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CHAPTER 1.

GENERAL INTRODUCTION.




I. Some Aspects of Electron Spin Resonance Spectroscopy.

For a detailed exposition of fundamental e.s.r. theory, the
reader is referred to several excellent comprehensive reviews rocc-
1=11

ently published. In this introductory section we shall briefliy

cover the methods involved in the extraction of structural inform-

ation from the spin-resonance parameters of transition metal complexes

and simple inorganic radicals.

"a) g=-Values.

The application of a magnetic field to the energy levels of the
free atom, formed by the successive operations of the electroric re¢:-
ulsion and spin-orbit Hamiltonians as perturbations on the Schrodinger
equation, results in a splitting into 2J + 1 sublevels. For Russcll-
Saunders coupling T=1+ E; where L and S are the orbital and ang-
ular momentum quantum numbers. Now, in the free atom all directions
are equivalent, and by operating on the wavefunction lL, S, J, MJ;>
with the Zeeman operator ? B(L + 2_S:) , where ? is the Bohr magneton
and H the magnetic field operator, we obtain for the z-axis as field
direction:

E:gﬁH}%,
where g = 1 + J(J+1) - L(L+1) + S(S+i)7.
2J(J+1)

The term g is commonly known as the Lande g-factor, and for the case
where the orbital angular momentum is completely quenched (i.e. L = 0
we obtain the free spin valus of g = 2, (actually 2.0023).

In an electron spin resonance experiment, the degeneracy of tihe

ground state is removed by the application of a magnetic fieléd; =



energy separation being AE = gSH. Transitions between these levels
. are now induced by interaction with electromagnetic radiation of fre-
quency V), such that AE = hV, where h is Planck's constant. We can
thus describe the electron $pin resonance condition as hV = ggfi
(Figure 1.1).

In transition metal compounds, the values of the g-factors often
differ widely from those predicted for the free atom or the free spin
value. For first row transition metals, however, g—vélues close to free
spin are often obtained; deviations being due to spin-orbit coupling.
In general, there are competing excited states that can combine with
the ground state of the molecule. If there is mixing with an empty orb-
ital, the orbital motion of the electron will be such that the induced
magnetic field will tend to oppose the applied field, resulting in a
negative g-shift. If there is mixing with a filled orbital the resuli-
ing g-shift will be positive, Thus the g-values give valuable inform-
ation about the proximity of magnetically coupled excited states.

In the presence of a ligand field, the g-values are found to be
dependant upon the symmetry of the field. The resonance condition now
becomes hY = Qigfﬁc, where k represents én arbitrary axis. For an
octahedral complex 8, = gy =8, » and the g-value is said to be iso-
tropic. In fields with non-cubic symmetry, however, anisotfopy of the
g-factor is oﬁserved, e.g. for molecules with axial symmetry two g-
values, gd,and g, are observed, whereas in fields of lower symmetry
three distinct g-values are obtained. The general Hamiltonian for the
Zeeman interaction when the magnetic field, H, is applied in an arb-
itrary direction (whose direction cosines are 1, m, n) is:

H’ = Hgs, +mg S, +ngS,), |
whe;e for conveniencé the x,y,é axes are chosen to be the principal

axes of the g-tensor.

.



Fipgure 1,1

Zeeman Energy Levels for a Siggle Unpaired Electron

as a Function of Magnetic Field.
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When the e.s.r. experiment is performed using a single crystal,
it is. usual to rotate the crystal in turn about three mutually per-
pendicular axes. The principal values of both the g- and A-tensors and
their direction cosines relétive to the crystal exes can then be ded-
uced from the observed angular variations of the g- and A- factors.
Detailed descriptions of the techniques involved, and convenient meth-
ods of processing the experimental information are given by Geusic and
Brown,12 Pryce,13 Weil and Anderson,1a and Schonland.15 The method used
to evaluate the spin-resonance data for an irradiated single crystal or
sodium nitroprusside, included in Chapter 3, follows closely that of
Schonland and is fully described in Appendix I,

In fluid solution, where rotation of the paramagnetic compound
is rapid compared to the time required for resonance, all anisotropic
effects will be averaged out and an isotropic spectrum will be obser-
ved. The g~value will simply take the average of the single crystal
values:

ie. g, = 1/3(gx + gy * gz).

In a frozen solution or polycrystalline sample an average ;;ect-
rum is again observed, but this time it consists of a superimposition
of all the lines of the single ;rystal spectra. Powder spectra provide
a useful check on the diaéonalis;tion results from single crystal stu-
dies, and should always be obtained and compared with the single

~

crystal spectra.

16-26 have performed calculations on the line sha-

Several authors
" pes of polycrystalline spectra with different amounts of asymmetry. Fig-
ure $.2 illustrates the changes observed with varying degrees of asymm-
etry of the g-tensor. Figﬁre f.z(i) gives an exéﬁplé of thé spectrum

L

obtained when there is a marked triaxial anisotropy. The three



Figure 1,2

ESR Lineshapes for Species Exhibiting Varying Degrees of Assymetry.
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principal g-values are given by points 1,3 and 5. Figure 3.2(ii) illus-
trates a similar spectrum, but with values of g4 and &5 nuch closger
together. In Figure 2.2(iii) the case for axial symmetry is illustrated,
and, in this case according'to Korolkov and Potapovich,26 the field
corresponding to 8, i.e. ql! occurs 2/5 of the way between points 2
and 3. Small deviations from axial symmetry may be detected by a length-

ening of the distance 2 - 3 compared with the distance 1 - 2.
\

b) Nuclear Hyperfine Coupling.

The experimental tensor:é,(AXx, Agus Azz)’ representing the total
hyperfine interaction between the unpaired electron and a given nucleus

may be resolved into isotropic and anisotropic components as follows:

= A,
iso *

U
1t
+
New
-

where E is the unit matrix, and B (Bxx, Byy, Bzz) the a?is‘otzjopic comp-
. nwucLear
_onent arises from a coupling between the electron andAmagnetic dipoles.
The isotropic part of the hyperfine tensor stems solely from the
presence of ﬁnpaired electron'spin—density at the nucleus. This can

arise in one of three ways:
(1) from spin-density directly in an ns-orbital,

(ii) from a configurational interaction which admixes excited
states with appreciable s-character intéra‘ground-state

which has no s~orbital contribution,

or (iii) from polarisation of inner s-electrons by unpaired.electron

. density in outer s-,p-,d- or f-orbitals.

" The hyperfine coupling betWeenﬁén electron in én ng-orbitzl and

the nucleus at the centre of that orbital is given by:



180

Mo = 226, 5. | (0 2 s,

where a2_ is the spin-population of the ns-orbital and W, (0) is the
valus of the ns-wavefunction at the nucleus. Thus, we can estimate the
orbital population of the ns-orbital (ais ) quite simply from s compari-
son of the experimehtal (Aiso) value with the theoretical value (Agso)
calculated from an atomic wavefunction for an electron occupying the
ns-orbital. \

In transition metal compounds there is usually no population of
s-levels by unpaired electrons so the mechanism of "core polarisation"”
mentioned in (iii) above, is an important factor in placing unpaired
electron density in s-orbitals. An unpaired electron is able to polar-
ise electrons in closed shells so that the electrons with c{~spin have
slightly different radial distributions from electrons with ?-spin. This
core polarisation is most noticeable with ‘s-electrons', since only a
small degree of imbalance is required to produce quite large contri-
butions to the h&perfine structure. The spin-polariéed Hartree-Fock

27

wave functions of Watson and Freeman“! for free atoms have shown that,
for the first row‘transition elements, the contributions to the hyper-
fine field are negative for\js and 2s electrons and positive for 3s and
| 4s electrons. These calculations also show that the 23 contribution is
dominant, and thus the sign‘of the isotropic hyperfine coupling constant
is negative.

"When a ligand has a magnétic nucleus, superhyperfine structure

- 1s often observed. The two major effects which contribute to this are:

(1) dipolar interaction between the unpaired electron in a
metal orbital and the ligand nucleus,
(ii) real spin-density on the ligands arising from the formation

of molecular orbitals between ligand orbitals and the metal
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(ii)(continued)

orbital conteining the unpaired electron.

Mechanism (i) produces a purely anisotropic interaction, whereas
mechanism (ii) often produces both isotropic and anisotropic components

of the totai superhyperfine coupling constant.

In the case of simple inorganic radicals, if d-orbitals are ass-
umed not to contribute appreciably to the molecular orbital containing
the unpaiéed electron, then the anisotropic compoqent of the hyperfine
tensor may lead directly to the np-orbital populaticu.

The contribution of unpaired spin in a p-orbital to the aniso-
tropic hyperfine tensor when the external field is applied along the

.symmetry axis is given by the expression:

2 -3
2B = anp(5)gNFN <t 7> np 82USS

3

where < r"3 >np is the average value of r ”, r being the distance of
the nucleus from the electron in the np-orbital, and aip is the elect-
ronic population of the orbital. We can estimate aip from a comparison
of the experimental 2B value with the theoretical value (2B°) calcul=
ated from the free-atom value of { £~ > and taking axzm as unity.
Anisotropic ecouplings of an order of magnitude smaller than those
stemming directly from np-density can arise from the dipolar coupling
of a magnetic nucleus and an unpaired electron in an orbital on a neigh-
bouring atom. When the distance between the unpaired electron and the
interacting nucleus is greater than 1.5 £ these indirect couplings can
be satisfactorily estimated, to first-order, by a simple point-dipole
approximation. However, when this sseparation approaches 1.5 % it is
necessary to use the more sophisticated approach of HcCénnell and

Strathdee.



Thus, the isotropic and anisotropic components of the hyperfine
tensor, representing the interaction of the unpaired electron with a
single magnetic nucleus, can yield estimates of both the s- and p-
characters of the molecular;orbital of the electron at that nucleus
(provided that d-orbital contributions tb this molecular orbital are
neglected). It is now possible to deduce the hybridisation ratio ;\
(where )\2 = ai/ai) which is related to the bond angles in certain
radicals by Coulson's orthogonality relationships.29 Values of bond
angles caiculated from spin-resonance data generally agree well with
those obtained by more conventional techniques, which is indeed remark-
able in view of the drastic assumptions involved in the methol of pop-

ulation analysis we have outlined.

II. Experimental Methodse.

a) Crystal Growing.

Crystals of alkali halides dopéd with complex ions were grown by
slow evaporation of aqueous solutions containing 1 = 0,001% of the
complex. This solution method has the advantage of being relatively
simple, but it is difficult to grdw large crystals, and to control
the amount of impurity incorpor;ted. 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.

b) Coprecipitation.

Barium sulphate powders doped with required impurity ions were
prepared by precipifation at‘370 K from.near saturated aqueous solutions

of barium chloride containing approximately 10% of the microcomponent



salt using pure sulphate salts and sometimes pure sulphuric acid. The
resulting suspension, resembling a gel, was allowed to digest at 353 K
overnight. In some cases the powders were annealed at high temperatures
(ca. 900 K) in a furnace in order to diffuse the impurity ions through-

out the lattice and thus render the solid phase homogensous.

o) Pressed Discs.

Samples suitable for i.r. were conveniently prepared by compress-
ing the finely powdsred doped alkali halides in a steel die at about 20
tons per square inch and about 2 mm of Hg pressure.jo The preparation
of potassium chloride and bromide discs was straightforward, but sodium
salts, because of their higher melting‘point, did not form good discs.
In this case a disc was formed by adding potassium chloride to the samp-
le, followed by careful mixing in an agate ball mill. The main advantage
of these pressed discs is that they can be irradiated easily and a ser—
ies of spectra can be run of’the same sample after different irradiat-

ion times.

IITI. Instrumentation.

i) Electron Spin Resonance Spectrometers,
¢

Five e.s.r. spectrometers were used in this study, three at X-band,
one at Q-band and one at S-band frequencies..Measurements at 9.3 GHz on
polycrystalline sampleé were obtained using either a commefcial‘x-band
Varian V,502-03 or Varian E3 high resolution spectrometer with 100 kHz
field modulation. The method employed for the calibration of the magnetic

31 and the estimated accur-

field has beenidescribed in detail elsewhere,
acy of the g-values and hyperfine coupling constants measured in this way

are ¥ 0,0004 (in 2.0000) and  0.03 gauss respectively. Measurements

1.



at 77 K were made with the paramagnetic samples immersed in 1iqﬁid
nitrogen in a quartz Dewar which could be inserted directly into the
spectrometer cavity. Measurements at temperatures between 77 and 295 K
were made using a variable-femperature accessory designed and construc-
ted in these 1aboratories;32 the absolute temperature of the sample
could be controlled within X 0.5 K. Spectra at 4.2 K were obtained
employing a Varian V4545B liquid helium accessory and superheterodyne
detection. Spectra at 19 K were obtained by passing boiling helium rap-
idly through the variable-temperature accessory referred to above.32
Powder spectra were occasionally measured at 34.0 GHz on & Q-band

33

spectrometer which employed superheterodyne detection,”” whilst spectra
were measured at 3.1 GHz using an S-band spectromster incorporating a
64 channel averaging computer.32’34 Single-crystal spectra at 77 and
295 K were obtained using an X-band spectrometer on which the magnetic
field was calibrated against a proton n.m.r. magnetometer.31 In this
machine the sample cavity is mounted in an insulating bath so that, using
liquid nitrogen as coolant, the sample could be kept at a constant temp-
erature of 77 K. This instrument was ideal for single c¢rystal spectra,
and runs as long as 15 hours at 77 K have been performed, the micro-
wave frequency and the temperature remaining stable. The Q-band cavity
could be cooled by placing a copper extension of the cavity in a bath
of coolant, and temperatures down to about 4100 K could be reached. All
of these spectrometers, except the first two, were designed and const-

ructed by Mr.J.A. Brivati, and have been fully described elsewhere.31’3u

ii) Infra-red Spectrometer,

All the i.r. spectra were recorded on a Perkin Elmer 225 double

beam instrument. A low temperature attachment of the cold finger.typeSO

was used to record spectra of pressed discs down to aBout 100 K. On slow



/0.

and expanded scans the spectra were reproducible to 1 om71.

iii) Radiation Sources.

Irradiations with 6000 X{qays were carried out in a ‘Gammaceli-
200" supplied by Atomic Energy of Canada Ltd., which produced an effect-
ive dose rate of approximately 0.15 lrads per h;ur. Irradiations at 77 X
‘were accomplished with the samples immersed in liquid nitrogen in a
Pyrex Dewar which was designed to fit close to the radiatidén source.
When samples were irradiated in sealed quartz tubes, to eliminate rzd-
icals produced in the quartz, one end of the tube was annealed to red
heat using a blow-torch, keeping the other end immersed in liquid nit-
rogen where necessary. If this were not done, radicals produced in the
radiation-damaged quartz would interflere with the desired sample
spectriad.

Photolyses with 3650 & radiation were carried out with 2 high-
pressure mercury arc lamp, and photolysis at 77 K was accomplished
by placing the sample in a quartz tail-piece of a Dewar filled with

liquid nitrogen.
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PART I

SPECTROSCOPIC STUDIES UPON SOME TRANSITION METAL

NITROSYL COMPLEXES.

~



INTRODUCTION TO PART I.

In part I of this thesis we report some interesting trans-
ition metal nitrosyl complexes in unusual valency states. E.s.r.
and i.r. spectroscopic studies were used not only as an aid to

their identification but as a probe of their molecular structure

and geometry as well as their electronic configuration.

-

Several reviews have been published on nitrosyl compounds1-9

and using the classification of reference 4, nitrosyl compounds

nay be divided into six categories:
(i) simple nitrosyl compounds of the type EX(NO)y.

(ii) . nitrosyl carbonyls; several of these complexes have
been reported, but to date all have been found to be

diamagnetic.
(iii) nitrosyl halide complexes.
(iv) complexes involving sulphur ligands.
(v) organometallic nitrosyl complexes.
(vi) nitrosyl cyanide complexes.

We have exclusively studied d5 and d7 pentacyanonitrosyls
in the present work. These complexes are particularly amenable to
ees.r. study since, being low-spin comple#e;, they have only one
unpaired electron and any delocalisation of the unpaired electron
onto the nitrogen of the nitrosyl group is readily observed as
superhyperfine splitting (M; 1 = 1, 99.6% isotopic abundance).
Furthermore, delocglisation onto the cyanide ligands can also be -

observed (136; I =%, 1.1% isotopic abundance) at high gzin, or

4.
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more readily if the complex is synthesised using Na13CN.
At this point it is instructive to give a'generalAintroduction
to the bonding that can occur in nitrosyl complexes. On the basis of

6,7

a wide range of infra-red messuremsnts, complexes with N-O stret-
ching frequencies in the range 1940-1575 em | were assuned to have No*
co~ordination, whereas those in the range 1200-1040 cm.-1 were assigned
to NO~. This latter group has since been assigned to compounds having a

8,5 The former group then comprises all true nitro-

hyponitrite structure.
syl complexés with the charge on the ligand varying from NOT to NO~.
Using Valence Bond theory we can consider the nitric oxide bon-

ding to a metal in the following ways:

(a) Transfer of the unpaired electron from NO to the metal fol-

lowed‘by lone pair donation from No*.
(b) Transfer of an electron from the metal to NO forming NO~.

(¢) Donation of the lone pair on the nitrogen to the metal, with

the unpaired electron being retained by the nitrosyl group.

(&) Donation of the unpaired electron from the NO to the metal,
followed by back donation from the metal to the ligand antibo-

nding orbitals.

(e) Transfer of three electrons to the nitrosyl group.to.form
NOB', followed by strong electron donation from the nitrosyl

group to the metal.

(£) It is possible that the NO group could boad in a bridging
position analogous to tHeAcarbonyl group in some polynuclear |

. [N

metal carbonyls.

Schemes (a) and (d) both involve the initial formation of the



(6.

-nitrosonium ion (NO¥) which is not energetically difficult, since the
ionisation potential for nitric oxide is only 9.5 eV (74,000 cm-1).10
This would result in a considerable increase in the strength of the
N-O bond since we are removing an antibonding electron, which is ref-
lected by the infra-red stretching frequencies of nitric oxide gas

1) 1,12

(1880 cm71)1’11 and nitrosonium salts (2200-2300 cm_ However,

since the nitrosyl group is now positively charged, it is very imp-
robable that further electron donation (i.e. the lone pair) can occ-

ur without some additional mechanism tending to neutrciise the charge

on the nitrosyl group. Thus a combination of schemes a) and d) could
give a bonding schemes compatible with Pauling's charge neutrality rule,13
which, although empirical, seems to have been justified by charge den-
sity calculations.'*

Mechanism (b) might be expected to operate if the metal has a
high formal oxidation state, although a simple donation will result in
the presence of two unpaired electrons on the nitrbsyl ligand (vide
infra). However, the presence of additional electron density on the
nitrosyl group would causse considerable weakening of the N-O bond
with respect to nitric oxide gas. This is reflected in the i.r. str-
etching frequencies of a large number of nitrosyl complexes.1 Bond-
ing scheme (e) also results in an increase in the electron density on
the nitrosyl group, and on thg basis of ie.re data, it is difficult to
distinguish between these two cases.

A much more satisfactofy’description of the bonding in nitrosyl
complexes may be obtained by using M.O. theory. The unfilled orbitals
of NO¥ wity.lowest energy are the doubly degenerate Tf%;orbitals,
which can mix with the metal d.xy and %yz orbitals. TFor a nitrosyl
group on the z-axis, the back_donation from the metal in scheme (d)

will come from these orbitals. In fact, if the dxy and éyz orbitals

P S
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are filled, we can form molecular orbitals in whi?h the electron
density will be shared between the metal and the nitrosyl ligand; the
electron density on the latter depending upon the initial energy diff-
erence between the dXz,yz orbitals and the Tf*(NO) orbitals.

On the basis of the above arguments we can draw up a molecular
orbital scheme (Figure I.1) in which only the metal d-orbitals have
been considered and any bonding between the metal and the other ligands
(L) is assumed to be completely ionic.

The molecular orbitals involved in scheme (e) are identical to
those described above except that the TT*(NO) level is formally of
lower energy than the dXZ,yz level.

Bonding scheme (b) involves the donation of an electron from the
| metal to the TT*(NO) level. This will now contain two unpaired electrons
(isoelectronic with 02), which will remain unpaired unless there is a
distortion in ‘the molecule sufficient to separate the two Tt (10)
orbitals by an amount greater than the pairing energy of the electrons.

Scheme (c) is best interpreted in the molecular orbital picture

as the case where there is just one electron in the 3¢ level.

To summarise then: we can see that the six pictures of the bond-
ing using the valence bond approach can be accommodated in the molecu~
lar orbital scheme shown in Figure I.1 with the appropriate number of

electrons.
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CHAPTER 2.

PARAMAGNETIC SPECIES OETAINED FROMU

ANHYDROUS SODIUM NITROPRUSSIDE.
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Introduction.

Prior to the commencement of this work Goocdmen et. al.T éﬁ-
irradiated anhydroﬁs sodiun nitroprusside, preparcd by heating
‘the diﬁydrate in vacuoy, at 77 K a=d at room temperature and
obtained a paramagnetic species with ee.Sere parameters simllar
to those of the Y-irradisted dihydrate, The only point of
difference between the two was that the former had axialily
symmetric g- and A- teasors whervas the latter did not.

One of the difficulties in low temperature work is the
transfer of the sample at 77 X to the e.s.r. cavity without
raising its temperature. If this happens, and it was suspected
that this did occur in the agbove work, then any unstable radicals
formed at 77 K would decay on warming and would tihercfore not
be observed. It was decided to test this theory by repeating
the experiment with two modifications. A more efficicat and
reliable method of dehydrating the sodium nitroprusside was used,
together with a rzpid transfer tochnique which minimised any |
chance of losing short lived radicals by thermal decay.

The present work was also undertzken in order to elucidate
indirectly the part played by water molecules in the X/-ray
damage mechaniim. In particular to obtain new paramagnetic
species and hence prove that a different mechaiism of radiation
damage was employed in the anhydfous material from that employed

in the hydrated compound.

Experimental.

Sodium nitroprusside was dehydrated by the following method.

Reagent grade sodium nitroprusside was powdered and dissolved in
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pure, dry dimethylformamide (D.X.F.). The anhydrous form was
then precipi'_tated out of solution using sodium-dried ether.
After rapid filtration and washing with dry ether, the extremely
hygroscopic material was stored over P205 in vacuo. A portion
of the powder was transferred in a dry box to a quartz tube which
was then sealed and E{ -irradiated at 77 K for approxinately 12
_ hours. After annealing one end, the tube was then rapidly
transferred to a Dewar containing liquid nitrogen, designed to
it into the cavity of an X-band e.s.r. spectrometer. A spectrum
was first obtained at 77 K having ensured that the semple did
not warm up to any extent during the transfer procedure. Tho
nicrowave power was varied in order to obtain tho highest signal
to noise ratio and also as an aid to interpretation by di:ermining
which sets of lines had the sams intensity versus power character-
istics. The sample was then removed from the cavity, allowed
to warm up for approximately five seconds, and then returned
to the cavity and a new spectrum obtained. Since the spectrum
of the annealed sample indicated that one of the radicals was
decaying, the above procedure of warming and recooling the
sample was repeated until the spectrum showed no further change.
“To monitor the decay of longer iived. radicals, spectra were also
obtained at 77 K a.f1':er the sample had been at room temperature
for 1 hour, 8 hours, 24 hours and one weeke |

Spectra: of warmed samples were obtained at room temperature
(298 K) as were samples X--imdiated at room temperature. All
spectra were calibrated using a proton resonance prébe and the
microwave frequency was checked using. charred dextrose as a

standard whose g-value is lmom accurately. To confirm tiZe



interpretation of the X-band spectra, a spectrum of the B’-

irradiated powder was obtained at S-band frequency at 77 K.
Results.

At 77 K the original X-band spectrum (Figure 2.1 ) showed
the presence of two predominant species, A and B, with some
underlying weaker lines of a third species, C, in considerably
lower yield. The spectrum of species A had axial symmetry, with
8.> g”>.2 and no observable hyperfine structure on either the
perpendicular feature or on the very sharp parallel line. The
spectrum of the other main paramagnetic centre (species B) was
interpreted in terms of a radical with three g-values and
hyperfine coupling characteristic of interaction of the unpaired
electron with a nucleus of spin I=1. The feature having the
lowest g-value consisted of a rather broad line which could only

Jjust be resolved into three lines under optimum conditions. The

highest g-value feature consisted of a single line whose hyperfine

2],

coupling constant was estimated from the line-width. The remaining

g-feature was a clearly defined triplet.

On warming the sample for five seconds and recooling to 77 K

there was a marked change in the spectrum. (Figure 2.2) The

features assigned to species A disappeared completely, whereas

species B remained with approximately a twenty five per cent loss

in intensity, measured from signal height. The weak lines of

species C also remained and their intensity was estimated to have

increased concomitantly by approximately twenty five per cent .

The spectrum of the sample after five minutes at room temperature

followed by recooling to 77K showed a further decrease in
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intensity of species B with a concomitant increase in intensity of
species C. A similar result was obtained after eight hours and
twenty four hours at room tempera:ure..gfter several days at room
temperature, the spectrum of the sample run at 77K showed the
presence of speciesfbnly.Spectra of samples run at room temperature
showed only the presence of species C in all the above cases.

No new-iﬁqunation was obtained from the S-band spectrum run
at 77K (Figure 2.3) but it served to confirm the interpretation

of the X-band spectrum.

Discussion.

Identification of Species A.

Although in the gbsence of_57Fe data this cannot be positively
identified as an iron centre it is considered that the species is
most probably the pentacyanonitrosyl ferrate(III) anion for the
following reasons. |

The absence of significant nitrogen hyperfine coupling precludes
any form of iron (I) pentacyanomitrosyl since em electroz in an
iron dZZ orbital or in an orbital mainly <& om mitrogen would
give a very significant hyperfine coupling to nitrogen.

Similar arguments mould.alsoveliminate other nitrogen containing
radicals such as NO or CN which could be derived from radiation
damage: of the sodium nitroprusside.

A choice rermains thenebetween.the following pafamagnetic :
iron species: FeI(CN)5 s a a’ iron complex having completely
lost the nitrosyl group; or FeIII(CN)SNO, a & iron penta-

oyanonitrosyl complex either intact _or having lost a cyanide or
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nitrosyl ligand.

The formation of an iron(I) species following the loss of
a nitrosyl group is very unlikely indeed on mechanistic groundve
An argument based on a comsideration of mechanism would similarly
rule out the formation of an iron(III) species following the loss
of a nitrosyl or cyanide group. This will be discussed in more
detail in a later section. Furthermore it will be shown later
that species B is an eleatronrexcess centre, from which it can
be inferred that species A is an electron deficient centre.
We will now examine the g- and A- tensors of species A and by
comparison with the correspondingfspin—resonance parameters
of the well characterised & ions CrI(CN)51¢o3‘ 36 na
unn(cn)swoz‘ 2,758 o w11 show that it is most probably

the isoelectronic FeIII(CN)SNO' ion.

The g- tensor.

