, 2.6; N, 3.015h) are such that the 3d-orbitals of the
sulphur are no longer contracted by an excess positive charge, and which is
thought to be fairly well represented by a model involving ten localised

152

single bonds.

. 155
More recently, however, a self-consistent field/CNDC treatment of ShNh

discounts the possibility of significant d-orbital participation. The S-N
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and S-S bonds are considered to be relatively localised, slightly bent
single bonds (cf Pu 156) implicating almost pure p-orbitals, with the lone
pairs occupying almost pure 3s-orbitals in the case of sulphur, and orbitals
having both 2s- and 2p-character in the case of nitrogen. The bent form of
the bonds explains the classical 'strain! in the ShNh molecule and its

157

thermal instability, while the electron delocalisation suggested by

diamagnetic ring currents1h8

is thought to arise from interaction between
the lone pair electrons on each nitrogen atom and the p-orbitals on the
adjacent sulphur atoms. The question of the electronic structure of tetra-
sulphur tetranitride still appears to be unresolved, therefore, although it
seems to be generally agreed that there are appreciable S-5 but negligible

‘N-N intéractions.

There has also been some uncertainty about the interpretation of the

vibrational spectra of the ShNh molecule. Infrared and Raman spectra

attributed to tetrasulphur tetranitride were reported as long ago as 1953,157

but the assignmént of the observed features attempted then was based on an
incorrect molecular structure. Further confusion was added by Griffith and
Rutt158 in their studies of the Ramah spectrum of tetrasulphur tetranitride

in solution, leading to the assignment of Raman lines at L7l and 156 cm.-1 to
fundamentals of the ShNh molecule; in fact, these lines almost certainly

arose from the presence of sulphur in the sample of tetrasulphur tetranitride.159
Bragin and Evans122 carried out a complete normal coordinate analysis of the

ShNu molecule but this still left considerable room for doubt about the

vibrational assignments on which it was based.

In this Laboratory, Cunningham126 carried out further investigations on the
vibrational spectra of tetrasulphur tetranitride and performed a partial

normal coordinate analysis of the molecule, but here again the absence of a
complete and reliable vibrational assignment limited the scope and significance

of the calculations. More recently, Sawodny and his co-workers have reported
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a complete assignment of the fundamental vibrations of the ShNh molecule;160

in this they have sought, for example, to distinguish between the bo and e
modes, which are active in both infrared absorption and Raman scattering,

by the splitting of the e modes in the spectra of solid tetrasulphur tetra-
nitride.A Again force constant calculations were carried out but were
incomplete, only the principal S~-N and S-S stretching force constants

being quoted in the published account; the major difficulty, as with all
previous studies of this nature, was simply the lack of sufficient infoxrmation
(relating, for example, to the éffects of isotopic substitution) to provide

a proper definition of the molecular force field.

The aim of the present study was, therefore, to obtain the information

required for a complete normal coordinate analysis by measuring for the

»first time the infrared and Raman spectra of the matrix-isolated SuNh

molecule. As well as yielding accurate values of the vibrational frequencies
and, in principle, such aids to assignment as the polarisation properties of
the Raman scattering; such a study would also lend itself particularly well
to the vibrational characterisation of a different isotopic version of the
molecule, namely Sh15Nh' The additional information made available in this
way might reasonably be expected to enable the performance of a complete
normal coordinate analysis of the ShNhrmolecule. With this achieved, the
force constants would naturally invite comparisons with those of related mole-
cules (particularly disulphur dinitride) for the light which they might shed
on the electronic structures of the molecules.

Experimental

Orange crystals of tetrasulphur tetranitride were prepared by the method
referred to in Chapter l, Section L4.2. The vaporisation of the tetra-
sulphur tetranitride was achieved in apparatus similar in design to that

used for the preparation of disulphur dinitride, but with the pyrolysis stage

now omitted; accordingly the assembly took the form of a simple Pyrex-glass
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TheShNh molecule belongs to the D
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ampoule approximately 6-7 cm long and having an internal diameter of 6 mm,
again giving direct access to the vacuum shroud via a constriction. Convenient
rates of deposition were achieved by vaporising the tetrasulphur tetranitride
at SS—6OOC‘prior to infrared studies and at 70—7500 prior to Raman studies.

15

Experiments involving ~“N-enriched tetrasulphur tetranitride were most

con&eniently performed by generating it in situ by controlled pyrolysis of
15N—enriched thiotrithiazyl chloride, ShNBCI' 123 The conditions of

deposition were otherwise similar to those employed in the studies of

disulphur dinitride.

Infrared Spectra

The infrared spectra exhibited by matrices containing tetrasulphur tetranitride
isoléted_in solid nitrogen, argon or krypton are illustrated in Figures 5.3

to 5.5, .and expanded versions of portions of these spectra are reproduced in
Figure 5.6. Figure 5.7 depicts the spectrum of an argon matrix incorporating

15N

the products of controlled pyrolysis of —enriched thiotrithiazyl chloride;

~ here the bands are predominantly attributable to the infrared-active

15N

fundamentals of the molecule Sh L The measured frequencies of the absorptions

occurring in all these spectra are listed in Table 5.1.

od point group and therefore possesses

fourteen distinct vibrational fundamentals which are accommodated by the

.representation 3aq + 2ap + 2bq + 3bo + Lhe. According to the selection rules,

the two a, fundamentals respond neither to infrared absorption nor to Raman
scattering. All twelve of the remaining fundamentals are expected to be
Raman-active (3aq + 2bq + 3by + Le), but only the by and e modes to be
infrared-active. In principle, therefore, seven vibrational fundamentals
should be observable in the infrared spectrum, although previous measurements
122, 126, 160 suggest that at least one of these occurs at a frequency less

than 250 cmf1, the effective limit of detection of the apparatus used in the

present study.
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Tab'e 5,1, Freguencies of Tnfrzred 3ands Qbserved in Studies of

Matrix Isolated Tetrasulvoiur Tetranitride

b 15.,
Sk Jh Sh b
NZ mrtrix Ar n=trix Xr matrix Ar matrix
oLy, 3 9k5,7 obL,2 919.8
768.0 768.0
556.5 554,2 557.4 540.5
51%.3 519.0 519.0 519?
42,0 337.3 337.0 331.0




The infrared spectrum exhibited by tetrasulphir tetranitride invariably

contained four strong absorptions: with the rolecules isolated in an argon -

matrix, these were located at 945.7, 707.6, E54.2 and 337.3 cmf1. In
addition, two weaker features were often, but not always, observed at 768
and 519 cmf1, the intensities appearing to very in sympathy with those of
the stronger bands. All six bands may be assigned to infrareé-active
-fundamentals of the ShNh moleéule, in agreement with the assignments made

in pravious investigations. 22’ 160

The freqguencies of the four strong
absorptions are also in close agreement, it may be noted, with those
attributed to the presence of tetrasulphur tetranitride in the studies of

disulphur dinitride described in Chapter L.

On'the~basis of the infrared spectrum of the molecule Sh1bNh alone, it is
not possible to distinguish between the b, and e fundamentals. Such a
distinction has been claimed, however, by Sawodny'gz.§;,16o on the basis of
the splitting developed byvthe absorptions due to the degenerate vibrations
and attributable to the lowering to Cg of the site symmetry of the SHNL
molecules in soiid tetrasulphur tetranitride. Additional evidence has been
afforded in the present study by measurements of the vibrational spectra
éf [45ﬁh7 tetrasulphur tetranitride, allowing the distinction betwe=n the
bo and e modes to be made within the context of the normal coordinate
analysis of theSh‘Nh molecule. In fact, this evidence supports the
assignments proposed by Sawodny‘gj_gl;16o on this basis, the infrared
absorptions located at 707.6 and 55L4.2 om (for the sh“'Nh molecule
isolated in an argon matrix) are assigned to the b, fundamentals vg and Vg,

while those at 945.7, 768, 519 and 337.3 <:1rn'-1 are assigned to the e

Y Vv ively.
fundamentals 41 v12, v13 and 10 respectively

5.4 Raman Spectva

The Raman spectrum of matrix-isolated tetrasvlphur tetranitride exhibited
two very strong bands at approximately 200 and 220 cm.—1 and two somnwhat

lower in intensity at approximately 560 and 720 cm_1, along with several

92
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other weaker features. Examples of the Rzman scattering from,Sh1hNh
isolated in a nitrogen, argon or methane matrix are shown in Figures 5.8

to 5.10. Figure 5.11 shows the Raman spectrum of an argon matrix containing
the products of controlled pyrolysis of 15N—enriched thiotrithiazyl chloride;
again this consisted predcminantly of bands attributable to the Su15Nh
molecule. The measured frequencies of the Raman lines occurring in all these

spectra are listed in Table 5.2.

The s=zlection rules imply that, in principle, all but the a, fundamentals

of the SANA molecule should ve active in Raman scattering. Although it
appears that some of the Raman lines are so weak as to escape detection,
the main concern is to locate those fundamentals which are inactive in

infrared absorption, namely the a, and b1 modzss. In fact, the Raman lines

‘occurring near 220, 560 and 720 cm.-1 have previously been assigned.%o the

three a, fundamentals on the evidence of the depolarisation ratios which

1
122, 126

they display when tetrasulphur tetranitride is in solution. The

results of polarisation measurements involving SHNh molecules isolated in
a nitrogen matrix, as carried out in the present investigation, are illustrated
in Figure 5.12, and afford added evidence in favour of the assignment of

these three lines to the a1 fundamentals.

The two b1 fundamentals are easily identifiable in principle as the only

ones which do not respond to infrared absorption and give rise to depolarised

Raman lines. The lower in frequency of the two intense bands in the region

160

of 200 cm_1 has previously been assigned to the third b2 fundamental,
but the frequency measured in the present invastigation (205.5 cm ] for the

molecule isolated in an argon matrix) doss not coincide with that of the

infrared absorption previously assigned %o this fundamental (ca 180 cm.—1 .

122, 126, 160 The results of the present study suggest that a2 weaksr
-1 .
feature, occurring at 185 cm = for an arzon ratrix and apparently unresolved

in previous measurements, should be assigned to V1o, the thir¢ b, fundamental

2

-1 .
leaving the strong band at 205.5 cm = to be ascribed to one of the two by
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Table 5,.,2. Frequencies of Raman Bands Observed in Studies of

atrix Tsolated Tetrasulohur Tetranitride

Sqquﬁg 841534
N, matrix Ar matrix C=) 2=trix Ar matrix
-
186.0 135,90 188.0 133.0
275,0 205.5 222.0 204,0
223.5 223.9 221.0 221.0
343 335
521
561,90 550.5 560,0 559.5
725.0 723.0 723.5 704.,0
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fundamentals (V7).

The assigmment of the other b, mode (>%) is even less clear-cut, with

1
no evidence, for example, to support the existence either of the bands

122

at 888 and 615 cm--1 assigned to the b, fundamentals by Bragin and Evans,

1
or of that at 528 cm—1 suggested as an alternative candidate by Sawodny et
a1.160 ‘There is, however, weak scattering at 731 cm—1 in the Raman
spectrum of solid tetrasulphur tetranitride which has been provisionally
assigned io »%(b1) by Cunninghdm,126and although there was no clear sign
of such a band in the spectra of matrix-isolated tetrasulphur tetranitride
recorded in the present investigation, this assignment has been adopted on

the strength of its apparent consistency with the ensuing normal coordinate

analysis.

Table 5.3 summarises the conclusions reached on the basis of the méasurements
described here or elsewhere by providing a complete list of the assignments
favoured for those vibrational fundamentals of the ShNh molecule which are
amenable to detection in either infrared absorption or Raman scattering.

