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CHAPTER 1

INTRODUCTION

The crystal structure determination of [Re(en)ZOOH]
(0104)2 is part of a program of study carried on at this
ﬁniversity. Its purpose is to gain a better understanding
of the chemistry of rhenium, a member of the third transi-
tion metal series. Rhenium has as its most common oxidation
states; II;, IV, V and VII, with VI more difficu}t to
obtain. Besides the large number of oxidation states,
rhenium has coordination numbers ranging from 4 to 9, with
6 and 8 being the mosf common.

The present work describes the structure determination
of a six coordinated complex of Re(V) containing two
ethylenediamine rings and two oxygen atoms. This complex
is one of a series of three which differ only in the number
of hydrogen atoms attached to the oxygen atoms.

In complex A, in Figure I, one of the chlorine atoms
can be replaced by an ethoxy group to give the complex B.
When this is treated with ethylenediamine, the cation C is
produced. This is the first member of the series. Upon

treatment with a strong acid, for example, HC1l0 one of

4’
the oxygen atoms is protonated to give D. If this is

" treated with H2PtCl6, both oxygen atoms are protonated to

produce E or possibly the cation Fl.

-1-
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In the cation C, the trans-oxygen atoms will be
competing for the dXz and the dyz orbitals of the rhenium
atom. Johnson, Lock and Wilkinson2 have suggested that a
pi bond is formed between the Py orbital of one of the
oxygens and the dxz orbital of the rhenium. A second pi
bond will be formed between the py orbital of the other
oxygen and the dyz orbital of the rhenium. These, together
with a sigma bond, would allow the rhenium and oxygen
atoms to form at most a double bond.

Because of the competition for the orbitals and the
lone pair of electrons on each of the oxygens, it might be
expected that one of the oxygen atoms could be easily
protonated to form the complex D. In this arrangement, the
hydroxyl oxygen can be considered to form a single sigma
bond with the rhenium. This frees the second d orbital
on the rhenium atom to form a second pi bond with the other
oxygen, giving rise to a triple bond between the rhenium
and the oxygen. The overlap in this case could be con-
sidered as one sigma bond and two pi bonds, the first
being the overlap of the Opx With the Rea and the second

XZ

the overlap of the Opy with the Re Further protonation

d . L 4
yZ ;
is possible and has been reported3 to produce one of the

two species, E or F,.
Evidence for the trans<arrangement of the oxygen
atoms is two fold. First, infrared studies of the stretching

frequencies of cation C show only one absorption peak



corresponding to a Re-0 stretch in the neighbourhood 810

to 820 cm Y. The Re-0 stretch would occur at two points

in the infrared spectrum for a cis-arrangement. The trans-
arrangement stretch results from the asymmetric vibration,
while the symmetric vibration, being a forbidden transition,
products no dipole and thus is not observed. For a cis-
arrangement both the symmetric and the asymmetric vibration
produce absorption peaks in the infrared spectrum.

Secondly, Baldwin's criterion? can be used to’
interpret the infrared work of Johnson, Lock and Wilkinson.
This criterion states that for ethylenediamine complexes,
the infrared absorption spectra appears more complicated
and‘extends, generally, over a larger region for a cis-
arrangement than for a tfans—arrangemént. The trans-arrange-
ment usually consists of a single relatively sharp band.

In ethylenediamine complexes this is particularly evident
for the CH, rocking mode in the region 870 to 900 em™ L.
This was found in the work of Johnson, Lock and Wilkinson.

Evidence has been given to indicate that there is a
triple bond produced in the cation D. It would‘be expected
that the oxygen forming this bond would not be easily
protonated to produce the cation E. The association
constants found by Murmann and Forrester5 indicate this
as follows: »

Vfor the reaction [Re(en)202]+ + H;q::[Re(en)ZOOH]+

the association constant is given as



logkK, = 3.26 ¥ 0.02 for u = 0.02 and 25.3°

while for the second protonation reaction

[Re(en)200H1++ + H:q = [Re(en)z(OH)2]+++

the association constant was found to be extremely small
and was estimated to be fog K2 =-0.9 0.1 at p =5
and 25.3°

Alternative structures haVe been proposed by EVteevs.
These differ from the above in the location of the hydrogen
atoms. He proposed that complex C should be formulated as
G with the oxygens protonated by theéhydrogen atoms migrating
from the nitrogen atoms of the ethylenediamine ring. The
cation has the formula [Re(OH)Z(en_)2]+ where en = NHCH,CH, NH,, .
The cation D, then, takes the form H, [Re(OH)z(en)(en-)]++.
E remains unchanged.

Evidence for the structure H is again found in the

infrared spectrum of [Re(OH)z(en)(en-)] Cl, where an

-1

2
absorption band was seen at 3470'cm and was attributed to
the hydroxyl group.

The complex, E, further appears to retéin the two
trans-hydroxyl groups as is indicated by the broad absorption

band at 3350 cm *

in [Re(OH)Z(en) ]Cl

In the cation C, the Re-0O bond length should be that
corresponding to a double bond (1.8 A), while cation D
should have two different Re-O0 bond lengths, one corres-

o
ponding to a single Re-OH distance (2.0A), the other that

-]
of a single Re-O distance ( 1.8 p) . For

-



the complex F, the bond lengths should be near those of
complex D.

The determination of the crystal structure of
[ReOOH(en)zl(C104)2 by x-ray diffraction was undertaken
in order to différentiate between the structures D and
H énd to obtain accurate values for the Re-0 and Re-N
bond distancés.

During the determination the question arose as to
whether the hydrogen atom is present in the crystal at
all. Neither x-ray measurements nor density measurements
are able to detect its presence directly. The error in
the chemical analysis is greater than one hydrogen per
molecule. Nuclear magnetic resonance gives no evidence
for the presence of this hydrogen atom because of the
rapid exchange of the hydrogen atom. The most conclusive
evidence is found in the diamagnetism of the complex7.

If the hydrogen atom is not present the rhenium would have
to be in the oxidation state Re(VI). This requires that
therekbe only one electron in the d state and the resulting
compound would be paramagnetic. Since the compound is
diamagnetic it must be considered to be Re(V). The complex
can thus only have an ionic charge of 2+ if an additional

hydrogen atom is present.



CHAPTER II

THEORY

Diffraction by a Crystal

A crystal may be regarded as . groups of atoms each

P,

=

in all directions. When a beam of x-rays falls on a crystal,
the electrons of the atom are set into vibration and act
as secondary sources of radiation. This secondary radiation
will give a resultant amplitudé in any direction which is
the sum of the radiation scattered from each electron. The
electrons can be considered to have a density distribution
p(z) in the crystal, where

r=(u+x)a+ (v+y)lb+ (w+ 2)c (1)
where u, v and w are integers, O { X, y,2 €« 1, and a, b and
c are the primitive lattice vectors of the crystal, thus,

r =R+ R
= = =0

(2)
where R = xa + yb + zc
and R = ua + vb + wc.
_o —— — —
Because of the periodicity, Bo’ in the crystal

p(xr) = p(R). The total scattered radiation from all the

electrons may be represented as

F(s)= K[p(x) exp (2mir-s)dr (3)
crystal_



where Kp(x) is the magnitude of the wave scattered at a

point r,s = - s, with 5, = incident wave vector and s; =

s
-0 =i

the diffracted wave vector and Igol = |s;| = 1/x. Substi-

tuting in (3) from (1) and (2), the expression can be

written as
F(s) =£7Kp(§) exp 2ni(R*s) exp Z"l(Bo'i)dBdBO (4)
Because Bo has the periodicity of the lattice, the integral
over dR_ becomes the sum
—o
I exp(2riR_*s) (5)

This sum is zero unless Rys is an integer for all values
of 50, in which case, it becomes N, the number of unit

cells in the crystal. The structure factor is defined as
the amplitude scattered corresponding to the vector s and

takes the form

F(s) = NK [p(R) exp(2miR-s)dR (6)
The condition Ry's = integer is known as the Laue Equations.
Since R +s = ua‘'s + vb-s + wc's and since u, v and w can

have any arbitrary integral value,

a.s, b.s and ¢c.s must separately be integeré (7)

The Reciprocal Lattice

The reciprocal lattice may be defined in the following
manner. Because of the requirement that 50'5 must be an
“integer, the vector, s may be defined in terms of a reciprocal

lattice as follows:



* * *
s =ha + kb + 1lc (8)

where h, k and 1 are the coordinates of any three non planar
* ok * '
vectors a b and ¢ . The product
* * * * *
Bo'i = hui'i + kvb*b + lwc-c + hv§~g + hwg'g
* * * *
+ kub-a + kwbrc + luc-a + 1lvc'b (9)
= integer for a diffraction maximum

. * * * * * *
By setting a*b = a-¢c = bra etc. =0 and aa = bbb =c-¢c =1,
*

the vectors a , E* and g* are chosen such that 3* is per-
pendicular to b and ¢, g* is perpendicular to a and ¢ and g*
is perpendicular to a and b. Both the direction and magnitude
of these vectors have been defined.

