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ABSTRACT

This thesis reports some electron spin resonance and other
spectroscopic studies of radiation damage in lonic cyanides, and

in alkali halides doped with simple and complex cyanide ions.

A correlation of electron spin resonance data for Fe-centres
has been obtained which relates the isotropic hyperfine coupling,
from the first shell of cations surrounding the F-centre, to the
lattice size and the atomic radius of the catlons. This correlation
has been used to identify the electron spin resonance spectrum of the
Facentre in Y ~irradiated sodium cyanide. The electron spin resonance
spectrun of the V, —centre in Y-irradiated sodium and potassium.

cyanide is reported.

The V) ~centre (The cyanogen negative ion (CN)E ) has also been
prepared in ¥ -irradiated potassium chloride doped with cyanide ions.
A single crystal study of this radical has been performed and the
structure determined and compared with the HCN™ and H,CN radicals
which ‘were also formed on irradiation of the doped potassium
chloride. 1In all three radicals the unpaired electron is in the
plane of the molecule and there is a considerable delocalization

of the spin density.

The effect of both ¥ ~irradiation and ultra~violet irradiation
on ferrous and ruthenium hexacyanide Incorporated into alkall halide
lattices has been examined by electron spin resonance, infra-red and

electronic spectroscopy. The new spectral bands have been



interpreted in terms of the formation of iron and ruthenium complexes
in oxidation state (I). The electron spin resonance spectra indicate
a novel distortion of the d7 transition metal complex which produces

a unique ligand., Possible interpretations of the electron spin

resonance spectra are discussed.

Fipally an infra-red study of {-irradiated alkali halides
doped with simple cyanide ions shows that the major product on
irradiation is the cyanate ion. Likely mechanisms for the formation
of this ion and the other species reported in this thesis are

considered.
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Chapter 1

Electron Spin Resonance and Infra-red Spectroscopy
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Introduction

To the author?!s knowledge no electron spin resonance studies
and very little optical work on irradiated solid cyanides have been
reported. Despite this the cyanide group is a very useful monitor
of radiation damage. The simple cyanide ion, for example, has a
characteristic infra-red stretching absorption, and if incorporated
into a paramagnetic species hyperfine coupling to the magnetic
nuclei 13C and u“N can, in prineiple, be observed in the electron
spin resonance spectrum. The cyanide ion forms a number of stable
transition metal complexes and the infra-red spectra of these are
strongly dependent on the enviromment of the io 1.' These complex
c¢yanides are low-spin and thus d5 and d7 complexes can often yield
relatively sinple clectron spin resonance spectraz.

The first part of this thesis deals with the theory of the
spectroscopic techniques used in this work. Further details of
the theory can be obtained from the books and articles given in the
bibliography at the end of the thesis. Chapter 2 deals with the
experimental techniques used, with a description of the spectrometers
and the radiation sources. The remaiﬁing chapters describe and
discuss the radiation damage in pure ionic cyanides, alkali halides
doped with the simple cyanide ion and transition metal cyanide
complexes. Chapters 3, 4 and 5 are mainly concerned with the
spectra and structures of the species formed on irradiation, while
in the last chapter the effects of radiation in these systems is

sumarised.



A, Electron Spin Resonance Spectroscopy (e.s.r.)

Electron spin resonance spcctra measure energy differences
between different spin states in a paramagnetic system. In the
simplest case the species contains one unpaired electron (S=31),
and hence the possible megnetic spin states are m = i
In the absence of a magnetic field these two m states are
degenerate (A Kramers! Doublet). A magnetic field 1ifts this
degeneracy, and transitions between the two states  ean be induced
by applying electromagnetic radiation of suitable energy. - For
most commercial spectrometers the mognetic field is abtout 3,000 -
gauss and the energy difference then requires a microwave
frequency of about 9,000 Me/s

Apart from the applied magnetic field there are a number of
other factors which determine the energies of the different
. states, and it is these intecractions which make e.s.r. such a-
valuable tool for.examining paramagnetic species. - We will now
eonsider the effects of these interactions on the energies of the
spin states. No attempt will be madc to treat this fully,
further details can be found in the articles tabulated in the

bitliography at the end of this thcsis.



I, The Spin Hamiltonian

In the e.s.r. expcriment we are only intercsted in the energy
levels associated with the lifting of the degeneracy of the
Kramers! doublet, and so we need only consider the electron spin
part of the state function, and the corresponding part of the
Hamiltonian. This truncated Hamiltonian is known as the spin

I

Hamiltonian (Hspin) and is of the form™:

Hoptn = &BHE + 2[20y v B8 + L0l - e PR ]
(1)

where & is the electronic 'gl=factor for a free electron.

&1 i1s the nuclear g-factor for nucleus i.

i .
Band B n the Bohr and nuclear magnetons.

=

the applied field.

in

the electron spin.

(1

the nuclear spin for nucleus i.

the isotropic hyperfine interaction for nucleus i.

4o P

the anisotropic hyperfine interaction for nuclcus i.

gi the quadrupole tensor for nucleus i.

The last term of (1) does not affect the differences between
the energy levels monitored in an e.s.r. experiment, and so can
be neglected to first order., The quadrupole term will not be
required either, and so the Hamiltonian reduces to:

Hopin = BoPH-S + EI‘ L(a; + B8 (2)

This Hamiltonian can act on the spin state |m ,mI> to yield the



L
energy levels required. We will now consider the two temms in
(2) and examine the effect which each has on the energy transitions
observed in the spectra.

i. The Spin Hamiltonian in the Absence of Interaction with
Magnetic Nucled

a. Orbital Angular Momentum and g-values

In the absence of magnetic nuclei the Hamiltonian reduces to:
Hspin = geBﬂ-_S_ (3)
This assumes that the orbital angular momentum has been completely
quenched, the degeneracy of the atomic orbitals being lifted by
either a crystal field or by bonding. 1In the case where there is

still same angular momentum two further terms have to be considered,

these are:
BH.L + XAL.S

where L 1is the angular momentum operator

A 1is the spin orbit interaction parameter
In actual practice the spin orbit interaction AL.S induces some
residual angular momentum, even when the degeneracy of the orbitals
has been completely lifted. This orbital angular momentum can be
considered to affect the erergy levels in one of two ways:
1. The angular momentum of the electron causes a local field which
adds or suttracts from the applied field. This is a useful
picture in practice for deciding qualitatively the effect of
orbital angular momentum.
2. The angular momentum (L) can be considered to couple with the

spin (S) which is then replaced by the resultant - J, where J = S + L



In practice the effect of the angular momentun is taken into
account, by replacing the constant 8 in the Hamiltonian by a

experimental g-value of the form:
8 = gE + bgy

where E is the unit matrix
A 8y 3 is the amount the g-value ottained by putting the
experimental results in the Hamiltonian H snin™ _I_{_.g._§
varies from the free spin value of 2.002319....

£ is a tensor of the form: | Bore

&y
822

A theoretical calculation of g-values is difficult, but it is
usually possible to determine the signs and approximate magnitude
of Agi 5 The effect of mixing in excited states of the system
is considered as a perturbtation on the ground state. The
admixture coefficlents of these higher states are calculated from
first order perturbation theory. Thus ALyS perturbs the state
10,3 by mixing in other states |my,m_ ) in the following forms

S S faymy CHB2EE %32

8

oy, Mg 'E

- E
o’% mL,ms I
Using the components L , Sz and the L _, L;-_, S,, S_ forms of Lx’ Ly’
Sx and S . the allowed \mL,m , > states can be found and the new

state is pf the form:

o, 3) + cy |mpy mgy + cz]mI'J,m;> PP =|o, %}' (3)



the valuee of «, depend upon A and the energy difference botween

1
the state | 0, 1) and the excited state.

Now if we operate on this state with thc Hamiltonian the
effect of the perturbing states will depend on the dircction of the
field H, which determines the direction of the angular momentum L.
For a species having axial symmetry, where Hz is directed along the
axis of the ortital containing the unpaired electron, there will te
two principal values of g. These are g// when the field is along
%, and g, when the field is in the x,y plane, The Hamiltonian

can be written in the component form:

BH.gS = Bg/ H,S, + Bg, (HxSx+HySy) (8)

« The U G eory to Determine the ar Dependence o
the p-tensor
1
When the state |O, %> has becn determined, group theory
t
can be used to decide which of the components of |0, —’2~> will be
important when the fiecld is along the three principel directions

X, ¥, and 2. This is because the g-tensor depends on matrix

elements of the form: <\Pn I L, | \Po>

where ‘:’0 is the state |0, 3 ) , \," n 1s the possible
perturbing orbital, and L i the component of the angular momentum
operator along the ith. direction. For this to be non-zero the
matrix element must form a btasis for the totally symmetric

representation of the group !G! t¢ which the species belongse.



7
Thercfore the symmetrised direct product of the irreducible
representaticns for which 7Vn and \/’O form a basis must contain
the irreducible representation for which L:L forms a basis. The
former product can be found using product tatles, examples of
which are given in appendix B. The irreducible representation

for which Li forms a basis can be obtained direct from character

tables, as it transforms as a rotation R:L (See appendix A).

c. Direction of g-shifts

The sign of Ag depends on the sign of A, which in turn
depends on whether the orbitol which is mixed with ‘V is filled
or empty. If there is mixing with an empty orbital, the orbital
meticn of the electron will be such that the induced magnetiec
field will tend to oppose the applied field. The absorption line
will thus move to high field, since the microwave frequency is
held constant. This displacement to high field will cause a
negetive g-shift. If there ismixing with a filled orbital then
the resultant anguler momentum will be of an electron hole. This
will tend to enhance the applied field and so such mixing will

cause a positive g-shift.

d. Simple Molecular Radicals
In simple molecular species where there is low symmetry, the
g~-shifts can te discussed qualitativcly without the use of character

tables. Consider, for example, the molecular fragment A:=B-
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having the unpaired electron in the 'Ity—systan. The degeneracy
of the m —orbitals can be lifted either by a crystal field or by
bending. Two simple cases will now be considered.
&-.The Unpaired Electron in the T =bonding Orbital

The orbital scheme is shown in fig. 1l32a. When the magnetic
field is along the z-axis (Fig. 131) orbitel angular momentun can
only occur in the x,y plene and hence only coupling with the Ttx
orbitals has any effect on the g-shift. The 'nx-bonding orbital
is filled and so coupling with this orktital will lead to a positive
shift in [ The 'nx-antibonding orbital is empty and so
coupling to this orbital will lead to a negative g-shifte The
amount of the coupling depends on the energy differences between
the ortitzl containing the unpaired electron and the ortital to
which it is excited. The net shi:f'b in 82 is thus positive.

When the field is along the x-axis the s‘n.b‘-orbital cen be
used for orbital motion, and since this is empty there will be a
negative shift in B The A-B & ~tonding orbtital could also be
used for coupling, but this will be of smaller effect, and the net
shift in & will be negative.

When the magnetic field is along the y-axis no ortitals are
available for orbital angular momentum and so gyy will be very

close to the free spin value.

This situation is shown in fig. 1;2b. As before Agyy is



Fig L;1
The Molecular Orbitals -in the A= B- fragment
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Fig 1;2.

The Inergy Levels of the Molecular Orbitals in the

AT B- fragment and Possible Orbital Counling . --°

Contributing to the g-shifts
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zero since when the field is along the y-axis there are no orbitals
which can mix with the ground state and allow orbital angular
momentum. Further, Agjoc will be positive as the mein interaction
will be with the filled non-tonding ortital on 4, and Agzz will
be negative as the main interaction will be with the other empty
ﬂx“'orbltalo

ii. The Spin Hamiltonian in the Presence of Interaction with
Magnetic Nuelel

a. The Hyperfine Coupling Terms

A mognetic nucleus will affect the clectron energy levels,

and the spin Hamiltonian then has the form:

- BH.g§ + Sl (9

spin

The effect of the nuclear spin I can te considered in a&n.analogous
manner to that for including the ortital angular momentum comnt-
ritution. For an axially symetric system the spin Hamiltonian

has the component form:

F (10)

+ Pg(HS -+ :{ySy) + ASTI + ‘.‘;.(SxIx*syIj)

H X X /2

spin * B%stz
Here A is a coupling tensor with components Axx’ Ayy and Azz’
assuming that g and A-have the same principal axis system.
The A tensor consists of two terms, an isotropic part Iat
and an anisotropic part !'Bf.
A = a.E + B
= H— =

The anisotropic part B is due to coupling via a dipolem

dipole mechanism tetween the electron and the nuclear spin and



is of the form:
B = %Bnge <r'3> (1 - 300320) 1.5 (11)

where r> is 2 function of the electron distribution relative
to the nucleus in question integrated over all spaces 6 1s the
angle between the mean position of the electron and the mngnetic
field. Now <'r-3:> is non~zero only if the electron is in a p-
d- or f-orbital, for in an s-orbital integration over all space
gives a value of B equal to zero.

The isotropic term arises from the Fermi contact tennh, this
requires actual unpaired electron density at the nucleus. Thus

only electrons in s-orbitals can cause this coupling directly.

The coupling operator a is:

SR NS 4O )? 1.8 (12)

The experimental A~tensor only conteins contrilbutions from
spin density actually interacting with the nucleus, while the
experimental g-tensor contains contributions from spin density
over the whole of the radicel. It is possible, therefore, for

the principal axes of the two tensors to be non-coincident,

b. The FEnergy lLevels

Once we have obtained the spin Hamiltonian it is then possitle
to calculate the energies of the different states, by operating on
the states |m , my ). If the field H is along the z—direction

(10) recduces to:



1z

Hoptn = & PHS, + ASI + 34 (31 _+SI) (13)

where I = Ix + i,Iy; I e Ix - in cte.

For the case S = 4 and I = 4 we have the matrix:

132> 4L, 42> 144 |4, 42
(% 3| 2gPH +d4, O 0 0
41 o be b, -4, W, 0
Gl 0 A, Jégﬁﬁnz -4, O
(54 | 0 0 0 -%;glﬂHx + 4,

The roots of this matrix are:
_ n 2
Myx demn, e i, t /RO

If A_ is much less than the value of g BHZ

the four eigén values are:
+ 1
%g,-;-BHz = iy
L +
e PH, I 14,

The selection rules mg =11, my =0 holl for e.s.r. absorptions

]
and the possible transitions are shown in fig 1;3 below.

s P

-
1 x z
2 1
~ I %
! i
Fig 1;3 ity ;hvz
t
i
i

&

b m‘w
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¢. The Second Opder Correction

If the nuclear hyperfine interaction is mot very much less
than the gl H term the off diagonal terms cammot be ignored, and
the measured values of 4 , A, g » and g, will not correspond to
the theoretical coupling and orbital mixing parameters. In order
to use the same parameters for small and large splittings the
experimental values are ‘'corrected!. The correction terms can
easily be obtained. We will consider, as an example, the
correction for A, 1in some detail, and quote the other corrections.

The energy levels aret 1l. -é-gl BH_ + %4,
Aty 2 2.4
2. [(#g,BH,)“ + ($A,.)°)% - 14,
3. -‘é'g/’sz ; %A// %
h-t{$g,BH,)" + (34)]% - {4,
In practice hv is held constant and so the two allowed transitions
can be written:
hv = 3g,BH [(3g,0H,)2 + (34,2
l. ov = 2g,bPH; + ﬂ/, + %8,,(3 L + %AL) ] + %A//
2 23
2. hv = [(4g,BH )" + (#AL) ]? - #, + 26,PH -14,
where H_ and H+ are the low and high field line positions.

- 2.
1. v = 34, + %g BH_ + 4g,BH_ [1 + A} /g,fBZH_Z_']%
_ 2
2. hv = ~%4, + %g,/ BH, + 48, BH, [1 + AL/gfﬁsz]%
Dividing through by &3 to put A in gauss. This assumes that

[ .



1. ;é% = %A//

2. hv -3A, + $H + 3H [1 + A
25 // + + -‘-/HE]-%

Expanding the square root term and negleoting terms over

v BH_ o+ BH_[1 + AE/H2J%

second order.

, 2
1. v = %A, + H + AZ
’ / 452

N 2
2 . hv = ‘%A + H + A
P N
Taking 1. from 2.
A, = H - H_ + & - A
+ /4H+ /4H_

ti

[, - 5] [1- Af/4H o

Thus if [H+-H_] is the measured value of A then the
true value of A  is given by:
Ay = [H, - H_].[1-A
i/ + /4H+H_]

Similarly: ‘ 2
A, = [H, - H].[1-(4)+ AE}SH .
+—
g, = hv [1 + A -
4 BH+ Y am,p 171
2 2
= hv [1 + (A5 + AD)
gL 0: 0 o+ AL /8H+H_

where H+ = #[H_ + H_]



Z
d. Hyperfine Tensors in Radicals TZB
1._The Unpaired Electron in a Pure p-orbital / ’“\
An expression for the interaction of the { !
" ; . b d
electron with a magnetic nucleus, when there N 4/ 5 Yy
77N\ ~B
is no spin density at the nucleus was given by ( \
equation (11). For a p-ortital the coupling \ )
tensor has the form: -B
B
2B Fig 1;4
x
where | y| are the prinecipal directions of the B-tensor
Z

(Fig.1;4). B can be calculated from"l’:
B = 2/5¢gP.gB {3 ) (1)

e imme i Guae wmp wmm g e Gwe  wae s e e — —

In this case there is an isotropic coupling due to the electron
in the s—orbital and an anisotropic coupling of the formm outlined

above. The total hyperfine tensor is thus of the form:

a - B
a = B
a + 2B

The isotropic part is thus the algebraic mean of the three principal
values. . If a is of the same size or smaller than 2B the value
of a and hence also B cannct be found without ambiguity, unless

the signs of the principal values are known.
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II. Electron Spin Resonance Spectra

In this section we outline the analysis of a recorded e.s.r.

spectrum. Generally there will be a g-tensor with different
principal values along three orthogonal axes, and also a number of
hyperfine coupling tensors ‘associated with different magnetic

nuclei each with three principal directions.

1. Solution Spectra

In solutions radicals will normally be turbling so fast that
the anisotropic coupling will average to zero, and only the isotropic
coupling will be observed in the spectrumn. The observed g~value is
the average value of the g-tensor (giso)' This situation is also
observed if the radicals are tumbling freely in a glass or crystal,
or if the unpaired clectron is entircly in an s-ortital. With only
one g-velue and  isotropic hyperfine coupling the sp=ctrum is
consideratly simplified. A radical with one magnetic nucleus of
spin 3/2 will produce a four line spectrum. If more than one
magnetic nucleus is present then the absorption lines will be
further split. In the case of a number of magnetically equivalent
nuclei a series of lines are obtained of equal splitting. Six
sodium nuclei, for example, each of spin 3/2 will yield a 19 line
spectrun of intensities:

1; 6; 21; 56; 120; 2165 336; L56; 5463 580; 5L6; L56; 336; 216...etc.
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ii. Single Crystal Spectra
If the radical is fixed in a lattice position in a single

crystal then the g-value and hyperfine coupling will depend on the
angle between the p- or d- orbital containing the unpaired electron
and the magnetic field. In general none of the principal directions
of the g- and hyperfine coupling tensors need be coincident. The
principal values of the g- and hyperfine coupling tensors can te
derived ty recording the spectra at different oricntations with
respect to the applied field about three orthogonal axes. Once
the maximum and minimum values of the g- and hyperfine coupling
tensors are obtained, and the angle between these features and the
chosen three axes, it is possible to obtain both the principal
values and the direction cosines of the tensors by diagonalising
the tensor matrix. Computer programs are now available for this
otherwise tedious calculation. In some cases, the radical lies
with its prinecipal g- and hyperfine coupling tensors along the
three chosen orthogonal axes. In this case the principal values
can be ortained directly. Comparison with powder spectra in

some cases simplifies the calculations.

iii. Randomly Orientated Radicals

In this case the radicals are fixed either in a powdered
cerystal or in a glass, and the spectra ottained are the envelope
spectra of all possitle single crystal spectra. A number of

authors have discussed these line shapess-s. Absorption and



18

derivative curves in fig. 1;5 follow Kneubuhl5 . Fig. 135a and b
is of radicals with axially symmetric and non-exially symmetric
g=tensors respectively.

If the absorption lines do not overlap, and if the principal
directions of the g- and hyperfine coupling tensors coincide, all
the e.s.r. parameters can be ottained from the powder spectra,
except the direction cosines. Often, however, lines do overlap,
and sometimes the |a -~ B| term is so small that the hyperfine
coupling is contained in the line width of the perpendicular g
feature. Even so powder spectra provide a check on the diagonale
isation results from single crystal studies, and should always be
obtained and compared with the singlc crystal spectra.

Where lines with different g-value overlap, it may, in some
cases, be possitle to resolve the spectra better Ly increasing the
magnetic field and corresponding microwave frequency. In this case
the splitting (in gauss) between two lines of different g-value
increases, while the separation of lines caused by hyperfine
coupling is independent of the field strength, and so the separation

will not increase.
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III. Spin Densities

From the e.s.r. spectrum we can, in favourabtle cases, obtain
values for Aiso (a) and B for all the magnetic nuclei which inter-
act with the unpaired electron. To turn these values into
paramcters which will be of use in discussing the orbitel containing
the unpaired electron, we introduce the concept of spin density.
This is defined as the hyperfine coupling constant divided by the
relevant hyperfine constant if the electron were completely in a
particular orbtital. For example the experimental B value is
divided by the value of B if the electron were purely in a pure
p=ortital, this is the "atomic" parameter.

In same cases these atomic parameters can be obtained
experimentally, from atomic beam results. Table 1;1 gives the
experimental results for a few alkali inetals and halogens. In
other cases the value of \}/(0)2 and <r~3 > are calculated using
Slater or Self-Consistent-Field wavefunctions.for the relevant s- ,
p~ and d-orbital. Tatle 1;2 lists the non-transition metal magnetic
nuclei for which these calculations have teen performed. Most of
the values were calculated by Morton, Rowlands and Whiffen fram -
S.C.F. wave functions. These values have been checked and where
nc cessary corrected using more recent data and a program written by
Mr. D. J. A. Tinling. Values for the alkali metals were calculated
by Gooding” using the unrestricted Hartree-Fock approximation taking

into account exchange polarisation. These are much closer to the
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experimental values than those of Morton et al, who used normal
restricted Hartree-Fock wave functions. Comparison of tables 1;1
and 1;2 indicates that care has to be taken in considering the
accuracy of the spin densities using the celculated values.

The calculated results for a number of ions are given in tatle

1;3, and for a number of unpromoted states of nitrogen in takle 1ljk.