Normal Coordinate Analysis

As in the case of the S2N2 molecule, calculation of a set of force constants
consistent with the measured vibrational frequencies may be expected to
bring to light interaction terms reflecting the influence of electron
delocalisation, and comparison with the force constants already deduced

for 82N2 may highlight important similarities or differences between the

two molecules.

For the ShNh molecule, as for the S2N2 molecule, the first step in the
determination of a set of force constants was to calculate the elem:nts
of the Wilson G matrix. The values of the interbond angles and bona lengths

assumed for this purpose were those determined by X-ray diffraction using

single crystals of tetrasulphur tetranitride, namely an N-S-N angle of 1049,
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Table 5.3, Assiznments of the Vibrational Fundamentals of the

§4§4 Molecule

Symmetry species Fundamental Frequency
a
A1 V,I 723.0
a
v, 560,5
223,0°%
Vs >
c
B,| V6 731
a
V7 205.5
me gD
B, Vg 707 .6
b
L,2
V9 55
Vs 185.0
b
2 %
E > 45,7
b
v12 768.0
b
V13 519.0
b
v14 33735
Footnotes

(a) Ram=n spectrum, Ar matrix,
(b) Infrared spectrumn, Ar matrix,

(¢) Raman cpectrum, solid (ref. 126).
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an S-S-N angle of 906, and all the S-N bond lengths set equal at 1.62%.
The set of internal coordinates chosen was similar to that employed by
Bragin and Eva.ns,122 comprising eight S-N stretching, two S-S stretching
and eight S-S-N bending coordinates (Figure 5.13). These result in a
complete set of internal symmetry coordinates, the algebraic expressions
for which are given in Table 5.lj, with no redundancies. The numerical
values of the G matrix elements derived from these coordinates using the

computer program GMAT are listed in Table 5.5.

Having calculated the elements of the G matrix, it was then possible to
check some of the vibrational assignments for the S)_LI\T)4 molecule using the
product rule,26’ 33 which relates the frequencies of different isotopic
versions of the same molecule as described in Chapter 2. In the case of
the SLl'I\I)4 molecule the rule was applied to those symmetry classes for which

15

all the frequencies of the molecule Sh Nh had been measured, namely the

a, and b2 classes. The calculations were carried out using the rule as
expressed in equation (2.25), which involves the determinants of the
appropriate blocks in the G matrix. The results are listed in Table 5.6

and appear to afford additional evidence in favour of the proposed

assignments.

With reference to the ¥ matrix, a general valence force field was chosen,
and Tables 5.7 and 5.8 record the details of the corresponding
unsymnetrised and symmetrised F matrices respectively. In this casn, it

was found necessary to retain most of the off-diagonal elements in order

to acéommodate all the observed frequencies. The method of calculating

the off-diagonal elements was essentially one of trial and error until

the values inserted, together with those computed for the diagonal elements,
yielded an F matrix which would satisfactorily accommodate all the observed
frequencies for both isotopic versions of the molecule. The numerical

values determined for the elements of the symmetrised ¥ matrix are catalogued
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Fig. 5.13. Internal coordinates of 3, N

W=y °
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Table 5,4, Internal Symmetry Coordinates Used in the MNormal

Coordinate Analysis of the Shuh Molecule

(See Figure 5,13 for an explanation of the symbols)

Symmetry block Coordinate
_ 1
A, S, =yg(r,+ Tyt Tzt T+ Yot Tpt ot rg)
= ol
s, _J§\61+ &+ 253+ &)+ EES+ G+ 57+ dg)
S3 =1%(d1+ dZ)
B1 Sbr =18(r1‘ r,- r3+ r)+ rS— rg- r7+ r8)

S = g(8, - & - &+ 8+ 8- B~ 8+ Bg)

B, S¢ =‘;(r1+ o+ T+ Ty= Tg= Tg= Tom rg)
1
S7 =Jg(61+ 52+ 53+ 54— 55— 56- 57- 58)
1
. Sg = s2(dy~ d;)
E 59 = %(r1+ r,- r3— ru)
S1O= %(r5+ Tg- To- r8)
S447 %(61+ 62- 63— 64)
N
812— 2\55— 56+ 57- 58)
Footnote

et e e et

The 25 fund=mentals, inactive in both infrared absorption and

Raman scattering, h=ve been ignored.
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Table 5,5, Numerical Values of the Symmetrised G Matrix Elements

for the S N, Molecule®

Symmetry block Element Value®
A1 G11 0.67990

G12 0.34738

G13 0.00000

G, 0.52975

G23 ~0.38502

633 0.62373

B1 G11 0,33079

G12 0.04374

G22 0,51010
B2 G11 1.22114‘

Gy ~0.34736

G13 0.00000

G, 0.59978

Gy -0.38502

Gys 0.62373

E G, J. 95052

Gqs -0,27062

G13 -0.13533

G14 0.34737

G22 1.12141

G23 0.34736

G24 0,00000

G33 0.65505

G34 0,00000

th 0,27210

L
Footnote

Actual values multiplied by 10, as calculated using the

comduter nrogram MAT,



Table S.5. Product Rule C=lculations for the §),4), tolecule

1 15
Sy, QNL 5, 534 Ratio
K2 2.742115 0.237k43 7.933
Frequencies 723.9 704.0
550,5 553.5
223,0 221.,0
T (v 2) 3,167x10 12 7.573%10 12 0.928
Hl
§2 block
1 15. )
|G) 0.213139 7.,011752 7.390
Fregquencies 70742 693.0
554,2 5L0,5
135,92 133,0
.
13 . 1
TV (9 2) 5. 25413 7 5731012 3,393
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Table 5.7. Unsymmetrised F Matrix for the Shﬂh Molecule Based

on the Assumvtion of a General Valence Force Field

Internal Coordinate

rl sl nlrs|rnlmlre| 6]t bs| Pu|ds| & $,] ds| |42
Frtl oty fodh| Frd| e | o by | By |Fird (Frdy
2 iF".'z Fe |frry || Forg | forg [Frrg | Frrg | Fod, frod, | Fody| Fuds|fod | Frds|frds| Fady [frd, Lf,,,,z
fr 3,|f0 ¢, |Fede |Fosps| Frdg|frt |Fe o, [fr d,
w for,|Fars|Farg | B (Forg {Farg | Fare| Fars|Fodu| Fady| frdy|Fr | Fods) o) Fro| Faps|Fad e
Cs [forg|Fore Fare| Fors | Fr |Fors [Frny | Fiun, | Fods |Fade | ool e o [ty |y | oy [frada fads
o [urg |Foes|Frrg |Fove [For | B [Fus, (e [fode|Fads| ol ) o | Pt [frg
T A P A A A T D N P R R R P e
v [farg|frrg oy |Fars [Frun, [Fora | Fu | B [Fabalfridolfuds [Fods [ | Py Fu | Py [Frdafork
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Per frobulfrds| Pty | Fru | Frda (e, [y |Frdalfp Bt &olFd | Fo Fida [ oiFok st (09
Ds (Fudslfe bolFedyl By i (s B | D5 08| Pl Fe] Fp |||t s,
e (el Fodel s b, s (T s, | b a8 Fo b Fog) £ |Fodfosslfant fos
B (ot e s s o P i b o ) ] P P i [
P (sl frdelFedy [ Frds| ot |Frby|Frida|fnd, (Eoke Fo b Fi b B0 T | g o

Frrs| Fon| Fors| g |Fony forg b

(4 Qﬁ!ﬁwh f, ’%Q ﬁw‘fb@’%g ﬁybﬁﬁhfhﬁ'

XN
-
N
N
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~
Q0
o~

d LF:,:\, frad ifrd, [frd, | fod, [frda [Frd, F,,.LLHQ'SL, fd, ¢, .3, IR0, 8, [Fu b, | Fug, 1Fa 3, | F fady
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Table 5.8. Elements of the Symmetrised F Matrix for the Shﬂh

Molecule Expressed in Terms of Valence Force Constants

Symﬁetry block Elements
= frofint i b Fa™ Gporfod thpdid, By 20 efrd)
A, gt Wargtfony trgorhopefif byl
Fa) = . b b, ,.f(#z-tfr,h"‘f/,é, Fa* £ f'%#{’ F**J#*h Fa ZZ(FJJ‘ *Fdz,i,}
L RN NS R AL X A P LTS
Fy = zrf,',,'fff,a,\ Fag = 2(F1 g, +ha9)  Fag” Fa*Fua,
F * Fe —f""l- - F’-"’; H:'.I’» Fa* F’-‘#, ‘Ff'.*z -F{"?Ss' F'n*b
B 1 * Erv /4 Zfr, s 4 F’l s +F{) ‘ﬁs "Ff, #6 —F(l %7 "ff, +8
F?.l = Fr; ia -F{'#Z’F(' ¢3 *fr,f,, Fzz - F* -F+p 'ﬁ’ ‘{\;'*3 -}f*‘+~
o ds~fopy Frd, e +g b 14 4 - 4,9, 4F4dy
Fohtfansfiqrbon, . Ra=Fog o, vhid g,  Fz=2(kg +,d)
B s - e -Fan ~rgs P Todsfndy
2 .
Fy =Fed +f,,¢2#f,¢;+f,_¢“ Facbp +ihd, i3 h4f3d,  Fas =2(£1,¢,-FJ,¢,)
fodsfnp, btk A4 Fed Teh
= F - Fd "FJ.J
F3' - Z(F{'J' ’ff,J:,\ ng Z(FJ‘*’ J'FJ;,*) L x3 y 2
= — F" = Ff ?Ff'rz F‘l - F{."‘f'.rg F'3 :Ff'#' ;f('éz F"' =F{‘¢5’Ff'+‘
E - f’."; ~Frn, 'Ff, +3 “ff,#,, ){'u¢‘l +, *g
FZ) =t F{,{; 'ff,fg Fzz = {f "f{\rz FZS: rf. #5 *‘}.*b Fu :ffﬁﬁ‘ 4(I¢2
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in Table 5.9, together with the calculated and observed differences

between the frequencies associated with the molecules Sh‘”'LNLL and Sh15N .
Hence it is clear that the observed frequency shifts are closely reproduced
by the calculations. Table 5.10 lists the magnitudes of the actual
stretching and bending force constants corresponding to the optimum fit

of the measured frequencies.

The principal S-N stretching force constant, at 319 N mf1, is of the same
order as that calculated for the SN, molecule (328.5 N mf1) and again

much smaller than the empirical relationship between force constant and
bond length derived by Glenser.ggugl.136 might lead one to expect, affording
further evidence that this relationship is inapplicable to cyclic sulphur—
nitrogen molecules (see also Table 5.11). It is also significantly smaller
than the values previously calculated for the ShNL molecule by Bragin and

Evans (411 N o= 1) 122 1y,160

and by Sawodny et al. (505 N m These
discrepancies presumably arise, at.least in part, from differences in the
assignments, particularly afféctiﬁg'the b1 fundamentals. The differences
might also reflect differences in the off-diagonal elements of the F matrix;
the comparatively large values of some of these are indicative of significant

mixingrof the internal coordinates, which may limit the significance of the

force constants.