Table.2.1 lists the g—.factors fér the three pentacyzno-
nitrosyls im question. We can explain the variation from the
free-spin value of these g-factors in terms of a mixing of the
ground and excited states via sfinrorbit coupling.

Figure 2.4 shows the relevant molecular orbitals in a typical
metal.pentacyanonitrosyl8 (Mn(GN)5NOé-) where the ordering of

the electronic levels is:
6o (xzp3z) < B,(xy) < Te (TFN0) & 3b,(Py?) & 5a,(2)
&€ 8e (TTCN)

The ground state in these:dﬁ'complexes is designated 2-Bz_

Ay

With the field along the z-axis (the M-N-0 direction) the 2b,



Table 2.1

Electron Spin Resonance Parameters for some Metal Pentacyanonitrosyl

d5 Complexes.

Complex g-tensor by Hyperfine tensor (gauss) Ref,
&y €1 av Ay Ay Av
'cr(CN)sNo} 1.9722 2.0045 1.9937 2.89 7.0  5.70 "

Cr(CN)SNO}' LOTW5 2.0052 1.9950 2,00 6,90  5.30 5

cr(cn)5No3' 1.9745 2.005% 1.9949 2,00 7,00 5,30 3
Mn(cn)snoz‘ 19922 2,0311 2.0184 191 475  3.80 7,8

Species A  2.0142 2,0716 2.0535 <P g 2P a

a = This work.

b = Estimated from the line-width.
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(dxy) orbital is able to couple with the empty 3b1(dx2_'y2)
orbital and with the filled 1b& orbitel. With the field perpendicular
to the z-axis the-dxy orbital can couple with the filled degenerate
' *. *
be (dxz yZ) pair and with the empty 7e (TI* NO) orbitals.
3

Now in an isoelectronic series such as this, the effect of

increasing the positive charge on the metal is to stabilise fhe
metal orbitals with respect to the ligand orbitals. The most
pronounced effect will be on the mainly non-bonding me*l:a.l'd.xy
orbital in question; the orbital containing the unpaired electron.

Thus on going from CrI to MnII to FeIII

the 2b, (dxy) orbital
will be lowered in energy thereby moving closer to the 1b, and 6e
filled orbitals. (Figure 2.5) The effect of this is to make spin-
orbit coupling with these filled levels increasihgly more pronounced
and so we woﬁld expect both the_g//- and g, - factors to shift to
more positive values, which is in fact the case. The rather large
positive perpendicular g-shift for Fe111 may be explained by the
the additional effect brought about by coupling of the 2b2 level
with the filled 5e level which.is now close enough to make an
important contribution to the overall g-value. Thaf species A is
an iron(III) complex would seem to be likely in view of this

experimental trend in g-values.

The Artensor.C“N) :

As seen in Table 2.1 the observea values for*A(gv) decrease’

in the order Cr- > Vot > Fooit, Again there appears to be a
consistent numerical trend in a spin-rsei.sonance parameter on:

increasing the charge on the metal.v-.u



Erreet of Increasing Positive Charrie on the Metal on the

M.O.'s or some d Pentacyanonitrosyl Complexes.
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The mechanism for plaéing spin~density on the nitrosyl
group is not kmowm for certain. However some mechanisms can be
discounted. For instance, direct overlap of the dxy orbital with
any NO orbital is clearly impossiblelunless there was some
considerable bending of the NO group. There is no evidence for

3

more than very slight bending in the case of the chromium” and
manganese8 complexes, and so, if iron follows this trend we can
eliminate this particular mechanism.

Calculations for the chromium complex9 have shown that remote
dipolar interaction makes only a very small contribution to the
overall coupling, so this can probably be discounted as a major
contribution to the measured AN for the manganese and iron complexés
also. The mechanism éf spin~-orbit coupling, however, is able to
account for the experimental trend. The Ge (dxz,yz) level contains
contributions fronxTT*kNO) 8 and calculations have shown that the

_contribution decreases in the order CrI > Tt > 7eTTT, 8 Thus .
spin-orbit coupling involving the 6e orbital would place spin-
density on NO and account for the decrease in hyperfine coupling
constants in the observed order.

A possible alfernative mechanism is spin polarisation. For
example, mixing configurations 2B2(6942b21) and 2B2(6e32b21791)
would also place unpaired spin-density on the nitrogen of the
nitrosyl group. For this particular case M.0. calculations of | Y
Manoharan and Gray8 lend support to this mechanism by theoret-
ically predicting the observed aeéfease in AN on going from the
chromium(I) to the manganese(II) complex. This result,which is
attributed to the increased charge on the metal, may then be

extrapolated to include the iron(III) complex.
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So although we have not proved conclusively that species A is
Fe(CN)sNO-, the g- and A- values are very much consistent with this
assignment and it seems more than likely that it is the third

member of an isocelectronic seriles ofd5 pentacyanonitrosyls.

TIdentification of Svecies B.

AN

Table 2,2 1lists the g- and A~ tensors for nitric oxide
trapped in a variety of matrices U % together with those of
species B. The spin resonance parameters of the latter are so
strikingly similar to those of trapped nitric oxide that we are
led to the conclusion that it too is nitrie oxide trappgd in the
host lattice, especially since theréigp other knowm nitrogen-
containing radicals with>siﬁi1ar e.s.r. parameters,

Nitric oxide contains an unpaired electron in a 2p ¥
orbital, which is degenerate in the free molecule. In order to
obtain an e.s.r. spectrum such that By = g&y ; ¢lose to free spin
and g,, << free spin, the nitric oxide must be trapped at a site
with a crystal fieldvstrOng enough to 1if't the degeneracy of the ;
2pr* orbitals. From the e.s.r. spectrum it is clear that there
is only one trapping site for the nitric oxide and that this site
exerts a crystel field of precise symmetry on the radical, so
that one of the 2prf¥v§rbitals (ZPT{*X,-sgy) #ill have a lower

energy than the other. We may‘represent the electronic configuration

by the foliowing diagramA:

P.T.0.
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Fi.gu.re 2.6
— 2p ¥

. J

_417% 2P o~

Thus we may say that the unpaired electron will be in the
ZPT;; level in the absence of anj spin—orﬁit interaction. The low
g-value will then arise when the field is along the z- direction
(the N-0 axis), where the grownd state (2p ¥, )! mixes with the
excited state ...(ZR“F; )1 via spin-orbit coupling.

The isotropic hyperfine coupling constant is ca%culated to.-
be 6 gauss, using the values z='—1OG.,.A&; -3G. and A= +31G.,
and the relationship Aiso; AL+ Ay-+ Az o This value is in good

3
agreement with the value of 8 gauss calculated for nitric oxide

in the gas phase 1:5.

However the anisotropic hyperfine tensor (25 -9 =16) is
different from the tensor expected for dan electron in &P -
orbital, which should be of the form (2B -B -B). In principle
such a discrepancy can be explained by a.librational movement oé
the molecule. In general,if a molecule containing an unpaired
electron in a p- type orbital having an &nisotropic.tensor Qf the

form (Ax gy,Aé) = (2B =B =B) . is rapidly rotating about one of

N
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its coordinate axes (y, say) then the principal values for the
othér two directions (x and z) become completely averaged, and
the tensor becomes (2(A + A, ) A 2(A + A )) (g/2 -B B/2).

If the molecule is librating about an axis (and not completely

" rotating) then the hyperfine values in tha other two directions

will not be completely averaged but will tend to move towards
the average value. In the cese of KO in question, neither
libration about tke x or y axes, mor a combination of the two
will produce the values obtained experimentally. Starting with
the anisotropic tensor predicted for NO in the gas phasels
(28 -14 =14),libration about the y - exis could produce the
tensor (25 =14 =-11) which is reasonably close to the expcrimental
tensor, but not close enough for the conclusioan to bcvdrawn
that librational motion is the only cause of the discrepancy. |
Nevertheless it could well be a major contribution. Any remaining
discrepancy could be explained by some modification of the
orbitals in NO by the trappiné site itself, vig some form of
bonding between the twoe |

In:common with trapped NO in other matrices the principal
g-values are in agreement with the expected g-tensor for the HO
molecule in g strong czystalllne field where the splitting of
the doublet‘Tr-antlbondlng level is large, and the unpaired

electron is mainly conflned to one level.

Identification of Species C.

Comparison of the e.s.r. parameters of this svecies (Table 2.3)

with those of a speciles obtained by irradiating hydrated sodiun
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nitroprusside at room temperature 1 leaves little doubt that

they are identical. The latter species has been interpreted as
' the d7 pentacyanonitrosyl iron (1) compléx, where the unpaired
electron density was shown to be located mainly on iron in a

.d;2 orbifali’z'There has, however, been some controversy over

the exact nature of the species. The problem will be briefly
summarised here but will be dealt with agein in the next chapter.

The controversy really centres on the.structure of an
analogous species formed in solution by chemical or polarographic
reduction of sodium nitroprusside. lcNeil,Raynor and Symons used
the latter method of reduction in dimethylf‘ormamide2 and assiguned
the species thus formed the structure [%e(CN)5Né] . Van Voorst
and Hemmerich16 obtained two species by reducing sodium nitro-
prusside with sodium dithionite at different solution pH valuese®
One of which, formed at pH <€ 4, was identical to the above
species, whereas the other had g-values less than free spin and
was forméa exclusively in the pH range 7 - 10. The low g-value
species (I) could be converted into the high g-value species (II)
by lowering the solution pH and the reverse reaction occurred on
raising the pH. They also reduced a solution of anhydrous sodium
nitroprusside in dimethylformamide with sodium metal, which
exclusively produced species (I) which was converted into species (II)
by one equivalent of acetic acia. From this they concluded that
species (II) was protonated and that species (I) was in fac%
[Fe(CN)SNO] >,
Raynor and Symons17 have postulated that the species formed

in alkaline solution was [Fe(CN)5N02] >~ and that instead of a

protonation/ﬁeprotonation'reaction taking ?lace on éhanging
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the pH of the solution, the process was in fact the well established

equilibrium reactionzo :

EE"e(CN)BN(ﬂZ- »+ 0B~ 'g Ee(cxv)s;vog“‘ + EO

.This would certainly explain the results of van Voorst's work with
aqueous solutions. However if species (I) were indeed [%e(CN)5KO2.5-
it is difficult to explaim how it could be formed by the rcducticnm
of a solution of anhydrous nitroprusside in D.¥.F. with mefalli@
sodium,

"The settlement of the controversy is thus not aided by the
existence of conflicting experimental results. Iowever as far as
the species formed in the solid state is concerned, all workers are
agreed that the unpaired spin density is mainly concentrated on the

iron atong’2’16

. The similarity of e.s.r. paramsters of this species
to those of the *high g-value' species formed in solution would
suggest that these species are identical. However ia view of the
different environments it would be surprising if the two species
were alike im every respect. For example, the complex in solution
will be solvated, thereby modifying the structure somewhat. In

the solid &tate the structure will tend to be modified by the

presence of neighbouring ions. We shall consider the various

possibilities further in the next section.

Mechanism of Radiation Damage.

We shall first of all assuxme the truth of the above assiga-
ments, notwithstanding the controversy over species C, and propose

a mechanism to accommodate the experimental facts, and then consider
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some possible altermative xﬂechanisms and show that these do not
£it the experimental findings.,

The primary process may be envisaged as the removal of an
electron from the nitroprusside anion by means o:ﬁ“ the high éneraﬁ
radiation ,

i.e. FeII(CN)5NO = Fem(CN)5NO “ 4 e
(Seecies ﬁ)

thus forming an electron together with its corresponding hole
centre, species A. The electron being mobile, migrates through

ion
the lattice and reduces a nitroprusside,\as follows :
FeH(CN)5N0 > 4+ o6 L — Fen(CK)5 eee.NO (species B)

The nitroprusside anion may be considered to have a formal
charge of +2 on the iron atom and a formal charge of +1 on the
nitrosyl group. The 'free' electrom may be thought of then, in crude
terms, as neutralising the charge on the nitrosyl group and forming
nitric oxide as am uncharged ligand. An alternative and strictly
more accurate viewpoint is that the electron will go into the
lowest lying unfilled energy levele. According to Manoharan and
Gray's energy level scheme8 this is the 7e level, which is mainly
T(*(NO) in character. Thus the two viewpoints é.re essentially
the same. The effect of the additional electron in the 7e level
is to lengthen and hence weaken the Fe-N bond. The NO ligand,
being only weakly bondefi to iron will bear considerable resemblance
to NO trapped in other matrices, where, for example, in alu:r-.ina13
the trapping of NQ may be considered as a weak form of bonding

at a surface site:
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Le. oo or a

On wafming the sample ih a closed tube the hole centre rapidly
disappears by means of an irreversible process forming diamagnetic
pr§ducts. We may safely assume this, since the disappearance.of
species A is not accompanied by the formation of any detectable
paramagnetic products. One common mechanism for the formation of
diamagnetic products from paramagnetic interxediates is that of

ed18,19

disproportionation. For example, the well establish case

of the 012- ion in a KC1 lattice :

2012‘ —_ 013' + C1°

The analogous reaction in the case in questionr would Te :

2FeIII — FeII’ + FeIV

However the formation of an iron(IV) complex does not seem very
likely since the pentacyanonitrosyl system would tend to stabilise
low rather than high oxidation states of the metal by back bonding'
into empty‘ Tr-antibonding orbitals, Another possibility is that
the hole centre being mobile, migrates to the surface and reacts
with oxygen to form diamagnetic products.

The electron excess centre species B, on the other hand
is much more stable and decays slowly with the formation of
species C. Now, since the latter is normally formed in the presence
of water (as a product of radiation damaged NazFe(CN)5NO.2H20 ) one
possibility is that traces of water still present in the powder

are involved in the decay of species B into species C. One piece of
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evidence in support of this idea is that if the e.s.r. tube is
opened to the air and water vapour allowed in, the above change
proceeds to completion exceedingly rapidly. The time taken for
species B to completely decay into species ¢ is only a few minutes
in an open tube compared with several days when the process takes
place in & closed tube.

Now, as mentioned previoﬁsly the lowest unfilled level in
sodium nitroprusside is the 7e level which is mainly 1v*(NO) in
character. The most stable end-product of radiation, species C,
has its unpaired electron in the &y (dZZ) level on iron1’2. The
formation of species C from species B must involve 'recombination'
of NO with the Fe(CN)5 residue and sdbsequént electron transfer
to iron which may be represented by the following simplified

diagram :

a e

|

P .,
~H— 2, ' —— 2v,
= ) =§¥=;%== e

Thus it is clear that in order for the électron transfer to iron
to take place, there must be some significant change in the.
stereochemistry of the complex to bring the a4 ;gvgl deeper than
the 7e level. The only conceivable way‘this could be done is by
tetragonal distortion i.e. by elongating the Fe-CN 5ond trans to
the nitrosyl group.VExperimental'evidence suggests that the process

only takes placé‘in the presence of water, so we are led to the
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conclusion that water molecules (or protons, c¢f. van Vborst16) are
tending to solvate and pull off the axial.cyanide group. This is
certainly possible in acid solution where protonation of the axial
cyanide would tend to remove it as HCN. Protonation of a cyanide
ligand will weaken the o~-bond between the ligand and the metal,
but will increase the degree of Tr-bonding. Kinetic results for
E)r(CB’)ENO]}' indicete that o-bond weskening is dominant®'. Thus
van Vbo:st's thgory could be correct, although we stipulate that
protonation will take place on the axial cyanide and not on the
nitrosyl group as van Yobrst seems to suggest.

In the solid stateﬁfollowing,radiation damage of the 'anhyd;ous'

powder, protons could be formed following the loss of the hole

centre on annealling the sample at room temperature :

IIT

i.e. Fe™™ + HO (trace) > relt 4+ H . om

The ¥ray damage mechanism postulated above adequately explains
the formation of the observed paramagnetic species, whereas the '
following possible alternative mechanisms do not. These possibilities

involve homolytic bond fission and may be represented as follows =

(L) ~ Fen(CN)5N0 2= Xy FeI(CN)q_NO = . oo

(i1) Fe-II(CN)sNO L g >. Fem(CN)5 &, N

Both these mechanisms result inm pairwise trapping. However none
of the spectra obtained showed the presence of any wing-lines
characteristic of pairwise trappi=g. Moreover neither of the above

processes can explain the observed sequence of events.



35,

The mechanism of radiation damage in hydrated sodium nitrof
prusside will bé discussed in the next chapter so we cannot fully
compare mechanisms in the anhydrous and hydrated systems here.

- However, at this point we cén say that the primary radiation
damage process in the hydrated material is considered to be

damage of water molecules, forming H® and OH® radicals, wherséas in
the ahhydrous material the primary process is thought to be the

ejection of an electron from the[%e(CN)5Né]2' anion.



1.

2.

3e

10.
11,
12,
13.
1
15,
16,
17.
18
19.
20.

21,

36.

References for Chepter 2.

B.As Goodman, D.A.C. McNeil, J.B. Raynor and K.C.R. Symons,

J. Chem. Soc. (A), 1547, (1966).

DeAeCe lcNeil, J.Be Raynor and M.CeRe Symons, Je Cheme Soce,

410, (1965). '

B.A. Goodman, J.B. Raynor and M.C.R. Symons, J. Chem. Soc. (4),
994, (1966).

H.A. Kuska and M.T. Rogers, J. Chem. Phys., 42, 3034, (1965).
J.J. Fortman and R.G. Hayes, J. Chem. Phys., 13, 15 (41965).

B.R. McGarvey and J. Pearlmen, J. Chem. Phys., L6, 4992, (1967).
P.T. Manoharan and H.B. Gray, Chem. Comm. 324 (1965)s

P.T. Manoharan and H.B. Gray, Inorg. Chem., 5, 823 (1966).

B.A. Goodman, Ph.D. Thesis, (1968).

H. Ohigashi and Y. Kurita, J. Phys. Soc. Jap., 24, 654, (1968).
J.H. Lunsford, J. Cheme. Phys., 46, 4347, (1967).

J.H. Lunsford, J. Phys. Chem., 72, 2141, (1968).

B.M. Hoffman and N.J. Nelson, J. Chem. Phys., 50, 2598, (1969).
P.H. Kasai and M. Ruta, unéu'blished result.

R.L. Brown and H.E. Radford, Phys. Rev., 147, 6, (1966).

JeD.W. van Voorst and P. Hemmerich, J. Chem. Phys., 45, 3194, (1966).
J.B. Raynor and M.C.R. Symons, J. Chem. Soc., (4), 339, (1970).
M.C.R. Symons, Je Chem Soc., 570, (1963).

T.G. Castner and W. Kenzig, J. Phys. Chem. Solids, 3, 178, (1957).
J.H. Swinehart and P.A. Rock, Inorg. Chem., 5, 573, (1966 ).

J. Burgess,, B.Ae. Goodman and J.B. Raynor, J. Chem. Soce (A)y+
01, (1968).



CHAPTER 3.

PARAMAGNETIC SPECIES OBTAINED FROM

SODIUM NITROPRUSSIDE DIHYDRATE.
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Introduction.

Prior to the commencement of this work a stable paramagnetic
product derived from NazFe(CN)5NO.2H20 by ¥-irradiation at
room temperature has been reported1. The controversy over the
structure of this species has been covered in the preceeding
chapter. By analogy with the work in chapter 2, it was thought
that low-temperature irradiation of sodium nitroprusside would
give rise to thermally unstable radicals which would decay on |
warming to give the particularly stable species reported. This
theory was tested and found to be correct. However following the
completion of tbe experirental work described in this chapter,
van Voorst and Hemmerich2 repérted the principal values and
direction§ of the g- and 14N hyperfine tensors of one of the
low-temperature irradiated species studied here. There is,
however, some doubt concerning the interpretation of some of
their results and they have made no attempt to explain the
unusual anisotropic A-tensor, which will be discussed in some
detail in this chapter. |

During the course of this work an additional species was
found, which appears to be the precursor of all other paramagnetic
species obtaiﬁed in irradiated sodium nitroprussidé dihydrate.
This chapter also deals with a consideration of 2{-ray damage

mechanisms in. the hydrated systen.

Experimental.

Reagent grade sodium nitroprusside was purified by re-
)

crystallisation from water. The dihydrate was then powdered



and }{- irradiated at 77K for about twelve hours. The sample

was then transferred to an e.s.r. Dewar vessel containing liquid
nitrogen without allowing it to warm up. An e.s.r. spectrum at
77K was then obtained on a Varian E-3 X-band spectromster. The
sample was then warmed to room temperature for five seconds,
recooled to 77K and a new spectrum obtained. This process of
warming, recooling and re-running spectra was repeated until
there was no further change in the spectrum; i.e. until lines

of a decaying radical were no longer able to be detected. This
occurred after about two hours at room temperature.

. A polycrystalline sample was E(—irradiated at room
temperature fpr approximately twenty-four hours and then
immediately coocled to 77K. The specirum of this sample showed
~ the presence of two species, cne of which was found to be decaying
on warming. Accordingly the above annealing process was repeated
until no further change in the spectrum was detected. E.s.r.
spectra of microcrystalline samples ¥ —-irradiated at 77K ard at
room temperature were also obtained at 298K.

To aid in the interpretation of the low temperature powder
spectra and to obtain further information about the rature of
fhe radicals involved, an e.s.r. study on a single crystal of
sodium nitroprusside was performed. Crystals of sodium nitro-
prusside were grown from aqueous solution by slow evaporation ‘
over a peiiod of seven to ten days. After drying in the aif‘they
were checked for flaws or twinning using a polarising microscope '
and a suitable single crystal chosen. The crystal was then

X/-irradiated for approximately twelve hours at 77?, after which

38.



it was quiclkdy mounted on a goniometer and placed in the e.s.r.
cavity, which was surrounded by a cooling bath contalning liquid
nitrogen. The base of the goniometer consisted of a perspex cube
(illustrated in Figure 3.1) which was cut so that the crystal
could be mounted on it and could be rotated about the a-, b- and
c- axes of'%he unit cell of sodium nitroprusside. These directions
(illustrated in Figure 3;2) were found in an X-ray analysis
perforned by Manoharan and HamiltonB. The crystzl was rotated

" through 180o at 50 intervals for each of the a-, b- and c- axes
and a calibrated spectrum was obtained for each orientation. The
g-values were corrected by calibrating a spectruﬁ of charred
dextrose (g = 2¢0023) at the beginning and end of each experiment.

A crystal of sodium nitroprusside was also ¥ -irradiated for -
a period of twelve hours at 77K, but instead of being mounted on a
goniometer it was placed in an e.s.r. Dewar containing liquid
nitrogen. The tims taken to transfer the.crystal to the Dewar
was very much less than the corresponding time taken for it to
be mounted on the goniometer, thus minimising the riék‘of-losing
short-lived radicals by'thermal decay. The crystal was aligned
so that the magnetic field was approximately perpendicular to
the needle axis. Spectra were then obtained for several different
orientations of the crystal.

Where applicable SQ and @~ band spectra were obtained to
clarify the interpretation of thé spectra of lowatemperatufe
irradiated polycrystalline samples. A spectrum of a polycnystalllne
sample Er-lrradlated at 77* wasjglgé obtained at .9K u51ng a

Varian varlable‘temperature assembly and llquld be llum as coolant,
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By means of a rapid transfer techniqué, it was ensuréd that the
température of the sample did not rise above 77K during the transfer
procedure. It was’;ntended to obtein a spectrum at 4+2 K using the
Varian liquid helium sccessory. However this was not performed as

it would have entailed warming fhe sample to room temperature in
order to transfer it to the apparatus. The temperature of 19K was
the lowest that could be obtained using the variable tempcrature

accessorye.
Results.

The ee.s.r. parameters for the low-temperature irradiated
polycrystalline samples of NaQFe(CN)SNO.ZHZO are set out in
Table 3.1, together with the results of other workers for
comparison purposese.

When the polycrystalline sample was irradiated for twelve
hours at 77K, the ee.s.r. spectrum (illustrated in figure 3.3)
mainly consisted of nine lines; a triplet of triplets., A1l these
lines had similar intensity-versus-microwave power characteristics
so they may be iﬁterpreted as being associated with a single
Paramagnetic 'species, which we shall call species X. This has
three g-values and hyperfine coupling lines characteristic of
interaction of the unpairedlelectron with a2 nucleus of spin I = 1. _
Since there are no other elements present with a nuclear spin
of unity ﬁe may assume that some of the unpaired spin density in
this species is localised on nitrogen. In addition.to these well-
defined triplets, the spectrum reveals the presence of some wezaker

lines at a lower magnetic field position than the main lines.



TABLE 3.1 E.s.r. Data for Sodium Nitroprusside
X-irradiated at 77 K

Species and Direction o] A(14N) (gauss) Reference
1q K 77K 77K 19 K
Species X X 2:002. 1,999 20.4 175 This work
y 1968 1.970 21.4 225
z l-ass 1,956 12.2 12-S
Species X x 2,000 21 5
y 1.969 20
z 1.955 13
Species Y x 2.00 25 2 2 This work
y 1.98 18 = 2 t
z 1.95 10 2 2
Species Y bls 1.999 25,9 This work
y 1.984 18.2 ¥
z 1.951 8.1
Species Y X 2,00 25.9 2
3% 1.98 18.3
z 1.93 8.5

: polycrystalline sample measured at Q=band.

‘* : single crystal measured at X=band.
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.These lines can be attributed to a species in low abundance
with axially symmetric g- and A- tensors, where the unpaired
electron is inieracting with a nitrogen nucleus. This speciés
will be reflerred to as species Z. -

On warming the sample to room temperature for epproximately
five seconds and recooling it to 77K, there was 2 significant.
change in the spectrum. (Iliustrated in Figure 3.4 ). The lines
attributed to species X completely disappeared,whilst those due
to species Z increased slightly in intensity.In place of the
lines attributed to species X, a2 new set of lines appeared.Theée
lines were rather broad and some of the low-field features
overlapped to some extent with lines attributed to species Z,
however é triplet at high-field could be discerned quite easily.
A spectrum was obtained at Q-band frequency in order to clarify
the interpretation of the X-band spectrum. This spectrum showed,
in addition to the lines due to species Z, the presence of nine
lines, comprising three triplefs. Thus the spectrum is similar to
that of species X in that it may be attributed to a species with
three g~ and A- values and hyperfine féatures characteristic of
the unpaired eiectron interacting with a nitrogen nucleus. We shall
refer to this paramagnetic centre as species Y. |

When the e+.se.r. spectrum of a polycrystalline sample of
sodium nitroprusside, which had been irrzdiated at room tenper-
ature for twenty-four hours, was recorded at 77K immediately
after removal from the radiationV$ource, it revealed the pfesence
of species Y together with séécies Z. A comparison showed that

this spectrum was almost identical to that obtained after warming
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the low-temperature irradiated sample for a few minutes; the
only difference being that the room-temperature irradiated
sample contained a larger proportion of species Z.