Table 1:1

————

Experimental Atomic Spin Resonance Data

Isotope £ 2B, A Bef
a b _j.ﬁ_go

1 (3s) 50648 10
(2s) 63.4 10

“H 77.9 10
T 3.4 10
23Na 1.703 10.16 316.1 10
3% 2.945 3.10 82.14, 10
85 361.1 10
133¢q 820.1 10
170 31.08 95.1 1
19p 49.88 1059 11
e L9.5 109.45 12
798 80.5 4552 13
127y 94,0 K2he41 1,

Oud .
a, Velues in A 3 bs Values in Gauss



Isotope Abund. Spin < r’3>

ch

17,

19F

23na
27A1
2951
31

33g

3501
370
3%

L3a,
67Zn
69Ga
e,
36
75,4
"se
79Br

8lpy

o3
a. Values in A™

Takle 1:2
Caleulated Atomic Spin Resonance Data for Nuclei

99.98
100
8l.2
1.11
99.64
0.04
100
100
100
J,70
100
0.7
75.4
24 .6
93.08
0.13
4,12
60.2
39.8
7.61
100
7e5
50.57
L49.3

3/2
3/2
3/2
1/2
1
5/2
1/2
3/2
5/2
1/2
1/2
3/2
3/2
3/2
3/2
/2
5/2
3/2
3/2
9/2
3/2
1/2
3/2
3/2

a

54259
11.481
21.043
33,73
51.91

7.159
13.848
22.520
32.667
45.530

19.45

32.469
L7.51

62.623
80.588

(@2

a
1.135
3.871
9+554

18.77
32.37
51.83
81.20

16.00

25.833
38.171
53.735
72.225

9.362
30.687
47.157

64+955

85423,
107.07
131.73L

2B
b

38
66
3L

104

1,084

L2
62
206
56
100

8,

106
134

26
183
270
56
564

b. Values in Gauss.

£100

b
139
130
725

1130

. 552

1,660
17,200
266
985
1,220
3,640
975
1,680
1,395

6345

149
376
2,675
3,400
535
3,430
Ly 840
7,800
8,100

Ref.

9
15
15
15
15
15
15

9
16
16
16
16
16
16

9
17
18
8
18
18
18
18
18
18



Calculated Atomic Spin Resonence Data for Nuclei in Ions

Table 133

Isotone State < r‘3>

9Be+ lS
llB- ls
lBC- 2P
L2 %
U= g
1702- lS
170“ 2P
= 1g

a

2.9318

11.8299
15.3073
22.08L3
27.2557
43.1718

F(0)®
a
5.4560
8.7281
17.6113
30.98
30.95
L8.7555
18,795
73.13

%? o dse

161.3

21.227 661.8

1,04,8.3

19.29 529.1

24,.96 528.5
67.56 1,562
83.39 1,563

916.57 16,207

23

Calculated Spin Rescnance Data for Different States in Unpromoted

Nitrcgen Atons ond Ions

Species State { p3 >
a

Ug~ 3p
1,

1g

Ly

Ly 3p

15.90
15.66
15.31

20.87
20.32
19.96

25.86
25.26
2L4.37

o]

a. Values in A‘B

¥ (0)?

a
30.29
30.54
30.95

32.18
32.51
32.75

%3" bé'éa_sﬂ
25.93 517.2
25053 521’5
24,96 528.5
34.03 5L49+5
33.1, 555.2
32.56 559.2
L2.17
41.18
39.74

b. Values in Gauss.

Hef

20
20
20

21
21
21

22
22
22
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. The Sign of Spin Densit

The spin densities calculatcd as above are a rough guide to the
unpaired electron density in the different atomic orbitals. If the
spin density is due to actual delocalization of the unpaired electron
into the ortital in question, then the spin density is defined as
positive. The nucleus will te affected ty spin density of the
same m value as the major part of the spin density. If the
spin density is not duc to direct dclocalization of the unpaired
electron, tut due to polarisation effects, then the spin of the
electron need not be the same as that of the major part of the spin
density. If the spin is not the same then the spin density is
negative. The possibility of negative spin density, and

polarisation mechanisms are discussed further in Chepter 4.



B. Infra-red and Raman Spectroscopy

For a non-linear polyatomic molecule of n-atoms there are 3n—6
degrees of vitrational freedom and 3n-6 fundamental frequencies.
Some of these may be degenerate and not all these can be observed
in the infra-red or Raman spectra because of the selection rules.
The use of group theory greatly aids the interpretation df the
spectra as it predicts which : transitions will be il.r. or Raman

active.
I. Selection Rules of Infra~red and Raman Spectra

For a vibrational mode to couple with the i.r. radiation there
must be a change in dipole moment on changing the relative positions
of the nuclei. For Raman spectra there .nust be a change in
polarisation. The selection rule for an i.r. absorption is
determined by the integral:

P f Y@ e Y R) A @)

where u is the dipole moment operator.

t 1
v and v the vibrational quantumn numbers (For fundamental

normal modes these are O and 1 respectively).
Qa the normal coordinate of vibkbration.
This integral can be resolved in three directions and thus depends

on P, ‘ly’ and B If one of these integrals is non-zero the

normal vitration associated with Qa is i1.r. active.
Similarly for the Raman spectra the selection rule is
determined by the integral:

Lot - fabv.r (o) o ¥," @) @, (2
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where a is the electronic polarisability operator of the molecule,

and has six components Qs 2 and a.yz s and

a y? @, axy’ a
kLence (2) can be resolved into six components. If one of these
integrals is non-zero the normal vibration associated with Qa. is
Raman active.

These integrals will only be non-zero if they form a represen-
tation which includes the totally symmetric representation. The
fundamental normal modes are those from the ground state to one of
the excited states in which the vibrational mode has a quantum
nunmter of one. \{)O(Qa) is invariant under any symmetry operation
while the symetry of ‘Y;(Q,) is the same as that for Q_. Thus for
i.r. transitions the integral (1) does not vanish when the
irreducible representation for which By for example, forms a basis
is exactly the same as that for Qa' Similarly for Raman spectra

@ must be of the same representation as Qa'

The operators u L B v and Y 2 transform in the same way as
those of translational motion T_, Ty and T  respectively (Usually
written x,y, and z in character tables). The polarisebility
operators axy etc. transform in the same way as the product xy etce
and these are also listed in the character tables. It is thus
possible to read from cheracter tatles which normal modes will be
active in the i.r. or Raman spectrum.

Two further obtservations mey te mades
i. If the molecule has a centre of symetry then the i.r. and

Raman active bands will be mutunlly exclusive, the i.r. bands teing
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anti-symmetric with respect to the centre (u) and the Raman bands
symetric (g).
ii. The totally symmetric irreducilblc representation is always
Raman active.

Two types of molecules are studied in this work, the linear
ABC molecule and the octahedral M(AB) 6 molecule. These will be
treated here as examples of the symmetry methods used, the methods
of ottaining the actual normal modes ake treated in a number of

books22! 23,

1. The Linear ABC Molecule

This molecule has 3n=5 vibrational degrees of freedom and hence
there are four vibrational modes. The molecule is of the c°°v
symmetry group (See appendix A ), and the normal modes are shown in
fig 1;6b. In fig 1l;6a the normal modes of the ABA linear molecule
(D°°h) are shown for comparison. From tabtle A;l 211 three modes
transform in the same way as components of both the polarisation and
the dipole moment and hence all three modes are Raman and i.r. active.
1i. The Octahedral M(AB) 2 Molecule (Oh)

There are 33 vibrational modes, the 13 normal modes are shown
in fig 1;7. From table A3;3 there is a centre of symmetry and thus
the i.r. and Raman active bands are mutually exclusive. Only the

normal modes which transform as T. are i.r. active, while those

lu
which transform as Alg’ Eg and ng are Raman active. From these
considerations only one A-B and one M-4 stretching transition

should be cbserved in the i.r. spectra.
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131, Site Symmetyy 29720

The symmetry considerations above apply to isolated molecules.
If the molecule is in a crystal, the enviromment may lower the
symmetry, and if the crystal is ionic this may have quite a strong
effect on the i.r. spectra. In many cases the site symmetry can be
treated as a perturbation on the normal modes of the isolated
molecule. Normally site symmetry alters the character of each
irreducitle representation, and in some cases lifts degeneracies.
Usually more viktrational transitions become allowed. Correlation
tables have tcen prepared to show how the representations are
perturbed by the site symmetry. Table 1;5 is a correlation table
for Oh symmetry to a numker of lower symmetriese.

An M(AB)6 molecule in a cubic lattice has Oh symmetry, but if
there is a vacancy or impurity ion near one of the ligands to
compensate for a charge untalance, then the symmetry will be
reduced to Chv' The irreducible representations of the Oh group
which transform in the same way as the'stretching vibtrations in
M(AB)6 are correlated to a site symmetry of Ckv in fig 1;8. From
table A;2 (Character tatle for Ckv) the a; and e modes will be
17 bl’ By and e will be Raman active. Since
there is no centre of symmetry the i.r. and Raman bands are not

i.r. active, and the a

now necessarily mutually exclusive. Thus instcad of only one A-B
stretching band there are now four allowed transitions. The .
intensities of the vy and v3 bands depend, in part, on the strength

of the crystal ficld causing the distortion.
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Table 1;5
C la Table for the G
S S " W - Sz
e M M b A ! g
hog Ay By B iy A B,
B, E AR AR AR ke, A B,
T Ty B, AE AE AaRiuB, 42D
Tg Tp BBy BeE DR ARsD, 20D
ha A Ay B A A A
> T TR b 52 ! By
Eu E A1u+ Blu A1+ Bl A2+B 2 Al'l-A 2 Au-i-Bu
Ty, T, hyytBy, BB ASE LB, AsZ
Tou T1 BauBy  AprB BB ApBpeBy 2ApBy
Fig 18

orrelation Diagram for the A-B Stretching Modes the M(AD
Molecule when the Symetry is Reduced to C v

Oh Cl.:v
V3, V.h eg (RoAy) -—\~—::~'—- al (R.A- and I.R.)

- bl (R.A. and I.R.)

e al (RoA- and IoR')

- e (R.A. and I.R.)

(R.A.) Raman active., (I.R.) Infra-red active.



Chapter 2

Experimental Methods



I. Preparation of Samples

1. Orystal Growing
Crystals of toth pure cyanides and alkeli halides doped with

either cyanide cor complex cyanide ions were required in this
investigation. These crystals were grown either by slow evaporation
of aqueous solution or by slowly cooling the molten compound or
mixture.

a. From Solution

Evaporation of an aqueous solution is not suitable for growing
pure crystals of the alkalil cyanides since there is a tendency to
hydrolyse in water, and growing from dried methanol did not yield
pure crystals either. We have however used the aqueous solution
method to dope alkali halides with both simple and complex cyanide
ions. The solution method has thec advantage of being relatively
simplc, but it is difficult both to grow large crystals, and to
control the amount of irpurity incorporated. In some cases the
impurities are incorporated more easily than the required ion.
Infra-red spectra showed that all crystals grown by this method
contained an appreciable amount of water incorporated into the
lattice.

Cyanide ions were incorporated into alkali halides bty slow
evaporation of a solution containing a ten to one excess of the
halides Infra-red spectra showed that all crystals ohtained
using potassium cyanide as the dopant contained a high concentration

of the ferrous hexacyanide ion. Crystals grown-using sodium -
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cyanide contained no observable amounts of this ion. Crystals

doped with the conplex cyanide ions were grown from solutions
containing 1 - 0.001% of the complex.
b. _From the Melt

A nurber of methods have been devised to grow crystals from the
melt. The main features of thesc methods are the slow reduction of
the temperature from above the melting point to about 20° below and
the seceding of the melt either with a small crystal or some feature
in the crucible. We have used a Stockbarger furnace 27 to prepare
some doped alkali halide crystals. This method uses a furnace with
a temperature gradient through which the crucitle is lowered. The
crucible is drawn to a sharp point at the lower end to facilitate
the formation of a single crystal. UWhen attenpting to dope with
cyanidc ions, unless the crucible is evacuated, the major ion
incorporated is the cyanate ion. 1In order to reduce to a minimum
the oxidation and hydrolysis of the cyanide ion, a fresh sample
of sodium cyanide was used each time. The reagent bottle was
opened in an oxygen-free dry box, and mixed with the halide which
had previously been dried at 100°C for three days and cooled in the
dry box. DBefore sealing the crucible was evacuated to about 0.001
mm of Hg. and gradually heated to remove as much of the adsorted gas
as possible. After the crucible had been lowered through the
furnace, a proccss which took about 36 hours, it was left to anneal
at a temperature about 20° below the melting point. Finally the

temperature was lowered slowly to room temperature, the crystals
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cut along cleavage planes and socaled into ampoules tefore removing
from the dry box.

The complex ions all decomposed below the melting point of the
halide and so these could not be introduced into the lattice by this
method.

The preparetion of pure crystals of sodium c¢yanide was attempted
by modifying the Stockbarger furnace so that the crucible could be
evacuated during the growing of the crystal. In this case the
temperature of the furnace was lowered slowly keeping the higher
winding about 15° above the lower one. The constant evacuation
was necessary as gases were given off while the cyanide was molten.
It was hoped that this method would also roughly zone refine the
crystal, but although single crystals were obtained, they were not
pure enough for the colour centre expcriments.

ii. Pressed Discs

Samples suitable for i.r. were conveniently pfepared by compe
ressing the finely powdered halide in a steel die at about 20 tons
per square inch and about 2 mm of Hg pressurezs. The preparation
of the potassium chloride and btromide discs was straightforward, but
sodium salts, because of their higher melting point, did not form
good discs« In this case a disc was formed bty adding potassium
btromide to the sample, followed by careful mixing in an agate ball
mill.

When using the pressed disc technique there is a chance that
halide ions may be incorporated into the complex ions, or the lattice

may affect the site symmetry. Thercfore the spectra of all the
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different species examined were also run as Nujol mulls.
The main edvantage of these pressed discs is that they can be
irradiated easily and a series of spectra can be run of the same

sample after different irradiation times.

i1I. The Spectrometers

i. The Flectron Spin Resonance Spectrometers
Three e.s.r. spectrometers were used in this investigation, two

at X-band and one at Q-band frequencies. The two X-band machines
were a Varian V 4502-03 with 100 kc¢/s modulation, and a machine
constructed bty Mr J. A. Briveti?’. The Q-band machine, unlike

the X~band spectrometers which have crystal detection, has o superw
heterodyne detection system. This latter system has the advantage
of requiring very littlc incident microwave power, and hencc the
spectra of samples which saturate easily can be recorded. This is
especially useful for Q-btand spectra at low temperature where samples
saturate very easily.

The Varian spectrometer hos a variable temperature attachment
which enables sample temperatures between 100°K and 3'78°K to be
obtained. The temperature could be controlled to within 2-3°,

In the other X-band machinc the sample cavity is mounted in an
insulating bath. Using a suitable coolant, such as liguid nitrogen
solid carbton dioxide/mcthanol or ice/water, the sample could be kept
at a constant temperature. This instrument was ideal for single
crystal specta, end runs as long as 15 hours at 77°K have been

performed, the microwave frequency and the temperature remaining
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statle. The Q-band cavity could bs cooled by placing & copper
extension of the cavity in a bath of coolant, and temperatures
down to about 100°K could be reached.

Powdered samples were contained in quartz sample tubes, which
were free of paramagnetic impurities. Single crystal samples were
mounted on the end of a perspex rod. The end of this rod was
detachable and & numbter of different ends were prepared so that the
crystal could be rotated about axes perpendicular to I00, IIO and
III planes. In the instrument used for the single crystal spectra
the crystal was rotated and the angle could be read to within 0.50.

The g-values quoted in this thesis are all corrected with an
external reference, "charyed dextrose", which has a sharp absorption
at 2.0023, this reference being run at the beginning and end of
each series of spectra. Thus errors due to the field probe being
in a slightly different position from the sample are eliminated.
All g-values in this thesis are subject to an experimental error of
about ¥ 0.0004, for broad lines the error may te much greater than
this. The error in the hyperfinc splitting also depends on the
width of the lines. All hyperfine coupling constants in this

thesis are in gauss, unless otherwise stated.

ii. Infra-red Spectrometer

A1l the i.r. spectra were recorded on a Perkin Elmer 225 double
beam instrument. A low temperature attachment of the cold finger
type‘?’8 was used to record spectra down to about 100%. On slow and

expanded scans the spectra werec reproducibtle to 1 an"‘l.
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iii. Visible and Ultra-violet Spcctrometer
A1l spectra were recorded on a Beckman DK 2A. Thin slices

of crystals were used for transmission spectra, and both pressed

discs and finely ground powders for diffuse reflectance.

ITII. Radiation Sources

i. Gamma Radiation Source

A11 ¥-irradiation was carried out in a "Gamma Cell 200", with
a Cobalt-60 isotope. Cobalt-60 emits about equal numbers of ¥e
photons of energy 1.332 and 1.173. The dose rate fell from 2.20
x 10° to 1.69 x 10° rads/hour during the ¢ourse of this work.

A Dewar flask placed in the cavity of the cell enabled -
irradiation at temperatures between aibient and 77°K. Light
sensitive samples were irradiated in ampoules enclosed in aluminium
foil, and pressed discs were irradiated in the holders used to
mount them in the i.r. spectrometer.

ii. Ultra-violet Irradiation Source

A medium pressure mercury lamp was used in all photolytic
experiments. This has high energy radiation bands at 254, 265,
280, 296, 302 and 313 mp@ . Quartz containers were used in all
photolysis experiments, and for low temperature work a Quartsz
Dewar flask was used which enabled temperatures down to 7’7c to be

reached.



IV. The Chemicals Used and their Purity

38

The main chemicals used in this investigation are tebulated

below. The alkali halides were dried at 100°C for 1-3 days and

then cooled in a dry-box.

The alkali cgyanides were kept in a

dry-box and a ncw reagent btottle used to preparc about twenty

sealed ampoules of the powdered cyanide at a time.

Chemical Grade Min % Purity
KC1 Analar 99.8
KDy Analar 99.0
NaCl Analar 99.9
NaDr Reagent 99.0
KCN Analar 96
NaCN Reagent 96
K hFe(CN ) 6 Reagent 99
KBFe(CN) 6 Reagent 99

i NO3

0.002

0.002

4 Fe
0.0005 °
0.001
0.0003
0.001
0.02



Chapter 3

Colour Centres in Irradiated Cyanides
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Colour Centres

Two paramagnetic species have been studied extensively in
irradiated alkali halides, these are the F- and V%?centres.
Centres analogous to these have been identified and studied in
F=irradiated sodium cyanides. Two other paramegnetic centres have
been observed, one of which has been tentatively assigned to the k

+
Fz—centre.

In this chapter the e.s.r. data for F- and Vk—centres in the
alkali halides is reviewed. To facilitate assignments of e.s.r.

spectra to F-centres a general correlation has been found which
relates the isotropic coupling of the first shell of cations
surrounding the F-centre to physical parameters of the ions and the
lattice. The use of this correlation is discussed for F-centres in
non-alkali halides and used to identify the F-centre spectrum in

sodium cyanide.

I. The F-centre

If an alkali halide crystal is ¥-irradiated, it soon becomes
coloured, and a number of aksorption bands appear in the visible
and ultra-violet region. The major absorption band is known as the
F~band. This band is also observed if the crystal is heated in the
presence of élkali metal vapour. The method of formation indicates
an electron excess centre, and the accecpted model of the F-centre is
an electron trapped at an anion vacancyBow This model of de Boer
did not however define the state of the electron or the extent of
delocalization in the crystal.. This information was not forth-

coming from optical studies, but using magnetic resonance methods it
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has teen possitle to obtain a particl picture of the F-electron
distritution.

1. Optical Work on the F-centre and Related Electron Excess Centres

The energy of the F-band depends on thc size of the lattice and
MollwooT found that ‘>x\nax was given very closely ty:
M max = 600 a 2
where A nax and & (The lattice constant) are in X. Ivey refined
this relation and obtained’<:
\ _ 03 dl.Sh
& nurber of other absorption bands in irradiated alkali halides
have been attrituted to electron excess centres, where the electrons
are trapped at aggregates of vacancies. The absorption band onergy
of these centres also varies with lattice size. Models for many of
these centres are still uncertain, btut the M~band has bteen shown to
33

be two adjacent F-centres--.

ii. Magnetic Resonance Work on the Fecentre

The e.s.r. spectrum of an F-centre is usually a broad line of
50-700 gauss from points of maximum slope, with g-values slightly
less than the free spin value. The line widths and g-valués of
F-centres in the alkali halides are listed in takle 3;1. The
origin of the broad line was first satisfactorily explained by Kip,
Kittel, Levy and Portiso, who attributed it to unresolved hyperfine
coupling to the surrounding shells of ions. For a number of alkali
halides the hyperfine interactions have been resolved, e.g. those for

sodium fluorided? and lithium fluoride3C.
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Table 3:1
The E.S.R. Line Widths and g-values for F-centres in Alkali Halides
Halide Line Width ~value No of Shells Ref
(geuss) (38) Resolved
LiF 150 2.0018 1;2 37
LiCl 57 2.0018 0 37
LiBr 1.9997 0 38
NaF 220 2.0001 1;2 37,39
NaCl 140 1.9978 0 37
NaDr 300 1.9846 0 37
KF 100 1.9964 0 35
KC1 46 1.9958 0 3L
Kr 125 1.9829 0 34,36
KI 210 1.9649 0 36
RbCl 420 1.9804 0 10,11
RbBr 360 1.9673 0 1O
RbI 61,0 1.949) 0 LA
CsCl 700 1.968 1 42
CsBr 1.9586 38
CsI 1.958 38

- ..

— e e

E.S.R. spectra of F-centres have also been reported

in the alkalinc earth fluorides*> sodiun hydridc™ and sodium azide
s

The use of E.N.D.O.R.¥6

"enables the resclution of the Fecentre

spectra to be improved, and coupling to up to eight shells

surrounding the centre have been observed.

Tatle 3;2 lists the

coupling to the first few shells of ions, for F-centres in glkali.

halides with the sodium chloride structure.
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Takle 3:2

Hyperfine Interactions of the Shells of Tons Surrounding F-centres

Halide Temp. Hvperfine Coupling to the Ions (Gauss) Ref.