The differences between cyclic and acyclic sulphur-nitrogen- species are
also apparent, of course, in the relative magnitudes of the vibrational
frequencieé, with neither ShNh nor SzN2 having a fundamental at a frequency
exceeding 950 cmf1. In the case of SbNh in particular, the structure of

the molecule dictates that any S-N stretching motion must necessarily

involve some deformation of the ShNh ring and vice versa, quite apart

from any interaction between the different internal coordinates which may
be incurred by the vibrations of a particular symmetry class, This is

reflected in the dispersion of the observed frequencies attributable to



Table 5,9,

C=1cul=-ted ¥ M~{

Tsotonic Shifts

M2irix Ts321ated Shih Molecule
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[ Symmetry block | ¥ wmcrix ‘americal | Isotopic saift/cm”
=lement /=1lue (341AN4-S#15N4)
czle obs
A, 7.y L3L,3 19.2 19.5
?12 =32%22.0
F13 2.9
F22 527.3 0.5 0.0
?23 122,92
F33 225.5 1.8 2,0
B1 311 333.9 19,5 -
F12 15,0
F22 5.7 1.5 1.5
B2 F11 291.2 14,5 14,6
F12 230,90
F13 2.0
P 715.5 13,5 13.7
FZ} 170,90
Fsz 135.5 2.3 2.0
E F11 336.3 25.0 25.9
F12 72,0
F13 20,0
F14 -132.,0
K 252.9 19.6 -
F23 -122,0
F24 22,9
U 74,1 5.1 -
FB; J.,0
B 722,2 7.1 5.3
Footante
fa) Jrits =re <sqfol')”s: 1,,*33'11),?11f31),F11,F33(32)
Fop/E), m“;d?zz’ ‘ ?22731?,?22(32),F33,F4h(E), Tomorad
Ytarars, N rad .

1?111F121
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Table 5,10, Calculstad Valence Torce Coanstants for the 84E4 olecule

Farce constant ‘Jumerical value”

fr 319.4

fr1r2 54,5

fr1r3 -16.7

fr1r4 -h,3

T T 71.8

fr » % r 0.0
176 "1773

£y 166,1

fd1d2 59.5

fr1d1,fr1d2 0.0

g# 115,2

f¢a¢é 6.3

:¢1¢3 45,6

f%% -13.4

f¢1¢5 ~22.5

f¢q¢%,f¢q¢7,f¢qr8 2.0

fr1¢1 50.9

fr1¢2 - =32.35

fr1¢3 -32.3

fr,,% 40,3

fr1¢5 -95.1

fr1¢’6’ r 14>'7’ fr#’s 0+

fd1¢>1 32,3

fd2 1 5.7

r93tnote

(a) ALl farce ~=ia~tnts exoressed in ¥ @ .



Table 5.11., Cormoy~risoyn of 5=V Stretching Force Coustants in Sqiu

212 with thise of Related 'lolecules
—

Inlecule fsv(? m-1 rsw(ﬁ) Reference
TSN 1255 1.k2 134
TSN 1971 1.45 s 161
C1SXN 1399 1.45 89

(Nt .6 1
80, ¢ ﬂa)a 542 1,60 652

4&2503ﬂ 310 1.73 163

(CF,S) N 34D 1,70 164
373

SNO 522 ~1,52 165

52N2 328 1.55 This work

Sy, 319 1.62 This work
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fundamentals of the ShNh molecule throughout the range 180-950 —
without any obvious gap separating one group from another. The same

effect is evident in the magnitudes of the S-S-N bending force constants.

The magnitudes of the interaction force constants of ShNh, in common with

those of 82N2 are consistent with a measure of electron delocalisation

(involving for example,Tr - type interactions). The extent of such
delocalisation may be gauged, however, by the fact that appreciable stretch-
stretch interaction force constants are fdund only for pairs of S-N bonds
which are adjacent. Comparison of the orbital energy levels of S)_LNL'r and
82N2 derived from their He(I) and He(II)vphotoelectron spectra137 shows
certain differences which suggest that the smaller ring size and near-

planarity of 82N2 are compatible with more extensive electron delocalisation.

The magnitude of the S-S stretching force constant implied by the present

calculations 2166 N mf1) agrees closely with that deduced by Bragin and

Evans122 and is also comparable with that suggested by Cunningham's

calculations.126 On the other hand, it is five times greater than the

value of 31 N mf1 proposed by Sawodny.gz_gl.16o Although the reason for
this discrepancy is not clear, the value obtained in the present study
suggests substantial S-S bonding though with a bond order rather less than
unity (compare, for example, the S-S stretching force constant of about
250 N n | estimated for the molecule HSSH17O). Such a conclusion is

consistent with the results of the most recent ab initio molecular-orbital

137

calculations, in which positive overlap populations are associated with
adjacent pairs of sulphur atoms, albeit at a level significantly inferior
to those associated with adjacent sulphur-nitrogen pairs. Similar
calculations signify, on the other hand, that cross-ring S-S5 bonding is
absent from the SZNZ molecule, interaction between the sulphur atoms

being dominated by repulsion between the opposing lone-pair electrons.

Further information about the degree of S-S bonding in the SL‘N,4 molecule
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may be obtained by consideration of the intensities and depolarisation
ratios of'the Raman lines, in particular that near 220 cm.—'1 which is
associated with the breathing motion of the Sh tetrahedron. The relatively
high intensity and apparent small depolarisation ratio of this line indicate
that it is éssociated with a sizeable mean polarisability derivative
suggestive'bf appreciable S-S5 bonding, by anology with similar evidence for
Hf—B'bonding in the molecule Hf(BHh)h 166 1nd for Pb-Pb bonding in the
polynuclear hydroxylead complexes th(OH)hh+ and Pb6(OH)8h+. 167 On the
other hand, the breathing modes of the P)4 units in the molecules P)4 and
Pho6 occur at much higher frequencies (606 and 562 cm._1 respectively),
suggesting that S-S bonding in SnNu probably occurs to a somewhat lesser
extent than P-P bonding in these two molecules.
Summary
The main conclusions to be drawn from the vibrational spectra of disulphur
dinitride and tetrasulphur tetranitride, as measured and analysed in this
projéct, may therefore be summarised as follows:-—
(i) The vibrational frequencies associated with S-N stretching motions
of the molecules are substantially lower than those characteristic
of écyclic sulphur-nitrogen molecules, and the calculated S-N
stretching force constants are conspicuously smaller than the
experience of acyclic sulphur-nitrogen molecules would lead one to
expect.136
(ii) The magnitudes of interaction force constants imply a significant
degree of electron delocalisation extending over three or more
atomic centres. This delocalisation appears to encompass the whole
of the ring in S2N2 but to be rather less extensive in relation to
the framework of SMNb'
(iii) There appears to be substantial cross-ring S-S bonding in ShNh’ in
137

agreement with the results of molecular-orbital calculatious.

Some form of S-S interaction appears to be present in 82N2 but
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molecular-orbital calculations suggest that this takes the form
not of a bonding interaction but of a repulsion between the

opposing lone-pair electrons.
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Chapter 6

MATRIX ISOLATION OF CHROMIUM TRICHLORIDE OXIDE, CrOCl3

6.1 Introduction

The maximum oxidation state exhibited by chromium is the one corresponding

to the maximum involvement of its 3d and Ls electrons, namely Cr(VI), but

the most stable state in an environment of donor atoms like O, F or Cl is
Cr(III) (d3); octahedral coordination of a Cr(III) centre affords a.sort of
'half-filled shell! stability arising from single occupation of each t2g level.
The intermediate oxidation states Cr(IV) and Cr(V) do not often give rise to
long-lived species in agueous solution, and until recently were thought to be
important under such conditions only as intermediates in redox reactions;15h
however, a stable, water-soluble chromium (V)_compound, potassium bis
(2-hydroxy-2-methylbutanoato) oxochromate (V) monohydrate, has now been

prepared.”1

Tn addition, a number of solid chromium (V) compounds have been isolated. 12175

Thus, the pentafluoride, CrF., may be obtained by fluorination of the metal,
176

the trifluoride or the trichloride, whereas treatment of chromium (VI)

oxide with a fluorinating agent like ClF3 or BrF3 yields the trifluoride

oxide CrOF3.175 There are also known anionic complexes, Vviz [Er OXE7-
(X = F or C1) and [6r001572_, obtained, for example, by reduction of chromium
(V1) oxide with concentrated hydrochloric acid (or glacial acetic acid

saturated with hydrogen chloride) in the presence of alkali-metal ions at 000.177

Chromium trichloride oxide, CrOCl.,, was first characterised as a product of

3

the reaction between chromium (VI) oxide and either thionyl chloride or

sulphuryl chloride.178

In a subsequent study, the possibility of preparing
chromium trichloride oxide by the following general route has been investigated:179
Cr0,C1, + 2(X-C1) —> (X-0-X) + cr0013 + 5012

Consideration of the mean bond energies associated with the units X-Cl and

X-0-X for a series of chlorides and the corresponding oxides, with due
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allowance for the nature of the by-products of the above reaction, leads

to the conclusion that boron trichloride is likely to be the most favourable
reagent. In fact, the reaction between chromium dichloride dioxide and boron
trichloride was the source of the samples of chromium trichloride oxide used

in the present study.

Reports suggest that chromium trichloride oxide is photosensitive and
thermally unstable, disproportionating at temperatures above 0°C to give

178

chromium dichloride dioxide, Cr0201 and unidentified chromium (III) species.

09
The measured magnetic moment of 1.80f§B corresponds closely to_the theoretical
'spin-only! value of 1.73 Mg for the single unpaired electron associated with
a Cr(V) species. An ultraviolet-visible absorption spectrﬁm has also been -
reported,180 showing a broad, intense absorption centred at 390 nm (log E ~3.2)
with a shoulder at 522 nm (log E ~2;7) (Figure 6.1). The only other physical
properties established for chromium trichloride oxide prior to the present
study were as follows: (i) the infrared spectrum of a Nujol mull, characterised
by very broad and indistinct bands,181 and (ii) the ultraviolet photoelectron
spectrum of the vapour (Fig 6.2);181 the photoelectron spectrum has been
interpreted in terms of a simplified molecular orbital scheme based on

SCP-Xa calculations on the manganese trichloride oxide m.olecule182 and
illustrated in Figure 6.3. This interpretation has been supported by ab

initio molecular orbital calculations on the CrOCl3 molecule itself.183

The aim of the present study was to attempt the isolation of the molecule
CrOCl3 in a so0lid, inert matrix at low temperatures, and to investigate the
effect of ﬁarying the nature of the matrix. Once this objective had been
achieved, it was hoped to gain some insight into the structure and bonding
of CrOCl3 on the basis of the vibrational spectrum of the matrix-isolated

molecule. The reasons for carrying out such a study may be summarised as

follows:

(1) It afforded the possibility of comparing the main features of the
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vibrational spectrum of the CrOCl3 molecule with those previously

established for other molecules of the type MOX., such as tri-

18
18L the well-defined phosphorous trihalide oxides, 5

186, 187

fluoramine oxide,
and the recently characterised arsenic trihalide oxides.
(ii) The 4 electronic configuration makes chromium trichloride oxide an
| ideal model for study by cther techniques such as electron paramagnetic
resonance and electronic absorption spectroscopy.189’ 150 |
(iii) The possible influence of Jahn-Teller distortions on the structure
and vibrational properties of a d1 system like CrOCl3 is a matter of
some interest. Consideration of the related VClh molecule reveals
that in the u.v.-visible absorption spectrum, the single band expected
for a d! molecule is split into three components at 6600, 7880 and
9010 cmf1, possibly as a consequence of Jahn-Teller effects.191 In
the vibrational spectrum of this molecule a splitting of up to L0 cm.-1
on the part of the Raman-active mode 92(a1) has been predicted.192
However, no such splitting has been observed in the Raran spectrum

193

measured for vanadium tetrachloride, and it has been suggested

that any permanent distortion from tetrahedral geometry is so small
194

as to be undetectable. The Jahn-Teller effect may, of course, not
manifest itself in a permanent distortion of the molecule in its
ground state; coupling of electronic and vibrational functions may
simply lead to more complicated electronic and vibrational states.

(iv) Access to reasonably accurate vibrational frequencies for the ground

state of the CrOCl, molecule is likely to assist the interpretation

3
of fine structure in the u.v.-visible spectrum of the molecule.
(v) Added interest is imparted by the potential importance of chromium

(V) species as reaction intermediates in redox reactions of chromium

compounds, particularly in the oxidation of organic compounds by

195

chromium (VI) species.