A variable-temperature studyiperformed on the polycrystal-
line sémple showed that the lines attributed to species Y
broadened on warming and could not be detected above 240K,
‘Spectra of powder samples irradiated at room temperature,
which were recorded at the ambient temperature, showed only
the presence Of species Z (Figure 3.5), as did spectra of
samples irrasdiated at 77X, in accordance with the findings of
the variable-~temperature study. In addition to the line-
broadening effect observed, species Y was also found to be
~ decaying on warming, with a concomitant increase in the concen-
tration of species Z. After {wo howrs at room temperature species
Y had disappeared completely and a comparison of the areas under
the lines of the e.s.r. specﬁra‘redorded at 77X , showed that
species Y had completely decayed into species Z. The Iatter species
is very stable indeed at ordinary temperatures.
| The spectrum of the polycrystalline sample irradiated
at 77K, which was recorded at 19K (Figure 3.6) without warming
above 77K , was significantly different from the corresponding |
spectrum recorded at 77K. Lineé aétributed to species X together
with weaker lines due to species Z were still present, however
there was a small} shift in the gbwaﬁdvA- values of the forﬁer;
Moréover, there were additional lines in the spectrum which were
apparently not related to any of the species obsérvéd at 775, The

most pronounced of these additional features observed was a triplet,
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whose g-value was close to the free-spin value and whose hyperfine
coupling constant was approximately 36 gauss. Less well-defined
features observed were a line at g = 2°003 with no detectable
hyperfine splitting, a broad {riplet of approxizately 11 gauss.
splitting at g = 1+928 and a weak feature at g = 1°925 which

could just be resolved into a triplet of about 5 gauss splitting.

Results of Sinpgle Crystal Study.

After the crystal had been irradiated for iwelve hours
at 77K it was removed from liquid nitrogen for a few seconds
in order to mount it on the specially cut perspex cube referred
to in the experimental section, before being placed in the e.ser.
“cavity at 77K. During this time, as indicated by the results
obtained for the polycrystalline samples, species X would have
decayed into species Y. Theretore all‘the 8.3.T, paramzters
obtained from this single-crystal study refer to the latter
species. It was originally intended to study species X in thel
single crystal, however it was found to be technicelly impossible
to mopnt a crystal with any precision on a goniometer, while
keeping it at 77K, |

The e.s.r. spectrum of species Y consisted of two‘equally
intense triplets which merged into a single triplet of twicé-
the former intensity for certain orientations of the cnystal..
When the crystal was mounted with the orystallographic a- or
needle axis vertical, (i.e. éerpenaicular to the magnetic field)
the maxiﬁum separation of the two triplets was very small

coupared with the correspondiﬁg valué for the other two axes;

R RIS
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TABLE 3,3 Computed Principal g-=values and

Directions for Species Y

l1st Set:

Principal Principal Crystal Direction Acute
Axis g=value Cosine Angle
+0.1378 g2° st

' o..1

x 1.9994 +0.9787 11°53
+0.1522 81°151

-0.0654 86°151

y 1.9843 +0.1624 80°301
-0.9846 10° 6t

-0.9883 g%4t

o, 1

z 1.9506 +0.1258 82°%44
+0.,0863 85° 31

2nd Set:

o_.1

+0.1226 82%7
X 1,9992 +0.9875 o° 5t
+0.0995 84°181

+0.1124 83°331

y 1.9846 +0.0859 85° 41
-0.9899 g° 71

-~0.9861 9%30*

z 1.9505 +0,1326 820231
-0.1004 84°1471



TABLE 3.3 (a) Computed Principal

14N Hyvperfine

Values and Directions for Species Y

lst Set:
: . P 14
Principal Principal A("™ 'N) Crystal
Axis Value (gauss) Axis
a
x 25.88 b
c
a
y 18.24 b
c
a
z 8.05 b
c
2nd Set:
a .
X 25.86 . b
c
a
y 18.32 b
c
a
z 7.94 b

Direction

Cosine

+0.0518
+0.,9828

+0.,1773

-0.2130
+0,1844

=0,9757
+0,0119

+0.2189

+0.0169
+0.,9859

+0.1663

+0.,2371
+0,1577

-0.9586

-Oo 9713
+0.0557

=0.2312

Acute
Angle

o ,1

87" 2

10°381

79%471

77%421

799231

16°22%

129411

89%18t

779211

89
9C3g71

80261

76171
80°s56

16°341

13%571
86°48

76°381
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the two orientations of the parent nitroprusside ica (Figure 3.2)
being magnetically equivglent in this settinge.

A plot of the g- and A- values of the triplets against the
angle of rotation about the crystallographic a~, b= and c-~ aXes
is shown in Figure 3.7. A comparison of these plols shows that
the principal directions of the g- and A~ tensors differ by no
more than 50, Thus, within the liwmit of experimental error, the
principal axes may be said to be co-directional. The meximum and
minimum g- and A- values for each axis (Table 3;2) were processed
by the method of Schonlend® (see Appendix), to give the principal
values of the g~ and A~ tensors together with their principal |
directions. However, this method elways gives rice to an ambiguity
‘of sign in one of the metrix elements in the tensor to be
diegonalised. This leads to the computation of two alternative
sets of principal g- and A- temsors and directicas (Table 3.3).

- There is, however, a method of deciding which of the two sets of
principal values is the correct one. This involves making g- aﬁd
A- value measurements in a direction not included in the previous
measurements and comparing thése with the results predicted by
the two possible sets of principél values.-(see Appendix)
Accordingly,the crystal was rofated about a fourth axis, the

c'- axis, making an angle of 15°Vwith.the c; axis, and a plot

of g- and A- against angle of.rot#tion was arawn;-ihe maximum
and minimum g~ and A- vaiués Qére found forh£he c'- a#is and are
included>in Table 3.2, By uginé tgese values in the proceedure

outlined in the Appendix, it was ascertained that the Pirst set

of principal values was the correct one.
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These values are very similar to those reported by van Voorst
and Hemmerich2 in their single cxrystal study of sodium nitro-
prusside X-irradiated at 77K. The e.s.r. parameters of species Y

and van Voorst's species I are compared in Table 3.4.

Table 3.4
Comparison of e.s.r. parameters of species ¥ and spscics .
g-tensor 14N'Hyperf‘ine tensor (gaués)
Radical g,y &y &3 A1 Ay Asg

Species ¥ 1.95 1.98 2,00 8.1 18.2  25.9

Species I 1.93 1.98 2.00 8.5 18.3 25.9

These values are in very good agreement, except that the lowest
g-value of van Voorst's species I differs from the corresponding
value for species Y by an amount Larger than experimental error.
There is also a small discrepancy in the lowest A-values but this
is less than +5 gauss and therefore within the limit of experim~
ental error. .. |

Our computed results show the principal axes of the g- and
1AN.byperfine tensors are co-directional and inclined at 8° to
the a-axis, 12° to the b-axis and 10° to the c-axis. This compares
with the values of 100, 10° ana 0° resPectively, which van Voorst
and Hemmerich obtained. It may be assumed then, that the two sets
of e.s.r. data refer essentially to the same species, however
the difference in directions of the principal tensors impliés
-that the two species possess a significantly different geoxetry.

The discrepancy in the g11-values may imply a more fundamental



difference in the nature of the two species.

In their paper, van Voorst and Hemmerich make no mention
‘of having allowed the crystal to warm above 77K, but presumably
they must have done so, since they have not reported seeing the
paramagnetic centre referred to here as species X, whose thermai
decay gives rise to species Y. Fhus they are incorrect in their
assumption that species Y ( species I in their nomenclature )
is the main product of irradiation at 77K.

If we dengte the reflerence axes for the nitroprusside
anion such that the z-axis is the axial N-C-~Fe direction and the
¥=- and y- axés pass through opposite pairs of equatorial cyanide
ligands, then the directions of the computed g-tensor do not
coincide with these at all. This indicatesrthat the orbital
containing the unpaired electron has a different direction froam
any of the parent nitroprusside orbitals. A calculation shows
that the principal direction corresponding to the lowest g-value
(8,4 = 1°95) makes an angle of 28° with the z-axis (so that we
may alternatively refer to it as gz.l and its projection onto
.the equatorial xy plane makes an angle of 40 I 10° with one of
the equatorial cyanide ligands. (see Appendix for calculation)
The implication of this will be discussed later.

Now, as mentioned earlier, a crystal irradiated at 77K
waS transferred (without réising its temperature) to an e.Ser.
Dewar at 77K, so that its needie axis was approximately vertical.
The crystal was rotated about the.oraxis.and CeSele spectra'for
several orientations were obtaiﬁed.‘Two of these a‘:-iliustratéd

in Pigure 3.8. TFor one orientation of the crystal the e.s.r.



Crystal Spectra of Nitroprusside ¥-Irradiated at 77K
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spectrum consisted of a very intense triplet at high field plus
twg single lines of equal intensity on the low field side of the
spectrum together with a number of less intense lines. When the
crystal was rotated through 900 the two single lines mérged into
a2 single line whose intensity was twice that of the former lines.
This is characteristic of a paramagnetic species which exists in
two magnetically inequivalent sites in the lattice which become
equivalent at one particular orientation of the crystal. It
should be noted that the crystal used in this (preliminary)

study was large and thus permitted radicals to be seen which
would not normally show ﬁp clearly in a powder spectrum. Cne
such radical was the one giving the above singlet whose Bax for
rotation about the a-axis was‘approximately 2.4, This was only
seen as a very weak bump in the e.s.r. spectrum of the irradiated
polycrystalline sample. No hyperfine coupling whatsoever could be
detected for this singlet. The meximum and minimum g- values of
the e.s.r. triplet (for rotation about the a-axis) are 1.99 and
1.97 respectively. These values are compatible with the results
obtained for species X in the corresponding powder spectrum.
Since, for reasons previously mentiongd, it was not feasible to
perform a full single crystal study on the low-temperature
irradiated c:ystal, we cannot obtain the principal directions

of the g- and A~ axes for species X. All we can say is that there
appears to be only one magnetic site for the radical (or two sites
which become equivalent) when-tbercrystal is rétated about the
needle axis, -

Since it has only been poésible to study species X and Y
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in rigid media, no isotropic hyperfine coupling constant has
been experimentally determined for either species., This means
that there is some uncertainty in the signs of the 14N hyperfine
tensors. There are eight diffe:ent sign combinations for the
‘A-tensors of species X and Y and hence eight possible values

for each of their isotropic hyperfine coupling constants. These
ppssibilities are illustrated in Table 3.5 and will be discussed

in the next section.
Discus:zion.

(It will be borne in mind that species Z has been reported
previously1 and that it is identical to species C referred to

in Chapter 2, where some aspects of its structure have been

discussed. )

Tdentification of Species X and Species Y.

. In view of the similarity.in the form of the g- and A- .
tensors of species X and Y, they will be treated together. It
is proposed, first of all, to demonstrate that they are most
proﬁably pentacyanonitrosyl TU -complexes, in which the major

portion of the spin-density of the unpaired electron is loéated



TABLE 3.5

Possible Sign Combinations of 14N Hyperfine

Tensor for a) Species X and b) Species Y

Experimental A-tensor Anisotropic A~tensor
a) 20.4 21.4 12.2
+ + + .7+18.O %.4 3.4 -5.8
+ + - + 9.9 10.5 11.5 -22,1
+ - + + 3.7 1 16.7 -25.1 8.5
- . + + + 4.4 -24,.8 17.0 7.8
- - - -18.0 - 2.4 = 3.4 5.8
- - + - 9.9 -10.5 =-11.5  22.1
- + - = 3.7 -16.7 25.1 - 8.5
+ .- - - 4,4 | 24.8 =17.0 - 7.8

b) 25.9 18.2 8.1

+ + o+ +17.4 8.5 0.8 - §.3
+ + - +12.,0 13.9 6.2 =20.1
+ - + + 5,2 20.7 -23.4 2.9
- + + + 0.4 . =26.3 17.8 7.7
- - - -17.4 : - 8.5 = 0.8 9.3
- - + . =12.0 -13,9 = 6.2 20.1
- + - ' - 5.2  =20.7 23.4 = 2,9

-+ - - - 0.4 26.3 -1708 - 7.7
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on the nitrogen of the nitrosyl group. The evidence for this is
threefold : i.re., e.s.r. and mechanistic evidence.

(1) Infra-red Evidence

Danon et. 31.5 have perforzéd some solid state infra-red
studies on x-irradiated sodiws nitroprusside. They obtained
three lines in the N-0O stretching frequency region corresponding
to three nitrosyl species. One of which, with v(NO) = 1940cz !
was attributed to sodium nitroprusside itself; while the other
two lines at 1850cm | and 1720cm | were attributed to products
1

of radiation damage in the nitroprusside ion. The line at 1720cm

decayed at the same rate as the e.s.Te triplet which we have

feX]

attributed to species Y, wkile the 185Ocm-1 line increzsed
simultaneously at the same rate as the increase of thc e.S.T.
triplet attributed to species Z. They also found that samples
examined a few days after irradietion gave only the line at
1850cnf1, which is in accordance with our e.s.r. evid.ace that
only species Z is observed on examining the sample a few days
after irradiation. (see also ref.\1) Species X was not observed
in the infra-red spectra obtained by Danon et. al., presumably
on account of its very short half-life, This infra-red study
confirms our e.s.r. evidence that species Y decays into zpecies Z.
The infra-red shifts to lower energy of tiae w(NO) lines
attributed to species Y and Z show that the N-0 bond has been
weakened, This indicates that the nitroprusside iox has been
reduced in both cases. Now in the case of species Z, the unpaired
electron is lmown to be mainly on iron' and therefore the effect

of the additional electron is to reduce the iroa from the +2
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oxidation state to the +1 oxidation state. On the other hand,
the N-O stretching frequency in species Y has been lowered by

a further-13Ocuf1. This indicates that the N-O bond has beem
weakened further, most protadbly by direct reduction placing the
unpaired‘electron into an antibonding TT-orbitel on the nitrosyl
group itself. An altermative explenation, that the iron has been
further reduced to the zero oxidation state, may be discounted
since Feo, with eight d-electrons, is diamagretic and our e.s.r.
evidence is that species Y is definitely paramagnetic.

(ii) E.s.r. evidence.

The following ee.s.r. evidence for species Y shows that tus

unpaired electron is mainly on the nitrosyl group and not on the

iron atom nor on a cyanide ligand. Van Voorst and Ha;zerichz have
substituted 2 Fe (I = ) for “°Fe (I = 0) in Na,,Fo(CX) N0, 2K,0

and héve:found for species Y (species I in their nomenclature)
only a small broadening of 1°5 gausé duve to unresclved 57Fe
hyperfine structure. However they obtained an isotropic splitting
of* 72 gauss due to 57fe in species Z (species II in their |
nomenclature). From these results they caldulated a spin density
of about 80% of the unpaired electron on iron in species Z,
compared with a value of less than 8% of the unpaired electron
on iron in species Y,
5

Danon et. al.” have prepared sodium nitroprusside with 130

12

substituted for “C in the cyanide ligands and have observed no
hyperfine structure due to 13C in species Y. This proves that
there is no wnpaired spin demsity on the cyanide ligcnds. Danon

et. al.6 have, on the other hand, reported hyperfire coupling

\
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to 13C of the cyanide ligands in species Z, however their report
of seeing an equal and isotropic interaction with both oquatorial
and axial cyanides is in conflict with the‘results of other
workersY’B. This will be discussed later.

This is fairly conclusive evidence that species Y has the
ma jor portion of its unpeired spin density on the nitrogen of
| the nitrosyl group. Additional but indirect evidence for this is
to be found in the results of owr single-crystal study. The fact
that the g~ and A- tensors are coaxial, coupled with the fact
that their mutual axes are quite a large extent removed from the
axes of the parent nitroprusside ion impiies that thz unpaired
electron is not igAan irom: orbital. If there were sigrnificant
unpaired spin density on iron then the g~ and A- tensors would
not be coaxialjy the g-tensor being determined by iron orbitals
and the 14N hyperfine tensor determined by orhitals on nitrogen.
For example, the computed results’ for species Z show that the
principal directions of the g-tensor coincide with the reference
axes while the A-tensor is difecfed at an angle of 10° to the
g-tensor. This haé been interpfeted in terms of a bending of
the Fe-N-O bond by 10° from 1inearity3 In species Y, however, .
the g- and A~ tensors are both determined by orbitals having the
same axes l.ee. nitrogen grbifals;

(iii) Mechanistic Evidence.

From our e.s.r. results we may deduce that the following
sequence of events takes place following irradiation of sodium
nitroprusside. The paramagnetic centre initially lormed, species X,

decays on warming into species Y which subsequently decays forming



species Z. Now species Z has been previously charac*terised1 and

is known to be a nitrosyl complex, therefore the inference must

plainly be drawn‘that'species X and Y are also niirosyl complexes,

particularly in the light of the evidence mentioned in (i) and (ii).
Having established that species X and Y are =ost probably

nitrosyl radicals we can now 1look at the nature of their g- and

A- tensors and consider the probable structure of tThe speciese.

The g-tensor.

There are certain similerities between species X and Y and
the trapped NO cenife, species B, described in Chapter 2. In a
nitrosyl radical the unpaired electron will be found in the
lowest lying empty molecular orbital. In free nitric oxide this
level comprises the degenerate 2pTT* pair of orbitals. (see
Chapter 2) Now in order to observe an e.s.r. spectrum, the NO
must be trapped or bonded in such a way that this degeneracy
is lifted. Accordingly, one of the 2pTT* -orbitals will have a
lower energy than the other. (see Figure 2.6jk The lowest g-value
(1’956 for speciés X and 1+951 for species Y) will then arise

.

TT'? -orbital containing the unpaired .

electron with the other, empty ZPTT* -orbital via spin-orbit
¥ .
coupling. This will occur when the applied field is along the

from a mixing of the 2p

N-0 bond direction (the z'-axis).

The single crystal results for species Y show that the N-0
bond (actually the principal direction of gz,) is directed at an
angle of 27° away from the éﬁiaihNLC-Fe direction and points

approximately midway between one.pair of equatorial cyanide ligands.

¥ pase 27,
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Now in the absence of perturbations (such as bending the
N-O group) which would tend to lower the symmetrj of the iL.O.'s
involving the N—0>group, the other two g-values (gx, and %y')
would be expected to be close to the free-spin value, sincg in
unperturbed NO there are no orbitals of the required symmetry
available for spin-orbit coupling with the ZPTF;‘ ~orbital when
the applied field is along the perpendicular (x' and y') directions.
In species X and Y, however, the B and gy,— values are both
less than free-spin, although in each case one ol thc‘g—values
is quite close to free-spin (1.999 and 2.000 respectively) while
the other is appreciably removed from the free-spin value (1.969
and 1.984 respectively). It is difficult to envisaée how bendiﬁg
of the N-0 group could im fact bring into existence ci enmpty
orbital with the symmetry required for coupling with the 2p .*-
orbital under consideration. Neither can we explain the g-tensor
in terms of spin-orbit coupling on iron, since we have siressed
that, because the g- and A- tensors are coaxial, the g-tensor is
~ not governed by orbitals on the central metal ion even though
there may be a small spin-density on iron. Therefore we must
turn our attention to the theory, put forward in Chapter 2, that
the N-O group is librating or wagging. Librational motion, it
should be noted, will tend to mix the g-values as well as the
A-values. If we make the assumption that the g- temsor for non-
librating NO is of the form :
(gm &y gzz) = (~f.5. ~f.5. <L L.5.)
(where f.s. stands for free-spin)

then we can explain the form of the measured g-tensors :
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Species X : ' (1.999 1.969 1.956) — tensor 1

Species Y : (2.000 1.984 1.951) — tensor 2

| by postulating libration of the N-O group about the x and y axes.
Furthermore, if this hypothesis is correct then we carn say that
the N-0 group in.species X is librating more sﬁrongiy than in
species Y, since it would require more libration of the -0 to
obtain tensor 1 than it would to obtain tensor 2. A further

consideration of the effect of libration will be given below.

The A~tensor.

The difficulty in interpreting the 1AN hyperfine tensor
is that Aiso is unknown, and hence the signs of the tensor
components are unknown. Now as Table 3.5*$hows there are eight
computed values of Aiso for species X and Y; four positive and
four negative values. All the experimental evidence suggests
that there is positive spin-density on the nitrogen atom
therefore we can fairly confidently eliminate the negative
values of Aiso’

Comparing the values Of,Aiso for species X and Y with the
value of 8G. calculated for NO in the gas phaseg, we find that
the value 9°9G. for species X taking the sign combin;tion
( + + =) is the closest to this value; whereas for species Y,
two values of A, 12'k4 and 5+2 taking sign combinations
(+ + =)and ( + = + ) respectively, are almost equally
as close. However none of the anisotropic A-tensors corraesponding

to these values of A, is of the form ( 2B =B =B ) expected
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for an electron in a pTr-orbital so we must again considerlthe
effect of librating the N-O group being the probable cause of
the discrepancy. Now the form of the measured 14N hyperfine
tensors (and also the g-tensors - vide supra) suggests that
species X is librating more strongly than species Y, therefore
if the diffef;nce between them was purely a matter of the degree
of libration, then by librating the N-O group in species ¥

further we ought to be able to transpose its tensor into that

of species X,
' x y 2z

| Spe§ies X: A, =996 A . = (10.5° 11.5 =22.1) G.

Species ¥ : A, °=12.OG- Aani

is

so= (1379 602 "2001) G‘a

AiSO= 5.2G Aanis‘o-: (20'7 -23’&' 2-9) G.

The effect of libration on the temsor (20.7 =23.4 2.9)
cannot give (10.5 11.5 =22.1) wnder any circumstances, since
libration can only have the effect of shifting two tensor
components towards their average value, the latter being the
limit for complete rotation. So we may tentatively discard the
former tensor. On the other hand, the effect of librating the
N-0 group (in the xy plane) on the tensor (13.9 6.2 =20.1)
will give the temsor (10.0 9.2 =20.1), which is still not
close enough to (10.5 11.5 =22.2) to be really satisfactory.
Furthermore none of these anisotropic temsors can be derived
(by libration) from the tensor (28 =14 -14) calculated for
NO in the gaprhase9, so this fact would fend to eliminate
them, notwithstanding the agreemeﬁf in Aiéo’ I tﬁévﬁ-o group

is bonded to iron, however, we would not‘really expect good

- . [N
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agreement of the isotropic coupling constants of species X and

Y with Aiso for free NO. Spin polérisation, for example, would
tend to increase the value of A, _ while having little effect

on the anisotropic hyperfine tensor. If we now take an all-
positive sign combination of the measured A-tensors for species

X and Y we obtain the values for A, of 18.4G. and 17.0G. -
respectively, which are reasonable for bonded N-O. If we conSidef
the effect of librating the N-O group of species Y on its
anisotropic tensor we find that we can exactly transpose this

tensor into that of species X.

y-axis

4

Yz (8.5 0.8 -9.3) Z¥I5. (5.9 3.4 -9.3)
(2.4 3.4 -5.8) =X

This libration involves partial rotation about the y- and z- axes.
Moreover both of these anisotropic tensors can be derived (to a
good approximation) from the tensor (28 =~14 =14) for nitric
oxide. However we should not look at the analogy with trapped ,
hitric oxide to; closely as some measure of bonding with iron
will modify the YU =-orbitals on nitrogen and hence modify the
anisotropic tensor somewhat, depending on the degree qf bonding
involved.

It was hoped to be able to oﬁtain a spectrum of spécies X
at 4.2K in order to test the libration theory, however for reasons
previously mentioned, this was not possible and tﬁe lowest
temperature obfainable was 19K. We would expect that the librafion
of the N-O group would be completely quenched at 4.2X ond that

the g- and A- values measured.at' this temperaturs would be the
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ttrue! values. The results at 19X however are inconclusive and
neither prove nor disprove the libration theory. There certainly
" has been some shift in g- and A- values but these shifis are
very small. (see Table 3.1§(This result could, however, indicate
that the N-O group is librating but that the libration is only
slightly quenched at 19K. It is encouraging though, that some
dependence of g- and A- values on temperature has been observed.

Additional lines in the 19K spectrum, not observed at 77X,
may be attributed to a species in low:abundance having the
following g- and 14N hyperfiné tensors : (2.000 2.003 1.925)
and (36 5 5)G. respectively. This could be due to a small
percentage of "free" NO which resulted from Fe-N-O bonld homolysis
in the nitroprusside ion on irradiation. Since it is not observed
at liquid nitrogen temperature, the free NO must be sufficienfly
mobiie at 77K that it does not remain at a site with a crystal
field able to 1lift the degeneracy of the two T*-orbitals for long
enough to enable the e.s.r. spectrum to be recorded. Lowering the
temperature must reduce the mobility of the free NO so that at
19K it does remain trapped at such a site.

| It was also intended to study species Y at the lower

temperature, héwever the liquia helium.did not become available
until the termination of experimental work and did mot last long
enough for.a spectrum of the anhealéd sample to be dbtaiﬁed.
Therefore the e.s.r.‘spectrum.pf‘épecies Y has nof been observed
2t 19K. L o : .

Thus, although we cannot.placé any emphasis.on any of the

values computed for Aiso for species X and Y, we can say that the

* ol \}T‘<,- .
{ o;lg p- 40
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all-positive sign combinations of the 1AN hyperfine tensors, giving
the highest values of Aiso’ do give the most satisfactory results

.

compatible with the libration theory.

At this point it is relevamt to mention an iron nitrosyl
compound with a 14N hyperfine tensor almost identical to that of
species Y, Chienfo has reported single-crystal e.s.r. results for
nitrosylhaemoglobin (HbNO). The 1oy hyperfine tensor computed for
HbNO is (26.4 19.0 6.5)G compared with (25.9 18.2 8.1)G. for
species Y. These tensors are remarkably similar and indicate a
similar interaction of the unpgired electron with nitrogen in the
two cases. Furthermore, nitrosylhaemoglobin gives an €.Se.T.
spectrum at room temperature11 and the isotropic hyperfine coupling
constant has been determined and found to be 17.3 gauss, sﬁowing
that the all~positive sign combination is correct. However, this
is where thé'similarity ends. A large Mossbauer hyperfine structure
has been observed for HbNO12, which indicates a significant
unpaired electron density on the iron gtom. The results of this
study indicate a spin-density of up to 30% of the unpaired eiectron
on the iron atom, which is at considerable variance with the
result found for species Y of less than 8% of the unpaired electrom
on ironz. Accordingly the g-tensor of HbNO (2.082 2.0254 1.991)
is quite different from that of species Y (2.000 1.984 1.951) .
Furthermore, the principal directions of the g- and A- tensors of
HbNO differ considerably; this result being interpreted in terms
of a bent Fe-N—O‘bond angle of 110°, Thus, while the A~tensor is
determined by'molecular.orbitals on nitrogen, the g-tensor is

mainly determined by the metal, since spin-orbit coupling oa iron
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will be dominant (in view of its higher spin-orbit coupling
constant). The larger spin-density on iron in nitrosylhaemoglobin
could indicate that im HbNO the Fe-N bond distance is shorter than
i;t is im species Y.

$

We can account for the relatively high values of Aiso in
species X and Y (and nitrosylhaemoglobin) by an alternative
mechanism, analogous to that used in bent A32 triatomic molecules
such as NO2 33 containing a single electron in aTr-type antibonding
molecular orbital, using the fact that they all have bent Fe-N-0
bonds. The mechanism whereby ligands acquire spin~density ( the
L

pseudo W mechanism) has been discussed by Walsh '™ and can be

depicted in terms of atomic orbitals as shown in Figure 3.9. The
pseudo T orbital shown stems from the formally degenerate TT*
level of the linear molecule and tends towards an orbital local-
ised entirely on A as the bending increases. This is because the
atomic s-character on A increases and also because the effective
overlap with the orbitals on B decreases as the radical bends.