The Laue equation reduces to hu + kv + lw = n, an
integer. Since u, v and w are integers, h, k and 1 must
also be integers.

In this way a reciprocal lattiée has been defined

* * *
based on the vectors a , b and ¢ where

* bxc - 4 cxa * axb

a =-—,b = :V: and ¢ = —V— (10)

Each reflection, then, corresponds to a point on the
reciprocal lattice and can be identified by the integral
indices h,k and 1.

The Structure Factor

The electron density p(R) of an atom referred to
the coordinates of the unit cell is given by the convolution
of the atomic electron density function pi(v) with the

delta function G(R-Ri) giving the position (Ri) of the
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centre of the atom with respect to the origin of the unit

cell.

‘Then p; (R)

[ (¥) 8(v + R-R;)dv.

From equation (6)

F, (s) = Nfo; (R)exp2ni(R-S)dR

and from the convolution theorem? the amplitude scattered

by the atom at Bi is
F.(s) = £,(s) G(s)

where
£:,(s) = [e(v) exp2mi(y-s)dy
and

G; (s) = [p(R-R;)exp(2niR-S)dR.

fi(i) is called the scattering factor for the atom and

G;(s) = exp 2ni(R,-s) gives the phase of the x-rays scattered
from this atom. When there are several atoms present, the
total structure factor is the sum of such contributions

and is given as

F(s)= & Fi(i) = Zfi(i)exp 2ni(5i°§) (11)
i i

A further application of the convolution theorem
splits fi(g) into a stationary atomic scattering factor
fi(i) and a temperature factor given by

2
exp(-Bi s7)

where the gquantity Bi’ the temperature coefficient, has the
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2.2 T .
value 8r"u” where u is the mean square displacement of the
atom from its mean position. For the case of anisotropic
thermal vibrations, the simple form above cannot be used

and the temperature factors must be written in dyadic form

exp(—§"§i-§)
where Bi represents the second order matrix

2

blla b21b9 b3lca
_ 2
Bi = b22ab b22b b3zcb
2
bl3ac b23bc b33c

The anisotropic temperature factor then takes the form

% + b..k® + b..2% + b

1 22 33 k% + b, he 1.

exp[-b,; 23 13

12hk + p

The Electron Density Distribution

Because a crystal is three dimensionaily periodic
with the period of the unit cell, the electron density of
the unit cell must also be periodic. Any periodic function
may be represented by a Fourier series, thus the electron

density can be written

p(r) = I C(t)exp(2ri teox). (12)
t

To determine the values of the constants C(t) the inverse

transform may be taken

[ T C(t)exp(2rit-r)exp(~2rir-s)dr = [ o (x){exp(-2rir-s)dr} (13)
t
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By orthogonality, the left hand side of (13) is zero,

unless t = s in which case it becomes C(s), thus

Vc(s)

fo(g)exp(—2ni r.s)dr

*
= F (s)
Equation (12) may be written as

p(x)= T F (s) exp(2nis-x) (14)
S

and because of the periodicity in r with the period of the

lattice
p(x) = p(R)

and (14) reduces to

o(R) = & F (s) exp(2ri s-R) (15)
s .

since r need only be calculated over the range of R.

Since the electron density is a real function,

*
o (R) = p(R) .
Taking the complex conjugate of (1l5) the electron density

can be expressed in the more usual form

p(R) = & F(s)exp(-2ri R-s). (16)
S .

which is the Fourier transform of the structure factor.

The Phase Problem and Solutions

From equation (16), it appears that the electron
" density distribution could be determined from a knowledge

of the structure factor. This, however, is not easily
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accomplished in practice, since the structure factor is
a complex quantity and only the intensity, related to
[F(hkl)l, can be determined in any experiment.

Patterson in 1934 showed that one method of solution
which is ofteﬁ helpful is to use the convolution of the

electron density with itself displaced by a vector u, then

v
P(u)= [ p(R)p (R+u)dR .
(o]

From equation (16)

P(u) = li'f F(s)exp(-27i s*R) F(g')eXP[-2ni s+(R + u) ]dR
v SR+ wiak

z
1
S

jtn

again,because of orthogonality relationships, the only contri-

bution is from terms for which s = -s' thus,

<"

[ I F(s)F(-s)exp(2ri s.u)dR.

P (u)
’ S

|
<I+

z F(E)F*(g) exp(2ri s.u)
s

This is obviously the Fourier transform of the intensity
since F(s)F*(s) is proportional to the intensity, a measure-
able gquantity.

The function can be interpretéd.as representing the
sum of all the products of electron densities separatéd by
a vector u. If the vector corresponds to an interatomic
vector, the function will have a large value, otherwise it

'will be zero or very small, determined by the spread of the

atom. If there are n atoms in the unit cell, there will be
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n2 peaks in the Patterson function, n of which lie on the
origin, being the product of an atom with itself. The
remaining peaks are distributed over the Patterson unit cell,
which is the same size as the crystal unit cell. The func-
tion has a centre of symmetry, since, for every vector AB
between the atoms A and B there is a vector in the opposite
direction BX

For a large number of atoms, the Patterson function
becomes complicated and the interpretation difficult. If,
however, the molecule contains a few "heavy atoms", that is,
atoms with many electrons, the interatomic vector between
any two will be represented on the Patterson function as a
large peak. This function is extremely useful in position-
ing heavy atoms relative to each other.

If the structure is triclinic, only two space groups
are possible,P 1 and P 1. If also, there is only one heavy
atom, it must lie on a special position in the épace group
P 1, which can be chosen as the origin. 1In the space
group P 1, the heavy atom can lie anywhere,:énd without loss
of generality, it can, too, be chosen to lie at the origin.

Interatomic vectors between the single heavy atom
and medium sized atoms will shOw;'in the Patterson function,
as rather large peaks. With the heavy atom at the origin,
~the position of the medium sized atoms relative to the
origin peak will be the same for both the Patterson function

and the electron density function.
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Since the scattering factor from the heavy atom
will be larger than from the other atoms, the major part
of the phase as well as the amplitude of the structure
factor will be determined by the heavy atom.

With the heavier atoms approximately located, other
atomic positions can often be found from the electron
density map, calculated using the observed F, ﬁith the phase
calculated using the positidns of the heavier atoms only.

It is not possible to measure an infinite number of
reflections to use in the Fourier series calculation. The
result is that the series is finite and is not a true
representation of the electron density. The electron
density, therefore, shows ripples caused by the series
termination and thesé limit the resolution in a way analagous
to the limitation imposed in a microscope by the use of
finite apertures.

One method of circumventing the above problem, after
the majority, if not all, of the phases havg been determined,
is to use in place of F(s) in equation (16) the quantity
Fo(i) - Fc(g) where Fo(i) is the observed structure factor
and Fc(g) is the calculated structure factor. The expression

then becomes

A(R) = ; (FO(E) - Fc(i))eXP‘Q“i§'§°

This as can be easily seen, is the difference of two electron

densities, the first that of the actual structure and the

)
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second that of the assumed structure. If only some of the
atoms were used to prepare the calculated structure factors,
the difference synthesis will show peaks corresponding to

the remaining atoms in the real structure. Once all of

the atoms have been located exaétly, the difference synthesis
will appear almost flat except for slight undulations re-
sulting from errors in observation.

Series termination is avoided in the difference
synthesis as a result of the subtraction of the two types
of electron densities. The ripples caused by series
termination in the actual structure will be cancelled by
those of the assumed structure.

The difference synthesis is useful, also, in indi-
cating the direction in which the atoms in the assumed
structure should be moved to attain their correct positions.
If two equal atoms, one iﬁ the assumed structure the other in
the real structure, are separated by a small amount, ¢,
the difference of the electron densities will bg such that
one atom lies on a hill while the other lies in a depression.
By moving the two atoms closer together, the slope of the |
gradient between the depression and the hill becomes
shallower until, when the two are superimposed, the
resulting difference is zero. Considering that one of these
. atoms is fixed by the actual crystal structure, and that
the other atom éorresponds to the equivalent atom in the

proposed model, it is then necessary to shift the proposed
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model atom up the gradient. The amount of the shift can
be calculated in the following manner. Near the centré
of an atom the electron density is given by p(R + r) =
po(g)exp(—prz) where p is a constant approximately

equal to 0.5 and po(B) is the maximum density. For

small distances the approximation can be made that

2
p(R) = p°(R) (l-pr?)
The gradient in the difference synthesis %— (po—pc), may be
‘ r
written as %—-(po) since, at the point R the calculated

r
electron density is maximum; that is, if the separation between

the actual atomic position and the proposed atomic position

is ¢
then apo = 9 r
or po p
3(po-pc)
and r=ge= — /'2pop

which allows the error in the atomic positions to be cal-
culated from the gradient of the difference synthesis.