6.2 Experimental

The samples of chromium trichloride oxide used in these experiments were
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kindly provided by Mrs V H Thomas, having been prepared by the action of
boron trichloride on chromium dichloride dioxide in a sealed vessel at —20°C,
followed by sublimation of the product in vacuo from a trap held at 0°C to one
held at -30°C. The material, consisting of black or very dark red crystals,
was stored at liquid nitrogen temperatures in a Pyrex glass U-tube fitted.
with two Young's greaseless taps (Fig 6.4). Immediately prior to an
experiment, the tube, held at OOC, was opened to the vacuum line and evacuated
for a few seconds in an attempt to minimise the amount of the more volatile

disproportionation product Cr02012 present in the sample.

Initially the U-tube was attached to the vacuum line and deposition attempted
using pulses of a pre-mixed sample of the  trichloride oxide vapour and

matrix gas (matrix gas: CrOCl, = 500:1). This proved unsuccessful because

3
the trichloride oxide was not suffibiently volatile at the temperatures
required to minimise its disproportionation. In the remainder of the
experiments, therefore, the U-tube was connected directly via a B 24 glass-
to-metal tapered joint to the vacuum shroud of the matrix-isolation assembly,
and the technique of slow, continuous co-condensation was employed. The
sample was first evaporated at —30°C (this temperature being achieved by
means of an acetone bath cooled by the addition of solid C02) and co-condensed
with a stream of argon, deposited at a rate of 3 mmol/hr, over a period of

one hour. The infrared spectrum of the resulting yellow deposit is shown in
Figure 6.5. The predominance of bands attributable to the molecule Cr02012
196, 197 suggested the possibility of disproportionation and/or hydrolysis

of the chromium trichloride oxide at the relatively low pressure used for
deposition. In later experiments, therefore, the deposition rate was
increased by raising the temperature of the trichloride oxide sample to

-20°C and increasing the flow rate of the matrix gas to U mmol/hr.

Employment of these conditions for a period of 1 - 1.5 hours resulted in an

increase in the relative intensities of the bands attributable to the CrOCl

3
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molecule (Fig 6.6).

For Raman experiments, the temperature at which the sample was evaporated

was raised to 0°C while the flow rate of the matrix gas remaired at L mmol/hr.
Total deposition times were in the order of 1.5 hours. Attempts to excite
the Raman spectrum of such a deposit using either of the principal lines of
the argon ion laser (at 514.5 and 488.0 nm) were unsuccessful even at very
low laser powers. It was invariably found that the incident radiation
produced a discolouration where it impinged upon the deposit, and in one
experiment detached itself from the copper block. Recourse was thergfore
made to the helium-neon laser despite its deficiencies for matrix-isolation
studies, and all the results reported here were obtained using excitation at

632.8 nm with a power level at the sample in the order of 50 mW.

With the production of a deposit relatively free from chromium dichloride
dioxide, as judged by its infrared spectrum, the effect of ultraviolet
photolysis was investigated. The matrix was irradiated at 20K via a water
filter with the output from a high-pressure mercury arc and its infrared
spectrum re-examined to determine the outcome of this treatment. Photolysis
times varied from 10 minutes to about 12 hours, but in no case did irradiation
produce any visible effect on the matrix or bring about any change in the
infrared spectrum. This is perhaps surprising in view of the broadness of

the u.v.-visible absorption band which has been associated with the CrOCl3
molecule,180 and the extreme sensitivity of matrices containing chromium
trichloride oxide to laser irradiation observed in the Raman studies.

Future experiments might therefore include investigations of the effect of
using the output of the argon-ion laser to irradiate a matrix-isolated sample

the behaviour of which is monitored by its infrared spectrum.

Infrared Spectra

The infrared spectrum initially measured for a mixture of the molecules

Cr0013 and Cr02012 in an argon matrix is shown in Figure 6.5. The spectra
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subsequently obtained from nitrogen, argon and krypton matrices after
alteration of the deposition conditions are shown in Figures 6.7, 6.8 and
6.9, and expanded versions of the relevant portions of these spectra are
shown in Figures 6.10 and 6.11. The measured frequencies of the absorptions,

with their likely assignments, are listed in Table 6.1.

The identity of the spectral bands thought to arise from the fundamentai
vibrations of the CrOCl3 molecule has been checked by the invariance of their
relative intensities. Assignments have been made on the basis of a simple
pyramidal structure of C3v symmetry, for which six fundamental vibrations are
expected (3a1 + 3e), all active in both infrared absorption and Raman

scattering. Hence the observed frequencies are expected to correspond

fairly closely to those of the molecule VOCIB, vhich are well documented,
185, 198-200

186

and to those of AsOClB, recently characterised at low temperatures.

In fact, the frequencies, and the assignments of the stretching
fundamentals, correspond to those reported as the result of a more recent
matrix-isolation study of chromium trichloride oxide carried out independently
by Ogden and co-worikers.2o1 The following assignments have been made.

(a) Chromium-oxygen stretching mode, ¥, (aTl. Three bands were generally

observed in the region of the infrared spectrum associated with Cr = O
stretching motions, the measured frequencies being typically 1018.6,
1000.2 and 988.L om | (for an argon matrix). The first of these is
assigned to V1(a1), the Cr = O stretching fundamental of CrOClB; the

corresponding fundamental of the gassous VOCl, molecule ozcurs at

“3
1042.5 cm—1 185 and that of the matrix-isolated AsOCl3 molecule at
ca 995 cmf1. 186 The two bands at lower frequency are assigned to the

Cr = O stretching fundamentals of Cr02012 (recently reported to occur
at 995 and 981 em” | in an argon matrixzoz). The band at 1018.6 cm |
exhibited splitting with components separated by intervals in the order

of 1 cm . This was reproduced in several experiments and with all
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Table 5,1, Trequencies and issignments of Infrared Bands Observed

in CrOCl3 Matrix Isolation Studies

Freaﬁency/cm-1 . Assignment
Solid, 30K N2 matrix,20K|Ar matrix,20K|Xr matrix,20K

1020 1024, 3 .

1022.0 1021.4 1018.5 \'1(a1)Cr0013

1219.8 1013.6 1016.2 i

1017.4 1016.0 1013.7
939 999.6 1020.2 99500 V5 (b,)Crocl,
975 935.0 938.4 983.1 )H(a1)Cr02C12
490 Lgg,2 501.2 498,.5 v'a(ba)c:'ozcl2
489 483 436 L83 ?
463 458.0 - 462,0 459.3 ”L(e) Croc:L3
408 408, 2 408,7 497.0

405,0 Loz, 4 433,9 \%(a1)CrOCI

p)

358 350 3561 355 vg(a1)0r02012
300 303% 203 302 ?
264 254,0 253,56 253,9 vvg(ba)Croacl2
251 247,8 245,0 248,2 ?
225 225.9 225.5 226.6 Vé(e) CrOClB?




(b)

375 cm .
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three of the matrix gases used. The possibility that the splitting
arises from isotopic variations at the chromium atom was considered,

but initially discounted on the grounds that the intensity pattern of the
multiplet did not correspond to the natural abundances of the different
isotopes (SoCr,‘gg 1943 52Cr, 81963 53Cr, 10% and 5)"Cr, 2%203). Another
possibility is that the splitting arises from chlorine isotopic effects,
which should result in four bands with intensities in order of decreasing
frequency in the ratio 27:27:9:1; if this interpretation were correct, it

would indicate significant coupling between the a4 modes V, and V, which

1 2
involve mainly stretching of the Cr = O and Cr-Cl bonds respectively.

Again, however, the observed intensitiy pattern did not fit in with this
01

interpretation. It has been suggested by Ogden2 that the observed

multiplet may arise from a superposition of chromium isotope patterms
resulting from the occurrence of different trapping sites in the matrix.

Chromium-chlorine stretching modes, ¥p(a1) and ¥ (e). Several bands were

observed between LOO and 500 cmf1, within the range of frequencies

197

associated with Cr-Cl stretching vibrations. Two of these, with

measured frequencies in an argon matrix of 462.0 and 106.7 cm71,

appeared to vary in intensity in the same manner as the band at 1018.6 cm

and have therefore been assigned to the Cr-Cl stretching fundamentals of
CrOCl3 (the corresponding frequencies of the gaseous VOC13 molecule are
503 and 409.5 cmf1; 185 those of matrix-isolated AsOCl3 are ca L3l and

! 186). The absorption lower in frequency is assigned to V5, (aq)
and that higher in frequency to V), (e) by analogy with other species of
the type O = MXS (M = metal atom; X = halogen) wherein the symmetric

M-X stretching fundamental tends to be lowered in energy by mixing with
the M = 0 stretching vibration belonging to the same symmetry class.zo,4
The band at L,06.7 cm.-1 exhibited splitting with components separated by
intervals in the order of 2-3 cmf1; in this case the splitting probably

does arise from chlorine isotopic effects, as proposed by Ogden.201 A
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band observed at 501.2 cm._1 was often the strongest in the spectrum,

particularly in the earlier experiments; its frequency is consistent

with its assignment to Vg (b2) of the matrix-isolated Cr0,Cl, molecule. 202

The origin of the band at 186 cm.—1 is uncertain but may be found in other

disproportionation products of chromium trichloride oxide.

(¢) Deformation modes. The deformation modes of the gaseous molecule VOClB,
\5 (aq), VS (e) and Y (e) occur at 163.0, 2146.0 and 124.5 om ]
respectively.185 Hence, in the case of CrOClB, the first and third of
these are likely to occur at frequencies too low to allow observation
in the present study, which was confined tb the region.ZOO-hOOO cﬁf1Q
However, if the frequencies are similar to those attributed to VOClB,
the mode Vg (e), corresponding to the CrCl3 rocking mQtion, should be
observable. In fact, several bands were located at the low-frequency
end of the spectrum, but these were often indistinct and barely
identifiable above the 'noise' level (made worse in this region by the
absorptions due to the rotational spectrum of atmospheric water vapour).
A band at 226.5 cm.—1 exhibited by an argon matrix may be assignable to

VS (e) of CrOCl3 (cf VS (e) = ca 249 em” | for matrix-isolated AsOCL 186)

H

3
although this frequency does notcorrespond very closely to that of the

Raman scattering thought to arise from the same mode (see next section).
Some of the bands observed at low frequencies presumably originate in
deformation modes of the molecule Cr02C12; for example, the broad
absorption at 360 cm.—1 corresponds closely in frequency to that
(356 cm—1) reported for V3 (aq) of the Cr0,Cl, molecule in an argon

202

matrix.