This analagy is'useful in explaining the comparatively high
s-character of the unpaired éiectronvand its degree of locélisation
on nitrogen, but in view of the more complex nature of the systems
studied here, it is probably not strictly accurate. .

Chien hés followed the ﬁethéd of van Voorst and Hemmerich in
interpreting the anisotropy of the 1)"'N hyperfine tensor, where the
unﬁaired electron density on nitrogen was.determined using the

- following expression52’1o’15:

(ses over)



“he Pseudo-TT Orbital in Bent AR> Moleculo.-..
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2 - 2 2 2
A= Aoy +Ap(2cz,-c:e - 3l,)

-2 2 2 2
AyV—Ascs +Ap(2°y‘v"°x' -cz.)

- 2_ 2 _ 2
Apa=Ac, +Ap(2cx, cu cz,)

Ax& ’ Ajy' and Adﬂ are the measured hyperflne coupling constants
along the three principal axes. A.B and ZAP are the coupling
constants for a pure s orbital and for a pure p orbital on a

2 2 2 2
s Cu s ?f and °¢

nitrogen atom, 550G and 3#G,16 respectively. cg
are, respectively, the coefficients of the pure s, Per s py, and
P, nitrogen orbitals in the M.0. of the unpaired electron. Using
this method, taking the all-positive sign combination of the 14N
hyperfine tensor, they each find a value for cs2 of épproximately
0.03, which we would not dispute. However, the values of cx? ) cy?
and ci?'cannot be solved simultaneously from these equations, so
they have put the valge of cz?', the p“.population in the N-0 bond
direction, equal to zero on the grounds that the nitrogen is
primarily sp hybridised. They then calculate an almost equal
population of the Pt and gy, levels on nitrogen; e.g. van Voorst

2 N 2
= 003224- and Oy‘

calculates a value of Cot = 0.202 for species Y,
resulting in a spin density on nitrogen of about 50%. This method
has been criticised by Hayes'’ who states that " van Voorst's
results predict a considerable orbital ahguiar morentum, which
implies a large orbital hyperfine term, which means the calculated
spin distribution no longer produces the observed coupling
constants." Hayes has modified van Voorst's results to take orbital
momentum into account and, (using the.same assumptibn that gz?z 0)
has arrived at a value for the total spin-density in mitrosyl w ¥

orbitals of 27%.
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However, we believe this interpretation is still unsatisfaétory
because it does not take into account the fact that the spin- |
orbit coupling required for approximately equal population of
the two‘T€¥levels would bring down the lowest g-value (gz()‘ggll
below the 1.93 observed by van Voorst and Hemmerich. Accoraingly,
we hesitate to place any reliance on any numbers obtained in such
a spin-population é.na.lysis of the anisotropic tensors.

We stress that the libration theory is the only one which
can satisfaoctorily account for the form of both thé g- and A-

tensors.

The Structure of Species X and Y.

We have fairly conclusively established that species X and Y
are pentacyanonitrosyl complexes with the unpaired electron mainly
localised on a librating nitrosyl group. The result computed for
the Fe-N-0 bond angle of 152° in species Y must refer to the mean
position of the librating N-O group (see Figure 3.10). The rean
position of thé nitrosyl group also corresponds to its pointing
midway between a pair of adjacent cyanide ligands (vide supra).
The situation in reality could be explained in terms of the
nitrosyl group librating in the xz plane so that its extreme
positions coincided with its being directly over the two adjacent
cyanide ligands (Figure 3.10).

The preliminary'single-cryétal e.8.T+ results for species X
suggest that the N-O bond may be bent further away from the
Fo(CN), pyramid then it is in species Y. The fact that the N

hyperfine tensors of species X and Y can be interconverted by
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the effect of librating the N-0 group suggests that there is>
only a subtle difference between the structures of the %wo

species. One possibility is that the former has.a longer Fe-N
bond which could allow a stronger libration of the N-O group.
The conversion of species X intb species ¥ on warming will be

discussed in the section dealing with the mechanism of X:damage.

Tdentification of Species Z.

This species has been reported previously by workers in
this laboratory', where it was formed by the Y -radiolysis of
sodium nitroprusside at room temperature. The controversy over
the structure of this species has bsen discussed in Chapter 2,
where it was shown that it was derived frdm a product of
radiation-damaged anhydrous nitroprusside (species B) by the
addition of water. Early on, there was also a controversy over
the ordering of the energy levels in this species. This cont-
roversy has been discussed elsewhere18’19, but it will be
briefly summarised here insofar as it is relevant to the
understanding of the present problem. For the purpose of this
discussion we will assume that the species formed by the
€lectrolytic reduction of sodium nitropruséide in D.M.F. is
identical with species Z. (see Chapter 2 however) The e.S.T.
results obtained for this species by several workers are
illustrated in Table 3.6.

20,21 polarographically reduced

McNeil, Raynor and Symons
sodium nitroprusside in D.M.F. and deduced an energy level

scheme (Figure'3.11) from their e.s.r. results obtained at room



TABLE 3.6 E.s.r. Data for Room Temperature Irradiated

Sodium Nitroprusside and for the (FeiCElfNO)B- lon

Sample and Direction

3-
(Fe(CN)SNO) .
Solution

Glass -l
/

" Single Crystal

b'4
y
z
average
Powder
L
/4
‘Powder <z
74
Powder L

(Species Z) /Y

PN

2.0231
2,0313

2.0059

2.0422

2.0370

2.0059

2.0284

2.0409

2.0350

- 2.,0050

2,0374

2.0069

2.0360

2.,0054

N

A(**N) (gauss)

15.5
14.8

17.1

14.4
13.4
16.2

14.6

15.5

14.6

16.5

14.6
16.3
14 .4

17.2

Ref.

21

1,20,21

This work
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temperature and-at 77K. Analysis of their 14N hyperfine data

gave a total unpaired spin-density on nitrogen of 7.4% énd a

p:é ratio of 1.6. Theyrconcluded that the unpaired electron

was in the 581 (dzz) orbital since M=-interaction of the unpaired
electron with nitrogen could not give rise to such a low pis
ratio. Further, the large coup}ing to nitrogen (Aiso=15.5G)

made it unlikely that the electron was in the.j§1(dx2_y2) %eve}
particularly in view of the small coupling to nitrogen (Aiso(1hN)
=3.8G) in MnII(CN)sNOZ- where the electron is known to be in
the_gpg(dxy) orbital.21222:23 Tpe pmost conclusive evidence was
that the observed g-tensor was in accord witﬁ the result theor-
etically predicted for an electron in a dzz orbital i.e. 8y
close to free-spin since spin-orbit coupling is not possible

in this orientation ; g4_>> free-spin by mixing dzz with axZ,yz
via spin-orbit coupling. Accordingly, these authors placed the
5aq level below the 3bq level in contrast to other schemes (vide
infra).

Hockings and Berna124’25 examined the e.s.r. spectra of
fluid solutions of electrolytically reduced sodium nitroprusside
enriched with 1°C. They found that each line of the original
nitrogen triplet was split into five super-hyperfine lines
(4;,,(1%6)=4.66) due to four equivalent cyanide ligands. No
axial component was observed in any of their spectra. These
results suggested to them that the ground-state orbital- was
dy2_,2 and not & p unless the axial cyanide ligand leaves the
complex on reduction. Although admitting this last possibility,

they preferred to conclude that the unpaired electron was in
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the dxz-yz orbital in spite of the fact that the large coupling
to the nitrogen of the nitrosyl group suggested otherwise (vide

supra).

There has, however, been conflicting evidence reported for
the magnitude of the 130 hyperfine coupling. Kuska and Rogers7
have reported a value of 10.0 # 0.2 gauss for Aiso(130) but they
do not state whether this interaction involves all five carbon '
atoms or just the equatorial ligands. Danon et glé bave irra-
diated a single crystal of sodium nitroprusside enriched to 20%
with‘1BCN and their spectra indicate that the unpaired electron
is interacting almost equally with all five carbon atoms (A(13C)
varies between 9.0 and 10.1 gauss) in conflict with Hockings and
" Bernal's result.

Leaving aside the question of the actual magnitude of the
1.‘50 coupling, Hockings and Bernal's observation that the unpaired
electron interacts only with the equatorial cyanides is in accord
with our assertion (Chapter 2) that the process of removing (or
partially removing) the axial cyanide is the only conceivaﬁie
means of explaining why the‘ﬁgm(dz2) level should be depressed
below the_]g(TT*NO) level (vide infra) on reduction of the
nitroprusside ion; The results of Danon et al can then be recon-
ciled with those of Hockingslénd Eernal, since they were'sfudyiﬁg
reduced nitroprusside in différent~ﬁedia. Thus, in Solution the
axiagl cyanide ligand could be 6bmplefely removed in the form of
HCN by scavenging protons, while iﬁ‘fhe solid state the movement
of the axial cyénide is limited 5y_¥héuconstraihts of the c:y;tal
lattice. Therefors, in the latter case the axdal cyanide would

N [ N VO
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move only a short distance from the iron atom — long enough to
depress 5a4 below 7e but short enough for 130 super-hyperfine
sflittings to be observed. | |
Manoharan and Gre.yz3 226 studied the optical spectra of the
diamagnetic d6. ion Fe(CN) 5N02- and, in conjunction with detailed
SoCeCeCe=M.0. (self-consistent charge and configuration-molecular
orbital) calculations for this ion, derived an energy level scheme

which gave the following ordering of the elecz*t:rox{‘c levels

Se(a

Al . :.4; ‘
xz,yz) < 222(8) < Ze(TN0) < 3be(a o o) < 521(d,2)

Their calculation predicted a net axial destabilisation of the
2@1(&22) orbital resulting in its being higher in energy than the
_191(dx2_y2) orbital. However,they stress that the 511 and 3by levels
are not sui.astantially different in energy. Manoharan and Gray
also correlated the observed optical spectra with the predicted
energies of the electronic transitions (Table 3.7). It will be
not_ecl that their assignment of the energies of the transitions

6be =» 5a4 and 6e —» 3bq contradicts their energy level scheme

and would put the 3bq level M the 524 level.. The new and most
interesting result of their SCCC-}0 calculations was the fact that
the Je orbital, derived mainly from 'IT*NO was sifuated between the
22(a, ) and Poy(d,2_ 2) orbitels. The grownd state, according to
this scheme was ...@3)4(_2_‘92)2 = 1A‘r| ; the diamagnetic & ion
formally comprising Fe(II) and NO*, The caloulated final charge

distribution in the molecule was in fact :

EE.e;l-O. b 66(CN)4-2° ZOOO(CN)-Q.5809(NO)+0.4643] .
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Manoharan and Gray then went on to extend their treatment
.of the diamagnetic Fe(CN)sNOZ- ion to cover the case of the
reduced mtroprusside ion Fe(CN)5N03- . According to ‘their energy
level scheme, the ground state of the latter ion was the config-
uration ...(63)4(2b2)2(7e)1, placing the unpaired electron in

the 7e (Tf*NO) orbital, Population analysis showed this level to
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3%
be 72.5%% TT*NO with some dn- s © CN, TTCN and T7 " CN contributions. -

From interelectronic-repulsion considerations they suggested
that all metal nitrosyls with one or more electrons in molecular
_orbitals will have a bent M-N-O system. This last statement is,
of course, in accord with our results for species X and Y, which
show that the electron is indeed in the VH#ND level. However, .
these authors were not aware at the time that there was any form
of feduced nitroprusside other than species Z. Their assignment
of a (Tr'N0)! ground state for species Z was totally incompatible
with the experimentally obsefved g-tensor and could not conceiv=-
ably account for the positive g, shift obtained. As sirong
evidence against a (dzg)1 assignment, they quoted Hockings and
Bernal's result of seeing only the equatorial 130N splitting and,
without giving any mention to the possibility of losing the axial
cyanide ligand, dismissed the scheme of McNeil, Raynor and Symons
as ' appearing to be without justification '. |
Undaunted by this scurrilous attack on their reputation by
the Americans,the gallant British tean comprising MeNeil, Raynor

2 later joined by Goodman,t soon were able to provide

and Symons,
fresh evidence which showed unequivocally that the unpaired

electron was located mainly on the iron atom. They found that, on
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prolonged irradiation of sodium nitroprusside at room temperature,
the concentration of radicals was sufficient to cause an inter-
action between adjacent pairs (pairwise trapping); From the
directions and magnitude of the spin-spin interaction tensors

the radical pairs were assigned in terms of their position in
the'host lattiée. The separations between magnetic centres énd
their directions deduced from the interaction tensors showed
without doubt that the interacting centres were the iron atoms
and not the nitrosyl groups. -

This result was later corroborated by van Voorst and
Hemmerich's 57Fe isotopic substitution experiment2 (vide supra)
which showed the unpaired spin-density on iron in species Z to
be 80%, thus confirming what McNeil, Raymor and Symons had
postulated right from the start — ,th;t the unpaired electron

was in the 5a1(d52) orbital.

We are indebted to Mancharan and Gray, however, for their
S¢CeCeCe=M.0. calculations which lend support to our assignment

’ X
of the ground state of species X and Y being ...(™ N0)1.
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Mechenism of Radiation Damage.

We postulate that the radiation damage mechanism in hydrated
sodium nitroprusside involves initial dissociative electron capture

by water molecules.

ice. H,0 fiﬂ.} H + ;0

However, we do not have any direct evidence to confirm this;
i.e. we have not been able to detect any hydrogen or hydrosyl rad-
icals formed on low-temperature irradiation. Nevertheless, the fact
that completely different products are formed on irradiation of the
anhydrous material (Chapter 2) strongly suggests that water is inv-
olved in the radiation damage mechanism in the dibydrate. Either a
hydrogen atom or a hydroxyl radical (or both) could attack the nit-
roprusside anion to give Eﬁ‘e(CN)A(CNH)(NO)]z— and/or
[?e(CN)A(CNOH)(NOiIZ- respectively. We would expect the equatorial
cyanides to be attacked preferentially because of the proximity of
the water molecules in the lattice3 (water molecules occupy bridg~
ing positions between sets-of two equatorial cyanides belonging to
two adjacent nitroprusside anions)5 and the statistical factor of
four.

We then énvisage the unpaired electron going into the lowest
lying unfilled level; i.e.‘nﬁ(NO), with a concomitant increase in length
the Fe-N bond, the N-O bond simultaneously bending to relieve the
antibonding character of the unféired electron on the nitrosyl group..
The possibility that a hydrogen atom or a hydroxyl radical directly
attacked the NO group can be &iseounted since there was no evidence
for any proton hyperfine splitting on the nitrogen triplets of

species X.
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The decay of species X into species Y is thought to involve
a subtle change in the direction of the N-0 axis and is definitely
not a true 'chemical' change since the activation energy for the
process is rather low — only Skcél/hol.zs In contrast the activ-
ation energy for the formation of species Z from species Y is mark-

28 This indicates that o more substantial

edly higher = 30Okcal/mol.
change has taken place and accords with ourAsuggestion that the NO
group 'recombines' with the [Fe(CN)5—] pyramid and that the axial
cyanide may be concurrently pulled off (or partially pulled off)
by a proton (vide supra). In view of the lack of axial symmetry of
species Z (vide supra) we may best regard it as having the structure -
,_‘:Fe(CN)B(CNR)(CNH)(NO)]Z', where R is H or OH, attached to an equ-
atorial cyanide. The corresponding species formed by addition of
water to the ¥ -irradiated anhydrous nitroprusside (see Chapter 2)
may then be formulated E?e(CN)A(CNH)(NOi]Z-. The protonation of the
axial cyanide only, accords with our observation that this species
does possess axial symmetry unlike species Z.

Thus the protonation mechanism which we have proposed, appears

to be a tenable theory since it is able to accommodate all the exp-

erimental facts.
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CHAPTER L4

SPECTROSCOPIC STUDIZS ON CHROMIUM AND MANGANESE

PENTACYANONITROSYLS IN ALKALT HALIDE LATTICES,




Introduction.

- In Chapter 2 we discussed the trends in the g- and 1AN
hyperfine tensors for the isoelectronic series of dS pentacyano-
nitrosyl ions : chromium(I), manganese(II) and iron(III). Now,
the only d7 pentacyanonitrosyl ion which has been reported is
that of iron(I). (see Refs. 1 & 2 in Chapter 2) Those of
chromium(~I) and manganese(0) have hitherto not been preparcd,
presumably because of the difficulty in stabilising the very low
oxidation states rsquired.

The work described in this chapter was undertaken in order
to prepare and study these unstable complexes by a method first
outlined by Rooti, who used it in the study of complex cyanides.
The technique consiéted of incorporating transition metal hexa-
cyanides into alkali halide lattices, followed by"{-irradiation.
Subsequent infra-red and e.s.r. measurements revealed that the
metal ions were reduced to a lower oxidation state by the action
of radiolysis. The, basic theory behind this method was that
M(CN)én- ions (n = 3,4) were incorporated into & potassium

chloride lattice by replacing a [KCI&15_ unit. Electronic spectra
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showed that F-band formation was depressed on E(—irradiation, which

indicated that the complex was acting as an electron trap - thus
tending to attain charge balance within the lattice.

This method seemed ideally suited for the attempted prepar-
ation of the d7 pentacyanonitrosyl ions of chromium and manganese

NO~

via the & and d6 pentacyanonitrosyl ions CrI(CN)5 and

MnI(CN)5N03~ respectively, which could be readily synthesised.
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The case of manganese seemed to be the most promising, since only
a one-electron reduction step was required to form the d7 complex,
wheréas inztheicase of chromiﬁm a'two—electron step involving a
diamagnetic intermediate would be required. However, it was thought
that some success in the latter case might be merited, since the
desired product would have a five-negative charge and would not
therefore require charge compensation within the lattice. This

would serve to make it very stable in the alkali halide lattice.

Experimental.

Potassium pentacyanonitrosyl chromate(I), KSCr(CJ)SNO.HZO s
was preparedzjby treating chromium trioxide with hydroxylamine in
basic salution containing an excess of cyanide ions. The complex
“was isolated by precipitation with ethanol and purified by dissolv-
ing in the minimum quantity of water and reprecipitating with 95%
ethanol.

Potassium pentacyanonitrosyl manganate(I), KEMn(CN)5N0.2H20 s
was prepared by the method described by Cotton et al.3 This method
involved the initial prepargtion of’KLMn(CN)6 from MnCO3 and KCN,
which was oxidised in situ with a current of air to form K3}.‘J_1(CN)6.
The hexacyanomanganate(III) was treated with a basic solution of
hydroxylamine containing an excess of cyanide ions. The mixture
was acidified with glacial acetic acid and a saturated solution of
manganous acetate was added to precipitate MnBD‘In(C,N)5NO]2 . This
was digested with a solution of potassium carbonate, whereupon the

desired product was formed according to the equation :

1:m3[1\m(CN)5Nci]2 + 3,005 —p B0, + 2Kn(CN)NO
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The complex was isoléted by precipitation with ethanol and
purified by dissolving in water and reprecipitating with ethanol.
The anhydrous compiex'was made by leaving the dihydrate overnight
in a d651ccator over P 05 in vacuo.

| The chromium and manganese pentacyanonitrosyls were incor-
porated into potassium chloride and potassium bromide crystals-by
allowing an aqueous solution contzining less than one per cent of
the complex to evaporate over a period of several days. The solutions
were not allowed to evaporate to drymess but were filtered as soon
as a reasonable crop of crystals had grown. Microcrystalline samples
of the: doped alkali halides were prepared by rapid evaporation of
aqueous solutions under reduced preésure, and by precipitation fron
aqueous solutions with ethangl. After drying over P O5 in vacuo,
the doped halides were thoroughly ground and madg into pressed
discs of varying thickness (usually 4 - 2mm.). lixtures made by
grinding the complexes with dry XKCl (or KBr) were zlso made into
pressed discs. The infra-red spectra of all the pressed discs
were recorded on a Perkin Elmer 225 double beam instrument. Since
it was knowg that KBMn(CN)é was a common impurity in K3Mn(CN)5NO
the former complex was also incorporated into a KC1l lattice and
arn i.r. spectrum of the sample in the form of a pressedi%as
recorded.

In order to check on thé presence of any paramagnetic
impurities, e.s.r. spectra of the manganese-doped_halides were
- recorded at room temperature and at 77K om a Varian E-3 spectirometer.
The doped halides, in the form of pressed discs,were exposed

60

to " Co Zg-irradiation at room temperature for various periods of

- time ranging from one hour to several days and their i.r. spectra
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recorded. A low temperature attachment of the cold finger type4

was used to record spectra down to about 100K. In most cases an
€.5.T. spectrum of the crushed disc was recorded at X-band frequency .
at room temperature and at 77K. In addition, e.s.r. spectra were
obtained for dezradiated powders and single crystels containing
various concentrations of incorporated pentacyanonitrosyl ions.

Single crystals of the doped halides were also irradiated at
liquid nitrogen temperature and transferred without warming to
the e.s.r. cavity and their spectra recorded at 77K. They were
then removed from the cavity, allowed to warm up for a few seconds
to anneal the V,_ centre (Clz-) and returned to the cavity for a
new spectrum to be obtained. The crystals were not accurately
mounted on a goniometer but were placed in an e.s.r. Dewar
containing liquid nitrogen so that they could be rotated approx-
imately about one of the unit cell axes (viz. an axis passing
through the centres of opposite faces of the KC1l cube.) The e.s.r.
spectrum of the manganese-doped halide crystal was of sufficient
complexity that a complete single-crystali;:g not performed.
However e.s.r. spectra were recorded for a number of different
orientations of the crystal.

Attempts were made to dope sodium nitroprusside ions into
various alkali halide lattices (viz. KCl, KBr, XI and NaCl) but
it was found that the nitroprusside ion, having only a.2-negati;e
charge, did nét incorporate very easily into these lattices. Very
small amounts went into the potassium halide lattices, howevér a
more appreciable amount did incorporate into a sodium chloride
lattice. In order to prepare a pressed disc of this moterial, it

was ground up with an equal amount of potassium chloride, since
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discs made from sodium chloride alone tendgd to crumble. The i.r.
spectrum of the pressed disc was obtained prior to and after Z{-
irradiation.l‘

The doped halides were also exposed to u.v. radiation for

various periods of time and their i.r. and e.s.r. spectra recorded.

Results.

a) Before B/-irradiation

(1) I.R. Results

Table 4.1 shows the main i.r. bands im the solution grovm
doped halides prior to ?(;irradiationa The i.r. specfraAof the
samples produced by rapid evaporation from agqueous solution are
similar to those of samples grown over a period of days by slow
evaporation. However, the samples prepared by precipitation with
ethanol and those obtained merely by grinding the complex with
alkali halide prior to preparing the pressed discs are different.
The former show multiplet splittings at the v(CN) and v(NO)
stretching frequencies, whereas the iatter exhibit only single
broad lines at these frequencies. After prolonged grinding,
however, other peaks can be observed, which on further grinding
become well-resolved and are very similar to those obtained for
the solution grown samples.

Figures betl = 43 show the i.r. spectra of solution grown
pressed discs containing chromium, manganese and iron pentacyano;
nitrosyla. T@e i.r. spectra of KC1l doped samples were better

resolved than those of samples prepared using KBr.



Table 1

Infra~-red Absorptions of Complex Ions in XCl Lattices,

i) The Cyanide Stretching Region.
| +

[Mn(CN )sNO ]3’ [Cr(CN)5N0]3- [Fe (CN)5N0]2- [Mn(CN)q ]3’
2105 m 2120 sh 2170 s | 2120 sh
2095 w 2111 s 2164 m 2111 s
2091 w 2107 sh 2154 m | 2107 sh

2104 s 2141 s 2104 s
2087 s _
2083 s 2085 w 2085 w
2075 s 2060 w 2060 w
2069 w 2035 w o 2035 w
2067 w 2030 w | 2030 w
2060 w
2033 w
2029 w
 ii) The Nitrosyl Stretching Region,

1830 w 1710 sh . 1940 vs
1820 w 1690 s
1805 sh 1660 s
1795 sh C1eL45 s
1776 vs 1640 sh : G
1755 s |

1736 m
1730 sh .

- All frequencies in cm * o

'+ : [Fe(CN)sNOJ" in an NaCl lattice with added KC1.

U
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The spectra of pressed discs containing &.-Zn(CI‘.T)BNO] > showed
the presence of small amounts of [I..'n(CN )6]3- as impurity. In
addition the i.r. spectra of all the pressed discs showed that

water was present in varying amounts in the alkali halide lattices.

(ii) E.S.R. Results

The e.s.r. spectra of a single crystal ax;.d a polycrystalline
sample of KC1l doped with [Cr(CN) 5I\TO] > are illustrated in Figure
la..%.*fﬁhis ioh‘ is well characterised and has been réported in a
KC1 lattice by Kuska and Rogers.5 |

The e.s.r. spectra of KC1l samples doped with [L&:(CN)S_ ’O]}'
and [Mn(CN)G]} did not reveal the presence of any paramagnetic
impurities gt normal receiver gain. At very high receiver gain
and using high modulation howsver, broad poorly resolved features
were observed showing that very small amounts of paramagnetic
impurity were present. In view of their exceedingly low concentration
these were not investigated further. E.s.r. examination of samples

doped with sodium nitroprusside showed them to be frece from

paramagnetic impurities.

b) After Irradiation.

(1) I.R. Results

When the pressed discs were g-irradiated at room temperature
for a few hours, new bands appearedvin their i.r. spectra or; the
low energy side of the main cyanide and nitrosyl stretching bands,
with a concomitant aécrease in intensity of these original bands.

Pigures 4.4 - 4.6 show the i.r. bands which appeared in XCl and KBr

e
‘S’O:}Ou)\m_g () 85



Figure 4.4

I.R. Suectrua of 'Mn(CN)<NOI

A fter 12 hours

/-Irradiation..
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Fi/-ure 4.6 I[.R. Soectrum of [Cr(CN)NO|* ACI

A fter 12 hours ~-Irradiation.
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discs containing [m(CN)5No]3‘,[Nm(CN)6]3‘ and [Cr(CN)BNOJ}'

. after approximately 12 hours irradiation. Figures 4.7 and 4.8 show
the low temperature i.r. spectra (measured at 100 K) of KC1l discs
containing [ﬁn(CN)BNQIB-.and [br(CN)BNd]3' which were irradiated

at room temperature for 14 hours. Figure 4.9 shows the spectrum of
a disc containing sodium nitroprusside incorporated into NaCl, after
2 hours irradiation. The positions of the radiation-induced i.r.
bands are given in Table 4.2.