Least Squares Refinement

Once a close approximation to the structure has
been attained the various parameters can be refined further
by the method of least squares. 'Assuming that the best
values of the parameters p, are in error from the actual
values, pi, by an amount e, the calculated structure
“factor Fj = Fj(pk + ¢) can be expanded in a Taylor series

about pi as
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SFS
F§(Pk) = F§(P§) + s—pi £y (17)
to first order.
By minimizing the quantity
R =1 W, (F - F?)2 (18)
. J 3 J

J

where Wj is the weighting factor and substituting (17)

in (18) and writing

0 C O
T - P = D.
FJ J(pk) J
(18) becomes c
OF 2
R=1:I W.(D. - £ —31 €, )
3 J 3 k apk k

IR 3FS aFC
5=— =0 =21 W (D, -2 5"1'€k)3“l“

This may be rewritten as

3FS AFS c

W. D. 5—1 =3 I W, 3—1 3—1 €)

o
@
o

z (19)
]

If the identification is made between terms of a matrix

equation
[Agk] (e, = [B]
and equation (19) as
5FC  oFC 2 FC
Py = ; W 35% 55% and B, = § W, Dy 35%
the solution of the equation [ez] = [Agk]-l[Bz] gives the

corrections to the parameters Py - The problem then is the
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calculation of [Azk] and the subsequent inversion in order

to determine S

A measure of the agreement between the proposed model
and the true structure is given in terms of the R-factor

defined by

1/2
L ol 2
LW . (b|F | - |F ]

R = |2

. 2
i Wi(bIFOI)

where b is a scaling factor and is treated as a variable

during refinement.

In choosing a suitable crystal and type of radiation
to be used for intensity measurements, it is necessary to
consider the total linear x-ray absorption coefficient yu.
This depends strongly on the wavelength used and, for a
given wave length, is characteristic of the absorbing
material. The intensity, I, of the emergent beam depends
on the thickness,R,, of the material through which the beam
has travelled andlis‘given by I = IO exp (-uR) where IO is
the incident intenéity. A mass absorption coefficient
is defined as ﬁ/p where p is the density. It is found
that u/p is approximately additive with respect to the
mass absorption coefficients of the constituent elements
of the'crystal; thus; we = Zg; (u/p)i where the sum is

i

over all the atomic species and'gi is the fractional mass

of species i having a mass absorption (p/p)i.
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Having selected a crystal, it is mounted on a camera
and the diffraction pattern is recorded as a series of
spots on a f%lm. If the density of the spots, measured by
the blackening of the film, is not too great, the density
is a linear function of exposure and, hence, of the
intensity. It is possible to estimate a value of the
irtensity by measuring the relative blackness of spots on
a £iim. One method of estimation is to prepare a standard
scale and to compare the blackness of each spot with the
blackness of the standard scale, sometimes referred to as
a wedge. The graded series required is obtained by allowing
a relatively strong reflection to fall on the film and wvary
the exposure time with the film displaced for each exposure.
This has the advantage that the spot shapeé on the particular
layer photographed are‘the same as those of the standard
scale, making comparison easier.

By measuring the intensities in this manner, the
peak height is obtained. It is thus assumed that the
integrated intensity is proportional to the peak height.
This is not so, for several reasons, which are discussed in
Buergerlo. The plateau method is one means of obtaining
values of the ihtegrated intensities. The integrated
intensity is proportional to the number of photons in the
diffracted beam and is thus proportional to the area under
the profile of the diffraction spot. A method has been

developed whereby the profile is laid down at equally
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spaced intervals on the film by moving the film uniformiy
during exposure. The sum of the heights of several curves
along this profile is the sum of equally spaced heights

in the single profile. Since the sum is a constant at

the centre, thus producing a plateau, the height of the
plateau is the integrated intensity.

One reason for the peak height not being proiortional
to the integrated intensity for higher layer Weissenbefg
photographs is that the spots on the upper and lower
halves of the film are extended and contracted respectively.

11,12 and Singh13 developed equations to account

Phillips
for the contraction. By considering the divergence of the
incident radiation, two Ewald spheres can be drawn, one
for the normal incoming beam, the other corresponding

to maximum divergence. Two circles aré produced by the
intersection of the two Ewald spheres with the reciprocal
lattice plane under consideration. The centres of these

circles are defined at a distance r, and r., respectively,

1

from the origin of reciprocal space. The correction
factor, then, is'given as

L s AL _ 1 + 180 [ sin v cos v cos ©
L : T 2 2..1/2
(cos“v-cos™0)

]

(rl+rO cosv)

where L is the length of the reflection spot, AL is the
amount of contraction, v is equal to the equi-inclination

angle for which the above expression applies and © is the
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Bragg angle.

Before intensity measurements can be used, Lorentz14

15

and polarization factors must be applied. These are

different for the Weissenberg and precession methods.



CHAPTER III

EXPERIMENTAL

Crystal Selection

Single crystals of the compound [ReOOH(en)z](ClO4)2,

where en = (NH2CH2CH2NH2) were prepared by the method of
Murmannl6. They are reddish purple needles which show
complete extinction every 90° when viewed under a polari-
zing microscope. The density of these crystals is 2.8 g/ml
and was determined by noting that they just float in bromo-
form which has a density of 2.8 g/ml. A crystal was chosen
which was small enough that the x-ray absorption correction
could be ignored. The linear absorption coefficients for |
MoKa and CuKa radiation were calculatéd by the method of
Chapter II to be 10.5 and 20.5 ™t respectively, using the
mass absorption coefficients of International Tablesl7.

The needle shaped crystals ranged in length from 0.2
mm to 1.0 mm with a base, roughly an equal sided parallelogram,
with sides ranging from 0.05 to 0.5 mm. Since the crystals
exploded when attempts were made to break them into fragments,
the smallest crystal that could be chosen was 0.05 mm thick.
This gives uR = 0.5 for MoKa and 1.0 for CuKa radiation.

A crystal of dimensions 0.08 x 0.08 x 0.4 mm was chosen

and MoKo radiation was selected. This combination allows the
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absorption correction to be ignored.

Crystal Data

The selected crystal was mounted on a goniometer
head in such a manner that the needle axis of the crystal
was parallel to the axis of the goniometer head. A rotation
photograph, taken with this setting, showed the needle
axis, chosen as ¢, had a spacing of 9.0 Z. A Weissenberg
photograph of the hkO plane taken in the same setting
showed two axes,a* and b*, whose lengths were 0.188 and
0.133 2_1 respectively, with an angle of 84° between them.

The hkO photograph showed that this layer had p2
symmetry. A first layer photograph, hkl, showed the crystal
to be triclinic.

Accurate cell parameters were determined from

precession photographs. The crystal data are shown in

Tables I and II.

Intensity Data Collection and Correction

Intensity photographs were taken of the layers with

2 = 0,1, 2 and 3 using a Weissenberg camera. Several
photographs were taken of each layer having different ex-
posure times as follows:

hkO 5/9, 5/3, 5, 15 and 45 hrs.

hkl 1, 3, 6 énd 18 hrs.

hk2 1, 3, 6 and 18 hrs.

hk3 1, 3, 6 and 15 hrs.

The intensities of the reflections of the film were



Table I

Crystal Data

Formula [ReOOH(NHZCH2CH2NH2)2] (Clo4)2

System Triclinic

Space Group Pl (PI)

(@]

Cell Constants a = 5,701 * 0.006 A o = 114.12
Q

b = 8.214 ¥ 0.008 A 8 = 111.22
+ (@]

c=29.017 £ 0.012 A y = 84.79

©3

Volume of unit cell = 368.4 A

Density Measured 2.8 g/me.
Density Calculated 2.6 g/ml.