6.4 Raman Spectra

The light scattering excited at 632.8 nm from samples formed by co-deposition
of chromium trichloride oxide with one of various matrix gases is illustrated
in Figures 6.12 to 6.14. The measured frequencies of the Raman lines, together

with their likely assignments, are listed in Table 6.2. Attempts to measure
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Table 5,2, Frequencies 2nd issignnents of Raman Bands Observed in

CrOCl3 Matrix Isolation Studies

=1
Frequency/cm Assignment

N2 matrix,20K | Ar matrix,20K | Xr matrix,20K

L64L

463 465 v, (e)Cro,Cl,
210, b 211. k4 211.1 vs(e) CroCly
178.5 173.9 179.3 V5(a,)CroCl,
135.0 134.,7 134.8 v (e) Crocl,
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the depolarisation ratios of the observed features were unsuccessful,
probably because the matrices were too frosty. The difficulty experienced
in measuring the Raman spectrum of matrix-isolated chromium trichloride
oxide, particularly using the argon~ion laser, is scarcely surprising in

view of the intensity of the visible absorption which the molecule exhibits.180

The observed Raman spectra show just three strong bands of constant ielative
intensity; the measured frequencies for an argon matrix are 211.L, 178.9 and
13L4.7 cm71. Consideration of both the Raman spectrum of the V0013 molecule1o9
and the infrared spectrum of the matrix—isolated Cr0013 molecule.described in
the preceding section suggests that these frequencies can be reasonably
assigned to the three deformation modes of CrOCl3, namely Vc(e), V3(aq) and
\%(e) respectively. For species of the type O = MXB it is generally obsexrved
that the frequency of the a4 deformation mode lies between those of the other

two modes both belonging to the e symmetry class.zoS

However, if the strong lines observed in the present study are genuinely

attributatle to the matrix-isolated CrOCl, molecule, a surprising feature

3
of the Raman spectrum is that little or no scattering could be observed in

the frequency ranges associated with Cr = O or Cr-Cl stretching fundamentals.
In fact no scattering could be discerned in the region near 1000 cmf1, in
stark contrast to the infrared spectrum of the matrix-isolated CrOClB

molecule, and the only feature reproducibly observed in the region L00-500 cm™ ]
characteristic of Cr-Cl stretching modes was a broad, comparatively weak band
neaxr 1,60 cmf1, corresponding quite closely to the infrared band previously

assigned to Vh(e), the antisymmetric Cr-Cl stretching mode of CrOCl The

3.
absence of features attributable to the Cr02012 molecule is also surprising,
but reference to the visible absorption spectrum of this molecule (Fig

6.15)197 indicates quite strong absorption even at 632.8 nm; in fact the
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Absorbance

400 500 | 300 nm

Fig; 6.15. Visible absorption spectrum of Cropg__l_2 (ref. 197).
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197

Raman spectrum of chromium dichloride dioxide previously reported s
excited by the so-called D-lines in the emission spectrum of a potassium axrc,

which occur at 766.5 and 769.9 nm.

One_explanation for the apparent enhancement in intensity of certain Raman
bands relative to others is the occurrence of a resonance Raman ei‘fec*!:.)"z“)"24
The usualnrequirement for such an effect is that the excitation frequency is
close to the frequency of an allowed electronic tramsition; this requirement
could well be fulfilled in the present case by excitation at 632.8 nm, in

view of the broad and intense nature of the visible absorption bands exhibited
by chromium trichloride oxide.180 It is normally observed that the bands
which exhibit a pronounced enhancement of intensity are those'corresponding

L2-L)

to modes which are vibronically active in an allowed electronic transition.

If the exciting frequency V, is well removed from that of any electronic
transition and the initial and final vibrational states both involve the

electronic ground state, the scattered intensity I is given by

7.5
2/ b 2
I = =20 I, (vy + V) izj’(«ij)[, (6.1)

where I, is the incident intensity, Vo £ Vi represents the scattered
frequency and the aij's are the components of the polarisability tensor.
The breakdown of this expression under resonance conditions has been

rationalised by Albrechtl3? 200s 207

using the so-called adiabatic
approximation, in which the electronic and vibrational wavefunctions are
assumed to be completely separable allowing the former to be expressed as

a Taylor series in terms of the nuclear displacements. The scattering
tensor is then expressed as the sum of an A term and a B term, which
respectively lead to the following expressions for the frequency dependence

of the scattered intensity (e and f referring to the appropriate electronic

states):



2 2
. 4 Ye Yo 2 |
A Term: T o (VO - vi) /[ Z 5 2_7 (6.2)
(v.” =v.")
e O
b YeVs ¥ ”02 2 -
B Term: I ¢ (Vg = V) v > > > > ~/ (6+3)

The A term corresponds to vibrational interaction with a single excited
electronic state by means of a Franck-Condon overlap integral and is non-zero
only in the case of totally symmetric modes, which are always active in
resonance Raman scattering. The B term, on the other hand, corresponds to
vibronic mixing of two states, and is found to be non-zero for any vibration
belonging fo a symmetry species which is contained in the direct product of

the representations of these two states.

In the case of the chromium trichloride oxide molecule, the aq modes will be
subject to enhancement via the A term; in addition, the e modes may also be
enhanced, in this case via the B term. Moreover, with certain exceptions

(eg NO S"), it is normally found that resonance enhancement is more marked

2
for stretching than for deformation modes; comparison of the results
obtained in the present study with the published Raman spectra of the

molecules VOC13 185 and AsOCl3 186

(Fig 6.16) indicates just the opposite
for the Raman scattering attributed to the matrix-isoclated Cr0013 molecule,
It is difficult therefore to explain the present observations in terms of a
resonance Raman effect. In fact, studies of the u.v.-visible absorption
spectrum of the matrix-isolated CrOCl3 molecule carried out by Ogden and
co-workers, 201 and shown in Figure 6.17, indicate that the exciting
frequency actually coincides with a dip in the absorption and that there is
slightly increased absorption at longer wavelengths, which might account

for the virtual extinction of Raman lines displaced by more than about

400 em™ | on the low-frequency side of the Rayleigh line. Alternatively,
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the observed bands may be due either to fluorescence or to electronic
Raman transitions; low frequency features in the Raman spectrum of
chromocene, Cr(CBHS)Z, have recently been attributed to the electronic

208, 209

Raman effect, and in the case of chromium trichloride oxide, spin-

orbit and/or Jahn-Teller effects could easily give rise to low-lying excited
electronic states. Clearly there is a need for further studies of the Raman

scattering excited at different frequencies.

In spite of the doubts thus raised concerning the exact significance of

the observed Raman spectra, it is difficult to see how theAscattering could
have arisen, if not from the matrix-isolated CrOClB molecule. There is, for
example, no correspondence between the observed features and those of the

Raman spectrum previously reported for the molecule Cr0,Cl 97 However,

272"
it is impossible to judge how well isolated the chromium trichloride oxide is in
the Raman experiments; it is possible that the deposit is really a rather
concentrated matrix and that the Raman lines are really due to Cr0013
aggregates, in which case the comparison between the infrared ari Raman
spectra may well not be a comparison of like with like. Nevertheless, in
the aﬁsence of any clearcut alternative, the three'strohg bands consistently
observed in the present Raman experiments have been assigned to the deform-

ation modes of the CrOCl, molecule, and the discussion which follows is

3

based on this interpretation.

Calculations

With the attribution of a complete set of vibrational frequencies to the

normal modes of the CrOCl, molecule, it is a natural aim to attempt the

3
calculation of at least an approximate set of molecular force constants. In
order to do this, however, it is necessary first to construct the appropriate
G matrix, which in turn requires some knowledge of the molecular dimensions.

In the absenc e of any definitive structural details, it has been necessary

to make certain assumptions, based partly on the dimensions established for
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related molecular species. Thus, electron diffraction studies of the
molecules Cr0,Cl, 210 ona vocl, 21 pave yielded the molecular parameters
listed in Table 6.3, on the basis of which bond lengths of 2.128 and 1.563
have been assigned to the Cr-Cl and Cr = O bonds respectively in the molecule
CrOClB. In addition, there is the possibility, for a molecule of the type

0= MKB having CBv.symmetry, of estimating the bond angles from the relative
intensities in infrared absorption of the a4 and e M-X stretching fundamentals,
assuming that the rafio of the intensities of the matrix-isolated molecule

is comparable with that of the gasedus molecule.212

Provided that there is
no interaction between the M-X stretching and other internal cobrdinates;"
and with certain other simplifying assumptions, it can be shown213 that the

intensities of the two infrared absorptions are related by the expression

Ie 2
"I—" = tan O (6.)4)
%9
Here © is the angle subtended by the M-X oscillators with respect to the 03
axis; hence 6 is related to a, the X-M-X bond angle, by the equation
. 2 . =
sin ® = s sin3 (6.5)

From the relative intensities, as judged by peak areas, of the two infrared
absorptions assigned to these fundamentals of the CrOCl3 molecule isolated
in various matrices, values for the Cl-Cr-Cl bond angle have been estimated,

and these are listed in Table 6.l;; the mean value is about 1110.

Although the estimates of the Cl-Cr-Cl bond angle thus obtained appear quite
reasonable for a molecule of this type, several assumptions are implicit
in the derivation of the expression for the intensity ratio. The most
important of these are as follows:-

(1) The individual bond dipole moment vectors coincide with the axes of

the bonds being considered.



Table 5.3, Molecular Parameters of ZrSEQl and VOCl3
Daramster JrJ?Cla VOCl3
r(1-c1l) () 2.12 2.14
r(1-0) (R) 1.57 1.56
£.(C1-M=C1) 113.0° 111.3°
o (o]
£.(0-¥-C1) 199.5 107.6

/

Table 6.4, Values of C1l-Cr-Cl 3ond Anzle in CrOCl, Calculated
3

Trom Infrared Band Intensities

"atrix Ie I S ot
(arbitrary {(arbitrary (see text)| (see text)
units) units)
N, 637 51 74,2° 112.8°
Ar 708 73 71.5° 110.5°
Kr 407 52 72,2° 111.0°

148



(ii) The individual bond dipole moment vectors are additive, their sum
corresponding to the total molecular dipole moment.

(1ii) The molecule does not possess a permanent dipole moment; for
molecules having such a dipole moment, a rotational correction term

_ arises for vibrations having the same symmetry as a molecular

rotation, because the central atom is then constrained to move so as
to conserve angular momentum.

Although the rotational correction term may be estimated if the molecular

21k, 215 serious doubts

geometry and permanent dipole moment are known,
have been expressed213 regarding the feasibility of calculating bond angles
on the basis of the intensities in infrared absorption of the stretching
‘fundamentals of adjacent bonds having a common central atom. Hence the
fact that reasonable results have been obtained for the CrOCl3 molecule may
be rather fortuitous; in any case, valence-shell electron pair repulsion
argument3216 might suggest a Cl-Cr-Cl bond angle somewhat less than the
fetrahedral angle (109.5°), although the presence of the unpaired electron

is undoubtedly a complicating factor.

The internal coordinates chosen for the construction of the G matrix are
illustrated in Figure 6.18 and the internal symmetry coordinates derived
from these are listed in Table 6.5; the numerical values of the elements
of the symmetrised G matrix, based on the mblecular dimensions given above,
are presented in Table 6.6. A set of approximate force constants has been
derived for the CrOCl3 molecule using the limited information available by
setting all the off-diagonal elements in the symmetrised F matrix equal to
zero. The diagonal elements of the E matrix are related to the actual
force constants of a2 valence force field by the expressions given in
Table 6.7. The observed frequencies are then accommodated satisfactorily
by the force constants listed in Table 6.8, and are listed, together with

the frequencies calculated from these force constants for comparison, in

Table 6.9.