" In the case of [Cr(CN)sNO]} in KC1, the radistion-induced
bands in the cyanide and nitrosyl stretching region were most intense;
the new v(CN) band after 12 hours irradiation being of comparable
intensity and sharpness to the original v(CN) band, which only
imperceptibly decreased in intensity. The original v(NO) band,
however, overlapped with a broad, lattice~water band and was hence
broadened itself. Because of this we cannot, therefore, compafe
intensities of the original and new v(NO) bands. After 48 hours the
new v(CN) band was slightly more intense than the original band,
which now showed definite signs of weakening. The new v(NO) band
was now of comparable intensity to the original v(NO) plus &(H-0-H)
bands. The rate of formation of new cyanide and nitrosyl bands
"tailed off" after about 48 hours irradiation time.

In the case of [hm(CN)5No]3' in KC1, the radiation-induced
bands were less intense thaﬁ those produced in the irradiated
- chromium complex; the new v(CN) band never reaching the intensity
of the original band even after several days irradiation. There is
some ambiguity over the assignment of the radiation-induced v(NO)
band, since therc happens to be a broad, lattice-water band in the

probable vicinity of the expected v(NO) band (around 16300m71).
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Table 4,2

Positions of Radiation-Induced Infra-red Bands

for Complex Ions in KC1l Lattices,

[Mn(CN)5N0]3- [Cr(CN)SNoJ3‘ [Fe (CN)sNO]

D

2050 w
2040 w
2030 m
2020 sh
2017 s

1950 m

1920 w
1905 w
1895 w
1883 w

1620 w
‘1525 w
1405 w

1395 w
1380 w

2085
2056

2040
2035
2025
2016

1965

1535
1520
'1492
1470
1454

1405
1395
1385

1257

m 2050 m

m 1965 m

w

.[Mn(CN)e

1920 m

After 48 hrs X-irradiation all complexes yielded peaks at

2182 and 2170 cm

1

in KCl1l lattices,

"
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However, there is also a band at approximately 15250m_1, which,
although rather weak, could be a new v(NO) band. The rate of
formation of new cyanide and nitrosyl bands appeared to tail off
after.aﬁout 2L hours irradiatibn time. |

In the case of [Fe(CN)5Nd]2- in NaCl, the i.r. spectrum
showed a sharp new band in the cyanide stretching region after
twenty-four hours irradiation, but new bands in the nitrosyl
stretching region could not be detected even after several days
irradiation.

After prolonged irradiation further lines appeared in the
i.r. spectrum of the doped halides, notably one at 2182 cm * in
KC1 discs and at 2170 cm | in KBr discs. This shift is character-
istic of an isol;ted cyanate ion in alkali halide lattices6. In
addition, a broad peak centred around 1400 cm.—1 appeared after
several days ¥-irradiation in discs containing all three penta-
cyanonitrosyl anions. Figure 4.10 shows the i.r. spectra of discs
which had been irradiated for approximately one weeke.

In the particular case of [Mn(cm)5No] 5= in XC1, some additional
unexplained lines were observed in the i.r. spectrum of the
irradiated sample. For example, a line at 1950 e was quite
intense after about 12 hours irradiation, but on prolonged irrad-
iation it gradually decayed until it could no longer be detected
after about 10 days irradiation. On the other hand, a band at
1920 cmf1, which was weak initially, continued to grow on prolonged
irradiation, while the band at 2185 om™ |, attributed to the cyanate
ion simultaneously grew and reached a higher intensity in a shorter
time than it did in the other irradiated complexes. This indicates
that there may be a line underneath the latter band which could

accompany the line at 1920 ca T,



[.R. Spectra of Complexes rradiate
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The spectrum of an irradiated XBr disc contairing [ﬁn(CN)SNQ]B—

- wes quite different from that obtained using KC1l. There were no

new bands in the cyanide or nitrosyl stretching region even

after several days irradiation. The only new features observed

were a sharp peak at 2170 Cm-1 attributed to CNO— and a weak,

broad peak centred around 1390 e 1.
The spectra of irradiated KBr discs containing [?r(CN)SNé]3'

were similar to those obtained using KCl, although the lines were

shifted slightly due to lattice effects. The fundamental difference

between the spectra in KC1l and KBr discs concerns a line at

approximately 1960 cu ', In KC1 this line is at 1965 ca @ and is

seen as a weak feature after about 12 hours irradiation but grows

on continued irradiation. In KBr, however, this line is at 1961 e !

and is quite intense after about 12 hours irradiation and does not

continue to grow on prolongsd irradiation. |
Ultra-violet irradiation of KCl discs produced similar

peaks to those observed after X:irradiation..HoweVQr no-bvand at

2182 cm'1 appeared even after several days of irradiation. The

effect of E{-irradiation on the three pentacyanonitrosyl ions,

measured by the formation of new i.r. bands, increased in the

order Fe £ Mn & Cr. This is in contrast with the effect of u.v.

radiation where the-rate of formation of new i.r. bands increased

in the converse order i.e. Cr < Mn < Fe.

(ii) E.S.R. Results.

>1. Manganese: When a polycrystalline sample of KC1 containing
0.05% [Mn(CN )SNCZIB_ was K—irradiated at room temperature for
‘2 hours the e.s.r. spectrum recorded at X-band frequency at

298 K showed the presence of two species (A and B), both of
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which had isotropic hyperfine lines characteristic of the unpaired
electron interacting with a nucleus of spin I = 5/2. One set of
six lines (corresponding to species A) was broad and reached its
maximum intensity after approximately 48 hours irradiation,
whereafter it steadily diminished in intensity on further irradiation,
The second set of six lines (corresponding to species B) was
'somewhat sharper and continued to grow on prolonged irradiation
at the expense of the first set. The e.s.r. parameters for these
two species and other radiation-induced paramagnetic centres are
set out in Table L.3.

| When a polycrystalline sample of KC1 containing 0.01%
BIn(CN)5NO__[3' was § -irradiated for approximately 2 woeks the e.S.T.
spectrum showed only the presence of species 3B,

In addition to species A and B, e.s.r. spectra of the
irradiated polycrystalline samples showed the presence of two
radicals which did not appear to be interacting with a metal
nucleus : |

When a polycrystalline sample of KC1 containing approximately
0.01% dopant was irradiated for ome week, the e.s.r. spectrum,
rrecorded at room temperature, showed the presence of an isotropic
triplet of lines (g £ 2, A = 21G), attributed to a species,(C)‘,
where the unpéired electron is interacting with a2 single nucleus of
spi# I=1.

When a powder sample containing approximately 0.05% dopant

was irradiated for a similar period of time, the e.s.r. spectrum

LXK

showed, in addition to species A and B, a quintet of lines (g = 2,
A = 12.5G) whose intensities were approximately in the ratio

1:2:3:2:1, This is characteristic of an unpaired electron



- Table 4,3 ESR Parameters for Species Formed in Irradiated,

Manganese~doped Alkali Halides, and the Mn2+ Ton,

. 55, A

Radical (Ion) 8550 Aiso( M) Aiso( QN) Ref.
Species A 2,000  105.5 @G - _ a
Species B 2,004 95.5 G - a
[Mn(H,0)s 1%  2.004  95.2 6 - 2
1n°* /MaF 2.002 95.0 G - 20-2L,
M2t L 2,000 90.0 G - 20-2l
Species C 2,006 - 21.5 G 3
Species D 2,003 - 12,5 G ' a
Species E g, = 2,1112 A; = (unresolved)

g = 2,0106 A, =12 G | b

g = 2.,0028 Ay =12 G

a, This work ¥-irradiated [Mn(CN)sNO]3_/KCI

" b. This work ¥-irradiated [Mn(CN)6]3'/K01
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interzeting with two eguivalent nuclel of spin I = 1. These lixme

[ 7]

were shzxrp and appesred to be the parallel features oi a s§ecies
with axial symmetry (species D). However, measurements on a single
erystal irrudiated for a few days at room temperature, showed that
’thoso linos werc completuly isotropic. Tho
e.8.T. spectra of 0.01% and 0.055 doped polycrystalline samples
of [Mn(CN)5Nd13- in KC1, Y-irradiated for one week at room temp-
erature, are shown in Figure 4.11.

Vhen a single crystal of KC1l doped with approximately
0.05% Mn(CN)SNO 3= was irradiated at room temperature for twelve
hours, the e.s.r. spectrum showed the presence of a species with
axial symmetry and hyperfine coupling-charactéristic of an
unpaired electron interacting with manganese, whose nuclear spin
equals 5/2. The e.s.r. parameters for this species are similar to
those reported7’8’9 for the & ion Mn(CN)SNéJZ-, (see Table 4.4),
which we shall refer to simply as 'the d° ion'. On further irradi-
ation the lines due to this species decayed somewhat, with the
simultaneous appearance of the isotropic lines due to species A
and B, These isotropic lines completely dominated the spectrum,
recorded at room temperature, after approximately four days irrad-
iation. The spectrum of the ds ion, although observed in the
erystal, was not observed in the polycrystalline sample irradiated
at room temperature since the concentration of radicals was too low.
(Whereas a low concentration of radicals may be readily seen in the
Single crystal, the effect of grinding it into a powder is to smear
out the spectrum so that the signal to noise ratio may be
sufficiently reduced, as appears to be the case here, that the

spectrum cannot be detected above the noise.) The e.s.r. spectra of
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a single crystal irradiated at room temperature for 12 hours and
L. days are shown in Figure L.12.

Vhen a single crystal of KCl containing [Mn(CN)SNé]3- was
irradiated at liquid nitrogen temperature for approximately 48 hours,
the eeser. spectrum of the unwarmed Sample, measured at 77K,
.comprised a very large number of lines. (PFigure 4.13). The species
responsible for these lines is the Vk centre(ClZ-) which has been
reported previously in a potassium chloride lattice1o.

In view of the difficulty in precisely mounting the crysfal
at 77 K on a goniometer, the experimental axis of rotation did not
exactly coincide with the intendedﬁioﬂ -aXis. As a result of this
approximate setting, the complexity of the spectrum increased
considerably, thus making it virtually impossible to analyse the
spectrum for the presence of any underlying femtures which might
have been attributed to a manganese ion for example. However the
e+.S.re spectrum of an unwarmed polycrystalline sample, recorded at
77 K, was greatly simplified and thersfore much easier to inferpret.
This spectrum (Figure 4.14) showed sets of axially symmetric septets,
the most prominent of which had hyperfine coupling parameters (to
the >2C1 nucleus), which agreed well with the values of Ay =101 G
and A, = 12;5 G reported by Castner and Kanzig10 for the Vk centre,
There did not-appear to be any featurés which could be assigned to
a manganese complex in this spectrum. However, since this spectrum
lwas of a polycrystallire sample, any lines due to a paramagnetic
manganese species in low concentration may have been obscured by

" noise.

When the single crystal was warmed to room temperature for a

few seconds,the intense violet colour of the crystal was visibly
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seen to decay. When the sample was recooled to 77 X the e.s.r.
spectrum had changed completely. The lines due to the Vk centre
had disappeared, while several features appeared, which were
apparently not in the spectrum of the uhwarmed cny;tal. These
lines appear to be due to the well characterised d5 ion
[ﬁn(CN)ENé] 2" in several different orientations. The largest

7

splitting corresponds well with the reported’ value of A.H = 164 G,
g// = 1.987 for the a5 ion., These lines also show the superhyperfine
nitrogen splitting of approximately 4 G reported by lManoharan

9. Figure 4.15 shows the e.se.r.

and G-ray8 and by Fortman and Hayes
spectrum of an irradiated single crystal which had been warmed

for 30 seconds and recooled to 77 K. The corresponding spectruﬁ
of the polycrystalline sample (Figure 4.16) was much simplified

and showed omly the presence of the axially symﬁetric d5

ion.

When a single crystal of potassium bromide containing approx-
imately 0.1% [&n(CN)BNé]zk was irrediated at room temperature for
twenty-four hours, the e.s.r. spectrum, recorded at 298 K, showed
only an isotropic triplet of lines whose intensities were roughly
equal.(Figure 4.17). These lines are thus characteristic of an
unpaired electron interacfing'with a single nucleus of spin I = 1.
The experimental e.s.r. parameters for this species were as

follows: g. = 21.5 G. These parameters are

iso
identical to those attributed to species C, which was seen in an

= 2.0059 , A
irradiated potassium chloride sample in addition to the lines due
to the (manganese) species A and B. However, no linmes attributable
to manganese hyperfine coupling wers seen in the spectrum of the
potassium bromide sample, exnept at very high receiver gain and

only after several days irradiation at room temperature. These weak
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lines had similar e.s.r. parameters to those of the second
(manganese) species observed in an irradiated KC1 sample, i.e.
species B.

When a polycrystalline sample of KCl doped with potassium
hexacyanowanganate,E&KCN)éJB.,together with some free cyanide
ions, was irr;diated at room temperature for one week, the e.s.r.
spectrum comprised three very broad features (}in;-width =75 6G).
These lines may be attributed to a épecies with rhombic symmetry,
(species E). Superimposed on two of the features appeared to be a

quintet of lines with hyperfine coupling similar to species D,

&8s,

(A = 12.5 G) which was observed in a polycrystalline sample of .KC1

containing E.:n(cm)5No]3', irradiated for a similar period of time.

No hyperfine structure could be resolved on the third line. The

e.s.r. spectrum of the hexacyanomanganate-doped potassium chloride

sample is illustrated in Figure 4.18. The e.s.r. data for all the

species formed in X -irradiated alkali halides doped with manganese

complexes are summarised in Table 4.35*

2. Chromium: The room temperature s.s.r. spectra of a single

crystal and a polycrystalline sample of potassium chloride contai-

ning approximately 0.05% [br(CN)5Né]3— are shown in Figure 4.19.
The only effects on the e.s.r. spectrum when the sample waé
irradiated, was a broadening of the lines and a decrease in their
intensity. There was no evidence for the formation of any new
paramagnetic species even after samples had been irradiated for
several weeks. Figure 4.20 illustrates the e.s.r. spectrum of a
polycrystalline sample of KC1 containing {?r(CN)SNQJB- after 4

weeks irradiation.
- Xotowin; b8l

i



ESR Powder Spectrum of TMnfCN)*] ACI

K-Irradiated for 7 days at Room Temp.
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Fisure 4,20

ESR Powder Spectrum of'[Cr(CN)sNO]BiZKCI

X-Irradiated for L weeks at Room Temp.




3. Iron: When a polycrystalline sample of KCl containing less

than 0.01% of sodium nitroprusside was ¥-irradiated at room
temperature for periods of time ranging from one hour to several
days, the e.s.r. spectrum consisted only of broad, weesk, poorly
resolved lines. However, when the sample was irradiated with ultra-
violet light for four hours a much higher concentration of radicals
was produced. The e.s.r. spectrum, illustrated in Figure 4.21,
consisted of broad features, of which only one could be resolved —
into a triplet of lines. The latter lines appeared to be the
perpendicular features of an axially symmetric species. The
measured e.s.r. parameters of this species were g, = 2.031 and
Ay = 16 G , which ésrresponds well with the perpendicular values
reported for the ‘2’ ion EFe(CN)S;\IoP‘ (see Refs. in Chapters 2 & 3).
A similar result was obtained when the sample was irradiated at

liquid nitrogen temperature and the spectrum recorded at 77 K.

Discussion.

Incorporation of Complox Tonn into Alkall Hnlido Inttices.

It was suggested by Root and Sym.ons1’11 that octahedral
[M(CN)é}n-'igns could be incorporated into an alkali halide lattice
by replacing a [ﬁ(Hal)é]E- unit. If the complex has five negative
charges there will be complete charge balance, and the ion should
be easily incorporated into the lattice. The ease of incorporation
into the lattice was found to be markedly dependant on the charge
of the complex ién. It was found that the greater the difference |
in charge on the ion from five, the greater the difficulty of

incorporation into the lattice.
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Additional weight may be lent to this argument by considering
the dimensionsaof the ions involved. If we include the van derWaals
radii of the nitrogen atoms, the linear distance across an
N-C-¥-C-N group is about 9.7 z:and that across an N-C-l-N-0 group
about 9.5 A. (where M = Mn;,CrI). Including the van der Vaals
radii for the Hal™ ions, the distance across Cl-K-Cl is about 9.9 A
and that across Br-K-Br about 10.2 A. Clearly, the ions lgr(CN)5Ndls-
and E\In( CN) 5No:I > are able to replace an octahedral [K( Hal) 6-} o=
group without distorting the lattice. From a consideration of
size alone, potassium chloride would seem to be the most suitable
host lattice since the dimensions of the [M(CN)5NO}3- ions and the
[K316]5- group are the most consistent with a perfect.fit. However,
since we are incorporating ions with only 3 negative charges into
the lattice, two neighbouring K" ions must be removed from the
lattice to achieve electrical neutrality. From a consideration
of the elecrostatic interactions in the lattice we would expect
these cation Vacaﬁcies to be adjacent to the [M(CN)5NQ]3_ ion
for minimum energy. Furthermore they will have the highest
probability of being found in the first shell of cations surr-
ounding the incorporated complex ion (those marked M in Figure 4.22).
Since the probability of finding cation vacancies in a given shell
surrounding the complex anion decreases as the square of the
distance involved, the probability of cation vacancies being
found beyond the second shell of surrounding cations should be
very smalI.indéed. Now these cation vacancies will have a profound
effect on the i.r. spectra of the pentacyanonitrosyl complexes; the

mostvnoticeable and most easily monitored effect being‘on the N-O .

stretching band. If we assume that a pentacyanonitrosyl complex
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[M(CN)BNd]n-‘belongs to the point group Cuv’ it could be shown 2
that this symmetry demands three CEZN stretching modes (Two A, and

one E), and one N=0 stretching fundamental which are active in
the infrapred. The actual frequency of the latter will depend on
the local environment of the N-0 group,.and is therefore a good
monitor of the presence of neighbouring cation vacancies. Thus,
in an alkali halide lattice the nitrosyl group will have a diff-
erent stretching frequency depending on the configurziion of
neighbouring cation vacancies; the intensity and the degree that
the band hes been shifted (from that in the pure complex) will
depend on a statistical factor and the proximity (and hence the
strength of interaction) of the cation vacancies to the nitrosyl
group. For example, if both cation vacancies were close to the
nitrosyl group, the strength of interaction would be high and
hence the band would be shifted to a marked extent. However, the
statistical probability (and also the electrostatic feasability)
of this situation occuring is low, therefore the intensity of the
band caused by this configuration would be low.

We will now analyse the i.r. spectra for the chrdmium-and
manganese complexes in a potassium chloride lattice, with special
reference to the N-O stretching bands, in terms of the different
possible "hole" configurations. In a perfectly cubic environment
the [M(CN)SNO] %7 jon will belong to the point zroup cm, However,
the close proximity of the two cation vacancies will lower this
symmetry. In fact, depending on the position of the vacancies
the complex ion will have Cav’ C,,» Cg or C, symmetry. Pigure
4.23(a) shows the {M(CN)SNQ]HP ion in KC1l. The numbered circles

correspond to the first shell of potassium ions surrounding the
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complex. Figure 4.23(b) illustrates the different possible
configurations if two‘cations (X*) are removed from the second
shell surrounding the complex. Now, in practice two cations may
be removed from the first shell, the second shell or one from each,
(or indeed from neither shell). The most symmetrical arrangement
of holes surrdﬁnding the complex will be most favoured on electro-
static grounds, particularly when the configuration allows the
vacancies to be situated as far apart from each otﬁer as possible.
Referring to Figure 4.23(a) , this situation occurs when "trans"
cations are removed from the lattice, e.g. when pairs (1 & 3) ,
(2&4), (5&7), (6&8); (9&11) and (10 & 12) are removed.
Only the removal of the first four pairs of cations will directiy'
affect the N-O stretching frequency,vsince each of these configur-
ations places a vacancy close to the nitrosyl Eroup. Jones13 has
postulated that the above configurations should be the most
favourable on energy minimisation grounds, when [Co(CN)él3' is
incorporated into XKC1l; this reduces the 0h symmetry to D2h' If we
consider the Co(CN)6 octahedron as inscribed in a cube with the
six CN groups at the centres of the six faces, the D2h model will
have cations vacancies at the centre of two opposite edges of the
cube. The correlation rules show that reduction to D2h symmetry
should result in a splitting of the triply degenerate infra-red
active CN stretching vibrations into three non-degenerate infra-
red active vibrations. Th:ee intense CK stretching peaks are in
fact observed - in dilute solid solutions of[Co(cm)J} in KC1,
thus giving credence to this argument. |

Now the low temperature, high resolution i.r. spectrum of
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[ Lin(CN)SNOJB' _in KC1 (Figure 4.7 shows at least eight bands in the
N-0 stretching region, whose intensities aré approximately in the
ratio 1:°2: Ls 1: 2: 3: 1: 1. Table 4.6 illustrates the various
possible hole configurations which are likely to influence the
N-0 stretching frequency. It can be seen that there are around
eight sets of equivalent hole configurations which are most likely
to affect the nitrosyl group. Thus we appear to be able to predict
the number of bands ohserved by this method. The rost intense band
almost certainly corresponds to a situation (of highest statistical
ﬁrobability) where there are no cation vacancies close to the
nitrosyl group. It must be stressed though, that this is a non-
rigorous treatment and we are not attempting to assign a particular
i#fra—red band to a particular hole configuration. lloreover, we
would not expect a simple correlation between the intensity of a
band and the statistical probakility of its corresponding hole
configuration. This is because those configurations which may have
a high statistical probability, may also have a high electrostatic
repulsion energy, which would clearly make them improbable from
the point of view of energy minimisation. So although we cannot
assign each band to a particular environment of the nitrosyl
group, we can at least account for the number of bands observed in
the N-O stretching region in terms of the number of possible
configurations of cation vacancies close to the nitrosyl group.

We would again predict about eight bands in the N-0 stretching
region for [br(CN)5N0]5- in KC1, since this ion also has three
negative charges and therefore requires two charge cqmpensating

" cation vacancies. However, in this case the N-C band overlaps to

o

*go\(owmz P78



Table 4,6

Possible Configurations of Cation Vacancies Likely to

Influence the N-O StretchingﬁFrequency? '

Configuration No, of Holes~ Statistical Electrostatic
Close tg NO Probability Stability

(1,3);(2,4);(5,7);(6,8) 1 Lo high
(1,4);(2,3);(5,8);(6,7) 1 . high
(1,5);(1,6);(2,5);(2,6) 2 T low
(13,14) / 1 1 high
(1,2);(5,6) 2 2 low
(15,17);(16,18) , | 2 2.‘ low
(14,~) - 1 >4 -
(=y=) ) S -

*'with reference to Figure 4.23(a)
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‘some extent with a nearby water band and hence the N-0 band is
considerably broadened. Nevertheless, the i.r. spectrum (Figurev4.1)
reveals the presence of four clearly defined lines of roughly equal
intensity plus a number of non-resolved shouldercs.,

Ve may also account for the number of bands in the C-N
streéching region using a similar argument to that outlined above.
However, the actual point group of the molecule plus immediate
environment is now important in determining how the CN bands are
split out under different site symmetries. Now the CN band is
spread Over a narrower range of wavé-numbers than the NO band,
indicating that the strength of interaction of the cation vacancies
with the cyanide ligands is less than that with the nitrosyl ligand.
- This indicates that any additional splitting of the band is due to
a site symmetry effect rather than direct interaction.

Now, under the original 04v symmetry of the pentacyanonitrosyl
complexes we expect four C-N stretching modes, two A,1 and one E, the
latter being split out under high resolution into two equally
intense bands. When the site symmetry of the complex has been reduced
to lower symmetries such as CZV’ Cs and C1, we would e#pect to see
several additional bands. In experimental reality, however, there
may be a sufficiently large number of lines which overlap to make
the spectrum appear 'blurred'. Fof'example, in each spectrum of
[ﬁI(CN)5Nq]3— in KCl, the original cyanide band apbears as a single,
broadAline-—-however'there are indications of an indefinite number
of unresolved lines wifhin the main band. The i.r. spectra of
[Mn(CN)SNoP" in KC1 are rather better resolved and show up to ten

lines in the cyanide stretching region, although some of these may



92,

H

be due to the presence of impurities such as the [ﬁn(CN)é]3— ion o
to free cyanide ions, which absorb in this region.

It should be noted that all the i.r. spectra of the penta-
cyanonitrosyl complexes in potassium bromide lattices are poorly

resolved. This may be due to the fact that the [KBT6]5-

unit is
larger than the fKClé]s- unit and therefore the complexes only fit
'loosely’in the lattice of potassium bromide. Thus they will not be
affected so strongly by neighbouring cation vacancies nor will they
have such a precise site symmetry in a KBr lattice.

To\summarise then: the number of clearly defined bands in the
nitrosyl stretching region may be explained in terms of the inter-
action of the nitrosyl group with one or both of two neighbouring
cation vacancies., Since only one N-0 stretching band is observed
in the spectrum of the pure pentacyanonitrosyl complexes (or of
discs prepared by grinding éhe pure complex with KCl), the presence
of these extra bands confirms that the complex ions have been

incorporated into the alkali halide lattices substitutionally and

not in clusters.

Effect of X—Irradiation on the Infra-red Spectra.

In view of the well known correlation between the wave number
of an absorption band of a ligand in a metal complex and the oxidp‘
ation state of the metal, the formation of new bands on the low
energy side of the original cyanide and nitrosyl bands indicétes
that the irradisted complexes have been reduced. The effect of
adding an extra electron to a metal complex is to lower the charge

on the metal, which allows the electrons to be delocalised onto the
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ligands. Thus, reduction of the pentacyanonitrosyl complexes places
additional electron density into J7-antibonding molecular orbitals
on the cyanide and nitrosyl ligands and thereby weakens the C-N

and N-0 bandse while simultaneously strengthening the li-C and M-N
bonds. This decreases the C-N and N-O stretching fraquencies (and is
confirmed by observation), and should increase the I-C and U-N
stretching frequencies. However, no bands which could be attributed
to metal-carbon or meté.l—nitrogen stretching modes were observed in
any of the spectra.

Table 4.7 gives the central positions of the original and
radiation-induced cyanide and nitrosyl bands for the ECr(CN)SNO]}'
and [Mn(CN)sNOJB- ions in KC1, and the [Fe(CN)BNO] 2~ ion in NaCl.
Included in the Table are published i.r. data for pentacyanonitrosyl-
and hexacyano- complexes of chrorﬁium, manganese and iron in various
oxidation states. From the Table we obtain the following "red shifts"

for the v(CN) and v(NO) bands in the pentacyanonitrosyl- complexes.

Cyanide Shift iitrosyl Shift
cr(z) = cr(0) 70 omt 190 cm
58 .

Mn(I) = Ma(0) 50 em ! 155
d6 al and/or 250 cm |
Fe(II)=-Fe(I) 95 cm | 90 cm !
a al B and 220 e

(from Ref. 14)
Table 4.8

B EE SR S

It can be seen from the magnitudérs of the i.r. shifts that the v(INO)

band is much more sensitive to the effect of the charge on the metal



Table 4.7(a) Central Positions of Original and Radiation~ -

Induced I,R, Bands in Cr, iin and Fe Pentacyanonitrosyl

Complekes in Potassium Chloride,.

