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ABSTRACT

A complete three-dimensionel X-ray analysis of (CF3)4CSO.CSH5.C0, maeking
extensive use of Patterson aend Fourier techniques and of least-squares
refinement has converged to ﬁ final discrepancy index of 0,088, A system
of & = and 7~ bonding from the cyclopentadienone ligand to the cobalt atom
is evident from the molecular configuration and is compared with the stereo-
chemistries and bonding in several analogous organometallic complexes, showing
the generality of this novel bonding scheme.

The structure of (C5H5) MoH2 has also been solved by X~-ray diffraction

2
techniques, refining to a final R factor of 0.092 and confirming the stereo-
chemistry proposed from n.m.r. spectroscopic evidence, The cyclopentadienyl
rings lack perfcct 5-fold symmetry and this analysis, with the above and two
other recently reported structures, does suggest the distortions are
qignificant. An explanation in terms of simple molecular orbital theory is
proposed,

The temperature dependences of the paramagnetic susceptibilities of
single crystals of thrée tetrahedral cobaltous complexes have been measured
over the range 80—300°K. The results are correlated with the tetrahedron
distortions known from the crystallographic literature and, in the case of
Cs3CoC15, the magnetic measurementg prompted a new structural refinement,

demonstrating how paramagnetic anisotropy measurements can be more sensitive

than diffraction work. OQuantitative calculations allowed estimates of electron



delocalization parameters and of anisotropic magnetic exchange integrals.

The anomslous magnetic behaviour of K3Fe(CN)6 has long been a problem
and a qualitative explanation is now proposed. Complete two~dimensional X-ray
analyses at BOOOK and 95°K show that the ferricyanide octahedra .are axially
distorted in the same sense at both these temperatures, The magnetic behaviour
and a specific heat transition at 1310K may be explained, however, by a
highly anisotropic superexchange mechanism.

Brief introductions to the theoretical and practical principles of the
techniques of X-ray diffraction and of paramagnetic anisotropy, which have

been used throughout the work, are also included.
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PREFACE

The electron distributions in several transition metal ions, which will beA
described in this thesis, have been studied experimentally by the techniques

" of crystallography and megnetochemistry. The thesis is written in two parts,
corresponding to work involving diffraction only and t§ work involving both

of these techniques, As X-ray diffraction is common to 21l the investigations,
studies using this technique only are discussed first, while the magneto-~
chemicel work is left till Part II. Each Part begins with a brief introduction

to the theoretical and practical principles of these physical methods.
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PART I

The Crystallography of and Bonding in

Some Organometallic Compounds



CHAPTER 1

A Survey of X-ray Crystaellographic Methpds of Molecular Analysis

The general methods of X-ray crystal structure analysis are well lknown, 8o
that, in this chapter, the techniques and background are only very briefly re-
viewed. However, detailed consideration is given to refinement techniques and
the analysis of errors in molecular parameters as a good deal of the later
discussions are concernsd with small differences in bond iengths and their

interpretation in the light of various theories of chemical bonding.

1.1} Definitions and some techniques for structure solution

Crystals are composed of groups of atoms or ions repeated in a regular
way in three dimensions. For certain purposes each group of atoms can be re~-
presented by a point, thé three-dimensional array of points so formed consti-
tuting"fhe space lattice of the crystal, which can be conventionally described
by the repeat units a,b,c parrallel to the axes x,y,z and with interaxial
angles d‘,ﬁ,r. The parallelopiped repeat unit is called the unit cell, This may
contain one group of atoms or many arranged symmetrically with respect to one
another, their spatial relationships being governed by the symmeiry elements
present, Certain symmetry elements cannot repeat indefinitely in two or three
dimensions and are therefore not found in crystal structures, a restriction
which limits the total possible number of symmetry combinations to 230. These

comprise the gpace groups, detailed descriptions of some of which appear later.

In the extended crystal array, many sets of regularly spaced planes may be



defined by the way they pass through lattice points or, equivalently, by the
way they intersect the unit cell edges, Thus, if a set of planes divides a
into h equal lengths, b into k and ¢ into 1, the set is defined by the Miller
indices h,k,]1 and hass a characteristic 'd-spacing' as the repeat along its

normal, Figure 1.1 illustrates this for the planes 2,3,0.

N NN\

>d

Figure 1.1

Miller indices and d-spacing

When a crystael is irradiated with X-rays, the electrons interact with the
radiation acting as secondary 'point! sources. Representing the electron
content of the unit cell by a single point, for the moment, the crystal may be
regarded as a three~dimensional diffraction grating having repeat translations
equal to all possible d-gpacings of the stacks of planes defined above, Each

repeat will give rise +to diffraction maxima characteristic of each stack of
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planes; thus each diffracted beam may be labelled by the indices h,k,1. The
geometry of diffraction is such that the hkl planes appear to have acted as
reflectors of the incident beam and so the angle of diffraction, © (defined
with respect to the normal to the planes) of the hkl diffracted ray equals the
angle of incidence. The relation:iip nA= 2d sin® (n is the order of dif-
fraction and N the incident wavelength) was first proved by W.L. Bragg and
the angle @ is known as the Bragg angle and a diffraction obeying this geometry
as a Bragg reflexion.

Of course, the repeat unit cell usually consists of several atoms or ions
(N) and then the crystal may be ccen as N interpenetrating lattices, identical
in gize but not in 'weight'. The weight of the lattice is its diffracting or
scattering power, related to the atomic number of the Nth atom., The relation-
ship is not simply one of proportionality as the electron in an atom occupy a
finite volume and the phase differences between rays scattered from different
points in this volume have to be taken into account. At increasing Bragg angles
the destructive interference between rays diffracted from different points 7.
the atom increases, resulting in a decreasing scattering factor with 8. The
relationship between scattering factor, f, and © is complex and varies a
little from atom to atom: 'scattering curves' nf f versus 8in@/\ have been
calculated for all atoms often in several valency states. '

The scattering power of an atom is also related to the temperature, as
all atoms vibrate to some extent, dependent upon temperature. The vibrational

frequencies (m10% seg-') are much less than the radiation frequencies



“
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(AJlO"sec-') and the atoms therefore appear stationary but displaced by a
greater or lesser extent from their true (that is, average) lattice positions,
the total effect being to 'smear out' the electron density, somewhat. If
isotropic, this effect can be allowed for by replacing f by f exp{-B sin /A ):

the constant B, called the isotropic temperature factor, is related to the

mean square displacement u® of the atom about its mean position by B = 8f ut.
Anisotropic temperature effects can be allowed for by replacing f by

f exp {- (b b + byyk" + by I + bkl + byyhl + bmhk)} or, as is the
practice in this thesis, Ey ean equivalent function with a binary base., This
formalism assumes that the atomic vibration can be described as an elipsoid
but very often this is again inadequate.

Returning to the N interpenetrating lattices with scattering powers
which depend upon atom type, Bragg angle and temperature or vibration factors,
let us now consider a particular diffracted beam or 'reflexion', hkl, This
ray has two properties - its amplitude and its phase. The amplitude from the
Nth lattice depends upon the factors enumerated above, while the phase depends

upon the spatial relationships between the lattices, that is, upon the

© positions of the atoms in the unit cell, The resultant hkl reflexion from

the whole crystal is the vectorial sum of each contribution from all N

lattices. This is conveniently represented on an Argand diagrams=
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oi, a(‘, o(q, °(‘- repregsent the phases
of the 2nd, 3rd, 4th and 5th lattices
with respect to the lst. The ampli-
tudes of the five components are re-
presented by the lengths of the

shorter arrows. R is the resultant

amplitude, with phasey/.

If the components of a sufficient number of reflexions were measured it

would be possible to evaluate directly all the parameters of a crystal
structure ~ atomic co~ordinates and temperature factors. The fundamental
difficulty in crystal structure determinations has always been that only'the
intensities (amplitudez) of the rays are measurable: the loss of half the data

~ the phases‘? - constitutes the celebrated 'phase problem! of crystallography.

The scattered rays also depend upon certain other geometric effects like
polarization, absorption and so on, but that factor which is a function solely

of the crystal structure is known as the structure factor, F. This was

represented above by R anékf: more particularly it can be shown to be:

Faa = ﬁlf;l axp 2ni(bx, + ky, + 1z,)
n=.
(where fh has already been corrected for vibrational effects)'

One of the tasic techniques in solving a crystal structure is that of

trial. and error, which consists of postulating an atomic arrangement and of
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comparing observed structure factors with those which can be quite quickly
calculated according to the above expression. A measure of the agreement is

often expressed as the reliability factor or index, R:
Fol - ch',

—
PR RN

If the postulated structure is approximately correct, R is low (say 0;30) and

fﬁb parameters may be refined automatically by a least squares method. The
initial structure may be arrived at by calling on several lines of evidence,
there being many sophisticated techniques, nowadays, of quickly achieving a
'good! model. At this stage, the most generally useful way of correcting or
improving a partially correct initial guess, however,; has been the Fourier
method,

Since a crystal is periodic‘in three dimensions, it can be represented by
a three—diﬁénsional Fourier series and it can be shown that the electron
density distribution in the unit cell can be expressed as a Fourier series
whose eoefficients are the structure factors:
Sz = %;; g_thkl exp‘{—Zni(hx + ky + 1z) }
This can be computed either as the complete three-dimensional function or as
a set of two-dimensional 'projections' in which one index (h,k or 1) remain
constant (usually = 0). The two- or three—dimensionsl electron density
syntheses can be plotted like contour maps, revealing peaks of height pro=-
portional to the atomic number of the atoms present. If the originsl guess

was largely correct, most of the rhases of the structure factors will have
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been correctly calculated and the general outline of the molecules will be
apparent in the electron density maps, even though some Fourier coefficients
may have been quite wrong. Thus, the Fourier technique only requires the
initial guess to phase correctly (or nearly so) a reasonable proportion of

the structure factors for the whole molecule to be revealed: what constitutes
a ‘'reasonable' proportion may be regarded as the 'sales resistance' of each
individual structural problem. If the structure contains one or more 'heavy'
atoms, that is, atoms with large atomic numbers and therefore large scattering
power, their correct location by other means can be sufficient to phase the
"Fourier synthesis and reveal.the lighter atoms present, In short, the 'heavy!

Nth atom dominates the resultant phases for the whole crystel. Figure 1.2

serves to illustrate this., This powerful technique is known as the

'heavy atom method' and, while it is obviously of limited applicability in
structure analysis as a whole, it is clearly the standard method for the
analyses described in this thesis where, after the initial determination
of the metal atom positions, the Fourier maps revealed several lighter
atoms in the molecules and, by iterations of phasing by what was previously
established, finally the complete molecules. The processes are described

in detail in later chepters.
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\ (a) shows in the Argand
diagram, how R is dom~

inated by the heavy atom

/ (vb) shows the component

,JQ;J<;\ ,,“1//N Fourier terms

(c) shows the resultant

\ ' Fourier wave, which was

d/// { fairly well described by
\\\\\d//ﬁ///} the heavy atom above

The heavy atom method, then, depends upon the initial determination of the

heavy atom positions. This is done by use of the Patterson functiom, which
is a Fourier series whose coefficients are the structure factors squared;
as such, it may be computed directly from the observable quantities.

Povw = %—g% ];:thkl‘z exp JRi(hu + kv + 1w) -
vhere u,v,w are equivalent co-ordinates in Patterson space. A Patterson map
contains a large peak at its origin and smaller peaks elsewhere, For every
interatomic vector in the unit cell there exists a similar vector in the

Patterson cell but displaced parallel to the cell edges so that one end lies
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at the origin - at the other end is a peak, The volume of this peak is
proportional to Z1 X 29, wherc Zl and 22 are the atomic numbers of the
atoms at the two ends of the real-space vector concerned. There are
(N2 - N + 1) peeks in the complete Patterson volume which is equal to the
volume containing N atoms in real space: consegquently, in the absence of
an atom with & large atomic number, the Patterson is usually rather
featureless and, until recently, almost if not completoly impossible to
interpret (see Beurger 1I). If heavy atoms are present, however, Patterson
peaks can often be distinguished from the high background and, from the
positions and number of these peaks, the positions of the corresponding
atoms in the real-space uait cell can be found, This technique was
successfully used throughout the analyscs described in this thesis.
Having applied Patterson and the heavy-atom methods to solve the
gtructures, accurate positional and thermal parameters can be arrived at
by rclatively routine refinement procedures. The method used in the work

described in this thesis is now described in some detail.,

1.2 Least sguares refinenent

The method of least squares involves finding the values of a set of
variables which best satisfy a set of experimental observations, If
several equally reliable mcasurements of a physical quantity yicld the
nunbers Xl, Xoy seees X, the corresponding errors are defined by

Xl = Xl_X’ Xz = -X-Z --X sessosvasae Xn = Xn-x
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where X is the true value of the quantity. In general the true.value is
unknown and 80 the residuals are defined,

dl=x1_x’ dzzxz_xo secessssose dnzxn_x

where X is the most probable value of the quantity. It is assumed that the

errors and residuals encountered are random and follow the '‘normal' or
'Gaussian' distribution,

1 e—x2/20-2

/2R
or, writing 1% = 1/2¢,

2.2
e—h b'd

h
The probability that the error of a single measurement will lie between %a is

a
h 1%% ax o+ 2 e—h2x2 dx (s error function)

. AR U

Suppose n measurements have been made, the ith one having error X The

o}

probability that X, lies between X, and x; + dxi is

h —h2x2
Pi = ;;: . € i dxi
n
‘o \ _un
The probability that the n errors Xio Koo oo 0 X, occur, is P = zj;Pi ’

as each measurement is independent. Therefore,

. 2,2 2 2
hs. R S IR xn)dxldxz.....dx

——— n

T
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As the differentisls dxi are arbitrary and as h is fixed, the probability, P
is a maximum when the exponent of e is a minimum; that is

‘x]2_+x§+. v s e s +x121 = a minimum
is the criterion for the most probable value obtainable from n equally
reliable measurements of a quantity. This result is known as the 'principle
of least squares'. It can easily be shown that the most probable value of a
set of measurements, X is the arithmetic mean §Xi/n. It can also be shown

that the sum of the squares of the residuals is slightly less than the sum of

the squares of the errors.

The method of least squares procedes as follows, Let q be a linear function of
a get of variables X, ¥y Z « o o o s o s
g = 8X +Dby +CZ + ¢ 0 ¢ » » .....(1)
and let there be m observations of q, each having an error Ei where m >» 1,
the number of variables. Then,
qi+Ei = aix+biy+ciz+. s e u s

giving a set of m equations:

E1=alx+bly+c;z+..... -9
E2-a2x+b2y+czz+..... - q,
E = ¢« + o & » -

3 a:?x +b?y+ c3z + | ?3
Em = B.mx + bmy + cmz + *» o v o @ - qm

According to the principle of least squares,

E]2_+E§+E§+. .« o o .+E2 = Z:Ez must be made a minimum.
m i i
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P I - 2, iy .
7 Ei = Zgl(aix + biy + ciz o0 0 6 o e - qi) is a minimum when its

partial derivativeBwith respect to x, y, 2, . « « « « vanish; that is, when

Py
? iEi = 2§g(a.x + DYy +C.Z24 o 0 e - q.)a. = 0
—1;-- ivi i i i/%
ax
% AN _
VT = 2 Hax+by+ez+o . gl = 0
dy
v <
‘bz‘E- - ols - -
}: i = 2 i(aix Oy + ezt qi)ci 0
2

e s
Y
e e e

Rewriting the middle and R.H.S. gives:

2 i; 2;
(Z]:ai>x + (%%bi)y + ( aicl)z B Y = 1594

2 W)

i 1 : =

Cloa)x + @)y + @bvo)s + ... .. =2doq

Ly

1

(Z;‘Lc.a.x + @cibi)y + ii"ci) o e e .=

i i

* s s [ =

These are the normal equations which when solved give the most probable values

for the parameters x, y, 2, - . . .. When the observations 9y are of
unequal reliability, a weighting factor‘wi can be applied and fhis yields the
normal equations (2) multiplied byt

The first step for applying the method of least squares to crystallo-
graphic refinement is to recast the structure factor, Fc,

2 2 2
~(bys B + b, X + b,,1°+ b, hk+b,_ kl+ b, 1h)
I E £ o 11 22 33, 12, 23, 31,

. e2'ﬂ’i (hxr"'mr"'lzr) aoovo(3>
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into a linear form.

This equation for the calculated structure factor, F, may be made linear
by expansion of the exponentials as a Ta&lor series and then using the first
two terms. Defining cx?, €y €z ebllr etc. as the corrections (or 'shifts')
to be applied to the atomic parameters to give the most probable locations
Xy g etc; by 4'€b11 etc, (2) reduces to

We, wci WF
AFi = (F - Fc):l. (Ex + € 4 +€z —
. : r r\yr
I seese (4)

_ for the rJcb atoms and ith structure factor. Equation (4) is now in the form
of (1) andthe least squares procedure may be carried out as before. The

_normal equations corresponding to (2) now become (omitting weights,«):

X 4y 1 X bxl 6b11 ]

| | ax)
. ’ ) p Y
¥e; e €, o Foi AFs
byl v Bx]. 1 . ‘ Byl

eee of0 + (n atoms)

hFCi_) Ci 1 bFCi.
- exl + DI e e .« o . e T e e = . Mi
3z ¥z dz)
i I : : : : i
ees e (5)

The coefficients on the left Hand side may be grouped into three types:
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(i)  those involving positional co-ordinates, x,. etc., of one atom only,
(i) those involving temperature coefficients, b11, ete., of one atom only, &
(i1i) those involving either or both positional and temperature parameters of
one or two atoms, not already described by (i) and (ii).
The normal equations (5) may be written
brg Us = cr ceees(5a)

s=1 ‘

where ey . ani

b =
T 3 T

)

s

-+ U = positional or thermal

and . dFe. - parameter
o - &5
i olp

and X

number of parameters, and u is the shift

(ur) is a column vector (written now as a row, for convenience) ond may
arranged by taking first the positional and then the thermsl parameters for

atom 1, then for atom 2 and so on:

€b23leb3l ,€x2 ese e etc}

(ur) E{GX]_ CXZ €x3 Gblllc b221€b33l€b12 .

1
When this is done the matrix (brs) takes on the form of alternating 3 x 3 and
6 x 6 blocks about the main diasgonal involving cross-~terms of types (i) and
(ii) respectively and with all other cross-terms (type (iii)) outside these

blocks.
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)

(n (i)

(i)

{111) (i)

The matrix elements b,y are computed directly from the structure factors and

(ur) obtained by inversion
X

. Zb
8=

where b*° is an element of the matrix inverse to (brs)' The shifts, €
obtained are then used to provide a better trial set of parameters for the
- next least squares 'cycle'. It is convenient to derive the form of the
differentials for the particular space group concerned, thereby taking ad-
vantage of symmetry properties, particularly a centre, if present.

The computation of the full matrix (brs) is very time-consuming, even for
the 'Mercury' computer: for example, the full matrix cycle for the structure
described in Chapter 2 would take zbout 6% hours. Sparkes (1960) points out
that about 4 of the structure factor-least squares (SFLS) cyclé is taken to
form the full normal equations. The 'Atlas' computer is 80 or more times

faster than 'Mercury' end has a much larger store; it is, therefore, more
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suitable for full-matrix calculations. 'Mercury' is not only too slow, but
also too small, in general, to store a full matrix and so certain (faster)
approximations to (brs) must be used. Sparkes (loc. sit.) has discussed and
and compared several approximations, one of which, being used by Rollett, is
described here,

Rollett neglects all cross-terms of type (iii); that is he only computes
the block diagonal matrix shown above. In addition he takes account of a
scale factor, k, such that F, = ;-Fc . If k were included in the matrix
like all other variables, all cross—terms between k and these 9 variables

would arise. As a simplification, he considers an 'average' temperature

factor, B (isotropic),

1 .7 -B sin®/\
Fo = P Fo e /
BFCi BFCi
and forms 2 x 2 matrices involving cross-terms, , ’
y ¥k 0B

Yo, ¥Fe. We. ¥Fe.
—=—2% ) and Le—2L from which is obtainedG.k, the shift to be
dk 2B W 2k

applied to the scalefactor for the next SFLS cycle.

Approximately 3.2 cycles of the 'block diagonalf SFLS: can be performed in
the time taken for 1 cycle 'full matrix'. .This speed ad;antage (and, of
course, smaller storage space required) is purtly offset by two disadvantages
of the 'block diagonal' method:

(1) it is difficult or imporsible to refine atoms which overlap in projection,
if only one zone of data is being treated,

(2) the shifts, & prodvced are usually too large due to neglect of the
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cross-terms, (iii) and unless they are reduced by hand (by 'experience') in

between refinement cycles, the convergence will be slow and, especially

towards the end, oscillatory.

1,3 Errors and their statistical significance

If the errors in F, are random and normelly distributed, it can be shown

that the standard deviation, ¢’ of parameter u, is given by

vy L T Ewian)’
r n-X

where n and K are the numbers of observations and parameters, respectively.
If the date are subject to any systematic errors, the values of the variances
b T will suffer in generally, unpredictable ways. Further, the neglect of
cross—terms (iii), es in Rollett's programme will lead to a systematic under-
estimate of the variances to an extent dependent upon the magnitude of the
omitted matrix elements,.(Rollett has estimated that a 100% underestimate is
possible in very unfavourable circumstances). Some idea of the magnitude of
this error in eny particular analysis, may be gained from the speed of the
refinement (including the degree of 'half-shifting' inbetween cycles) as the
faster the convergence, the closer the approximaftion of block-diagonal to
full-matrix, the smaller the neglected cross—-terms and the less the under-
estimate of the variances,

Having obtained standard deviations of all the parameters, and then

having caleulated the standard deviations of certain combinations of parameters
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(eg) bond lengths and angles, the final step is to decide what significance

may be attached to the results. With errors following a normal distribution,

the probability, P that an observation may lie within the limits * 1¢g” of the

mean value is 68%; within the limits * 2¢”, P = 94%; and within % 3¢, P = 99,8%

Associated with these results, Cruickshank.(see Lipson and Cochran, p.309)

has suggested the following levels of significance:-

If two bonds A and B, with standard deviations ¢"(A) and ¢(B), differ by

an amount §1 and if P is the probability that A could be a least§ 1 greater or

less than B by chance, and 0’12 = d'z(A) + u‘_Z(B), then,

(i) ifpYy 5%, $1 € 1.645¢” , the difference is not significant,

(i) if 5% > P> 1%, 2.327¢#> §1 ) 1.645¢, the difference is possibly
significant,

(1ii) if 1%) P ) 0.1%, 3.090¢% § 1 2.327¢ , the difference is significant.

All these results assume, of course, that the standard deviations in question

have allowed for systematic errors from any source.
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CHAPTER 2

The Crystal and Molecular Structure of

TI-Cyclqpentadienyltetrakis(trifluoromethyl)cyglopentadienone cobalt

2.1 Introduction

Organometallic compounds involving donor bonds from olefins to the
metal have been known for a long time, the first prepafed, though not at the
time structurally understood, being Zeise's salt, PtClZ.C2H4. Recently, work
has been carried out on the preparation of complexes of fluoro-olefins which
were expected to be more stable than their hydrocarbon anslogues; in partiemlo-
Boston, Sharp and Wilkinson (1962) have investigated the reactions of hexa-
fluorobut-2-yne with complexes of iron, cobalt and nickel,

The interaction of hexafluorobut-2-yne and pentacarbonyliron yields, et
100-200°C and autogenous pressure, a product which gives orange-yellow crystal-,
C9F120Fe(co)3° The chemical and spectroscopic propertics of the compound arc

consistent with its formulation as (4) or (B):

CF CF CFy CF
/”"‘< )/‘< ’
GQN'T‘“:[T"”C:O FyC— ,/ C=¢c

I CE, \ \CF;

“F' ] /

e f~e
VARN e

o )
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The infre-red spectrum shows strong CF3 group absorptions in the region
1000 - 1300 cm"l and there are strong metal-carbonyl stretching frequencies
at 2133, 2083 and 2040 cm_l. There are also strong bands at 1742 and 1729
cm.-1 one of which disappesrs on protonation in concentrated sulphuric acid.
It is impossible to decide which band is the ketonic stretch and which the
olefinic, C=C, however, ss the remaining band is solvent-dependent. The
high resolution 19F resonance spectrum show two bands of equal intensity at
6.8 and 10.7 p.p.m. on the low field side of benzotrifluoride reference
line, indicating the prescence of two differént types of -CF3 groups.

Neither this complex no® its phenyl analogue tricarbonyltetraphenyl-
cyclopentadienoneiron give any of the usuel reactions of ketones, probably
owing to the deactivating effects of the substituent groups on the
cyclopentadienone ring, The carbonyl groups can be replaced, however, for
example, by triphenylphosphine to give CgFlEOFe(CO)2PPh3.

Boston et al. (loe. cit.) have also reported that the interaction of
hexafluorobut-2-yne and T -cyclopentadienyldicarbonylcobalt gives high
yields of a red crystalline compound F-C5H5.COCSF12. The compound, which
sublimes in vacuum above 1000, is moderately soluble in cold non-polar
solvents, and in both the solid state and in solution is stable to air and

extremely resistant to chemical attack, The ¥t =C_H ring appears to be

55
strongly deactivated by the fluorocarbon ligand, and the compound does not
undergo Friedel-Crafts eccylation, metallation with butyl-lithium, nitration

with fuming nitric and concentrated sulphuric acid at 500, sulphonation
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with boiling concentrated sulphuric acid or chlorosulphuric acid, or
halogenation with bromine in a sealed tube at 1100, and it can be recovered
unchanged from the mixtures. Boiling the fuming nitric-concentrated
sulphuric acid solution causes decomposition, and a white insoluble fluorine
containing polymer is obtained which is incompletely attacked by either
sodium or oxygen at 85000.

The infra~red spectrum of the compound shows bands characteristic for
the 11-05H5 compounds and for -CF3 groups., There is also a strong band at
1697 c:m_1 which appeared to be the C=C stretching freguency of a co-ordinated
double bond. The p.m.r. spectrum shows only one very sharp band (= 4.4)
for the'ﬁ'—CBH5 group. The 19F resonance spectrum shows two bands of
equal intensity on the low field side of benzotrifluoride at 7.1 and 11,3

D.p.m., each band having complicated fine structure., Two structures were

considered possible:

(c) (D)
The structure (C) is similar to that found for (06H5)4c4.Fe(co)3 and

0004(C6H5)4_

CH, ) C, i , ~C.i
[} h3)4 4A101é]2 and has been proposed for T CoHi
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This last compound was prepared for comparison with the fluorine complex
and it was noted that although the reaction of perfluorobut-2-yne with
(TT-CSHS)zco yields only traces of TT—CSHSCOCBFIZ, the corresponding
reaction with diphenylacetylene gives high yields., The infra-red spectrum
of W -05H5COC4(C6H5)4 shows bands characteristic of'ﬂ'-05H5 and C6H5 groups
and since the p.m.r. spectrum had only one phenyl group line (' = 2.6) it
appears that this compound has a symmetrical structure like (C). The
nickel compound also has only one proton line in its resonance spectrum,

By contrast, the T[ -C

CoC4(CF clearly has two types of --CF3 groups

515 34
present. Models showed that the non-equivalence of the -CF3 groups could
not be attributed to intramolecular steric effects and so the structure was
presumed to be (D). It thus appeared that there are two modes of bonding
from a cyclobutadiene ring to the metal, one via a completely delocalized
system and the other via one] — and two¢” - bonds: it seemed that o’ -bond
formation could be favoured by the highly electronegative substituent
groups.,

This unusual form of bonding proposed stimulated the present X-ray

analysis.