°k Cations Anions
Shell a 2B Shell a 2B

LiF 1.3 1 13.94 2.28 2 37.80 10.67 37
3 0.18 0.48 L 0.17 0.89
5 0.10 0.18 6 0.62  0.49

LiCl 1.3 1 6.8  1.22 2 L.0L 0.6, 37
3 0.7 L.48 L 0.18 0.0}
5 0.07 6 0.07

NaF L 1 38.18 2.98 2 34,.28 0.6, 39
3 1.07 0.21 L 2.32  0.85
5 0.25 0.1 6 0.53 0.36

NaCl 90 1 22.27 2.1 2 L.46 0.76 35
3 0.12 0.12 L 0.16 0.04
5 0.22 6 0.09 0.04

KF %0 1 12.24, 1.1, 2 12.67 2.93 35
3 0.11 0.02 L 0.38 0.08

KBr 90 1 6.54  0.55 2 15.29 1.93 35
3 0.96 0.02 L 2,03  0.29
5 0.06 0.0 6 0.30 0,01

KI 20 1 5.3,  O.4lL 2 17.66 2., 35

RClL 90 1 35.0L 3.57 2 2,06 0.27 4O
3 2,21 0.17 L 0.57 0.11

ReBr 90 1 31.33 2.85 2 13.69 1.43 40
3 2,00 0.07 L 3.25 0.13
5 0.91 0.07 3 0.26 0.05
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iii. General Correlation of F-centres
The correlations of F-centre data by Mo].'lwo3l and Ivey32 have
teen of great value in assigning colour centre optical bands to
this centre. It was.thus decided to look for a similar correlation
which would used in interpreting e.s.r. data of colour centres.
The most characteristic feature of the magnetic resonance data for
F-centres is the isotropic coupling to the first shell of cations,
and hence possible correlations involving this quantity were examined.
To map the electron density in an F-centre from e.s.r. coupling
constants spin densities for the s-orbitals of the first shell of
cations were calculated using the tatomic' isotropic values for the
alkali metals. These are known from atomic beam measurements
(Table l;l). Table 3;3 lists the calculated total spin densities
/°M+ in the s-orbital of the cations, for the F-centres in Takble 3;2.
Thi: will not be the absolute value since we have used gaseous
atomie¢ values, while the atoms in the crystal are charged and
surrounded by other ions. Since, however, the effects of charge
and the surrounding ions should te similar in all cases it does allow
comparisons to be made. As will be shown later ths spin density on
the second and subsequent shells of ions is probatly due to spin
polarisation, rather than actual delocalization. The hyperfine
coupling to these outer shells is small 1n most cases and so in this
model we neglect it. Bven the large hyperfine coupling to the
fluoride ion in lithium fluoride does not indicate a large spine-

density, because of the large magnetic moment of the 19F nucleus.
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Table 3:3
Spin Densities in the s-orbtital of the First Shell of Cations around
the F—centre in Alkali Halides

Crystal /OM+% ry () L.P. (X) L ﬂrI?I/(L.P.E
1. LiF 58.3 1.45 1,+017 0.5910
2. LiCL 28.6 5.13 0.2838
3. NaF L.l 1.80 Le62 0.74,32
Le NaCl 11.7 5.628 0.4111,
5. KF 89.2 2.20 5.33 0.8845
6. KC1 5344 6.28 0.5408
7. KBr 48.9 6459 0.4,680
8. KI 39.0 7.05 0.3822
9. RbCl 58.2 2.35 6.5l 0.5830
10. Rubr 52,0 6.85 0.507L

Aitomic radii () from J.C. Slater 196L J. Chem. Phys. A1 3199
Lattice parameters (L.P.) from Landolt-Bornstein Tables Vol 1
part L, Springer, Berlin, 1955.

We then assign the electron density not in the s~orbital of the
cations either to the cavity or to the p-ortitals of the cations.
Since unpaired spin density in the p-~orbitals will plags a significant
amount of spin density in the cavity, these two pictures need not ke
different. The energy of an electron in a p-orbital on the cation
which is orientated such that it would place spin densit& in the
vacancy will be strongly dependent on the crystal fields in the
cavity. To a first approximation the wave function of the F-electron

can be descrilbed:
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The relative sizes of x and y are determined by a large number of
factors. Two possibly important factors are: 1. The electron
affinity of the cation and 2. The electron affinity of the cavity.
1. The electron affinity of the s-orbitals on the cation decreases
from lithium to rubidium, but the value of A+ increases from
lithium to rubidium (Tatle 33;3). The value o; /0M+ increases with
increasing size of the s~orbital on the cation rela.tive to the
lattice size, which may indicate that the hyperfine coupling depends
on the volume of s-orbital available to contain the unpaired electron.
2. The electron affinity of the vacancy depends on the opposing
factors of potential and kinetic enoergy. The larger the cavity the
lower the kinetic energy of the electron and hence the higher the
electron affinity ofl the cavity. However, the larger the cavity,
the lower the potential energy and chis reduces the electron
affinity of the cavity. A plot of /OM+ against lattice parameter
(Fig. 3; l) shows that the spin density in the s-ortitals of the
cation falls with increasing size of cavity. This may indicate
that the spin density in the s-orbitals of the cation falls with
increasing size of cavity, and hence that the kinetic
energy effect predominates over the potential energy and also,
perhaps, the e¢lectron affinity of the s-orbitals on the cations.

Fig. 3;1 as it stands can be used as a correlation for F-centres,

centres with the same cation falling on straight lines, which are
roughly parallel to the lines for other cations. A better

correlation hes been found, howcver, for when A+ is plotted
s
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against the cube of the ratio of the atomic radius (ry) of the
cation to the lattice parameter (L.P.) (i.e. rﬁ/(L.P.)B ) all the
Fecentre results fall on a straight line. Since this ratio is
proportional to that of the volume occupied bty the outer s-orbitals
of the cations to thc volume of the unit cell, we have plotted in
fig. 332 /OM; against h1trﬁ/(L.P.)3 .
that this plot passes through the origin, and when//qM; = 100% the

It is interesting to note

volune ratio is unity, This again suggests that the size of the
oubter s—orbital is important. Further the electron is distributed
in such a manner that increasing the size of the s-orbital relative
to the volume of the unit cell has the effect of incorporating more
of the electron in the s-orbital and hence increasing the hyperfine
coupling.

The use of this correlation (Fig. 3;2) will be discussed
further when F~centres in non-alkali halides are considered. It is
found that this correlation is satisfactory for crystals which have
the sodium chloridc structure, but only approximately true if the
structure differs markedly from this.

iv. The Effect of Temperature and Pressure on the Isotropi¢ Coupling
to the First Shell of Anions

Cooling the crystal or applying a hydrostatic pressure
decreases the lattice size and it follows from the above discussion
that the isotropic coupling to the cation would ke expected to
increase., Table 3;4 lists the isotropic coupling of the cations,

at a numter of temperatures, for Fecentres in four alkali halides.
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In all cases the hyperfine interaction decreases on cooling. On
inreasé in pressure, however, the coupling does increase slightlyh7.
A cation in the first shell surrounding the F-centre is
surrounded by five anions. hese anions will decrease the electron
affinity of the outer s-ortital of the cation, and this coordination
effect will increase as the lattice is compressed. This effect
will oppcse the other effects mentioned atove which would otherwise
have produced a larger increase in coupling. In the case of cooling
the lattice this will further increasc the effect of coordination

ty reducing ionic movement.

Table 3:4
Hyperfine Coupling to the First Shell of Cations ot Various
Temperatures

Temperature NaCl KC1 KBr KI Refs.
- 1.3% 21.95  7.35 37
20° 5.32 35
90° 22.27 7.1 6.53 5.39 35
300° 7.49 6.71 35

ve Anisotropiec Coupling in F—centre E.S.R. Spectra

The model of Kip et alSh, assumed that the electron could be

described Ly a molecular orbital of the form:

1
O /,/Zzi"iﬁi
where ﬂi is an s-atomic orbital on the i®} cation, which in the

crystal will be polarised ty the asymmetric crystal field which
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exists near the vacancy. This can be teken into account by an
admixture of p-orbital character. Inui and Uemura.’+8 and Ko;jimal"9
have made quantitative calculations for the F-centre in lithium
fluoride using linear caatincations of s- and p-orbitals, and ottained
good agreement with parameters obtained from the optical spectrum.

For a typical anion vacancy, e.g. in potassium chloride (Fig 3;3)
the poteintial in the vacancy is not spherically symmetrical, btut the
chloride ions repel the F-electron and the potassium ions attract it.
The shape of the orbital is-thusdefined bty the crystal parameters.
The spatial distribution of the electron can, in principle, be
determined from the experimental anisotropic coupling t- the anions.
Although such calculations involve a number of approximations, they
should allow some qualitative conclusions to be drawn.

One simple model of the F-centre places the electron either in

50

cation s-ortitals or in the cavity” , with the electron density
spherically symmetrical in the cavity. In this case the spin
density not on the cations can be considered acting from the centre
of the cavity so long as the charge is considered to be contained

in the cavity and not beyond. A point-dipole approximation can then

be used to calculate the anisotropic 2B term, using the anisotropic

part of the spin Hamiltonian:

2
B = gBglf, (j3c0539-12

r
The value of 2B was found bty sumning the effect of the electron at the

centre of the cavity, and the electron density, considered as a point



Fig. 333 .

An Anion Vacancy in a Potassium Chloride Lattice

Assuming no Distortion of ‘the Lattice

51
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charge on each of the other five cations. The values ottained as a
percentage of the experimentally measured 2B term are shown plotted
in fig. 334« The choice of the anion radius as abseissa is purely
arbitrary and no significance should be attached to the straight lines
drawn through the points. From this fig. it is clear that the
simple model is inadequate.

If we now 1ift the restriction of spherical symmetry we can
include spin density in p-orbitals on the cation. Unfortunately
the 2B  terms for alkali metals, although known from gas phase
work (Tatle 1;1), are possibly inappropriate since the spatial
distribution of the p-orbitals will be affected by the lattice more
than that of the s-orbitals. Using the 2B values for atomic sodium
and potassium we get the percentage p-character on the metal given
in tatle 3;5. Also tabulated are the p/s ratios from the p- and s-
character toth calculated from gas phase results (+) and also the
p/s ratio calculated only from the cxperimental isotropic values.(x).
The values for the p-character are obviously too high if the gas
phase 2B terms are used.

Table 335

The Spin Density in the Cation p-orbLitals and p/s Ratios

Holides 2B (gauss) jou(+) Ay&) VAREEEYA
o\ .y ==

———

NaF .-3.78 227 29 3.2 0.40
NaCl 2.22 132 58 3.2 1.39
KF 1.14 221 11 2.36 0.121
KC1 0.6l 124 L7 2.32 0.872
KBr 0.54 105 51 2.15 1.04
KI 0.22 85 61 2.19 1.56

+ Using gas phase r=3 , and \,lJ(O)2 values
x Using gas phase W (0) values only.
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To examine the anisotropic coupling further, we have used
orthogonalised Slater orbitals, together with the parameters given
by Clementi and Raimond151 for all orbitals except the outer np-
orbitals, which we have used as our only variable. From the
experimental value of the anisotropiec ecupling and having made a
correction for the effect of the electron density on the other
cations in the first shell, we have calculated the exponent
necessary to produce the correct anisotropic coupling. The results
are given in table 3;6. Also given are the exponents expected for
the outer s-level of the atom (those for the p-level are expected
to te slightly smaller, but were not given bty Clementi and
Raimondisl). Significantly, perhaps, in every case the p-orbitals

are contracted ré&lative to the free atom.

Table 3;6
alculated onents for the Outer p-ortitals of the First Shell
of Cations

Halide IiF  LiCl NaF  NaCl KF KCL KB  KI
gba?.gﬁgted 1.12 0.76 1.48 1.10 1.93 1.23 1..17 1.08

.51
Clementi
Exponent(a) .64 0.6k

8« For the outer ns-ortital

0.836 0.836 0.874 0.87, 0.87, 0.874

- e wm e Wmm e am e e e e

The Clementi-Raimondi parameters apply strictly to an isolated
atom, and we have applied them to an ion having a formal charge of
+ 5/6. However the s-character was also calculated from gas phase

values and so we are consistent if not correct in an absolute sense.
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From the above considerations it would seem that the F-electron
is localized in an orbital which consists of a combination of the s-
and p-orbitals of the cations. The p-orbitals are contracted
relative to these in the gas phase, which explains the high p-
character obtained if the gas phase atomic 2B terms are used. The
s-orbitals are also probably contracted, and so in the first part of
this discussion we would have over-estimated the s-character. The
effect of charge on the s-orbitals, however, should be less than on
the p-orbitals.

In view of the many different, but interrelated factors deterw
mining the hyperfine coupling, the explanation of the isotropic
correlation will be very complicated. Aﬁ present, therefore, we
merely wish to confine attention to its practical use, a point which
will be discussed later when the F-centres in non-alkali halides are

considered.

vi. Coupling to Other Shells Around an I'-centre

Around the F-centre there are six nearest neighbour neighbour
cations and twelve anions. The anions also form part of the walls
of the cavity (Fig. 3;3), and in fact if the cation is small they
may form a major part. They will not, however, have a high electron
affinity an so a high spin density on these atoms is not expected.
The hyperfine interaction with the second shell of cations is much
smaller than with the first (Table 3;2) and so can be neglected to
a first approximation. The experimental hyperfine interaction is

known also for the anions (Table 3;2), but we have to decide which
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of the halide s-orbitals contains the spin density. If it is in

the valence ns~orbital then the hyperfine coupling occurs by a spin
polarisation mechanism. For this orbital the !atomic'! values have
been calculated (Table 1;2). If on the other hand there is actual
delocalization of the unpaired electron, then the unpaired electron
has to go into an outer (n+l)s-orbital and the 'atomic' values are
unknowne. However, if the wave function of the corresﬁonding alkali

metal is taken, an approximation to the required value can be -
(n+l)s
iso

the spin density in the n+l s-orbitals of the first shell of halide

obtainedso. Using a value of A calculated by this method
ions has been calculated (Table 3;7). The spin densities calculated
using the n+l parameters are far too large if the earlier discussion
is even qualitatively correct. The spin densities calculated
using the ns-parameters give a more reasonakle result, and give some
weight to the assumption that the hyperfine interaction with outer

shells is a spin polarisation effect.

Table 3:7
Coupling to the First Shell of Anions and Spin Densities in the
ns- or nt+l seortitals
Halide a 28 Rpl) 2pn )
LiF 37.8 10.67 L0 2.7
LiCl 4.0 0.64 28 2.9
NaF 3L.28 6.98 37 1.5
NaCl Lel6 0.76 31 3.2
KF 12.67 2.93 13 0.9
KCl 2416 0.37 18 1.8
KBr 15.29 1.93 21 2.4

(1). The spin densities calc. using A, for n+l orbital.
(g) The spin densities cale. using Aiso for nsmorbital.



57
vii. Fecentres in Non-alkalj Halides

Fecentres have been observed in alkaline earth <'>.x:‘\.des52

L3

, and
fluorides™, in lithium and sodium hydride and sodium azide. In the
last three cases the structure is similar to the sodium chloride
L L5

lattice. The e.s.r. parameters for sodium hydride™  and azide
are given in table 3;8. In the case of lithium hydride only a
broad line was observed, but Lewis and P}:-etzel53 have obtained the
spin densities on the first shell of cations by couparing the line
widths of the F-centre in 6LiH and 7La'.H. The spin density /<ﬂﬁ
has been calculated and also the factor /(L p. )3. Data for
these three crystals has been incorporated in fig. 3;2, as points
A, B, and C (see table 3;8). These points all fall below the
correlation line. Thus in all cases the correlation has over-
estimated the hyperfine coupling to the cations. In all bhese
crystals it is possible that there could be more distortion of the
lattice around the vacancy than with the alkali halides.

Table 3;8

Spin Densities (/‘@f ) and other Parameters of F-centres in Non-

S Alkali Halides
: NaNé (a) LiH (B) NaH (C)
g=value 2.003 2.004 1.9979
a(M) exp. (gauss) 9.1 26.5
a(M) calc. (gauss) 1k.3 33.5
Py % 17 L5 50
s
r_ (Xg 1.80 1.45 1.80
L.P. (1) 6.56 1,085 L.88
0.2596 0.5620 0.6306

3
o r/(L.P.)3
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II. The Vi ~centre in Alkali Halides and other Lattices

If an alkali halide is ¥-irradiated at 77°K one of the species

which can be observed in the e.s.r. spectrum is a Halg radical.

This radical is known as the Vk—centre. The yield of this centre

increases if there are electron traps incorporated into the halide
lattice. This centre is thus an electron deficient centre. It'is
oriented along the 110 axis of the crystal, which is the expected
orientation if the formation of this radical involves the formation
of a halogen atom which attacks a neighbouring anion, both atoms
staying close to their normal lattice positions. In fact the
formation of the chemical bond reduces slightly the distance
between the nuclei.

The first reported work on this centre was by Castner and

Sh

Kanzig”™™. The effect of the lattice size was studied by Ba.:i.'.Le;w,rs5

who examined the FE centre in lithium, sodium, potassium,

rubidiun and caesium fluorides. He showed that the isotropic
coupling to the fluorine nucleus,and the g-values, decreased with
lattice size, while the anisotropic coupling increased slightly.

This behaviour was attributed to changes in the F-F bond distance.

It has also been possible to obtain Cl, and Br

2 2
ammonium halides56. These matrices yielded similar hyperfine

in irradiated

coupling data to that of the radicals in alkali halide crystals,
but thec e.s.r. lines were troader. The ultra-violet bands

associated with the V, —centre are similar in all lattices showing

k
that unlike the F-centre the matrix has only a second order effect
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on the energy levels of the radicel. The experimental results
for the Vk-centres in their respective halides are given in table
3;9.

Mixed V, ~centres, such as FC1”, FBr~, and ClBr~ have been

prepared. In the case of FC1~, FBr and FI~, the radicals are

58

oriented along the 111 directions”~, the radical occupying one

anion and one interstitial site. Schoemaker has calculated the

2
The total spin density is about 125%, which he attributes

spin densities on the nuclei in F,, FC1~, FBr  and FI~ (Table 3;9).
to neglect of overlap terms in the normalisation. There is in
fact a sign ambiguity in the experimental results and other workers
using the other sign combination of the experimental coupling
tensor have obtained a total spin dcnsity of about 1007 Bailey55
58

and Schoemaker”  argue that for the same species trepped in
different crystals, if A, and A, vary in the same sense then they
have the same sign, but if they vary in the opposite sense then they
have opposite sign. Bailey showed that (4,, A,) for Fg'varies
from (887, 58) to (908, 28) going from lithium to potassium fluoride,
and hence he claims the signs are opposite.

The molecular orbital structure of the bonding shell in these
centres can be written:

()% (m)* ()t (51

the subtscripts u and g-are only applicable to the homonuclear

species, but the general form of the orbital is unchanged. The



Table 3;9

Experimental Results for X; and FX_ species

8. Coupling Constants and Spin Densities in 5 Species

Iattice X3 4, A Spgs) s’-zF(p) lg; et

KF F’z' 908 -28 0.016 0.586 1.204 54
KC1 C1'2' 101 12.5 0.024 0.582 1.212 5L
KBr Brg 450 79 0.019  0.586 1.210 54

KI I; 387 100 0.020  0.563 1.166 57
b. Coupling Constants and Spin Densities of FX_ in KC1 Lattice
Species c?.(s) c?.( p) .E.J%_(_Sl 112(_(21 E Cs
FC1 0.011 0.562 0.032 0.700 1.305
FBr 0.008 0.538 0,030 0.720 1.297
FI 0.006 0.498 0.035 0.703 1.242
c. g-values for the Species l; and FX~
Lattice Species g, g, €450 Ref.

KF F; 2.0020 2.0218 2,0155 51,
KCc1 012"- 2.0012 2.0426 2.0281, 5k
KBr Br,, 1.9833 2.169 2.1071 51,

KI IE 1.913 57
KCl FC1 2.0018 2.030 2.0206 58
KCl1 FBr 1.9891 2.125 2.0797 58
KC1 FI 1.9363 58

A1l A values in gauss.
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unpaired electron is in an antibonding S -orbitale This is
consistent with the instability of these species. Indeed only
FI™ is stable at room temperature.

The decrease in the spin density on fluorine down the series
FC1~, FBr~, FI™ is characteristic of the unpaired electron in an
antibonding orbital’’.

The g-values given in table 3;9 show that there is coupling
with filled orbitals when the magnetic field is perpendicular to
the radical, but,when it is parallel, coupling is not possible
unless there are empty d-ortitals availatle. Hence only with the
bromide and iodide species is g/, much less than the free spin value.
These results are consistent with a radical having the unpaired

electron in an orbital along the bond axise.
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III. Colour Centres in Sodium Cyanide
1. The Structure of the Sodium Cyanide Crystal

At room temperature sodium cyanide has an averaged sodium
chloride lattice, with a cubic lattice constant of 5.83 * 0.005 R 60.
Specific heat measurements exhibit two regions of anomalous heat
capacity with maxima at 172%K and 288° ®F.  The upper transition
is related to the change from the low temperature orthorhombic form
to the high temperature cubic form. The low temperature ortho-
rhombic form is a distorted sodium chloride lattice with four
rectangular faces 6.01 by 5.61 X, and two rhoubic faces with edges
6.01 and angle 76.9°, Cyanide ions are oriented with their axes
in the direction of the major axes of the rhombic faces.

We11362 suggests that at room teiperature the cyanide ions
are randomly oriented along the four body diagonals of the unit
cube, free rotation being unlikely for steric reasons. A similar
situation occurs with potassium cyanide, bul the phase transition
between the cubic and orthorhonbic forms occurs at about 1679K.

In the cubic form the cyanide ions cannot remain parallel to each
other, but there is disagreement as to whether there is free

rotation. Pauling63 6l

favoured free rotation, while Frenkel
proposed that above the phase transition temperature the cyanide
ions still behave as  torsional oscillators, but are free to take
up one of several equivalent positions, A nuclear magnetic

resonance study of the effect of reorientation of the cyanide ion
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on the field gradient near the sodium ions in sodium cyanide, by

Coogan and Gutcwsky65 gave some evidence for partially free rotation
of the ions above the phase transition temperature. The activation
energy for the reorientation is of thc order of 6 Keal/mol. From
this they calculated that the orientation jump frequency was about

8 sec™t at the phase change.