Z (No. of formula weights 1
per unit cell)

I+
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‘Table II

Reciprocal Cell Parameters

* * 4* * * ‘*

a b c o B Y

+,. ‘ + +
hko [0.1887%0.0002 {0.1339%0.0002 - - 86.1520.03
hos |0.1885%0.0002 - '0.1302%0.0002 - 69.06%0.03° -
0ke - 0.1336%0.0002 {0.1299%0.0002 | 66.12°%0.03 - -
Best + + +" + o + o + :
value |0.1886%0.0002 |0.1337%0.0002 {0.1301%0.0002 | 66.12 *0.03°| 69.06%0.03° | 86.15%0.03

Calibration crystal was rutile for which

o

o 18

a = 4.6937 ¥ 0.00005 A ¢ = 2.9581 I 0.00005 &

9¢


http:86.15-0.03
http:69.06�0.03
http:66.12��0.03
http:69.06�0.03
http:86.15-0.03
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estimated visually using a calibrated wedge as explained

in Chapter II. Errors were assigned to the intensities and
ranged from 20 to 30% depending upon the number of in-
dependent measurements of the reflection and where in the
range of the calibrated wedge the intensity fell.

Late in the refinement, it became evident that there
were systematic errors on the upper level Weissenberg data
and these were traced to spot shape., A program was
written to apply the correction developed by Phillips (Chapter
II) to the intensity of the reflections.

Integrated precession photographs were also taken of
the hkO and Okz.planes using a Supper integrating precession
camera. The exposure times, in multiples of the integration
cycle, were, for Okg&, 1, 2 and 6 cycles, and for hkO, 1, 4,
16 and 48 cycles. One cycle requires .2 hrs. and 24 min.
for completion. The intensity was measured from these
films with a Leeds and Northrup microdensitometer. On the
record a smooth background was seen and this was subtracted
from the peak height to give a value of the integrated
intensities. Errors were again assigned as for the
Weissenberg data.

The Lorentz and polarization factors were applied to
all of the intensities to give the square of the modulus

of the structure factor.
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Structure Determination and Refinement

From the density of the crystal and the volume of
the unit cell, the number of formula units per unit cell
was calculated to be one.

A triclinic crystal can have only one of two space
groups P 1 and P 1. 1In [ReOOH (en) ,1(C10,) ,, there are even
numbers of atoms in the unit cell for all species except
rhenium and hydrogen. If the space groué is to be P 1
both the odd hydrogen and the rhenium atoms must lie on one
of the eight special positiohs,‘namely, the corners, body
centre, face centres or the edge centres of the unit cell*,
otherwise thé space group must be P 1. Without loss of
generality, the rhenium atom can be placed at the origin,
the corner of the unit cell. If this is done, the odd
hydrogen would necessarily lie on one'pf ﬁhe seven other
special positions if the space group is P 1.

A Patterson function was expected to show distinctly
only the peaks.corresponding to the Re-Re vector located
at the origin and the Re-Cl vectors, since, because of the
relatively large scattering factor of the rhenium and
chlorine atoms, all the other interatomié vectors would
not be distinguishable from the background fluctuations.

If the structure is noncentrosymmetric four peaks are ex-

pected in the Patterson function corresponding to the two

*these positions are 000, OO%, 0%0, %oo, o%%’

1.1 11. 111 .
2937 330,377 -
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Re~-Cl vectors and the two Cl-Re vectors. If the structure
is centrosymmetric the two Re-Cl peaks will coincide and,
likewise, the two Cl-Re peaks, thus, only two distinct
peaks will be observable - the Re-Cl and the Cl-Re.

A Patterson functioﬁ was calculated and plotted
using the Okf data (Figure II). This showed only two large
peaks apart from the origin peak. Thus, it must be assumed
that the arrangement‘of the chlorine atoms is centrosymmetricl‘
(or nearly SO) around the rhenium atom. With the rhenium
placed at the origin of the unit cell, the positions of
the chlorine atoms can be taken directly from the Patterson
function.

Using again the okz data, an electron density and
difference synthesis were calculated and plotted. Since
the space group chosen for these calculations is P 1 and
the heavy rhenium atom is placed at the origin, all the
signs of the structure factors are positive. 1In the
difference synthesis the contribution of the Re and Cl
atoms was removed. These functions are shown in Figures
III and 1IV.

Because of series termination, the electron density
shows ripples which are not present in the difference
syntheses (Chapter II) ,thus, the latter gives information
about the atomic positions of the cation which are hidden
by the ripples in the electron density. As can be seen

in the difference synthesis, the remaining members of the
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Figure II Patterson Function (0kg)

The full cell of the Patterson Function projected
onto the (0k&) plane. The contours are drawn at arbitrary
units. The shaded portions indicate that the contours

are too closely spaced to be drawn.
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Figure III Electron Density (0kg)

Oone half cell of the centrosymmetric electron density
function projected onto the (0k%) plane . The contours
are drawn at intervals of 1.7 electrons/i2 . The dashed
lines represent the'cation‘group with the rhenium atom at
the origin. The position of the chlorine atom is indicated
by the symbol X. Where the contburs are too closely spaced
the area is shaded. The zero contour is diawn<at»4.0

‘ electrons/Azu



Electron Density (0k%) (OC%-)
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Figure IV Difference Synthesis (0k2)

One half cell of the centrosymmetric difference
synthesis projected onto the (0kt) plane. The rhenium
atoms located at the origin and the chlorine atom located

by the symbol + have been removed in the calculation..



(010)
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cation are represented by 10 peaks rather than 20. This
again suggests that the ligands are placed centrosymetri-
cally about the Re atom. The positions of thebcarbon,
oxygen and nitrogen atoms were taken from the difference
synthesis.

A least squares program, which minimized the sum
of the squares of the difference between the observed and
calculated structure factors,‘Was used to refiﬁe the
positions of the atoms in the cation and the chlorine atoms,
together with the isotropic thermal vibration parameters
(temperature factors) in the space group P I. This reduced
the R-factor (Chapter II) from 0.39 to 0.12.

A Patterson function was then calculated using hkO
data. From this function the x coordinate of the chlorine
atoms could be found, the y coordinate having already been
determined above.

The Patterson function again showed the chlorine
atoms arranged centrosymmetrically about the rhenium
atom (Figure V). The electron density was calculated in
the space group P 1 using the hkO data with the rhenium
at the origin, the signs of the structure factors again
all being positive. The plot of the electron density is
shown in Figure VI. With the y coordinate from the Ok%
refinement, the x coordinate of the atoms in the cation
éould be found. The x and y coordinates and the temperature

factors were refined by least squares and the R~factor for


http:functi.on
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Figure V Patterson Function (hkO0)

One half cell of the Patterson function projected
onto the (hk0) plane. The contours are drawn at'arbitrary

units.
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Figure VI Electron Density (hkoO)

One half of the centrosymmetric electron density
function projeéted onto the (hko0) plane.° The contours
are drawn at intervals of 1.5 electrons/Az. The rhenium
atom is at the origin and the position of the chlorine
atom is given by the symbol X. Where the contours are
too closely spaced to be drawn the'area.is shadéd. The zero

contour is drawn at 3.5 electrons/Az.
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this projection dropped from 0.19 to 0.12.

Difference syntheses using the Okf2 and hkO data
with the cation and the chlorine atoms removed, showed a
large smearing of electron density around the chlorine
atom in the position where the oxygen atoms of the
perchlorate groups were expected. It was, thus, difficult
to assign coordinates to‘these atoms. Two peaks, however,
were sufficiently resolved that they were assumed to be two
atoms., ABy placing an atom at the centré of each of the
peaks, the position of the other two oxygén atoms was
calculated, assuming that the anion would be tetrahedral.

Using all of the three dimensional data, further
refinement was carried out in the space group P 1. All of
the atoms except the hydrogen atoms were © included in
the model of the structure. R dropped from 0.29 to 0.13
when the anisotropic temperature factors and atomic positions
of all these atoms were varied. A table of the coordinates
at the end of this refinement is given in Table III and
a list of observed and calculated structure factors is
given in Table IV.