2,2 Crystal decta
Deep red monoclinic crystals with well developed 001 and 001 faees

were obtained by slow evaporction of a light (40/60) petroleum ether .
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solution. The unit cell dimensions determined from a least-squares analysis
of the high angle precession data, are:
a =25.39 £ 0.038, b = 8,68 £ 0.018, ¢ = 14.40 + 0.02%, 0= 9.8 % 0.2°.

The observed density of the crystals, measured by flotation in Rohrbaei's
20%
obs
volume, V, of the unit cell containing n molecules of moleculer weight N,

solution, is/o = 1,82 gn./cc. The density may be calculated from the

from the expression:
n. Ilrl

7 T

where N is the Avogadro number. Assuming 8 molecules CSH50008F12CO per unit
cell of volume V = 316BR gives /‘%alc. = 1,92 gn/cc. The low observed value
seems to indicate solvent inclusion in the lattice (see 2.7)

Systematic absences are observed for {?ki} reflexions when
h+k = 2n+ 1 and for {yoi} reflexions when £ = 2n + 1, indicating,
respectively, C face-centering and the prescence of a c—glide plane
perpendicular to 'b'. The spaeegroup may, therefore, be Cc, 02/0 or C2l/c,
the last two being identical. Systematic absences are unable to distinguish
these, a two~fold rotation axis giving rise to no systematic absences at all
and a two-fold screw producing absences ({kﬂ{}: k = 2n + 1) vhich are
already a condition of the face-centering., There are 8 equipoints in the
centrosymmetric space group C2/c (NolS, Cgh) and 4 in the non-centro-
symmetric Cec (No9, Cg). The 8 molecules in the unit cell therefore require

the asymmetric unit in the former case to be a single molecule but in the

latter, a pair of crystallographically unrelated molecules. A detailed
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study of the Patterson synthesis (see 2.3) and the ultimate solution of
the structure show that the spacegroup is €2/c.

A1l intensity data were collected by precession photography, at first,
only 610 independent reflexions being collected from 6 zones -{hko},
{oxcc} , [11:?.}, {hoﬂ} , {hlﬁ} ) {heﬂ} _ bub later a further 202 intensities
from {hki}, {hk2}, {th} and.{hk%} zones, (see 2,4), These 902 intensities
were measured initially with a Joyce-Locbl microdensitometer, but the final
refinement is completely based upon visually-estimated data (see 2.5).
The intensities were corrected for Lorentz and polarization factors (Beurger,A)
with a computer program written by J. Dollimore., However, no correction for
absorption effects have been made, the crystals used in the analysis having
approximately spherical habit (% 20%) of diameteras0.1 mm. and the absorption
cross-section for Mo Kel radiation (used in all the crystallographic work

described in this thesis) being small.

2.3 The Patterson Synthesis

The Patterson function

. % 00

T L5 Tl o

P = = F exp 2Wi (hu + kv + 1w)
A A kl=-u!hkl‘

was computed directly from the observed intensities after correction for

Lorenz and polarization factors. The Patterson was used only to locate

the heavy atom position: the results obtained from the first synthesis

(610 reflexions) were confirmed by the second (902 reflexions), which,
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because of its greater resolution, is the one described in detail here.

Table 2,1 lists the higher vector peaks found in the three~dimensional
Patteréon, together with their heights - due sccount being taken of the

deepest negative value of Puvw caused by omitting F2(O,O,O) from the series.

Table 2.1

Cobalt-cobalt vector peaks in the ranges /a 0 -1, /b0 -2, “/c 0 =%

Peak Y a Y /o W/ | Peak Height Assignment
1 0 0 0 9420 o , 0 , 0 ,
2 ¥ z % 9420 T . T o, %,
3 0.2975 0.4125 | 0,267 1950 1-2x, 2y ,-2z ,
4 0.7975 0.0875 | 0.267 1950 +-2x, +-2y, -2z ,
5 0 0.4125 T 3730 0 , 2 » T
6 3 0.0875 ¥ 3730 ¥ L, r-2n 3,
7 0.2025 + 0.233 2800 -+ +2x, + , %+ 2z
8. 0,7025 0 0.233 2800 2 , 0 , %+ 2z,

What are the positions and heights of the vector peaks produced by the
eight equipoints of spacegroup CZ/c?

The symmetry of a Patterson is that of the Laue group plus Bravais
lattice of the spacegroup; thus C2/c has Patterson symmetry C2/m. In the
diagram below, the symmetry elements and equipoints for c2/c are shown on
the left while the symmetry of C2/m and the Patterson pesks are shown on

the right.
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The relative peak heights (assumed to be approximately proportional to

their volumes) may be summarized as follows, The origin peak which



- 35 -

null-vectors from the eight spacegroup equipoints will contain 8 Co-Co
vectors, and, because of its identical environment, the centre peaks at
%— ' %-, O will also be 8-fold. All other peaks are at least double as
a result of the face-centering and, in addition, those peaks which lie on
the mirror planes or diads in the Patterson cell will be doubled again.
These multiplicities are summarized in the top right of the diagram. The

co~ordinates U,V,W of the vector peaks are:

Double pecks, general positions 2x , =2y , 2z

poi...

Four-fold peaks, on diads o , =2y ,

':’l"
-
o

Four-fold peaks, on mirror planes 2 , 0 , L+ %2z

These may be compared with the co~ordinates of the observed peaks and the
assignments are shown in the last column of Table 2,1, It can be seen that
the array of vectors is consistent with cobalt atom co-ordinates,
*/a = 0.351, ¥/ - 0.2063, %/c = =0.133. The multiplicities of the
observed peaks are now considered.

The volume of a Patterson peak representing the vector from atom A

the peak height

(with ZA electrons) to atom B (with Z electrons) is Zﬂ.Z

B B’

is roughly proportional to ZP.Z The origin peak contains all self-self

BQ

vectors in the unit cell which, for C2/b, means 8:{:25 for the n atoms in
n

the molecule. For C5H5.(CF3)4050.CO ’ Ei:éi = 17,808 and a single Co-Co
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vector peak will have a volume T729. The observed peak height is 9420,

from which double and four-fold Co-Co vectors can be expected to have peak

heights of 770 and 1540 respectively. Table 2.1 shows that the observed

peak heights are, in fact, much greater than these values. The reasons for

this are: (i) inevitably, in a structure of this size, there is considerable
overlap of vector peaks, for example from Co-F or F-F vectors
which accidentally coincide approximately with the symmetry-
bound Co-Co vectors (a Patterson gynthesis contains n2 -n+1
peaks in the same volume occupied by n atoms),

(ii) there is more chance of such overlap on Harkersections, which
explains the greater discrepancy between observation and theory
for peaks 5 and 6 in Table 2.1,

(iii) as will be shown later (see Table 2,3), the light atoms,
most particuliarly the fluorines, have large thermal factors
which serve to increase the spread of the origin peak which,
being calibrated by peak height rather than volume, appears
too low relative to the Co-Co vector peaks obtained from the
heavier, less mobile atom,

(iv) the effects of series termination will modulate the Patterson
density in a small and non-uniform way.

In view of these reasons, which are valid to some extent in 21l ‘'heavy
atom' structures, it is hardly surprising that good agreement between

observed and predicted peak heights is lacking.
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As discussed in section 2.2, systematic absences were unable to distinguish
e ""f

between spacegroups €2/c and C¢. In the latter case the asymmetric unit

will contain two crystallographically unequivalent molecules which will

give rise to a set of 'cross-vectors' as shown below:

?’4 -+ Eg >
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%10 | O+ 1 B, @
S R s &
O g 9,8 @ O
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I/_Lf ; O+ E- Q @ @
| |
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. O Q O 7
Ce tm ( =c2/m)

Direct Space Patterson Space



The two independent molecules are represented by a circle and a square as
are the symmetry related peaks for each: cross-vectors are represented by
the symbol, [:) . In general, 02/0 and Cc will easily be distinguishable-by
the additional cross-vector pecks. V\hile the absence of such peaks in the
observed Patterson map strongly suggests the former spacegroup, the latter
cannot be rigidly excluded as the two independent molecules could lie close
to the eight equipoints of C2/c. In this unlikely event, peaks a and b
tend to merge as do ¢ and d and peaks e, adjusting to give the Patterson
representation shown for C2/c. The correct strategy in the zbsence of
cross-vectors is to assume the centrosymmetric spacegroup in the first
instance: in fact, the structure was solved end refined successfully with

this spacegroup.

2.4 Solution of the structure

The cobalt atom position obtained from the Patterson was now used to
'pﬁase electron density projections,ﬂb(xyo) an%/o (x0z) which could not,
however, be interpreted, owing to considerable atomic overlap., Three
dimensional work was begun with only 610 intensities, The first round of
structure factors calculated from a Co position X/a = 0.%51, y/b = 0,206,
Z/c = -0,133 and isotropic temperature factor B = 4.5 produced a reliability

factor R~ 0.60, where

e Dl - n) |2
A
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A second cycle, based upon a refinement of the cobalt positional and thermal
parameters, reduced R to s 0,48 and was used to compute the first three-
dimensional Fourier synthesis/o (x,y,z). Despite some confusion caused by
the diffraction effects of series termination, the cyclopentadienyl ring
could be located with some certainty end three carbon atoms of the supposed
cyclobutadiene ring were fairly well resolved, two particularly so. Vhile
the general, positioning of the fluoromethyl groups seemed clear, only four
peaks could be confidently assigned to fluorine atoms. Several attempts
to improve the phasing were now made, by inclusion of diffrat¢tion contribu-
tions from the cyclopentadienyl ring, the three 'cyclobutadiene' carbon
atoms and between 4 and 12 fluorine atoms with their fluormethyl carbons.
The reliability factors produced by these models varied from ~20,38 with
only 4 fluorine atoms to~0.30 for the complete molecule., Both 'observed!'
and 'difference' Fourier syntheses were computed for each model, but apart
from the features already mentioned, no firm conclusions could be reached.
Least squares refinement converged at RA/0,29. A particularly puzgling
feature was a long peak (about 3,0 2 by 1.5 ﬁ), near the cyclobutadiene ring,
which persisted in all 'observed'! and ‘difference'! Fourier maps of all
models.

It was assumed at this time that the chemical evidence for a substituted
cyclobutadiene ring was correct and that the Fouriers, based on insufficient
data, were wrong! Three further zones of reflexions were therefore col-

lected and with the now 902 reflexions (see 2.2) a new attempt to determine
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the structure was begun. For the sake of completeness, a second three-
dimensional Patterton was first computed, which, besides confirming the
conclusion of the earlier synthesis, demonstrated the much greater resoclution
to be had from the more representative data coverage. The cobalt and
cyclopentadicenyl carbon atoms were now used to phase the next round of
structure factors (Ras0.45) and the 'observed' and 'difference! Fourier
syntheses. Several features were clearly app rent while generally con-
firming the results of the earlier 600 reflexion Fourier maps. Confidence
could now be placed in an additional ten peaks corresponding to an
FBC-C—C--CF3 chain and a second round of structure factors and Fourier

syntheses revealed the whole of the molecule. The structure was, in fact,

77—cyclopentadienyltetrakis(trifluoromcthyl)cvclqpentadienonecobalt rather

than T -cyclopentadienyltetrakis(trifluoromethyl )cyclobutadienecobalt,

Inclusion of 2ll atoms (Figure 2.1) reduced the reliability factor to 0.31
and all the peaks of the early and later Fourier maps were explained: in
particular, the puzzling peak referred to above, was an unresolved carbonyl
group and explains why the early cyclobutadiene models invariably required a

very long C-C bond (a2 2 ) in that region!

b

2.5 Refinement of atomic positional and thermal parameters

Refinement of the structure was initially based on a least squares

adjustment of all position parameters, together with anisotropic and .



A

F10 -

Fisuro 2.1

(CFy ),C40:C4Hg.Co.  Numbering of Atoms.



- 42 -

isotropic temperature factors for the cobalt and light atoms respectively.
After four cycles of such refinement, when R had been reduced from 0,31 to
0.21, convergence was virtually complete. The Fourier and 'difference!
Fourier maps had already indicated large librational motions for the fluorines,
particularly those denoted Fl — F3 and F10 - F12 inclusive, so that a halt

in the refinement ot the relatively high R value of 0,21 was expected when

the vibrations of all light atoms were coﬁstrained to be isotropic. In-
clusion of anisotropic temperature factors for all 28 atoms, however, required
six cycles of least squares refinement to converge at R = 0,138, The
following record of reliability factors demonstrates how slow this convergence

was:

cycle 1, R = 0.188 cycle 2, R = 0,166 cycle 3, R = 0.153

cycle 4, R = 0,145 cycle 5, R = 0.140C cycle 6, R = 0,138

Only small changes in positional parameters were involved in these cycles,
E:w(ﬁxF)z being minimised by large anisotropic increases in temperature
factors.

While the thermal paremeters of the carbon and fluorine atoms were not
altogether physically unreasonable (being, at most, about nine times larger
than the Co bij's —for two fluorines), a2 careful comparison of observed and
calculated structure factors revealed trends which suggested that the
temperature factor refincment had served to refine away systematic errors in
the data, in addition to the real anisotropy of thermal vibration. Thus all

'strong' reflexions were calculating too strong and reflexions close to the
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the minimum ‘Fobs‘ were calculating too wesk. With some lack of enthusiasm,
all data were re-estimated visually by calibration against an incrementally
exposed 'wedge'., These data did indeed serve to emphasise the systematic
errors which were present in the densitometer estimsted amplitudes. When
using the microdensitometer, care had been tzken not to measure film spots
where the deposition of silver was too great and therefore not logarithmic
80 that errors arising from neglect of this well-known source are excluded,
However, only peak heights were measured - a method which assumes that spot
intensity is proportional to pcak height . The proportionality constant is
assumed to be the same all over the film, which is only true if the spot
Shapes are similar throughout the film area. Unfortunately, this is less
likely to be true on precession photographs than on Weissenberg which are,
of course, less suitable for this semi-automatic method of measurement. If
the areas under the microdensitometer traces are measured, variation in spot
shapes and sizes would be properly allowed for, but this method is more
tedious and no more accurate than conventional visual estimation (see, for
example, Mason and Phillips' analysis of acridine). While our results may
also demonstrate shortcomings of the particular microdensitometer used, it
seems clear that some check of microdensitometer data would be generally
worth while,

With the previously determined position and thermal parameters the
reliability factor between Fcalc and the new visually estimated data was

0.205., Two least squares cycles, however, reduced this to 0,17 and 0,106
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and convergence was reached after three further cycles when R was 0.088.
Both the value of the final reliability index and the rate of convergence
justify our preference for the visual data compared with that determined by
densitometer methods; again, no systematic dependence of &OF = \ \Fol - \Fc\‘
on’F , was obvious.

obs

Throughout the above refinement all rsflexions were given unit weight:

Rollett's least squares programme was used to weight reflexions by,

1

1+ {(lFol - b)/a}2

With b = 0, 2 = 10,000 a close approximation to unit weighting is achieved.

w

This weighting scheme was now replaced by b = 0, a = 100, that is F-'l weighting
of all refiexions, as strongest reflexions are most likely to suffer from
extinction effects and are therefore somewhat less reliable. With the above
positional and thermal parameters and the new weighting scheme, R increased to
0.091 after the fi?st cycle: after a second cycle convergence was complete
when R = 0,089, The net result of the changed weighting was to lower some
temperature factors by a few perccnt.

Final atomic parameters together with their e.s.d's are collected in
Tables 2.2 and 2.3 while the cutput observed and calculated structure factors
from the last cycle of refinement are listed in Table 2.4 (contribution to
Fc from the five hydrogen atoms of the cyclopentadienyl ring have not been
included, there being no significant indication of these atoms in the final

'difference' Fourier maps., Figure 2.2 shows the final three~dimensional
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Atomic Co—ordinates and Estimated Standard Deviations.

Atom x/a y/b z/c (%) (1) (z)
b 2 2
Co 0.3518 0, 20395 -0.12804 0.0023 0.0027 0.0022
Cl 0.3509 0.2899 -0, 2634 0.025 0.029 0.022
ce 0.3088 0.1823 -0.2538 0.024 0.026 0.020
C3 0,.2738 0.2414 -0,1866 0.022 0.024 0.020
c4 0.2953 0.3778 -0.1519 0.022 0.026 0.025
C5 0.3446 0.4105 ~0,1980 0.027 0.021 0.022
c6 0.3994 0.0261 -0.0989 0.017 0.021 0.019
c7 0.3522 0.0022 -0.0567 0.016 0.021 0.018
c8 0.3495 0.1016 0.0277 0.018 0.023 0.019
Cco 0. 3877 0.2267 0.0068 0.018 0.021 0.019
C10 0.4231 0.1676 -0,0632 0.017 0,021 0.021
Cl1 0.4242 =0.0724 -0.1725 0.023 0.029 0.028
L2 0.3143 =0.1300 =0.0724 0.025 0.026 0.025
Cl3 0.3940 0.3732 0.0627 0.025 0.024 0.019
Cl4 0.4734 0.2436 ~0,0876 0.021 0.031 0.026
Fl 0.4195 =0, 2204 -0.1480 0.022 0.019 0.024
2 0.4768 -0.0760 -0.1542 0.018 0.023 0.021
T3 0.4161 -0,0459 -0.2552 0.024 0.028 0.015
F4 0.2678 ~0.0894 -0.0540 - 0.014 0.015 0.024
5 0.3273 -0.2490 -0.0223 0.018 0.015 0.021
6 0.3111 -0,1768 -0,1619 0.018 0.019 0.019
7 0.3515 0.4054 0.1006 0.020 0.021 0.022
F8 0.4323 0.3620 0.1267 0.019 0.018 0.014
9 0.4042 0.4913 0.0141 0.017 0.015 0,016
F10 0.5131 0.1779 =0.0467 0.015 0.031 0.022
M1 0.4832 0.3623 =0.0437 0.021 0.024 0.034
F12 0.4793 0.2459 -0.1695 0.020 0.03%0 0.017 :
01 0.3197 0.0969 0.0861 0.013 0.019 0.014
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Table 2.3 (CF3)4050.05H500. Atomic Vibration Parameters.

2 2 2
Temperature factor 2—(bllh + bppk™ + bzzl” + bpzkl + byzhl + blzhk)

T =
Co 0.0024 0.01761 0.00559 0.00112 0.00078 -0.00053
Cl 0.0049 0.0425 0.0092 0.0245 -0.0005 .0071
c2 0.0045 0.0371 0.0082 0.0024 -0,0015 -0.0022
Cc3 0.0047 0.0280 0.0078 0.0036 -0.0035 0.0078
c4 0.0040 0.0344 0.0140 0.0243 -0.0054 0.0125
c5 0.0065 0.0167 0.0113 0.0142 -0,0086 0.0098
c6 0.0029 0.0224 0,0068 -0.0003 0.0003 0.0031
c 0.0023 0.0148 0.0080 -0,0074 0.0000 -0,0041
c8 0.0024 0.0277 0.0088 0.0052 -0.0024 -0.0001
C9 0.0028 0.0213 0.0067 0.0103 0.0011 -0,0016
C10 0.0019 0.0236 0.0115 ~0.0005 0.0013 -0.0042
C1l 0.0031 0.0394 0.0156 =0.0233 -0.0053 0.0033
Cc12 0.0051 0.0209 0.0146 00,0012 -0.0019 -0.0074
C13 0.0058 0.0250 0.0056 -0,0128 0.0033 -0.0046
C14 0.0028 0.0472 0.0105 -0,0020 -0,0006 ~0,0070
b 0.0110 0.0398 0.0262 -0.0380 0.0166 0.0001
F2 0.0059 0.0776 0.0225 -0.0062 0.0052 0.0134
F3 0.0118 0.1067 0.0100 -0.0185 ~0,0004 0.0476
F4 0.0034 0.0320 0.0407 0.0114 0.0070 -0,0060
F5  0,0065 0.0208  0.0242 0.0180  -0,0018  ~0.0139
F6 0.0072 0.0447 0.0242 -0.0122 -0.0056 -0,0110
F1  0.0068  0.0597  0.02535  =0.0461 0.,0107  -0,0078
F8 0.0089 0.0373 0.0127 -0.0093 -0.0106 -0,0094
F9 0.0089 0.0198 0.0160 -0.0079 0.0013 ~0.0029
F10 0.0028 0.,1315 0.0309 0.0472 0.0017 -0,0101
11 0.0087 0.0764 0.0597 =-0.0727 0.0292 -0.0367
F12 0.0058 0.1240 0.0120 0.0172 0.0056 =0,0237

01 0.C035 0.0403 0.0092 -0.0008 0.0045 -0.0019
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Figure 2.2

Final three-dimensional electron density synthesis

Contours are drawn at lel =3 intervals
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L
Figure 2.3

The composite molecular electron density projected down 'e'.
The oontours are drawn at 1 e 2® intervals.
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electron density synthesis section by scection, while Figure 2.3 is a composite

representation of the electron distribution in a single molecule,

Discussion

2.6 The molecular structure

While the fact that the compound contains a cyclopentadienone ring
rather than a cyclobutadiene ring invalidates the bonding scheme which had
been proposed, it does make some puzzling chemical features much clearer.
For example, the non-equivalence of the CF3 groups shown by n.m.r. can
now be understood in terms of aliphatic and olefinic groupings, &s discussed
below. It turns out unfortunate that the ketone stretch should be virtually
coincident with the C=C stretching frequency, as the close parallel between
the cobalt and iron complexes would otherwise have been apparent.

Intramolecular bond lengths and bond angles are given in Tables 2.5 and
2.6 together with their c.s.d.'s; some of the more significant results are
shown in Figure 2.4(a)

The most unexpected feeture of the molecular structure is, perhops, the
considerable non-planarity of the cyclopentadienone ring, C8 being tilted by
an angle of 21.3° (% 0.5°) away from the metal atom about the axis C7-CO.
C6, C7, C9 and ClO are esseutially co-planar, the r.m.s. deviation of atoms
from a plane defined by the direction cosines 0.4453, -0,5190, 0.7296

(referred to the orthogonal axes a,b and c") being 0.007 8. The fluoromethyl
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Table 2.5 (CFB) 4C0-CHsCo.  Intramolecular Bond Lengths

Bond Bond length, 2 e.s,.d,
Co -Cl 2.084 0.027
Co - C2 2.044 0.025
Co - C3 2.113 0.023
Co -C4 2.085 0.026
Co =-0C5 2.050 0.025
Co -6 1.978 0.021
Co =-C7 2.023 0.020
Co =-C8 2.416 0.021

- Co - (9 2.084 0.021
Co =~ Cl0 1.991 0.021
Cl -¢2 1.431 0.035
€2 -C3 1.460 0.032
C3 -4 1.376 0.033
C4 -0C5 1.491 0.034
5 -~ Cl 1.422 0.035
c6e -10C7 1.403 0.027
7 -C8 1.494 0.028
€8 - C9 1.500 0.028
€9 - Cl0 1.494 0.027
Clo -~ C6 1.439 0.027
6 -~ Cli 1.535 0.033
¢c7T - (€12 1.499 0.031
9 - Cl3 1.502 0.030
Cl0 - Cl4 1.540 0.033
8 =01 1.177 0.025
Cll - F1 1.334 0.035
Cll - F2 1.341 0.035
Cll - F3 1.213 0.035
Clz2 - ¥4 1.278 0.031
Cl2 - ¥5 1.283 0 032
Cl2 - F6 1.347 0.032
Cl3 - F7 1.280 0.031
Cl3 - F8 1.286 0.029
Cl3 - F9 1.276 0.028
Cl4 - Fl10 1.259 0.035
Cl4 - Fll 1.216 0.038

Cl4 - F12 1.202 0.035
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Table 2,6 (CF3)4050.05H500. Bond Angles
Bonds Angle ° €.S.0
€2 - C1I - C5 106,6 2.0
C3 =C2 =Cl 109.8 1.9
C4 -C3 -C2 107.1 2.0
C5 ~C4 -C3 108.9 1.8
CL -C5 ~-C4 107.5 2.0
C7 -C6 =~ C10 108.5 1.6
€8 -C7 = C6 111.6 1.6
C9 - C8 = C7 100.1 1.4
Cl0 - C9 - C8 109.0 1.5
C6 - Cl0 - C9 105,9 1.5
C7 -C6 = Cl1 129.2 1.7
€10 - C6 - Cl1 122.3 1.8
C6 ~C7 = CI2 127.4 1.8
€8 -~ C7 = C12 119.2 1.8
c7 -C8 =01 129,6 1.4
9 -8 =01 129,3 1.4
c8 -9 = Cl3 122.7 1.6
Cl0 -C9 =-C.3 127.3 1.6
€9 = C10 - Cl4 125,4 1.8
C6 = Cl0 - Cl4 128.7 1.8
C6 - Cll - F1 107.3 1.7
C6 = Cl1 - F2 109.7 1.7
6 - Cll - F3 121.8 1.8
F1 = Cll - F2 92.0 1.8
F2 - Cll - F3 106.4 1.8
F3 - Cll - F1 115.4 1.8
C7 =-Cl2 - F4 110.6 1.6
C7 =-C11 - F5 113, 2 1.6
C7 =-Cl2 - F6 111.1 1.6
F4 -~Cll ~-TF5 107.6 1.6
F5 - Cl2 - F6 106.8 1.6
F6 - Cl2 ~ F4 107.3 1.6
C9 - Cl3 - F7 110.9 1.6
€9 - €13 - F9 113.4 1.4
F7 - Cl13 - F8 108.9 1.6
F8 =~ Cl3 = F9 106.1 1.4
F9 - Cl13 - F7 106.1 1.5
€10 - C14 ~ F10 110.8 1.8
€10 - C14 - F1l 111.7 1.9
C10 - C1l4 - F12 114.5 1.7
F10 - Cl4 ~ Fil 91.8 2.2
F11 - Cl4 ~ F12 117.7 2.2
Fl2 ~ C14 - F10 107.9 2.0



()

(b)

Figure 2.4

(CFy ) +C50.C5E5+Co. Molecular dimensions and conformation.

(cHy );.C50.C5H;.Co. Molecular conformation.

LS
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cerbon atoms €12 (+ 0.011 &), €13 (+0.014 %), €11 (-0.040 2) and €14 (-0.037 )
are also, within experimental error, co-planar with the 'butadiene! part of
the cyclopentadienone ligand (see also section 2.7). The metal to centre-of-
ring distance is 1.62 % and 1.68 & for the dienone end cyclopentadienyl
respectively; these rings are in a staggered configuration with respect to

one another and are closely parallel (2.70).