149
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Cl

Fiz..5.18. Internzl coordinates of the CrdCl, molecule,
~
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"able 6.5. Tnternal Symmetry Coordinztes Used in the Normal

Coordinate Analysis of the CrOCl, Molecule
4

(See Figure 5.19 for an exvlanation of the symbols)

Symmetry dlock Coordinate
A.] S,‘ = R
- 1
S2 J%‘(I‘,‘ + T, ¢+ r3
83,5 60y + %, + &g = pr= Py P)
_ 2
S3b— J‘(o(,] + o +°<3 + P1 + P2 + /33)
E Sy, =46(2ry - 5 = r3)
- ! - -
Sgp = s(2xg = %y = %)
1
Sga = 46(2P = p5 = p3)
- -
S1p —Ja(r2 r3)
= - &
Ssb JT(O‘Z 3)
=451 -
Sfb —[ds 2 P})
Egptnote

The redundancy affecting the a4 coordinates nas been retained

in the first instance =:nd eliminated =t =2 later stage as a

zers root in the solutioa of tne secul=zr

a
<

—~
-

.9

of

i

O,
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Table 5,6, Numerical Talues of ths Symmetrised g HMatrix

Tlements

Moleculea

for the Cr0Cl,
Y

Symmetry block Zlement Value®
Ag G4 0.31732
G12 ~0.11120

Gz 0.20958

Gy 0.34635

G23 ~-0,12119

G33 0.35405

B G 0.53838
G45 0.17089

£ -0.21713

355 0,27075

G56 ~0.11334

6 0563191

Footnote

A —— g -t e s—

(a) %ct:i1al values multioliasd by 10, as calculated using the

comdyater progran =17,
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Tabie 5,7, Dizagonal Flements of the Syummetrised ¥ Matrix for

the CrdCl_ Y¥olecule =xnressed in Terms of Valence

3

Force Constants

51 block
Coordinate
(Cr=0) (Cr-Cl) (C1-Cr-Cl) redundant (Cl=Cr-Cl)
fR
f + 2°f
r rr
1;2
-'é—(if;( + 2f¢(d) +
]
rR
+ 2(fp + Zfﬁﬂ)
r2
j?(ﬁx + 2fax) -
1]
TR
+ =—(fp + 2Ff
E block
Coordinate
(Cr=Cl) (C1-Cr-21) (0-Cr-Cl)
f - f
r rr




T=ble 5,3, Calculated Torce Cons<znts for th= CrOCl. Molecule

P
E matrix element or
valence force constant “umerical valuea
F11 73645
F22 290.7
F33 70,7
F55 51.2
fR | 73065
fr 2hk1.5
frr 2L ,5
£y = Fotat 114
fﬁ‘f[’,ﬂ 15.3
Footnote
. w o -1 [
(a) Units are as follows: Fiqs Tos and th, Nm 3 F33’ F55

-1

-2 F-3 .
and F66, N m rad 3 f\ f, f _, f“, Tax s fP and f/g/;, Nm .,



Table 5.9, Comparison of Observed and Calculated Freguencies

for CrOCl

= 3

Mode Observed fregquency Calculated frequency
v1(a1) 1018.6 1018.6
[ ] 4 ,0
va(a1) L05,7 00.7
Vj(a,‘) 178.9 179.0
Vu(e) L62.0 L52.0
'Vs(e) 211. b 211.6
L
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The force constants deduced for the CrOCl. molecule may be compared with

3
those previously reported for the related molecules P0013,187 and AsOCl3 187
and VOCl3 217, 218 (Table 6.10). The principal Cr-Cl and Cr = O stretching

force constants, with values of 242 and-737 N mf1 respectively, correspond

quite closely to their counterparts in VOCl3 and Cr02012; 202, 213 the -

3’ v0013 and Cr02012 are

also comparable in magnitude. It appears therefore that the CrOCl3 molecule

complies with a force field very similar to those operative in VOCl. and

3

Cr02C12. Any comparison must clearly be treated with caution in view of the

bending force constants in the three molecules CrOCl

comparatively limited amount of information available in the case of Cr0C1
183, 220

3’

although the ultraviolet photoelectron spectra would seem to suggest

a close structural relationship between the molecules CrOCl,, VOCl, and VClh.

3’ 3

There is no indication here that the unpaired electron affects significantly

either the structure or the bonding of the CrOCl, molecule; thus, the relative

3

magnitudes of the force constants for CrOCl3 and V'OCl3 imply that it is

practically non-bonding in character. For a better insight into the
structure of the CrOCl3 molecule and the nature of its force field, however,

more information is clearly needed.

6.6. Conclusions

During the course of the present study, a set of vibrational frequencies
has been assigned to the chromium trichloride oxide molecule as trapped
in solid, inert matrices at low temperatures and characterised by its
infrared and Ramaﬁ épectfa. Hence an approximate fofce fieldAhas been
derived, and the results of the vibrational analysis indicate that, in
terms of both structure and bonding, the CrOCl3 molecule is closely akin
to VOCl3 and Cr02012. There must be some doubt, however, about the
significance of some of the results obtained, particularly in the case of
the Raman experiments. In order to draw more definite conclusions about

the structure and bonding of the CrOCl3 molecule, it would be desirable

to carry out further investigations of its vibrational properties. Such



Table 5,10, Comparison of Force Constznts Calculated for CrOCl

3

. . a
witn those of Related Molecules

Molecule

Force constant CrOCl3 ’v’OCl3 POCl3 AsOCl3
fR 736.5 741,7 1039, 4 758.7

fr 241.,6 251.5 236,.1 233, 4

frr 24,5 25.9 39.7 0.0

ﬁx'f&« 1.4 9.3 34, L 12.5
fp-fﬁ, 15.3 21.5 47,5 23.1

Footnote

(a) All force constants expressed in N m
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investigations might profitably include the following:

(a)

(v)

(c)

(d)

The preparation and spectroscopic characterisation of 180—enriched
chromium trichloride oxide. An economical means of producing a
different isotopic version of the molecule is an essential prerequisite
to further progress. In fact, a set of frequencies for the molecule
1800r013 has actually been predicted on the basis of the simplified
force field defined by the potential constants given in Table 6.8, and
these are listed in Table 6.11.

Purther studies of the Raman scattering of chromium trichloride oxide
using a range of different frequencies for excitation (made possible,
for example, with access to a krypton-ion or dye laser) and preferably
higher power levelé at the sample. |

Furthei studies of the phofolysis of chromium trichloride oxide, with
particular reference to the effect on the infrared spectrum of
irradiating the trapped molecule with visible light, eg the blue or
green lines of the argon-ion laser.

Investigations of the effect of controlled warming on a deposit of
chromium trichloride oxide with the aim of identifying its
disproportionation products; these, along with its photolysis products,

. 181
may have an important bearing on its chemistry.

158
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able >.11.

Vibrationnl “regquencies Predicted for the lMolecule

18

OCrCl

3

Mode

16
Dbserved for OCrCl

Calculated for 18OCrCl

3 3
xg(a1) 1018.56 975.9
vé(a1) 406,7 k05.1
v3(a1) 173.9 177.8
vu(e) L62,0 461.9
W%(e) 211. 4 211. b
Vv (e) 134,0 128.5

159



160

Chapter 7

STUDIES OF PHOSPHORUS AZIDES

7.1 Introduction

The azide group, consisting of a linear chain of three nitrogen atoms,

occurs in a large number of compounds, the first of which was prepared as

221

long ago as 186l. Azides may be divided into two major categories.

First, there are the compounds which contain more-or-less discrete N,

3

ions and have the properties of ionic salts, eg NaN,. Second, there are

3

the molecular azides, which include the majority of organic and inorganic

222-22),

azides, containing the N, group covalently bonded to another atom.

3

Azides are generally prepared via exchange reactions involving hydrogen

225

azide or the sodjum salt, and a number of organometallic azides have

been synthesised in this manner.226 The following are representative
exampless—

Et2A101 + Na.'N3 — Et2A1N3 + NaCl

NPC1 + 6NaN NP(N + 6NaCl
. T
(CF3)2 PCl + L1N3 _ (CF3)2 PN3 + LiC1
The structure of the simplest molecular azide, hydrogen azide, as determined

227

by electron diffraction, shows that the three nitrogen atoms are

collinear and the HNN bond angle is 1120, while the two N-N distances differ

considerably, HN-N, being 1.2hK and HN2—N 1.13&. These values are comparable

2
to those reported for other molecular azides.zzh On the other hand,
investigation of the structures of ionic azides by X-ray diffraction223-225
show that the azide ion is also linear, but with two equal N-N distances of
about 1.16). These structures have been discussed at various levels of

228-230 thus, the sixteen

sophistication in terms of molecular orbitals;
valence electrons of hydrogen azide can be regarded as being distributed
between two lone pairs, three ¢ -bonds and two 77 -bonds, with the remaining

two electrons occupying a 7 -orbital which is more-or-less non-bonding in
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. 231 A
character (Fig 7.1). 3 The bond angles are accounted for by approximate
sp2 hybridisation of the nitrogen atom through which coordination occurs

and sp hybridisation of the other two nitrogen atoms.

Azides tend to be unstable with respect to loss of molecular dinitrogen.
Such decomposition may be explosive but in many cases a slower, more

225, 226 Consideration

controlled reaction may be induced by photolysis.
of the absorption spectra of molecular azides indicates that this requires
ultraviolet irradiation; for example, appreciabie absorption by hydrogen
azide sets in near 220 nm and increases towards shorter waveleng‘ths,232
while the spectrum of methyl azide consists of a weak, broad band centred
at 285 nm and a considerably stronger band with a long wavelength limit

234

near 24,0 nm.233 In fact, thermochemical studies indicate that in

covalent azides of the type RN3 the weakest bond is the RN—N2 linkage,
and that the primary step of photolytic décomposition is generally the

breaking of this bond.

The primary products of the photolysis of a molecular azide RN3 are
generally dinitrogen and an electron-deficient species of the type RN:

235

which tends to undergo further reactions such as dimerisation, rearrange-

237 If the azide is trapped in a low-temperature

ment236 and insertion.

matrix, the primary products of photolysis may be retained and identified

spectroscopically, and the course of subsequent reactions followed by

investigating the effects of warming on the matrix. The advantages afforded

by azides as a source of new nitrogen-containing molecules, particularly in

matrix-isolation experiments, may be summarised as follows:

(i) The other product is usually N2, which is not only inert (and

therefore counteracts any 'cage effects) but also free from
complicating infrared absorptions.

(ii) On the evidence of other studies, they seem to be highly photo-

sensitive with respect to ultraviolet radiation (in other words
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the quantum yields of the photochemical changes are high).
(iii) The infrared absorptions due to the coordinatsd azide group are
fairly well defined, and so the fate of the azide is easily monitored.
(iv) They provide one of the simplest and best-controlled means of
producing molecules containing nitrogen multiply bonded to a heavy
atom.
Thus the molecules NH and N_H, have been detected as products of the

22

photolysis of the matrix-isolated HN3 molecule,238 while similar treatment

of the halogen azides has been shown to give rise to the molecules FN, CI1N
and BrN.239 Photolysis of matrix-isolated azidomethane affords the molecule.

t;233’ 2Lo

CH NH followed by HNC as -a secondary produc on the other hand,

2
HNSi is the only product which has been detected on photolysis of matrix-
isolated azidosilane, SiH3N3. 2L41 Yet ag=zin, a recent investigation of the
photolysis of matrix-isolated trimethylazidosilane, (CH3)3 SiN.,, discloses

242

an unusual rearrangement reaction with resultant Si-H bond formation.

The present study was particularly concerned with the generation of species
in which the azide group is bonded to a phosphorus atom, with a view to
bringing about the removal of dinitrogen from such molecules by photolysis.
Azide groups can generally be introduced into phosphorus compounds by
treating the appropriate halide with an alkali-metal azide, and in fact
claims have recently been laid to the synthesis by this method of phosphorus
triazide, P(N,);, pentazide, P(N;),, and triazide oxide, 0P(N;),. 2L3
However, all thiee compounds are unstable 2%t normal +temperatures and tend

to explode on removal of the acetonitrile in which *the reactions are carried
out. In contrast, several organophosphorus azides appear to exhibit fair
thermal stability; this is true, for exanple, of diohenylazidophosphine,
(C6H5)2PN3, 2Ll and bis(trifluromethyl) azidophosphine, (CFB)ZPN3, 2L5 formed

by treatment of the appropriate chloro-derivatives with lithium azide.

Phosphorus (V) azides of the type R2P(X)N3, with R = CHB or CQHS and X = O
216

or S, have been obtained by similar methods. There are no reports,
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however, that any matrix-isolation studies have been carried out on

molecules of this type.

The first part of the present sbtudy was concerned with the reaction. between
phosphorus trichloride and sodium azide. The formation of the triazide
P(N3)3 by this route has already been referred to; by using the correct
proportions of the reagents, it was hoped to prepare the monosubstituted
derivative Cl2PN , thereby allowing the possibility of carrying out at low
temperatures the photolytic transformation

C1_PN it S CLP=N+N

2 3 . 2 2
Dichlorophosphazene, . Cl

PN, has not been isolated in the'monomeric form,.