If the structure is indeed centrosymmetric, the odd
hydrogen atom would have to lie on a special position, as
mentioned above. Since the rhenium atom has been chosen
at the centre of symmetry at the origin, the odd hydrogen
would lie on one of the seven remaining centres of symmetry

in the unit cell. If the disfances between two atoms



Table of Atomic

Table

II1T1

Coordinates and Temperature Factors

~ Species X y z Bi1 Bos B3, B12 By3 By3
Re 0.0000 | 0.0000 | 0.0000 ] 0.0296| 0.0086 | 0.0060f 0.0012 | 0.0060| 0.0026
. (10) (2) (3) - (3) (7) (2)
Cl . 0.1650 | 0.0336 { 0.7220 0.0511} 0.0116 | 0.0128/ 0.0018 [ 0.0156| 0.0044
- (22) (9) (13) (45) (9) (13) (19) (40) (10)
0(1) 0.776 0.136 1 0.084 0.034 0.022 0.015 0.005 0.015 | 0.003
(5) (3) (4) (10) (4) (5) (6) (10) (4)
N(1) 0.238 0.242 0.111 | 0.045 0.013 0.012 0.604 0.604 0.003
(7) (3) (4) (13) (4) (5) (7) (12) (4)
N(2) 0.207 0.005 0.029 0.084 0.041 0.007 | -0.021 0.021; 0.016
(9) (5) (3) (25) (8) (4) (13) (19) (5)
C(1) 0.349 0.303 0.305 0.051 0.012 0.011 | -0.001 0.007; 0.004
' (8) (4) (5) (16) (4) (5) (8) (15) (4)
C(2) 0.450 0.139 0.350 0.037 0.018 0.006 | -0.004 0.019; 0.004
(7) (4) (4) (15) (5) (5) (8) (13) (4)
0(2) 0.011 0.209 0.540 0.079 0.070 0.022 0.007 0.039. |-0.012
(9 (6) (6) (23) (12) (9) (14) (17) (9)
0(3) 0.243 0.501 0.743 0.104 0.043 0.095 0.007 0.091 0.032
(9) (5) (8) (3) (9) (21) (12) (21) (11)
0(4) -0.038 0.374 0.818 0.107 0.024 0.030 0.020 0.044 0.016
(8) (4) (5) (23) (6) (9) (10) (18) (6)
0(5) 0.340 0.242 0.802 0.134 0.059 0.057 0.041 0.04537 0.042
(11) (6) (7) (3) (11) (15) (18) (25) (12)

The quantities

in brackets indicate the errors in the last figure.
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Observed and célculaped Structure Factors

F(OBS)
16492
20485
48426
33.01
48614
8734
36611
26481
41.23
40640
60465
55465
30603

118492
99426
14654

100457
91.28
31le46
44409
3527
28484
25438
32.89
47466
2le24
40440
62.80
3194
44480
65406
39480
25e74
3754
30615
43426
35439
5136
54646
30498
34491
33472
2240
32.89
31.10
30462
20¢14

C 24407

44445
30627
35439

43402

H

FICALC) SIGMA

23476
27428
48401
34466
454,08
TO0e65
32404
28455
40480
44466
54486
506402
33610
93,05
9624
13430
81438
8537
2792
43445
36486
3183
30673

36480

42451
50405
38495
5505
32468
5223
60437
4197
26405
42445
28442
41435
36624
45643
47475
35.21
36610
3150
24617
34490

34494

29438
23478
16485
36401
31496
34647
39450

2¢14°
2062;
4477
3.22!
3669
6e55]
2.74‘
286"
3622
512
4e53
417
298
8e94
7439
1e55
Te39

" 6679

2438°
3634
2e74
2e 74
2.38?
3.22f
3457
393
4405
He 17
3422
Lell
655
2498
2450
369

2498

3622

262 .
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2164
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F(OBS)
22464
17.28
2%.74
18647
18¢47
24419
23436
11l.16
19461
2529
24632
44469

. 29495

36494
59426
25457
21.61
38429
23489
28449
61426
45482
54400
93,32
54400
83485
26487
54406
56406
30498
36467
37432
20453
18485
19466
18409
41438
23499
21461
52438
49,07
1771
70.85
93411
15476
6765
45434
30460
46426
42457
19.28
28406

F(CALC) \SIGMA

26693

18485
26859

18412«

23473
24466
2493
13,57
25461
2376
27428
48401
34466
45,08
706465
32.04
20443
36406
24456
24.73
58466
39453
55415
109+84
49,450
90490
264,71
52480
55495
3l.18
34493
33424
18451
184,01
21432
18.04
38.16
25496
23.07
53415
5045
18.18
Tlebd
99416
12441
7381
47453
29419
46426
41433
19457
26491

2426
179
P62

‘2¢50
2050'

3e22
286
103
200
3420
1e52
282
152
1.84
298
125
2¢17
2482
le73
2011
3490
227
4406
.18

" 4406

Te31
1468
2671
2482
1490
249
2433
195
190
2000
184
260
1e46
le4l
2¢60
2644
0«92
5420
8.12
103
5409
2027
1657
287

2065

1657

179 |
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0 4
0 5
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F(OBS)
2551
10.35
959
2334
30.87
17.28
38473
51667
24437
51le46
63.97
59.20
92429
6711
31463
6153
47483
28617
35475
35415
2297
20485
21e34
19439
3759
32439
20491
52486
45412
49434
T4e91
73677
72469
65492
3le47
37475
54,38
39.00
26622
34450
21450
9415
18469
20415
17612
38478
29.14
2925
59453
43471
48615
64¢24

‘TABLE IV (Continued)
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F(CALC) SIGMA'

26467
12422

9469
22468
28405
15694
3756
49454
19469
49443
61e63
57472
93460
58406
30665
57417
48,421
26478
33419
33430
21451
20409
17433
16469
27437
27466
19495
49418
43480
44487
71489
73627
6723
6486
29453
34484
52474
38433
24461
31417
20489
10.93
20418
17445

16s44:

34400
25484
29450
56486
42.18
45416

62401

195

097

0697

1.79

195

1e35°

238

3425.

3.03
255

4401

3468
693
504
1657
3468

1¢79.

2622

2622

1673
1e57

" 1leb62
200
2633

2.00

1035:
265

222
2049
3695
5652

5¢36,
4el2
3495
2438

3e41
2044

1e62

217
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0e92
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1.68
4482
1¢84
184
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3425
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4482
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F(OBS)
34483
30433
54465
45455
26427
34412
28492
18490
1793
11.16
23.29
17439
23.13

40446
28454
27424
46453
43417
38424
40484
31469
30493
37.81
25467
22432
25489
14473
11.70
1771
23494
20,04
30444
37464
20469
41449
53408
31463
28454
40430
26481
26432
30482
19450
21499

11.70 ’

21423
2871
22.10
31463
43,66
32417
31469
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F(CALC) SIGMA

3582
26496
B%e24
45464
26403
. 33612
25413
18.00
20.10
1317
23429
17459
21642
37.28
25458
2544
40499
40,499
36446
41632
3le21
28461
35624
24016
22667
27482

17400

13.19

18460

22467
17433
28420
33011
2462
40405
5085
28454
26407
38425
26627
27644
31465
19.90
19647
1246
20407
27627
22431
31613
41.23
31461

32455

2017
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Be&l
282
1468
255
2e11
190
1635
108
1e73
179
276
3403
217
206
3647
3e25
2487
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238
233
2482
1695
162
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le&l
lelé
2e¢11
184
200
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282
206
309
4401
238
217
3403
1495
200
2¢33
2.00
le62
1014
190
217
1662
2438
3430
2438
2438
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F{0BS)
50625
45424
19.74
24434
1637
18.64
63.94
82427
5534
55641
4773
2374
32.06
16483
15471
19445
26408
59459
65099
34484
25452
42692
25468
18469
23479
55460
48e24
5130
37.03
2402
38.11
22454
27«64
30.82
1766
41436
38449
25430
43.80
44422
17456
15433
21466
15416
48404
34425
19.13
31le47
24453
17449
21495
15629

- TABLE 1V (Continued)

F(CALC) SIGMA

5613

48455

20617

25434
12.81

1731

546404
72476
5067
5655
41448
23405
29469
19,99
14621

1751
25465
54452
68409
34454
26488

406469
27626
15426
21.78
48475
48452
45421
31671
25469
38639
22419
26496
26498
14.90
36047
40,88
29497
47.79
45467
22428
22409
26461
15467
41455
31.29
22627
32455
24400
17.01
22453
15694

Te24

5666

2453
3.11
217

6eltb !

8616

.5059;
548
4e96

3.02.