5x10
It would seem therefore that at room temperature the ions

although not rotating freely are nonetheless reorientating themselves

rapidly. The short transition times for ultra-violet and e.s.r.

spectroscopy, however, are such that these techniques will probably

monitor random, but fixed ions.

ii. Experimental Results

The presence of an F-centre in X-irradiated sodium cyanide was
reported by Isetti and Neubertéé. The only other cyanide which
has been examined is potassium cyanide where an F-centre was also
produced on X-irradiation67. In both cases the centres were
identified by their characteristic ultra-violet spectrum. Using
the ionic cyanides without further purification, we have found
that only sodium cyanide colours on ¥~irradiation. Potassium
cyanide was found to contain an appreciable amount of iron impurity
and did not colour even after prolonged irradiation. As suitable
methods of purification were not available, and also since
the small magnhetic moment of the 39K nucleus would make observation

of the hyperfine interaction to the cations unlikely, only the

F—centre in sodium cyanide has been studied.
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a. The Optical Spectrum of Irradiated Sodium Cyanide
66

Isetti and Neubert ™ found three absorption bands in X-
irradiated sodium cyanide at 530 mu , 360 mp .and 285 mu , with a
shoulder at 251 mp « The colouration was unstable and bleached
with a half.1life of about 30 minutes. On bleaching the band at
530 mu shifted and there was evidence for two bands, one at 540 mu
’ and the other at 457 mp . The Amax for an F-centre in sodium
cyanide calculated from Ivey's rule32 is 505 mp . They concluded
that the band at 457 mu was the F-band and that the band at 5,0 mu
might be the Zl band, although the evidence for the latter assignment
was very poor. We have repeated the optical work using ¥
irradiation to produce the colour centres in powdered sodium cyanide.
Measuring the diffuse reflectance absorption. broader bands than
those of Isetti and Neubert were obtained, but there were well
defined maxima at 520 mM and at 360 mu and on bleaching the
bands did not shift. The ultra~violet spectra data,for irradiated
sodium cyanide, together with Susman's resultsé7 for potassium
cyanide are given in table 3;10. The Amax for the F=band in
these two cyanides calculated from Ivey'!s rule are also given.
Irradiation at 77°K reduces the intensity of both the F-band
and the band at 360 my compared with the intensity of the bands

when the irradiation of the sample was carried out for the same

time, but at room temperature.
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Table 3;10
Optical Band Wavelengths for F-centres in Sodium and Potassium Cyanide
NacN KN
:xmax a. This Work 520mp
b. Ref 66, 67 557y 589mp
A (Cale.) 505mu 619my

b. Electron Spin Resonance Spectra of Irradiated Sodium Cyanide

Powdered sodium cyanide was irradiated for varying lengths
of time and the e.s.r. spectra recordeds With low irradiation
times the spectrum consists of a series of lines 19.5 gauss apart
with finc structure on the central three lines (Fig 3;5a) On
further irra@iation the central linecs tecome less well resolved
and the super-hyperfine structure can be seen more easily (Fig 3;5b).
The time required to produce a particular spectrum was strongly
sample dependent. For example the spectrum shown in fig 3;5b was
observed for some samples which had been irradiated for only 10
hours. To eliminate such effects all comparison experiments were
performed with samples from sealed ampoules filled at the same time.
The two sets of hyperfine coupling are not caused by the same
species, since the relative intensities of the two signals are
dependent on both irradiation time and the sample used. The
species causing the larger splitting (Specics A) has a hyperfine
coupling of 19.5 gauss with a central g-value, when corrected
to second order in the spin Hamiltonian, of 2.0019. The second

species (Species B) is the dominant species after 10 days



S.R. Spectra of NaCM Airradiated at 100°A

a. After 5 hours A0 gauss

irradiation

b. Centre 5 lines afuer

3 days irradiation

10 gauss
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irradiation (Fig.3;6). The hyperfine coupling is about 2.6 gauss,

but varies from 2.0 to 2.8 gauss. The centralg-value for the
species "B" varies with irradiation time, but at all times is greater
than the free spin value (2.0023).

The e.s.r. spectrum alters markedly on cooling. At 1600 both
sets of hyperfine lines become less well resolved and on further
cooling the broad central line becomes resolved into a set of lines
with an average splitting of 8.1 gauss, and central g-value of
2.0035 (Species C). The splitting was not constent (Fig.3;7)
varying from 7.3 gauss between the centre two lines to 9.0 gauss
between some of the outer ones. On further cooling this spectrum
is again broadened out, and at temperatures below about 100°K the
spectrum is as shown in fig.3;8, and for reasons discussed in the
next chapter this spectrum was assigned to the Vk centre (CN)E.
This species can also be observed in irradiated potassium cyanide.
The experimental coupling constants and g-values for species A, B

and C are given in table 3;11.

Table 3:11
Experimental E.S.R. Data for Species A, B, and C in NaCN
Species Aiso(gauSS) 8is
A 19.5 X 0.5 2.0019
B 2.5 £ 0.5 > 2.0023
c gt *a 2,0035

+ Not isotropic.
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Fig.3:;7 69
E.S.R. Spectrum of NaCN d"-irradiated for 40 hours

at Room Temperature

a. Recorded at 20 C

10 gauss

b. Recorded at 0 C



Fig 3:3

E.S.R. Spectrum of Sodium Cyanide
10 hours at 300°K Recorded at 77

20 gauss

N-irradiated for

70
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When sodium cyanide is irradiated at 77°K and warmed to roam
temperature the e.s.r. spectrum is almost entirely that of‘species
A, (Fig.3;9). On cooling the sample the spectrum becomes less
well resolved until at about 5°C the spectrum is identical to that
of the room temperature irradiated samples at this temperature.

If the sample is irradimted at 77%K and the spectrun recorded
without warming, the spectrum is identical to that shown in
fig.3;8. On warming to room temperature and then recooling to
77°K the spectrum is again identical to that in fig.3;8.

On cooling the sample down below room temperature the strength
of the absorption decreases markedly, for the low temperature
irradiated samples, and so species C which was observed at about 5°C
is probably not associated with species A. In the room temperature
irradiated samples the signal strength did not fall so much on
cooling.

The low temperature irradiated samples luminesced when warmed
above 77°K.  The light given off appeared tlueish, but was not
strong enough to observe in an optical spectrometer. This
luminescence would indicate that there was some chemical reaction
taking place when the irradiated crystal was warmed.  Since the
€.5.r. spectrum was essentially the same before and after warming
neither the initial or the final products of the reaction causing

the luminescence were observed in the e.s.r. spectrum.
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cs The Effect of Impurities

The samples used in the foregoing experiments were all prepared
in an oxygen free dry box to prevent the hydrolysis or oxidation of
the cyanide. If the cyanide is handled in the atmosphere,
especially as a powder, it fails to colour on irradiation or yield
the normal room temperature e.s.r. spectrum. Pressed discs of
sodium cyanide also failed to colour on irradiation.

If the exposure to the atmosphere is only slight the e.s.r.
spectra of species B is predominant even in the samples irradiated
at 77°K. However, on prolonged exposure to the atmosphere only a
broad featureless e.s.r. line is detected after irradiation.

This contamination of the sa;rnples was a very serious problem,
even for samples which had been prepared :Ln a dry-boxa Diff.‘erentl
results were obtained for each batch of samples which were made up,
and further investigations should employ zone-refined samples. In
the absence of a suitable zone-refining apparatus a single crystal
was grown in the Stockbarger furnace, as explained in chapter 2.
The resulting crystal cleaved well for a soft crystal, but despite
all precautions in handling, the compound still did not give on
irradiation one e.s.r. signal when the sample was at room
temperature. Species A was present, and also a further broad
line around the free spin region. The wing lines of species A
could easily be seen, but were not strong enough to enable the
anisotropic values to be obtained. Despite the lack of sucess

in preparing a pure single crystal the crystal obtained did show
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that species A gave apparently isotropic wing lines of the same
splitting as the powdered sodium cyanide.
iii. Discussion

a-Identification of the F-centre in Sodium Cyanide

The visible spectrum of irradiated sodium cyanide showed that
there was probably an F-centre in the crystal. The e.s.r. spectrum
showed two sets of isotropic lines (Species A and B), and also
probably a further species causing a broad line underneath the
central lines.

For an F-centre in sodium c¢yanide hineteen lines would be
expected from interaction with six nearest neightour sodium ions.

A g-value below that of the free spin value is expected, and since
sodium cyanide has the sodium chloride lattice we would expect the
e.s.r. data for the F-centre to fit the previous correlation (Fig 3;2)
For species B up to thirty lines have been observed, the central
g-value shifting with irradiation time, which makes the measurement
of the central g-value difficult. The g-value is however likely
to be higher than that of free spin. The hyperfine splitting of
2.6 gauss would give a spin density of 5% in the s-orbitals of the
sodium ions, which when placed on the general correlation line,
with the correct value for the abscissa of 0.3698, is well off the
line. Species A on the other hand has a central g-value of 2.0019
and the total spin density in the s-orbitals of the sodium ions is
37%, which fits very well on the correlation line (Fig.3;2 point D).

Species A is thus assigned to the F-centre.
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The change i1 the spectrum recorded when the sample is below
16°C can be attributed to the effect of the phase change at
160061. This change occurs rapidly when the temperature is

lowered, and is reversible.

Y. The Structure of the F—centre

The experimental parameters of the Fwcentre are given in table
3;12. The exact fitting of the data to the general correlation
indicates the similarity between the alkali halide lattices and
the high temperature form of the sodium cyanide lattice.

Table 3;12

E.S.R. Data for the Fecentre and Speciecs B in Irradiated NaCN

Species Aiso(Gauss) /4?M+ a //0M+ b
—_— 8 s
A, F-centre 19.5 37
B. (F;? centre) 2.6 5 8.2

™

a, For six equivalent cations. b. For ten equivalent cations.

- .80k  ©Leo= 583K Amrm,g g3 = 0.369

We have attempted to obtain a half life for the bleaching of
the F-centre, from the e.s.r. data, using low temperature irradiated
samples. The bleaching was, however, strongly sample dependent,
and only a rough estimate of the half life could be determined.
Isetti and Neubert quote a half life of 27 minuteséé, but our
value was of the order of 4 X 2 hours. The optical band in our

samples also bleached with & helf life of the same order. This
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difference may be due to the difference in energy of the radiation
used, but it is more probable that the half life is highly dependent
on the purity of the sample, and until very pure sanples are

available reliable half lives cannot be obtained.

¢. The Species B and C

The species B and C remain to be assigned, and there is good
reason to consider these two as related. We have tentatively
assigned B to the Fé—centre, which is an electron trapped at two
anion vacancles, for the following reasons:

1. The many lines which are not all equally spaced, but which
appear roughly isotropic in the powder, must come from a centre
where there is a large number of nuclei of relatively high spin.
2. This species is formed much more readily by irradiation at

room temperature, than at 77°K.  This is a characteristic of a
multiple vacancy centreés.

3. A similar species has been suggested to explain a similar e.s.r.
spectrum in irradiated sodium azideé9’

With an F,
they were all equivalent would yield thirty-one lines. Work on

-centre there will be ten sodium nuclei which if

the triplet M-centre (Fz—centre) in alkali halides showed that two
cations had a coupling twice as large as the rest7o. This may
explain why the lines are not exactly equally spaced in this species.
The species C can then be a related centre which can form in
the low temperature form of sodium cyanide. The number of lines

given by species C is uncertain and the hyperfine coupling is not
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constant. PFurther work on this and the other species will require

a single crystal study.

d, The Vi—centre

The V, ~centre in sodium and potassium cyanide (CN)E is a
molecular species rather than a physical defect and so discussion
of the structure is left until the next chapter, where a single
crystal e.s.r. study of the radical trapped in a potassium chloride
lattice is reported. The main difference between (CN)E and the
halogen Vk-centres is that in the foruer the unpa;'.red electron is
in a m-antibonding orbital and in the latter a & ~antibonding
orbital.



Chapter 4

Simple Inorganic Radicals
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A, Introduction

Three simple inorganic molecular species have been identified
in irradiated alkali cyanides or alkali halides doped with the
cyanide ion. These are the methylene imino radical (HZCN), the
hydrogen cyanide negative ion (HCN™) and the cyanogen negative ion
(CN);. These radiéals have related structures which can be
discussed using Walsh's one-electron molecular orbital schemes71.

In this chapter the following topics are briefly discussed.
I. Simple molecular orbital theory, conjugation, hyperconjugation
ard the Walsh diagrams. II. The mechanisms for delocalization of
spin density and a brief review of the evidence for a hyperconjugative
mechanism of delocalization of spin density in radicals with (=
protons. Finally the electron spin resonance data for the three

radicals mentioned above is described, and the structures of these

radicals caupared with those of related radicals.

I, Bonding Theory in Simple Radicals

i. Simple Molecular Orbital Theory

Molecular orbitals (m.o's) can be obtained by taking a linear
combination of a basic set of atomic orbitals, the nuclei being
considered fixed (the Born-Oppenheimer approximatio 72). Each

m.o. is thus of the form: k,/m = ‘é &y di

where 9fi is the i th atomic orbital
ay is the coefficient determining the contribution of

¢i to the m.o.
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The energies of the eigenstates of the molecule are given by

the i th dimensional secular determinant lHkl - Eskl

This can often be factorised by symmetry considerations, and a set

'=! Oo

of 'symmetrised! m.o's is obtained (Y ,j) , which transform as an
irreducible representation of the symmetry group. These !canonicalt
m.o's are useful in discussing the total energy of the system, but
are not individually useful for discussing the many bond additive
properties of the molecule, e.g. bond encrgies. These orbitals
can, however, be transformed into an entirely equivalent set by
taking combinations of \f/j'a to obtain another set of m.o's X ¢
X - % b, v 3
These non-canonical m.o's or equivalent orbitals form only a basis
for a reducible represcntation, like a set of atomic orbitals.
The only restriction on the combination being that a symmetry
operation on one member of the set must transform it into another
member of the set.

The energy of the electrons in a set of m.o's is the sum of
the energy of the electrons in the isolated m.o's and the intere
action energy of the electrons. If a set of two centre m.o's is
obtained such that the energy of interaction between the clectrons
in the different orbitals is wezk, then the bonds can be regarded
as localized. If the energy of interaction of electrons in these
two centre m.o's is not negligible, then delocalized orbitals must
be used, or the localized picture corrected to take into account

the delocalization.
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Four important factors determine the extent of interaction of
localized orbitals; these are symmetry, distance and energy differences
between the possible interacting orbitals, and electron correlation
effects. The first three factors can be identified with the necessity
of overlap between the interacting orbitals. The final factor has
two effects73 ; charge correlation, and spin correlation. Thus
localized orbitals of the same symmetry interact if they are of
similar energy and near each other. In the case of mT-Systems
this interaction can be transmitted along a ~7~bond, i.e. conjugation.

ii. The Energies of Molecular Orbitals and the &ffects of their
Interactions

By solving the secular equation a set of m.o. eigenstates with
their corresponding energies can be obtained. If two or more of
these m.o's interact their energies are modified. This is shown
in fig 4;1 for a simplified case of two bonding ortitals of the
same symmetry, Ya and Wb, and two associated antibonding orbitals
\‘\); end \Y; » These orbitals have energies such that E 4 LY
and E; Y E; . In this case the bonding orbitals are completely
filled and the antibonding orbitals empty. There are two possible
interactions: -

A linear combination of Y, and Y, is taken and two new
orbitals are obtained one of energy & below Ea end the other 6
above B (Fig 431)s Since both \Va and \E)b were filled both these

two new ortitals are filled and there is no net gain or loss of
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energy of the system as a whole. The energy displacement éis

given from first order perturbation theory by:

& = /\\Valv.'\yb>
lEa" B, I

where V is the Interaction operator.

The energy of the interaction depends inversely on the energy
difference between the two orbitals.

In this case (Fig 4;1b) there are four valence electrons and
the interaction does not affect the total energy of the system.
The energy of interaction is smaller in this case, however, because
of the larger energy difference.

In radicals where there is an unpaired electron, interaction
of bonding orbitals can affect the total energy of the system.

In these cases interactions can affect the energy and electron

distribution in the system considerably.

iii. Conjugation »
An example of a conjugated molecule is butadiene, CH2=CH-CH=CH2,

where the two 7 ~bonds can be considered delocalized over the

whole system. This delocalization is due to the fact that all

the p-ortitals, of the correct symmetry, on the carbon atoms can
overl;p and hence the centre bond can have some double bond character.
The two delocalized Y, and Wz bonding and the \PS and \Ph
antibonding m.o's are shown in fig 4;2. In the ground state,

electron correlation will tend to localize the w~electrons in the
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terminal C-C region. This simple m.o. model thus over-emphasises
the amount of delocalization, and this is true for all similar

systems where only one valence-bond structure can be written dovmw“.

iv. Hyperconjugation

In some respects a ---CH3 group acts as if it were an unsaturated
group. In 1934 Wheland75 noted that the replacement of hydrogen
atoms in ethane by methyl groups tends to weaken the central Ge(
bond and suggested that alkyl substituents could stabilize free

rodicals: },I IJ:I
H H

Pa.ulf!.ng'?E> pointed out that the shortening of the HZC-C. bond .in
methyl-acetylene relative to the single bonds in ethane was similar
to that found in conjugated molecules. This was explained in temms
of a similer mechanism to that of Wheland. Mullikenw used the
term hyperconjugation to describe this phenomenon.

Chemical evidence for hyperconjugation had already been found
by Daker and Nathan78. They proposed a new mechanism for electron
release which acted in the opposite sense to the inductive mechanism'm
and was pictured as: H»—/C.I.{?— c=ct cSon

Dewar concludes his review of thc evidcnce for mrperconjugation%
by saying that although qualitatively the effects gquoted as evidence
for ' this mechanism can te explained without recourse to hyper=-
conjugation, the size of the effects are such that hyperconjugation
may be important.

As with conjugation, hyperperconjugation is likely to be more
more important in free radical than in classical molecules.
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ve The Walsh Diagrams

Many authors have pointed out that the structure of a large
number of simple molecules seems to the governed ty quite simple
mmerical rules’™ 7976l por example all known AB, molecules
with up to sixteen valence electrons are linear (e.g. 002), while
those with seventeen to twenty valence electrons are bent in their
ground state (e.g. CO,, NOZ)'

In 1942 I’Iul_'l.:LkenS:L published a correlation diagram for the AB2
molecule. This work was extended in 1953 by Wau__sh7:L who gave a
new correlation diagram for AB2 and also for AHz, AH3, ABB’ HAB and
HZAB‘ The last two will be required later and are reproduced in
figs 433 and Ljk. These diagrams have been very useful in .

.

discussing the electronic structure of simple molecules and ..
radice1s%r 83 s and predicting whether a moleeule would be linear

or bent. Using these schemes it has been possible to predict m.o.
scheres for bent molecules which would otherwise have been tedious
to obtain.

Walsh7l used a linear combination of atomic orbitals treatment
for linear molecules and considered the effects of bending on the
energies of these m.o's. He used symmetry considerations and a
mixture of localised and non-localized orbitals, sometimes in the
same diagram. For example in the HZA diagram (Fig L3;5a) he used
the fully localized m.o's for the linear case, but for the bent case
the upper & M.0- is the localized 2s lone-pair and the lower a3, MmO

the delocalized in-phase combination of the two localised m.o's which
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Tlalsh Diagram for HAB Molecules

. o}
HAB Bond Angle 180
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describe the bonds. Walsh was, however,,able to obtain a consistent
scheme by making the following assumptions:

1. In the 90° ABZ molecule the s-orbital on A does not contribute

to the m.o's, but acts as a lone pair.

2. If a m.o. changes, with change I bond angle, from being built
from a p-orbital on A to being built from an s-orbital on A the
orbital becomes more tightly bound and more confined to A.

3. If the valence state of A does not change when the bond angle is
changed the following subsidiary effects detemine whether the
orbital becomes more, or less, tightly bound:

i. If the orbital is antibonding between the end atoms a
linear molecule is favoured.

ii. If the orbital is bonding between the end atoms, a bent
molecule is favoured.

Since Walsh's paper there has been much discussion on the
significance of the binding energy referred to, whether it was in
fact equivalent to the ionisation potential of the orbitals, and
also whether it contains the internuclear Coulomb repulsions.

The first assumption has also been challengedsh.

The essential idea implied in these curves is that of a one
electron model, in which the effect of changes of valence angle on
the energy of each electron is considered. Coulson and I\l‘eilson85
criticize the suggestion that the binding energy 1s the ionisation

energy, since a sum of the jonisation energy includes all inter-

electron and exchange energies twice, and will hence not yield the
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correct total energy, as these will vary considerably with angle.
They also point out that the nuélear-nuclear interactions have not
been included and that these are irportant.

Schmidtke and Preussto

reproduced the diagrams quite well
(Fig 4;5b) by making the levels eigenvalues of a pseudo-Hamiltonian
containing no inter-electronic or nuclear operators, but the nuclear
charge on the central atam had to be given an arbitrary value. The
total energy was simply the sum of the separate one~electron energies.

Coulson and Neilson85 defined a partition of energies into
nuclear repulsion and electronic energies in the form:

E = 2% e + V_

(Ei + Ei)

N

= - ',l =2
where e, Ei + %: (J 13 Ky j)
E, is the core energy for orbital ;51

i
E is the ionisatlion energy
J is the Coulomb integral
K is the Ixchange integral
Vn is the internuclear Coulomb repulsions.

A plot of e, against valence angle was thus attempted, but this

i
does not take into account nuclear repulsions, and the diagrams are
different from those of Walsh in a number of respects (Fig L;5a and
c.). The most noticeable difference is the behaviour of the highest

a. orbital which increases in energy on bending rather than decreasing

87

1

as in the Walsh scheme. Krauss ' used a more sophisticated self-
consistent-wave function and qualitatively changed their results.

He concluded that there was little evidence for a one elsctron
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type partition of the total energy.

Recently Boer et a188

have shown that, in the framework of the
S.C.F. theory, the "atomisation! energy (A} of a molecule is given
approximately by the difference in energy of the orbitals in the
molecule and the dissoclated atoms. The total energy thus varies
as a function of the geometry of the molecule in the same way as the
energy of the orbitals in the molecules, and so the two errors
peointed out by Coulson and Neilson cancel each other.

89 used an extended Huckel approximation

Leclerc and Lorquet
which approximates the total energy to the sum of one electron
energies, to obtain Walsh diagrams for H,N, H,0 and H,C (Fig A4;6b,
c, and 4d)» The order of occupation of the prbitals depends on the
nature of the central atam, but the rise or f211 of the curves
corresponding to the first occupled orbitals agrees remarkably well
with Walsh's predictions, although the symmetry labelling does not.
This is particularly noticeable in the relétive weights of the 2s
and 2p orbitals used. The s/p ratio is relatively insensitive to
the changes in the valence angle, which is sontrery to Walsh's first
assumption. Mullﬂcensh has questioned this first assumption, and
the S.C,F. m.0. calculations for H20 of Ellison and Schtbllgo
indicates that the s-ortital on the central atom is used in bonding
orbitals for the 90° molecule.

Leclerc and Lorquet conclude their papergg, "Walsh!s method is
a simulation of an S.C.F. calculation, which is itself an

approximation to the exact solution of the Schrodinger equation.
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The errors in all stages cancel out in an intricate way".