Chromium Langanese Iron

y(cn) @’ 2105 2185 -
a® 2035 2080 2145
al - 2030 2050

y @o) & 1675 1920 -
d6 1485 1775 - 1940
a’ - 1620 1850
or 1525 and 1720

Table L,7(b) Literature Values of I,R. Bands in Penta-

cyanonitrosyl and Hexacyano- Complexes of Cr, ln and Fe,

Complex N (o) N(NO) Reference
Ky [Cr(CIN)sNO ] 2125 1640 19
K. [Cr(CN)sNO].2H, 0 - 1515 15
Ks [Mn(CN)sNO ] 2135 1713 3
2100 1693
2080
Kg [Mn (CN)5NO ] 2093 1730 19
Zn[in(CN)sNO] 2193 1900 19
zn[in(CN)gNO ] 2195 1885 3
2150
Na, [Fe (CN)sNO].2H, 0 2173 1939 12
. 2161
2157

2143



Table L4.7(b) (cont)

Complex V(CN) '~ Reference
Kg [Cr(CN)g] 2132 a,b
Kz [Mn(CN)g ] 2120 a,b
K, [1n(CN g ] 2060 a,b
Ky [Fe(CN)g] 2110 . a,b
Ky [Fe (CN)g ] 2050 a,b

a., A,Hidalgo and J.P.Mathieu, Compt, Rend, 2&9, 233, (1959 )
b, V.Cagliotti, G.Sartori and lI.,Scrocco,

J. Inorg, Nuclear Chem., 8, 87, (1958)

[ )

All frequenciles in cm
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than is the v(CN) band. This is to be expected, since the T -acceptor
properties of the nitrosyl group are greater than those of the
cyanide group, i.e. the nitrosyl group wiil take a greater share

of the extra delocalised electron into its {r-antibonding M.O.'s
than the cyanide group.

Now in the case of the pentacyanonitrosyl-chromate(I) in KC1,
the positions of the new.cyanide and.nitrosyl bands compafe favour-
ably with those reported15 for KQCr(CN)5NO in nujSl, allowing for
shifts due to lattice effects. We shall now attempt to assign the
radiation-induced bands (in [br(CN)5Nd]5‘/Kcl) which have 50 far
not been assigned. A sharp band at 2085 cm—1 is most probably free
ON” which usually absorbs at arownd 2080 cm | in & KC1 lattice.

A band at 1966 cm ' and one at 1295 cm ' could possibly correspond
with the v(CN) and v(NO) bands respectively, of the further-reduced al
chromium(~-I) complex. Assuming that the reduction Cr(0)=> Cr(-I)

- does take place, the corresponding i.r. shifts for the v(CN) and

1

v(NO) bands are 75 cm ' and 190 e respectively; these are of

the same order as the corresponding shifts of 70 cm.'1 and 195 cm-1
respectively, for the reduction Cr(I)—>Cr{0). However, this is
only a tentative assignment and is by no means provezn. A band at
2060 ew ', close to the Cr(I) cyanide band could correspond to the
v(NC) band in [pr(CN)A(NC)Né}A—, where one (or more) of the cyanides
has "flipped round" on irradiation. This phenomenon has been prev-
iously seen in ¥-irradiated XCl lattices containing [?e(CN)é]h',

1511,16 to have flipped

where one cyanide ligand is postulated
round; and also in high-~energy electron-irradiated [?o(CN)éJB'
in KC1, where two cyanides are postulated17’18 to have turned round.

This phenomenon will be discussed further in the e.s.r. section.

Nreee )
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Now, in the case of the pentacyanonitfosyl—manganate(I) ion
.‘in XC1, although.we can p§sitively assign a new v(CN) band corres-x
ponding to the a’ ranganate(0) ion, there is some ambiguity
concerning the new v(NO) band. This may absorb at 1620 e (where

1; the

it would be obscured by a lattice-water band) or at 1525 cm
corresponding "red shifts" being 155 cm ! and 250 cm | from the

. original v(NO) band. It is possible that they might both correspond

to v(NO) bands in two types of reduced manganese(0) complex. This is
quite likely since, as wé have seen in Chapter 3, there are at

least three types of reduced iron-nitrosyl species in irradiated
sodium nitroprusside. Two of these reduced species have been studied '™
by i.r. spectroscopy. These have v(NO) bands at 1850 cm | and at

1720 cuf1, corresponding to red shifts of 90 cn™’ and 220 em

respectivély. The species responsible for the*formwer band is a d7
lon with the unpaired eleqtfon mainly in a dz2 érbital on iron;
while the latter band is attributed to a spécies where the unpaired
electron is mainly in a TU-antibonding orbital on the nitrosyl
group. (see Chapter 3).

It is conceivable then, that there could be two manganese-~
nitrosyl species similar to the above iron-nitrosyl species. However,.
in the case of the manganese complex? the-d7 ion would have zero
charge on the metal; such a low o#idation state would necessitate
extensive delocalisation onto fhe ligands with probably less than
504 of the unpaired'electron density on the manganese, compared with
about 80% on the metal in the correéponding iron complex. These two
cases are certainly comparable in that they each involve the addition
of an electron to a d6 ion giving‘a d7 specieéi Ir wc'represent the

-1

- reduction giving.the 'iron' v(NO) band shifted by 90 cm = by:
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d6 Fe(II)=> a’ Fe(I), then the 'manganese' v(NO) band shifted by

% m(T)= a7 ¥a(0);

{55 cn ! could correspond.to the reduction: d
the larger shift being due to the greater delocalisavion into

T -antibonding nifrosyl orbitals in the latter case. Similarly
we could represent the reduction processes giving the 155 cmf?
and 250 cm | shifted bands in the iron and manganese complexes

respectively, by the following:

& Fe(II)-No* <> & Fe(II)-0

& Mn(I)-NOT £ & ¥n(I)-NO

~where the unpaired electron is largely (ieee 3> 50%) on the nitrosyl
group. (in Tr-antibonding M.0.'s). We must stress that we can only

make tentative assignments of this sort using i.r. data alone, and

such arguments need to be backed up by confirmatory e.s.r. results

before they can be seriously considered as proven.

Now, two lines which appear to grow simultaneously in
irradiated [ﬁn(CN)5Né]3-/KCl are a band at 2185 cm (overlapping
with the CNO~ band) and ome at 1920 cm ', These lines are in the
right region to correspond with the v(CN) and v(NO) bands respect-
ively, of the & ion, [@n(CN)5N§]2‘, which could be forzil by the
oxidation of the d6 ion. Their observed positions compare favour-
ably with the reported3 Yalues of 2193 cm._1 and 1930 cm—1 for the
& ion in a Zn Ma(CN) N0 lattice.

One line, so far unassigned in irradiated {ﬁn(CN)BN@]3‘/K01,
is a feature at 1950 cm71, which reaches its maximum intensity

after 12 hours irradiation ard which decays on further irradiation.

It is not clear what this band is due to, but it may well have some

connection with Species A, which was responsible for an isotropiec
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e.s.T. sextet of lines which decayed on prolonged irradiation.
Another unexplained band which is observed in all three penta-
cyanonitrosyls is at 1400 émf1; this remains unassigned at the
present time.

In the i.r. spectra of \Q{-i‘z‘radiated ):Mn(CN)SI\TQ]}' in XBr,
it is not.immediately clear why there are no new bands in the
cyanide and nitrosyl stretching regions — i.e. why the complex
in KBr is not reduced on irradistion. One reason could be that,
dus to the increased size of the Br ion, the complex only fits
"loosely" in the lattice, and therefore does not act as an
efficient electron trap; the séurca of electrdns on irradiation
being the F-centre. *

If we compare the i.r. spectra of Z{Qirradiated [br(CN)BNdls-
and E\in(CN)sNO]} in KC1 lattices, it is apparent that the a° |
chromium(0) complex is formed more readily than the a’ menganese(0)
complex. This is not.unexpected, since it is easiér to add an extra
.electron to a non-bonding ‘tzg-type‘ metal orbital than(it ié to
an essentially antibonding ‘eg—type'_metal orbital or V[ -antibonding
ligand orbital.

Now, returning to the themes of charge-compensating cation
vacancies; when the Cr(I) and ¥n(I) pentacyanonitrosyl ions are
reduced, the resulting complexes will have four negative charges
and therefore will only require one cation vacéncy for charge
compensation. Thié means that one neighbouring cation vacancy
will be rendered.redundant and therefore will migrate to some
other position in the lattice. This could explain why the radiation-
induced v(CN) and v(NO) bands comprise fewer lines than the original

v(CN) and v(NO) bands.
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Effect of 2<:irradiation on E.S.R. Spectra.

1) Manganese. '

a) Species formed after room-temverature irradiation.

Tdentification of Species A and B.

Now although the infra-red spectra of the room—tempfarature
irradiated samples suggested that the pentacyanonitrosyl manganate(I)
complex had been reduced, none of the e.s.r. spectra of similar
samples appeared to substantiate this hypothesis. (of course we
do not actually know what the e.s.r. spectrun; of the reduced species
would look like; the reduced compJ:ex could be like any of the three
reduced nitroprusside species - see Chapter 3 and below)

Of the three manganese species seen by e.s.r. in room-temperature
irradisted r.m(CN)sNoP'/KcL only one can be positively identified.
This is the oxidised species (the @ ion) which is formed before
the other two species are clearly'seen. The latter both give
isotropic lines whose hyperfine coupling constants (A(SS_MH) Z 95G
and 105G for species B and R, respectively) are of the same order
as ¥n2* cbserved in several alkali halide lattices.2O"2 Thus
species @ and B would appear to be two forms of high spin a?
mahganese(II), the former resembling D&n(Hzo)é] 2+ (g= 2.0038
A = 95.2G) most closely. Furthermore the absence of zero-field
splitting lines requires a highly symmetrical Iiga.nd enfironment
and a weak ligand field. So far no good explanation has been
found for ths formation of such species.

We can say unequivocally that species A and B are products
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of irradiation d;mage since the e.s.r. spectra of unirradiated
samples showéd little or no paramagnetic content. this discounts
the theory that [Mn(CN)5No]3‘ had hydrolysed and had been oxidised
by the air giving [kn(HZO)é]2+ during the process of slow evaporation.
It is possible that 'partial' hydrolysis had teken place giving
Ihm(CN)n(HZO)E_nNO (8-2)- £0r example, but this would not produce

the highly symmetrical environment required. |

Although the d5 ion is seen before species A and B,an
examination of the e.s.r. spectra does not indicate that the lines

~due to species A and B grow ét the expense of the lires attributed

to the @ ion. So the ds ion does not appear to be the precursor

of species A and B.

There appears to be no satisfactory explanation how
[ﬁn(CN)SNCJE”‘could lose all its ligands and end up in a perfectly
symmetrical environment purely by the action of Z{-irradiation.
Ligand exchange is a possibility (vide infra) but it would seem
highly improbable that five cyanide ligands and the nitrosyl group
should all exchange with C1~ inl the KC1 lattice on irradiatibn.

There is, in fact, e.s.r. evidence for ligand exchange in complex
ions in KCI following high-energy irradiation. Danon et al®’
irradiated the system [Rh(cm)6]3‘ /KC1 and found hyperfine interaction
with two equivalent chlorine atoms and concluded that two (trans)
cyahide ligands had exchanged with two lattice chloride ions.

So at the present moment in time the nature of species A and B,
and the mechanism whereby [Mn(CN)sNQIB— appears to be stripped of its

ligands on Ef—irradiation must remain as unanswered questions.

Identification of Species € and DP.

Species &. This species'was observed when(ﬁn(CN)BNO]B- doped into
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KC1 (and KBr) was irradiated at room temperature and gives an
isotropic triplet (A(14N) = 21G, g = 2.005) even when cooled to
77 K. A very similar triplet is observed?® when KC1 and KON are
fused together in a silica crucible for 410 minutes, cooled to *
roon temperature and zf-irradiated for one hour. However it has
not been assigned a structure. Its e.s.r. parameters are uniike
those of any nitrogen containing radicals hitherto characterised.
The radical probably contains carbon, but this has not been
directly verified, since it has proved impossible to detect 130
splittings due to the presence of other e.s.r. lines in the free-
spin region of the spectrum. A useful experiment would be. to cool
the sample to liquid-~helium temperature to determine whether the
isotropy is due to the radical tumbling rapidly in an interstice

in the lattice. Without further information if would be unwise to

draw any conclusions concerning the nature of this radical.

Species P. This species is produced in roém—temperature irradiated
samples of [Mn(CN)5NO]3- in KC1l,when in higher concentration. Like
species @, it too gives an isotropic spectrum even at 77 K.

(A(™Y) = 12.5¢, g = 2.003). Tt is not ebsolutely certain that it -
is a 1:2:3:2:1 quintet, since the lines overlap with 2 much broader
feature. If it is, then we may interpret it in terms of a species
with two equivalent nitrogen atoms. Again it is impossible to

detect 130 hyperfine splitting due to the presence ¢ <ther lines

in the spectrum. The radical (CN)Z,has been observed®! in irradiated
cyanide-doped potassium chloride, but does not tumble in the lattice.
Moreover it has an Aiso(14N) velue much lower (5.9G) than that of
species E.

An alternative interpretation is that species D.contains
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hydrogen so that the quiptet could be made up of two itriplets in
which the last line of one overlaps with the first line of the .
other giving five lines of intensity ratio 1:1:2:1:1. This would
leave the value of A('*N) weltered (12.5G) and would mean that

the hyperfine splitting to hy&rogen would be 25 gauss. A similer
*quintet® where A(14N) = 17G; A(1H) = 34G, has been observed by
Root1 in KC1l doped with cyanide ions prepared from agueous solutions,
X’—irradiated at room temperature. Addition of hydroxide ion
impurity into the crystal latitice increased the yield of this
species, which has been tentatively assigned to EON™, Species P

may well be a similar type of radical but it would be unwise to

draw any definite conclusions without furtker evidence.

Species formed in Y -irradiated [in(cw) ] > /xc1.

This spectrum, which is illustrated in Figure #.18§:ﬁay be
interpreted in terms of three broad g-features with h.f.s. of
~about 12G on two of the lines; any h.f.s. on the third line being
unresolved. The interpretation of this spectrum is complicated by
the fact that two of the g-features are close togather, so.that
overlap makes if difficult to determine unambiguously whether there
are five or six hyperfine lines. A spectrum obtained at @-band
frequency should resolve this difficulty. This spectrum could well
be due to some impurity in the lattice since it is quite unlike the
spectrum expected for the reduced complex [ﬁn(CN)é]h'. This 42
species, if distorted from octahedral symmetry, should have a
large manganese h.f.s. (Aiso(55Mn) should be of the order 70-80 gaués
for an electron in a 8, orbital on menganese, cf.[ﬁn{CN)5N§]2—).
The species responsible for this spectrum will not be discussed

fur'the Te

K olowing g 05
followina p 0¢
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At this point it is instructive to mention the e.s.r. results
obtained for some other irradiated hexacyano- complexes in aikali
halide lattices. When the a° ions [Fe(CN)6]")"- and pCo(CN)sjj-
incorporated into KC1l lattices were 2{-irradiated, the e.s.r.
spectra showed hyperfine interaction with one and two nitrogen

11,17,18 These spectra have been interpreted

nuclei, respectively.
in terms of a flipping of one cyanide or two axial cyanides,

respectively, forming isocyanide bonds. Since the nitrogen end
of the cyanide has a ligand-field strength much lower than the

~ carbon end.,28’29

the effect of forming isocyanide bonds is to make
the metal dz2 orbital less ;ntibonding. Furthermore the number of
cyanides which flip in each complex acco;ds with the number of
cation vacancies'required for charge compensation in each case;
one in the case of the iron complex and two in the cobalt case.
These vacancies may be involved in the mechanism of flipping the

CN group and may be partly responsible for the stabilisation of

the isocyanide bonds which are closest to them.

b) Species formed after low-temperature irradiation.

When Dm(cm)5No]3‘ /KC1 is irradiated at 77 K, the e.s.r.
spectra of unwarmed samples apparently show only the presence of p
the V, centre (Clz—). Now since this is a hole~centre one would
‘expect to see an excess centre at the same time. The question is:
do the'free' electrons stay in a conduction band (as the F-centre)
or are they trapped at some potential well? If some electrons are
trapped then the most likely place would be at a cdmp1e¥'ion site.
However, if a a7 manganese(0) species is formed then it must be in

a sufficiently low concentration so as not to be dctected in the
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powder spectrum. Furthermore, due to the complexity of the single

crystal spectra, it has not proved possible to assign lines in

the spectra unambiguously to a manganese species. However, further

work on a crystal accurately mounted along a known axis should

resolve the problem: subtracting out the lines due to the Vk centre

should give the spectrum of any electron excess centre present.
Then the sample is warmed to room temperature the Vk centre

decays while the & ion [nm(CN)SNp] 2= is formed simultaneously.

The most likely mechanism for this is a simple electron-transfer

‘brocess:
3 - s 3‘- - AR XS 7'\..?2"
ie. Gl + E\m(CN)5NO] — 201”7 + LE.n(CN)51\u_J

Some of the Vk centres may however, decay giving dizmagnretic products:

2C12 —_— Cl3 + Cl

It should be noted that, unlike the case of sodium nitroprusside,
N -irradiation of the pure potassium pentacyanonitrosyl-manganate(I)
results in the oxidation of the 66 complex ion forming d d5 species
rather than reduotion giving a d’ ion. Tt is clear then that the d’
manganese(0) complex. is not readily formed and must be a good deal

2

more unstable than the corresponding &' iron(I) complex.

We shall conclude this section by. briefly considering a_ few.

- possible. structures for a pentacyanonitrosyl-manganate(0) complex.
Now according to Manoharan’andvGrgyfs M. 0s energy-level schemeBQ,
(see also Chapters 2 and 3) we would expect the extra electrom to g0
initially into the 7e Tf*(NO) level. Due_to the lower oxididatiom

state on the metal, the additional electron would have less tendency:.

-to go onto the metal than in the nitroprusside case. Thus the radical
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could resemble a trapped NO species (similar to those found in
low-temperature irradiated nitroprusside) with' very little manganese
hyperfine interaction, depending on how close the N0 was trapped .
to manganesee.

Now if'there were two cation vacancies, one situated above
and the other below the axial ligands,then the latter could elongate
into the vacancies, thus lowering the energy of the dz2 orbital on
manéanese. In this case the electron could be said to be formally

in an 2, (dZZ) metal orbital, but with extensive delocalisation

onto the ligands. By analogy with the hexacyano-complexes of iron11
and cobalt17’18 one might expect the axial cyanide to form an

isocyanide bond. This would also tend to lower the energy of the
,dzz metal orbital.28 Momover,'the very low oxidation state of the
metal itself would tend to lower the ligand field splitting energy /
. and hence lower the energy of the antibonding-dz2 and dx2ﬁy2
orbitals. ,

Finally, we shall mention one manganese(0) coﬁplex which has
been repor‘ted.31 This is the species [KCO)B(SPh)Kﬂ]Z , whose €.5.T.
spectrum shows two equivalent manganese atoms with the remarkably

small h.fes. Of 14 gauss showing that the additional electron is

delocalised very considerably.

2) Chromium.

The e.S.r. results indicated that the d5, chromium(I) ion
[br(CN)sNd]3- is reduced to the diamagnetic-dé, chromium(0) ion
[Cr(CN)5NOl'L"- by the action of Y-irradiation on the KC1. host
lattice. This is éonfirmed by the .infra-red-results. There is no

€.5.r, evidence for the formation of a d7 chromium(-I) ion, This is
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not altogether unexpected in view of the manganese results and
the fact that a two-electron reduction.is not particularly

favoured.

3) Iron.

Following ?{-irradiation the species formed is identical
to that formed on irradiating pwre sodium nitxoprusside at room
temperature. It is highly probeble that the nitroprusside ion
was not incorporated into the alkeli halide lattice in the same
way as the chromium and manganese complexes, but was incorporated
in clusters. This being so, no new information has been obtained

from this particular study.

—— gt — — —

In conclusion, although we have not achieved our original
objective of preparing the 1n(0) and Cr(-I) complexes and correlating
e.s»r. data for the isoelectronic series of d7 pentacyanonitrosyl
ions, (Fel, 1n° and ¢r™T), this study has not proved entirely
fruitless. The infra-red work has shown_that the complexes have_
been reduced following Zf-irradiation and i.r.,results have
furnished evidence of interaction of the NO group wiﬁh‘cation'
vacancies. Thg €+¢SeTe WOrk omn panganese complexes hasvposed many
fascinating questions and it‘is.tolpg”hqpea’that.fu;ﬁher work

may soon uncover some of the answers.
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PART II

- STABILISED RADICALS IN PRECIPITATED POWDERS.
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INTRODUCTION TO PART II.

In Part II of this thesis we report the preparation of some
interesting inorganic radicals by 2(-irradiation of polycrystalline
- matrices containing impurity ions. These doped powdefs were‘produced
“by coprecipitating the microcomponent with a largs excess of a
suitable host material, particularly barium sulphate. An e.s.r.
study of such radicals was used both as an aid to their identification
and as a probe into their electronic structure and geometry.
The initial step in the radiation damage of inorganic
 diamagnetic solids is commonly electron ejection. If the ejected
'conduction' electron is trapped in some manner at a distance from
the parent ion, and if the latter distorts to inhibit hole migrétion;
then paramagnetic species result and can often be studied by e.s.r.
In general these péramagnetic'centres are stable only at low
temperatures and readily decompose when the substrate is annealed,
In the absence of impurity or defect sites the electron and the
hole-centre may recombine to form an excited parent molecule which
often decomposes before it has had time to drop to the ground state.
A suitable impurity ion at a lattice site in the so0lid can act as
a competing trapping site for the electron, and the resulting
radical may have a high thermal stability. This stability will be
enhanced if the configuration and charge of the paramagnetic
impurit& centre are compatible. For example,-as we shall see later,
the most stable oxyanion radicals trapped in an MIIXQ4 lattice are
almost certain to have the X0, *" strusture.
The coprecipitation technique has several major advantages

over conventional methods of obtaining dilute so0lid solutions of

impurity ions in ionic crystals. In particular, one can often
>
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coprecipitate either salts that do not form mixed crystals with
the host when grown by slow evaporation from solution, or salts
that decompose at elevated témperatures thus precluding melt-
growth' techniques. A fundamental understdnding of the coprecipi—
tation phenomenon is necessary before it is possible to anticipate
which impurity ions will be incorporated into a particular precip-
itated matrix. We begin, therefore, with a brief review of those

factors which influence this process.

Coprecipitation.

Coprecipitation of an impurity with the host material prob-
ably occurs either by the adsorption of the micro-component onto
the host or by the formation of a solid solution. The concentration

of the microcomponent is determined by:

&) The relative sizes and charges of the coprecipitant
and host lattice ions: A low concentration of coprecip-
itant ions will occur if their inclusion in the host
lattice necessitates a significant lattice distortion.
This distortion may be relieved however, if the impurity
ions aggregate to form neutral molecules or clusters

within the matrix. .

b) The structural relationship between the host lattice
and the coprecipitant salt: The highest concentration of
impurity ions are obtained when the materials ére iso-
morphous. This seems té indicate that molecular units
rather than individual ions are incorporated into the

host lattice.

.
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The rapid direct mixing of reagents in high concentration
to form precipitates is the least reproducible method of inducing
coprecipitation. However, this method does have the advantage that
it often leads to a loss of selectivity by the host, and a concom-
itant increase in concentration of impurity ions. The solid state
diffusion process may then be sufficiently rapid to render the
solid phase homogeneous; the rate of diffusion increasing markédly
when the precipitate is annealed close to its melting point. When
the substrate forms as a colloidal precipitate, impurity ions in
the solution can bé adsorbed onto the solid surface. These foreign
ions may then be incorporated into the substrate lattice, mainly
as the 'inner' surface of each precipitate particle. This mechanism
is particularly important since coprecipitation may occur with the
formation of an adsorption compound even though the microcomponent
ions are structurally incompatible with the host lattice.

There is no apparent reason why liquids should not be copre-
cipitated with solids, and indeed, solvent molecules have been
found in close association with the host lattice (a) as part of
the solvation structure in the normal crystal lattice, (b) as part
of the crystal structure, (c) incorporated with the coprecipitated
foreign ions, and (d) occluded and entrapped at microscopic sites.

We have used barium sulphate extensively as the host matrix

for the coprecipitation of impurity ions for the following reasons:

a) Barium sulphate forms as a colloidal precipitate from
aqueous media at temperatures close to the boiling points
of the solutions. Thus impurity ions whose structure may'

not be compatible with this lattice may still be coprecip-

itated as adsorption compounds. If the powders are then



i,

annealed at high temperatures, ion diffusion occurs,

rendering the solid phase homogeneous.

b) It does not contain abundant magnetic nuclei so that
there is no line broadening in the ee.se.r. spectrum of
trapped radicals through superhyperfine interactions with

the matrix.

¢) It is highly insoluble in water.

.

, a) fhe e.S.T., sSpectra of radicals formed by the BfLirrad-
iation of pure BaSQ4 are relatively simple, consisting of
broad featureless absorptions centred close to the free-spin
g-factor. Consequently, they do not complicate the analysis

of e.s.r. spectra arising from trapped radicals.

Bibliography: A.G. Walton, "The Formation and Properties of Precip-

itates," Interscience, New York, (1967).



CHAPTER 5

INTERACTION OF TRAPPED HYDROGEN ATOMS WITH ALKALT

METAL IONS IN BARTUM SULPHATE.
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Introduction.

Hydrogen atoms Eave.been extensively studied by eo.s.r. in
.a wide variety of solid matrices.1 In several instances extra
features have been observed in the vicinity of the eipected |
isotropic low-~ and high-field lines. Thus in aqueous acid media,
4satellites were detected flanking the main lines, whose relative
intensity increased as the microwave power was increased.” These
lines are caused by nuclear transitions of neighbouring protons,
and are not normal hyperfine features. Jen and co--workers3
detected a hyperfine interaction to neighbouring xenon nuclei
when hydrogen atoms were trapped in a xenon matrix, and strong
coupling to surrounding fluoride ions was detected for hydrogen
atoms trapped interstitially in calcium fluoride crystals.t

In the present work, the exposure of precipitated barium
sulphate (also stromtium sulphate and barium phosphate) to K:rays
led to the formation of hydrogen atoms which were subsequently
5,6

trapped at a variety of sites in the host lattice.”?” In each
case one such trapped hydrogen atom centre, stable at 77 X,
exhibited hyperfine coupling to a second nucleus.

.

Experimental.

- A1l reagents used were of AnalaR grade purified further

.by recrystallisation'from aqueous solution prior to use. Barium
sulphate was precipitated from aqueous solutions of barium chloride
containing approximately 10% of required impurity ions by slow
addition of aqueous sodium sulphate at 370 K. Strontium sulphate

powders were prepared similarly using aqueous solutions of
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strontium chloride, while barium phosphate powders were prepared
using aqueous solutions of barium chloride and tri-sodium ortho-
phosphate. The resulting suspensions were digested at about 340 K
for several hours, filtered and dried at about 350 K for two hours
prior to exposure to 6000 Ycrays at 77 K or room temperature.
Radiation doses varied from about 0.5 £o 20 Mrade Ees.r. spectra
were measured at 77 K or room temperature with Varian E3 or V4502
high-resolution spectrometers, the latter being calibrated with

a proton resonance probe.