4406
2,10

263

2elb

2470

5¢95

6e64
3448
3423
4629
3e27
2042

305
5647

4482
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3670
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3481
2626
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3e74
3485
2¢53
4438
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F(0BS)
36434
- 23407
3087

33.91

23462
23451
19.55
17.01
16e74
22486
25435
20464
28487
2990
20491
26465
2757
23424
26470
18463
10.94
16474
13443
19.44
20420
17449
26432
22415
13454
23418
20474
11454
16479
16425
2297
20469
16436
18479
15476
96445
70617
48487
55e49
42460
3173
30647
17465
19,00
10431
66470
30637
26405
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F{CALC) SIGMA

3732
25444
30459
34672
24400
2372
21484
16420
17431
23490
24494
20448
2794
29439
21426
28620
28672
22496
27460
20459
1316
16629
13443
20420
20643
17.18
26482
23409
l4.67
22496
20642
13455
1650
15446
2212
2112
16491
19445
17.21
100467
67e71
4553
54659
23408
34482
30429
1527
16692
10646
74478
33416
24466

2476
173
227
255
1e79
173

.1e46

1.30
1662
1.68
1.90
2.06
2.11
2622
2.06
2406
206
179
200
le84
1.08
l1e25
1¢35
1.84
2400
179
195
le73
1e30

1e73

le52
1e19
1¢19
N0e81
1468
1e52
1e62
1¢35
1652
9.68
7.08

4488
555

"4e25

3.08
3404
221
236
le32

beb2-

3403
3626




(IS SN T N I N B A : ]
NN NIN N N RNIN b o bt 2 b s b b b b e ot et b ped b el et AT A AR OV R\
I

[ S S U N N I N Y N |
£EPLPPPEPEPPLPPST

-

NOUPUNHOOV®NOUVPWNHCRA

L

F(0BS)
32401
4511
33405
23499
31.88
20482
16459
23420
13.13
13.89
33447
23483
23.04
2740
14625
17.18
1276
13443
51667
5542
55440
46081
26496
34489
2153
12.51
19.11
73407
53.06
5710
34444
1659
29448
22490
18462
22410
75485
53.18

7884

49462
47486
48451
22402
18467
24489
15455
38479
37465
52468
23672
2773
31619

ABLE IV (Continued)

FICALC)

29405
39484
29022
2191
28647
19474
15,10
20632
15416
12.88
28401
2231
23.16
24485
13,18
14439
15.58
10.63
50451
5333
5396
42498
26694
33429
22473
15.07
17«56
68459
47418
6195
38458
l4e54
33459
27.88
18423
1946
80413
5332
T6e45
49 ¢ 46
43.94
49,00
2243
20430
25615
13.76
37.58
44 485
58403
2764
26428
35611

SIGMA
4004f

bebb
4e12
305
3699
269
2407
298
3.27
3.47
4418

2497
2.95

3.42
2438
2415
3.21
3635
5¢13
554
538
4468
3637
4e36
2677

“1e57

2639

Te2T

5430
840
36453
2e14
2495
2694
2el2
3632
758
5e29
Te91
4491

4eT2
4453

2674

233
3.18

260
3.83
370
5626
3.01
3451

3,90
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F(0BS)
17.87
29498
6341
37.38
19.77
3le15
2331
25425
12.19
20672
36455
31l.34
38.92
34472
16.68
2936
20.91
12,01
36642
33.18
38435
17.08
16,60
26432
11.99
1570
28495
29458
2744
16.08

20,09

22480
1214
21462
16465
15454
16432
45,86
98,441
38462
22487
41417
21le11
24467
26457
79.07
85.91
37.00
43,77
43445
28447
39423

46 -

F(CALC) SIGMA

17435
2927
6739
4020
16.18
31.83
27.68
1624
23468
15.21
36e47
33.18
43.47
3722
2266
30.98
22419
12.03
21.02
31.00
38415
1845
20485
23410
1559
16.64
29.05
26411
26419
17.80
20438
22464
144,82
14.04
22448
18.13
1734
3799
82472
34407
22439
39469
2244
19.88
22430
68436
T1le26
23.89
4184
47429
29422
35437

233
2099
635
3673
2647
3493
233
2052
3.03
270
366
3.13
3.89
3647
2.09
294
269
3.01
3.65
3e32
3.84
2414
215
3435
299
2663
3461
370
3642
209
2659
286
3402
2476
216
le94
204
4e37
9440
3486
3643

381"

352
3652
380
Bel&

8e48

3.22
4e2]
4elh
2+84
3e¢27

e

ot
[



TABLE IV (Continued)

H K L F(OBS) F(CALC) SIGMA: H K L F(0BS) FI(CALC) SIGMA
-1 8 =2 2296 28485 3427 4 8 =2 17.07 17464 2485
-1 9 =2 18473 16488 2¢34 =4 0 =2 30,88 30491 3,08
-1 10 =2 22450 18.78 4451 =4 1 =2 28450 28665 3429

2 0 =2 117¢54 105405 11473 =4 2 =2 21402 2111 3.C0

2 1 =2 34458 30e72 3e40 =4 3 =2 32.38 29462 5¢06

2 2 =2 35477 35.76 373 =4 4 =2 2766 24457 2651

2 3 =2 68428 59493 6e88 =4 5 =2 1735 16486 2418

2 4 =2 69447 6772 HeB3 =4 6 =2 24,401 20417 3442

2 5 =2 32443 29449 3,69 =4 T =2 16452 15460 2.76

2 6 =2 44405 46652 518 5 0 =2 2271 21423 e84

2 7 =2 36671 33,51 4459, 5 1 =2 19.69 19436 3428

2 8 =2 154368 15435 256" 5 2 =2 28426 28435 3454

2 9 “2 21038 20096 4027 5 3 "'2 22016 21.92 3017

2 10 =2 14652 1703 3,61, 5 4 =2 2125 18430 354
-2 0 =2 42461 44415 4418 5 5 =2 234,96 19456 3e43
-2 1 =2 69491 33,80 6e89 =5 0 =2 2006 18401 4402
-2 2 =2 38.78 58457 369 ~5 1 =2 23456 22416 3e36
-2 3 =2 41469 36463 4e27 =5 2 =2 12462 14481 3416
-2 4 =2 46401 42409 4ol =5 3 =2 15466 13.86 2662
-2 5 =2 33485 47481 3,08 =5 4 =2 18449 15655 2431
-2 6 =2 24458 32457 2e46 6 1 =2 22,15 15412 3470
-2 7 =2 28.98 23419 3.62 6 2 =2 20645 16463 4409
-2 8 =2 17498 25621 2624 1 -1 -2 15459 1784 leth
-2 9 =2 13462 16.76 3642 1 =2 =2 49,79 43,74 6e30

3 0 =2 61e45 6106 6e21 1 -3 =2 45417 48451 4ol

3 1 =2 37456 3731 3.85 1 ~4 =2 36627 43492 3454

3 2 =2 55412 5199 558 1 =5 =2 46495 50042 4488

3 3 =2 50627 49490 639 1 -6 =2 30463 30456 3e4l

3 4 =2 28.83 26485 3¢40 1 =7 =2 19.57 16.90 326

3 5 =2 34442 32427 3428 1 -8 =2 26627 25454 291

3 6 ~2 34425 36617 380 ~1 0 =2 57459 5656 5468

3 7 =2 22495 1920 3427 =1 =1 =2 76.04 81.01 Teb4

3 8 =2 16412 17485 2667 ~1 =2 =2 34,78 35,92 . 3436

3 9 =2 19.91 20479 248 =1 =3 =? 30467 29472 3426
-3 0 =2 44473 44401 4036 =] =4 =2 38488 45447 3479
-3 1 =2 30611 28453 3¢17 =1.-5 =2 23457 26478 196
-3 2 =2 424,98 39413 4452 =1 =6 =2 21433 24494 2467 .
-3 3 =2 44481 43467 4460 =1 =7 =2 34415 31402 4402 -
-3 4 =2 31.77 28e33 36452 =1 =8 =2 27409 1750 3402
-3 5 =2 2735 2761 3e42 =1 =9 =2 16694 11671 2483
-3 6 =2 36046 28445 3484 2 =1 =2 68428 57408 6e74h
-3 7 =2 17.78 17.02 2622 2 =2 =2 60622 54419 596
-3 8 =2 18492 19.38 2037 2 =3 =2 56373 55451 5459
-3 9 =2 20411 19.61 2¢52 2 -4 =2 37662 36689 2476

4 0 =2 49479 44400 4e98 2 =5 =2 36453 33404 3465

4 1 =2 37.28 37440 3499 2 -6 =2 32425 33,28 3440

4 2 =2 39435 31439 3693 2 -7 =2 14409 14458 2e34

4 3 =2 2579 26493 3022 2 -8 =2 21.76 21e45 3462

4 4 =2 15.60 14434 1695 2 =9 =2 25448 20642 3465

4 5 =2 29.70 28458 3443 =2 0 -2 40440 44415 4404

4 6 =2 2762 21696 2676 =2 =1 =2 56478 6le51 5073

4 7 =2 22473 15¢40 -2 =2 39414 42497 3484

3.79 =2

i
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L

F(oBS)
3777
37.72
23.15
27471
35.87
236,06

17456

6079
58.82
43440
48468
23440
24467
34480
l4.67
37.81
37«44
2230
30.03
28473

21l.16

19.26

16406
39.19
10697
34430
27492
1096
23457
20403
26488
14427
14485
25.91
14433
15423
13422
18472
32.14
17.01
21425
11461
14465
12443
66487
50665
22457
38489
14496
24471
26458
97432

TABLE IV (Continued)

F(CALC)

41409
40612
22453
23409
20.61
12463
14481
61406
51637
35484
47408
27400
23469
33452
1797
444,01
37457
21645
31.08
29430
19.58
2070
1582
39459
14432
34461
25406
14,95
24409
2137
30691
1576
17.69
2546
17.13
15446
1577
19.74
27«64
17.15
18.01
13482
1803
13493

61e63

49443
19469
3756
1594
28405
22468
79494

STGMA

3488

3¢54

2432
3,47
3.17
3,84
2494
6408
5488
4435
5402
2470
3.08
3448
2445
4405
3494
2479
3.16
2488
3,03
3,84
2466
4419
1.82
3495
2479
2472
b4eti2
4402
2469
1479
1486
2436
2439
2455

3428
3,12
3402
2413
3.04
2489

2.45 .