To sumarise, although no-one is absolutely clear as to what
Walsh's binding energy entails, or whether his assumptions can be
accepted as correct, these diagrams are nevertheless extremely
useful as a guide to the way the energies of m.ol!s are affected

by tending the molecule.

II. Electron Spin Resonance of Simple Radicals

i. The Use of Spin Densities in Simple Radicals

If an m.o. is constructed from a linear combination of an s-
and . p-orbitals ( \Pé and \f/g respectively) on atom 4, and a
nurber of other atomic orbitals on other atoms W}i

. A A & '
Lo T - afr v ¥z + & oV
1=3

The spin densities defined in chapter 1 are equated to the relevant
ci's, the coefficient determining the contribution of each atomic
orbital to the m.o. If overlap terms are neglected:

Zci = 1

Thus the total spin density should be unity. Recently, Schoemakers 8
has shown that overlap contributions may be imporbarnt in certain
cases. There will also be errors due to the assumptions used in
the calculation of the spin densities.

We will now consider three model systems that will be used
in later discussions. These are the @ and B coupling in alkyl

radicals, and the allyl radical.
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ii. The o~proton Hyperfine Coupling in the 7 C-H Fragment
The hyperfine coupling of the a-protons in the C-H fragment,

and in the related T~radical ions has been treated by a number of

91-96 .

authors The problem is to explain the isotropic splitting

due to the proton when the unpaired electron density is in a pure
p-ortital on the carbon atom with zero electron density at the proton.

A number of quantitative models have been proposed, using both the

dgl’ 92, 9k a193 approximations.
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Here we will describe briefly the m.o. treatment of Weissman’-,

valence bon and molecular orbit

The ground state of the C-H fragment can be written :
(6,0)2 (7:)1, where < is the C-l bond. With this configuration
can be mixed other excited states. FExcitation of the electron from
the m—~orbital to another m-orbital will not yield spin density at
the proton. An electron in a 7-orbital cannot be mixed with am
& —-orbital because of the difference in symmetry, nor a< with a ™
and so the only excitation which need be considered in this
connection is the« bcnding to « antibonding.

(5% (n)t —— ()P ()t (st
The ground state can be written:
(1) &) =3

g =2 = (1) o2 = (3] e === ||50) 5 (2) 1(3)||eba
7] on w@ e /8 | “

and corresponding to the excited state there are three state

functions with eigenvalue S, = 1.
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We have to find a linear combination of Dl’ D2 and D3 to obtain the
improved wave function. One combination will be a quartet state
and the other two will be doublets. We are only interested in
doublet states which are;

By ===(20 -D,-D,) ;5 #, =

/6
¢2 can be thought of as a combination of the singlet & state
(Sb) a (Sa) B with m, so will not introduce spin density in the
& -orbitals. ﬂl with the inclusion of D; is the only function
which will produce unpaired spin in the & orbitals. The total

wave function is thus: X = g + g
1

This treatment predicts negative spin density at the proton, as has

been shown experjmentally97.

iii. The Allyl Radical

This radical is a good example of one in which two valence-~bond
structures can be written for the ground state. In such a system
a large amount of delocalization will be expecte 91’. This molecule
will be discussed in terms of both the valence bond and molecular
orbital theoriesgg. The simple theories yield different results,

although refinements tend to reduce the differences.
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The two valence bond structures can be written:

Y, -CH;—CH=CH, Y, O ;= CH —CH,.

a b ¢ a b ¢

The valence bond function for the ground state is:
1 1 1 - Petot
g = =N, +¥) = a(1) b(2) o3) || = (2P -xxp-p=)
At R | 7 6=

If we consider solely the spin wave function and calculate the total
spin in each atomic orbital, we obtain 2@ on a and ¢ and 3P on the
certral atom b. Thus there is £ positive spin on the end atoms and
1 negative spin on the central atom. The total is normalised
correctly to unity.

Using a simple molecular orbital picture the two paired T -
electrons are In an orbital over the whole of the molecule of the
form: \Pl = L(a + LZb +¢)
and the unpaifed electron is in an orbital with a node at the

central atom, the orbital being of the form:

Y, - ]‘i' (2 = ©)
Thus one would predict 50% of the unpaired electron on the temminal
carbon atoms and zero density on the central atom. If however,
spatial correlation of e€lectrons of opposite spin is taken into

98, negative spin density at

account by configurational interaction
the central carbon atom is obtained. If refinements to the valence
bond picture are considered the amount of negative spin density on
the central atom is reduced.

Fessendon et al’? calculated from the proton coupling that the

spin density on the central carbon atom was 16% and on the end
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carbon atom 58%. The signs were not obtained experimentally, but

an allyl type radical identified by Heller et alloo

was shown to
have 19% negative spin density on the central atom. Some
experimental evidence for negative spin densities in related

systems was given by Hanna and McConnelllol.

Jdv._ The Hyperfine Coupling %0 the [(-protons in the Fthyl Radical

The coupling to the a-protons in 7 radicals is due to a spin
polarisation effect. The size of the effect can be taken as a
measure of the degree to which Hund!s rule is broken down by chemical
bonding91. This mechanism is thus unlikely to cause a high spin
density at the p-proton. The coupling due to the PB-proton is in
fact 26.9 gauss compared with the g -proton coupling of only 22.38
gauss. Colpa and de Boerl02 have considered the spin polarisation
mechanism in a C"- Cl/ H fragment and showed that it was possible to
distinguish between two distinct polarisation mechanisms. These
are direct spin polarisation and consecutive polarisation. The
first arises from a direct polarisation of the C!-'- H bond by the
unpaired electron on C", and this contributes a calculated coupling
of ~1.76 gauss. The consecutive polarisation mechanism arises
from the unpaired meelectron on C" polarising the Cn- C' bond which
consecutively polarises the C'- H bond. This gave a contribution
of the opposite sign (+0.65 gauss) and so the total coupling was
only -l.1 gauss. These authors concluded that the spin density

on the p-protons arises from direct overlap between the T ~clectron

1
and the C - H bond. This is a hyperconjugative mechanism.
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This hyperconjugative mechanism had been postulated by

Bersohn’? and Chesnu’olo3 who used an m.o. treatment to explain
the hyperfine coupling. A valence bond treatment was carried out
by McLachlanlol*. In most treatments the methyl protons are

considered using a pseudo hetero atom approach similar to the
earlier work of Coulson:LO5 « In this @
way, orbitals are obtained which can

overlap with the unpaired electron in @ @

the T -orbital. For example the

Fig L;7
combination shown in fig 437 has the
same symmetry as a p-orbital and the situation is thus similar to
the allyl radical, and a similar treatment will place spin density
on the protons, and a small negative spin density on the B «carbon
atom.

The valence bond and m.o. treatments are fundamentally
different. In the valence bond mechanism the T —electron spin
delocalization is entirely produced by exchange polarisation, while
in the Huckel m.o. treatments the delocélization is entirely due to

106 1. ve considered both the

electron transfer. Lazdins and Karplus
allyl and the ethyl radicals by a treatment that includes both
exchange polarisation and electron transfer to find out the relative
weights of these effects. They used a coﬁfigura‘bional interaction
m.o. method with semi-empirical parameters, and found that 60% of:

the delocalisation was contributed by exchange polarisation and LO%

from electron transfer. Thus neither the simple m.o. nor the
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simple valence bond treatments provide, by themselves, a completely
satisfactory description of the spin delocalization in these systems.
The apparently good results which were obtained by these simple
treatments being due to the empirical nature of these calculations.
The pseudo-hetero atom technique neglects a contribution from
the antibonding orbital in the methyl group™ 2., This leads to
errors in the calculation of spin densities on the_e aliphatic
protons in, for example, 9, 10-dimethylanthracene, which were a

factor of four too lowloz. How far this can be explained in terms

of this error or the errors pointed out by Lazdins et allO6 is not,
however, clear.

Some features of hyperconjugation are obscured by the
pseudo~hetero atom method. One of these is the dependence of the
coupling on the orientation of the C'-L- H bond to the p-electron
on the g-carbon atom. It has been suggested that the B-coupling
constant Q is related to the angle © between the C" T=—orbital and
the C = C‘/ i plane by the following relationlo‘?'m.

Q(e) = B + B cos<6

where Bo spin polarisation coupling

B

Experimental evidence from radicals trapped in single crystals

coupling due to hyperconjugation mechanism when & = O.

seems to support this relationshipm. In the . ethyl case the
methyl group is rotating and thke only coupling observed is the

averaged coupling which is one half of Bl'
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B. The Methylene Imino Radical
i. Experimental Results

A sample of potassium chloride doped with cyanide ions was
prepared by growing from aqueous solution. On X-irradiation, for
2L hours, of the powdered sample the e.s.r. spectrum showed amongst
other signals a doublet of triplets. The doublet splitting is 180
gauss. A similar spectrum was observed when the sample was cooled
to '77°K. The crystals obtained by fusing potassium chloride with
potassiun cyanide did not yield this doublet on irradiation, but if
the dopant was potassium thiocyanate a very strong signal was obtained
on irradiation. Infra-red spectra showed that the latter sample
contained appreciable quantities of cyanide, but the former did not
give an absorption peak at all. The e.s.r. spectrum of the
irradiated thiocyanate doped sample is shown in fig 4;9.

Deuteration confirmed that the doublet was due to coupling to
protons, but the hyperfine coupling of about 180 gauss is very high
for coupling to only one proton. More probatly it is a 'driplet!
caused by two equivalent protons, with the centralltriplet always
obscured by other species. The hyperfine coupling is thus about
90 gauss, which agrees well with the spectrun of the methylene
Imino radical (HZCN) observed by Cochran et alu'z. The central g-
CN radical.

2
The radical observed by Cochranllz was stationary, and so they were

value of 2.0031 agrees well with that of 2.002) for the H

not able to obtain the isotropic parameters, and one of their ]J‘N

anisotropic features was contained in their line width. Our results



FiS.4;8

®s «R. Spectrum of KCl Doped with Thiocyanate ion

after 20 hours Irradiation

9.7 gauss

ml80 gauss 4
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together with those of Cochran allow evaluation of the total spin
density. We have confirmed that the ‘ a-B l term would have
been contained in their line width. The experimental results,
together with those of Cochra:nu'2 are given in table 4;1. Also

included in the table are the calculated spin densities.

Table 431
E.S.R, Dota and Spin Densities for the HZCN Radical

A, (®) Aisgl"w) 2B(H) cﬁ cﬁ(s) cﬁ(p) Total

This Work  91.L, " 9.5 (25) 36 1.7 73.3 111
Ref 112 874 (11.5) 22.9 34e, 2.1 67.2 103.7

g = 2.0031 corrected to second order in the spin Hamiltonian.
( ) indicates e.s.r. data not observed experimentally.

II. The Flectronic Structure of HECN
From Walsh's diagram for an HZAB molecule (Fig L3;k4) the me.o's

can be written:

1,2 12 1.2 12 "2 11

(18)% (2% (321)° @pp? (1)? (20))

1
where (lal) is an s-orbital on B
is a C-N & —orbital
(32,) is a C-H & —orbital )
)=(hydrogen group orbitals)
(1b,) is a C-H m-orbital )
is a C~N meorbital
(2b,) is a mq-antibonding C-N orbital in the plane of the

molecule and formally on the nitrogen atom.

t
The unpaired electron is in the (Zb'z) orbital formally on the
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nitrogen atom and so the coupling to the other nuclei should be amall.
There is, however, approximately 36% of the total spin density on the

hydrogen atoms (Table h;l). This can only have occurred by the
1
2

correct symmetry, the out-of-phase hydrogen group orbital. This

mixing of the 2b, orbital with the only other orbital of the

hyperconjugation leads to large coupling because of the short C-N

bond and also because the hydrogen atoms are held in the plane of
1

the molecule, which also contains the 2b, orbital.

The orbitals which can be used to discuss the mechanism of

placing unpaired electron density on the proton are shown in fig 4;9.

5 O 8

These orbitals are the antisymmetrical hydrogen group orbital (lb;)
and the in-plane p-orbitals on the nitrogen and carbon atoms.

This situation is very similar to that in the allyl radical discussed
earlier. With the allyl radical simple valence bond treatments
predicted negative spin densities on the central atom, and high
positive spin density at the terminal carbon atoms. The total

CN on the nitrogen and hydrogen atoms of 111%

2
can be interpreted in terms of about 10% negative spin density on

spin density in H

the central carbon atom.

An m.o. study of the HZCN radical by Corvaja et aluB, using the

hyperconjugative model, obtained good agreement with the

experimental proton splitting. Adrian and Karplus have considered
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the P -proton hyperfine coupling in the related vinyl radicalnl’,
and have calculated the effect of changing the angle between
the a-proton-carton bond and the double bond. When this bond angle
is 180° the unpaired electron is in a p-~orbital similar to the
situation in the HZCN radical. It is interesting to note that the
trans proton has a larger hyperfine interaction than the cis proton,
which, it was suggestedl:u'; is due to the relative weakness of the :5’
bond between the carbon atoms at the short double C-C bond distance,
when the bonding is pure p. There is, however, no experimental
evidence for the assignment of the largest coupling to the trans
proton. Dixonll5 has also calculated the coupling to the B ~protons
and obtained the high trans coupling. This he attributes to a
negative resonance integral of the T~type, betwsen an a-C-H bond and
the unpaired electron on the g-carbon aton. Such a trans effect has
also been noticed in the m.o. theory of & ~electron systemsllé.

Adrian et allu” obtained a B -proton coupling of 70 gauss when
© = 180°. This in good agreement with the value of about 90 gauss
in HZCN when the shorter C-N bond is taken into account.

Further discussion of the electronic structure of H2CN is

postponed until the next section where it is compared with the

related HCN™ radical.
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C. The Hydrogen Cycnide Hegative Jon

I. Related Radicals

Before discussing the hydrogen cyanide negative ion it is
instructive to consider the related fomyl (HCO), vinyl (CH=CH,)
and HPO2 radicals.

i. The Formyl Radical

as The Flectronic and Vibrational Spectra

The electronic ground state of this radical 79 showed that
the radical is bent with a bond angle of 12.00, and that the ground
1
state was A, which had been predicted by Walsh’/(Fig 433).

The i.r. spectnmlzo’ 121

showed that the C-H bond is weak, the
C-H stretching frequency belng several hundred wavenumbers below that
in formsldehyde (HZCO) « The results for HCO:LZO are compared with
other molecules in table L;2. All C-H stretching vibrations of
protons adjacent to a carbonyl group are of lower energy than those
of C-H bonds in the hydrocarbons, both saturated and unsaturated.
This is would indieate delocalization of the C~H bonding electrons
over the carbonyl group. The weakening of the C-H bond

is very pronounced in HCO.

The C=0 stretch in HCO is of higher energy than in HZCO or
CH,CHO, but 200 an™ lower than in carbon monoxide (C0), which
suggests some triple bonding character in the C-0 bond.

These i.r. results indicate that in HCO both the non-bonding

electrons on oxygen and the C~H bonding orbitals are delocalized and
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Table L:2
I.R. Parameters for a Number of Carbonyl Compounds

Species C-H str. C~D str. C=0 str. CHO bend Ref

HCO 21,88 1937 1821 108y, 120
H,CO 2780 g 174 g 122

283l s 1712 s 123
o mes e 21
~CH, 2962, 2972 125
=CH, 2922,2853 125
2 2890 125
(¢10] 2143 126

-]

A1l value in am — . g= gaseous value, s = solid state value.

cne would not expect the unpaired electron, formelly on the carbon

atom to be fully localized in a non-~bonding orbital.

b. The Electron Spin Resonance Spectra of HCO

The e.s.r. data for HCO2/~7 is tabulated below together with

the calculated spin densities.

Table L:3
E.S.R. Data and Spin Densities in the HCO Radicell%7~9
"Axis g-values AngCZ Ang!
x 2.00,41 =f.21 =-.9
y 2.00e7 17.98 0.6
z 1.9960 —13.77 5.5
isotropic 2.0010 134.7 135.8

2 _ . 2 _ . 2 _ . o2 -
cH = 0.27 ; CC(S) = 0.12 H cC(Py) = 0-33 H cc(px) 0.10
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The lBC asymmetric tensor was split into two tensors of the fomm:

.21 i 1 6.35 ~10.56
17.98 = ~3.18 + 21.16
~13.77 -3.18 «10.56

From consideration of both the g=tensor and the 13C hyperfine
coupling tensor the three principal directions were assigned as
follows. The y~direction along the carbon orbital occupied formally
by the unpaired electron, the z-direction the other in-plane axis,
and the x—-direction perpendicular to the molecular plane.

The spin density in the px-orbital is thus in a qeorbital of
the C~0 bond, and the value is rather high for pure spin polarisation.
This, however, is characteristic of radicals of this type (see below).
The lBC-tensor was obtained from an envelope spectrum and hence it
is possible that the values are not as accurate as originally
quoted129. The py/s ratio fran the above data is 2.69 which is
rather high for the known bond angle of 120°.  This should produce,
assuming all the in-plane &=-orbitals are identical, a p/s ratio of
2 and a tensor of the form: i ~7.86

15.72
I .86
This cannot be easily accounted for in the experimental tensor by a
systematic errors The delocalizmation of the electron onto the
proton may reduce the isotropic splitting from the carbon. Adrian
and co-worker3129 calculated a bond angle of 125° using the 130
hyperfine coupling tensor.
The large proton coupling in this radical (136 gauss) is typical

for a-protons in radicals where the unpaired electron is in an
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orbital having considerable s-character. The hyperfine coupling 1s
80 large that any mechanism used to place this spin density on the
proton will significantly affect the electronic structure, unlike the

mechanism for a-proton coupling in the methyl radical.

¢. Spin Polarisation of the T-orbitals in< Radicals
The relatively high spin polarisation of the 7 ~orbitals is also

found in cther radicals where the unpaired electron density is in an

in-plane orbital. For example in COZ 83, 130 4pe anisotropic
tensor is made up of two terms:
| =5.28 | —7.06 1.78
~7.95 = ’ ~7.06 + ~0.89
13.23 14.12 | I -0.89

Here the ratio of the two 2B terms is 7.9 compared with 3.3 in HCO.
The spin polarisation requires a mixing in of a suitable excited
state analogous to the genfiguratioral interaction in the C-H
fragment described earlier. In this case, however, the polarisation
is of a 7= by a & ~orbital. The spin densities in the Py and p.

y

» CO, and HCO are given in table 434, together with

the p/s ratio of the localized orbital formally containing the

orbitals in NO

unpaired electron. A plot of Px/py (Fig 43;10) against the p/s
ratio shows that the larger the s~character of the unpaired electron

the higher the spin polarisation of the out~of-plane orbital.

d. The. Electronic Structure of HCO

From the Walsh diagram (Fig 43;3) the electronic structure of the

ground state of HCO can be represented by the m.c. scheme:



S :in Polarisation 1n Sigma Radicals

2.0 2.5 3.0

p/s ratio

Table '4:4

S-nin polarisation in MCy, 00"

0
Radical

0.44 0.05 8.5

CQ- 0.70 0.08 s.3

HCO 0.32 0.09 3.6

4.0 4.5

and KCO radicals

p/s ratio Ref

4.4

3.3
2.6

130

85, 130
129
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where ZLa' is the 2s orbital on carbon
2a' and 3a»t are the C<4 and C-0 & bonds
lan the C=0 ® ~bond
l.a.‘ the lone pair on oxygen
Sa! the orbital on carbon which formally contains the unpaired
electron

These m.o's can be considered localized, but orbitals of the same
symmetry can 'mix' to form further combinations of orbitals.e Thus
the two highest occupied orbitals, the lya, and 5a' can canbine to
form two further orbitals, both of which contain contributions from
the carbon and the oxygen atomic orbitals.

The large hyperfine coupling on the proton (136 gauss) is

12

explained on a valence bond model™'? 129 by the mixing of excited

states, such as II , with the ground state (I).

Il

‘C=0 ':C

H/ H
I

0

H

The C~H bond is weaklzo having an upper limit to the bond strength
of 1.7 e«v. The energies of the two states are thus very close.
Factors which stabilise the excited state are the high resonance
energy of the C-0 molecule, and also that in the excited state the
C-0 T-bonds can be formed without promotion of the carbon atom to the
tetrahedral valence state.

If a three electron approximation is used the ground state is

described by: y
&,(1) n(2) S,03) “ (Baa - apa)

w=—l—‘
1g \/'1"-2"
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where €. s a carbon sp° orbital along the C-H bond.
62 is a carbon sp2 orbital occupied by the unpaired electron
h is the hydrogen ls-orbital.

The excited state can be formed from an unpromoted (25)2(2p)2 carbon

atoms ¥, - Lol s(1) n@) s(3) paa

where s is the carbon 2s orbital.

The approximation neglects the effect in change in valence state of
the carbon atom on the C~0 bond. By taking the energy of the excited
state to be 1.7 e.v. and a number of other approximations Adrian et
allz? obtained a value for the hyperfine splitting of +170 gauss.

They also extended the theorlel to calculate the G-—proton coupling

in the related vinyl radical.

ii. The Vinyl Radical
The vinyl radical has the structure /C = C\H and thus has
H

both a- and PB-protons. The @ —proton is similar to the proton in
the formyl radical, but the a-proton c¢oupling in vinyl is only 16
gausslBl. This is less than would be expected from pure spin
polarisation of the C-H bond by an electron in a p;-orbitalgs’ 110.
This indicates that there are tWo mechanisms which place spin density
on the protons leading to spin density oontributions of opposite sign.

Cochran et a1131

obtained valence bond expressions for three
formal structures ¢°, 5251 and ¢2 in terms of the bond angle 6.