The non-planarity of the dienone ring is shown in Figure 2.4(a), which
also illustrates the essential tetrahedral symmetry of atoms C7 and C9, The
conformation is entirely similar to that found for hhe substituted cyclo-
pentadiene ring in'Tr—cyclopentadienyl—l—phenylcyclopentadienecobalt
(Churchill and Maseon, 1963) and for the cyclopentadienone ring in tetrakis-
(trifluoromethyl)cyclopentadienonetricarbonyliron (Bailey and Mason, 1963).
Two & — and one T - bonds form three bonds from the ~diene or ~dienone, in
these two structures, to the metal, rather than a delocalized system
(formally two I -bonds) as may have been expected, (see section 2.1). Unlike
these structures, the bond lengths in the cyclopentadienone ring here are
not of sufficient clarity to deduce a higthr-bond order for C6-C10, but the
molecular conformation is itself sufficiently strong evidence for postulating
a6” - and ﬁ?— bonding description of the metal ligand interaction. The
statistical accuracy of these and other parameters will be discussed in
section 2.8.

A single crystal analysis of the closely related 7y -cyclopentadienyl-

tetramethylcyclopentadienone cobalt (Figure 2.4(b)) has been briefly
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described (Dahl and Smith, 1961). These authors report that complete
delocalization of the '](’-—electrons in the cyclopentadienone is now evidenced
by virtually equal carbon-carbon bond lengths in the ligand; the ketonic
group is tilted by 9o away from the metal, a feature ascribed to crystal
packing effects. It seems more reasoneble to believe, in view of our present
results, that the origin of this non-planarity is electronic and intramoleculax.
Thus bonding to the cobalt ion from a cyclopentadienone ring may occur in an
identical way to that found for the bis—ﬂ—cyclopentadienyl complexes of
transition metals or viao” ~bonding centres at C7 and C9 and one Tf—hond
from C6~C10. In the former case the dienone ligand shares 4 electrons with
the cobalt ion (from 2 f -bonds) and in the latter 6 electrons (from 2¢’and
1y ~bonds): the cobalt ion also shares 6 electrons with the cyclopentadienyl
ring. The 18 clectron inert gas structure is, therefore, completed in the
first system by Co(I),d8 and in the second by Co(III),d6. Nucleophilic
substituents, such as -CH3, on the cyclopentadienone ring will favour ring
aromaticity and hence T -~bonding from delocalized molecular orl?itals of the
ligand to the metal (Col+), wheras electophilic substituents, such as —C}F‘3
groups, will favour a Diels-Adler type addition of the ligand to the Co3+ion.
The assignment of a formal oxidation stete to the metal ion in these
complexes is, of course, scarcely meaningful, as we should expect intermediate
states between thesc two extreme types of bonding. Indeed, the ring con-

formation of the tetramethyl cyclopentadienone complex is consistent

with a small amoun: of ¢”-bond donation to the metal.
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The degree of localized bonding is not only a function of the ligand
substituents in these complexes, but also of the relative stabilities of the
possible oxidation states of the metal., To elaborate this point, we consider
the compounds, tetrakis(trifluoromethyl) Tt ~cyclopentadienyl cobalt and
tetrakis(trifluoromethyl) tricarbonyliron (Bailey and Mason, loc.cit.). The
relative stability of Co(III) over Co(I) is commonly greater than that of
Fe(II) over Fe(0) and, in these cor:plexes, this relationship is amplified by
the stabilization of Fe(0) by the 3 carbonyl groups which have a greater power
to 'back-bond' than the cyclopentadienyl ion, There is, therefore, a greater
tendency for the cobelt ion to assumé its higher oxidation state than for the
iron and this would be reflected by a greater degree of localized ¢ -bonding
to the cyclopgntadienone ligand in the cobalt complex. This prediction hes
been verified -~ the tilt angles in the cobalt and iron complexes being 210
and 16° respectively (Bailey, Gerloch and Mason, 1963). Qualitatively, the
bonding in these complexes may be summarized as follows: the degree of
localized bonding is a product of (a) the tendency of the metal to assume
that oxidation syate which causes it to complete its inert gas structure by
sharing 6 electrons with the cyclopentadienone (or similar ligand) - which
depends upon both the metal and the other ligands attached, and (b) the
facility of locelization of the cyclic ligand which depends upon the degree
of aromaticity in the ring which, in turn, depends upon the ring substituconts.
This kind of bonding is important not only in the three compounds discussed

irmediately above, but also in JT -cyclopentadienyl-l-phenylcyclopentadiene
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cobalt (Churchill and Mason, loc.cit.), in hexakis(trifluoromethyl)benzene~
tricarbonylrhodium (Churchill and Mason (2), 1963) and in 2.4.6 triphenyl-
troponetricarbonyliron ( Dahl and Smith, 1961 ): those and other relevant
complexes wili be discussed in greater detail elsewhere (Churchill, 1964).
Some idea of the strength of the metal-cyclopentadienone bonding can
be gained from the metal ~3 centre-of-ring distances in these compounds:
these are given in Table 2,6 together with metal-cyclopentadienyl distances

where appropriate,

Table 2.7

Metal to ring distances

Compound Mctal —> Metal —
cyclopentadienone cyclopentadienyl
(or cyclopentadiene) centre, A
_ centre, ‘
rr L] L] L *
~C5H; (CH3) 4050-Co 1.63 1,67
rz."' . CF . 1062 1.68
C.H, ( 3) 4C0+Co
- » . l6l [y
T-CH, CGHS(HS)C5 Co 1 1.66

It might appear surprising that Co-C ¢’ -bonds are shorter than Co-C TT:bonds,
but this result presumably reflects the larger orbital overlap produced by (a)
the 'cyclic! 67~ and T - back-bonding scheme, when localized bonding is
relatively important, or (b) 'the back-donation of an eleciron from the metal

to the ring which, with its four'ﬂ'-electrons, forms part of a delocalized
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syste@ similar to that of the cyclopentadienyl ligand! (taken from Dahl and
Smith's molecular orbitel description of the bonding in tetramethylcyciopenta—
dienone1f-cyclopentadienyl cobalt, loc.cit.).

This increased orbital overlap in the localized meﬁél—ligand bond is
also reflected in the internal angles of the cyclopentadienone ring
(Figure 2.4(a)). Strain energy of the ring~would”be nininised if the internal
angles at the formally sp2 hybridizé@ C5; C10 and C8 atoms were greater than
the regulear pentagon value of 1080; while tﬁosé at the sp3 hybridized C7 and C9
should be less than this value. The mean observed bond angi% at €6 and C10
is actually 107.30, that at C7 and C9 is 110.30, while that at C8 is remarkably
small (100.10); that is, the ring is 'squashed' from 'side-to-side'! rather
than 'top-to-bottom'. A similar angular distoftion is found in the cyclo-
pentadienone and cyclopentadiene rings of (CO)3.(CF3)4C5O.Fe and
TT-CBH5.C6§5(H5)C5.CO respectivély, and in an analogous manner in
(CF3)06(00)3.Rh: no values are presently available fox‘TT-CBHS.(CH3)4CSO.CO.
As C7 and C9 are squeczed together the implied increase in ring strain energy
must be offset by an increased orbital overlap between the metal orbitals and
the bonding sp3 orbital of these atoms. The relatively strong metal-dienone
bonding in this complex is, therefore, demonstrated by both the shorter Co-ring
distance and the angular strain in the ring.

The co-ordination of the cobalt ion can be regarded, within the framework
uf the unsophisticated valcence~bond theory, as octahedral. This configu;ation

is based on a set of distorted dzsp3 hybrid orbitals directed towards an
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arbitrary set of three bonding centres in the cyclopentadienyl ring while the
netal hybrid orbitals alsolform two6™~ and one T -bond to the dicnone, thereby
completing its inert gas configuration. Valence bond theory is scarcely a
valuable description of the electron distribution in these complexes; for
example, the angle subtended at the cobalt atom by C7 and C9 is only 68°

rather than the 90O of & perfect octzhedron. In passing, it can be seen that
this small angle 'works with the cyclopentadienone ring strain' and is therefore
another indication of the strong Co-dienone bonding described above.

There seems to be no & priori reason why the bonding from the metal to
the cyclopentadienyl should be perfectly cylindrically symmectric in view of
the asyrmetric bonding to the cyclopentadienone, Some degree of localized
bonding to the cyclopentadienyl ring nay be responsible for the staggered
confornation of the rings (see 2.7). Figure 2.5 shows that the bond C3-C4
diametrically opposite the double bond of the dienone, through the cobalt atom,
is the shortest bond in the cyclopentadicnyl ring, while C5-Cl-C2 is the
snallest angle., The average distance (2.05 ﬁ) from the cobalt to C2 and C5
is less than that to both C3 and €4 (2.10 £) and €1 (2,08 £). Thus the ring
is not quite pleanar, Cl being bent 3.80 away from the metal about the axis
C2~C5 in a manner similar to that found in the dienone ligand (Figure 2.5(&)).
The differences are close tc the level of statistical significance but the
overall pattern of distortions clearly suggests the scheme outlined above.

The possibility of such & delocalised scheme as this seems cven greater, in

the 1light of our work on dihydridodi-Tt-cyclopentadienylmolybdenum. (Chapter 3)

* * *



(a)

. (v)
3.8°
C3 C2 /8
1
C4 C5 C1

Figure 2.5. (CF,),C40.C4Hy.Co.

(2) Arrangement of bonds about the cobalt ion. (b) Non-planarity of the cyclopentadienyl ring.

(c) Staggered configuration of cyclopentadienyl and cyclopentadienone rings: metal-carbon
cyclopentadienyl ) bond lengths are given in parentheses.

99
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2«7 Thernal vibrations and crystal packing

The large librational motions of the fluoromethyl groups are evident
from the results of Table 2,8 which lists the principal axes of the atomic
vibration ellipsoids derived from the atomic Debye paremeters (Table 2,3).
Figure 2.6 - the Fourier scctions of the electron density in the planes of the
four groups of fluorine atoms - show directly the non-circular symmetry of
the fluorine electron densities. While some elongation of Fourier peaks nay
result from lattice disordering rather than from librational motions, the
above qualitative observations can be explained through considerations of the
intranolecular packing of th fluoromethyl groups around the cyclopentadicnyl
ring.

Assuning Van der Weals' radii of 1.35 X ard 1,40 R for fluorine and
oxygen atoms respectively (Pauling, 1951) the equilibrium scperetion between
two fluorines should be 2,70 & and between fluorine and oxygen, 2.75 2.

Figure 2.7 illustrates the oricntation of and contacts between the four —CF3
groups ond the oxygen atom round the cyclopentadienone ring. The close contacts

between the fluorine atoms prevent free rotation of the -CF, group and the

]
rroxinity of the oxygen atom, preventing excessive novement of the outer pair
of —CF3 groups, provides a barrier to coupled rotation of the grcups round the
ring. Greater freedom of libration will be allowed to the two middle groups
(F1~3; F10~12), however, and sone degree of coupled ogcillations seems likely.
Evidence for these motions is to be found in Figure 2.6 which shows a greater

spread of clectron density for thess two groups vis.g vis the remaining
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Teble 2,8 The Principal Axes of the Atomic Vibration Ellipsoids

J:émax ,‘/:Emed -/1? min

Atom 2 e 2
Co 0.233 0,217 0.198

0.9635 —0.2600 0,0639 —0,2171 =0.8983 —0.3820 —0.,1567 =0.3541 0.9220
c1 0.39 0.33 0.17

0.358 0,813 0.460 0.904 -0.177 -0.789 0.234 =0.555 0.798
c2 0.34 0.30 0.23

0.811 -0.521 =-0.265 0.516 0.851 =-0.095 =0.275 0.060 =0.960
3 0.36 0.27 0.19

0.872 0,408 -0.272  -0,169 0,770 0.615  =0.460 0.490 =0.740
c4 0.39 0.37 0.06

~0.155 0.595 0.788 0.826 0.516 =0.22 ~0.543 0,616 =0,572
c5 0.44 0.30 0.02

0.883 0.113 0.455  0.263 0.684 0.680 -0.388 0.720 =0.575
6 0.27 0,22 0,22

0.782 0,618 =0.077  =0.490 0.687 0,536 0.384 =0,382 0.841
7 0.26 0.24 0.15

-0.321 0,582 -0.747 0.837 =0.194 =0,511  -0.493 =0.790 =0.425
c8 0,30 0426 0.20

0.475 =0.566 =0.673 0.50 0,803 =0,322 04723 -0.184 0,666
c9 028 0.25 0.17

0.331 =0.758 =0.563 0,920 0.127 0.370  -0.208 ~0.640 0,739
€10 0,29 0.27 0,18

-0.072 0.106 -0.992 0.480 -0.868 =-0.127 0.874 0.485 =0.011
c11 0.42 0.27 0.21

0.402 0,577 =0.711  =0.649 0.727 0.223 0.646 0,372 0,667
c12 0.38 0.31 0.21

0.821 -0.290 -0.493  -0,428 0.261 -0.86 ~0.379 -0.921 -0.090
13 0.37 0,27 | 0.07

0,919 —=0.299 0.256  =0.387 =0.803 0,452 0.070 -0.515 -0.854
14 0.37 0.28 0.22

0.352 =0.936 0,007 0.372  0.133 =0.919 0.859 0.324 0,395
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\/u2 max \/uz mid JLZ min

Atom ? ? ?

F1 0.56 0.42 0.19
0.708 =0.239 0,664 -0.641 -0.614 0.461 0.298 -0.752 =0.588

F2 0.48 0.41 0.31
0.447 0.893 -0.049 0.311 -0.103  0.945 0.839 -0.438 =0.324

F3 0.68 0.32 0.23
0.687 0.721 -0.089 0.638 ~0.540 0.550 -0.348 0.435 0.831

F4 0,55 0.32 0,22
-0,075 -0.106 =-0.991  0.629 -0.776 0.036  0.774 0.621 -0.,125

F5 0.47 0.37 0.21
0,588 -0.424 -0.689  -0.686 0,190 =0.703  =~0.429 -0.886 0.179

F6 0.47 0.41 0.27
0.719 =0,101 =-0.687 =0.451 0.685 =0.572  =0.528 =0.722 =0.447

F7 0.54 0.36 0.25
0.346 -0.599 0,722 0.899 0.432 -0,073 0,268 -0.674 =-0.688

F8 0.50 0.34 0,19
0.902 =-0.149 =0.405  =0.085 0.858 =0.506  =0.423 -0.491 -0.762

F9 0.45 0.35 0.22
0.998 -0.065 0.000 0.016 0.245 =0.969  =0.063 =0,96T -0.246

F10 0.64 0.41 0.23
0.129 -0.868 -0.480 -0.148 0.462 -0.375 0.981 0.184 ~0,069

F11 0.77 0.38 0.24
0.411 -0,450 0,793 0,480 =0.633 -0,608 0.775 0.630 =0,044

F12 0.61 0.36 0.21
0,354 =-0,931 =-0.088  -0.698 =0.200 -0.688  -0.622 -0,305 0.721

01 0.33 0.30 0.22
-0.918 0.214 0,689 0.393 0.609 =0.643 =0.056 0,764

0.334
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fluoromethyl groups, and in Table 2.8. The C-0 bond is bent 8° further away
from the metal atom than the C7, €8, (9 plane, an explanation of this fact

in terms of the intramolecular packing again following from Figure 2.7:-

A closer approach of Ol to the plane of the ring would require the group

F7, 8, 9 to rotate clockwise to minimise the Van der Waals' repulsive inter-
actions; in turn F10, 11, 12 and F1, 2, 3 would be required to rotate anti-
clockwise and ¥4, 5, 6 clockwise. F4 would then be very close to the oxygen
atom. In a similar way we can understand the details of the oxygen vibration
scheme and of its appearance in the composite Fourier proﬁection (Figure 2.5);
all the data are consistent with the hypothesis that o bending vibration of
the oxygen aton (out of the plane of Figure 2,7) is more facile then a
vertical mode, a vibrational displacement which would bring the oxygen into
contact with fluorine atoms F4 and F7. The deviations of Cl1l and C14 from
the €6, 7, 9, 10 plane may also result from intramolecular over-crowding,

but are too small to be statistically significant,

A similar, steric, explanation of the non-planarity of the tetramethyl .
cyclopentadienone ligand may be precluded by the small Van der Waals' radius
of hydrogen (1.05 & - 1,20 &) relative to fluorine (cf. %he free rotation of
nethyl groups in hexamethylbenzene, which is sterically more crowded than the
substituted 5-membered ring, compared with the hexakis(trifluoromethyl)benzene
which has been calculated to be non-planar due to fluorine over—-crowding
(Harris et al., 1960; Pauling, 1930).

It is interesting to coﬁpare the geometrics of thce fluorine-substituted
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cyclopentadienone rings in this cobalt complex and in the compound with
—Fe(CO)3 (Bailey et al., loc.cit,). In the latter case the fluoromethyl grou~:
are by no means co-planar with the butadiene part of the ring, and the oxygen
aton is not tilted further away from the metal. In both structures there are
intermolecular F-F contacts (see Table 2.10) which are as short as the present
intramolecular contacts, in some cases. The nmolecular packing is different
for the two compounds, however, the iron complex having space group P21/c.
Thus it appears that the packing energy of the cobalt conpound is minimised
when the —CF3 groups are co-planar with the ring, causing the incidental
oxygen tilt, while that of the iron complex is minimised with non-coplanar
-CF3 groups, which do not then interfere with the oxygen aton.

Large librations of the cyclopentadienyl ring about the five-fold axis
are indicated by Figure 2.8, which shows an electron density section in the
plane of the ring. (see also the relevantv/éé.of Table 2.8)

The cyclopentadienyl ring is staggered with respect to the cyclopenta-
dienone ring (Figure 2.9) and this can be partly wnderstood in terms of
ninimising the C-F and H-F non-bonded intcractions between the two rings.
Figure 2.0(%) “.inedwate- 11, 0 .o interactions which arc only & little greatcr
than the Van der Waals' contact of 3,15 X; if an eclipsed form is assumed,
the calculated contacts Cl-F3 and C4-F9 both become 3,22 ﬁ, The smallest
H-F contact observed is 2,91 2 (Van der Waals! contact 2.55 X) whereas an

eclipsed ring produces one of 2,60 2, For convenience, Table 2.9 compares

observed intermolecular contacts with those which have been calculeted on
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Figure 2.8

The electron density in the mean plane of the oyclopentadienyl
ving (contours at equal intervals of 1 e % ).
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Figure 2.9. Intramolecular non~bonded distances 4
between (a) carbon atoms of both ligands, and {b) cyclopentadienyl
carbon and cyclopentadiencne fluorine atoms.




Table 2.9 The Shorter Intermolecular Contacts betwsaen Hydrogen Atoms
for the Staggered and Eclipsed Configurations.

Staggered Eclipsed

Contact Configuration Configuration

(observed) (not observed)

2 2
H— H (F-x, ~T+y, F-2 2,52 2.86
H =) C3 (% - x, 3432 2,87
—> ¢4 (¥ -x, , 2,84 2.73
H3 — €8 (¥ -1x, ¥ -y, -2) 3.59 2.71
H —> F5 (x, -y, 3.28 3.03
H2 —) F6 (% - x, 3.39 2.88
H3 — F6 (% - x, 2,92 3.46
- F7 (+-x, 2,63 3,08
H4 — F4 (% - x, 2.87 3,79
—> 5 (z, 1+ 3.03 2.46
-—) 6 (x, 1+ 3.46 2,70
H5 —= F1 (%, 1 4 2.64 3,62
- F7 (x, 1~ 3.16 2.77
-2 8 (x, 1- >4 2,95
Hl ey 01 (x, -y, 3.89 2.58
H2 sy 01 (=, =, 2.43 3,60
H3 —rd 01 (¥ -x, ¥ -7y, -2) 2,68 1.71
Ht ) 01 (% - x, 2.59 >4
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the basis of an eclipsed conformation of the two rings. In contrast to
ferrocene (Edwards, Kington and Mason, 1960) a rationale for the stoggered
arrangenent cannot be derived from considering H-H interactions, as the
shorter of these - 2,52 1 - vecomes larger (2.86 ﬁ) vwhen the eclipsed fornm

is assumed (Table 2.9). However, a number of H-C. H-F and H-0 intesrnolecular
contacts do scom relevant, particularly one H-0 interaction of 2,68 £ which
becones 1.71 2 in the eclipsed nmodel. It is interesting that three H-0
contacts in the (observed) staggered nodel are short enough (2.43 ﬁ, 2.68 ﬁ,
2.59 R) to suggest some degree of hydrogen bonding in the crystal. (sutor, 1963)
Thus, the staggered conformation of the ring may derive fron introanulecular
C~F and H~F interactions and from 0-H, hydrogen-bonded or non-bonded inter-
nolecular interactions, or both., These considerations complenment the
possibility of some localized Co-C bonding to the cyclopentadienyl ring,
outlined above.

Obserfed intermolecular contacts less than 3,8 R between corbon, fluorine
and oxygen atoms are given in Taﬁle 2,10, There are several F-F contacts, as
nentioned previously, which are as short as the intramolecular interactions in
Figure 2.8: these nay indicate the possibility of coupled oscillations
throughout the crystal.

The molecular arrangenent in the unit cell is shown in Figure 2.10 & 2,11
The relatively open structure does suggest that solvent inclusion by addition
or substitution may not be too difficult and thie hypothesis is borne out vy

the low observed crystal density. Solvent substituvion may be regponsible,
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Table 2.10 Intermolecular Contacts less than 3.8 2 between Carbon, Fluorine,
and Oxygen Atoms, '

b
'
"

Contact 2 Contact 2
€2 = 01 (x, -y, %+ 2) 536  FL =3 P8 (x, -y, -k + z) 3,51
€3 = 01 (¥-x, +-3, -2) 3,20 —~ 9 (x, 14y, z) 3,46
C4 - 01 (+-=x, % -y, ) 315 ) F10 (1-x, -y, —z)  3.18
ClL » F5 (x, -y, -+ + z) 3,74 =y F11 (1 - x, -y, -z) 3.T7
-~ P71 (2, 1-y, -+ 2) 508 F2 =) F2 (L-xy, --2) 3.09
2 - F6 (—%— - x, % + ¥, “—f?— - z) 3,41 =+ F3 (1 -% ¥, "1? - Z) 312
03 w3 F6 (-x, ++y, =k -2) 3.02 ~» 180 -x -y, -2) 5.8
C4 = F5 (x, 1 +y, z) 3,78 ~y F10 (1 - x, -y, -2) 3.01
) T6 (b-x, 4y, Lez) 367 > T8 (x, -y, v +2) 3,20
C5 % F1 (x, 1+y, z) 3,75 P4~ F4 (b-x, ~F-y, —2) 3.34
“» 6 (x,1+y, z) 3,71 - B (f-x, -y, -z) 3.07
-3 F7 (x, 1-y, -+ +2) 3,32 - F1 (z-x %~y -2) 3.4
C6 wd F10 (1 - x, -y, -z) 540 59 F1 (x, -1+y, 2) 3.50
c8 -+ I35 (x, =y, ++ z) 3,46 ——-) F (x, 1+, z) 2.0
09 ~y P35 (x, v, ++2) 5.7 8= Fl(1-x1-y, -2) 35
€10 «) F10 (1 - x, -y, -z) 5.69 9 =y TIO (1-=%1-y, -2) 3.5
Cll=y F2 (1 -x,y, %~ 2) 3,69 —~y F11 (1 -x,1-y, —2) 3.15
wd F10 (1 - x, -y, ~z) 5,55 TO-% F10 (1 -x, -y, -z) 3,44
(12— F4 (¥-x, ~t~y, -2) 576 Tl FIL (1 -x, 1 ~y, -z) 2.8l
F12 -3 F12 (1L - x, y, =& - 2) 2.62
F3 ~3 0L (x, -y, =% + 2) 3,23
F6 w3 0L (x, -y, =5 + 2) 3,72
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Figure 2.10
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in part at least,for the rather low electron density found in the Fourier
nap (Figure 2.3), although the effect of high thermal vibrations and series

ternination must also play a part,

2.8 Accuracy

Sone observed dimensions in the molecule appear to be in error: one F-F
contact is less than the double fluorine Ven der Waals' radius; the C-F bond
lengths show nwuch scatter and are rather far from the C-F bond length 1.41 2
calculated from Pauling's covalent radii (Pauling, 1960); and the C-C bond
lengths in the cyclopentadienone ring do not appear convincing, perhaps, in
view of the proposed bonding and ring locali;ation schene,

While some inaccuracies nust result fron the relatively low reciprocal
lattice coverage (ca. 25% of the limiting sphere, approxinately one half of
which reflexions were systenatically absent), this would.serve to increase
standard deviations in a systematic nanner: the standard deviations listed in
Table 2,1 and 2.2 arc calculated from Rollet's progran  assuming randon
errors ip the data and their snall anisotropies reflect the differing extents

of data coverage in the three principal directions., However, systematic

errors will result fron describing the large fluorine atom vibrations by siuple
ellipsoids. Such gross approximations will affect the results cf the least
squares refinement in two ways: the unrealistic model will cause 'errors!

in Fo to be taken up by other parameter shifts in a non-randon way; and the
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cross-terms involving thermal parameters of the fluorine atoms and the
positional and thermal parancters of other atons (type (iii) in Chapter I)
can no longer be assumed negligible, Of course, bond lengths cen be corrected
for the effects of the ellipsoidal vibration schene (Cox, Cruickshank and
Snith, 1955) but, in view of the large uncert.inty in the calculated
librationel motions, we have not felt justified in carrying out these cal-
culations.

Bearing in nmind the remarks made in 1.2, consider the bonds C6-C7
(1.40 2) and C9-C10 (1,49 2 ) which, on chenicel grounds may be expected to
be of equal length, TFollowing the notation in Chapter 1.2, the standard

deviation, Gf agsociated with the probability, P that these bonds could

1

differ by chance equals the r.n.s. of the standard deviations of the bonds

thus

0’1 = /6.027°% + 0.027°

]

0.038 1

The difference,d 1 between the bond lengths = 0.09 & = 2,36 and,
according to the relations (ii) and (iii) in 1.2, this difference is just
gignificant. However, even apart from the chemical unreasonableness of thic

result, two factors throw doubt on this significance. Even assuming randon
errors, Rollett's program - actually tends to underestimate standard devialiroo
(see 1.2) - a fault which here can be even greater by neglect of the model's
systenatic errors knovm to be present. Obviously, the arguments used here to
discount the differen: between bond lcnghn C6-C7 and €9-ClO can also be

used with equal weight to explain 'anomalous!'! results elsewhere in the

molecule. In defence, it must be said that the standard deviations found
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here are quite typical of crystallographic znalyses of compounds like the
present one, and in addition, this analysis has becn very much complicated by
the large fluorine atome librations.