3413

Belits

4487
2482
4487
2449
3418

12423

H
-1
-1
-1

1

1

1

0

1

1

1

1
-1
-1
-1
-1
-1
-1

2

2

2

2

2

2

2

2
-2
-2
-2
-2
-2
-2
-2
-2
-2

3

3

3

3

3

3

3

3
-3
-3
-3
-3
-3
-3
-3
-3

4

4
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1

FLOBS)
59,86
62449
62.05
63.78
67452
36425
47646
45427
17.79
21421
3245
30.78
36682
44469
24494
25412
22475
29.74
51le94
6le4l
48413
36494
24463
28411
23446
5175
39,22
29407
46464
41,03
28490
34432
25.98
17.00
L6478
62492
48420
28467
45450
31.19
22490
2275
30480
38.85
28452
33443
34,495
19439
20648
23476
52435

F(CALC)

46485
5643
63496
56647
65491
36436
49454
45457
18.78
20.81
28454
26403
32405
44045
20622
17.82
22440
21632
49464
60.11
37«14
36408
25451
2783
22424
46458
39612
28430
47487
38672
25420
31l.31
2476
15425
39450
55674
46442
25430
48428
31401

2567

22697
26445
3581
30622
32428
3le77
20435
1724
20645
47459
55466

48

SIGMA
584
6¢25

6033

7497
6075
3463
LeTl
4452
2432
2465
4406
3484
Le60
A
3.1l

3e23

296
297
5020
6e24
4482
Leb2
588
351
2692
5018
392
3468
4466
4e11
3466
4e 29
3e24
283
Le68
635
4682
2487
4455
3.95
295
2084
3489
4489
3e56

“4Lel8

4e37
2452
2066
2097
533

569
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F{0BS)
25481
33408
32490
19.50
18452
22442
30455
21601
17456
25465
18.87
1152

24465

11487
32451
18411
16442
23.21
23.39
20453
16424
19.24
30,04
52483
44410
2507
33452
32467

. 21.91

18.16
39449
40458
53462
3797
23479
30647
18.32
3297
50.18
57«18
32606
26403
3232
24468
17.14
51498
5786
36400
38405
38481
23439
28412

'TABLE IV (Continued)

i
i
1

i
1
i

F(CALC) SIGMA
3423

25418
29452
29.98
1553
19.93
21457
26431
21.84
17.85
22,10
17.70
25482
264424
15.13
29.81
17436
14450
17.58
1765
15.08
16494
1741
30465
57417
48421
26.78
33419
33430
21451
20409
33446
48456
58475
42459
27442
30437
17.84

36616

52617
70499
34409
24615
37448
24455
17.83
52459
7504
39420
L44467
38.69
20458
3le72

4ells
4ell
2452
2432
288
4011

2463
2420

3.20
2634

2.87
3415
2497 .
4,06
2627

2473
290

2493 |
2456

2.72

241
3400

528
4ebl
3e14
3436
4412
2482
2427
5400
410
526

3480

3.01

3486,

2637
322

5009
5.80.

3.20

329
4409
3609,

214

6652
Te24.
3460
395
3497
292
351

L

F(OBS)
24486
37455
4243
46014
45490
26486
32426
22.08
31.67
7054
36647
32435
37.66
1750
15.71
24425
24474
34441
21.11
18495
29483
144,39
12.66
15463
3773
33651
18463

32465

24440
1670
20419
22451

. 22406

1537
18.10
14486
16469
29426
1494
1772
14463
16647

49

F{CALC) SIGMA

23e14
33672
5827
48.18
19431
2913
27469

18452

2724
8le42
39.47
34476
35462
1701
2184
2708
24672

31.88

22483
23456
28494
1732
13426
20469
39470
3GCe89
18483
30438
23499
18.08
21019
21.70
21404
16475
1877
1691
19,89
30664
19¢44

19.94.

19.07

16657

3.18
3675
4418
4461

4677 -

3.39
4404
2677
3629
877
3465
3.23
3677
218
196
304
3613
345
264
2e43
3.78
240
3.16
196
3677
3e34
233
4011
3405
2409
2463
282
282
1491
2036
247
210
3670
187
229
245
206
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lying across a centre of symmetry are such that a hydrogen
bond could exist, it is possible that the hydrogen atom
kis at this special position. However, at this stage in
the refinement there were no pair of oxygen atoms found to
be closer than 3.2 X and no pair of nitrogen atoms closer
than 3.8 X across a centre of symmetry. These distances
are too large to represent a hydrogen bond and it must be
concluded that the hydrogen atom does not lie on a special |
position and that the space group is P 1. |

A further indicétion that the structure is non-
centrosymmetric is found in the anisotropic temperature
factors of the perchlorate ion, (Table III). The large
anisotropy in the motion can be interpreted in more than one
way. One is that the anion is librating, another is that
we are observing the centrosymmetric average of two crystallo-
graphically unrélated(Cqu'broups . It wiil now be shown
that both these physical situations will give rise to almost
identical x-ray diffraction patterns.

In general for an atom at a position r with a
temperature factor given by 6, the trigonometric part of

the structure factor will be given by

F, = exp(2rig°r)exp ©
Let us assume that we have an atom at x centrosymmetrically
related to another at -x. The temperature factor will be

the same for both. Writingv

MILLS MEMORIAL LIBRARY
MCMASTEF‘ cre '_f' 1ToQlTY
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n = 2m8°Xx
F, = exp(0) {exp(in) + exp(-in)}

= 2 exp(0) cos (n)

If, on the other hand, there are two atoms at x + § and
-x + §, where 6 << 1, each with a temperature factor exp(e')
then |

F, = {expl2mise(x + 8)]1 + expl2nis-(-x + 8)1}exp(o")

2ris+Xx as before

setting n
and A = 2nig*§
then F, = 2exp(0') {cos(n) }{cos & + i sin 4}

§ <«< i, A.is small and cos A > sin A.
Thus, in summing over all the atoms in the unit cell, the
real part of the structure factor will be much larger than
the imaginary part} and the modulus of F, will be almost

2
equal to the real part, that is,

‘

|F,| =2 exp(0') cos A cos n

thus
|F1| = |F2| if exp(0) = exp(0') cos &

Both these functions can be expanded in power series of s2.
Over the limited range of s accessible to measurement and
recalling that A is small, it is possible to set these two
functions equal within the accuracy of the available
measurements of F. Thus it is not possible to distinguish
betweeﬁ the two situations.

A possible set of atomic positions for the oxygen

atoms of the anion were calculated for a noncentrosymmetric
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structure. It was assumed that the Cl atoms were not
displaced from the values given in Table III and that the
(0104)_ ions were tetrahedral but both rotated in the same
sense about a direction almost parallel to [110] so as to
destroy the centre of symmetry. - The extent of the rotation
was determined by displacing the oxygen atoms from the
values in Table III by the amount of the RMS displacement
indicated by the anisotropic temperature factors. These
positions and anisotropic temperature factors for all the
etoms, except the oxygen atoms of the éerchlorate ions,
were :efined by least squares in the space group P l. The
R-factor dropped from 0.13 to 0.12, but this was not felt
to be significant, considering the large number of |
additional variables which had been introduced in going
from space group P 1 to Pl.

Because of the small contribution of the i@eginary

part of the structure factor, in all cases | |F

Fpyl = IFp3l
was much less than the standard deviation ' in the intensity
measurements, The refinement could not be, therefore,
carried further. The structure appears to be pseudo-

centrosymmetric.