¢0 is the ground state, ¢l the structure which accounts for the
a-proton coupling in R-electron radicals and ¢3 a structure where

the a-C-H bond is broken, and the remaining bonds are formed by the
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orbitals of a divalent (25)%(2p)® corbon atam. @, is the structure
that places negative spin density on the protons in the M~radicals,
and }62 is the structure that places positive spin density on" the
proton in HCO. Assuming that the ground state wave function was of

the foras

o= cfy + cZl.’zjl * °2¢2
and assuming likely energies for the ﬁl and ¢2 structures they calculated
the coefficients ¢ o &1 and ¢y for bond angles between 120%nd 180°.
A plot of Cyr Cp and <, against bond angle is shown in fig 4;11 for
both the vinyl and the formyl radicals. In the formyl radical the

energy of the @, structure is decreased because of the high resonance

2
energy of the carbon monoxide molecule, and hence the ¢2 structure
has a larger contribution in the formyl radical. As the molecule
bends the contribution of the ¢2 orbital increases relative to ¢1
(Fig 4311). A plot of hyperfine coupling against bond angle thus
shows that as the molecule bends the hyperfine splitting becomes less
negative, passes through zero, and rises to large positive values
(Fig 43;12). When the bond angle is 120° the formyl radical has the
calculated proton coupling of 139 gauss, which is in good agreement
with the experimental value (136 gauss). The stability of the C«0
fragment compared with that of the C--=CH2 fragment is the reason why
at 120° the vinyl radical would only have a proton coupling of +A45
gauss. The actual value of the a-proton coupling in vinyl can be
accounted for by a bond angle between 1.!;5-165(_). The sign of the G-
coupling in vinyl is not known experimentally, and it is difficult to

say which of the two possibilities is the most likely. Calculations
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Fig 4:11
Plot of Valence Rond Structure Coefficients against

Bond Ancle in the Formyl and Vinyl Radicals
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Plot of g-proton Hyperfine Coupling against Bond Angle
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of the B ~proton coupling indicates that the bond angle is between .
130-150° m‘ﬁ/vhich would indicate a positive coupling and a bond angle
of about 145° (Fig 4;12)

iii. The HPO2 Radical

In this radical there is a proton coupling of about 90 gauss.
This high value suggests that the hyperfine coupling mechanism to the
proton is similar to that in the formyl and vinyl radicals. 1In this
case, however, the radical is not planar and the problem of the proton
coupling has been discussed from a different point of view by Atkins et dl,
the mechanism is perfectly general, however, and can be invoked to
explain the coupling in other radicals with G-protons ><. These
authors considered the effect of bending on a methyl radical, where

the spin density at the proton is negativew

’ and results in a coupling
of about 23 gauss. On bending the molecule, the orbital containing
the unpaired electron changes from being almost pure p, to an orbital
corprising increasing amounts of s—characters ’I'hus, as the molecule
bends, mixing of the & -bonding orbitals becomes more and more allowed.
Since the orbital containing the unpaired electron is half filled it
can only mix with a state with opposite spin. Hence if there is
mixing with the C-H bonding orbitals, the unpaired electron will tend
to pair with the electron nearest the carbon atom leaving the electron
of the same spin nearest the hydrogen atome Hence the coupling will

be positive. The greater the s-character of the orbital containing

the unpaired electron, the greater the interaction fram both energy
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and symmetry considerations. This effect will tend to weaken the
C-H bondsy The weak C-H bond can thus be considered a consequence

132

of the mixing of the orbitals™, and not the mixing a consequence

of the weak bond.

Both the valence bond129 and the molecular orbita1132
descriptions partially describe the Q«~proton coupling in these
systems. The effect of the other groups must however be taken into
account. For example the carbonyl group in acetaldehyde affects
the g -C-H bond even in this singlet molecule, though, as usual,
the effects of delocalization are smaller in species not containing

an unpaired electrone.

II. The Hydrogen Cyanide Negative Ion

i. Experimental Results

If the doped potassium chloride crystals prepared from agueous
solution and used to prepare the HZCN radical are irradiated for
only about twenty minutes, two further doublets of triplets ean be
observed in the e.s.r. spectrum (Fig 4;13). One of these has a
doublet splitting of 137 gauss and the other 57 gauss.

The species causing the doublet splitting of 137 gauss can be
obtained alone if sodium cyanide is used as the source of cyanide
ions. Infra-red spectra shOW'that such samples contain a higher
concentration of cyanide ions than the potassium cyanide doped
samples. On cooling to 77°K the larger doublet remains isotropic

(Fig 4;15), and we have thus not been able to obtain any anisotropic
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parameters experimentally. By suitable isotopic substitution with
lBCN" the presence of carbon in the radical has been confirmed, and
the isotropic coupling obtained.  Substitution with 2H and 15N has
enabled the other hyperfine coupling constants to be assigned
unambiguously. The full isotropic parameters are given in table
L35. This spectrun is assigned to the HCN™ radical.

The smaller doublet (57 gauss) we have assigned to an 0 -protonated
radical (Species A), This species can be observed in the absence of
HCN™ if the potassium cyanide doped samples are recrystallised several
times. This treatment reduces the amount of cyanide ion incorporated
into the lattice. Species A is unstable and decomposes rapidly at
room temperature. A further species can then be observed in the
e.s.r. spectrum - species B (Fig h;lh). Both species have been
shown to contain hydrogen and nitrogen atoms, but attempts to observe
coupling to 130 in enriched samples have failed. The e.s.r. data
for A and B is given in Table L;6. At 77°K neither of the species
A and B can be otserved in the e.s.r. spectrum.

Addition of hydroxide ion impurity into the crystal lattice
increases the yield of both HCN™ and the species A. Since these
species are obtained wholly or in part from impurities in the halide
lattice it is not surprising that the relative concentrations of the

species are highly sample dependent.

Table L35
Isotropic E.S.R, Data for HCN_ in KCI Lattice
A (H) Aty a3 gevalue

137.5 6.5 743 2.0020
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Table 436
Isotropic E.S.R. Data for Species A and B in KC1
Species A(H) A(;LN) g=vaiue
A 57 9.5 2.0030
B 3L 17.0 2.0030

e e mm  eme M mw  w  Bes G e e eww e

ii. Identification of HCN™ and Derivation of Spin Densities

The large proton coupling in this species (137 gauss) could
only arise from an da-proton radical similar to the formyl radical.
The HCN™ radical is isoelectronic with the formyl radical and
explains all the Thyperfine coupling data. Species A forms even
when the concentration of cyanide ion is low, and does not show any
coupling to 130. These observations make the assignment of A to
the HCN™ radical unlikely.

Since the spectrum of the HOCN™ radical appeared isotropic even
at 77°K and was not observed at hOK we were not able to obtain any
anisotropic parameters for this radical, and hence obtain the total
spin densities on carbon and nitrogen directly. We have, however,
been able to estimate indirectly the spin densities on these atoms
assuming a structure similar to formyl.

The bond angles of isoelectronic radicals tend to be similar
even if the central atom is different. For example the isoelectronic
radicals CO; and NO, both have a bond angle of about 134° 130« Ty
if we assume that the bond angle for HON™ is the same as in HCO,i.e,

120° , this will mean an sp2 hybridisation of the orbital, and hence
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the ratio of spin densities in these orbitals will be one to two.
With a spin density of 6.7% in the s-orbital this would mean a spin
density of 13.4% in the p-orbital.

It is more difficult to pbtain the spin density in bhe p-orbitals
on nitrogen. Since, however,.the isotropic coupling must be due to
spin density on the nitrogen ( /ON) and spin density on carbon (ﬁ’o)

we can set &y the anisotropic nitrogen hyperfine coupling equal
1
i a = Py * /o o
where QII:IIC and ngN are the appropriate spin polarisation parameters.
We would expect Qgc to be very close to that for the conjugate acid
HZCN. Using this value and neglecting the term from Q‘gN we obtain.
the value of about 50% for ION. The total spin density on the HCN'-'
radical is 97% which is extremely satisfactory considering the

assumptions involwved.

1ii, The Species A

This species also had a high proton coupling (57 gauss) and
we have thus assigned this spectrum to HON', This is isoelectronic
with HCN".  The species HNCO™, HOCN™ and NCH.O™ were eliminated
because of the total absence of coupling to lBC. The alternative
tautamer to HON+, HNO+, was aiso unlikely because of the amall
isotropic nitrogen coupling. The identity of this radical is

uncertain and so the structure will not be considered here.



iv. The Flectronic Structure of HCN™

The m.o0s structure is the same as for HCO:
LIN4 12 1.2 n 1.2 1
(12 )% (22 )% (32 )% (12 )% (ha')* (52)
The spin densities in the various orbitals in HCO and HCN™ are

compared in table 4;7.
Table [L:

Comparison of the Spin Densities in HCO and HON™

. 2 2 -2 2
Radical ey c c(s) ¢ C‘px) c X(p)

HCO 0.27 0.121 0.327 (0.28)
HCN™ 0.27 0.067 0.134 (0.50)

The quantities in brackets are calculated (see text).

The most surprising feature in the above comparison is the
similarity in the proton spin densitles, despite the fact that the
spin density on the carbon in HCN™ is only about half that én the
carbon in HCO. If the coupling mechanism desceribed above depends
linearly on the spin density on carbon, one would expect a reduction
in the proton coupling of about one half. Even if this is not exactly
correct one would still expect a substantial reduction in the proton
coupling. There is, however, a further method of introducing positive
spin density onto the protons. This is the mechanism of hypere
conjugation from the unpaired electron density in the pz-orbital on
the nitrogen cr oxygen atam. This will tend to even out the effect
of transferring spin density from the carbon to the oxygen or nitrogen

atom, and this will be discussed further when these radicals are
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compared with HZCN.
The high spin density on the nitrogen atom in HCN™ requires

the inclusion of a further valence bond structure (III):

‘C=X 1C=X C =X.
W H W
pe IT I

In the simple m.o. description the higher spin density on the nitrogen
in HCN™ can be discussed in terms of a mixing of the localized ha’
m.o. with the Sa! m.0. to form a delocalized orbital which incorporates
atomic orbitals on both the carbon and nitrogen atoms. Actually

all the a' me.ols evolve fram linear combinations of all atomic
orbitals of the correct symmetry with expansion. coefficients
describing the contribution from each orbital. Thus the description
of the m.o's given for HCO above in terms of the localized orbitals
needs to be modified for HCN™ and probably to a lesser extent for

HCO.

The fact that the nitrogen atom has the larger spin density
compared with the more electronegative oxygen is typical of radicals
where the unpaired electron is in an orbital which is non- or anti-
bonding. For example in N02 and COE 130 the carbon atom has a

larger share of the unpaired electron than the nitrogen

v.___The Formation of HCN™ from HCN and H,CN
It is constructive to consider the formation of HCN™ by both

the addition of an electron to hydrogen cyanide and the loss of a

proton from the HZCN radical.
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a. The Addition of an Electron to Hydrogen Cyanide

From the Walsh diagram for HAB molecules (Fig A;B) the ten
valence electrons in hydrogen cyanide completely f£ill the two centre
m.ots: (16"N)2 (26‘H_C)‘2 (3¢5‘N_c)2 (1 'nN_C)L’. The diagram also
suggests that the linear molecule is the one of lowest energy.
However, an additional electron will go into the degenerate W-antie
bonding orbital and from fig 4;3 there will now be some advantage if
the molecule were to bend. The orbital degeneracy would be lifted,
and the Teantibonding orbital which the electron would occupy, and
which is formally centred on the carbon atam, will decrease in energy
by the incorporation of s-—character. The p-character of the bonding
orbitals will of course increase and raise the energy of these
orbitals, but initially the gain in stability of the ﬁ-antibond:'mg
orbital will be greater than the loss by the & ~orbitals. The
situation is completely analogous to the effect of adding an electron
to the linear carbon dioxide molecule to form the bent COE radica 130.

In HCN™ the two highest m.o's (the Aa! and 5at orbitals) are
thus composed of one of the N~bonding and one of the ~-antibonding
orbitals. If the unpaired electron is considered localized on the
carbon atom the lya’ orbital is a pure p-atomic orbital on the nitrogen.
Our results show that this localized description is a poor one and
that there is considerable spin density on the nitrogen.

b. The Removal of a Proton from the Methylene Imino Radical
The effect on the m.o's of removing a proton fram H_CN is shown

2
diagramatically in fig 4316. Only the relative order of the
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orbitals is indicated and no importance should be sttached to the
relative slopes of the correlation lines. The removal of a proton

fram H,CN reduces the symmetry fram C,  to Cgs and this is shown in

v
the different 'labels! of some of the ortitals in the two radicals.

In HZCN about 70% of the unpaired electron is in the nitrogen
p~orbital, while in HCN™ there is only about 50%. Further the spin

density on the protons in H_CN is about 35%, or 18% on each, while

2
in HCN™ there is 25% on the single proton. The spin density on the
carbon, on the other hand, has increased from a possible small

oCN to a positive 20% in HCN~. If one considers
the 20% on the carbon to be equivalent to the 18% wich was on the

negative value in H

proton the net effect of removing the proton appears to be the
transfer of spin density from nitrogen to the proton.

The proton splitting in H,CN can only be explained by actual

2
delocalization of the unpaired electron by a hyperconjugative
mechanisme The fact that the proton coupling increases on removing
one of the protons from HZCN, despite the decrease of density on the
nitrogen atom, indicates that the @~proton coupling mechanism described
for the formyl and the vinyl radicals places spin density more
efficiently on the protons. than the hyperconjugative mechanism.

Care has to be taken in compari_ng Hch with HCN™ for the
H-C~N bond angles may not be similar, and hyperconjugative effects
are highly dependent on the distance of the proton from the p-orbital

containing the unpaired electron. If they can be considered similar

then using 'Qp' values from H,CN of 91.4/73.3 = 1.25 gauss/%, the 50%
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of spin density in HCN~ will produce a proton splitting of 62 gauss.
The remaining 75 gauss must come from the g ~coupling mechanism
described earliere. If the same Q value is used, for HCO only 35
gauss would come from the 28% on the oxygen atom, leaving 102 gauss
to be explained by the a~coupling mechanism. Although this
calculation is very approximate it does show that the almost
identical splittings in HCO and HCN™ are not unreasonable, despite
the fact that there is almost twice as much spin density on the

carbon in HCO compared with HCN .

Fig 5316
Molecular Orbital Correlation Diagram for the Removal of a Proton
from H,CN to form HCN™

H.CN (C HCN™  (C )

o)

Lone pair on N 2’b2 Nf 5a Carbon orbital
" 1

C=N T=bond lbl /7 o Lone pair on N
1" \ n
\ / la

Cedl T=bond lb‘2 ) C-N T=bond
' 1
C=-H & wbond 381 1‘ TTe—— 3a C-H & -bond
v
1 1
C—N = «bond 2a, 2a CeN & ~=bond

s=orbital on N la la’ 8=orbital on N

This diagram is not to scale, and no weight should be placed
on the slopes of the correlation lines, except for the C~ bonds in
H,CN to 5a' in HCN™. |

Note that all orbitals of the same symmetry can 'mix! and that

the formal description of each m.o. i1s only an approximation.
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De The Cyanogen Negative Ion

I, Experimental Results

i. Powder Spectra

One set of absorption bands in the e.s.r. spectrum of ¥~
irradiated powders of sodium and potassium cyanide and of potassium
chloride dopéd with cyanide ions, when recorded at 77°K , were
identical except for minor differences in resolution and g-values.
These differences can be understood, at least partly, in terms of the
phase changes which occur in sodium and potassium cyanide on cooling,
reducing the symmetry from cubic to orbhorhombicéz. The e.s.r.
spectra at X and Q band frequencies are shown in figs 4;17 and 4;18.
The interpretation beneath the spectra is based on comparison with
results fram single crystal spectra. These powder spectra are
complicated by the fact that the g-tensor is not axially symmetric,
in contrast with the hyperfine A(:u"N) tensor. This has resulted
in non-principal lines being displaced to higher field relative to
the principal lines and hence the extra lines and bad resolution to
high field. This spectrum has been assigned to the (CN)E radical.

Attempts to resolve this radical in other alkali halides have
failed, despite the fact that i.r. spectra revealed that cyanide ions
had been incorporated. A similar effect is also found with the
hydrogen cyanide negative ion, which is only well resolved in a
potassium chloride host lattice.

Irradiation of cyanide doped potassium chloride crystals at 77°K

followed by measurement without warming gave a spectrum characteristic
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e -- 1.9306

= 2.0011

g = 2.0058 gg = 1.9851

E.S.R. Spectrum of”-irraaiated Polycrystalline KCI
CN": Recorded at 77 K (X—band)
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B.S.R. Spectrum of V-irraiiiated. Polycrystalline KOI
Oo-pea with ON , recorded at 77°K (Q-band)
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of the Clg radical (Fig 43;19a). The spectrum attributed to (CN)E
is very weak by comparison, but when the sample was warmed and re~
cooled to 77°K the CLJ radical was not detected and the signal due
to the (CN)E radical was increased several fold (Fig 4;19b). The

signal attributed to the H,CN radical appears to remain at constent

2
intensity, before and after waming (Fig 4;19a and b). Irradiation
of pure alkali metal cyanides at 77°K yields the spectrum assigned to
(CN)E directly and wamming the samples has no noticeable effect on

the spectrum.

1i. Single Crystal Spectra

Since the powder spectra of the (CN)E radical in the pure
cyanides and in the c¢yanide doped potassium chloride lattice are so
similar, only single crystal spectra of the irradiated potassium
chloride crystals were used, as these were easier to grow and handle.
Further these crystals suffer no change of phase on cooling, which
nevertheless resulted in a marked narrowing of the lines. With the
pure cyanides the spectra at roam temperature were complicated bty
other species, such as the F=centre. The crystals used in this
study were grown in a Stockbarger crucitle under vacuum; but crystals
grown from aqueous solution gave the same spectra.

On rotation about an axis perpendicular to a 100 plane, at most
orientations, two distinct sets of quintets are observed.

Figs 4320 and 4321 show the position of the lines of each of these
quintets as the crystal was rotated. Each of these quintets 1is

repeated every 90° and the two sets are out of phase by 450. In
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figs 4;20 and 4321 and all subsequent figures of.this type dotted
points indicate actual experimental observations, and broken lines

Jjoin extrapolated points where the lines were obscured by other overw
lapping lines. To facilitate the folléwing of the many lines the
spectra were recorded and calibrated every 2%0. Identical results are
obtained cn rotation about axes perpendicular to the other faces of
the crystal.

These results can be attributed to a radical which is oriented
parallel to a face diagonal of the unit cell of the halide. If this
is correct a less complicated spectrum will be obtained by rotation of
the crystal about an axis perpendicular to the 110 plane (Fig 4;26).
There will be then two sets of lines due to rotation of the radical
about two of its principal axes (only two of each) and these two sets
should be in phase. There should also be same other lines due to the
radical being rotated such that at no time will it be oriented along
one of its principal directions. The sets of lines observed are
shown in figs 4;22, 4;23 and 4;24. One of the sets of quintets is
not resolved (Fig 4;23). Fig 432l shows the quintet due to the
rotation about non-principal axes; there were in fact two sets of
quintets which appear as mirror images, but for simplicity only one
set 1s shown. From fig L4;24 it can be seen that the non-principal
lines have been displaced to high field relative to the principal ones
(Figs 4322 and 4323), and hence will give rise to extra features in the
powder spectrum. For example, line A in fig 4;17 has a g-value of
1.9806, and the point A in fig L4324 has a g-value of 1.9805. Fig

L3;25 shows the spectrum of the single crystal at 30o and 126° (scale
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30

120

Single Crystal X-banci Spectra of "'irradiated KOI Doped

with CN~, Rotating the Crystal about; the 110 plane
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The Anion Sub-lattice of a KGI Crystal, Showing the
Possible Orientations of the Raaical Relative to the.

Axes of the Crystal
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same as in f£igs 4322-4;25).

Weak lines, which are assigned to coupling with 13C nuclel, were
detected for the centre lines of the quintet. Although for same
orientations they were obscured by the much more intense nitrogen
hyperfine lines, they were easily observable in the region of two
of the A(lLN) principal directions. The splitting between these
weak lines corresponds exactly with the nitrogen hyperfine coupling
and hence two of the principal 130 tensor values could be measured
unambiguouslys Enough of the 13¢ tensor could be observed to confirm
that its principal axes are within 15° of the A(ILN) and g-tensor
axes directions. The large uncertainty is mainly due to the small
anisotropic component, which makes it difficult to state at which
angle the largest 130 coupling occurs.

The A- and g~tensors are given in table 438.. Comparison of the
single crystal results with the powder spectra makes the interpretation
of the spectra relatively easy. The spectra from fig 4;22 and 4323
are of a radical rotated about an axis along the G-bonding system
(Al in fig 4327) and along the w®orbital containing the unpaired
electron (A, in fig 4;27) respectively. In fig 4;20 the spectra
are of the radical rotated about an axis perpendicular to Al and A2
in fig 4;27 (AB).

In table 439 the 130 and th tensors have been separated into
their isotropic and anisotropic parts. The nitrogen tensor has a
sign ambiguity and both possible values are given. It will be shown

later that the second set is the most likely.
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Orientation of the Radical in a ICO plane of the
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Table 438
Experimental Hyperfine Coupling and g-tensors for (CN)~
Axis a(tan 4% g=tensor

x 14.8 67.0 ¥0.5 2.0013
¥ 2.5 56.0 0.5 2.0058
z 2.5 56,0 ¥ 1.9851

x assumes axial symmetry for (lBC) A-tensor.,

Table L:9
The Isotropic and Anisotropic Terms and Spin Densities for (CN 2;
2 2
() 25( M) (o) )
Se 509 809 O-O.]J. 0-261
b. 3.9 10.9 0,007 0.320
13 13 2 2
A(C) 2B(—C) c () °C§ )
59.6 7.33 0.054 0.113

G eam  wms e mm e e e e wes e e Sew e

II. Identification of the §CN2"2 Radical

Identification of the spectra to the cyanogen negative ion
N=C—C=N" is based on the following considerations:
1. The e.s.r. spectrumn shows the presence of two equivalent nitrogen
atoms, and also 130 satellite lines which are twice as Intense as
would be expected for one carbon atom per molecule in natural abupdance.
2. The species is observed in J-irradiated alkali metal cyanides,
and in cyanide doped potassium chloride. Thus as both carbon and
nitrogen atoms are present the radical probably contains C=N units.

The low temperature irradiation experiments indicate that the
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species is a secandary radiation product.
3. The low temperature irradiation experiments also indicate that the
species is electron deficient and related to Cl;.
L. The single crystal experiments show that the species is oriented
so that it lies across the face of the unit cell (the 110 plane) of
the halide lattice with the unpaired electron in an orbital in this
plane. This orientation is similar to that of the Vk-centres in
irradiated alkali halidessh.
5, Crystals doped with cyanate or nitrite did not contain this
radical after irradiation.

The simplest species consistent with these considerations is the

=C—-C=N" radical.‘ This radical is also consistent with the

detailed quantitative examination of the e.s.r. results which are

discussed below.

IITI. Structure of the SCNQE Radical

1, Orientation in the Potassium Chloride Lattice.
The single crystal spectra show that the principal g-, the

nitrogen, - and possibly the carbon anisotropic tensors are oriented
normal to the 100 plane and alcng two of the dicgonals of the side
of thoe unit cell in the 100 plane (Fig 4327) The unpaired electron
is in an orbital in the 100 plane, and the parallel direction of the
nitrogen tensor is thus diagonally across this plane nomal to the
N~C bond, and this is taken as the direction of the nitrogen Z2p-
orbital containing the unpaired electron.