The inexactness of this structure deternination, does not invalidate
the proposed bonding systen, however, which rests firoly upon the conformation
of the cyclopentadienone ring and, to a leéser extent, upon the analogous
conpounds guoted. Similarly, although the statistical significance of the
suggested asymmetric bonding to the cyclopentadienyl ring is questionable,
the overall pattern of distortions, complenmented by chemical feasability,

suggested that the figures obtained were worth some attenticn,



CHAPTER 3
The Crystallography of Dihydridodi-1-cyclopentadienylmolybdenum

3.1 Introduction

Recent studies of fransition metal hydrides have led to the preparation of
a number of di-W-cyclopentadienyl hydrides of general formula (1T-05H5)2MHi'
(z = 1, 2 or 3) (Green, Pratt and Wilkinson, 1958). The hydride complexes are
- prepared in high yields by the interaction of the anhydrous metal chlorides
with a solution of sodium cyclopentadienide in tetrahydrofuran containing an
excess of sodium borohydride., The complex hydrides with one or two hydride
atoms behave as bases and are soluble in dilute qqueous acids and in tri-
fluoroacetic acid to give the ions ('T-C ) MH or (% ~CH )2MH3 with gaseous
hydrogen chloride or bromide fthe deliquescent halide salts are formed. The
tantalum hydride, (ff -CSHS) Ta.H.j does not appear %o behave as a base, even in
trifluoroacetie acid, and is decomposed by aqueous acidg.

The stereochemistry of these molecules was originally suggested as being
a trigonal bipyramid in which parallel cyclopentadienyl rings occupy axial
positions; if the cyclopentadienyl anions are formelly considered to be tri-
dentate ligands, the proposed structure would be similar to that of Nd(HéO)g+.
The three hydrogen atoms in the trihydride species (T C )2’I‘aH3 and
(1[-0 )2WH3 are then required to occupy the equivalent equatorial positions,
but the high resolution proton magnetlc resonance spectra of these complexes

indicate only two equivalenft hydrogen atoms in an AZB grouping. The non~
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equivalence of the third proton was therefore interpreted as favouring a dis-
torted trigonal bipyramidal structure in which the metal~to-ring axes are non-
colinear, the structures of the dihydrido- and monohydrido- complexes being
doscribed in a similar way (Green, McCleverty, Pratt and Wilkinson, 1961).
Dipole noment and infra-red studies are unable to distinguish unequivocally
whether the cyclopentadienyl rings are parallel (Fritz; Hristidu, Hummel and
Schneider, 1959) the present X-ray analysis being thus underfsken to determine

the relative conformation of the -cyclopentadienyl ligands,

3.2 Crystal data

The complex was prepared, in high yield, by the reaction of the anhydrous
metal chloride Mo(',‘l5 with a solution of sodium cyclopentadienide in tetrahydro-
furan contoining an excess of sodium borohydride (Green et al., loc.cits )e
Pale yellow crystels, of acicular habit, were grown from the reastion mixture
by slow sublimination in vacuo, selected crystals being scaled, under nitrogen,
in a Lindemann glass capillary. Weissenberg and precession data (Mo ¥radiation
T\, = 0.7167 %) gave the monoclinic unit cell dimensions as,

14,30 £ 0.04 §, b=15.90%0.028, c=10.41%0.038% @ =104.07%0.2°

a

v

3 . . B .
852 2°. With four molecules per unit cell, /ocalc = 1,78 gn/cc, the high
reactivity of the complex preventing any accurate determination of the density
of the crystals, The systematic absences hO¢ for {=2n+1 and hkO_for

h+k=2n+ 1 indicate the space group as either C2/c (Cgh) or Cc (Cg)
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In C2/c, the molybdenum atom must lie inh a special position = either at a
centre of symmetry or on the diad axis, In the first case; reflexions with
{k +C} even should be systematically weak and this is not observed. With
the molybdenum at O, y, +, the 'reflexions {OO 4 } should be systematically
strong; this condition is observed but does not, of course, preclude a choice
of the non-centrosymmetric space group. The structure was thus initially
determined on the basis of Cc so as to avoid any a priori assumption of the
molecular symmetry but the final refinement suggests that the molecule may
possess exact 02 symmetry,

Relative intensities of the Weissenberg [hOC} and {hl C} data were
estimated visually by standard methods; the [hko) and {Ok &} precession data
were initially measured by a Joyce-Loebl microdensitometer but, since these
data appeared to contain systematic errors, these zones were later re-estimatcd
visually. These 274 intensities have not been corrected for absorption, being

derived from a crystal of 0,2 mm average cross-section.

3.3 Determination and refinement of the structure

The Patterson symmetries for spacegroups 02/0 and Ce¢ have been discussed
in general terms in the preceding chapter, With only four molecules in the
unit cell, they are unable to distinguish the spacegroups, only the heavy atom
y-coordinate being determined. The Patterson series P(3v0) gave the y-co-~

ordinate of molybdenum as 0.33, the x and z co-~ordinates being fixed as 0 in-
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the spacegroup Cc.

The electron density synthesis,o (xy0), phased by the molybdenum atom
showed peaks consistent with a cyclopentadienyl ring together with a mirror-
related series of pesks generated by the symmetry of the heavy-atom-phased
Fourier series. The origin of this extra symmetry is as follows:

The Fourier series representing a repeat unit containing only one atom may be
congidered as a series of Fourier 'waves' each of which has its crest at the
atom. In general, cach wave will have & phase ¢ at the origin of the repeat
unit: however, if the unit cell contains two atoms related by a centre of
symmetry at the origin, the phase ? must, for all waves, be O orff . Thus,
in this centrosymmetric case the phase of each Fourier wave at the atom must be
generai and the atom will be located at the resultant crest of all the Fourier
waves in that region, In the non-centrosymmetric case, the atom lies
simultaneously at the crests of all Fourier waves and thus defines a centre of
symmetry - this -has been observed for the hod projection which lacks all

but spacegroup translationsl symméfry. Both the hkO and Ok ¢ projections,
hoeever, have mirror spacegroup. symmetry and therefore, eny Fourier waves
which pass through the mirror planes cannot, in general, have crests at the
atom: those waves which 'propogate' parallel to the symmetry planes are
unrestricted by such considerations and, therefore, do have crests at the
atom. Accordingly, the hkO and Ok€ projections phased only by the molybdenum

atom have a 'false' mirror plane perpendicular to that produced by the space-

£T0oup,
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The false additional symmetry mn/O(xyO) was removed when the contribuii.:.
of one cyclopentadienyl ring were included in the structure factor calculatioi«
the subsequent Fourier map suggesting two possible positions for the second
cyclopentziienyl ring. Of these, one allowed the reliability factor R(hk0)
to be reduced from 0.23 to 0.07 in three cycles of least squares refinement
of molybdenmum positional and anicotropic thermal parameters and carbon co-
ordinates and isotropic B factors. Approximate z-~coordinates for all atOmé
were obtaina=d from a model combined with the previously determined x and y
pérameters, these valucs giving R(h02 ) = 0.19 and R(0k¢, ) = 0.17, respectively.
The final scaling together of the three zones was via the calculated structure
factors, least squares refinement of the 201 observed reflexions progressing
smoothly from 0.17 to 0.098 in eight cycles, The Difference density synthr~- -
D(xyO) and D(x0z) comruted at this stage showed significant peaks near the
molybdenum atom in positions where the two hydride atoms might be expected.

It was now clear that the molecule was wedgelike (Figure 3.1), having
essentially two-fold symmetry. A new refinement was begun, placing the
molybdenum at 0, ¥, 4+, that is on a diad axis in C2/c, the least squares
analysis being based, now, on the visually estimated intensities for all 274
reflexions f?om the {bkq}, {hoﬁ} , {bk@:} and {hlﬁ} zones, Successive ad-
justment of the positional and anisotroéic thermal parameters of the
crystallographically non~equivalent molybdenum and five edrbon atoms slowly
reduced the reliability index from 0.098 to 0.087 in 5 cycles, all hydrogen

atom contributions to the structure factors being included. The final atomic
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Figure 3.1

61—05H5)2M0H2 . Molecular Configuration and Numbering of Atoms




co-ordinates are shown together with their e.s.d.'s in Table 3.1, while the
thermal coefficients, bij’ are listed in Table 3.2: observed and colculated
gtructure factors are given in Table 3.3,

Several Difference density syntheses were finally calculated, at this
stage, subtracting all Mo + 5C + 5H atoms, D(sz) and D(xy0) again show
peaks in the hydride atom positions (Figures 3.2 (a) and (b)), scvere overlap
preventing a simple interpretation of D(Oyz)., The peak heights of
0.3 - 0.6 X2 are certainly close to the level of significance (A2 — 3¢7)
but their appearance in chemically reasonable positions a@ds some weight\ to
the argument for regarding them as genuine rather than as anomalous 'ghostf
peaks produced by the molybdenum atom. Some check of this was made by con-
structing the Difference map (xyO) using only those contributions from re-
flexions with sinG:E 0.5, a procedure which minimises Fourier features pro-
duced predominantly by any inexact temperature factor of the heavy molybdenum
atom. The resulting map (Figure 3.2(c)) clearly shows merginal attenuation of
the peaks ascribed to the hydride atoms while all other peaks, especially the
large negative feature at (0,0,0), have been greatly diminished. Perhaps the
principal reason why the hydrogens have been apparently located lies in the
very small thermel vibrations which these bonded atoms would, in all proba-
bility, execute; the marked dependence of‘foobs(hydrogen) on temperature

factor is well known. (McDonald, 1956).
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Table 3.1 Atomic co-ordinates and e.gs.de's
x X z (x) (Y) (2)
Aton a b ¢ X R R
Mol 0 0.33188 + - 0:0039 -
C1 -0.1027 0.0610 0.2712 0.020 0.025 0.029
c2 -0,1459 0.1796 0.1634 0.019 0.038 0.037
C3 ~0,18667 0.4145 0. 2027 0.019 0.037 0.032
C4 -0.1290 0.4187 0 3423 0.021 0.039 0.027
c5 -0, 0897 00,1906 0.3849 C.023% 0.031 0.026
Hl ~-0.080 -0,113 0.270
Values, not refined,
were obtained by
geonetrical calculation
H4 "‘00131 On 563 0-405
HO* -0.033 0.500 0.200

* Value obtained fron Difference Fourier maps - sec text
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Table 3.2 atomic Debyc Factors

~(b11h% + baok® + 13312 + bpskl + byzhl + bphk)

T =2
Aton D P2 b33 bo3 b3 P12
Mol 0.00448 0.02685 0.01180 0 0.00407 0
c1 0.0046 0.023%6 0.0264 0.018% 0.0058 -0.0048
c2 0.0031 0.0590 0.0427 -0.0068 0.0094 ~0.0149
C3 0.0034 0.0791 0.0353 0.0810 0.0040 0.0046
C4 0.0063 0.0648 0.0239 -0,0167 0.0176 0.0071
C5 0.0025 0.0249 0.0216 0.0133 0.0177 -0.0045
Hl - 5 calculated with bij‘s of C1L -5
Teble 3.4 (&) Bond len~*hs ond e.s.d.'s
Bond Length €.5.d. Bond Length e.s.d.
it 2 R 1
Mo -~ C1 2.22 0.021 Cl - C2 1.34 0.041
Mo -~ C2 2.25 0.022 c2 - C3 1.51 0.052
Mo - C3 2. 37 0.022 C3 - C4 1.42 0.042
Mo - C4 2.34 0.023 C4 - C5 1.49 0.050
(b) Bond angles and e.s.d.'s
Bonds Angle ceS.d. Bonds Angle e,8,4
(o) (o) (o) (o)
Cl - Mo ~ C2 34.8 1.1 C5 - C1 - C2 111.9 2.7
C2 = Mo -~ C3 38,1 1.3 Cl1 -¢C2-20C3 109.3 2.5
C3 ~ Mo - C4 35.1 1.1 C2 - C3 - C4 104.3 2.7
C4 - Mo - C5 37.8 1.2 C3 -C4 -C5 108.1 2.5
C5 - llo - C1 35.9 1.0 ¢/ =05 -2C1 106.4 2.5
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3.4 @Biscussion

The first feature of chemical interest - the mutual orientation of the
cyclopentadienyl rings - confirms the suggestions of Wilkinson et al, (1oc.cit.)
and rules out configurations similar to those of the Nd(HZO)g+and (TaF7)2_ ionc
The cyclopentadienyl rings are essentially planar (r..s. deviation, 0,007 R),
the direction cosines of the normal to the mean plane of the reference ring
being -0.9486, -0.293%2, 0.1190, referred to the orthogonal axes a, b and c’.
The angle between the R ~cyclopentadienyl rings of one molccule is, therefore,
34.1° £ 1°,

Moiecular orbital calculations on protonated sandwich compounds have been
roported by Ballhausen and Dahl (1961) who showed that the angle of tilt
between the rings could not exceed 450; yithin this limit, overlap between the
ring molecular orbitals and metal hybrid orbitals was not reduced a great deal,
that is, there is 1ittle loss in metal-ligand bond strength. With these
angular bonds, it followed, without recourse to f-orbitals, that in addition
to the six metal bonding orbitsls, there remained three strongly space-directed
orbitals on the metal, orientated in the plane bisecting the angle between the
“f -cyclopentadienyl rings (Figure 3.3). Two orbitals,\}ly and"\f/_ 5 are

equivalent (spdxg .2 dzg'hybrids) end different from the third,lro (an

y
sp hybrid), and together with the six bonding orbitals directed at the rings,
make up a new form of nine co-ordination (see also Bennett and Mason, 1963).
In the dihydride species, the non-bonding pairs of clectrons occupy'?bo, a

configuration which is more stable then that of the (TaF, )2- ion. It is,

7
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Figure 3.3

The disposition of the cyclopentadienyl rings and available

metal orbitals (after Ballhausen and Dahl, 1961)
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however, difficult to understand why the trihydrides share this asymmetric
geometry; it may be that the Nd(H20)9 > ion finds the Ballhausen=-Dahl
geometry unfavourable because of the grcater steric effects between the HZO
ligands compared with those between the Pydride atoms and thus adopts what

might otherwise be the more unstable, symmetrical structure,

Perhaps the most important result of the present analysis is the lack
of five-fold symmetry in the cyclopcentadienyl rings. Bond lengths and angles,
together with their e.s.d.'s have been collected in Table 3,4 and some are
shown in Figure 3.4 to illustrate the point. The idea is not quite new.

Since the discovery of ferrocene, bis-?T-cyclopentadiényliron, the
cyclopentadienyl ligand has been used in the preparation of a large number of
organometallic compoundé. Its ff -bonded complexes have often been described
by fairly sophisticated theories although one difficulty in assessing the
value of the various structural models has been the lack of precise values of
molecular parameters; ceven in ferrocene, disorder in the crystal makes an .
accurate determination of carbon-carbon bond lengths somewhat difficult.
(Edwards, Kington and Mason, 1960). Figure 3.5 compares the cyclopentadienyl
bond lengths found in the structurcs roported in this and the preceding
chapter together with two other recent analyses,

It is assumed, and generally accepted, that in the bis-¥ -cyclopenta-

dienyls or any other)f-cyclopentadienyl complex possessing cssentially
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Figure 3.5 The lack of 5-fold symmetry in the cyclopentadienyl ligand
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cylindrical symmetry around the metal ion (for example, 1r—cyclopentadieny1
nanganese tricarbonyl), the carbon-carbon bond lengths in the cyclopentadienyl
ligand are all, within experimental error, identicel, The molecular geometries
sumnarised here are constant in their pattern and distinguished by (i) the
lack of cylindricel symmetry around the metal ion and, as we suggest, as a
consequence (ii) localisation of electron density in the cyclopentadienyl
ring; the standard deviations of the carbon—-carbon band lengths range up to
0.04 % so that significance can be attached to a number of the bond length
differences of Figure 3.5.

The first discussion of the possibility of localised metal-cyclopenta-
dienyl bonding is that of Dahl and Wei (1963) relating to the structure of
[ 2,3-bis—-(methoxycarbonyl)-27F, S-norbonadien-’?—le Tr-cyclopentadienylnickel,
The bond lengths in the cyclopentodienyl ring vary from 1.39 2 to 1.47 2
(o= 0,02 X) and like the present values are probably within, the borderline
of statistical significance. The variation in nickel-carbon bond lengths -
led Dahl and Wei to provide an explanation in esgentially valence bond terms
in so far as they suggest that the results originate from the tendency of the
nickel (IT) ion to acheive a square planar configuration using dsp2 hybrids.,
These authors thercfore predicted that localised metal-cyclopentadienyl
interactions might be found in complexes of the closely related Rh(I) and Ir(I).
Qur results suggest that it is more useful to examine the bonding within the
framework of the molecular orbital approximation.

In the cyclopentadienyl anion, the six1ﬁ.— electrons are distributed
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amongst the three molecular orbitals designated in the usual way as the a,

eI and c; orbitals (Figure 3.6(a)).

Provided the doubly degenerate e orbitels are equally occupied, there ic
uniformity of electron density around the ring and therefore identity of
carbon~carbon bond lengths. A considerable proportion of the metal ligand
bonding arises from overlap of the degenerate dyz and dxz orbitals of the
metal with the e molecular orbitals of the cyclopentadienyl ring, If now the
degeneracy of thesc 'd' orbitals is lifted through the ficld around the metal
ion having less than cylindricel symmctry, there seems no & priori reason why
the respective nmetal orbitals should combine equally (in terms of overlap
integral) with e; and ei molecular orbitals. In other words, the removal of
nctal orbital degencracy also serves to remove the degeneracy of the bonding
orbitals on the cyclopentadienyl ring. Exemination of all the observed bond
lengths together with those of Dahl and Wei shows a consistent scheme which
can be readily understood. If onc fornally writes the structure as in
Figure 3.6(b) as rcpresenting the bond lengtns in the cyclopentadienyl limen”
then cne finds that the 'allyl' group is always trans to the relatively
strong field ligands on the opposite side of the molecule - for cxample, tho
hydride ions of (a), one of the carbonyl groups of (b) and the unconjugated
olefinic group of the norbonadicne ligand (Danl et al., 1oc.cit.). Thus by
either electrostatic effects, W ~bonding or both we obtain a perturbation of
the 'd' orbitals which serves to remove their dcgenéracy over and above the

nornal crystal ficld splitting effects. We thus obtain the situation that
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(a) The lowest lying molecular orbitals of the cyclopentadienyl ring

(v) 'Allyl' type of bonding resulting from deflection of electron

density in the eI molecular orbitals.
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donation of electrons from the two degenerate e orbitals of the cyclopenta=-
dienyl ligand into nmetal 'd' orbitals is unequal, the net result being un-
equal population of the ring orbitels with a concomitent loss of five-fold
symmetry in the ligend.

We should point out that if we follow Dahl and Wei in postulating bonds
to the central atom of the 'allyl' group and the centre of the carbon-carbon
bond opposite, we should arrive at a co-ordination number of six for nolyb-
denun in (a) and (b). But there seems little value in doing so. We would
predict, however, that nore detailed cxeamination of the bond lengths in
conplexes, where crystal structures have been reported, would be valuable,
Thus some asymnetry in the cyclopentadienyl ligands would be expected, for
exarmple, in the structure of E‘iClz (CSHS)]Z 0 and Ti(05H5)2012A1(02H5)2. It
will, of course, be impossible to draw conclusions fronm such data as the
nuclear magnetic resonance spectra for reasons which have becn discussed
previously (Dickens and Lipscomb, 1962), but careful conmperisons of the
infra~red spectra of these and other complexes in the solid state and in
solution would offer some independent check that the results of Figure 3.5 do
not arise from some unknown systematic errors in the X-ray date which would
invelidate estinates of the accuracy of the bond lengths, In particular,
while the differences between the carbon=carbon bond lengths in the present
conplex are on the borderline of statistical significance (A 3¢ ), the overall
pattern of distortions and the large 02-01-05

schene outlined above, The differences between the molybdenum-carbon bond

angle clearly suggest the
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len;ths do appear to be significant, however (5—60#), having the regular
pattern around the ring shown in Figure 3.4. f$his secns to be consistent with
the observation above that the 'allyl'-type group of the cyclopentadienyl ring
is trems to the relatively strong field ligands on the opposite side of the

molecule in 2ll of the above complexes.

The nature of the netal-hydrogen bonding in transition netal hydrides has
been discusscd by a number of authors. Several (Cotton, 1958; Bishop, Down,
E r tage, Richards and Wilkinson, 1959) assunied that the characteristic high
field lincs in the high resclution nuclear negnetic resonance spectra of these
complexes can be explained by a model involving the enbedding of the hydride
atoms in the electron density of the metal ion, Bishop et al. (loc.cit.)
have gtudied the wide line n.nm.r. spectrun of HZFe(CO)4 and found o proton-
proton distance of 1.56 % 0.05 2 fron which a most probable Fe-H distance of
1.1 & con be calculated assuning a value of 110° for the H-Fe-H bond engle.
Stevens, Kern and Lipscomb (1962) considered that the sinple view of an en--
bedded proton involves a "drastic assunption" and attenpt an explanation of
the anomalous magnetic resoncnce shift without involving a particularly short
netal-hydrogen bond, showing that when the large diffuse 4s and 4p levels of
the netal are occupied by back-donation from such ligands as CO, the proton
can be sufficiently shielded so as to achieve the cbserved shift to high

fields, even when the M-H distance is 2 normal covalent bond length of 1.4 to
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1.6 R. Some support is given to these calculations by Ibers and LePlaca (1963)
who report a RH-H distance of 1,71 X, determined by X-ray crystallography.

The present Mo-H distance, cstimated from the Differcnce (xyO) and (x0z) naps,
o is 1.23 R, the aonglec H-Mo-H being 750. The agreenent of these values with the
nuclear magnetic resonance deta on H2Fe (CO)4 nust be nothing more than
fortuitous., both from the standpoint of the large likely error in the present
result and because there is no a2 priori justification for believing that the
proton will coincide with thc centroid of the electron density of the bonded
hydrogen atom. A complete three-dinensional analysis would, of coursc, have
inproved the e.s.d.'s of the observed bond lengths but we have felt that the
problen is more smenable to an accurate ncutron diffraction enalysis, and

this is now being carried out (Brown, 1963).

The packing cf the molecules in the crystal is illustrated by threce
principal crystal projections (Figurcs 3.7 (a), (b) and {c)). The wedge-like
shape of the molecule allows a dovetailing together in the lattice thus for.. .
close packed chains parallel to 'b'. Thege chains are quite well separated
(Figures 3.7 (b) and (c); cf. the relatively few short intermolecular contacts
of Table 3.5), the high volatitlity of the crystals presumebly resulting fron

this node of packing which originates from the asyrmmetric shape,
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Table 3.5 Inter-ring H-H contacts less than 3.0 R.

Contact R
1 m o m’ 2.42
2 s (x,-1 + ¥, z) 2.77
3 #H (x, -1 +y, z) 2.58
4 B (-x, =y, 1-12) 2.80
5 H2 3> H2 (=) -x, + -y, -2) 2,90
6 B (-f-x %-y, -2) 2,62
7 H (x, 1 -y, =%+ z) 2.63
8 B (x, =y, =+ + z) 2.45
9 H3 — H4 (%, 1 -y, % + z) 2.93
10 H— B (=, -y, 1-2) 2.23

The primed symbol refers to the second cyclopentadienyl ring in the

reference nolecule, related to the first by the died at z = T
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PART II

The Paramagnetic Anisotropies of Some

Cobaltous and Ferric Complexes
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CHAPTER

An Introduction to the Principles of Crystal

Parcmagnetic Anisotropies

Part II of the thesis describes studies of the paramagnetic anisotropies
of several crystals of first-row transition metal ions, and in this chapter
an attempt is made to outline the principles involved in the theoretical and
practical espects of the subject. At first the concepts of electronic angular
momentum and coupling are discussed, followed by a description of the
Rusgsell-Saunders coupling scheme in free ions. The explanation of the origin
of paramegnetic anisotropy follows a brief section on the influence of cuﬁic
ligend fields on term splittings, while the latter half of the chapter describes
the formal reletionships between molecular and crystal anigotropies and the

experimental methods which have been used to measure them.

4.1 The free jon : Russell~Ssunders coupling

The quantum mechanical treatment of the hydrogen atom is, today, weli
understood and has led to a degree of familiarity with 'the' quantum numbers
n, 1, m and s. The primary quantum number, n, labels an eigenvalue (ellowed
value) of the radial part of the Hemiltonian describing any atom with a
spherically symmetric central field: 1 is associated with an eigenvalue of the
total orbital angular momentum operator, while ny labels an eigenvalue of the
operator associated with the z~component of orbital angular momentum:

similarly, g_(: +}) describes the spin angular momentum of an electron, Es
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being, again, the 'z-component' of s. These definitions are also meaningful
for hydrogen-like atoms, having a single electron in the outermost shell,
experiencing a spherically symmetric electric field from the completed shells
within - the quantum numbers of the hydrogen atom, then, are still 'good' for
hydrogen-like atoms. However, when more electrons are introduced into the
outer shell (but without completion), the field they experience is far from
spherically symmetric, with the result that 1, I, 8 m 1O longer form a
good set of quantvm numbers. The properties of the individual electrons in
an incomplete shcll are dependent upon one another because their angular
moments 'couple' together: this has often been described by the 'quentized!

vectorial addition of the individuel 1, 8, m 's to give resultant L,

B i
S, Mi, and MS values as shown in Figure 4.1, a description which has certain
conceptual advantages. What is important, is that the coupling together of
several angular momenta causes the meanings of their individual z~components

to be lost, being replaced by other collective quantities. For example, the
coupling of two electrons with angular momentum quantum numbers (11,12, mll,ml',
810 Sy msl, msz) produces a new set (ll’ 1, L, M, 855 8,0 5, MS). -
Vhen the states described by li and 8; differ widely in energy, the coupling

is small and the individual-mli's and msi's retain their original significance,
This situation holds for the negligible coupling between electrons from
different subshells. Within any subshell, the coupling energies between

different quantities ere, in general, unequal and it is necessary to consider

them in order of magnitude: for the first half cf the periodic table,
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approximately, the order of coupling energies is spin-spin ) orbit=orbit )
spin-orbit and . the systematic description of atomic states following this
order is known as the Russell-Saunders coupling scheme.,

States having particular L values are called terms, being labelled
S, P, D, F, Gy Hewee Wwhen L =0, 1, 2, 3, 4, Secees mwtasmlcm1MWedn
quantised values from +1 to -1, s0O ML can take values from +L %0 -L - that is,
there are 2L + 1 ML values for any term L, referred to as the orbital
multiplicity of the term. Each term may have several different values of S
representing the different modes of coupling individual electronic spins:
again, S may be orientated with respect to the z-direction in 28 + 1 ways -~
the spin multiplicity. Thus, a fuller description of a term may be given by
a term letter (S, P, D etc) with a left superscript,.ES + 1: for example,
3p, triplet D, labels the state with L = 2 and § = 1.