Resultse

When a sample of barium sulphate, which had been precipitated

solukion

from aquaousApontaining sodium ions, was Xcirradiated at 77 K its
€eSere sSpectrum measured at this temperature and a microwave power
level of 10 mV showed the presence of three discrete paramagnetic
species. (Figure 5.1). The most abundant radical, characterised
by an intense single absorption line centred close to the free-spin
g-factor, also resulted when fused barium sulphate was Y‘-irradiated
at 77 K. This centre probably originated from the radiation damage
of sulphate anions. However, we were unable to detect hyperfine
interactions involving 335 (I = 3/2, 0.7u% isotopic abundance)
and therefore, could not unambiguously identify this species. For
the purposes of the present account we shall label this ceﬁtre
the "sulphate" radical.

At 77 K and a microwave power level of 100 mW, features

from the "sulphate" radical and the second paramagnetic centre,

labelled Radical B im Figure 5.1, were almost completely saturated
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whilst those of Radical A, a pair of axially symmetric quartets
(Figure 5.2) separated by approximately 511 gauss, had increased
.both in resolution and intensity. When singly charged anions sﬁch
as nitrate, chlorate or perchloride were added as the sodium
salts to the solution prior to precipitation, the quartets due

to Radicél A were greatly enhanced relative to the lines due to
Radical B.

When potassium ions were incorporated into the barium
sulphate lattice an analogous species to Radical A was formed,
but the hyperfine quartet feafures from this centre were less
well resolved and it wé.s only possible to obtain the perpendicular
hyperfine splitting constants from the outermost features of the
quartets. (Figure 5.3).

When a sample of barium sulphate, which had been precipitated
using H20-free reagents in a solution of D20 » wWas 6’-irradiated
at liquid-nitrogen temperature, its e.s.r. spectrum at 77 K and
100 ni7 showed that the original principal doublet splitting of
511 gauss of Radical A had collapsed to a triplet of approximately
79 gauss separation. (Figure 5.4). These deuterium hyperfine
triplets still showed the quartet splittings associated with
Radical A. s |

Features from Radical A decayed irreversibly when the sample
was annealed to about 220 K and there was a concomitant increase
in intensity of the e.s.r. signal from Radical B.

Figures 5.5 and 5.6*show the e.s.r. spectra, measured at
77 X and a microwave power level of 10 oW, of low-temperature
irradiated strontium sulphate doped with sodium perchlorate and

barium phosphate doped with sodium selenate, respectively. The

%{mqu (f 120120
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multi-line features in the 'hydrogen atom' regions of these spectra

also decay irreversibly on warminge.

Discussione.

Tdentification of Radical A.

Ve have assigned Radical A the structure NaH' for the

following reasons:

a) The major doublet splitting of 511 gauss must arise from
the interaction of the unpaired electron with a single proton
(I = %). Douterium substitution resulted in the expected

ma jor triplet splitting of gausé arising from the coupling

of the unpaired electron with the 2H nucleus (I = 1).1

b) The socondary, axially symmotric quartot splitting
arises through hyperfine coupling to a sodium nucleus

(I = 3/2). A marked reduction in this subsidiary splitting
occured when potassium ions (39K; I= 3/2, 93.08% isotopic
abundance) replaced sodium ions in the sulphate lattice.
This is to be expected in view of the smalléf‘magnetic
moment of potassium compared to sodium.t We ‘have ruled out
the possibility that this splitting arises through coupling
to & 22C1 nwleus (I = 3/2; Th.6lisotopic abundance) of a
chloride ion for two reasons., Firstly, we were unable to

57g

~ detect features arising from the corresponding 1 nucleus
(I = 3/2, 24.6% isotopic abundance) and secondly, we obtained
exactly the samo e.s.r. spectrum from an irradiated sample

of barium sulphate precipitated from a solution of barium
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nitrate, in the complete absence of chloride. The low
natural abundance of the magnetic 1353a and 137Ba nuclei
(I = 3/2; 6.6 and 11.3% isotopic abundance, respectively)
makes it unlikely that these isotopes are responsible for

this subsidiary interaction.

¢) The intensity of the e.s.r. signal for this radical
increased markedly when the barium sulphate was precipitated
in the presence of singly charged anions such as NO3-’ 0103-
and 010Lf. The reason for this is that in order to maintain
charge neutrality in the sulphate lattice, the inclusion

- of singly charged anions requires a concomitant increase
in the concentration of impurity sodium ions. Although we
formulate the species as NaH' (and KH'), this is not meant
to imply the complete absence of other atoms with non-magnetic

nuclei in the overall writ.

Tdentification of Radical B.

The e.s.r.'spectrum of radi&al B is compiétely'isotropic
| and is characteristic of a species containing a single magnetic
nucleus of spin: I = 4. We may confidently assume that this species -
is a hydrogen atom trapped near a barium or sulphate ion site in
the lattice, since the spin-resonance parameters of this centre
are similar to those reported for hydrogen atoms trapped in a
wide variety of;matricest and also to hydrogen atoms studied in

the gas phase.1’7’8

‘When the host lattice was precipitated from
D20, radiation damage resulted in the formation of the predicted,

corresponding deuterium atom centre. -
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The e.s.r. results obtained for Radicals A and B are

included in Tablse 5.1«

Structure of the Alkali Metal Ion~Hydrogen Atom Centre.

Approximate spin-densities have been calculated as indicated

in Table 5.1. The anisotropic hyperfine tensor representing the
~interaction of the unpaired electron with the sodium nucleus has
the form (2B, -B, -B). This anisotropic coupling to sodium can
be entirely explained in terms of an indirect dipolar interaction
from spin on hydrogen, there being no need to invoke 3p-orbital
participation in the Na~H ©~-bond. Using a simple point-dipole
calculation we obtain a sodium-hydrogen bond length of T.SK.
This can be compared with the value of 1.BX obtained for sodium
hydride in the gas phase.8 A somewhat more refined calculation,
in which the electron in the hydrogen 1s orbital was treated as
being distributed octahedrally about the nucleus at a distance
equal to the Bohr radius (see Appendix II), gave a Value‘of the
sodium-hydrogen bond length of 1.8X.

Since the anisotropic coupling is necessarily positive,
the isotropic coupling to 23Na must also be positive and almost
certainly results from the direct delocalisation of the unpaired
electron into the sodium 3s-~orbital, giving a spin-density of
0.054. In that case,.the proton coupling is unexpectedly iarge,
‘being, in fact, slightly greater than that of hydrogen atoms in

7,8

the gas phase. '’ This increase may be interpreted in terms of
a4slight‘orbital contraction for the 1s orbital on hydrogen,

caused by a partial transfer of positive charge (or in other terms,
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a small increase in the effective nuclear charge on hydrogen,
induced by the neighbouring cation).9 Proton hyperfine coupling

is particularly sensitive to small changes in this term, and a

very small change would readily accomodate the present data.6

However,an unrestricted Hartree-Fock (UHF) calculation actually

gave a 1H coupling slightly greater than that for the free atom,10

so this concept of orbital contraction is not necessarily required

to explain these results.
An alternative mechanism to explain the increase in the
proton hyperfine coupling is the theory proposed by Adrian,11 and

later developed by Jen and co*nrkers,mz

to account for the effect
of the matrix upon the wave-functions of trapped atomse. They
suggest that the perturbation of the trapped atom's wave-function
by the matrix can be envisaged as the sﬁm of several opposing

effects, principally:

a) The van der Waal's (dispersion) forces between two
interacting particles, which will tend to maximise the
interaction energy by expanding the wave-functions of

the particles.

b) Pauli exclusion forces, which operate when the
particle separation is small, and which effectiveiy
result in a shrinking of the wave-functions of thé
interacting particles away from each other. This
interaction will also admix'some of the wave-functions

of the matrix particles with those of the trapped atom.

Hence, for NaH+, machanismva) would lead to an overall

l18

reduction in the proton hyperfine coupling from the free atom value,
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whilst mechanism b) would give rise to an increased proton
coupling and superhyperfine splitting from the 'matrix' sodium
ion. If this thoory is correct then our experimental results
clearly indicate that the effects of mechanism b) predominate
.over-those of mechanism a). The theoretical UHF calculations1o
also suggested that there was no bonding between the hydrogen
atoms and sodium ions, although the species detected is clearly
well defined. It is, of course, possible that the actual trapping

does not involve sodium ions, which just happen to be close to

effective trapping sites: this point is considered later.

The Structure of the "Lattice" Hydrogen Centre.

The NaH' centre was irreversibly converted to "lattice"
hydrogen when the barium sulﬁhate host lattice was annealed at
220 K, indicating the higher thermal stability of the latter

centre. By analogy with the bonding scheme proposed for hydrogen
atoms trapped at basic anion sites in a varietf of irradiated

13’14_we suggest that the proton of the "lattice"

phosphates,
hydrogen cenﬁre forms a & <bond to a basic oxygen of the sulphate
anion. The extra electron is then accommodated in the oorresponding
o ¥ -level. Since the & -level is concentrated primarily on |
oxygen, the ¥ _level is mainly on hydrogen aﬁd there%ore, the

spin-resonance parameters for this centre closely resemble those.

of a free hydrogen atom.

Mechanism of Formation and Trgpping.

Since there is no apparent reason why sodium ions should

intrinsically favour hydrogen atom trapping in barium sulphate,
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we need to find some other explanation for the high percentage of
the NeH' species in material containing only trace quantities of
sodiﬁm ions. We propose the ‘'existence of two distinct and competing
trapping sites in the sulphate lattice. X-ray studies of barium
sulphate precipitated from aqueous solution have suggested that
water coprecipitates with the salt and exists as a solid solution
in the lattice; a group of three water molecules replacing a BaSOh
um‘.t.‘l‘5 In an analogous manner, alkali metal ions and solvent
molecules may be simultaneously coprecipitated if the size of the
combined unit is appropriate. The lithium ion is known to carry one
molecule of water into the precipitated sulphate 1attice.16

If conduction electrons resulting from the radiation damage
of the host lattice are subsequently trapped at defect sites
containing an alkali metal ion and a water molecule, then there
is a high probability that hydrogen atoms, formed by dissociative
electron capture by H20, will be trapped near an alkali metal site
(and remain trapped close to sodium). Altern;tively, if these
generated electrons are trapped at defect sites containing only
coprecipitated solvent, then the_resulting hydrogen atoms may be

trapped at a sulphate anion site.

Related Systems.

Of the range of other host lattices and additives studied, only
a few gave any clear indication of comparable trapping sites. One of
the more interesting results was obtained in the case of barium phos-
phate doped with sodium selenate. When the polycrystalline sample was
irradiated at 77 K, the e.s.r. spectrum measured a£.77 K (Figure 5.6)

showed four broad lines flanking the normal "lattice" hydrogen atom
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lines, whose hyperfine coupling constants were approximately 30 G and
503 G respectively. In addition, several of these lines showed an extra
‘triplet' splitting of about 5 G. The quartet features suggested a hyper-
| fine coupling to 25Na (~30 G), and if these lines consist of parallel and
perpendicular features as for the NaH' centre in barium sulphate (Figure
5.2), then the extra coupling could be interpreted in terms of an isotr—
opic doublet splitting of 5 G. One possible source of this coupling is
interaction with a ° P nucleus in the qu’ anion (°'P; I = 3, 100% iso-
topic abundance). If this were correct, it would support the suggestion
of Atkins et al’’ that the major stabilising force for trapping in such
environments is weak bonding to the anions, since there seemed to be

7

some correlation with anion basicity.1 This reasoning has been extended
to successfully exp}ain the ultraviolet absofption assigned to hydrogen
atoms in aqueous solution.18 To substantiate this theory, we have irra-
diated 'pure' barium phosphate (containing oniy traces of water as
impurity) at 77 K, and the e.s.r. spectrum measured at 77 K (Figure 5.6),
shows two broad hydrogen atom lines with definite signs of an unresolved
doublet split?ing of about 5 G; thus giving further'support to the view

that anion interaction is important in these centres.

When a sample of strontium sulphate doped with sodium perchlorate
was irradiated at 77 K, the e.s.r. spectrum measured at 77 K (Figure 5.5)
showed, in addition to the lattice hydrogen atom lines (A = 503 G), a
multiline pattern within thgge broad lattice hydrogen lines and not
flanking them. Thus, the spectrum is quite unlike any of the other
hydrogen atom centres previously seen, and could copsist of a number of
overlépping lines making interprqtation_difficult. For technical reasons
it was not possible to obtain a spectrum at Q-band frequency, which

could have resolved the diffioulty. However, whatever the nature of this
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centre, there does appear to be a marked degree of delocalisation of

the hydrogen atom's unpaired electron density onto some other atom(s) in
view of the proton hyperfine ocoupling constant being reduced from its
free atom value of 507 G to approximately 460 G. It is possible that
there may be more than one hydrogen atom centre producing this spectrum;
since there is no clear hyperfine splitting to a single magnetic nucleus;
coupling to 875 being very unlikely (87Sr; I =9/2, 7.02% isotopic

abundance ).

Other Systems: Experimentsl Evidence for the H.~ and H.™ Radical Tons.

Introduction.

In order to explain the magnitude of tﬁe proton hyperfine coupling
in NaH* (511.5 G), which is even greater than the gas-phase value, we
invoked the excess charge theory (vide supra) first pfoposed by Symons9
to explain the effect of excess charge on the magnitude of proton coup-
ling constants in various organic and inorganic ?adical ions. The basic
concept is simply that the effective radius of the hydrogen‘1s atomic
orbital should be allowed to change systematically with the excess
charge, or, in other terms, that the effective nuclear charge on the
proton should be thought of .as deviating from unity. This effect is not
of great importance for most atoms in molecules, since the fréotional
change in nuclear charge (2Z) is relativelj small and the effect is buff-
efed by the remaining electrons. For protons, however, a sﬁﬁll change in
the effective nuclear charge (ZH) can make a large difference to the
coupling oonstant, whioh will be proportional to Zg « The theory has been
used successfully to explain the magnitude of the proton hyperfine split-
19

ting in cations and anions of aromatic hydrocarbons such as anthracene,

and also in the series of isoelectfdnic planar radicalé, M, , CH3 and
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NH3+. Typical changes in ZH’ calculated from the observed coupling don—
stants are included in Table 5.2. In the case of NaH+, the increase in |
the proton hyperfine coupling constant over the expected value can be
readily accbmmodated on this theory if there is akfmall increase in the.
effective nuclear charge on H (Z = 1.024), indwed by the neighbouring
sodium ion. (Table 5.2)

One prediction that can be dréwn from this theory is that the over-
all hyperfine coupling (2A) for Hz' may be very much less than the value
of about 500 G normally expected, whereas that of H2+ could be quite a
large amount in excess of this value. It wés in order to test‘this pre-
diction that attempts were made to prepare the ions Hz' and Hz+ and to

study their e.s.r. spectra.

i) The Radical-Ton H,",

Attempts were made to produce this centre by‘hflirradiating a
number of alkali metal and alkaline earth hydrides at 77 K; the idea
being that hydrogen atoms might be trapped at‘hydride ion sites forming

it

the required centre:
L i.ee H’ + H —> Hz" .

However, it was only in the case of irradiated 1ithium hydride. that there
was any indication of the formation of any other hydrogen atom centre
apart from the 'normal' hydrogen atom centre of splitfing ~ 500 G. The
e.8.r. spectrum of a polyerystalline sample of LiH ¥iirradiated at 77 K
‘(Figure 5.7) shows the presence of three paramagne%ic centres; one of
which gives a broad parallel and perpendicular feature centred around
the free spin region of the spectrum, the sédbnd\givés a doublet split-.
tipg'of‘about 500 G corresponding to a 'normal' trapped hydrogen atom

- centre, whilst the third centre apparently consists of a broad doublet
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Table 5,2 Proton Hyperifine Parameters for Various

Radical Catilions and Anions.,

Radical Ion ay (gauss) Zypp Reference

Lnthracene” 6.7 1.03 19

(9H)

Anthracene” 5.6 0.97 19

(9H)

BHy 16.5 0.S0 20

CHy 22,5 1.00 v 21

NH © 27.0 1.06 21

NaH" 511.2 1.02 ' This work

H 340 0.87 ' This work

Hy 348 0.87 a

Hg+ ‘ 630 1.08 This work
+ , ' - ) o

Hy 660 1.09 a

a. vVvalues predicted by Dr, T.,4., Claxton

(Nature, 226, 1242, (1970))
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‘whose splitting is approximately 340 G. In view of the excess charge
effeot (vide supra), these lines could be the outermost features of
H2- , the innermost features not being detected due to the intense,
broad features in the centre of the spectrum. Coupling to two equiva-
lent nuclei of spin, I = ¥ is expected to give three lines of intens-
ity ratio i§2:1. However, the large hyperfine splitting in the present
case indicates a oconsiderable second order field effect of the Breit-
Rabi type,22 so that the centre line is split out into two lines giving
a four line spectrum overall.

The Hz. ion could be trapped mear a lithium ion, and, if so, the
broad outermost features could hide unresolved lithium hyperfine split-
ting ("Li; I = 3/2, 92.57% isotopic abundance).

A more satisfactory method éf obtaining this radical in higher
concentration might be hydrogen atom bombardment of saline hydrides;
where hydrogen atoms formed from gaseous hydrogen by electrical disch=-
arge are passed over the powdered hydride at various temperatures and

pressures. This method could have a higher success rate in trapping hyd-

rogen atoms at hydride ion sites in the orystal lattice.
L . o

ii) The H2+ Radical Jon.

One likely method of prodﬁcing this radical seemed to be the
formation of hydrogen atoms in situ in a strongly acidic medium, where,
under suitafle conditions, the hydrogen atoms could be trapped near
protons, or in effect brotonéted: o B o '

i.e. H + H —> Hz*

Now, hydrogen atoms have been formed in frogzen écids,namely perchloric,
phosphoric and sulphuric acids, which were Y-irradiated at 77 K.2°

However, no evidence was found for protonated hydrogen atoms (H2+) in
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these acids. In view of this, we decided to use one of the most strongly

2

ionizing and acidic media known to chemists,” namely the system

FSO_H - SbF_, which is sometimes termed "magic acid." This'combination

3 5
of fluorsulphonic acid and antimony»pentafluoride is an exceedingly
powerful protonating agent, and as-such should be able to protonate
trapped hydrogen atoms more easily thgn conventional acids.

A sample of FSOBH - SbFS was prepared using high vacuum techniques
by Dr. T.P. Sleight, and was ¥ -irradiated at 77 K in & sealed quarts
tube. Its e.s.r. spectrum, measured at 77 K, showed the presence of at
least three radicals (Figure 5.8); the spectrum of one was centred close
to the free spin region and comprised three broad lines; the spectrum of
‘normal' trapped hydrogen atoms was recognised and identified by its
expected doublet splitting of approximately 500 G. The spectrum of the
third paramagnetic species consisted, as far as could be seen, of a
doublet of lines separated by approximately 630 G, whose intensity‘was
about one~fiftieth of the intensity of the normal hydrogen atom lines.

Now, since the 'magic acid was irradiated in the form of a frozen
glassy matrix, the quartz tube could not be annealed in the normal way
(see Chapter 1 — Experimental Section) without warmiﬁg the acid to above
its melting point. This means that the obgerved hydrogen atoms may be
trapped in the quartz rather than in the acid itself; hydrogen being a
characteristic impurity of most synthetic qpart; crysta.ls25 and hydrogen
atoms are known to be formed in quartz irradiated at 77 K.26 fhe €eSeTs
signals from thesg trapped atdmé disappear'after a Subsequeﬁt warmup to

26

temperatures in excess of 100 K. ‘Thﬁs, if we assign theISOO G doublet

(Figure 5.8) to hydrogen atoms trapped in quartz, the 630 G doublet could
be the outermost features of H,*, trapped on the surface of the quartz.
Again the innermost lines in the speotrum (assuming our assignment is

correct) are not seen due to the intehse, broad features in the central
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portion of the spectrum.

When the sample was warmed above 100 K for a few seconds and'then
recooled to 77K, the spectrum changed to that shown in Figure 5.9,
where the normal hydrogen atom lines have decayed somewhat with the
concomitant increase in intensity of the 630 é doublet. On further ann-

ealing the normal hydrogen atoms decayed completely, whereas the latter

- centre was relatively stable at room temperature, taking several hours

to decay completely.

Now, in érder to test whether these radicals were formed in the
‘bulk acid’or on the surface of the quartz, the experiment was repeated
using a quartz tube whose inner surface had just been moistened with the
‘magic acid' prior to irradiation. The e.s.r. spectrum of this sample,
measured at 77 K (Figure 5.10), showed a much higher proportion of the
species éiving the 630 G doublet, compared to the normsl hydrogen atom
species. This gave definite indication that it was closely connected
with the quartz medium, and the quartz surface in particular, since
irradiation of a pure quartz sample gave normal trapped hydrogen atoms
only. When the sample was warmed to room temperature for a few seconds
and recooled to 77 K, the spectrum showed that the normal hyérogen atoms
h@d decayed completely whilst the central portion of the spectrum had
increased in complexity quite markedly (Figure 5.41). There are several
narrow lines in the spectrum of comparable intensity to the 630 G
doublet, two of which could be the expected innermés%hfeatuées offH2+,
if, indeed, this is formed. Some of these lines may be due to molecular
oxygen, the presence of which was confirmed:by méasﬁriﬁg'fhe‘spéctrum
ax_highlfield (5000 = 7000 G);‘and comparing it with the known spectrum
of molecular oxygen;27+28 {pg 1ines in this region of the spectrum

27, 28

being qpite'intense'and well documented. The lines in the free spin

)
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region, however, are much less intense (the weakest observable lines
being over a thousandfold weaker than the strongest lines of the spectrum
at 77 X)?8 and there is some uncertainty in their positions. It was hoped
that the problem could be resolved by obtaining a spectrum of molecular
oxygen in a.n'uncontamina.ted quartz tube at 77 K. Unfértunately however,
reproducible spectra of this type have not yet been obtained in fhis-
laboratory, and consequently we are not able to conclude anything about
a possible relationship between thé narrow features in the free spin
region. So the possibility still remains that the 630 G features are a
property of H2'+’ but in the absence of unambiguous' experimental evidence

nothing further can be concluded.
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THE 33 VALENCE-ELECTRON C10 ANION AND RFLATED SPECIES.
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Introduction.

Morton1 has detected tﬁo paramagnetic centres in potassium
perchlorate crystals ¥-irradiated at 77 K, which he suggested
might be Clqk radicals #rapped in two magnetically distinct sites.
However, their magnetic properties, given for comparison purposes
with those assigned to PO, % (ref. 2) and 50, (ref. 3) in Table 6.1,
did not seem to be very reasonable for the chlorine tetroxide radical
with 31 valence electrons since both the total chlorine 3s-character
and the p/s ratio are larger than expected. In addition the form of
the g-tensor is different from that of the other radicals. Further-
more, we would not expect the same radical occupying two different
lattice siteé.to have such dissimilar hyperfine parameters.

A possible alternative that has recently been proposed& for
one of these radicals (labelled (I) in Table 6.1) is the peroxy-
chlorine species 020100, and, in view of the results repor‘ted5 for
2= we feel that the other radical

3
prepared by Morton is probably Clohz'. In view of the previous

56,7

the electron-excess species ClO
successes reported from this laboratory, in specifically
preparing electron—excess species by doping the parent ion into
a suitable host cr&stal, we attempted to form 01042- by irradiation
of barium sulphate which contained a trace of perchlorate impurity.
In this chapter we compare and contrést the spin-resonance
and molecular parameters obtained for this centre with those of
Morton's radical (II) and the recently rep§rted isostructural
tetroxide species ASOI:"' (or As(OH)h_),a formed by the interaction
of Y-rays with KHASO, at 77 K, and the isostructural halides

o 1 12
FF,,,”*" pe1,,"" and S, *.
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Experimental.

All reagents used were AnalaR grade pwrified further by
recrystallisation from aqueous solutionr Samples of barium sulphate

doped with €10, and NO, ions were prepared by coprecipitation

L 3
from aqueous solutions of barium chloride which contained approx=
imately 10% of the dopant ions, at temperatures close to the boiling
point of the solutions. The samples were allowed to digest.at 2.0 K
' overnight, washed free of chloride ions and dried under vacuum for
several days prior to their irradiation. If the powders were anneaied
at temperatures above approximately 450 K some decomposition of the
coprecipitated Cth- ions occurred. Powdered samples of the doped
sulphate were exposed to 60Co Xcmays at both 77 K and room temper-
ature; doses ranging from 2 to 30 Mrads.

Annealing experiments were Parried out using.a Varian variable-
temperature accessory, while spectra at L2 K were obtained by
employing a Varian V4545B liquid helium accessory and superheter-
odyne detection. |

To facilitate the interpretation of the complex X~band ee.sers
spectra of the irradiated doped péwders, further spectfa were meas-

ured at both Q- and S-band frequencies.

Results .

Exposure of barium sulphate doped with perchlorafe ions to
X‘-rays at 77 K resulted in the formation of three radicals: the
host "sulphate" radical, together ﬁith two species A and B which
exhibited hyperfine interactions characteristic of radicals cont-
aining a single chlorine atom (Figure 6.1). In both A and B feat-
ures corresponding to the two abundént isotopes 3501 and 3701.
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were detected, whose relative intensities were in accord with the
natural abundance ratio of 3.07 and whose separation was consist-
ent with their magnetic moment ratio of 1,202.

When the sulphate was annsaled to 300 K the spectrum changed
markedly (Figure 6.2). Whilst the chlorine radical A was stable at
~ this temperature, both radical B and the host sulphate radical C
decayed irreversibly; the decompositibn of the latter giving rise
%o a new paramagnetic species D. Irradiation of the doped sulphate
at room temperature produced A and D directly. Only radical D was
formed when pure barium sulphate was irradiated at 300 K.

Irradiation at 77 K of a sample of barium sulphate containing
coprecipitated perchlorate and nitrate anions resulted in the form-
~ation of radicals B and C together with the well-characterised
N032’ radical;l'"5’7’13 radical‘A not being formed in the presence
of nitrate ions. (Figure 6.3), When the sample was annealed to 300 K
radicals B and C again decayed whilst the nitrate centre was stable
at this temperature. Irradiation of the sample at room temperature

led to the formation of radical D and N0, only; again radical A

3
not being formed due to the presence of nitrate ions.

The only effect of warming the sample from 77 K to room temp-
erature’on th? spectrum of radical A was that the hyperfine coupling
decreased slightly. Thers was no chang; in tﬁe spectrum when the

.sample was cooled from 77 K to 4.2 K.

Discussion.

Identification of Radical A.