Each cyanide ion has twelve nearest neighbour anions (Fig L;26)
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and it is thus possible for. the radical to form even when the
concentration of the cyanide ion is quite low. It can also be seen
fram fig 4326 that if two cyanide ions dimerise they will be oriented
as described above.

ii. The Geometry of the Radical

The orientation of the 130 anisotropic hyperfine tensor cannot
be found accurately enough for this to be a definitive test of whether
the radical is linear or bent. There is however good evidence for
the bent structure.

The unpaired electron will be in a T-antibonding orbital and
if the radical is linear this orbital will be doubtly degenerate.
However this degeneracy must be lifted so that the orbital in the
100 plane is favoured, to explain the e.s.r. results. The degeneracy
can be lifted either by a crystal field or as fhe result of bending.
Examination of the environment of the radicael shows that a crystal
field can yield different envirorments for the two T-orbitals, one
in the 100 plane and the other nomal to it. It is not clear
however which one will be the lower energy orbital and the energy gap
will be very small. Thus with 2 crystal field lifting of the
orbital degeneracy, the energy difference will not be enough to
prevent strong mixing of the two T eorbitals. Hence when the
magnetic field is aligned along the N-C bond the g~shift will be
large and negative. The actual g-shift is negative, but is
comparatively small, indicating that the degeneracy has been lifted

significantly. Further, if the degeneracy is lifted only by a
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crystal field it is normally necessary to cool samples below 77°K
before the radical can be observed by e.s.r. In the single crystals
of halide containing (CN)E the signal could be observed at room
temperature.

If the molecule is linear the unpaired electron is in a pure
Tl-system and hence any isotropic terms must be the result of spin
polarisation, and would be small. Despite the sign ambiguity in the
nitrogen coupling tensor both sets of p/s ratios are too higﬂ to be
attributed to a pure T-system, and the high 1oC isotropic term can
only be explained by a bent molecule.

Fig L;27 shows the radical in a 100 plane. The bond angle ©
cannot be too small since the 130 tensor is roughly aligned with
the th—tensor. We suggest a bond angle of about 1500. The
position shown and its mirror image are the only possible orientations
which readily explains why on rotation about an axis A3 only one
series of lines is observed.

iii. Comparison of SCNZE with H,CN to Resolve the Sign Ambiguity in Ay

In the bent form of (CN); the structure is similar to HCN™ and
H2CN. We can thus compare the p/s ratio from the two possible
nitrogen isotropiec and anisotropic terms, in (CN)E , with the p/s
ratio of 43 in H,CN. The first and second sets for (CN)E have p/s
ratios of 24 and 43, and so the second set has been taken as the
correct one. The total spin density summed over the whole molecule

is then 97.3%, which is well within the limits of experimental and

theoretical accuracy. The other set gave 87%.
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iv. The Flectronic Structure of LCN)E

For a linear molecule the possible T —orbitals are shown in
Fig 4;2, each m-orbital being doubly degenerate. In the cyanogen
molecule, which is linear, all the bonding orbitals are filled with
the eight T-electrons. An additional electron will go into either
a ﬁg(x) or a 'n:g(y)—orbi'bal. The situation is similar to the
addition of an electron to the hydrogen cyanide molecule to form
HCN~. The similarities between the HCN and the NCCN molecules have
been pointed out by BurnellelBl". If the S.C.F. wave functions of
Clementi and Mclean™’ are used for these molecules, the effect of
chemical bonding on the electron density in the atomic orbitals of
these two molecules is very similar, and delocalization due to
conjugation in cyanogen is very small., It should thus be possible
to treat the two halves of the cyanogen molecule separately; and
discuss the effect of adding an extra electron.

In this case we are, in effect, adding half an electron to
each ~C=N fragment. We would thus expect some bending of the
molecule, but not to such a large an extent as in HCN". In fact
the 130 tensor is not consistent with a bond angle of 120°.  The
lowest g-value of 1.9850 shows that there is probably more mixing
of the T -orbitals than in the HCO radical (Table 4;3), which would
also indicate a larger bond angle than 120°. _

In HCN™ there are three electrons distributed in two m.ots,
which in the linear molecule were the T~bonding and ﬁ-antibonding

orbitals. In HCN™ there is a large amount of delocalization, about
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50% of the spin density being on the nitrogen and 25% on each of the
carbon and hydrogen nuclei. This is characteristic of & -radicals
where the unpaired electron is in the plane of the molecule. The
high spin density in the s-orbitals of the proton in HCN™ was
explained earlier in terms of delocalization from the spin density
on the ecarbon and nitrogen atoms.

The coupling from the a-atcm in e=-radicals is only high in the
case of protons. In FCO, for example, there is only 2% of the total
spin density in the s-orbital of the fluorine atoms, although there
is at least 25% of the spin density on the carbon atoms™=’. This
can be explained, in part, by both an increase in bond angle, and the
small s-character of the C-F bond, but the high electronegativity of
the fluorine atom must also be considered. This will lower the
energy of the C~F «~-bonding orbital and hence lower the amount of
interaction with the unpaired electron on carbon. This also partly
explains the small isotropic coupling to the nitrogen nucleus in
HCN™.

The p/s ratio of the spin density on the carbon atom in (CN)E
is just over two. This would indicate that the bond angle is about
120°.  This is too small for the reasons wxplained earlier. It is
in fact larger than the p/s ratio found in HCO'??, The high s-
character we suggest is due to a similar mechanism to that of placing
the spin density on the proton in HCN~. The electronegativity of
carbon is similar to that of hydrogen. The effect of placing spin

density into the @«C &=bond will also have the effect of reducing the
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magnitude of the principal values of the anisotropic part of the
A(:u"N) tensor, and hence decrease the p/s ratio. This will also
yield a non-axial tensor, but the experimental error in obtaining
the third A(lBC) value and the small anisotropic contribution is such
that we have not been able to distinguish this feature.

In a valence bond treatment of the spin density distribution
in (CN)'Z' the following resonance structures are considered:
=c =N N=C—C=N N=C—C=N  N=(: ‘C==N
The .C=N ~fragment is the cyanogen radical and one expects a high
spin density in the carbon s-—orbital in this species. As the radical
is not linear two other structures are possibles

.
N‘:C\C:"ZI\L NEC'\Q'——EN

The molecular orbital treatment is similar to that for HCN™ with
the carbon atoms replacing the proton. In the (CN)E radical the
bending is less and so the coupling to the @ atom will be smaller,
but it would still be enough to explain the high s-character of the
spin density on the carbon atam.

As with the HCN™ radical the mechanism of placing spin density
on the ae«atan reduces the'stfengbh of the & ~bonde In this
sense the orbital containing the unpaired electron can be considered as
antibonding over the whole molecule. The C~C bond will then be

weaker than in the cyanogen molecule.
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IV. Comparison of QCNQE with the V, mcentres in the Alkali Halides

Both the Hal'z' and the (CN)E radicals are prepared Lty ¥~
irradiation of a suitable alkali metal salt. The ions themselves
are electron deficient, and formed ty the ionisation of a neutral
molecule and an ion. Both species will decompose if an extra
electron is added to them, to form the respective ions. There is
however the possibility of forming a species (CN)g—and even (CN)g- R
for the latter is isoelectronic with the (N)Z radical, which has
been observed'>! in irradiated azide crystals. (N)i- and (CN)é"— are
{soelectronic with the dimer of NO which has a square planar
environment, and a square planar environment would explain the
presence of four equivalent nitrogen atoms in (N)Z.

In the Halg species the unpaired electron is in a & -antibonding
orbital, while in the (CN)'z' radical it is in a T-antibonding
orbital. This is probably why, although the Halg radicals are not
stable above about 77°K, the (CN);: radical is stable even at room
temperature, and will form merely by warming crystals containing
Halg radicals and CN™ ions above 77°K. It should be possible to
prepare mixed species such as ClCN", but we have not observed:sthese
species in the irradiated samples described above. The CICN™

radical may be the intermediate in the formation of (CN)E on warming

crystals containing Clg radicals.
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The Effect of Radiation on Complex Cyanide Ions

Incorporated into Alkali Halide Crystals
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Campl nide Ions

The purpose of this chapter is to show how a eombination of
information from infra-red, electronlc and electron. spin resonance
spectroscopy can be used to study the effect of electrapagnetic
radiation on transition metal complexes incorporated into alkali
halide lattices. Cyanide complexes are ideal for this study as
they have sharp i.r. bands and they form low spin complexes. Low
spin complexes of Fe(I) and Ru(I) d7 ions have a doublet ground state

and hence a relatively simple e.s.r. spectrun.

I. The Bonding in Cyanide Complexes

i. The Gyanide JTon as a Ligand

The m.o's of the cyanide ion can be descrited as fo].'l.owslzézu

K (1s)? (26)* ()b (3s)?
The three s -orbitals can be regarded as a C.N & =bond and lone
pair orbitals on carbon and nitrogen. In cyanide complexes the

metal is bonded to the carbton atorn138

s and the lone pair on the
carbon acts as as a dative bond to the metal. The ligand-metal

< ~bonds can be treated by a ligand field approach shown in fig 5;la,
for an octahedral complex. The *bz g--orbi‘c.als take no part in thj.s
"=bonding, but have the correct symmetry for bonding with the -
antibonding orbitals on the cyanide ion. This overlap will affect -
the energies of the orbitals, as shown in fig 5;1b. The ez and tég
orbitals can be considered as consisting mainly of the metal d-orbitals
and so the effect of this 7 -bonding to the ligand is to increase

the energy gap A between the two sets of d=-orbitals. This is
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partially the reason why these complexes are low spin. This
delocalization into the cyanide antibonding orbitals of the electrons
fram the metal enables the cyanide ion to stabilise low oxidation
states of the metal, However, since the ligand is negatively
charged it is not as good an electron acceptor as the neutral carbonyl
molecule. This is possibly the reason why few zero oxidation state
cyanide complexes are known.

il. The Effect of the m-~bonding on the Infra-red Spectrum

The effect of delocalization of the electrons into the Tle antis
bonding m.o's of the cyanide ion is to weaken the C~N bond and to
increase the strength of the metalecarbon bond. This decreases the
C-N stretching frequency and increases the M-C stretching frequencye.
The greatest effect is expected for the lower oxldation state complexes.
Table 5;1 shows the force constants for the free cyanide ion and &
nunber of complexes. In all cases the C~N stretching force constant

is reduced, the effect being greatest with the low oxidation state

complexes.
Table 5;1
Force Constants in Cyanide Coggglexeng
Compound Oxidation State kM_c .
KCN 17.5
KSFe(CN) 6 11T 1.73 17.0
K,‘,’Co(CN)6 III 2.31 16.5
KLFe(CN) 6 II 243 15.1
KhRu(CN) 6 II 2.79 15.3
KAOS(CN)é II 3.3L 14.9
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II. Incorporation of the Camplexes into Alkali Halide Crystals

i. Experimental Results
The following cyanide complexes were incorporated into potassium

chloride crystals from en aqueous solution containing 1% of the
complex: L. Fe(II)(CN)}™, 1i. Ra(II)(GN)Y™, 1ii. Fe(III)(CN)Z",
iv. Cof III)(CN)B". The 1.r. spectra of the doped halides, in the
form of pressed discs were recorded. The Fe(II) and Ru(II) complexes
incorporate very easily, fig 5;2 shows the i:r. spectrum for the
Fe(II)(ON){~ complex obtained from a solution containg 0.2 and
0.0002 & of the complex. The only other complex cyanide which
incorporates easily is the Ag(I)(CN)'z' ion. The other complexes
in the oxidation state (III) were only incorporated in very small
amounts. In the case of Fe(III) (CN)z_ the largest bands in the
i.r. spectrun were due to impurity Fe(II)(CN)}"’;'.

The Fe(II)(CN)lé*" ion concentration increasegs markedly on
recrystallization. Fig 5;3 shows the i.r. spectra due to the
ferrous ion before and after one recrystallization.

The i.r. absorption bands for each complex in a potassium
chloride lattice are given in table 5;2, also included are the
bands obtained for KhFe(CN) 6 in a potassium chloride pressed disc.
In the latter there are bands due both to the solid complex and also
some bands of the ion incorporated into the potassium chloride

lattice.
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I.R. Spectra of Fe(II)(CN)?— in XCl Lattice
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Table 532
Infra-red Absorptions of Complex Cyanide Ions in KC1 ILattices
2e The Cyanide Stretching Region

Fe(II)(CN)g" Ru(IT) (CN)}
KC1/K, Fe(IT)(ON) KC1/Fe(I)(CN)¢™ . KCL/Ru(ID(EN)”
2092 w 2088 sh : 2098.5 w
2078 w 2078 sh
2057 sh 2058 m 2072 m
2048 s 2047 m 2063 m
2040 sh 2052 sh
203), m 2032 8 20L,1.5 s
2029 m 2029 s 20L5.5 =8
201, w 2011 w 2023 w
200, w 2018 w
1990 w 2006 w
KC1/Ag(I) (CN)> KC1/Ce(TIm) (SN2~ KO1/Pe(IIT) (CN) 2~
2140 sh 212715 2103
2133 w 2119.5 2110
2111 sh 2112.5
2101 s 2109
2092 m
2072 w
2058 w

b._The Metal—Carbon Stretching Region (v,?)

Fe(ID(EME™  R(IINONE

This Work 577 546
0 585 550

Solid Stater™

A11 frequencies in a T
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1i. Incorporation of the Ions into the Lattiece
Octahedral M(CN)2" ions can be incorporated into an alkali

halide = lattice either into an interstitial position or in place of
one or more ions. The interstitial position and the replacement of
one ion would greatly distort the lattice and so the most likely
method of incorporation is the substitution of an M(Hal)?;' (or Ha]M?)
unit. If the complex has five negative (or positive) charges there
will be camplete charge balance and the ion should be easily
incorporated into the lattice. In the case of the Fe(II)(CN)g' ion
there are only four negative charges on the ion and so for camplete
neutrality in the crystal the charge difference has to be canpensated
for by either an impurity ion, or a cation vacancy. The greater

the difference in charge on the ion from five the greater the
difficulty of incorporation into the lattice. The difference in ease
of incorporation of Fe(II)(CN)Ig- and Fe(III)(CN)z" ions may be due in
part to differences in solubility and size, but the charge difference
is the most likely explanation of the strong affinity of the ferrous
ion for the lattice.

The i.r. spectrum of the doped halides shows that the ions have
been incorporated substitutionally, and not in clusters, for the
spectrun . . of the ion is different from that in the pure complex
cyanide. The solution grown samples have a different spectrum to
those where the complex has been merely ground up with the potassium
chloride prior to preparing the pressed discs. After the normal
length of grinding only a broad peak is observed, but after prolonged
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grinding other peaks can be observed, which on further grinding are
well resolved, and can be recognised as the main doublet in the
“solution grown' spectrum.

In these doping experiments the Fe(II)(CN)é‘" ion was a common
impurity. This was removed from solution by adding an excess of
potassium chloride and crystallizing out the halide with the impurity.
If this was repeated several times samples free from the ferrous ion
could be obtained.
1ii. Infra-red Spectra

In chapter 1 (page 27) the i.r. spectrun of the octahedral

M(AB) 6 ion was discussed. In a purely octahedral environment only
one i.r. peak is expected in the cyanide stretching region. In the
solid state, however, a number of other bands occur due to the effect
of site symmetry ™’ 25 + A number of i.r. investigations have been
carried out on the octahedral complexes in the solid state. G. Bonio
et al 2 found a large mumber of bands in the 2000-2200 an region
for the anhydrous KLFe(CN) 6 complex (Fig 5;4). The large number of
bands were accounted for in tems of the low site symmetry in the
solid compound.

In table 5;3 the energy of the normal modes are given for both
Fe(CN)lé"' and Ru(CN)g— in solution™** 5, . Since v6<v3.<vl we
have assigned the bands at 2029 and 2032 an"l to Ve normal modes of
the octahedral complex. The degeneracy of the.,v6 mode having been
lifted by the site symmetry.

In chapter 1 the effect of a neighbouring charge campensating
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vacancy was discussed. If the vacancy is along an NeCsll-C~N
direction the site symmetry is C I and four C~N stretching bands
can, in principle, be observed. Fig 5;2 shows that in the case
of Fe(II)(CN)Ié"' in a potassium chloride lattice there are at least
four absorption bands.

Table 53
The Frequencies (in cm"':L of some of the Normal Modes of Vibration
in_selution for Fe(IT)(CN)¥"and Ru(ITi(cN)y~ 145
vy L) Ve Ve Vg
Pe(CN)g™ 2096 2063 204, 583 Al6
Ru(CN)§™ 2100 2067 2048

Table 53k
The Infra-red Bands Observed in Irradiated XCl gontaining Complex Tons
Pe(IL)(CN){™ Ru(ID)(CNYY™ Co(ITT) (M

2011l m 2010 m 2078 w
1997 w 1998 m 2067 s
1992.5 w 1992 w
1989 m 1985 m 1990 w
1973.5 m 1971 s 1979 w
1970 w 1938 w 1972 w
1955 m 1960 s
1650 sh
947 s

After LBhrs & -irradiation all complexes ylelded peaks at 2182 and

2170 em™ (in potassium chloride lattices).



160

IX. Irradiation of Complexes Incorporated into Alkall Halide Lattices
i. Fxperimental Results

&, Infra-red Spectra

1. _Ferrous_hexacyanide_: If a disc of a solution grown sample of
potasgiun chloride doped with Fe(CN)lé" is Y~irradiated for one
minute a new i.r. band is observed at 1947 cm"l. On further
irradiation the intensity of this band increases rapidly and other
bands appear in this region. Fig 5;5 shows the effect of irradiation

on a weakly doped sample, and fig 5;6 i1s a plot of the arcas under
the absorption bands at 1947 an™r and the douklet at 2030 an"}
against irradiation time. The new peaks are formed at the expense of

the species causing the doublet at 2030 an—r (Fig 535 and 53;6). 4

further new peak is observed at 550 ™t

» near the metal-carbon
stretching frequency. Fig 5;7 shows the new peaks after 7 days
irradiation, and fig 5;8 the peaks when the sample is cooled.

After a few days irradiation another peak is observed at 2182 cn"l
(Fig 5;9). If the matrix is potassium bromide this new peak is at
2170 en™ . This shift 1s characteristic of an isolated cyanate ion
in alkali halide latticest®!. The position of the radiation
produced i.r. bands are given in table 5;i. :
Ultra-violet irradiation produces similar peaks at 1947 ent
and above. The rate of growth of the bands is only slightly less
than with the J-irradiation experiments, a band being observed after
only five minutes irradiation. However, no band at 2182 an™t develops

even after several weeks of irradiation.
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Fffect of Irradiation on the I.R. Spectra of Fe(II)(Cﬂlg'

i [

No Irradiation

10 minutes

’
SIS

5 Hours Irradiation Kd

Vf_\’“‘b

oz A5 TG,

A |

100 Hours Irradiation

2200 2100 2000 | 1900



162

Fig 5:6

'

1

Boa L=z
SE ol-- 03T g

. AAEL B =230 g

1
—_—

S0 o & AB n_yOHmmCOE. =
HI

oUTHy
T e Eoz &

o
ﬁ .

Oanm_.m OO =& Hm A A

=8 2
T ——r
T = A«



fte

2¢(11)(GI-;)*~ in KGl

days "-irradiation

2880

% 1

163



Fig 5;8 164
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When a strongly irradiated sample which has been thermally
bleached in the i.r. spectrometer is dissolved in water a small
quantity of gas is given off« It has not been possible to analyse
the gas, because of the small amount evolveds On evaporation at
room temperature, and careful preparation of the pressed disc, there
is no sign of the i.r. bands below 1980 cm‘l. The doublet at -
2030 cm"l and associated peaks increase, but the cyanate peak at
2180 em™" is much weaker and broader.

2. _Ruthenium hexacyanide : With the ruthenium the changes in the
spectrun on irradiation are similar to the changes for the ferrous
ion. The new peaks are given in table 53k.

3._Other complexes_: The only effect of irradiation on the alkall
halides doped with Ag(I)(CN)g is the formation of a small amount of
cyanate ion after JY-irradiation for several days.

The samples containing Co(III)(CN)Z" were very dilute and hence
the i.r. bands were weak, but on irradiation two series of peaks
are observed, one around 2067 cm"l appears after a short period of

irradiation and the other around 1960 cm"':L

after about ten hours
irradiation.

b. Electronic Spectra

The electronic spectra of the cyanide complexes incorporated
into potassium chloride lattices are the same as the spectra of the
pure solid complex cyanide. On Y-irradiation a further band due
to the Fecentre appears. The diffuse reflectance spectra of the

Fe(CN) b= complex in potassium chloride after one hours ¥-~irradiation
6
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is shown in fig 5;10. The broken line is of an identical disc of
pure potassium chloride which had also been irradiated for one hour.

The silver cyanide complex darkened on ¥ —~irradiation, probably
due to the formation of silver atoms; there was also a weak F-band
present.

The rate of bleaching is enhanced by the presence of the complex
cyanide ions in the crystal. It is possible to bleach the discs
almost completely in about five minutes at room temperature while
the pure potassium chloride discs take over an hour to bleach in the
same conditions.

c. Flectron Spin Resonance Spectra
1. Ferrous_hexacyanide : After 15 minutes Jeirradiation, or about
one hours ultra-violet irradiation the X~band e.s.r. spectrum
recorded at room temperature shows two distinct features (Fig 511a).
On cooling the sample to 77°K the low field line was resolved into
three.(Fig 5;11b). On further irradiation other lines appear on
both sides of the low field feature (Fig 5;12). These new lines can
be attributed to a different species since the relative intensities
-of these side lines and the main triplet are dependent on the
irradiation time. Changing the lattice merely alters the gevalue
and the resolution of the low field triplet.

Single crystal studies of doped potassium chloride and bromide
and of sodium chloride lattices were completed. A plot of angular
dependence of the g-value of the lines in potassium chloride, rotating

the crystal about an axis perpendicular to the 100 plane, is shown in
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Fig.5;11 . | 169
F.S.R, Spectrum of Fe(II)(CN)g; in XCl Lattice after

19 Minutes ¥-irradiation

a. Spectrum Recorded at 300°K

150 gauss

g, = 2.095 g, = 1.999

be Spectrum.of Low Field Peak

Recorded at 77°K..
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E.S.R. Spectrum of Fe(II)(CT)"~ 1n KCIl after

2h Hour's Irradiatior Recorded at 77 K

a. Low Gain

b. Higher Gain



171

fig 5;13. The low field triplet 1s assigned to a perpendicular
feature. This could also have been ascertained from the powder
spectrum. The resolution of the perpendicular feature is lost after
only 15° rotation fram the perpendicular position. On rotation
the line broadens from about 6 gauss at the perpendicular position
to 11 gauss at the parallel.