CHAPTER IV

DISCUSSION

Environment of the Rhenium

When refined in the space group P 1, the rhenium
atom is surrounded by a distorted octahedral arrangement
of ligand atoms, Figure VII. The interatomic distances
and angles are given in Table V. The oxygen atoms,
related through the centre of symmetry at the rhénium,
have a bond length of 1.84 X. This is somewhat long for a
double bond such as is found in the compound Re03Cl, where
the Re-~O bond length is found to be 1.76 X.lgThe nitrogen
atoms of the ethylenediamine ring 1lie almost in a plane
perpendicular to the Re-O direction, as can be seen from
the angles in Table V. The distances of the nitrogen

o
"atoms are for Re-N(l) and Re-N(2) 2.16 and 2.11 A respec

tively. These lengths can be compared with the Co-N
lengths of 1.98 and 2.00'§ found by Nakajara, Saito and
Kuroyazo;zin [Co(en)2C12]+. The radiusyof cobalt
is expected to be smaller than that of rhenium and, this
is reflected in the differences in the bond lengths.

The Re-N-C angles were found to be 109 and 113°
. for N(1) and N(2) respectively. This can be compared to
thé.equivaleqt angles of 108 and 110° in [Co(en)2C12]+. In

the rhenium complex the angles are significantly larger and

- 53
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Figure VII
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Table V

Bond Lengths and Angles

Cation
Bond Distance (g) Atoms Forming Angle (degrees)
Angle
Re~0 (1) 1.835 (29) 0(1l) -Re=-N(1) 88.4 (1.2)
Re-N(1) 2.163 (33) 0(1) -Re=N(2) 89.8 (1.7)
RerN(2) 2.112 (20) Re-N(1)-C(1) 109.1 (2.2)
N(1)-C(1) 1.504' (33) Re~N(2)-C(2) | 113.1 (2.5)
N(2)—Ci2) 1.58 (6) N(1)-C(1l)-C(2) 109.2 (2.3)
C(1)-C(2) 1.570 (47) N(2)-C(2)-C(1) 101.6 (2.7)
N(l)-Re =N(2) ‘ 80.3 (1.5)
Anion
Cl1-0(2) 1.49 (4) 0(2)~-Cl1l-0(3) 116 (4)
CI-0(3) 1.43 (6) 0(2)-Cl1l-0(4) 105 (3)
C1l-0(4) ' 1.57 (4) 0(2)-C1l-0(5) 109 (3)
Cl1l-0(5) _ 1.40 (5) 0(3)-C1l-0(4) 107 (3)
0(3)-C1-0(5) 115 (3)
0(4)~-C1-0(5) 105 (3)

Bracketed quantities indicate the error in the last figure
guoted
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can be explained on the basis of the size of the metal
atom. If the radius of the rhenium atom is larger than
that of the cobalt atom, the Re-N bond lengths would be
longer than the Co-N bond lengths. Also, since the
ethylenediamine ring must remain approximately the same
in both complexes, the larger radius of the rhenium would
make the Rg-N—C angles larger than the Co-N-C angles and
the N-Re-N angle smaller than the N-Co-N. The angle
subtended at the cobalt atom in the complex [Co(en)2C12]+
was 89°. The same angle in the rhemium complex is 80°.

The carbon atoms are in a puckered arrandement
around the ring with the N-C-C angles of 109° and 101°,
The latter appears to be significantly different from the
expected tetrahedral angle. The N-C distances found were
1.58 and 1.50 X. The former distance is considerably
larger than the N-C distance of the cobalt complex of
1.48 K. Unfortunately, the standard deviation is very large
and thus, the distances could be considered to be in
agreement.

The C-C bond distance in the rhenium structure of
1.57 3 agrees within experimental error with the C-C bond
distance in the cobalt compound of 1.55 X. The cation
structﬁre‘can, thus, be considered to be composed of a
pair of puckered rhenium ethylenediamine rings,with the
rhenium and the nitrogen atoms lying in the plane perpendicular

to the Re-0 direction. The first neighbour atoms form a
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0
distorted octahedron at distances of 1.84, 2.16 and 2.1l A,
centrosymmetrically related through the rhenium to the other
members of the cation.

Structure of the Anion

The structure of the anion cannot be considered as
accurately determined because of the large anisotropic thermal
vibrations found during the refinement. This, as stated
earlier,‘can be attributed to either a libration of the ion
or to the averaging of two crystallographically unrelated
(C104)- groups. It is interesting to compare the average
bond length and angles found in the centrosymmetric structure
with the equivalent distances and angles in hydronium per-
chloratez;.ln the presentbétructure the average bond distance
is 1.47 K with a standard deviation of 0.05 g, and the average
angle is 109° with a standard deviation of 3°. 1In the

o
hydronium perchlorate the average distance is 1.46 A with

a standard deviétion of 0.0I,Z and an average angle of 109.60,
with a standard deviation of 0.3°.

Although the structure is not completely determined,_
‘it is possible to speculate on which of the two structures
proposed in Chapter I is correct. Both Re-0 distances are
here the same, but this is because the refinement was
carried out in a centrosymmetric space group and does not
reflect the true structure of the complex. If the model D

(see Figure I) were correct, we would expect bond lengths

o ,
of about 1.8 A, with a large anisotropy in the temperature
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factors of the cation oxygen atom, along the Re-0 bond
direction. Although the length of this bond is 1.84 X,

the temperature factors are not very anisotropic and what
anisotropy there is, appears as an elongation in a direciibn
perpendicular to the bond.

If the structure, H, were correét, no anisotropy
would be expected but the bond should be 2.0 2, much
larger than observed.

‘Another possible structure which could exist is one
in which the odd hydrogen atom has migrated to the cation
and the compound could be formulated as [ReOz(en)2]+(ClO4)-
(HC104). This, however, is unlikely since this arrangement
would require that perchloric acid should crystallize out
of solution in an unionized form.

There is also the possibility that perhaps the odd
‘hydrogen atom is no£ present at all but, as discussed in
Chapter I, this seems equally unlikely.

Thus, the dispute has not been resolved and nothing
definite can be said about the bonding in this complex.

The inaccuracy in the intensity measurements is
one of the major factors in the difficulty of refining the
structure further. The error in the intensities would
have to be of the order 6f-l to 2% for the imaginary part
of the structure factor tq be detectable. At present, the
best accuracy which can be attained is of the order of 5 ﬁo

7%} which is not sufficient to remove the ambiguity.
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Anomolous dispersion in the rhenium atom could

provide a way out of the difficulty. In anomolous dis-

persion the scattering factor for an atom has an imaginary

component.

The structure factor for a particular value of 8

is given earlier as

F(s) = I f£f. exp(2nis*R,
= 3 J - =J

)

(20)

If the scattering factors of the atoms are complex the
Ve

structure factor takes the form

F(s) =& (£ + if.I)exp(znigygj)

3 J J

(21)

where ij is the real part and ij is the imaginéry part

of the scattering factor. If one atom, in this case, the

rhenium atom, is at the originrand is the only atom for

which the condition‘fjR >> ij is not true, then (21)

becomes

R if

Fls) = fRe Re

L

+ I £, exp {2mi(s°R,)} (22)

where % runs over all atoms of the unit cell except the

rhenium atom. The intensity is written as I, which is

*
proportional to FF and

* _ LR LI e R _, I
FF = [fRe+1fRe + i fz exp(2ris Rz)][fRe if

rewriting (23) in the form

!

Re

+ I exp 2wis-R 1 (23)
m

R cem I e
F(s) = £, + I cos2ng°R,. + i[fp + I sin2ng°R,]. (24)

L. '

L
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and setting in (24)

Re
t £, sin2ss°R, = C
L

(23 becomes)

2,.3B8+0?2

I(s) = F(s) F (s) = (A + iB + iC) (A '+ iB - iC) = A
For the reflection corresponding to the reciprocal lattice
_ point -g
I(-s) = (A + iB - iC)(A - iB + iC) = a2 + (B - ©)2 .
In Fhis case Friedel's law breaks down, that is to say,
I(s) is not equal to I(-s). Further I(s) - I(-s) =
§e+zf2 sin 2w§°§2 . .It is possible that this might
be observable. For a typical reflection (055), A = 54.5,

4BC = 4f

B=7.9 and C = 8.2 for MoKa radiation so that

I(s) = (54.5)2 + (16.1)2 = 3259

I(-s)= (54.5)% + (0.3)2 = 3004
Thus, the difference in intensity which is of the order of 9%
should be observable.

Since the x-ray interaction with the odd hydrogen is
small compared to the remaining atoms, a large error in
intensity measurements masks ‘the contribution of this atom.
As a result its position cannot be precisely determined by
x-rays. However, hydrogen is an appreciable scatterer of
neutrons, and since the other atoms scatter in proportion
to Zl/3 for neutrons, as compared to Z for x-rays, it is

o~
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quite possible that neutron diffraction techniques could
locate the hydrogen atom positions. The result of this
experiment would be that the hydrogens of the ethylenediamine
rings, as well as the odd hydrogen, could bé accurately |
located and the dispute as to the correct structure of the

cation would be resolved beyond doubt.
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