Only certain terms arise from a given configuration: for example, the
meximum possible value of L is obtained when all 1l's are parallel to the
z-direction and there is a similar restriction upon S (see Figure 4,1)., In
addition to. these obvious constraints is the Peaii Exclusion Principle which
states, in effect, that no two electrons in the same atom can have all
quantum numbers equal. This rule becomes relevant in the present discussion
only when electrons from the same subéhell are considered, for if two electrons
differ in their n or 1 values there is no further restriction upon other
quantum numbers. Thus the terms arising from the coupling of a 2p and a 3p

electron (this being swmall anyway) will be 3D, lD, 3P, lP, 3S, 1S. The
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application of the Pauli Exclusion Principle to determine which terms can
arise in configurations within the same subshell is involved but, for the
seke of completeness, is described in detail here for the d2 configuration.

We construct Table 4.1 which represents the ways individual electronic
spin and orbital angular momenta may be coupled to give the total z~-components,
ML and MS’ spin-orbit coupling being completely neglected at this stage. The
values of El are represented as 2, 1, 0, -1, -2 and of By by + and -: these
symbols refer to the individual electronic wave functions., We have two d
electrons, so that S has a maximum value of 1, with spin multiplicity,

25 + 1 = 3; that is, there are, at most, three orientations of the total spin
with respect to the z-direction and these are represented by the last three
colums of the table, Similarly, the maximum value of L is 4, orbital
multiplicity, 2L + 1 = 9, represented by the nine rows in Table 4.1. We now
form linear combinations of the individual electronic wave functions, denoting
those being combined inside parentheses. We invoke Ehrenfest's Adiabatic

Law which states that for an infinitely slow adiabatic change of coupling
conditions, the quantum numbers of the system will not change. When completing
the table, we assume zero coupling, when ML = z:ml and MS = z:ms, in order %o
arrive at the number of ways of achieving any given 'total! state. When
coupling is finite, the combined wave functions no longer lead to the same
quantum numbers as before, as described sbove, and it must be emphasised thet
the symbols in Table 4.1 refer only to the ways in which the individual wave

functions may be combined to produce final combinations with the appropriate
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Linear combinations for the 4~ configuration
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ML and Ms values, no description of energy levels being directly implied.

The table is completed, then, as follows. We first consider the combination
(2+ 2+) to give MS =1, ML = 4, but this is forbidden by the Pauli Exclusion
Principle (as too, are 1+ l+ etc., ete.,) and so does not appear in the table,
Also, the table does not contain pairs of combinations like ( l+ O+)( O+ l+)
as these are identical descriptions by virtue of the impossibility to
distinguish electrons other than by their quantun numbers, Rout ine application
of these rules produces the complete Table 4.1l. We now wish to derive a set
of terms described uniquely by the combinations in the table and begin with
the term having the greatest multiplicity - 3G. This must have a component in
each column (MS =1, 0, and ~1) and in each row (Mi = 4 iy -4) but, as there
are no components with MS =%1, ML =%4, a 3G is not formed, Consider next
a lG, having a component in each row of the middle column (MS = O): we
allocate one combination from each 'box', which one, being immaterial as, for
finite coupling, the individual electronic quantum numbers are without meaning,
¥We now have a 1G term and no remaining combinations with ML =1 4, Next, we
take the 3F term, allocating one component from each column and each row
(from M = 3~ -3) when there remain- no further combinations with M = T3,
We now consider a 3D tern... and so on. The final group.of terms for the d2
configuration is lG, 3F, lD, 3P, lS.

Terms arising from other configurations may be derived in 2 sinmilar way,
Table 4.2 listing those from d2 configurations. The calculation of the energy

splittings of these terms is beyond the scope of this thesis but the order by
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energy is summarised in Hund's rules: (1) terns with the greatest spin
multiplicity lie lowest and (2) of these, those with greatest orbital
multiplicity lie lowest. The splitting diagram for the d2 configuration is

get out in Figure 4.2.

Table 4.2
Configuration Terms Arising
at 42 °p
a? &8 Sp3 e tp s
P al s X 2]3(2) %p
a* af 5p g 3¢ 3r(2) 3p 2p(2) 1 Ye(2) F In(2) Ls(2)
@’ b5 4 4p 4p 4p 21 25 %a(e) 2R(2) °D(3) %P %S

When a configuration (1ike d3) gives rise to two separate terms with the same
designation, these do not, in general, have the same energy, being derived fronm
different linear combinations of the individual electronic wave functions. A
set of terms, such as that for d2, fornm & group of energy levels for one par-
ticular configuration only, the lowest term being the ground state, occupation
of higher terms constituting. the excited states,
The preceding discussion has neglected spin-orbit coupling, If taken
into account, this effect may be treated analogously to s-s and 1-1 coupling.

Thus if the spin and orbital angular momenta, s and 1, of any given electron
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interact we must introduce the new 'total' quantum numbers J and MJ to represent
the total angular momentun. For two electons, say, we replace (11, 12, o4,
Wy 810 Sy Mgy, méz) by (11, 1, L, 85 8, S, J, MJ). The energy scpa~
ration of terms differing only in their J (and MJ) values is small in the
Russell~Saunders scheme and they group together to form a multiplet, each con-
25 + 1

LJ where J can take all values from

L+S=$L~S giving 2L + 1 or 25 + 1 components, whichever is the smaller.

ponent now being labelled

Each component has a total multiplicity with respect to the z-direction of
2J + 1, labelled by the MJ values. The spin-orbit coupling stages for the
d2 configuration has been included in Figure 4.2. The energy splittings of
the nultiples is governed by a rule in some ways analagous to Hund's rules
and, in magnitude, is proportional to the spin-orbit coupling constemt, N ;
)\ is positive for a shell less tian half full and negative when nore than

half full.

4,2 [The magnetic moment

In the presence. of a magnetic field the degeneracy of the (2S5 + 1) MS-
states of the ion is completely removed; that is, the Ms—states will split up,
the distribution of the ions among these states will become unequal and the
ions will, in consequence, have a resultant magnetic moment along the field
(z-) directions. This is known as the first-order Zeeman effect and accounts

for the paramagnetism of ions having a grdund state with J :;() (or a thermally
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accessible excited state with J:) 0). The magnetic moment of the system may

be obtained by computing the root mean square moment associated with each
eigenfunction (describing each MS-state), weighted by the probability of
occupation of each level. The populations of the levels may be found, assuming
a Boltzman distribution between the levels which are split by %81{ where

H is the magnetic field strength, /3 the Bohr magneton and g the Landé splitting
factor (or gyromagnetic ratio):

-

g =l 1 43gr1) s(5+1) - 1L +1)
o 2J(J + 1)

When the splitting is much less than kT +the populations of the various levels

are nearly equal and the magnetic susceptibility, ;{ obeys the Curie Law:

X -

where C is the Curie constant. Empirically, the temperature dependences of

=1 le

paramegnetic bulk susceptibilities often follow the Curie-Weiss Law:

—

X . ¢

(T +0)
where 6 is the Weiss constant. While 6 can sometimes be correlated with anti-
ferromagnetic exchange effects, in general its origin is complex and usually
not yet completely understood (vide infra).
Using another mechanism, even ions with a non-degenerate ground state
(7 =0) may heve a paramagnetic moment. This is called the second-order Zeeman
effect and it can also augment any moment produced by the first-order effect.

It describes the effect of polarizing the ions electronic cloud by the magnetic
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field when the polarised ion is more properly described by a different wave
function which is formed by a suitable combination of the unpolarised ground
state plus some excited state wave functions. Such a process is described as
the 'mixing-in' of an excited state, the degree being inversely related to the
separation between the ground and excited state of the ion., If the level
'mixed-in' is much greater than kT above the ground level, thermsl distribution
between the levels does not occur and the resultant contribution to the para-
megnetic susceptibility is independent of temperature, being referred to as
temperature-independent paremegnetism (T.I.P.)

For a free ion following the Russell-Saunders coupling schene, the
effective magnetic moment resulting from the 1st order Zeeman effect is given
by:

aopr = B {J(J + l)} z B.if. veena(1)

While this is found to describe the magnetic behaviour of the lanthamide
elements quite well, as they have buried d electrons experiencing virtually no
external asymmetric fields, it is less useful for the first-row transition ions.
In the first place, spin-orbit coupling is much smaller than for the lantha-
mides so that the expression,

| a ots {_L(L + 1) + 45(S + 1)} T B veeee(2)
is a closer approximation: secondly, these ions are very susceptible to the
effects of the electric fields produced by the ligands which can cause a partial
or complete 'quenching' of the orbital part of the magnetic moment, giving a

resultant moment between that given by (2) and the 'spin-only' moment;

s (_45(5 + 1)} z B.M. ceeea(3)
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4,3 Ligand fields

The description of Russell-Saunders given above is strictly valid only
for free ions experiencing no external fields. In complexes, and in most real
situations, the ions are surrounded by ligaends whose fields perturb, to a
greater or lesser degree, the potenials which the electrons experience. As a
result the various coupling schemes for the free ion bresk down to on extent
depending upon the strength of the ligand field and the weak field cases, The
weak field case essumes that the ligand field is a small perturbation compared
with the free ion electron rcpulsion effects, but large compared with spin-
orbit coupling. The strong field case assumes that the ligand field perturba-
tion is the strongest of all, causing spin-pairing, i.e. minimum spin multi-
plicity, to have the lowest energy. These extremes are represented in the

diagram:

configuration —aspin-spin ) orbit—orbit ) spin-orbit > second—-order

coupling coupling coupling effects
strong ligand weak ligand
fields fields

In the weak field approximation the free ion terms are 'sorted out' and split
further, but otherwise not altered, whercas in strong ligand fields they lose
their meanings completely, giving rise to new terms. Intermediate ligend fields

may be represented by correlastion diegrams, an example of which appears in

Figure 4.3
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The work described in the later chapters has been concerned with stereo-
chemistrics which were closely cubic. Octahedrel and tetrahedral symmetries
are both cubic: 'octahedral'! ligands may be placed on the axes of a cube,
centred on the metal atom, passing through the mid-points of each face while
'tetrahedral' ligands lie at alternate corners of the cube. The right hand
side of the correlation diagram (Figure 4.3) thus describes the ground and
excited states represented by putting electrons into the well-known t2g and
eg orbitals. (The tZg/ " description is only strictly valid for the 'd’' con-
figuration when the strong field and weak field approximations lead to identi-
cal results). The orbital splittings of some weak field terms in a cubic
potential are given in Table 4.3. The group-theoretical symbols A, E, T,
describe orbitally non-degenerate, doubly degenerate and triply degenerate

states, respectively. These splittings have been used to complete the

correlation diagrams in Figure 4.3

Table 4- 2
Free Ton Term Terms in Cubic Fields
S 4
P T1 -
D E + T2
F A2 + T1 + T2
G Al + E + Tl + T2
H E+2T, + T

1 2
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We consider, now, what genercl effects the ligand fields may have on the
paramagnetic moment. One consequence is that apart from degeneracy changes,
the Zeeman splitting is different in magnitude, the splitting factor, g, now
being a complex function dependent upon the ligand fields. The most important
effect, however, is known as orbital 'quenching'. The loss of the free ion
terms in the presence of ligand fields can only meke itself felt by an
alteration of the orbital degeneracy of the ground and excited states (other
than the drastic change of spin multiplicity associated with strong fields,
of course): this has the result of diminishing the orbital magnetic moment and
sometimes of removing it completely leaving a total effective moment given
closely by the 'spin-only' expression above. This can be seen by noting that,
in the presence of strong asymmetric crystalline eléctric fields, the degeneracy
in respect of the orbitel moments of the ions is partielly or completely
removed, so that, if the separations were large compered with kT, the distri-
bution of the ions among these levels would remain practically unaffected by
the application of a magnetic field, that is, the orbital moment has been
'quenched’',

The magnetic moment may also be altered by other effects. Firstly,
spin-orbit coupling may 'mix-in' an excited state with the same spin milti-
plicity as the ground state, to an extent dependent upon the spin-orbit coupling
constant,;\ , With resultant splitting of the ground term., This is merely a
way of modifying the expression (2) above, for the ISt—row'elements, to approach

expression (1). The moment is modified by a factor (1 -0(.Jb;) where of is a

[a
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constant and Ac§is the separation between the ground levels and the excited
level being mixed in., The temperature dependences of the moments of ions in
perfect cubic symmetry, corrected for this first-order spin-orbit coupling
effect, have been computed by Kotani to give fair agreement with the behaviours
of many ions, Secondly, orbital quenching cen alter the moments when the
ligand field is less than cubic, having, perhaps, a trigonal or tetragonal
distortion. This effect is generally more important than spin~orbit coupling
for the first row transition ions which have small values for A . The effect
is responsible, in the main, for the magnetic anisotropy shown by many complex

ions.

4.4 Paramagnetic anisotropy

The spin moments are not affected directly by the crystalline fields,
though indirectly they are, by their coupling, with the orbital moments. When
the latter have been 'frozen' by the ligand field, the coupling of the spins
with them would be equivalent to subjecting the spins to local fields which,
if the ligand fields were asymmetric, would also be asymmetric. In consequence,
the ion would exhibit a magnetic anisotropy and the temperature variation of
its principal susceptibilities would deviate from the Curie Law,

The degree of magnetic or spectral anisotropy shown by an ion depends upon
the orbital multiplicity of the ground term. For example, the D and F ground

terms for several of the first row transition metal ions are split by pure
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o E, Tl and T2 levels, having orbital

degeneracies of 1, 2, 3 and 3, respectively. When a triply degenerate level

cubic ligand fields variously into A

(Tl or T2) is deepest, a high amount of magnetic anisofropy is expected if a
small trigonal or tetragonsl distortion is present, as the triplet is decomposed
by the non-cubic components of the field into A and E terms which will be
associated with particular directions. However, if the singlet, A2, or the

so called 'non-magnetic' doublet, E, fterms lie lowest, only feeble anisofropy
can resulf., The reason why any anisotropy is observed in these cases at all is
due to second-order spin-orbit coupling which mixes in the low;symmetry-split
triplet components of higher energy: this effects features in Chapter 5 for the
d7 tetrahedral C02+ ion. The actual orders of splitting in octahedral and
tetrahedral fields for the D and F terms can be predicted by quantum mechanic.
arguments and are shown in Figure 4.4. The implications of the diagrams agree

well with experiment and, for example, explein, nicely, why octahedral C02+

complexcs have large magnetic anisofropies and fetrahedral C02+, small. The
splitting diagrams furnish another method of investigating stereochemistry.
Further, more detailed, discussion of paramagnetic anisofropy is leftf for

Chapters 5 and 6. We now consider the relevance of crystal physics to magnetiz

anisotropies.
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4,5 Some general relationships in crystal physics

Scalars, vectors and tensors, which may describe physical quantities, are
entities defined by their transformation rules. A property, like temperature,
which is invariant on transformation, being a function only of the co-ordinates,
xi, of the point to which it refers, is called a_ggg%gg gquantity. Other
prroperties, like temperature gradient or electric field strength, are represent-
presented by vectors, which are arrays of k quantities, Ak’ where k is the

number of dimensions, transforming according to (1).

, 'Bxl -\
covariant vector : Ak = S/ Al
k
/ $ ooooo(l)
contravariant vector . Alk _ o k A;
(or reverse transformation) ° -
¥y

J

The primed symbols refer to the quantity in the new frame, that is after
transformation, and, by convention, the appearance of the same index twice in
a product implies the sum over all such terms (i.e. one for each dimension).
Again, other kinds of properties, like thermoelasticity or electrical con-
ductivity, are described by tensors, which, in general, are arrays of n°
gquantities, where n is the number of dimensions and s, the rank of the tensor.
We are concerned only with those properties which may be represented by a
three-dimensional second-rank tensor, Tkl, having the transformation rule,
i =?—i¥-’— T veenn(2)
erhxs
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Further, the only transformation we need consider here is that of rotation.

. VAT Y Sy
We construct two sets of Cartesian axes X1X2X3 and Xl X2 X3 (Flgure 4.5)
representing the original and rotated co~ordinate frames, respectively. Their
mutual orientation may be represented by the angles which each axis of one
set maekes with each axis of the other, or better, by the cosines of these

angles. The resulting erray of direction cosines,

& Xe 5

X 11 12 13 e (3)
X, o1 2 o3
%5 °31 °35 ®33

may be represented by the tensor Cik’ A vector, p, in the original frame,
with components Py» p2, p3 parallel to Xl’ X2, X3 may be transformed into p’

”~
with components p{, p;, p; parallel to X{: Xé: X3 (Figure 4.5) giving:

;)

Py = CyyPy + CpP, t CxPs

;L

Py =GPyt CpoPy + CgoPs vensa(42)
P

Pz = Cy3Py F Co3P, + C33Py

or, in tensor notation,

l
Pi T Gl
and, for the reverse transformation, $ ceses(4b)
Pi T Cax )
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Figure 4,5 Vectorial transformation on rotation of Cartesian axes
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Equations (4b) are equivalent to the special case of equations (1) when the
differentials of the goneral transformation are substituted by the direction
cosines in (3).

Two vector quantities, p and q, associated with some point and related "~
a physical property, a, of that point, may be described by the equation,

17 S N erees(5)

This equation implies that each component of p is a linear function of all the
components of q. The physical property, a, is a second-rank tensor, having
nine components, a e The transformation of a upon rotation of the co-ordinate
system is of great importance in the studies of many physical properties. The
general transformation of a second-rank tensor has been given in equation (2):
for this, particular, transformation, the differentials are replaced by the

direction cosines, giving:

’.
%k T %4 %ok n )
or for the reverse transformation, .....(6)
= ¢.,C a’
% T %1 %m %im

Consider one particular term, a

33"

833 = 013 C13 all + C13 C23 812 + 013 033 813

c23 C13 a21 -~ c23 c23 a22 - c23 033 323 .....(7a)

+

355 €13 31 T 33 Op3 83p * C33 O33 833
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For all real, physical properties which may be represented by a second rank
tensor, it is found, experimentally, that a5 = 85» 323 = a32, a13 = 331 ;
that is, the physical properties are centro-symmetric. Hence:

! 2

a = c2 +c.a. . + c2 a + 2c¢ + 2¢c...c_.a + 2¢c..C
33 = %13%11 T “23722 T %3333

13%23%12 13°33%13 23033223 *0r e

cones(TD)
which is the equation of a surface of second order, usually a triaxial
ellipsoid. There are, therefore, valid, as well as conceptual, reasons for
representing such physical properties as ellipsoids.
These general remarks are good for many physical properties of crystals

and may serve as an introduction to the particular subject of the next section.

4,6 NMolecular and crystal magmetic susceptibilities

The magnetic susceptibility,jx , at a point is the property relating the
magnetic field strength vector, H, to the induced magnetic moment, M (also a
vector quantity), produced by it at that point:

Moo= B% i B ceess(8)
Analagous to equation (7b) we have

i _ 2 X 2 2 ')< / X
X33 = o151 * o5 * 5593 + L1303, 2"13"'33}/13 T 2055057 s cenaees

veees(9)

which, if we chose appropriate co-ordinatesaxes, reduces to
/
A, _ 2'y 2 2 »



~ 135 -

where 3&1,7(,2,’><3 are the principal magnetic susceptibilities, directed along
the najor, median and minor axes of the magnetic ellipsoid.

In general, we wish to relate the molecular magnetic ellipsoid, defincd by
the principal molecular susceptibilities Kl’ K2, K3 and their direction cosines
with respect to the crystal axes, to the crystal magnetic ellipsoid ()(1,7(2,?{3)
which we measure experinentally.

The procedure can be illustrated for the monoclinic crystal class. The
maxinun symmetry here is that of reflexion plus inversion, when we take into
account the centrosymmetry of the magnetic ellipsoid: the co-ordinates of
equivalent points are % (x,y,z H x,§,z). For convenience, we shall relate the
ellipsoids to an orthogonal co-ordinate system defined by two of the crystal
axes 2, b and their mutusl normal c'. (see Figure 4.6). Relative to these
axes, the direction cosines of the Kl’ K2, K3 axes of any ome noleculs and its

inversion are,

a b c
KJ{ 11 10 ©13
Kg c21 022 c23 for nolecules A
K% 31 32 33

only three of these being independent, The direction cosines of the principal

axes of the other pair of molecules will be,
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a b c
Kf °11 2 ¢13
Kg c 2'1 -c22 023 for molecule B
3 €31 ~C3o C33

We first transform each of these molecular magnetic ellipsoids into the
orthogonal system (primed), abe’ , using equation (11); compare eguation (6)

!

Kie = 33 Smk S veenn(12)
where ;
K, 0 O
Kp =9 Kp 0,
0 0 K’
to give,
(k11°11°11 + K000 000 | K1%1%1 * ¥op10%0 | K11%1%a * Kaoti2%se
* K55%5%13 * K35%5%3 T K503%3
RN FA s i Kpo®oof12 | Ku1%21%21 * ¥2o%20%22 | Kia®aa®s1 * %20%22%2
A
+ K33C530)3 T K33053003 ; *+ K35C03C33
1 K10351007 + Koplsotyn | K150 + Koplaf | K11%31% ¥ Ka2®32%52
* ¥5385303 * K35Cx3C03 *+ K33C33C53
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Kfm is numerically equal but wilh sign changes given by,

+] - |+

- + |-

+ -~ |+

We now transform the crystal magnetic ellipsoid, with direction cosines,

1 4 my Dy
2 2 2
3 3

into the same co-ordinate frame. We have, therefore:-

'Cnr 42 o~
LY ails §Xiilimi }Xiilini\
. 2 , '
X m | 2 Yai™ts §Xiimi inimini
< 2
DXl [O6R™ 2™

gn. mole each of A and of B molecules for a total of 1 gm, mole;

We have %

therefore:-
1 1

Equating, component by component,

Z’Xllll = an 13 Xl = 2 Ki3©13%; ‘{
2 ) ) ,

§Xiimi = EKiicei S Xisti® T 7 K048 = O {}.....(12)
P _ _ i
)Cll i - 2K ii 31 E.)(iimini B K11021 31 0 )
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The crystel is monoclinic and, therefore, m, = 1; m o= m3 = 0, Hence, we are

left with one principal susceptibility along the 'b' axis,
2

X3 =X, = Kpoh + Kep, K33°§3
the other two lying in the (010) plane. By convention, we define(‘ﬂ < !kél
with X1 making an angle J} with a, ¥P with ¢, where @+ ={3 (the monoclinic
obtusc angle), as shown in Figure 4.6. The angles @ and ql are dotermined
experimentally by noting the orientation of the crystal, suspended along the
! axis, in a magnetic field: all other direction cosines are calculated from
structural data. Using the methods described in the following section to
measure the principal crystol susceptibilitics, and the relationships in (12),
we can then computé the principal molecular susceptibilities. The general
relationships between crystal and molecular magnetic ellipsoids for triclinic
and monoclinic crystal classes and for those of higher symmetry are described
in detail by Lonsdale and Krishnan (1936) and are discussed, where appropriatc,

in later chapters.

4,7 Experimental meth)ds

Let us consider the action of a homogene-~us magnetic field on a crystal
of volume, v, which ir free to rotate about an axis perpendicular to the field,
containing one of the principal magnetic azes (say)CB). The magnetic field, H,
and the induced moment, MM, w:ll not generally have the same direction (this, of

course, is why the proporty,t(, relating tham is ¢ :nsor quantjty). If the
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angle between them is d), then the couple, G, exerted on the crystal is given by
G = M.H.sinf

M and H, being vector quantities, may be resolved into components M1M2, H1H2

parallel to the directions of the principal susceptibilities perpendicular to

the axis of rotation of the crystal., The resultant couple, G, is equal to the

difference between the two couples M. H, and M2H1’ acting in opposite senses;

2
X _
'i N ¢ = WH, - IH
Hy H /\\ Now,H1=Hcos¢, H2=Hsin¢)
M;\\’\ ¢ If the principal susceptibilitics are X, a.ndyz
/{j’v /);X'then
& - -
e\ o W= vKE, I = "szz
T, Hence:
_ YrE )
¢ = vAHE - v EE

1l

VI® sin® . cos® (}1 -Y)

1\2

Wi sin2o (G ~X,)

This couple is & maximum when sin2@ = 1

ie. when 8 = 'T//J,
In practice, the crystal is suspended by a fine quartz fibre carried by a torsion
head which may be rotated so that, initially, the crystal experiences no couple
on application of the magnetic field; that is, the largest principal SuUscepti-
bility (here'\/(',-l) in the plane of the magnetic field is parallel to the field.
With the field on, the torsion head is now rotated, causing the crystal to

rotate against the field, the applied torque being balanced by the magnetic
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couple, G. This rcaches a meximum value (= %VHZCK1 -):2) ) when the crysta’.
has rotated 45o from the field direction. Further rotation of the torsion
head destroys the balance and the crystal 'flips' round violently. At the
critical torque,

k(o -4 ) = i (X -X,)
where k is the torsional constant of the fibre and 0(0 the critical angle
through which the torsion head was rotated, which, in practice, may be anything
from 1 to 50 complete revolutions. For the work described later, the torsion~?
constant of the quartz fibres were determined by calibration using a crystal of
known anisotropy. An absolute method for the determination of crystal aniso-
tropies is given by Krishnan and Banerjee (1935). To measure all three
principal susceptibilities, the crystal is also suspended along another princi.-
pal direction and, for the sake of a check, along all three principal magne’ic
axes in turn. In addition, we require the value oij, the average or bulk
susceptibility of the substance, measured by the well-known Gory method. Tho
rclationships between 72 and the crystal gnisotropies,AXi, are given for

particular crystal symmetries, where sppropri te, in Chapters 5 and 6.

4.8 Apperatus
The apparatus is shown in Figure 4.7 and follows the design of Figgis and
Nyholm (1959). The electromagnet has 4" pole picces with a gap of approx, 3"

and is supplied with current of up to 5 amps from an unstabilized mains
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Figure 4.7 Cryostat (schematic)
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rectifier, producing field strengths up to ~ 5000 gau3s. The cryostat
arrangement consists of a cylindrical copper block wound with a heating coil.
and surrounded by a coolant of liquid nitrogen in the outer dewar: a platirum
resistance thermomcter wound with the heating coil forms the fourth arm of
a Wheatstone bridge network, any off-balance current, activating a Sunvic
relay system controlling the heating current. The cooling effect of the liquid
nitrogen may be reduced for higher block temperatures by evacuation of the
imner dewar. The temperature of the copper block is neasured with a therme-
couple inserted into it, calibrated using the known temperature dependence of
the bulk susceptibility of cupric sulphate (Krishnen and Mookherji, 1938),
The torsion head shown in the figure may be replaced by a Govuy balance for
the powder mcasurements.