The e.s.r. spectrum of this centre was interpreted in terms

of a species with three g- and A-values.
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We are led to the conclusion that radical A is c1oh2‘ for

the following reasons:

a) Radical A is an electron-excess species. This is demon-
~strated by the results of the competition reaction with
nitrate ions. The nitrate acts as a very efficient electron
trap in the barium sulphate lattice (as well as in other
1attices5'6’7) leading to the formation of the stable NO32'
centre. It is, in fact, such an efficient electron scavenger
that it inhibits the formation of radical A, which suggests
that the latter is formed as a direct result of electron

trapping at a perchlorate ion site.

b) The most stable impurity anion centres in barium sulphate
are those which require no charge compensation within the
lattice. The observed high thermal stability of this centre

is in accord with our suggestion that radical A has the
structure XOAZ-.
¢) In Table 6.2. the spin-resonance data for the well-

characterised radicals €100, C10,, C10, and c1032‘ are

collated for comparison with those of radical A. Also
included are data for the Clé' which is isoelectronic with
102", None of the listed radicals possesses the combinat-
ion of a significant chlorine isotropic hyperfine coupling,
a very small anisotropic hyperfine coupling, and positive
g&-value variations characteristic of radical A. The choice.
of structure for this centre lies thefefore between the
25 €10, , and clolhz‘ whose formation from a
perchlorate ion seems most likely.

species C10
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2.
2

species and, from Walsh's orbital correlation diagram for

The radical 10,2~ would be a 21 valence-electron

AB, radicals,™ (Figure 6.4) we would predict it to be

nearly linear and to approach a 2~§:g ground'state. The

‘QL:factor for such a linear radical is likely to bg close .
to thé‘free-spin value since the configuration ....

-_TTgS{?;& éng ; 2TT; would be a highly excited state.
The significant positive g-shifts observed for radical A
‘would seem to rule out this possibility. Furthermore, the
8’-irradiation of samples of barium sulphate doped with
chlorite ions produced a high concentration of 0102, but
no other chlorine-containing radical was detected. This

2= i5 unstable in barium sulphate.

2
The observed isotropic hyperfine coupling of 74.6 G

suggests that Cl0

is considerably larger than the value we would predict for
€10, by analogy with isoelectronic species such as POAZ_ 2 and
SOAT 3ok (Table 6.1). Further, the arguments expressed in

a) and b) above, both militate against €10, , since we have

O,
shown reasonably that the radical must be an electron-excess
centre,

We consider therefore, that the foregoing argﬁments virtually
eliminate all possibilities except.clohz- for.the structure of‘.

radical A.

Tdentification of Radical B.

The fact that the formation of this radical is not inhibited
by the .presence of the electron-trapping nitrate ion in barium

sulphate indicates that it is not an electron-excess species but
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likely to be a hole-centre. A comparison of the spin-resonance
parameters of radical B with those reported for the 0103 radical
‘trapped in a variety of matrices (Table 6.1) leaves little doubt
that this species is chlorine trioxide. The mechanism of formation
of this radical will be discussed later.

Y

Identification of Radicals C and D.

The identification of these radicals is again based on a
comparison of their spectral properties with those of already well-
characterised paramagnetic, sulphur-containing oxides and oxyanions
~ (Table 6.3). On this basis it is concluded that radicals C and D are
most probably soh' and soz“ respectively. However, we were unable
to detect hyperfine interactions involving 533 for these centres

(533; I=3/2, 0.7u% isotopio,ahundance) and therefore, could not

confirm these assignments.

2

The Structure of Clqk

The energy level scheme for tetrahedral X04 molecules is

illustrated in Figure 6.5. The anion 010#2' is a 33 valence-electron
species and, since there is some uncertainty concerning the ground
state of such a species, even if the molecule were perfectly tetra-

hedral, the unpaired electron could be in either the 23, or the 3%2

1
molecular orbita1.9’15 The energies of thé mole?ular orbitals (and
hence the ground state) are very much dependent on the electroneg-
ativity ()(x) of the central X atom. Figure 6.6 illustfates the

variation in orbital energies for tetrahedral X0, molecules as the

L
electronegativity of the central atom'changes; and for ClQh, where
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The molecular orbital diaarcram for

tetrahedral XO* molecules

3d(e)
E (ev)
(2p)
Chlorine Atomic Molecular Oxygen Atomic
Orbitals Orbitals \\ Orbitals

Figure 6.5
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XO ‘-=-"X c1» the 25.'1-leve], has been calculated to be approx-
imately 2.5eV lower than the 5%é-level.16 We would hesitate to
base an assignment on this oo.loulo,tn'_.on since tho energy diffor-
enoce involved is so small. However, a spin-population analysis of
the hyperfine tensor of this radical (Table 6.1) indicates that
the contribution of the central atom to the. M.0. of the unpaired
electron is at least 50% 3s in character. In the absence of any
distortion from tetrahedral symmetry, we would infer therefore
that the 2a,-level was lower in energy than the 3%2-1evel.

The observed anisotropic hyperfine ocoupling, albeit small,
is a measure of the distortion of this anion from a purely tetra-
hedral structure and reflects the presence of p- (or d-) character
in the molecular orbital. An intrinsic Jahn-Teller distortion is
not expected for a radical having a 2A1E-ground state and therefore
the destruction of tetrahedral symmetry may be environmentally in-
duced, perhaps through a non-spherical distribution of adjacent
barium cations. If this were so, it would explain why there is a
difference between the anisotropic parameters obtained for Cthz'
in barium sulphate and those reported by Morton for his radical (II)
.in KClOI*_,‘I if, as we suspect, the latter species is also 0102*.2—.
Also, a slight temperature dependence of the isotropic coupling
constant for 01042' (Table 6.1) is probably brought about by
changes in the environmgnt. The spizi-i:opulations for the 3s- and
 3p- qrbita.ls of the chlorine atom are calculated to be approxim-

ately 0.05 and 0.06 respectively at 77 K. There still remains the
possibility that the‘ anisotropic h;vperfine coupling 'cé';)luld result
from 3d- rather than 3p-orbitél character in the mqlecular orbital

which contains the unpaired electron; in this case the spin-popula-

tion would still remain small. However, since the energy of the
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3d~-orbital is a good deal higher than that of the 3p-orbital this |
possibility is remote. The most significant fact to emerge from
the spin-population analysis is that the major portion of the
unpaired electron density resides on the ligand afoms.

The observed g-value variations for 01042' can be readily |
explained if we assume that the environmentally or otherwise ind-
. uced distortion of this anion reduces its symmetry to c2v; Then,
with reference to Figure 6.7, the deviations of the anisotropic

g-factors from the free-spin value would arise through the foll-

owing excitations:

81yt +o=(8) (0)%(2)%(a,)%5%8, € wuula,)¥(2)%(v,)%(a) 5%,
Byt +oe(8)2(b,) (6,)%(a, )22, < veula,))2(0,)X(0,)%(s,) i,

855t +(a)2(0)2(0,)%(a,)%5%8, T oea(2,)%(2))%(0,)%(a, )%,

The effect of distorting the molecule so that its symmetry is reduc-
ed to C2v is to split the non-bonding t1-leve1 into orbitals which
transform as 855 b"l; and bz, and since 844 L 855 < g33 we conclude

that the a_-level is the lowest in energy as indicated in Figure 6.7.

2
Although the positive g-shif'ts observed can be accommodated

using an energy level scheme involving Cszymmetry, we would not

consider this as ‘unequivocal evidence for such an assignment; the

exact configuration adopted by a penta-atomic molecule not being

easily predicted from M.0. theory.
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Comparison with Isoelectronic Speciese.

At room temperature the isoelectronic molecule FF, , prepared
by Z{-irradiation of ammonium or potassium hexafluorophosphate,

gives a completely isotropic e.se.r. spectrum in which all four flu-

9,10

orine atoms appear to be magnetically equivalent. When the irr-

adlated samples are oooléd, the ee.3e.r. spectrum broadens markedly
before giving a very complex and not fully interpreted envelope spe-
ctrum at 200 K.9 This broadening is considered to arise through a
Slowing down of a rapid inversion process of the type discussed by
. Chantry and Ewingm7 for sulphur tetrafluoride, involving two<inequ-
ivalent pairs of fluorine atoms. This proposal is supported by the
observation that Pgh in a sulphur hexafluoride matrix at low temp-
eratures gives an isotropic spectrum characterised by two pairs.of
inequivalent fluorine atoms, 2 (Table 6.4). The analogous chlorine
species PClh, prepared by'u.v.-photolysig of phospﬁorus trichloride,
is also reported to possess two pairs of non-equivalent ligand atomsj1
A trigonal bipyramid structure, where the unpaired electron resides
in one of the equatorial sp2 orbitals, has.been proposed for these

1572 1n contrast, the isoelectronic radicel SF,* in solid

2

molecules.

. SF6 has four magnetically equivalent fluorine atoms even at 98 K.T‘

It is not certain whether the radical undergoes rapid inversional

motion at 98 K, or whether it possesses four truly equivalent ligands.
We have indicated that the structure of penta-atomic radicals

is difficult to predict using M.0O. theory. However, a theory which

is able to predict the strudture of such radicals is the Sidgwick=-

18

Powell theory of molecular structure, = later developed into the

Valence Shell Electron-Pair Repulsion theory.w-z3 This theory assumes

(V]
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that it is the repulsive forces between the electron pairs that
control their orientation and thus the shape of the resulting mol-
ecule. We shall show that the structures of the above 33 valence-
electron radicals are ct:;nsistent with this theory and that the most
probable configuration of the 01942P anion can be predicted using
arguments based on the Sidgwick-Powell theory.

The most energetioé.lly favoured configuration for an AJBLL mol-
ecule having five electron pairs is the slightly distorted trigonal
bipyramid structure shown in Figure 6.8. For example, the 3, valence-
electron SF, molecule is known to have this structure at low temper-

L
12 where the axial S-F' bonds are larger and weaker than the

’

ature,
equatorial S~F bonds and the sulphur non-bonding (or strictly anti-
» bonding) electrons are accommodated in an equatorial spz-lone pair
orbital. In contrast, the 32 valence-electron perchlorate anion
0101';, which does not possess any lone pairs or meaired: electrons,
has the fully symmetrical tetrahedral structure. The radicals FF) ,

PC1, , SF,* and C10, 2~ all have 33 valence-electrons, so that we

L L 4
would expect'them to adopt configurations between these two extremes,
It should be noted that, with reference to Figure 6.8, the tetra-
hedral structure can be achieved by moving the axial (") ligands _

in the direot;én showmn by‘the arrows; The converse is also true, so
that a tetrahedral structure may distort due to lone pair-bonding

pair repulsion to give the trigonal bipyramid structure. The amount
of distortion will depend on the actual electron denéity on the central
atom's lone pair orbital. The total antibonding electron density

(a 2v+ apz) on the cgntral atom in a variety of paramagnetic mole-

s
cules and ions has been shown to decrease as Ax falls, ﬁhere

4’/
A .)( = Xligand~xcentml atom (Figure 6‘.9.) For the series of

9
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radicals PF, , FC1, and SFI: AX is large, so that the unpaired
electrons are expected to be confined largely on the central atoms.
In other words, since the highiy electronegative ligand atoms take'
the greater share of the bonding and nonrbonding.electrons, the
central atom will take a correspondingly greater share of the anti-
bonding electrons. Consequently the most favoured configuration fog-
these radicals will be the trigonal bipyramidal strusture where the
angle O in Figure 6.8 has closed slightly, since there is only one
electron in the antibonding orbital to repel the bonding electrons
in the A-B' bonds. The anisotropic spin-resonance parameters have
not been obtained for these species, but if as we suggest, they do
have their unpaired electron in an essent;ally spg-lone pair orbital
on phosphorus or sulphur, then the observed isotropic-s-character of -
the unpaired electron (asz) of about 0.3 must correspond to unit
occupancy of the central-atom orbitals.

In the case of the isoelectronic tetroxide anion Asth’, prep-
ared by the action of X-rays on KHZAsO; at 77 K, Ax is again -
large and aSZ:on the central atom is olose to 0.3.8 However, the
detection of hyperfine coupling to four equivalent préfbns for cert-
ain orientations of this radical would suggest thﬁt it is best cons=-
idered as As(OH), , where the 450, %" unit is rigidly held close to

4
the tetrahedral tonfiguration through hydrogen bonding to the prot-

2

electron of AsO#h in KH Asqh must be located in an orbltal whlch

is constructed principally from the arsenic AS-level.

ons of adjacent units in the KH Asoh crystal. Hence the unpaired

In contrast, the value of A’)L for the anion 01042' is small

and probably negative, so that we would expect.the unpalred electron

to be mainly confined to the 1igand oxygen atoms. The observed spin-
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. density on the central chlorine atom is indeed small and bears out
" this postulate. There being negligible 'lone pair' electron density
on chlorine, the 'bonding pair' - 'bonding pair' repulsions of the
ligand atoms now become important. Thus for minimum energy we would _
expect this radical to be only slightly distorted from the tetra-
hedral structure so that the wnpaired electron 6ccupies a molecular
orbital having significant 3s-character on chlorine. This is in acc-
©ord with the spin-resonance parameters of CIQL included in Table 6.1e
We conclude therefore, that whilst the radicals FF,, PCI4 apd

SF, * may well have trigonal bipyramidal structures, the species

4
2- . b= . . . . Y
CI94 in BaSOh.and Asqb ~in KﬁzAst are distorted only marginally

from the tetrahedral configuration.

Mechanism of Formation.

Radiation damage of perchlorate-doped barium sulphate at 77 K
2-

results in the formation of the radicals soh", €10, and C104,
The host lattice SO, ~ centre is produced by the simple proc-

I
ess of electron ejection from a sulphate anion. The 'conduction’

electron is then Probably trapped at an impurity 0104' site prod-
ucing the Clqhz' paramagnetic centre.

Electrons may also be ejected from a perchlorate ion by int-
eraction with the high energy radiation producing the perchlorate
hole-centre c104. This is likely to be unstable in the barium sul-
Phate lattice and might undergo homolytic bond fission to give

chlorine trioxide. However, we cannot rule out the possibility that

0105 is derived from chlorate ion impurities concurrently copreci-

pitated with perchlorate ions by the barium sulphate.



On annealing , the SOA- and 0103 centres decay, the former

giving rise to the 802 radical, and the latter decomposes into

products that are not detectable by e.s.r. spectroscopy. This is

unusual, since €10, is known to undergo thermally initiated dec-

3
omposition into the relatively stable paramagnetic chlorine dio-

xide in chlorate and perchlorate matrices, where the process has

~ host radical

been monitored spectroscopically.7’zh Both the 802

and clo)f" ave extremsly stable in BaSO, .

142
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APPENDIX T

CALLCULATION OF PRINCIPAL g— AND A-VALUES

FROM SINGLE CRYSTAL DATA
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The g-factor in a crystal for an arbitrary orient-
ation 1s given by‘:

g .= é% .G )

I,j=1 *+ %7

where ﬂi and ej are direction cosines and Gij is an
element of a 3 X 3 matrix., Now, for orientation @ of the
magnetic field with respect to the experimental axis of
the crystal,

g2 = o + Bsin20 + Ycos26

where «, B and ¥ are functions of Gij‘

It g, represents the maximum g—value.obtained in one

rotation at 9+ and g_ the minimum at 8_ then we have

20 = g+2 + g_2

2 2
28 = (g~ - g_").cos 20,
2% = (g+2 - g_z).sin 20,

In the case where the axes of rotation are orthogonsal,

B and X are related to a new parameter g by

%)

§ = (;2+7$)1/2 = lﬂMaf - g

and the matrix elements are given by

Gig = (o + & =~ o)
Gz = (08 + o =~ o)
Gsos = (@ + o = o)

and _
Cia = o + @ - @) G - @ + )P
Geg = (82 + & = o) (82 - & + a3)1/2
Gay = (éz + U = a) 2 - o )1/2



Suffixes 1, 2 and 3 refer to plancs 23, 13 and 12 respective-
ly. The above method always gives rise to an ambiguity of
sign. In the special case of rotation about three mutually
orthogonal axés, one may choose, say Gip and Gg, positive,
then both possible signs for G;3 need to be considered. The
situation may be visualised by imagining the construction

of a three~dimensional model of the g-value variation from
polar diagrams of the variations in each of the planes of

| measurement, Two of these can be fitted together along their
line of intersection; there are then two ways of fitting the

third polar diagram into the model.

In order to decide which of the two sets of principal
g~values and principal axes obtained in the nitroprusside
crystal study (ChapterfB) was correct, the following proced-

ure was applied.

The results of g~value measurements in a direction not
included in the previous. measurements are compared with the
results predicted by the two possible sets of pfiﬁcipal
values, If we denote the principal axes by x,y,z with corres-
ponding g-values gx,gy,gz, then the g-value in a direction
whose direction cosines with respect fo X,¥,2 are i,m,n resp-

ectively, is given by,

2 2 2. 2
+ g m o+ g, n

2 212
On the other hand, if the g-value variation is neasured
in a plane whose normal has direction cosines 1,m,n with

respect to the principal axes, the maximum and minimun

g~values in this plane will satisfy the relations

gl +g” = g -1+ gyz(l - n%) + g,°(1 - 0°) -eou(t)
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~and

2 2 22 2 2.2 2 22
8. = 8y, 8 D +8 8,1 +8,8, 0 ... (2)

€

simaltanously.

The axis chosen (the c¢'-axis) made angles of 90°, 105°
and 15° with the crystallographic a,b and ¢ axes respectively.
When the above procedure was applied, only the first set of
principal g-values and directions satisfied both relation-
ships (1) and (2) simultaneously. (see Table 3.3)

An identical prqcedure was employed to obtain the

principal 14N hyperfine values and directions.

The next step was to relate the principal directions
of the g-~tensor to three bonds in the molecule of unirradi-
ated sodium nitroprusside,comprising a set of co-ordinate

axes of the molecule, (viz, the Fe-N, Fe-C; and Fe-C, bonds)

NS\C '/Nz
S\Fe/cz Filqure A. |

Since all angles and directions involved in experimental
measurement are related to the axes of the unit cell of the
crystal (= rotation axes), it is first necessary to calculate

the angles the three bonds make with these axes.
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 The data required—foerhese calculations are to be found
in Manoharan and Hamilton's crystal structure paper on
sodium nitroprusside (Inorg. Chem, 2, 1043, 1963).

The relevant data are as follows:

cell constants a = 6,17
=11, 8L
¢ =15,43
bond lengths
Fe-N 1,63
Fe—c;g 1.91
Fe-C; 1.93

Atomiec parameters

Atom . a-axis (x) b-axis (y) c—axis (z.)
Fe .5003 2797 L2

N .7197 .3566 12

Cs . 6038 .1799 .5884L

Ca 3407 .359%9 121

The method in principle is as follows,
To find the angle the Fe~N bond makes with the a-axis,

say, let Fe have coordinates (Xy,¥;,2s) and N (% ,¥2,%:)
~

J
N (le 32'22)

NI

- - - - -

(epynze) Fe &2

> X (o)

The perpendicular distance Fe-N' along the x (or a) axis is

X, - Xy . In practice this distance is ‘the difference in the

two atomic parameters multiplied by the cell constant for
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the a-axis,

(.7197 - .5003) X 6.17

o« = cos T Fe-N'

Fe~N

i,e. Fe-N'

and the distance Fe-N is known, therefore the angle a can

be computed.

The results are as fcllows,

Bond a-axis b-axis c—axis
Fe-N cosine .8305 .5586 0.0
angle 33°51"' 56°3" 90°
Fe-C, cosine  ,3343 -.6186 Ryaving
angle 70° 34" 51047 Ty
Fe~C; cosine ~,5129 U946 -, 7064
angle 59°8" 60°22" L5°3"

As a routine check, the angles between the bonds
N-Fe-C, and C,-Fe-C; in Figure A.1 (taken from lanoharan
and Hamilton's paper) were computed., The N-Fe-C, bond
angle was found to be 93°53' which agreed with the result
of lanocharan and Hamilton, However, the C,-Fe-Cz; bond
angle calculated from the above data was found to be close
"to 180°, It was thus unfortunate that the C, and C; atoms
mentioned in Table II of Manoharan and Hamilton's paper
were on opposite sides of the iron atom, In effect,'oniy
two of the required bond directions have been found, &lso

the three bonds required do not form a perfectly orthogonal
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coordinate system, since the Fe-C, bond is bent down from
the equatorial plane by nearly four degrees (vide supra).
In order to calculate the direction of the Fe~Cs' bond,

we must assume an orthogonal set of axes.,

Let the Fe-N bond have direction«cosines~€,m,n and the
Pe-C, bond {',m',n', We shall assume that these bonds are
" perpendicular, If the Fe-Ca' bond has direction cosines

p,4,r, then by the perpendicﬁlarity condition

{p + mg + nr = O

" and p +m'q +n'r = 0O

Solving for p ¢+ @ ¢« r we have

p:g:r = m'-n'n:anl-n?: fn'- In

In this particular case n =0 ,
i.e. p:aq:r = m':-n'l:{in-4n
Thus we find the Fe-C;' bond has direction cosines
0.3989 ; -0.,5931 ; -0.7798 with respect to the crystallo-
graphic a-, b- and c-axes respectively. |

Now, we are primarily interested in finding the direct-
ion of the N-0O bond With respect to the molecular axes pf
the nitroprusside ion, According to our nomenclature (Chap. 3),
the direction of g, gives the direction along the N-O0 bond,
whereas the other two g-values (gX and gy) héve principal
directions at right-angles to the N-0 bond direction.
, Thus, by.the usual method of determining the angle
bétween two lines (i.e. cos @ = f{+ mm' + nn') the Fé—N—O
bond angle is calculated to be 1536. |

Thé next step is to find the angle made by the projection



projection of the N-O bond onto the equatorial plane, with
one of the equatorial Fe-CN bonds, We must again make the
assumption that the Fe-N, Fe~C, and Fe-C;' bonds are truly

orthogonal, The method is as follows.

" Let the TFe-N axis be called a'
Fe~C, " -' b’

and the TFe~C;' " " " c'

(1) Wie first find the ‘ditction cosines of the N-0O bond
with respect to the a',b',c' set of axes, and then
(2) project the N-O bond onto the b'c' plane to find the

required angle ¢ (vide infra).

(1) i, N-0 with a'-axis

cos a = (.9883 x .8305) + (.1258 x .5586)

.8911 (27°)

ii, N-O0 with b'-axis

(.998% x ,3343) + (.1258 x ~-,06186)
g + (.0863 x ,7141)

Q
O
w
™
i

I

3l (71°41")

iii, N-O with c'-~-axis

cos ¥ = (.9883 x .3989) +. (.1258 x -.5931)

+ (.0863 x ~.7798)
.2523  (75°23')

So the new direction cosines of the N-0O bond are

( .8911, 3142, ,2523),
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Projection of N-0 Bond onto b'c' Plane

A
(@)
o
,/
X 7 |
6 P |
. J
e
[}
N J ; >c!
b/ P ,'
r, Q. ]
i
c r4
@)

By simple trigonometry we have the following relationships

a = r.sin a

b = r.cos B

cC = r,Ccos
. _ ¢ _ cos ¥ _.2523 _ o) £t
sin 1= & = 222 = 22 = L5557  (33°h6")
_b _cos B _ .31L2 _ ' o
cos¢ =2 “sina - L5Lo - .6921 (he°12')
tan @ = &2 208 ¥ _:2523 _  go50 (38°50")

T cos B T 3142

o'l

These results for ¢5should be self-consistent, and would be
if we had been dealing with a true set of orthogonal axes,
Nevertheless, the method does give a rough guide tp the
required angle, So we conclude that,'within the limits of
experimental error and computational limitations, the angle

made by the N-O projection with the Fe-C, bond is 40° T 10°



APPENDIX II

Calculation of the Dipolar Interaction between an

Electron Confined to a Hydrogen ls-orbital and an

adjacent Na Nucleus,
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Calculation of the Dipolar Interaction between an Elcctron

Confined to a Hyvdrogen ls-orbital and an Adjacent Sodium

Nucleus,

1., Assume that the electron is distributed octahedrazlly

about the hydrogen nucleus at a distance ae (the Bohr

radius).
Yoo
1 X
Yoe '
™
Zoe Yoe S Na™ .
A — o
Ve - R -~
© -
L 2 Y

r = a, = 0,52913 x 10"8 cm

2, The experimental anisotropic hyperfine term, BJ’(BZ)

is given by.

A B
2
_ 2 3cos“O - 1 1
By =B, = 3[°NBN< XL )J " 6[%61\1 2 3}
(R + r)
c
. 1 o 2
6 8NFN (R - )
2
‘where coszﬁ' 3 5 =75 2
i r' r" +R

and &y = Na nuclear g-factor,

Term A arises from four equivalent charges (e/6) at a

distance r' from the Na nucleus, Term B arises from a
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charge (e/6) at a distance (R + r), and term C from a charge

(e/6) at a distance (R - r), where ©= 0 in both cases,

3. A plot of B, versus R, assuming r = 0.5293 A, will
give the separation of the sodium nucleus and the
proton which gives an experimental B of 4,2 G (see

Chapter 5).

(=]

Thus,when R = 1,8 A,

2
00829= R = 0.9205
2 2
r + R

and we find Bﬁ = 4,12 G, which is comparable to the experi-
mental value of 4.2 G, So we conclude,on the basis of this
calculation,that the internuclear distance R equals 1,8 A

"to a good approximation,



 SUMMARY

Part I deals with the study of various transition metal nitrosyl
complexes. The products of radiation-damage in anhydrous sodium
nitroprusside are shown to._be nitric oxide, trapped at sites with a
strong crystal field, an@ the hitherto unknown pentacyanonitrosyl-
ferrate (III) anion. The e.s.r. parameters of the latter are compared
with those of the isoelectronic & chromium (I) and manganese (II)
pentacyanonitrosyl ions and a general trend is deduced. Irradiation of
hydrated nitroprusside at 77 K is shown to produce two new reduced |
species. These are both interpreted as the ion [Fe(CN )ENO:P- where the
unpéired electron is located in & 11 orbital on the nitrosyl group;
the difference being only a subtle one involving the geometry of the..
molecule. The theory of a librating nitrosyl group is proposed to
explain their unusual mN hyperfine parameters. Possible mechanisms
~ of radiation-damage in the anhydrous and hydrated systems are discussed.

An infra-red study on the pentacyanonitrosyl chromate (I) and

manganate (I) dons, dopod into alknli halide latticos, showed a larpe
number of 1:j.nes in the nitrosyl stretching region of the spectrum, which
were interpreted in terms of the N-0 group interacting with two cation
vacancies in the lattice. Infra-red specti‘a provide strong evidence to
show that both complexes are reduced to the zero oxidation state on
'irra,diation of the doped halides. However, an e.s.r. study on
irradiated, mahga.nese—doped. halides shows: the formation of several

new paramagnetic species; the complexity of the spectra being such
‘that the expected manganese (0) complex could not be positively
identified. o
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Part IT deals with the stabilisation of inorganic radicals in
precipitated powders. Hydrogen atoms produced in irradiated barium

sulphate are shown to interact with neighbouring, impurity sodium ions.

Hydrogen atoms, formed in other solid matrices, are also shown to be

interacting w-i.th a second magnetic nucleus. There is also experimental
evidence for the formation of the radical-ions H, and H2+.

Finally, we report the formation of the 33 valence-electron

c10, 2~

b_ radical in barium sulphate and compare its spectral paramsters

and geometry with those of isoelectronic species.