The presence of only one triplet in the low field line was |
unexpected for a complex containing probably six cyanide ligands,
and so the experiment was repeated using both sodium and potassium
cyanide matrices. A powder spectrum of the potassium cyanide sample
and a single crystal study of the sodium cyanide showed similar
features at 77°K, but the perpendicular feature was not resolved into
a triplet. This lack of resolution may be due to the change in
crystal structure on cooling. The €.s.r. parameters are listed in
table 5;5. Notably the value of gi Increases with lattice size.
2._Ruthenium hexacysnide : The e.s.r. spectra of irradiated
potassium chloride crystals containing Ru(CN)g' are similar to the
ferrous case, except that the low field triplet has a larger splitting
(Table 5;5). Again there are wing lines, but these do appear to
form at the same rate as the triplet and may be due to coupling to
9% and %Ry isotopes, both of which have a spin of 5/2 and 12.8
and 17.0 ¢ abundance respectively. Some of these wing lines have
a splitting close to that of the main triplet (3.6 gauss), but as
overlapping lines are to be expected a value for the ruthenium

splitting has not been obtained.
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3._Other Complexes_: The e.s.r. spectrum of potassium chloride
crystals containing Co(III)(CN)g" eontains eight broad lines on ¥-
irradiation, but thesec lines have no fine structure,

No e.s.r. signals were observed fram the samples containing

the Ag(CN)'Z', despite the possibility of Ag(0) having been formed.

B FeﬁII)(CN)%”

Matrix - g, A (gauss)
KC1 2.0950 1.9998 1.95
NaCl 2.0766 2,0000 2"
KBr 2.1035 1.9998 2.05
KCN 2.1010 X ++
RoBr 2.0951 1.9997 ++
NaCN 2.0948 x ++

be Ru( II)(CN)I,:' in potassium chloride

g'L = 2-0815 g// = X AL =3,65 gauss

Ce Co(III)(CN)%- in potassium chloride

g = 2.0853 A = 34 gauss (Both probably perpendicular
features)

X = obscured by other paramagnetic species
+ poorly resolved
++ = not resolved
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ii. Discussion

2« The Infra-red and Electronic Spectra

The new I.P. absorption bands which appear, on irradiation, at
lower energy than the originel complexs C.d stretching bands are
attributed in all cases to lower oxidation state .species of the
transition metal complexes for the following reasons:-

1. The depression of the F-band formmation when the metal complex is
incorporated into the halide lattice indicates that the complex is
acting as an electron trap.

2. Table 5;6 shows the position of thé Ve band for cyanide
complexes in which the transition metal complex is in an oxidation
state of III or II. The lower oxidation state can be stabilised
by delocalization of electrons into the 7 -antibonding orbtital on the
cyanide ion. This delocalization has the effect of increasing Vo
and decreasing Vge From table 5;6 it can be seen that cyanide
complexes of oxidation state IIT have a maim absorption a‘E about

2120 em™+

2050 cm-l. For oxidation state I an even lower energy absorption

, and those of oxidation state II an absorption at about

for Vg would be expected.

3. The e¢.8.r. spectrum of the ferrous cyanide sample after irradiation

is cempatible with a a’ Fe(I) complex and is discussed in the next

section. _
The value of 1947 (m"l for the main absorption band in irradiated

Fe(cm)f,;“, which we attribute to Fe(I)(CN)Z", is the lowest value

reported for an octahedral camplex cyanide Ve (C=N)stretch. This
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Table §;§

The v, C=N Stretching Freguen or a number of C de
Complex Yg Bef
Ma(II)(EN)?” 2125 L8
Mn(n)(cm)‘g“ 2060 18
Mn(I)(CN)7~ 2048 14,8
Fe(III)(CN)g' 2125 2
Fe(II) (CN)lg' 2050 11
Fe(III)(CN) 514202" 2120 149
Fe(II)(CN) 5}1203‘ 2043 149
Co(III)(CN) 5H202‘ 21140 150
Co(II)(CN) 53203" 2095 150

- e s mw ey e O Wme s B ems S mm  we e

low value must reflect the instability of the complex, for as the
extra electron has gone into an eg orbital which is essentially a

& -antibonding orbital extensive delocalization via a ¢, antibonding

Rg
mechanism was not expected. The & -antibonding character of the
extra electron is reflected in the lowering of the v7 Fe~C stretch
on irradiation despite the extra m-bonding. The spectrum of the
irradiated potassium chloride erystals containing Ru(II)(CN)? is
very similar, but there is a general increase in the energies of all
the absorption bands, compared with the Fe( II)(CN)lg- complex and
associated radiation products.

There are no stable octahedral complexes with more than 7 de
electronse This may be due partly to the extra d-electrons weakeﬁing
the M~C bonde This situation favours elther the loss of two ligands

to form a square planar complex, with the extra d-electrons in the
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dzz orbital, or the formation of tetrahedral complexes. It may
therefore be significant that we have not been able to prepare the
d8 Fe(0) or Ru(0) complexes. Further irradiation of the Fe(I) and

Ru(I) complexes yields the apparently imeoordinated cyanate ions in

quite large concentrations.

b. _The Flectron Spin Resonance Spectra

The e.s.r. spectra of the irradiated halides containing the
ferrous and ruthenium hexacyanides are all very strong, and hence
the concentration of the radicals must be high. The l.r. spectra
of the irradiated samples also contain strong bands, but due to the
relative insensitivity of the i.r. technique, the possibility of
examining the same paramagnetic species by i.r. and e.s.r. spectroscopy
is not usually considereds In this case, however, the i.r. bands
are very narrow, and the e.s.r. spectrum of the polycrystalline
material over 150 gauss wide.

The calculated number of paramagnetic species causing the €«s.r.
spectrum of the irradiated ferrous complex in potassium chloride is
of the order of 1018. Samples of the doped potassium chloride
containing less than 0.1% of the complex gave. peaks similar to the
weaker set of bands in fig 5;2. The pressed disc which is of
comparable weight to the.e.s.r. sample contains, in this casg about
10:L8 complex ions. To test these results further a paramagnetic
nitrosyl complex (Cr(CN) 5NOI+') was incorporated into the potassium
chloride lattice. When the concentration was such that it_yielded

similar strength cyanide stretching bands to those in fig 5;2 the
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e.s.r. signal from the sample was similar to that from the lrradiated
specles under discussion. It would thus seem possible to observe
the same cyanide complex by e.s.r. and i.r. spectroscopy.

We thus assign the e.s.r. spectrun of the irradiated ferrous
complex to a Fe(I) complex and in ruthenium to Bu(I). The other
possibility, that of a & M(III) complex is ruled out because the
g~-tensor for these species is consistent with a d,7 and not a d5
complexlsl’ 15 2.

In a purely octahedral d7 complex the unpaired electron is in the
degenerate eg orbitals (Fig 5;1). Unless there is some distortion of
the complex, which can 1lift this degeneracy, an e.s.r. spectrum would
not be observed above about LOK. Since broad signals are observed
at room temperature a considerable' distortion must occur. The
coupling to only one nitrogen atom, observed in the.perpendicular
features of both the Fe and Ru cases, requires a distortion that will
produce one unique cyanide ligand. Since the triplet is observed in
both the iron and ruthenium complexes there may be a general method
of distortion of the molecule.

The g-tensor of the Fe(I) complex shows a positive shift of about
0.09 for g, and a small negative shift of about 0.0025 for g, .

This is similar to that for Fe(I)(CN) 5NO in irradiated sodium nitro=

prussidelﬂ s 152

s except that Ag, is larger. A simplified n.o.
diagram of an Fe(I) complex considering only the effects of the d—
orbitals is shown in fig 5;14. The effect of the T~bonding orbitals

on the cyanide ions is neglected, since these will not have much effect
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on the energy levels in these low oxidation state complexes. In
fig 431L one cyanide ion is different from the rest, (CN*) and is
assumed to have lower < -donating, but better T -accepting properties
than the normal cyanide ligands.

The e.s.r. spectrum can be explained satisfactorily with the
electron in the d22 orbital. When the magnetic field is along the
z=2xis there are no orbitals which can mix with the dz2 orbital which
has a, symmetry (see product tables for CIW group in appendix B).
Thus there will be very little shift in g, from the free spin value.
When the field is perpendicular to the z-axis, however, there can be
coupling with the filled e orbitals (dxz’ and dyz). This should
lead to a relatively large positive shift, as is observed. The
shift in g, is greater than the shift found in Fe(I)(CN)SNO. This
may indicate that the effect of the ne-antibonding orbitals, lowering
the energles of the dxy’ dxz and clyz orbitals by back donation, is
less in the case considered here than for the nitrosyl, where low
energy 7 -antibonding orbitals are available on the nitrosyl XYigand.

The loss of resolution on going to the parallel position may
be due both to reduction in the coupling to the nucleus causing the
perpendicular triplet and increase in the coupling to the other
ligands in the complex.

Possible models for producing a unique cyanide ligand stem from
a consideration of either the effect of charge compensating vacancies
or protonation of one oyanide ione.

In the crystal near the Fe(CN)g" ion there must be a cation
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vacancy, at one of the twelve nearest neighbour cation sites, to
compensate for the charge on the ion. On irradiation an electron
produced by ionisation of a halide ion is trapped at the complex, thus
reducing the number of electrons available to form F-centres. This
extra electron will go into the eg orbitals, which are doubly
degenerate, and hence a Jahn-Teller distortion is expectedl5 3 s The

distortion can stabilise either the dzz or the dxz_yZ orbital depending

on which bonds are lengthened or shortened. If there is a vacancy
along an N=C-M-C-N direction then the complex can distort into the
vacancy. The amount of the distortion would depend to some extent

on the lattice size and so the g;L value dependenae on lattice size

can be explained. Extension of the M=C hond into the vacancy would
stabilise the dZZ orbital relative to the dxz;.yz. With this mechanism
for producing the distortion a marked effect is expected on cooling,

as in fact found (Fig 5;1_1). The sharpening of the e.s.r. absorption
bands is much more marked than in, for example, the Fe(I)(CN) 5N02 ion
where the distortion is due to substitution of a different ligande.

The second possibility, i.e. protonation, has been postulated
recently to explain some results for nitrosyl complexeslsl"'. The
formation of HCN~ (Chapter L) shows that hydrogen atoms are present
in irradiated alkali halide crystals which have been grown from
solution. The mechanism of attack might then involve attack of
hydrogen atoms on the complex with the formation of the Fe(CN) 5CNH""
complex. To a first approximation the protonation of the ligand will

not affect the T -system, but will lower the donating power of the
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Swsystem. The overall effect of protonation will thus be a
weakening of the M-C bond. This bond will lengthen and so the
d22 orbital will be stabilised, and the unpaired electron will be
formally localized in a M-C antibonding orbital.

Both these mechanisms for distortion place the unpaired electron
in the dZZ orbital, and would give an uneven distribution between
the M-C bonds in the z-direction. This distribution is such that
the weaker M-C bond contains the greatest density of the unpaired
electron. The unpaired electron is thus in a & -orbital relative
to the cyanide ion along the z-axis and so the nitrogen coupling
can be explained by dclocalization of the unpaired electron into
the S-system of the cyanide ligand by spin polarisation.

Despite the fact that the protonation of a cyanide ligand
explains the e.s.r. spectra more readily than the distortion
involving a neighbouring vecaney the protonation mechanism would
appear unlikely from this preliminary investigation for a number of
reasonss -

1. Tt does not easily explain the depression of the F~band formatione.
2. The comparable rates of reduction of the complex ions by both

¥ = and ultra~violet irradiation are unlikely for a mechanism
requiring the production of hydrogen atoms.

3. The rate of reduction of the complex is faster than the formation

of hydrogen atoms trapped at vacancies in alkali halides™>.



Chapter 6

Radiation Damage in Solid Cyanides
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In the preceding chapters only the spectra and structure of the
paramagnetic species formed on irradiation of solids containing simple
or complex cyanide ions have been considered. In this chapter the
effect of irradiation is summarised and possible reaction schemes for
the formation of these paramagnetic species discussed. Further i.r.
studies on the effect of radiation on the simple cyanide ion
incorporated into the alkali halide lattices have been performed.
¥ -irradiation of the cyanide ion doped»halides produces relatively
large concentrations of the cyanate ion, and an attempt has been made
to explain the formation of the cyanate ion as well as the simple

radicals containing the C-N group.

I. _The Effect of Radiation on Solid Ionic Cyanides

The main paramagnetic species fomed on XY -irradiation of sodium
cyanide are the Fe and Vk- centres. The simplest mechanism for
the formation of these species is the ionisation of the cyanide ion,
the electron being trapped at a vacancy and the cyanide radical
reacting with a neighbouring cyanide ion to form the (CN)'Z' ion.

The F-centre band in sodium cyanide is very weak, by comparison
with the strong bands produced by irradiation of potassium chloride
or bromide for similar lengths of time. The oscillator strength is
probakly similar for all F-centres and so this low band intensity is
almost certainly due to smaller numbers of F—centres formed.

156

There is strong evidence that the vacancies in alkali halides

which are able to trap the F-electron are formed by the radiation.

157

The vacancies which are present as thermodynamic defects are in
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sane way unable to trap the electron. This mey be due to aggregation
of vacanciesés. The actual mechanism for the fonnat:_i.on of vacancies
in alkali halides by irradiation has not been settled, but in all the
proposed theories the affected halogen atom or jon migrates to either
another lattice position or an interstitial site. Thus if the
mechanism for forming F-centres in sodium cyanide is similar to that
with the alkali halides then the cyanide radical must migrate, and it
is unlikely to be as efficicnt at this as the single atomic halogen
species. If the cyanide radical is near the generated vacancy it
will inhibit the trapping of the electron, to form the F-centre, and
this may be the reason for the lower concentration of F-centres in
the cyanide lattice.

Same evidence for the radiation production of the F-centre
vacancies in sodium cyanide is that on ¥ ~irradiation of & newly
bleached sample the F-centre is rapidly reformed.

The relative rates of F-centre production are also markedly
dependent on the purity of the sample. Exposure to the atmosphere
inhibits the production of the F-centre, as does the presence of
transition metal impurities. It would appear that the F—centre
formation in sodium cyanide is much more sensitive to impurities

than the formation of these centres in the alkali halides.
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ILl. The Effect of Radiation on Simple Cyanide Ions in Alkali Halides

i. Infra-red Study of the Effect of ¥=irradiation on Cyanide .Ions
ae Fxperimental Results

The alkali halides were doped with cyanide ions from aqueous
solution similar to the samples used for the work reported in chapter
L. Samplesv obtained by a Stockbarger procedure contained strong
ecyanate i.r. bands, despite stringent precautions to prevent the
formation of this ion. The samples grown from solution contained
very little cyanate impurity. In fact as the i.r. bands were very
broad (Fig 63;1) most of the cyanate did not appear to be incorporated
into the lattice.

On ¥-~irradiation for one hour:a peak appears in the i.r. spectrum

-1

at 2182 an , and on further irradiation other peaks at 1947 and 1920

an~l are observed. Extended irradiation increases the intensity of
the absorption band at 2182 an~l and other peaks can also be observed
at 2171 and 2156 an(Fig 6;2). The peak at 2156 cu™ is not always
present, and so is due to a different species from that causing the
other peaks, In similarly doped potassium bromide only two peaks
can be observed, a strong one at 2170 cm"l and a weaker one at 2159 ant.

Ultra-violet irradiation has only a minor effect on the i.r.
spectrun, but in potassium chloride matrices peaks can be observed at
2182, 2170 and 2156 cm"l. These peaks are never very strong even
after extensive irradiation and hence the ultra-violet irradiation
may only affect the surface .of the samples.

If the unirradiated discs of the doped halide 'is heated, a bircad



Fig. 6;1 185
Effect of 5 hours p-irradiation on I.,R, Spectrum of
KCl Crystals Doped with Cyanide Ions
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[.R. Snectrum of CNO Ion Formed by ¥-irradialLion of
Cvanlde Doned KCl and KBr

00 KCI

b. K3r

2200 2180 2160 21V 0



but weak absorption peak at about 2175 a Tt is produced.
Table 631

a-red Absorption Bands Observed Irradiated H S
Doped with gyanide
Lattice (000) to (001)®  (010) t0 (011)¢  (Other)

KC1 a. 2182 2171 2156
b. 2181.2 2170.7

KBr a,. 2170 2159
b. 2169.6 2158.6

a. This Work. b. Maki and Decius (146) c. (vl, Vo v3)

= wew em @n s wm e em  cum s Bw e G e e we

b. Discussion

The peaks which are formed at 2182 and 2171 cm"'l in the potassium
chloride lattice are caused by the cyanate ion. These values agree
well with the values quoted by Makilhé(Table 6;1) for this ion in
potassiun chloride, and the shift in the absorption on going to the

potassium bromide lattice is characteristic for this ion. On cooling

-1

the sample the band at 2171 cn s (2159 an™ in KBr) is reduced in

intensity and disappears at about 100%K. We thus follow Makilj"é

in assigning this to the (0, 1, 0) to (0, 1, 1) transition, and the peak

at 2182 an™* to the fundamental V3 tansition, (0, 0, 0) to (0, O, 1).

The peak st 1947 antis due to impurity Fe(CN)2™ ion and the

-1 -1

unassigned peaks at 2157 ecm ~ and 1920 em — may be due to other

Impuritiese
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1je. The Effect of Radiation on Alkali Halides Containine Cyanide Ions

At least three paramagnetic species have been identified from
their e.s.r. spectrum in irradiated potassium chloride doped with
cyanide ions. These are the cyanogen negative ion (CN)E, the
hydrogen cyanide negative ion HCN~ and the methylene imino radical
HZCN. The i.r. spectrun of the irradiated cyanide doped halide shows
that large amounts of cyanate ions are formed. The 1.r. spectrum
also shows that the solution grown samples contain large amounts of
water and hydroxide ions. We now examine possible schemes for the
formation of the above radicals and for the cyanate ion.

. _The Formation of the Cyanogen Negative Ion (CN)~

There are two possible methods of forming the (CN)E ion in alkali
halides. The first is identical with that previously described for
the formation of the ion in pure alkali cyanides. The other is via a

Cl;: intemmediate. The 012

irradiated samples. On warming the sample, the Cl'z' radical deccmposes',

radical is observed in the low temperature ‘

the electron hole becoming mobile, and is ultimately trapped at sites
containing cyanide ions. No e.s.r. signals which can be assigned to
CN. radicals or to radicals such as CICN have been observed. These
species might be expected from cyanogen radicals which do not have a
cyanide ion neighbour. Since, however, each anion has twelve nearest
neighbour anions there is a strong probability that the cyanide radical
will be adjacent to another cyanide ion (Fig 432 page 138).
The rate at which the (CN)'Z' is formed in potassium chloride is

comparable with the rate in the pure cyanides, and hence a Cl'z' or Cl.
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intermediate is likely even with the irradiation at rodm temperature.
The halide lattice has thus enhanced the formation of this electron
deficient species.

The low temperature experiment is useful in all studies of this
kind, for if the signal due to a certain species is enhanced on
warming e.g. fig 4;19 (page 130) then this is indicative of an
electron hole centre. Irradiation at room temperature will
produce either an electron deficient or an electron excess centre
depending on the relative depths of the electron traps in the crystal.
b. The Formation of the HCN™ and H CN Radicals

Gamma~irradiation of potassium chloride crystals grown from
solution or doped with OH™ ions yislds on irradiation trapped hydrogen
atansl55. The hydrogen atoms can be trapped by a cyanide ion to foma
HCN™ radical. The neutral hydrogen atams are small enough to be
able to migrate through the c¢rystal until they are +trappeds The
HON™ radicals formm rapidly, but it is impossible to build up large
concentrations. The optimun irradiation time is approximately
twenty minutes under our conditions. The radical decomposes fairly
quickly, but the decomposition is minimlsed if the .sample is kept in
the dark, or cooledto 77°K. This may indicate that that the
decomposition is related to the bleaching of the Facentres, which
are also formed on irradiation.

The third radical formed in cyanide doped potassium chloride 1s
H.CN. This is much more stable than the HCN™ radical, and the

2
concentration increases with irradiation time. The HZCN radical
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has also been prepared by photolysing a mixture of HI and HCN in an
argon matrixm. Thus it is possible to prepare HZCN by hydrogen
atom attack on HCN. It is unlikely that there 4s much HCN in our
samples initially, but this may be a product of the decomposition of
HCN~. A possible scheme for the formation of HCW and H,CN 1is given
in fig 6;3.

Fig 6;3

Pogsible Schemes for the Fommation of HCN™ and HECN
HoH —L— H, + JOH

OH™ '—*L—é H. + .0‘

OH™ N HO. + e
H, + ON°  —— HON™

HON™ ——— HON + e
H, + HON  ——— H,ON

¢e The Formation of the Cyanate Ions

Significantly larger concentrations of cyanate ions are formed on
irradiation of the cyanide doped halides compared with the paramagnetic
species discussed above. Indeed the cyanate ion is the major product
of ¥eirradiation of cyanide ion in alkali halide lattices. It is
unfortunate that the only samples which are initially free from
cyanate ions are those grown from aqueous solution. It is thus not
possible to obtain samples free from water or OH™ ions and containing
no cyanate ions. The radiation products of water or hydroxide ions

postulated in fig 633 for the formation of HCN™ and H,CN radicals are

2
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thus also present in the lattice after irradiation and can be
postulated for the oxidation of the cyanide ion. Two possible
oxidants are the hydroxyl radical and the oxygen negative ion:

CN™ + JOH.— HOCNT — OCNT + H.

oON" + .00 —> 00T —> O0ON + e

The inability of ultra-violet irradiation to produce large

quantities of the cyanate ion may be due to only the surface layers
receiving large enough quantities of radiation to form appreciable
emounts of the oxidant. In the case of HCN™,which could be formed
by ultra-violet irradiation, the reactive species was the neutral
hydrogen atom which can easily migrate through the crystal. Charged
species will not be able to migrate as easily and so if formed near
the surface they will not be able to react with cyanide ions in the

body of the crystal.

CONCLUSION

This topic has proved a fruitful field of study, with regard to
both the effect of radiation on ionic crystals eontaining simple and
complex cyanide ions, and the new paramagnetic species observed.
Further work with pure alkali cyanide crystals and with 130 isotopically
enriched complex and simple cyanide ions will no doubt lead to

resolution of some of the unsolved problems in this works
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