Packing inconsistancics may produce an error of + - 1% in the Gouy
determinations. The temperature of the block may be held constant and
measured to 0.50 above 100°K or * 1° from 80 - 100°K., The accuracy of the
anisotropy measurements will be discussed in detail in the later chapters Lu™.
in general, the absolute valucs may be in error to ¥ 5% due to difficulties in
orientating crystals on the fibres, while the relative accuracy (jﬁjy

temperature dependence) is good to * 1%
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CHAPTER 5

The Paramagnetic Anisotropies of Tetrahedral Cobaltous Complexes

5.1 Introduction

While the anisotropy of the megnetic susceptibility of paramegnetic cbmplexes
of transition metals has been studied for some time, remarkably little attempt
has been made to correlate molecular anisotropy with the stereochemical dis—
position of the ligands. This situation is in complete contrast with that for
diamagnetic organic molecules where an extensive magnetochemical criterion of
anisotropy on the one hand and structure and electron distribution on the other
has been established (see, for example, Craig, Heffernan, Mason and Paddock, 1961;
and references therein); Part of the explanation lies in the lack of detailed
information rclating to the crystal structure of complexes, The present report
is concerned with the megnetic properties of three tetrahedrally co-ordinated
cobaltous complexes for which some X~ray structural data already exjist and for
which studies of the mean magnetic susceptibilities have left the origin of the
small observed Weiss constants (e in the Curie-Veiss law) uncertain (Cotton,
Goodgame and Goodgame, 1961; Figgis, 1960).

Ligand~-field theory has, in general, been developed from the assumption
that the immediate neighbours of a central metal ion are responsible for almost
all the ligand field to which it is subject. In his original formulation of
crystel field theory, Bethe (1929), however, included contributions from ions

other than those forming the first co-ordination shell., A number of discussions
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have since been held on the role of "long-range" contributions to the ligand
field, particularly as they are reflected in magnetic properties (Van Vleck, 1958),
but again have been inconclusive because of the lack of detailed structural
information. With the nearest neighbours approximation, it can be assumed that
the axes of the ligand field potential coincide with, or are simply related to,
the axes of the system of the central ion together with its immediate neighbours,
Where non-nearest neighbours are important in determining the electron dis-
tribution on the central metal ion, no such relationship may exist. The princi-
pal molecular susceptibilities of a central ion must correspond quite closely,
so far as their direction is concerned, with the axes of the ligand field to
which it is subject. With a field of rhombic or higher symmetry the magnetic
and ligand-field axes should be coincident. Long-range contributions to the
ligand field should therefore be analysable from a study of the parsmagnetic
molecular susceptibilities and their temperature dependence.

Subject to a crystal field from a regular tetrahedron of point charges,

2+ (d7

the 4F free~ion ground term of Co ) is split in such a way as to make the

lowest cubic-field term that which is designated 4A2 (Figure 5.1); the ¥

*F term lies at about 3000 em L above the 4A2

T2 ter~
also arising from the free-ion
term as may be readily determined by spectroscopic methods (Cotton.g}_g;,, loc.
g;ﬁ.). Our first approximation assumes that it is possible to describe any
departure of the ligand field from cubic symmetry by adding a tetragonal or
trigonal ligand-field component to the tetrahedral field. BSuch a component

splits the 4 term end it has been shown (Figgis, loc.cit.) that seoond-order

2
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4 term (4') by a tetrahedral ligand field and

spin-orbit coupling.

The splitting of a
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4

spin-orbit coupling between the A.2 and 4

T2 terms removes the spin degencracy
of the 4A2 term. The molecular susceptibilities of the cobaltous ion are then

related to the ligand field parameters by the expressions

K, = 8215 () 8Ny (o 2y , RS
0 4a g it veees(1)
2 2
g - Npt15 o _mdy L x , snfhe
* 2kt I 2 A

for x = 9/kT << 1. k is the electron delocalisation factor. For x << 1,
temperatures are high compared to $ . These relationships show a simple con-
nection between the molecular magnetic susceptibilities and the ligand field
parameters, and it is in this way that we may investigate the relationship
between the molecular axes and the ligand field, [The assunption that the
distortion of the ligand field is of tetragonal {or trigonal) symmetry may not
be completely valid; however, as thc experimental section will elaborate, the
data available from the crystals we have studied are such that little information
can be obtained on ligand-field components of symmetry lower than tetragonal.
Throughout we are therefore concerned with only two molccular susceptibilities,
K,, and XK,, which are respectively parallel and perpendicular to the axis of

ty. 4
distortion. J
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5.2 Experimental

Tricaesium pentachloro-cobalt(II), Cs,CoCl5
I

Crystals of this compound werc prepared by the slow evaporation of an
aqueous solution of cobaltous chloride containing severel molar excess of
cacsium chloride. The crystals are tetragonal (Powell and Wells, 1935; Figgis,
Gerloch and Mason, 1963) with well developed Q0L faces surrounded by 101, 112
and 110 faces. The crystals are magnetically uniaxial, }L,' lying along the
unique four-fold exes of the crystal ('c') end X, in the ab plane.

AX =X". . -7(1. was detcrmined by suspending a crystal (25 mg.) with the
ab plane vertical; both the temperature dependence of AX. and its sbsolute
value were determined as the mean for three scparate crystals, The values of

X, and AX, are listed in Table 5.1. The relation
% = '1-' (le_"” ’x" )
5 '

allows the calculation of’k:“ and xi AXBOBOK = 685.10"6c.g.s.e.m.u.
which compares reasonably well with the value of 650.10"6 CeZ+84CalleUs Teported
by Krishnan and Mookherji (1938).

Dicaesium tetrachloro-cobalt(II), Cs,CoCl

4
Suitable single crystals of Cs, CoCl, were obtained by the slow evaporation

2 4
of stoichiometric emounts of cobaltous and caesium chlorides in water. The
crystels are orthorhombio (Porsi-Koshits, 1954) with well formed OO0l faces,
The magnetid ellipsoid is defined by the threc principal crystal susceptibilities
'j(a, }gb andjk;c lying along‘the orthogonal 'a', 'b', and 'c' axes of the

crystal. The average susceptibility is now given by the relation
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Cs.,CoClS - Crystal and Powder Susceptibilities
Py

o]

o]

K ax =X =¥ A K Yoo
80.0 4620 83.0 30185
86.6 4080 90.0 27635
89,7 3800 101,7 24685
94,9 3440 112,2 22425

100.7 3310 121,5 20765
101.8 3110 131.5 19685
104.5 3100 142,2 18155
109.5 2860 154.9 16915
116.0 2635 166.4 15645
120.9 2420, 166.6 15745
124.5 2400 178.0 14915
124,7 2360 187.3 13815
127.5 2262 192.5 13545
132,3 2145 200, 6 13085
138.4 2040 211.7 12430
139.7 1971 223,1 11875
146.1 1874 232.,4 11485
153.2 1711 239.1 11085
161.5 1587 244,5 10795
168,4 1500 250.8 10585
1751 1440 260.7 10225
176.4 1389 270.8 9925
178.7 1408 282.1 9585
186,.2 1300 285.5 9485
196,0 1212 292.5 9260
20445 1146
213,1 1092
221,1 1050
230.0 996
2374 949
246.1 910
253.2 867
259.9 842
267.5 815
275.2 (1
282.5 759
289.4 735
294.9 117




‘)C = %'(7Lh + )Lb +')£c)
and the anisotropies
A‘x-a = f%b -y’c atc,

are determined by suspension of the crystal along each of the crystal axes in
turn. The crystal habit allowed an accurate determination ofA'X.a and A‘X.b:
[\)(a may be subjcet to a systcmatic error of not more than 2% due to difficul=-
ties of crystal orientation slong 'c'.

The magnetic data for 0320061 are sumarised in Table 5.2, Krishnan and

4
Mookherji (loc.cit.) have again reported the values of the anisotropies at 303°K.
These values are, howcver, referred to a non-primitive unit cell, the results

of optical goniometric measurements being related to those determined by X-ray

nethods by a simple transformation.

Krishnan and Mookherji (1938) This investigation

[S]LI . 104 CegsS.€,MU. 254 260
Ax2 . 104 CefeSsCelleU. 394 | 415
AV 10* c.gs.comu. 146 158

Dipotassium tctrathiocyanato-cobalt(II) tetrahydrate, KEC°§CN32|:_AE2Q

This was prepared by slowly lowering the temperature of an agueous solution
of the compound made by dissolving cobaltous thiocyanate in an appropriate amount
of potassium thiocyanate; crystallisation as orthorhombic needles (Zdhanov and
Zvonkova, 1950) was also from water and required several secding procedures.

The three principal anisotropies ZS)%, ZSjib and tﬁ)‘b are listed in Table 5.3,
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[

Crystal and powder susceptibilities of Cs.CoCl
[

4
0] o} 0 0 )
kK O% K 8% K A% K Xg
80,0 2837 83.5 1480 80.1 1155
82.3 2778 8.4 1391 86.6 1069 82.5 30167
85.7 2637 93.0 1286 95.7 960 92,6 26777
89,9 2380 101,2 1122 107.2 829 106,9 24287
91.5 2350 110,9 960 117.2 745 118,0 22027
97.2 2148 120.0 854 128.7 662 135.4 19277
98.7 2054 127.6 770 140,5 596 147.6 17757
104.3 1994 137.1 685 149,1 555 159.5 16447
111.5 1805 144.4 625 158,2 516 171.4 15427
118.0 1615 156.0 545 170.0 471 183.3 14507
124.7 1505 166.9 485 177.5 446 197.0 13487
134.6 1340 175.8 438 186.1 418 200.4 13357
143.6 1211 183.6 410 197.3 390 211.3 12677
153,1 1101 192.5 361 205.0 377 223,8 12217
162.7 995 201.0 335 212.4 364 227.3 11787
170.0 928 209.8 310 222,7 342 242,6 11167
177.4 872 217.9 292 231.8 327 255.7 10647
186.5 814 225.6 272 241,1 318 267.6 10187
195.0 760 233.7 257 250,0 311 279.8 9827
202,6 13 244.4 234 260.1 299 289.1 9477
211.6 675 251.7 223 2711 287
22,5 630 260,2 211 280.0 277
231.0 590 268.4 199 287.9 272
240.8 560 276.8 190 295.3 264
249.7 528 285.4 178
259.3 500 293.8 165
267.0 485
27645 456
288.4 430
297.5 418




Table 5.3 Crystal end powder suscepbibilities of K Co(CNS) 4+4E0
0 o o] 0 Ny,

Y K &%, kK AX K g,
81.3 1802 80,5 981 88.8  Ti4 78,0 29410
82.0 1745 91,5 800 104.1 540 83.5 27370
89.6 1480 104,5 686 120,1 412 86,5 26500
95.5 1339 111.3 621 136.2 333 100,0 23270

102,4 1181 121.0 526 152,8 263 110,3 21310
116,3 996 132.4 478 174.4 190 120,0 19520
129.2 805 150.0 39 192,0 145 130.0 18070
142.5 6% 151.0 382 212,0 132 143,8 16550
157.6 585 168,4 334 160,0 14960
174.3 489 174,0 292 178.2 13670
184,8 452 184,3 297 202,% 12090
198.6 389 200.9 260 220,5 11070
208,2 357 207.0 237 224,2 11170
226.4 307 220,2 233 231.7 10660
244,1 276 235,8 217 246,2 10170
264,8 251 246,0 205 260,0 9660
281.7 215 257.4 191 272,0 9350
- 271.8 173 284,3 9080
282.4 167 290.0 8740
287.0 159 295.3 8570

288.4 166
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They are self-consistent to only 7%, This error is due to two mein sources:
the crystals were acicular in habit with poorly developed 011 and 011 faces.
Orientation of the crystal for the measurement of t@}ﬁb and 'A;Kb was parti-
cularly difficult and in contrast with the accurately determined [S)ié, these
former results are accurate to only t 2%, A larger source of error may originate
from the variability in crystél composition; the crystal structure is such as to
allow the free gain or loss of any of the four molecules of water of crystallis-
ation without significent latticc distortion (Zdhenov and Zvonkova, loc.cit.),
these water molecules not being associated with the co-ordination sphere about
the cobalt atoms. The mean susccptibility was determined on the fully hydra+~-
compound, This is not possible for the single crystals so that while the
variability in water composition will not affect the temperature dependence of
Zk)(, )ﬁ, or K, the absolute values of lﬂ)( are each subject to a possible
systematic error of up to 5%.

The results of the anisotropy determination for the three tetrahedral com-
plexes are shown graphically in Figure 5.2.

Figure 5.3 shows that for each of the compounds the average susceptihil-:
depends upon the temperature in a way which is predicted by the Curie-Weiss Lo,

The effective magnetic moments at room temper-ture defined by the equation

Sogp = 284/¥T ore

+ ¥

0s300015 4.66 0.04 B.HM,
+

C82C0014 4,71 0.04 B.M.
N +

K2Co(CLS)4.4H20 4,53 0.04 B.M,
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Fipure 5.2 The temperature dependences of the principal anisotropies
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Figure 5.3 Curie-Weiss behaviour of the Powder susceptibility
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5¢3 The principal molecular susceptibilitics and sterecochenistry

The molecular susceptibilities Ki are related to the crystal susceptibilitien

X; by the expressions (compare 4.6)

K, = LoCK,

i 1 1
K, = Z/dixl i =1, 20r3
1

5 o= K
withtxi,/zj_and’X'i denoting the direction cosines of the ith nolecular axis
referred to a set of orthogonal axes in the crystal ('a', 'b! and 'e' for the
three present complexes).
The molecular axes for all three complexes were chosen so as to coincide
with the two-fold axes of the 'best' regular tetrahedron; their direction cosines
can be calculated from the co-ordinates of Powell and Wells (loc.cit.), Figgis,

Gerloch and Mason (loc.cit.) (CS3COC15), Porai-~Koshits (loc.cit.) (Cs.CoCl 4),

Z
end Zdhanov and Zvonkova (loc,cit.) (KZCO(CNS)4.4H20).

Figure 5.4, illustrating the molecular arrangement in crystals of Cs.CoCl_,

3
shows also that the molecular magnetic ellipsoid is identical with the crystal

ellipsoid, that is Ky = Yo () amd K = (=K)) =X (=X =X ).
According to the co-ordinates given by Powell and Wells (loc.cit.), K3 bisects
the lerger angle of the angularly distorted tetrahedron, whereas the later X-ray
analysis shows it to bisect the smaller angle. In Cs,CoCl

378!

tetragonal distortion, K3 =K, (direction cosines 0, 0, 1, referred to the

with its rigorous
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Pigure 5.4 Cs3CoC].5 - lolecular magnetic ellipsoid

(a) after Powell and Wells

(b) after Figgis, Gerloch and Mason

(a)

(0,00

> X

(b)

(0,0,0)
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orthogonal axes a, b and ¢ of the crystal) and K =X, =K.

The chlorine cojordination of the cobalt ions in the crystal structure of
052COCl4 is shown in Figure 5.5; K3 is chosen to bisect the largest angle of the
distorted tetrahedron and has direction cosines -0,6442, 0,7649, 0, the direction

cosines of K1 (~0.5411, =0.4549, 0.7073) and K2 (0.5411, 0.4549, 0.7073) being
calculated to approximate to the bisectors of the angles 01(2)-'00 - 01(4) and
Cl(l) - Co - 01(4) while maintaining the ortho-normality relation for Kl’ K2

and K3. As K3 approxinates in direction to that of the unique axis of a tetra-
gonally distqrted tetrahedron, we define K“ = K3 and K L= Ki = K2.

The distorted tetrahedral co-ordination of nitrogen atoms about a cobalt,
at 0, =4, O in the unit cell of KECO(CNS)4.4H20 is shown in Figure 5.6, The
nolecular susceptibility K1 is chosen to lie along the crystallographic and
nolecular two-fold axis ('b!'), and therefore has direction cosines 0, 1, O which,
o8 above, are referred to the orthogonal crystallographic axes, By analogy

with Cs,CoCl_ and 08200014, K, was teken along the direction of the unique axis

3 5 3
of distortion (direction cosines 0, 1, 0), while Ki and K2 were determined by

the orthonormal relationship; K (-0.9000, 0, 0.4360) and X, (0.4360, 0, 0.9000)

closely bisect the angles Nl

Ky =K (=X,) and k=% (K +K).

- Co - N2 and N

1 '- Co = N2' respectively. Thus

The calculated values of the principal molecular susceptibilities of the
three compounds, based on these definitions, are listed in Table 5.4.
It is worth pointing out here that the geometrical distortion in all three

complexes is simply angular: there is no significant difference in any of the
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Figure 5, Cs,CoCl, - Holecular magnetic ellipsoid
2agure 5.5 Cs, 4




Figure 5.6 K2CO(C1\‘S) 4 ~ Holecular magnetic ellipsoid

= Kn

“h
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Table 5.4 Colculated principal molecular susceptibilities for

Cs..CoCl_, Cs CoCl,, and K. Co{CNS), .4H.0
) 5 2= 4 s A==

o 05300015 03200014 KQCO(CNS)4.4H20

KKK K=K, K=K K3=K1] K K, KK, Ki=%(K1+K2)

80 28,743 33,413 32,174 27,412 26603 28204 28696 27403
90 26,067 29,827 28,976 24,866 24229 25602 25887 24915
100 23,810 27,020 26,319 22,825 22175 23359 23572 22762
110 24,307 24,707 24,102 21,030 20492 21501 21702 20996
120 20,287 22,797 22,229 19,554 19010 19887 20049 19448
130 18,900 21,090 20,655 18,283 17829 18599 18731 18214
140 17,693 19,663 19,251 17,140 16660 17354 17449 17007
150 16,640 18,410 18,040 16,151 15719 16345 16421 16032
160 15,683 17,293 16,974 15,267 14830 15397 15463 15113
170 14,840 16,310 16,034 14,482 14052 14580 14623 14316
180 14,077 15,437 15,185 13,765 13356 13841 13864 13598
190 13,387 14,657 14,421 13,113 12715 13160 13172 12937
200 12,785 13,970 13,718 12,508 12135 12556 12553 12345
210 12,094 13,322 13,115 11,983 11591 11989 11980 11790
220 11,701 12,748 12,533 11,495 11117 11496 - 11476 11306
230 11,230 12,220 12,017 11,037 10674 11028 11003 10851
260 10,799 11,734 11,532 10,602 10252 10596 10565 10424
250 10,405 11,290 11,091 10,227 9873 10198 10169 10035

260 10,029 10,871 10,688 9,856 9515 9820 9796 9667
270 9,678 10,478 10,305 9,518 9196 9483 9460 9338
280 9,351 10,116 9,955 9,207 8896 9153 9143 9025

290 9,046 9,777 9,625 8,912
300 8,767 9,467 9,314 8,626
310 8,503 9,175
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respective Co-Cl and Co~N bond lengths.

5.4 A quniitative correlation of susceptibilities with ligand field parameters

Before discussing the relation of the principal molecular susceptibilities
and their dependence on tenperature to the geonetry of the ligand atoms which
surround the cobalt atoms in the three complexes, the results of Table 5.4 can
first be modified to allow for the temperature-independent paramagnetism term of
equation (l). An accurate determingtion of this value is impossible from our
present data although a reasoneble estinate can be derived by finding what:
value subtracted frmnjz gives a Curie-Weiss Law behaviour at high temperai» ._;
the results are 500 . lO-6 CeZeS.CeleUs in Cs2CoCl4 and Cs3CoCl5 and 600 . lO_6
CeZeS.€oM U, in cho(CNS)4.4H2O (11 £ 100 . 107 CogeS.€.M.U. ) and are averages
for Kli and K;Lin each complex. The estinates, while of linmited accuracy, arc,

at least in the case of the chlorides, consistent with the cubic ligand field

paraneter of 10 Dg = -3200 cm.-l (cotton et al., ;pc.cit.) provided that a

delocalisation factor k *30.9 is used; on the other hand, a smaller result for

the tepmperature-independent paramagnetism term for cho(CNS)4 would have been

expected since 10 Dg is now ~4550 cm.-l (Cotton et al., ;gc.cit.). Fortunately
the correction is small so that its precise value is uninportant. Suscepti-
bilities which have been corrected in this way are denoted by the primed symbols,
K'.

The nagnetic data are conveniently sumnarised by plotting the function
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8 K'T/15 egainst T. Here, 8 = 3g/q/62 and 15 is the value of/u.iff for the
"spin-only" d7 systen, so that 8K'T/15 is the ratic of the observed value of
K'T to the corresponding result for the "spir-only" systen., Figure 5.7 shows
these data for both K| T and KiT for the three complexes,

For reasons of simplicity rather than rigour,dhis discussion is based on
three assumptions: that the symmetry of the ligand field acting on the Co2+
ions is approxinately tetragonal; that the ligand field parameterszll' andl&1
are essentially independent of tenmperature; and, finally, that the spin-orbit
coupling and electron delocalisation paraneters are isotropic ()\11 = )\l,
k:|I = k,l_)‘

In principle, © of Figure 5,1 and equation (1) is related to the splitting

4
(l).l.l - 131) of the

T, tern, an unsophisticated calculation (Figgis, loc.cit.)
‘ giving

5 = s\ -aTh veree(2)

Miejen and Gernitsen (1955) have given a somewhat different relation by a

nore detailed treatment but in either case it should be possible to obtain
estimates of ZSII and ZSl independent of those available from equation (1).
It has, however, been pointed out (Kamirura, 1960; Tansbe and Sugeno, 1958)
that observed values of & are not reproducel, even so far as their sign is
concerned, when such calculations are performed in systems where the splitting
of the excited terms by a low symmetry ligend field is known with some accuracy

fron spectroscopic studies. The sane result is clear fron the present data:

in none of the three compounds is the temperature dependence predicted by the
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effect found., For the chloride complexes, the result is confused by the effects
of magnetic exchange., Electron spin resonance measurements of 03300015 have

given ® as -9 cm. > in the undiluted compound (Owen, unpublished work cited in
Bowers and Owen, 1955) but the significance of this result is not clear because
of antiferromagnetic exchange in the crystals (vide infra). The calculation of
5 is one of second order sco that the unsatisfactory nature of the results does
not cast doubt on equation (1) which is obtained in the first order. Observed

relative magnitudes of KH and KL are given in Table 5,5 and the rTelative values

of & end A deduced from equation (1) are also listed.

4

The relationship of the ligand field pafameters zs,l and ékl to the detaile?
molecular gecometry of the respective complexes can now be considered.
Figure 5.8z represents the regular tetrahedron constructed from the alternate
corners of a cube, through the centres of whose faces pass the Cartesian axes,
X, YT and Z, In the regular tetrahedron, the dﬁl’ é&& and %ZE orbitals are
degenerate, If the tetrahedron is distorted so as to bring the tetrshedral
vertices closer to the Z axis, the relationship between o, and O( (c*,Figure
5.8&) is O{LL<ZCKL. In spite of the possibility of considerable covalency in
the metal-ligand Sénd, we can use the simple crystal field theory, representing
ligands as point charges, to show that the repulsion between ligand charges at
the tetrahedral positions and an electron in the QZI orbital is reduced while
that between the charges and electrons in the QEE and qxg orbitals is increased.

This splitting of d orbitals in a distorted tetrahedral ligand field is represen-

ted in Figure 5.8b.
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Table 5,5 Relative values of molecular susceptibilities and

ligand field parameters

Compound Molecular

susceptibilities
Cs400C1 K, > K o < Ol ol L,
Os,,CoCl,, K, <K A, >, Krt 5%y
K,Co(CNS) .+ 4H,0 K> K Ay D, & & K

Teble 5.6 _(Co01,)*” and Co(oNS)y™ . ligond field parameters

Parsmeter Os;CoCl Os,CoCL, K,Co(CNs) 4+ 4E0

8 X°N/D |, ~0.437 -0.303 0,276

8 KX /A, ~0.323 -0.413 -0,258

10D = -¥A , +24 J_)* ~3200 cma ~3200 cm. ™t 4550 cm. "t

A 900 cm. ™t 1000 om. ™t 450 em ™t e
k 0.91 0.93 0.93

FAYRPS 400 cm._l -430 cm._:L 600 cm.-:L

% Cotton, Goodgame and Goodgame (loc.cit)
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Vithin the approximation that electron repulsions are small although
sufficient to prevent spin-pairing, we can now examine how the electrons are
arranged in the d orbitals (the fact that the approximation is not strictly
valid for tetrahedral Co2+ complexes does not affect the present argument).
The distortion of the ligand field does not, of course, affect the ground 4A2
term which corresponds to the configuration diz_ y2 . dig diy (dXZ dyz)z.

The lowest quartet excited configuration which can be written is

1 2
2 (

2
d o i itall 2} i »8¢);
2 - 32 a o dxy d.XZ dyz) and is orbitally non-degenerste (Figure 5.8c);

the next highest quartet configuration is diz o - diz . at (a dyz)3 and

-y Xy Xz
is orbitally two-fold degenerate. A more rigorous treatment of the protlem ~~
firms these simple considerations and shows that for a distortion of the type .
shown in Figure 5.8a, the 4T2 term is split according to the scheme illustrated
in Figure 5.8d. The simplest form of crystal field theory therefore predicts

the relationships,

<0 0 O, LA,

D(_“ >°<_!_ ’ Al[)A-_L

which a comparison with the results of Table 5.5 shows are valid for the thrce
complexes which we have studied., This agreemeﬁt shows that in spite of some
covalent character in metal-ligand bonds, a simple electrostatic model forms a
reasonable basis for the discussion of distortions from cubic symmetry in tetra-
hedral cobaltous complexes; it also indicates that "long-range" crystal field

effects are relatively unimportant.
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It is interesting to note that these simple arguments were sufficient to

indicate that the bond angles of the CoCl 2= ion reported by Powell and Wells

4
(loc.cit.) were incorrect and suggested to us the value of a more detailed X-ray
analysis based on a least squares refinement (Figgis, Gerloch and Mason, loc.cit.

- see also Appendix in this chapter.). The results of this later analysis con-

firm the prediction based on the magnetic anisotropy; that 20(,'<: 20‘1.

5.5 Quantitative correlstions

We can continue, in view of the success of the above qualitative correla-—
tions, by investigating quantitative relationships between molecular geometry
and the magnitude of the low symmetry crystal field component. Combining the
results of Figure 5.7 with equation (1) as x—30¢ and assuming that )\ is re-
duced below the free-ion value (;\0 = =172 cm._l) by the factor k (Griffiths,
1961) it becomes possible to estimate both k and /\(Table 5.6).

k determined in this way is in reasonable agreement with the magnitudes
found for the temperature-independent paramagnetism term above and for the

reduction in the interelectronic repulsion parameter B determined from the

spectra of the complexes by Cotton et _al. (loc.cit.).