2
2ly7 poy . 248
and although adducts such as POClB.NP012 and NP012.2L015 have been
' f
reported, these almost certainly have the structures ClzP—N = PCl3 and

[@lBP = N;P0137+ 1?0167— respectively. The only known species having the

empirical formula NPCl,_ are the cyclic oligomers (NPC12)n (the best known

2

being those withn =3 and n = ;) consisting of rings of alternating

phosphorus and nitrogen atoms with two chlorine atoms bonded to each

249, 250

phosphorus (Fig 7.2). Attempts to isolate the C1_ PN monomer by

2
trapping the products of pyrolysis of the trimer and tetramer in low

125

temperature matrices led to inconclusive results. It would be interesting

to be able to compare the properties of the 012P = N molecule with those of
its sulphur counterpart C1S5=N, particularly with respect to its behaviour on

controlled warming.

The second part of the present study was concerned with the attempted
matrix isolation of the hitherto unknowm dimethylazidophosphine (CH3)2 PN3,
again prepared viathe reaction between the appropriate chloro-derivative
and sodium azide. The lack of any previous references to the existence of
this compound is a matter of some surprise in view of the comparative

2L,

stability, already referred to, of the related molecules (06H5)2PN3 and

o8 . | .
(CF3)2PN3’ the arsenic and bismuth analogues, (CH3)2ASN3 and (CH3)2B1N3,

have been prepared, moreover, and characterised by their vibrational spectra.251



T.2

Once again, it was hoped that the successful matrix isolation of the

(CH3)2PN3 molecule would allow an investigation of the effects of ultra-

violet irradiation, with the possibility of generating the species (CHB)ZPN

and of comparing the behaviour of the matrix-isolated (CH?) PN_ molecule

2773
with that of (CH3)381N3 under similar c:onch’.‘cions.zj42

Bxperimental

The materials used in these experiments, together with their sources and

the methods of purification employed, are listed in Table 7.1. Previous

studies of reactions of this nature2h3—2h6 have employed reaction media such

165

as acetone and acetonitrile; in the present study diglyme (bis[é-methoxyethy17

ether) was chosen.because of its relatively low volatility (vapour pressure

252) which was expected to facilitate its

at room temperature ~1.5 mm Hg
sepafation from the molecular azides formed as reaction products., All
manipulations were carried out on the vacuum line, inoorporating a train
of traps, shown in outline in Figure 7.3; the reactions actually took place
in ampoiles of the type illustrated in Figure 7.l, vhich could be sealed and

removed from the vacuum line if required.

In a typical study of the reaction between phosphorus trichloride and
sodium azide, about 50 mg (0.77 mmol) of sodium azide was introduced into
the reaction ampoile, which was then attached to the vacuum line via a B10
ground-glass cone. An approximately equimolar quantity of phosphorus
trichloride, measured by volume (about 0.07 ml), was fhen transferred into
the ampoule together with about 1 ml of diglyme, and the mixture allowed to
stand for about 12 hours at room temperature. At the end of this period,
the volatile materials present were transferred to the train of traps,
where fractionation was attempted by allowing the vapour of the reaction
products to pass through traps held at -23°C (carbon tetrachloride slush),
~95°C (toluene slush) into one held at -196°C (liquid nitrogen). Diglyme,
with a vapour pressure in the order of 10—2 mm Hg at —2300, was expected

to condense mainly in the first trap, while the reaction products should



Table 7.1 Materials Used in Studies of Phosphorus Azides

Material Source and purity claimed Method of purification

13013 BDH (98.5%) Distillation in air followed
by fractionation through
traps held at -23°, -126°
and —196°C and collection
of the middle fraction

(CH3)2P01 Strem Chemicals Inc (99%) | Distillation in vacuo

Nal, BDH (99%) Dried by heating to 80°C
in vacuo for several hours

Diglyme BDH (99%) Refluxing over calcium

hydride for one day,
followed by distillation

on to molecular sieve

166
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condense mainly in the second. Infrared studies of the products were
carried out by evaporation from the trap, normally held at —6300 (chloroform

slush), on to the cold window of the cell described in Section 3.6(g).

The reaction between dimethylchlofophosphine andosodium‘ozide was‘carried

out under similar conditions and for a similar duration except that the
sodium azide was now present in excess, typical quantities being 100 mg

(1.55 mmol) of sodium azide and 0.05 ml (0.6L mmol) of dimethylchlorophosphine
(the scales of the preparations were kept small in both studies in order to
minimise tﬁe risk of explosion). The products of the reaction were again
found to condense in a trap held at -95°C, and an initial infrared study

of théso products condensed on a caesiuﬁ iodide window'held at T7K was

again carried out using a piocedure similar to that outlined in the preceding
paragraph. Attempts were made in subsequent experiments to isolate the
produots in low-temperature matrices. Since the products were found to

have a vapour pressure of about 2 cm Hg at room temperature, it was possible
to achieve matrix isolation by pulsed deposition of a pre-mixed sample of
products and matrix gas (products: matrix gas = 1:500).

The Reaction Between Phosphorus Trichloride andASodium Azide

Infrared spectra typical of those obtained in the study of the reaction
between phosphorus trichloride and sodium azide are illustrated in Figures
7.5 to 7.7, and the measured frequencies listed in Table 7.2; all these
spectra refer to solid products held on a caesium iodide window at T7K.
Figures 7.5 and 7.6 show the spectra of the fractions collected at ~95°¢

in each of two separate experiments. The spectrum of a sample collected
under similar conditions in a third experiment is shown in Figure 7.7(a),
and that of the same sample after ultraviolet irradiation (via a water
filter) at 77K for a period of one hour appears in Figure 7.7(b). Annealing
the deposits formed at 77K did not appear to produce any significant change
in the infrared spectra beyond causing a sharpening of the bands and giving

better-resolved spectra.
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abl= 7.2, Dbserved Infrared Frequencies 1n Studies of the Reaction
Between Phosvonorus Trichloride and Sodium Azide
Zxot. 1 (Fig. 7.5) | Fxpt. 2 (Fiz. 7.5) | Expt. 3 (Fig. 7.7)
2147s 21kbs 2140s
1676s
1458w
1440w
1352w
1235s 1290m 1285m
1263w
1240vw
1217m 1215m
1204s
1181w
1150w
1131w 1128m
1103w
1050vw 1050w
995m
975m 97 bm
905y 907w 906m
351w
313 320w $13m
'39w
17m 71hm 712m
52%m 5D3m 520m
590m 533m
~i3)vs ~430vs L30vs
340w pLYLY 333w
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Consideration of the relative intensities of the infrared bands of the
solid deposits formed at 77K indicates the presence of several distinct
molecules in the volatile reaction products, although attempts to separate
these produéts; whatéver they might be, by further fractionation proved
unsuccessful. One possibility is that some of the observed infrared bands
arise from the presence of solvent in the samples, although this should have
been removed by fractionation and there appears to be little, if any,
correlation between the spectra observed in the present study and the
infrared spectrum of diglyme previously reported.253 On the other hand, the
presence of hydrolysis products, resulting, for example, from the action of
the vacuum grease, cannot be completely ruled out. It is also possible

that at least some of the bands originate in oligomers of the Cl P =N

2
molecule; in particular, those at 1204, 1128, 861 and 588 cm.-'1 could arise

from the presence of the well-characterised cyclic trimer (NP012)3.126’ 251,

Despite the complexity of the observed spectra, it is possible to make
certain observations about the results obtained. In particular, the band
near 21L0 cm71, which showed up quite strongly in some of the spectra
obtained but was found to be absent from others, is probably associated
with the antisymmetric stretching fundamental of a coordinated azide group.

2l3-2446

Consideration of the infrared spectra reported for molecular azides
rélated to species like ClZPl\T3 indicates that this is invariably the
strongest of the three infrared absorptions associated with the fundaméntals
of the azide group itself, and that the symmetric stretching and deformation
modes generally give rise to absorptions near 1250 and 650 cm.—1 respectively.
The band s observed at 1285 and 600 cm | in the present study might
therefore arise from such fundamentals of an azidophosphine such as C12PN3.
The assignment of the band at 21L0 cm—1 to an azide linkage is supported

by its considerable decrease in intensity on ultraviolet photolysis of the

solid deposit at 77K (see Figure T.7).
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Comparison of the spectra exhibited by different samples apparently of the
same origin (Figs 7.5, 7.6), and consideration of the effects of ultra-
violet irradiation of the solid deposit on the intensities of the bands,
suggest thaf the feafﬁres obsefvéd at-712 and 336 cmf1, and possibly one at
813 cmf1, are associated with the same molecule as are the featureé already
attributed to the piesence of an azide linkage. If this species. is the
dichloroazidophosphine molecule, CléPN s the band at 712 cm..'1 may be assigned
to the P-N stretching fundamental, again by analogy with the vibrational

243, 246

spectra of related molecules; its virtual disappearance on photolysis
is consistent with such an assignment. The interpretation of the band at
'833 cm71, if it does arise from the same sﬁecies as the others, is less -
certain but that at 338 cm_1 presumably represents a deformation mode of

the molecule concerned. In addition, of course, the presence of strong bands
attributable to P-Cl stretching fundamentals is also expected. The broad,
inténse absorption near 1,80 cm.—1 might include these, but, in view of the
complex nature of the spectra, this is probably associated with the presence

255

of several moleéules, possibly including unchanged phosphorus trichloride.

There are grounds therefore for believing that the CiQPN3 molecule i one

of the products of the reaction between sodium azide and phosphorus tri-
chloride, although the presence of other molecular species containing the
azide linkage cannot be ruled out. The behaviour observed on ultraviolet
photolysis is interesting in view of the virtual disappearance of certain
bands, but inconclusive in that no new bands were seen to develop and no
pre-existing bands to increase significantly in intensity, with the exception
of the weak feature at 1240 cmf1. This frequency is of the same order of
magnitude as that quoted for the gaseous PN molecule (1337 cm._1);256

otherwise there is no clear evidence for the formation of a molecule

containing a P=N bond.

The complexity of the observed spectra prevents any definite conclusions
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from being drawn about the course of the reaction between phosphorus
trichloride and sodium azide or about the effects of photolysing the
reaction products at 77K. Further investigations are clearly needed in
order to arrive at a more definite interpretation but for the purposes of
the present research it was decided that the products did not lend them-
selves to matrix-isolation experiments.

The Reaction Between Dimethylchlorophosphine and Sodium Azide

The infrared spectrum, again recorded at 77K, of the products volatile at
-2300 of the'reaction between dimethylchlorophosphine and sodium azide is
shown in Figure 7.8, together with that of the same material after ultra-
violet irradiation of the deposit held at 77K for a period of one hour.
For comparison, Figure 7.9 shows the infrared spectrum of gaseous
dimethylchorophosphine, which is in agreement with the spectrum previously

257, 258

reported. The simplicity and reproducibility of the spectra as
compared with those described in the previous section encouraged the
performance of a matrix-isolation study of the products, the results of
which, for argon and krypton matrices respectively, are shown in Figures
7.10 to T7.13. PFinally, the effect of twelve hours! ultraviolet irradiation

of the product isolated in an argon matrix at 20K is illustrated in Figure

7.14. The measured frequencies are listed in Table 7.3.

The spectra obtained from the volatile products of the reaction between
sodium azide and dimethylchlorophosphine are more readily interpreted than
those for the corresponding reaction between sodium azide and phosphorus
trichloride. If dimethylazidophosphine (CHB)ZPNB, is formed, then there
should be some correspondence wifh the infrared spectra previously reported

251

for the compounds (CH:B)ZAsN3 and (CH3)2BiN3. Again the strong band at

2136 c:m—1 is almost certainly associated with the antisymmetric stretching
fundamental of a coordinated azide group. Comparison with the spectrum

251

of dimethylazidoarsine suggests, on the basis of relative intensities,

that the band at 1199 cm—1 is associated with the corresponding symmetric
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“ebe Doserved Infrar=d Freguancies in Studies o ths Ze=ction

3etween Dimetaylchlorooshos»ohine and Sodium Lzide

/1) 301lid, 77K (2) Ar matrix, 20K | (3) Kr matrix, 20X
~3050 ~3100 ~3100
2135 2135 2134
1456 1474
1450 1453 1455
1353
1299 1300
1135 1139 | 1193
1176
1146 1146
1139 1139
1129 - 1128
1054 1094 1093
1222
968 965
338 938
762 760
674 671
612 510
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stretching vibration, although it is slightly lower in frequency than

would normally be expected (~ 1250 cmf1). The bending mode of the N3

group can then be ascribed to the band at 674 .