Calculations of the energies of the five d orbital wave functions (ml) as
a function of the deviation of the ligand-metal-ligand angle in a distorted cube
from the symmetrical value have recently been made by Rendic (1961) and the

results may be applied directly to the case of tetrahedral complexes, Their
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application to the 4T2 term of d7 (002+) requires a knowledge of the way in

which the T2 term orbital wave functions are built up from single electron wave
3 3

functions. The calculations ere performed first for the “T, term of d

28
octahedral symmetry: the results for d7 may be obtained by considering the in-

in

version properties for 'holes' relative to electrons in the 'd' shell, and for
tetrahedral ligand fields relative to octashedral fields,
The T2 orbital wave functions can be written (cf. Penney and Schlapp, 1932)

in terms of the free ion F term wave functions <3, ML:>

<ED> = (3<3 3>+ 155 3, -J}]
<"'> = 2-’12- [(3: 2>-<31 -2>]
<> = 247% (3<3 3>+ 15%< 3, )

<ED obey the reletionship
KDL <H>> = #H oK
The wave functions <:3, Mi:} are themselves composed of single electron wave

functions (mz),

<35 53> = (% 2, £1)

<3, 2% (Z2,0)

<381 = (% (a, 0) + Ofs)F (22, 21)
<3, 00 (4/5) (1, 1) + 577 (2, -2)

where, for example, (2,0) represents the Slater determinantal wave function

2i% (2)(0)‘- (0)(2) . The energies of <% %:) and <:—;> may now be obtained

as
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E<:!.- %> = 0,25 H(O,O) + H(l,l) + 0,75 H(2,2) + 0,75 H(Z,—Z)

E = H + H -H
< (2,2) 7 %0,0) T “(2,-2)
If V is the crystal field potentiel (Rgndic, loc.cit.) we have
Hy ) = <@V >
With these expressions for H . the dependence of the energies of <:i 5:>

—:> on the angle X between the S, axis and a vertex of a flattened or elongated

4
tetrahedron can be calculated (2« is, of course, 1090 28' for e regular tetra-
hedron); the results are shown in Figure 5.9, This figure is constructed for
;Z;'/ ;E;T = 3 (Ballhausen, 1954); for a regular tetrahedron both levels lie

at an energy 2Dg.

Throughout we have defined K" as coinciding with the S4 axis or what
closely approximates to the S4 axis (Figures 5.4 - 6). Thus for 09300015 the
value of 2u¢ is 1060; the distortions /\ predicted by the theory may be obtained
as

Dogo = 5Blayy ~Bey) /5
where EO is the energy of the degenerate levels at 2X = 1090 28's 1In 05200014
204 has the values 1070 and 1170 and the mean of the energies for the levels at
thegse two angles wss used in deducing,ﬁxcalc; results for all three complexes are
included in Table 5.6, ﬁhich shows that the calculated values of A are at
least of the same magnitude as the experimental data. We should hardly expect
better agreeﬁent in view of the gross approximetions involved -~ the averaging of

the assumption that rgd / rgd = 3 and finally the

energies in Cs CoCl4,

considerable uncertainties in the experimental estimation of A . Certainly the
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Figure 5.9 The dependence of E{% 7)and E {-)on 2« for 1'4/1-'2 =3
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close agreement of the ratios of the calculated to the observed distortions of
Cs3CoCl5 and C82C0014, which are of opposite signs in the two compounds, must
be regarded as some confirmation of the basic reliability of the local environ-
ment approximation. The change in the ratio of the calculated to observed

distortion in going from the chlorides to the thiocysnate complex is again

Scarcely surprising in view of the change of ligand type.

5,6 Maemetic ezchange phenomena

In the presence of zero field splitting, equation (1) predicts that if,
say, K:‘T increases with decreasing temperature, KiT will decrease, Figure 5,7
shows that neither of these products increases with decrease of temperature for
any of the complexes reported here. This result can be attributed to the
presence of magnetic exchange, of an antiferromagnetic nature, between adjacent
cobalt ions in the crystal lattice, the effect of which is to reduce K' more
rapidly than the zero field splitting effect can increase it. The inequality

8 > 5 /5

expresses the condition that the magnetic exchange gives rise to a Weiss constant
8 sufficiently large to override the zero field splitting effect. While
equation (2) does not even predict its correct sign it may be used to give a
very approximate idea of the magnitudes to be expected for ® . With the values

of & d&l, 10 Dg and k derived above, O can be expected to be of the order

1y?

of 10 cm._l; a Weiss constant from magnetic exchange of a few degrees is
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therefore sufficient to interfere with the interpretation of zero field splitting.
The mechanism for magnetic exchange in the chloro-complexes seems clear in
relation to their crystal structures. Figure 5.102 shows that the crystal

structure of 05300015 is built up from alternate layers of 05200014 and CsCl.

Within each layer of Cs2CoCl4, the (CoCl4)2- tetrahedra are arranged (Figure
5.10b and 5.10c) with chlorines above and below the 001 plane, the distance

separating the + and - chlorine atoms of adjacent tctrahedra being 3.95 it
(Figgis, Gerloch and Mason, loc.cit.). Magnetic exchange in two dimensions,
entirely similar to that proposed for three-~dimensional interactions, by

Griffiths, Owen, Park and Partridge (1959) for iridium ions in (NH4)211'016 and

KzerlG' can thus be envisaged, By treating the neighbouring pairs of chlorine

atoms on gdjacent (IrClG)z- octahedra as extended chlorine molecules, these
authors obtained a semiquantitative agreement between celculated and observed
values of the exchange integral, J. Qualitatively, the concept of magnetic
exchange transmitted by the proposed mechanism is consistent with the data of

CsBCoCIS, since it is to be expected that exchange will be much larger in the

direction of Ki, which lies in the CszcoCl layers, than for K“, along which

4
direction the (CoCl4)2- tetrahedra are separated by layers of CsCl, The T.I.P.

] 1
corrected molecular susceptibilities K, and KL obey Curie-Weiss laws with

t
GI' = 30 and el = lOo; the large effect of exchange on Ki may also be seen

in Figure 5.7.
The equation

O = 238 (S+1)/ 3%
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Figure 5.10 (a) Layer structure in Cs CoCl
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was given by Cooke,Lazenby, McKim, Owne and Wolf (1959) as relating the Weiss
constant @ with the exchange intergral, J. 2z is now the number of neighbours

with which exchange takes place from a particular ion and S is the spin quantum

number for the ions. For the layers of (00014)2- tetrahedra in 08300015’ we
have z = 4, S = 3/2 and
6 = 5J/k oloao(3)
For magnetic eichange in the 001 plane we can write
_ _ o _ -1
Ji- = Gl /5 = 2 = l.4 cm,

(Cooke et al. (loc.cit.) discuss the relative roles of nearest and next nearest

neighbours in the exchange process; as in the iridium complexes, exchange due
to non-nearest neighbour interactions ¢an be neglected.) Griffiths et al.

(Loc,cit,) calculated the exchange integral by means of the expression

2 2
J = 2pD[l—(l-eXp{—/b(r—I‘e)})] .l.00(4)
where p is the probability that metal eleotrons are delocalised into the p
orbitals of a chlorine ligend atom. The remainder of the expression is based on
a Morse potential curve for the chlorine molecule with D = 20,000 cm._l,

/3= 2,04, 7 = 1.9 2, For Cs,Cl_, with r =3.98%, p=1 - (1 - x)/4 end

3757

k = 0.91, Jl(calc.) = 0.5 Cm'_lc

The result for J(calc) is critically dependent on the value of k and the
agreement between the calculated (0.5 cm._l) and experimental (1.4 cm.-l) values
of Ji can be regarded as reasonable, particularly as el originates, in part,
from zero field splitting effects, The small Weiss constant Gll may be due to

a small amount of magnetic exchange along 'c' or, perhaps more likely, to the
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fact that o of equation (l) is positive.
The mechanism of magnetic exchange in 05200014 is not quite so easy to

illustrate as in CsBCoCIS. For Cs2CoCl4, 8, = 15° and Gi = 4° (cf, Figure 5.7
which shows that K:lT decreases more gquickly at low temperatures than does KiT).
The closest Cl-Cl interatomic distances between adjacent tetrahedra in the
crystal range from 3.8 to 4.1 R and we calculate J:: = 30 = 2.1 cm._l and

— O -1
Jl = 06 cm. .

The Weiss constant in the perpendicular direction can be quite
readily accounted for by magnetic exchang- but, again, may be due to zero field
‘splitting effects. In the thiocyanate complex the values of the Weiss constants
are 06 = 10° and 40. The separation between the sulphur atoms of the (N=C=S)
ligand groupings of adjacent tetrahedra now ranges from 3,45 2 and may be

sufficiently small to allow intermolecular exchange interaestions; no information

is, however, available on how the exchange is transmitted along the N=C=S group.

5¢7 Appendix

A least-sguares refinement of the crystal structure of tricaesium

pentachlorocobalt (II)L,CSBCOCIS
Deep blue crystals of 03300015 were obtcined as described in section 5.2,
a least squares enalysis of high-angle precession data giving the unit cell,
e = 9.219£0.003%; c = 14.55% ¥ 0,005 &

ccompared with,

a = 9,182, ¢ = 14.47 % reported by Powell and Wells (1935). The
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space group is I 4/ﬁcm (Dig ; No. 140).

A least-squares refinement of the positional and vibrational atomic
parameters was based on 131 {hOC} and {:hk‘C} reflections, the relative in-
tensities of which were visually estinated from non-integrated precession
photographs (MoKe;); no correction for absorption effects has been made, the
mgximum difference in path length being some 10% in & crystal of average
thickness 0.1 mm. The refinement analysis, with unit weighting of all re-~
flexions, converged to a discrepancy index, R = 0,062, after twelve cycles, the
final atomic co-ordinates, their e.s.d.'s end temperature factors being listed
in Table 5.7. It should be noted that the atomic co-ordinates are now referred
to the origin of the standard setting of I 4/mcm rather than that of Powell
and Wells (loc.cit.). Final observed and calculated structure factors are
listed in Table 5.8.

The Co-Cl bond length is 2.252 ¥ 0,013 2 compared with the Powell and Wells
value of 2.34 R; the present result is in good agreement with that of 2,23 3

reported for the Co-Cl distance in Cs CoCl4 (Porai-~Koshits, locs cit.). The

2
bond angles of the distorted tetrahedrally—coordinated cobalt atom have been

shown in Figure 5.4. They confirm our predictions based on the magnetic work
that the distortion previously reported was incorrect. Other interatomic

contacts are collected in Table 5.9, the results from the earlier analysis

being given in parentheses.
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Table 5.7 Atomic co-ordinates and temperature parameters of the Debye factor,

2 2 2
—(bllh + book ™ + b331 + b23kl + b&lh + bthk)

B=2
; 3
Atom x/a y/b z/c by | | Paz | bas | Pm b,
cS(1§ 0 0 T 0.0119{0,011910.0038! 0 0 0
0.1655(4) 10.6655(4) ¥ 0.0073{ 0,0073/0.0037| O 0 |{-0.0013
Co(lg 0 ¥ + 0.0068} 0.0068(0,0018, © 0 0
ci(1 0 0 0 0.0073| 0.0073}0.0060 0 0 0
c1(2) 10.1380(16){0.6380(16)}0.1570(16) || 0.0105[ 0,0105]0.0040{ 0,0031{0.0031{ ~0.0083

Table 5.9 Cs.CoCl_. Interatomic distances less than 4 X
4 J

Refercnee Atom

Neercst neighbours (i)

cs(1)

cs(2)

c1(1)

c1(2)

c1(2)
c1(1)

n

c1(1)
c1(2)
c1(2)

=~ NN

cs(1)
cs(2)

LS\

Co(l)
Cs(l)
cs(2)
cs(2)
c1(2)

L VT o B \C T

at
at

3.820
3.639

at
at
at

3.440
3.433
3.622

at
at

3.639
3.440

at
at
at
at
at

2,252
3.820
3.433
3.622
. 3-982

(3.6%)
(3.62)

(3.42)
(3.39)
(3.85)

(3.67)
(3.42)

(2.34)
(3.67)
(3.39)
(3.85)
(3.45)
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CHAPTER 6

The Magnetism and Crystallography of Potassium Ferricyanide

6.1 Early work

It has been described in section 4.4 how the coupling together of spin
angular momenta with orbital angular momenta which have been 'frozen' by
asymmetrioc ligand fields resulted in paramagnetic anisotropy. It follows from
this theory (Van Vleck, 1932) that when the orbital moment of the ground state
is zero, there will be no resultant anisotropy, a prediction which has been
tested many times. For example, Jackson (1933) measured the crystal paramagnetic
anisotropies of several manganous and ferric ions which have an S ground state
and found that their prinecipal susceptibilities differed by no more than 1-2%,
in good agreement with theory. Further, the observed magnetic moments agreed
well with the spin-only value expected for the five unpaired electrons of the
635/2 ground state of these ions. An exception, however, was found in K3Fe(CN)6
which has an effective magnetic moment corresponding to between 1 and 2 unpaired
electrons and an anisotropy as great as 100% at low temperatures, The first
explanation of the decreased moment was given by Pauling (1931) who deduced a
pairing up of electrons on the basis of the structure Fe3_(CN)6 as a dominant
canonical form, In 1935, Van Vleck compared Pauling's approach with the crystal
field model of Penney and Schlapp and Mulliken's molecular orbital method.

In many manganous and ferric compounds, including, for example, the sulphates

(weak field complexes) the ligand fields are sufficiently strong to destroy the
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free-ion spin-orbit coupling, so that the magnetic moment is given by,

1
Shers = { (L +1) +48(8 +1)¢? B.M
In the iron group complexes, however, the ground state is 6S , hoving zero
5/2

orbital moment, so that the resulting moment is given by the spin-only formula,
_ [ 1% .
PP { 4s(s + 1)j B.M.

In the cyanide complex, the electrostatic ligand field is sufficiently large to

destroy the Russell-Saunders coupling completely, giving the Stark pattern shown

below: C{X P
N
_d A
de v P — :\]v

ocula \/\Gc(ﬂd\"“"“_l"“"‘" 1
Freld neaxiy
octohedral
Thus, the five d electrons in the ferricyanide ion are accommodated in the lower

triplet as the octahedral field splitting,lﬁ, is large enough to cause the

breakdown of Hund's rule (maximum spin multiplicity lowest)., It is interesting

2 6S in terms of this splitting diagram.

to note the significance of the state d
Usually, Russell-Saunders coupling involves collective quantization in such a

way as to prevent any simple interpretation in terms of the above one-electron
diagram (see, for example, the correlation diagram, figure 4.3). However, when

5

the spin quantum number equals half the number of electrons, as in d 6S, the

spins are all mutually parallel. Such an alignment is possible only if each
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each electron has its own 'private' orbital. Hence, a state of the configuration
d5 with S = 5/2 involves one electron in each of the five levels of the figure.
Thig distribution has an invariant significance (one to a state) independent of
the axis of space quantization. Hence, the state is an S state and is reflect-.
in the high magnetic isotropy of manganous and ferrie sulphates, for example.

In the ferricyanide case, however, the five electrons are distributed avong the
de triplet: true cubic symmetry is achieved only if the three components are
populated equally. Hence, KéFe(CN)6 exhibits a large magnetio anisotropy.
Howard (1935) published a quantitative treztment in which, assuming a small
rhombic distortion of the cyanide octahedron, the calculated principal magncts.
susceptibilities which agreed with Jackson's measurements to within 10%. He
also showed that the orbital contribution to the total magnetic moment is con-
siderable, explaining why the observed susceptibility is almost twice that

predicted by the spin-only formula for one unpaired electron. This early success

of ligand field theory appeared to solve the problem of potassium ferricysani~-

6.2 Recent studies

More recently, research has been concerned, using the techniques of magnetic
susceptibility and electron spin resonance, to correlate more accurately the
magnetic behaviour of complex ions with spin-orbit coupling, distortion and
electron delocalization parameters. To this cnd, the bulk susceptibility of

K3Fe(CN)6 has been measured several times, the most accurate and rccent result~,
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of Figgis (1960), being given in detail in section 6,3. The experimental curve
of/AAéff versus temperature was fitted by empirical adjustment of the parameters
k, v, D, AL The delocalization factor, k, defines the fraction, (1 - k), of
time which the t2g electrons spend on the ligand atoms where they do not con-
tribute to the orbital angular momentum of the ion: & is defined as the scpara-~

tion between the orbitel levels of 2T created by an axial ligand field component

2
in the absence of spin-orbit coupling: A is the spin-orbit coupling constant
for the d5 configuration: and v ==13/§\. The curve of best fit gave the values

for the parameters k, v, A, X as 0.8, 0, 0, -400, respectively. The values of
k and v may be compared with those obtained from the electron spin rcsonance
studies by Bleaney and O'Brien (1956) in which k = 0,87 and v = -0.5. Of course,
such methods cannot take the place of a detailed study which includes measurement
of magnetic anisotropy, electron spin resonance g-values and a single crystal

X-ray structure analysis, While this was a sufficient raison d'etre for the

present work, another problem had arisen.

In 1955, Stephenson and Morrow reported a detailed investigation of the
heat capacities of potassium ferricyanide and cobalticyanide over the temperature
range 15—300°K. A gradual transition was found in potassium ferricyanide, with
a maximum occuring in the heat capacity at about 1351°%, The heat capacity of
potassium cobalticyanide is normal, suggesting to the authors that the ferri-
cyanide transition is magnetic in nature, the two structures being crystallo-
graphically isomorphous. The entropy associated with the transition was found

by graphical integration to be 0.9 * 0,2 cal. deg:lmole_l, and it was suggested
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that the effect derived from magnetic interactions between the ferricyanide ions,

Previously, Guha (1950) had remeasured the paramagnetic anisotropies of
potassium ferricyanide using Krishnan's technique (section 4,7). There was
general agreement between his and Jackson's eerlier measurements (using Finke's
method) but this did not extend to the details. In particular, Guha found that
one anisotropy reached a maximum at about lZOOK, falling off rapidly at lower
temperatures,

The possibility of a connection between Guha's magnetic measurements and
Stephenson and Morrow's heat capacities prompted Ristau, Ruckpaul and Shoffa

(1958) to re-measure the anisotropies of K Fe(CN)6 once more, this time taking

3
measurenents at 2° intervals over the range 8OO-SOO°K where Guha had worked at
20° intervals. They confirmed the anisotropy meximum reported by Guha, finding
it to occur at 126OK. Much more remarkable, however, was the discovery of a

very sharp maximum in one principal sSusceptibility matched by an equally sharp
minimum in another, of approximately equal, very large, magnitudes, both at 126°K.
That no indication of this anomaly had been found in any previous Gouy measure-
nents wos due, the authors suggested, to the two effects being opposite in sense
ond, quentitatively, nearly equal. To test this, they also re-measured the
povder suéceptibility of the compound over the same range at the same 2° inter=
vals and, at 126OK, found a stall discontinuity in the plot offinersus tempera-
ture,

As & preliminary to our mein line of investigation, namely the correlation

of structural with ligand field parameters, we attempted, therefore, to
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reproduce the reported anomalies in the magnetic behaviour of potassium ferri-

cyanide,

6.3 Magnetic results

The temperature dependence of the powder susceptibility of potassium ferri-
cyanide has been determined very carefully by Figgis (loc.cit) with particular
attention to the temperature range 1200-1400K. His results are summarized in

Table 6.1 and shown graphically in Figure 6,1.

Table 6.1 KﬁFe(CN)G — Paramagnetic bulk susceptibilities

o) ~ o) =~

K % Xy
81,0 5486 131.1 3953
108.6 4533 131,7 4000
117.9 4274 132,7 3984
119.0 4246 133,5 3968
120.4 4237 134.8 3932
120,8 4236 1%6,2 3906
122.5 4198 138.0 3903
124,11 4149 141.4 3817
125,2 4115 167.5 3361
126.3 4093 201.3% 2920
128.,3 4049 225.8 2670
129,9 4016 256,5 2408
131.0 4022 295.0 2137

The absence of any discontinuity around 126%K is immediately apparent from the
figure, the relative accuracy of thesc results being £ 0.5% : an estimated

mexinum error of f'Z% in the absolute values is due to the usuzl packing
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Figure 6.1 The Curie-Weiss behaviour of the bulk susceptibility of
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inconsistencies inherent in the Gouy powder method. Secondly, the inverse
susceptibility is seen to vary linearly with temperature over the range, the
Weiss constant, 6, beingélp. The effective magnetic moment is 2.25 % 0.03 B.M.

The magnetic anisotropies have been measured over the same temperature
range, BO—BOOOK, suspending crystals along the d ', 'b! and 'c!' axes in turn,
corresponding to the anisotropies AS)Cé, LSXB and zﬁ?ic, respectively., Crystals
of about 2.3 mm. diameter and weighing 10-25 mgm, were grown from agueous

solutions of A.R. K3Fe(CN)6 and, typically, had the habit shown below:-
a’ |

a” is perpendicular to both ¢ and b

The angléﬁ’(section 4.6), determined by suspending the crystal along the 'b!
axis, was found by Guha (loc.cit.) to be sensibly 90o throughout the temperature
range. The relative magnitudes of)%f )Lb, andjxb were determined by noting the
orientation of the crystals, suspended along each axis, in the magnetic field,
giving:~

Y Ky >
The results of measurements, which were carried out on several crystals, are
summarized in Table 6.2 and plotted in Figure 6.2. Readings were tzken at

i

frequent temperature intervals, as close as 59 in the region 120—140°K. Again,

the maxinun in Zﬁ:xa at 1300K oonfirms the results of previous investigations
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K. Fe{CN), - Crystal paramasmctic anisotropies
- O

A Crystals suspended along 'c !

} i
x| AX, Lo K AX, °x AX
Ce+SsHe CafeSele CeZeSal.
(=10 g) (xlcfg) (xlcfg)
89.4 188 129,8 471 187.4 261
97.4 257 133,3 455 200.7 229
111.6 338 135,3 447 222.5 186
120.3 400 149.9 384 244.9 152
122.7 428 168.5 318 §| 2715 § 1120
126.4 || 446 185.6 267
B Crystals suspended along 'b!
o] Q o]
K LX, K z&)tb K AX,
Ceg.5. 1. CefeSels CeEeSalle
(mo‘g) (x10 g) (x10 %)
79.6 3938 126,5 2039 173.2 1265
88,4 3379 127.4 2028 187.2 1111
94.6 3040 128.4 1990 199.7 988
101.2 2850 129.0 2003 213,7 874
106.4 2660 129.7 1957 218.2 846
112.5 2439 1%1.0 1965 227.,4 780
118.0 2260 131.0 1934 241.3 706
119.€ 2202 132,8 1941 250.1 658
120.9 2190 134,2 1910 259.9 615
122.1 2152 135.8 1881 261.5 607
122,4 2161 1%6.8 1811 272.5 560
123.8 2128 137.4 1849 284.5 495
123.9 2121 141.3 1765 287.5 506
125,1 2102 148.0 1641 295.0 477
125.8 2085 154.6 1532
125.9 2075 165.0 | 1372




Table 6.2 (continued)
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c Crystals suspended along P

j .
°x AXy o ox AX °k |aX,
CefeSels i CefeSele CoeSelle
(xlo_g) ; (x107°) (xlo_g)

B86.6 3045 130.0 1492 189.3 790
94.4 2715 132.0 1455 197.7 764
102,7 2380 132.2 1412 199,1 725
109,1 2150 133.7 1420 201.6 704
109.9 2170 133.8 1455 216.5 615
112,5 1900 136.7 1353 217.1 625
116.4 1901 141,2 1309 231,6 543
118.1 1743 147.0 1198 233,0 553
121.0 1771 148.4 1238 247.6 482
123,0 1728 155.1 1034 254.9 472
123.7 1715 157.3 1075 263.5 433
124,7 1680 160.6 1050 275.6 409
126.6 1630 168.4 956 282.7 378
126.6 1605 173.6 955 296.5 363
128.1 1575 178.2 871 '
128.3 1551 179.1 870
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Figure 6.2 l%Fe(CN) ¢ — the temperature dependence of the principal

crystal magnetic aniéotropies.
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but there is no evidence at all of any other anomalics.

We wish to correlate these experimental znisotropies with the ligand field
parameters discussed earlier. The next steps, therefore, are to calculate the
principal crystal susceptibilitiesjan,}Cb,;)ic and hence the principal
molecular susceptibilities, Kl’ K2 and K3. For the first step, we require
knowledge only of the unit cell symmetry, which has been reported by Barkhator
and Zhdenov (1942) as monoclinic: for the second, we need to know the direction
cosines of the cyanide octahedra with respect to the 'af', bt and fc! axes -
these being obtained from an accurate X-ray structural analysis., A survey of
the literature revealed, however, that not only was the structure of potassium
ferricyanide not solved but that even the symmetry and spacc group were the

subjects of some controversy.

6.4 Crystallographic survey

Potassium ferricyanide has been known to exhibit many forms of twinning for
a long time and the literature on the subject shows a considerably confused
situation. Kohn and Townes (1961) havc reviewed the work on potassium ferri-
cyenide and on several closely isomorphous compounds; K3Cr(CN)6, K3Mn(CN)6,
K31r(CN)6, RbsFe(CN)G and KZCO(CN)G. The unit cell symmetries of these com~
pounds have ‘been reported variously as monoclinic P21/° sﬁsaﬂ900), ronoclinic
P2l/c €/3a$1070) and orthorhombic Pnca, Kohn and Townes report a detailed

investigation of the symmetries displayed by crystals of potassium cobalticyanide,
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which they describe as a series of four polytypes. Figure 6.3 illustrates the

1 M (one lcyer monoclinic), 2 Or (2 layer orthorhombic), 3 M and 7 M (3 and

T layer monoclinic) polytypes vhich were observed. Although the effect is one

of cell twinning rather than of the more usual crystal twinning, many crystals
also displayed surface striations parallel to the trace of (100) on both prism
and pyramid faces, being manifest of a lamellar structure parallel to (100). In
polarized light, all crystals viewed on (100) showed extinction parallel to the
traces of (010) and (OOl) as required, but, in addition, even moaoclinic crystals
viewed on the major prism face demonstrated extinction pseudo-parallel to the
trace of (100), thus behaving optically pseudo—-orthorhombic., It is this 1~
effect which has been mainly responsible for the confusion and inaccurate pseudo-~
orthorhombic cells reported. The effect is clearly demonstrated by the {hOC}
Weissenberg photograph of K3Fe(CN)6 reproduced in Figure 6.4: it shows almost
perfect mm symmetry typical of an orthorhombic zone, although the {hlt} net

of the same crystal has monoclinic symmetry with reciprocal axes corresponding

to those marked in the figure. Other crystals, however, have orthorhombic

{mc} nets, Thus, whiln K3Fe(CN)6 nay not exhibit exactly the same polyty,...

as KBCO(CN)G' a sinilar situation is apparent.

A partial structural analysis was first attempted by Bekhator end Zhdanov
(1942) who used the basic 1 M unit cell. Working with reflections from the
{?ko}vzone only, they reported X/a and y/b co-ordinates for all atoms, which
Curry and Runciman (1959) used as astarting point for a neutron diffraction

study of K3Fe(CN)3 ~ again, for the {hkO} zone only. These authors were
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particularly concerned to identify, positively, carbon and nitrogen atoms and were
able to conclude that the substance contained Fe-C rather than Fe-N bonds. The
finel reliability factor, tho, was 0.124. The last difference Fburier synthesis
suggested that the temperature factors of the iron and (special) potassium atoms
would be represented better anisotropically (but see also section 6.6) although
this may have been an indication of some disorder. Okaya and Pepinsky (1956)
noted in the 2 Or polytype of KBCO(CN)6 oome one-=dimensional disorder in the form
of diffuse streaks between €, odd reflections parallel to a with integral k in~
dices,

With this background, we set out to obtain accurate structural parameters

for KBFG(CN)6 at roonm and low (95°K) temperatures.

6.5 The structure of K Fe(CN). at 300°K
P 18]

Crystals of about 0,2 mm. diameter were grown from aqueous solutions of the
A.R. K3Fe(CN)6. Fron Weissenberg photographs (MoKs radiation) the unit cell,
assuning 1 M symmetry, was determined as,

a=T.068;b=10388;c=8408; /=107
Sone 329 visunll& ecotinated reflexions were collected from Weissenberg {hO?},
{?kO}-and QOkC} photographs, being scaled together initially by common reflexions
and later by calculated structure factors.

Although some three dimensional data revealed the presence of superlattice

effects, it was decided to work initially with complete two~dimensional data only,
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using the simple 1 M system: how inadequate a description of disorder this
strategy was, would be apparent at the end of the analysis., Curry and Runcinan
(loc.cit) had calculated two sets of cyanide z-coordinates from their {hkO}
analysis, which we now used as starting models for two separate analyses. With
isotropic temperature factors of 3.0 for K and Fe, 4.0 for C and 4,5 for N, the
reliability factors, R, were ~ 0.30. Several cycles of least squares refinement,
adjusting all positioﬁal and isotropic thermal parsmeters reduced the R factor
for one model to ~v0.21, while bringing virtually no inprovement to the other,
which was therefore discarded. Although we had now determined the correct
orientation of the cyanide octahedra, isotropic refinement would not reguce R
further, Careful examination of observed and calculated structure factors
revealed no systematic anomalies in either the {PKD} or {hog}- zones, but showed
that, in the {Okb} data, calculated structure factors of reflexions with k
0dd were grossly different from the observed amplitudes, It appeared from the
literature, that the only paremeter which had not been properly established was
the z-coordinate of the potassium ion at the general (e) equipoints, this
being given by Barkhatov and Zhdanov (loc.cit.) as z;g-%. The correct co-
ordinate is, however, Z'Qj%y as the following discussion shows,

The form of the structure factor for spacegroup P21/c is:=-

k+€= 2n : A 4cos2t (hx + €z) cos2iky i B =0

k+6= 2n+1 : A = -4sin2w (hx + ) sin2Wky ; B =0

The co-ordinates of the (general) potassiun ion are,
, ¥ A2 023 , z o2k

X/\_,Jf
x A2 ¥ , ¥ 2 0.23 z Nt B
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Let us consider the contribution of this atom to the diffraction maxima,

(a) for the {nxol zone:
L

No differences in z-coordinates can be udetected in a projection down the

g-axis,

(b) for the {hoC} zone.
~ J
k = 0, therefore,

€ = on : A 4eos2w (hx + fz)

C=2n+1 : A = 0O ) - reflexions absent
that is, for £ = 2n:

A 2(cos2f hxcos2T €z — sin2T hxsin24iéz)

but as x Ry 3, sin 27whx = O,

A = 4 cos 2Rhx cos 2nlz
Now cos 2w€z %y cos -%E or ccszf—f- which are numerically equal but
different in sign only if € = 2n + 1. As reflexions with £ odd are
systematically absent, all {hoe._} intensities are independent of the

difference between the two z—coordinates.

(a) for the @kc,;, zone.

h = 0, therefore,

k+€ = 2n : A = Adcos 21r€z cos 21ky
k+ € = 2n4+41 : A = -4sin 27€z sin 2xky

Now cos 2%€z o cos -%g— or cos E{’—H: as above, and
sin 27%€z A- sin %L or sin 4:”

These functions are again numerically equal for the different z-values, but,
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(1) for kx+€ = on

k and? even : same sign

k and€ odd : opposite sign

(ii) for k+€ =2n+1

k even, £ odd : same sign

kodd , € even : sign change
Hence, the potassium ion contribution for the two z~coordinates are always equal
numerically but different in sign if h is zero and k is odd., When the diffrac-
tion contributions are added to those from other atoms, the numerical values of
these k~o0dd structure factors will also be different for the two positions,

With the new potassium position (z &~ %), the R factor reduced to 0.16 and,

after eight furtherxieast squares cycles, adjusting anisotropic temperature
factors, convergence wadreached at R = 0.092, Table 6.3 lists final observed
and calculated structure factors for the two—-dimensional roon temperature an-—
alysis. The final atomic positional and thermal paraneters are given in Tables
6.4 and 6.5 respectively.

Figures 6.5 a, b, ¢ illustrate the packing projection down the three
principal crystal axes. The structure consists of layers of ferricyanide octa—
hedra with potassiun ions (special positions, k2), parallel to (100), interleaved
with layers of potassium ions (general positions, k1). The layers are seen
edge~on in Figures 6.5(a) and (¢) and fron zbove in 6.5(b). The potassium ions
in special positions are in essentially octahedral holes, as can be seen nost

readily in Figure 6.5(b), while the 'general' potassiums are at the centres of
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Table 6.4 ggFe£CN!5 — Atomic co-ordinates at ~.300°K
1
Atonm ! X/e I o 2/c
i 0.4982 0.2271 0.3743
K2 0 0 T
Fe 0 0 0
Cl 0.1185 0.1677 0.0309
c2 0.1830 ~0.0503 0.2055
C3 0.1845 -0.0552 -=0.1091
Nl 0.1953 0.2594 0.0488
N2 0.3040 -0.0791 0.3304
N3 0.2782 —Q.O914 -0.1397
Trklo 6.5 K,Pe(CN) - Atomic Debye factors at 300°K
2 2 2
. - 2—(bllh + Dy k" + Dgzl® 4 Dokl + byghl + by k)
b
Aton 11 b22 'b33 'b23 'bl3 b12
KL 0.0183 0. 0100 0.0099 0.0004 0.0063 0.0034~
K2 0.0108 0.0053 0.008Z ' - =~0.0013 0.0082 0.0011
Fe 0.0138 0.0062 0.0060 0.0001 0.0055 ~0.0006
Cl 0.0354 0.0068 0.0119 0.0007 .0.0207 -0.0014
c2 0.0151 0.0091 0.0043 0.0007 ~0.0024 0.0032
C3 0.0187 0.0077 0.0082 -0.0017 0.0122 0.0034
N1 0.0218 0.0158 0.0335 0.0317 0.0173 -0,0145
N2 0.0106 0.0113 0.0111 ~0.0020 0,0025 -0.0060
N3 0.0363 0.0114 0.0363 0.0105 C.0092 -0,0018
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Figure 6.5 (a) }(3}5‘e(C1\I)6 - The crystal structure projected down 'c!
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trigonal antiprisms (Figure 6.5(a) ). Table 6.6 lists the shortest contacts
with the potassium ions, forming their co-ordination spheres: next-nearest
neighbours are also tabulated.

Figure 6.5(c) clearly shows the pseudo-orthorhombic nature of the crystalc,
The red rectangle shows how all the atoms may be very closely described by an
orthorhombic unit cell projection. Further, the ovorlay, which represents cell
twinning in the form of the polytypes shown in Figure 6.3, shows agzin how exact
is the overlap of 2ll stoms in this projection - it is hardly surprising that
the {hOC} Weissenberg photograph (Figure 6.4) showed such perfect mm symmetry!
In fact, the {po%} data were collected from a crystal having orthorhombic

symmetry in {hlﬂ} also, and this nust result in larger b, thermal paremeters,

33

in particular.,

5 discussion of the octshedron geometry is left until section 6.7.

6,6 The structure of K.Fo(CN)_ at ~ 95°K

| For sinilar reasons to those described in the previous section, work has
80 far been concerned only with two-dimensional data. Complete Weissénberg data
fron {ho&} ’ {pkq} and {Qk&}- zones were collected from three crystals, while
several other crystals were exanined briefly., The crystals were coolecd by a
continuous stream of cold nitrogen vapour, whose temperature was separately
determined as 950—1000K. The unit cell dirnensions have, as yet, only been

determined approxinately: they are,.
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K}FQLCNIG ~ Non-bonded interactions with potassium ions (EOOOK)

A

B Closest neighbours around K2 (special position) in octahedral array,

C DNext-nearest neighbours

Vector, XK1 —7

N1
N2
N3
N2
N3

HRRH
I
4

y
=¥
=Y
-y
T+,

+ Y,

1
2

= o=

sl
1

I +
N N

SIS

R

2,94
2.94
2,90
2.89
3022
3.25

Vector, K1 —

Cl g x
C1 X
ce ( x
c2 (i1 -
c3 (1-
N2 ( =

M

- v e -

'“l"

[TV
<4+ 49 1<

Closest neighbours around K1 (general position) in trigonal bipyramidal array.

Vector, K2 —» 2.
Nl ( X y y - y, + zZ g 2.82
Nl ( = ,-?f_ +y, i -z 2.82
N2 ( X y z g 3,02
2 (= , ay ,1 -2 3,02
N3 ( X , y ,1+z2 ; 2.91
¥ ( =x , -y , =z 2,91
around K1 and K2 at less than 4 %
it Vector, K2 —2 i
, z 3 3.35 i ( x ,3-y, 7+ 3,54
Yy ¥+ 2, 3,50 1 ( =x ,-z+y, %z~ 3,54
y T 3 3.65 czc ( x, v , = 3.16
¥, ¥ - 2, 3,43 c2 é < , =y , 1= 3,16
Y. ¥ =2, ) | 3.37 c3 x , vy .14 3,20
, 2z 5, ) | 3.44 3 ( =< , =y , =z 3,20
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8=7.018 ; 6=10468 ; c=8.418 ; ;5 =107%0

Much of the analysis centres around an interesting phenomenon. Figure 6.6
shows prints taken from Weissenberg {hko} photographs taken at 95°K and 300°K
from the same crystal. There are twice as nany reflexions at low temperatures,
~pproximately half of which lie on 'exira' layer lines parallel to b*, clearly
indicating or doubling of the a cell cdge, The change is quite reversible, but
unfortunately perhaps, the effect is not observed for all crystals. An effect
like this could be explained by atoms, say the potassiun ions, lying in oné
nininun of a double potential energy well, in such a way as to be resolvable
vwhen the atomic vibrations are small but not when they are large: this sort of
explanation seened nore likely in view of the reversibility of the change, and
of the fact that the reflezions cormon to all photographs (i.e. h even) followed
sipilar patterns and, in particular, esgreed well with those from crystals not
showing the effect at all. At first, therefore, the photographs were indexed
for the small (undoubled) unit cell, omitting all of the 'cxtra' {hko-} reflexions,
giving 302 intensities in all.

With the final positions fron the room-temperature analysis and isotropic
temperature factbrs of 2.0 and %.0 for heavy and light atoms respectively, the
initial R factor was 0.16. Ten least squares cycles, adjusting positional and
anisotropic thermal parameters for all .atoms, reduced R to 0.077, when cone
vergence was complete. This low value of R appeared to justify the strategy of
omitting half of the observod {pko} reflexions. The final observed end cal-

culated structure factors arc collected in Table 6.7 while positional and
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thermal parameters are given in Tables 6.8 and 6.9, respectively. The geometry
of the ferricyanide octahedron is discussed in detail in the next section.

The co-ordination of the potassium ions is summarized in Table 6.10 and may be
compared with values given in Table 6,.6.

We were now concerned to account for the extra {pkoj reflexions and began
by exemining the effect of disordering the potassium ions in general positions,
thus being able to maintain the same spacegroup. This was done by chosing two
sites about 0.3 i apart, differing only in their y-coordinates, iﬁ such a way
as to repeat at every other (small) unit cell along the a direction. Dis~
ordering of the two sites was examined in various proporticns - 50:50, 70:30,
90:10 etec. - but it soon became apparent that the observed extra intensities
were far too strong to be explained by disordering the potassium ions alone.
There were other arguments to support this.

An examination of the temperature factors in Table 6.9 shows a very incon-
sistent pattern, especially for the heavy atoms whose parameters are generally
the more accurately determined in an X-ray analysis., The temperature factors
for X1 (general) all seem

and b, . for Fe, b, for kK2 (special) and b

P110 P2 12 12 22
large, suggesting that disorder affects all of these atoms. Further, difference
{hkq} Fourier maps calculated from the small cell analysis above and from
variously signed complete {pko} data, showed similar features around the K
(special) and Fe positions (these are superimposed in this projection'ag

is illustrated in Figure 6.5) It is interesting to note that similar features,

though less pronounced, were noticed in the neutron diffraction study of Curry
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Todle 6.8 K3E§(CN)6;7~ Atomic co-ordinates at  ~95°K
Atom */a Y /o /e
K1 0,4980 0.2303 0.3745
K2 0 0 1
Fe 0 0 0
Cl 0.1250 0.1737 0.0309
Cc2 0.1861 -0.0523 0.2080
.C3 0.1874 -0.0508 -0.1148
N1 0.1998 0.2680 0.0502
N2 0.3080 -0.0771 0.3319
N3 0.2866 -0.0935 -0.18538
Table 6.9 _Kjgg(CN)G = Atomic Debye factors at r\,95°K
2 2 2
. 2—(bllh + DK o+ Dyl 4 Dokl + by hl b, Jkh)

Atom bll b22 b33 b23 b13 b12
K1 0.0062 0.0104 0.0055 0.0048 0.0038 -0.0041
K2 0.0063 0.0039 0.0061 0.0052 0.0052 -0,0116
Fe 0.0117 0.0116 0.0038 -0.0059 0.0054 -0.0151
C1 0.0044 0.0274 0.0084 0.0234 0.0010 -0,0168
c2 0.0082 0.0170 0.0056 -0.0066 0.0044 -0.0220
C3 0.0101 0.0115 0.0077 0.0179 0.0098 -0.0026
N1 0.0045 0.0110 0.0139 C.0035 0.0014 0.0025
N2 0.0043 0.0130 0.0069 0.0095 0.0003 -0.0033
N3 0.0113 0.0119 0.0290 ~0.0292 0.0046 -0.0168
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Table 6.10 KBFG.',CN)6 ~ Non-bonded interi.ction with potassium ions (95°K)

A Closest mneighbours around K1 (general position) in trigonal bipyramidal

array
Vector, K1 = 2

N1 ( x Y Z g 2,93

N1 ( X ’2"'Y,T'11'+Z 2,92

2 (1-x, -y ,l-zg 2.92

83 (1-x -y , -z 2.89

N2 (l-x,%+y,-§--z) 3422

¥ (1-x ++y,+~-2) 3,19

B Closest neighbours around K2 (special position) in octahedral array

Vector, K2 —> R
Mm ( x ,+-y,%+z 2.78
M (= ,=+y,T-2 2,78
N ( x , vy, =z 3.04
N2 =< , =y ,1-2z 3.04
N3 & X, ¥y ,1+z 2.97
¥ (=, v , -z 2.97

€ Next-nearcct neighbours around K1 and K2 at less than 4 it

Vector, K1 — 2 Vector, K2 —2 2
e ( x , ¥y, 2z ) |3.33 c1 5 x , ?- Yy T+ 3 3,52
C1 % X , -y, b+z) |3.43 c1 X ,~kt Y, T -5 3,52
2 x , ¥, 2z ) |37 c2 ( x, v, =z. 3,16
c2 (1-x,‘?+y,%-z 3,40 2 (=< , -y ,1-2 3,16
c3 (1-x,++y, %-2 3,40 c3 é X, ¥y ,14z %.15
N ( x, v , =z 3,46 c3 < , =y , =z 3,15
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and Runciman (loc.cit.): it was suggested, there, that the features might be
due to the effects of anisotropic vibrations, which, to some extent at least,
may be correct.

Taken together, the difference Fourier maps and the thermal parameters in
Table 6.9 suggest that better co-ordinates for the Fe atom may be ¥ & 40,02 2 ’
y 24-0,03 2 , with concomitant adjustment of the positions of the cyanide groups.
It is likely that the potassium atoms co-ordinctes also need similar adjustment.
All this may be achieved in many ways, which fall broadly into two classes:

(a) disordering of monoclinic unit cells and (b) disordering within an ortho:-
rhombic system, perhaps in such a way that the low temperature form of K3Fe(CN)6
is rigorously orthorhombic., One serious objection to the last possibility is

the fact that the superlett¥ice effect is not observed with all crystals: this
suggests that we are dealing with a disordeoring effect rather than a true phase
change. So far, we have studied disordered models of both types but have not
reduced R below 0,30. A4S the solution of this problem may be protracted, it
geeriod worth while to present this interim report with some tentative conclusionsa,

which will now be described.

67 The geometries of the ferricyanide octahedron
The bond lengths and angles in the octahedron at ~. 300°K aend n.»95°K are
compared in Table 6.11. These is a close parallel between the two sets of

parameters which have been derived from the two independent sets of date from
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Table 6.11 KZFe(CN)GAT Geometries of the ferricyanide octahedron

at A~ 300°K and ~v 95°K

A, Bond lengths

: o, o
Bond { ~300°K ~~95°K

2 2

Fe - C1 1.92 2.00

Fe ~ C2 1.89 1,92

Fe - C3 1.89 1.93

€1 -1 1.08 1.11

C2 - N2 1.18 1.16

C3 - N3 1.14 1.14

B. Bond angles
) )
mele  |T0s depmacs

Cl - Fe - C2 89 - 89
C2 = Fe - C3 89 89
C3 - Fe - C1 90 88
Fe -Cl~M 176 178
Fe - C2 - N2 177 175
Fe = C3 ~ N3 172 172
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several different crystals. The results seem to be characterised by a tetra-
gonal distortion of the octahedra along the bonds Fe-Cl-Nl. Before considering
eny implications of such e distortion, it is necessary to establish some level
of significance for the values quoted in Table 6.11.

We must comment, firstly, on the unit cell dimensions. The values given
above are all slightly greater at 95°K than at BOOOK : if these results are
significant, they could only be accounted for by assuming that a phase change
had occurred at some intermediate temperature, which is, of course, possible.
However, no significance can be attached to the cell dimensions quoted, as they
were obtained from intensity photographs only. A careful measurement of the
high-angle splitting of the Ket. doublets at room and low temperatures is
presently in progress.

Also, the bond lengths have not been corrected for librational effects
(Cruickshank, loc.cit.), a correction which will result in slight increases in
bond lengths, nost particularly at the higher temperature.

In addition to these two factors, which can be allowed for, there is the,
as yet unknown, correction for any systematic errors introduced by ignoring
disorder effects. When the disorder mechanism has been fully cotiblished a
suitable adjustment of the bond lengths can bo applied. Although we anticipate
that such a correction weuld be small, in view of the low R factors reached, we
have not felt justified in quoting estimated standard deviations for the atomic
paremeters, for, being calculated assuming rendom data errors, these would be

somewhat meaningless.
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Qualitatively, however, the octahedron does appear to be distorted tetra-
gonally, as both, independent, analyses indicate. The agreemeni between the
two analyses could, of course, be due in part to similar disorder effects bein:
ignored in both models. In view of the low R factors, however, and of the
relatively small inconsistencies in the tenperature factors discussed above,
it seems unlilkely that this alone could account for the qualitative agreement

of the two octahedron geometries.

6.8 Correlation of the magmetic and structural properties of Ker(CN)6

In view of the possible errors discussed above, no quantitative attempt
has yet been made to correlate the structural and magnetic properties of potas-
siun ferricyanide., A qualitative investigation, however, is revealing,

If we consider the.tetragonal disvortion of the ferricyanide octahedron
along Fe-Cl-N1 as established, we can de¢scribe the principal molecular para-
mégnetic susceptibilities by K"and Kﬁ, parallel and perpendicular to the axial
distortion, We would then expect that the larger cY qtqa] nagnetic anisotropies
would be ussociatod with u large component of K, lying in the plane of the
nagnetic field. Thus, with Figure 6.5(a) in mind, we would expect A'}l&, the
anisotropy closely rela.2d to ‘)%'- )CB" to be large, bmnyse K, (Fo-C1-N1)
lies close to the ab plane: in fact, 157(0 is found to be tke smeliesr . . .
tropy. Similarly é})‘h, and Aﬁ;(b, which are the anisotwdpies closely associfive.

with the projections in Figures 6,5(b) and (e) respectively, should be smallj
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this can be seen most easily in Figure 6,5(c) which shows that X | is nearly

!
perpendicular to the zo¢ nets Experimentally, however, it is found that zﬁ}ta,
and Al7¢b are the larger anisotropies, Thus, an interpretation of the magnetic
properties of the ferricyanide crystal solely in terms of non~interacting
tetragonally~distorted octahedre s completely at variance with experimental
fact,

The contradiction cen be explained, however, if we can assune a significant
super exchange effect parallel to the ¢ axis. A possible mechanism for this is
surmarized in Figure 6.7, The 'sPécial' potassiun ions are co-ordinated octa-
hedrally by nitrogen atoms as described previously: more significant is the
proxinity of four carbon atoms - as may be seen from Tables 6,6 and 6.10, Thus
the K ~electron clouds of the cyanide groups are very favourably disposed to
overlap with the x* ion as Figure 6,7 illustrates. Normally, entiferromagnetic
exchange through a five-atom non-bonded bridge would be expected to be very
smnall, and we nay indeed expect that such interactions perpendicular to the ¢
axis, ag represented in figure, would be small, By contrast, the situation
parallel to ¢ ocuz very favourable - particularly in view of the nature of the
high-field cyanide ligands which make much use of their 7T~ and J{*- orbitals
in 'back-bonding'. Indeed, this is one justification for an electron—
delocalization paremeter, k, of 0.87, rep.-esenting the proportion of time spent
by the netal t2

be regarded, to some extent at least, as an extension of the direct sphere of

g clectrons on the ligand atoms, Thus, the cyanide ligands may

influence of thc metal electrons. Interaction between ferricyanide octahedra
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Bond lengths from 300°K enalysis.

Ionic radius of K = 1.33 &
Van der Wasls' radius of N = 1.5 &

Half=-thickness of C-C 7-bonded
system ~ 1.85 R

| Figure 6,7

~ Antiferromagnetic exchange

mechanism along K3Fe(CN) 6
chains parallel to ¢
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via a potassiun ion is, then, not so very different from that shown in various
binary compounds. Although the 3d orbitals lie energetically close to the 4s
orbital in this region of the Periodic Table and can be sterically well disposed
on account of the near~octahedral co-ordinction of the potaossium ion, it seems
unlikely that they could play more than a minor role in the exchange mechanism
becausc of their unfavourable symmetry. When Ipbridized with the 4s orbital,
however, they could satisfy all the necessary conditions. Perhaps the most
likely hybrid orbital is o 34,2 4s and, following Cootes (1962), this is
illustrated in Figure 6.7. If we suppose that such super-exchange is significant,
the observed anisotropies are readi;y explicable. Exchange parallel to ¢ will
reduce the magnitude of the susceptibility in that direction relative to that
along & or b, resulting in larger anisotropies é>7¢b and Zl)ia,, respectively,
Further, the relative magnitudes :ﬁz > ;ké; ;{b > ‘;(c ageee with the observed
order ;Ka > )cb > j(é. The relatively low value for zﬁ?Cb presumably resﬁlts
in part from an ‘averaging-out' of various strong and weak exchange and tetra-
gonal distortion effects and also, perhaps, as a result of the distortion being
less inportant then has beon previously supposed. To ascertain the importance
of the antiferromagnetic vis é;gig distortion effects, it may be very useful to
neasure the crystal anisotropies of magnetically dilute crystals, a most suitable
diluent being potassiun cobalticyanide,

Sone support is lent to the idea that antiferromagnctism is important by
the specific heat transition reported by Stephenson and Morrow (loc. cit.) who

assuned that it was magnetic in origin. They had argued that the totel magnetic
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entropy to be expected ot low temperatures is R log2 = 1.38 cal.degflmole—l,
there being two spin states of the molecule. The observed entropy of transition
was 0,9 = 0.2 cal. deg?lmole—l, suggesting that about 0.5 cal.deg?lmole—l

would be lost below 15°K. The specific heat transition, which is gradual, nay
well correspond to a gradual increase in' the magnetic ordering around 131°K.
This should result in an increase in the anisotropies £3}Ca, and tﬂ)cb at that
temperature, os these most directly involve the ¢ direction. In fact, z%)(a,
does exhibit a fairly sudden increase below this temperature, but any increase
in ZS)CB is slight. As an algebraic consequence, so to speak, the increase in
[SﬁXNé, nmust be matched by an equivalent decrease in AQ;KC: it appears that this
decrease is sufficiently large to counter-act the Boltzman effect (increasing
cusceptibility with falling temperature) resulting in a naximun in the Zl)ic
versus T curve, Finally, it does not appear possible to explain the anomalies
reported by Ristau, Ruckpaul and Shoffa (;ggﬂgii.) which we have been quite
unable to reproduce.

The quealitative proposals outlined above are presently being tested by
further, quantitative work and are, as yet therefore, somewhat tentative., If
proved correct, the solution of the ferricyanide problenm will have furnished
an instructuve example of the part antiferromagnctic exchange can play in

crystals of simple inorgenic complexes.,
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CONCLUSION

At the outset of the work described in Chapters 2 and 3 we hoped to
determine the stereochemistries of the two complexes involved and we have
described how the structire proposed for the hydride from n.m.r spectroscopy was
confirmed while that suggested for a cyclobutadiene compound turned out to en-
tail the cyclopentadienone ligand. While such positive results were satisfactory
in themselves, more interesting discoveries had arisen, showing that both of
these molecules were prototypes, so to speak, of two novel organometallic
bonding mechanisms, The cyclopentadienone complex structure shows how a
transition metal bonds to these cyclic ligands by &'~ and 77 - bonds to an
extent depending partly upon the nature of the ring substituents. Further,
both molecular structures solved here have shown how the bonding of the cyclo-
pentadienyl ring to the metal may not be perfectly symmetrical as had been
previously supposed. In both bonding schemes, we have emphasized how the
proposed bohding is intermediate between extreme forms and how different subs-
tituent groups on the cyclopentadienone ring or on the metal may cause the
molecule to adopt an electronic distribution closer to one or other of these
extremes. Both analyses, tsken in conjunction with the structures of analagous
compounds, show how even an unsophisticated molecular orbital approach to the
bonding mechanism msy improve on a valence bond description.

In the second part we have shown how structural data, much of which was
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not already available, may be correlated with single crystal paramagnetic
anisotropy. In the case of the cobaltous complexes even a qualitative
correlation of the tetrahedral distortions with the observed magnetic
anigotropies was sufficient to indicate that the sign of the distortion in
08300015 reported earlier must be incorrect; our subsequent X-ray analysis
confirmed this prediction. Quantitative calculations showed that the electron
delocalization parameters of the metal t2g electrons were approximately 0.9

in each case and allowed an order-of-magnitude estimate of anisotropic magnetic
exchange in the chlorides. In Chapter 6 the problem of potassium ferricyanide
has been described. This compound has long been a key example in magneto-
chemistry and while the structural work and interpretation of the magnetic
anomaly are not yet complete we can now visuclize a wmechanism to correlate

these physical properties which suggests that the behaviour may be explained

by a superexchange mechanism,
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