Of the other absorptions in the spectrum of the solid at 77K, the broad
feature near 3000 cm.—1 presumably a rises from C-H stretching vibrations;
the presence of methyl groups in the product could also explain the weak

features at 1.5 and 838 cmf1, which have counterparts in the spectra

described for the molecules (CH ) ASN3 and (CH ) BlN3 251

if the reaction products do contain dimethylazidophosphine, then there

In addition,

should be a band in the spectrum which iéeitributablé to the P-N stretching
fundamental; the band of medium intensity at 762 cm.-1 is a plausible
candidate (cf the assignment of the band at 712 em” | to such a vibration
in C1 PN3 or some ;elated molecule in the previous section). There should

also be several bands at lower frequencies (< 500 cm71) associated with

skeletal deformation modes of the (CH ) PN. molecule, but no such bands

3
were observed in the present study. Nevertheless, the bands displayed

by the solid deposit may be tentatively assigned to the (CH ) PN3 molecule

in accordance with the proposals listed in Table 7.l, where the corresponding
frequencies of the (CH3)2ASN3 and (CH3)2BiN3 molecules are also included

for comparison.

Although clear evidence supporting the formation of the molecule (CH ) Ny
has thus been obtained, there are still several features of the observed
spectra which remain unexplained, and, as in the case of the reaction
between sodium azide and phosphorus trichloride, the products probably
include two or more distinct molecular species which could not be separated
by the methods of trap-to-trap distillation. In particular, the spectrum
of the matrix-isolated products contains several strong bands near 1100 cm

which it is difficult to associate with any fundamental vibrations of the

(CH ) 3 molecule; there also appears to be no correlation between the
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Prooosed Inirarad frecusncy Assiznments for tne
LQEBLZELB‘Yolecule and Comparison with the Svectra

of (CH,). 28N

and (C? 17
and ‘CHBlZBl 2

3=2—3 )
lolecule |
(CHB)ZPNB (c:3>2Asn3 (CH3)231N3 Assignment
3100 29990 3000 y(CHB)
2310 2915
2136 2077 2043 ng(NB)
1454 112 1333 Sés(CHB)
1199 1255 1268 vs(NB)
395 307 | é (CH3
338 322 k3
57k 555 573 ) (115)
762 Lo 352 v (M=N)
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additional bands observed in the present study and the infrared spectra
previously reported for dimethylchlorophosphine258 and diglyme.253 One
possible explapation is analogous to that suggested in the previous section,
namely, that the reaction products include one or more oligomers of the |
(CH3)2P = N molecule. No such oligomers are known, although a polymeric
substance formulated as [(CH3)2PN7n has been reported as a product of the

259

reaction between dimethylchlorophosphine and chloramine. Again it is

difficult to reach any definite conclusions on the basis of the evidence

available from the present study.

The other puzzling feature of_the spectra obtained from the products of the
reaction between sodium azide and dimethylchlorophosphine is the effect

of wltraviolet irradiation on the infrared spectrum of the matrix-isolated
sample. Apart from a slight decrease in fhe intensity of the bands assigned
to the fundamental vibrations of the azide group, very little change in the
spectrum was observed even after prolonged irradiation of the sample. By
contrast, the spectra of the so0lid products held at 77K indicate quite a
marked effect following ultraviolet irradiation; bands associated with the
vibrations of the azide group undergo a considerable decrease in intensity,
and the simultaneous appearance of a broad band at 1400 cm.-1 is possibly a
sign of the formation ofa molecule containing a P = N bond. More difficult
to explain, however, is the appearance of a strong band at 2020 cmf1. One
possibility is that photolysis induces a rearrangement reaction similar to

2L2

that observed in the case of matrix-isolated trimethylazidosilane and
resulting in the formation of a product containing a P-H bond, but the
frequency of 2020 cm.-1 is slightly too low to be easily attributable to a
35

P-H stretching vibration. A more likely explanation for the appearance

of this band is the formation of some other azide-containing species.

Despite the uncertainties which have been raised by the results obtained

in the present study, it is probable that dimethylazidophosphine is a major
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product of the reaction between sodium azide and dimethylchlorophosphine.

In order to confirm this, to produce more definite vibrational assignments

for this product and to establish the nature of the other products of the

reaction, further studies are plainly needed. The obvious methods of
characterising the products, in addition to infrared spectiroscopy, are gas
chromatography (particularly to determine the complexity of the mixture)
and mass spectroscopy. When dimethylazidophosphine has been properly
characterised and isolated free from other compounds, a fullér spectro-
scopic investigation might be carried out, including the following:

(i) A more extensive investigation of the effects of ultraviolet
irradiatioh, particularly on matrix-isolated samples, including a
greater degree of selectivity in the choice of wavelengths.

(ii) Measurements of the Raman spectra of dimethylazidophosphine and the
products of any photochemical changes which it may undergo.

(iii) The preparation and spectroscopic characterisation of different
isotopic versions of both the (CH3)2PN3 molecule itself and the
products of any photochemical changes which it may undergo, using
either deuteriated dimethylchlorophosphine or 15N—labelled sodium

azide.
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SUMMARY
This thesis is concerned with the study of a variety of molecules trapped in
low temperature.matrices using the tools of vibrational spectroscopy. The
concept of matrix isolation is introduced in Chapter 1, where the applicability
of the technique to both normally unstable and relatively stable species is
indicated. The usefulness of vibrational spectroscopic methods in particular
is noted, and effects of the matrix environment such as simplification and

sharpening of spectral features are outlined briefly.

Chapter 2 is concerned with the background to the methods of vibrational
specfroscopy. The relationship between observed frequencies and molecular force
constants is demonstrated on an essentially classical mechanical basis, while

the selection rules for infrared absorption and Raman scattering are explained

in quantum mechanical terms. Also described in the case of Raman scattering

are the phenomena observed when the frequency of the exciting radiation approaches
or coincides with that of an electronic transition of the molecule under

investigation.

The principles of matrix isolation are discussed in more detail in Chapter 3.

The various methods of production of matrix isolated molecules are outlined

and the effects of the matrix environment on their vibrational spectra, such as
frequency shifts and splitting of baﬁds, are discussed at greater length. A
section is then devoted to the particular advantages of Raman spectroscopy as
applied to matrix isolated molecules, as well as the difficulties arising from
its relative insensitivity. Finally, the experimental techniques, both cryogenic

and spectroscopic, employed in the present study are described.

Observation of the vibrational spectra of cyclic sulphur-nitrogen compounds
under the conditions of matrix isolation is the subject of Chapters L4 and 5.
The former is concerned with the simplest such molecule, namely disulphur
dinitride, S2N2. The infrared spectrum of polycrystalline disulphur dinitride

contains five bands, three of which have previously been assigned to the infrared



active fundamentals of the molecule; as a result of the present investigation

the other two are attributed to two distinct intermediates in the polymerisation

of SZN2' The Raman spectrum of matrix isolated 52N2 contains just three bands.
The assignment of these to the Raman active fundamentals of SN, is supported

22

both by their polarisation properties and by the normal coordinate analysis of
the molecule, and the possibility of Fermi resonance, suggested by the close
proximity of two of them, is discopnted. The vibrational spectra of the
precursor Qf SZNZ’ namely tetrasulphur tetranitride, S)_‘N)4 observed under
conditions of matrix isolation, are consistent with previous observations made

in the so0lid state and in solution, and with the well-established cage structure

of the molecule.

Measurement of the vibrational spectra of different isotopic versions of the

215N2 15Nh’ has enabled a complete normal coordinate

analysis of both disulphur dinitride and tetrasulphur tetranitride to be carried

molecules, namely S and S)4
out. The principal S-N stretching force constants are found to be much lower
than those predicted on the basis of observations made for related acyclic
molecules, possibly reflecting the strain imposed by the cyclic structures. The
magnitudes of the interaction force constants are consistent with the existence
of delocalised ¥t -bonding, which appears to extend throughout the ring in the
case of SZNZ but to be slightly more restricted in the larger SLL'N)4 cage. Further
evidence is afforded for substantial cross-ring S-S bonding in ShNh’ while on

the other hand the results obtained for 82N2 may be explained in terms of

repulsive non-bonded S-S interactions, in accordance with the results of ab

initio molecular orbital calculations.

Chapter 6 describes a matrix isolation study of a chromium (V) compound, namely

chromium trichloride oxide, CrOCl

3

at normal temperatures, tending to decompose by disproportionation and/or

hydrolysis. The infrared spectrum of matrix-isolated CrOCl3 contains bands

attributable to the vibrational fundamentals of a pyramidal molecule of Cay

201

, which as might be expected is rather unstable
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symmetry, by analogy with other similar molecules, particularly VOClB. In

addition, several other bands, indicating the presence of Cr0201 and possibly

2
other decomposition products, are observed. The Raman spectrum is rather more
puzzling in that just three strong bands are observed, all below 250 cmf1. The
possibility of a resonance Raman effect is considered but it is thought more
likely that the exciting line coincidés with a dip in the absorption spectrum
leading to increased absorption at longer waveiengths; fluorescence and the
occurrence of an electronic Raman effect are possible alternative explanations.

Normal coordinate analysis of CrOCl,, based on the assumption that the observed

3’

Raman lines arise from its deformation fundamentals, indicates a force field

very similar to those in the related molecules VOC1l, and Cr02012.

3

The seventh and final chapter is concerned with the attempts to generate molecules
containing an azide group bonded to a phosphorus atom, in the hope of carrying
o The infrared

spectrum (measured at 77K) of the volatile products of the reaction between

out the photolytié transformation ) P-N,—— SP=N+N

phosphorus trichloride and sodium azide indicates the presence of several molecules.
Although these probably include 012PN3’ it was decided that this apparently
complex'mixture did not lend itself to a matrix isolation study. Such a study

was carried out on the products of the reaction between dimethylchlorophosphine

and sodium azide, which almost certainly include (CHB)ZPNB as a major component.

However, the reaction again appears to be rather complex and several observations,

particularly the effects of ultraviolet photolysis, remain unexplained.

In conclusion, although the present investigation has yielded some interesting
results relating to a variety of molecular species, further studies are clearly
desirable in several areas; for example, those described in Chapters L and 5
might be extended to other cyclic sulphur-nitrogen systems, thus enabling more
general comparisons to be made. Secondly, the origin of the Raman scattering
of chromium trichloride oxide might be made clearer by further studies using a

range of excitation frequencies, while investigation of the effects of controlled
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warming and photolysis might lead to identification of its disproportionation
_products. In the case of the studies described in Chapter 7, application of
other techniques such as mass spectrometry might lead to more definite character—
isation of the reaction products, while if, for example, dimethylazidophosphine

can be isolated free from other compounds, a fuller spectroscopic investigation,

including measurement of its Raman spectrum, might be carried out.






