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. SUMMARY
Chapter I reviews relevant structural knowledge
of compounds containing mercury (II). Much of this
material is to be found in a review by Deacon (1963),
and will appear in a review by Grdenic (1965).
A detailed desoription of the solution of the

structures of dichlorobisthioureamercury (II),
didbromobisthioureamercury (II) and dichlorobisphen-
oxathiinmercury (II) comprises the first parts of
chapters 2, 3 and 4. The structures are described imn
2.2, 3.2 and 4.2. 4.3 discusses the implications of
the structure of dichlorobisphenoxathiinmercury (11),
and suggests an explanation for its visible ébaorpticn
spsctrum.

In chapter 5, a general discussion on the
structures of mercuzj (II) complexes is presented. In
@he light of recent investigations, a useful way of
rationalising the complicated co-ordinating habits of
mercury (II) is illustrated. Consideration df the
structures elucidated in this thesis falls naturally
within this discussion. | |

| Chapter 6 deseribes the solution and structure
of the compound (CgHs)s ASBrsI. The structure is not
yet refined, and only & brief discussion is given.

The éppendix sets out the main equations and the

method of solution used in this thesisa.
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CHAPTER I

THE STRUCTURES OF MERCURY (II) COMPLEXES



1. IHE STRUCTURES OF MERCURY (II) COMPLEXES »

Zn2*, cda2*, Hg2*, Cu*, Ag* and Au* have complete
d shells. Consequently, the stereochemistry of their
compounds should, on a simple ionic theory, be
determined by the size and charge of the ions. In
particular, the larger ions should exhibit higher
co-ordination numbers.Ag+ and Hg2+ are exceptionalg
however, in displaying & marked preference for twoe
fold co-ordination, or rather structures in which two
ligands are cloaély bound to the metal, and four others
are situated much further away, completing a distorted
cctahedron. '

In this thesis attention is directed to the variatiozn
of co-ordination and stereochemistry of mercury (II)
complexes with ligand types. The experimental work
described hers, is part of a broader programme, staried
in this laboratory, and continuing elsewhere.

Apart from the solitary example of the highly
ionic mercuric fluoride (Wella;lgsz), high co-ordination
is unknown for mercury. Also, no example of completely
ragular octahedral co-ordination has been repbrtqd. |
Fourfold co-ordination is common. In two cases, almost
completely regular tetrahedral co-ordination has been
found. In the mercurichloride derivative of the alkaloid
perloline, (Jeffreys et 31.91965), the Hgle' anion is



quite laolated by the large organic molecule, and has
sufferéd only minor distortions by the cation. In red
mercuric iodide, the HgI42"tetrahadra share edges
(Huggins and Magill, 1927). Halogen bridging is &
general feature in halomercurate structures. In most
other structures containing four co-ordinate mercury,
the polyhedron is extremely irregular.

Compounds, which from their stoicheiometries,
might be expected to exhibit thrgpfold co~ordination,
have been shown to have distorted cctahedral or tetra-
hedral co-ordination. However, some structures
approximating closely to trigonal are known. Structures
also exist in which Hg is closely surrounded by three
ligands, and at a greater distance by two others. 1In
table (A) is given a 1list of some known mercury
structures, with their type of co-ordination and bond
lengths.

Two explanations have been offered to account for
the high incidence of linear structures in thé solid
state. The energy separation between the outé;moat 8
end p shells is greater for mercury than for zinc or
cadmium. It is argued that it is eneraeticaliy more
favourable to construct two bonds using sp metal hybrids,
than four using sp3 metal hybrids (Nyholm,1961).
However, it has also been pointed out that 8 - p



separation may not be great enough to account entirely
for the mercury stereochemistry, and that 4 - s mixing
is important in facilitating the formation of linear
bonds (Orgel,1958).

Deviations from tot:ahedr§1 symmetry in four -
co-ordinate complexes have been attributed to steric
interaction. Branden (1964 (b)) has'commented that
there is a correlation between mercury-sulphur bond
lengths and the co-ordination of the mercury atom in
many compiexea. He has concluded that the averége bond
length is approximately 2.343 when the co-ordination is
distorted octahedral (1linear), and 2.55% when 1t is
tetrahedral or nearly so. In all the structures he has
conaidered, the Hg - Cl distances have remained around
zoszﬁ, and he has further concluded that this bond
length is relatively little altered by co-ordination
changes of the mercury. _

TS - Bonding in mercury complexes is often possible
if the ligand has suitable empty orbitals (Cotton,1960),
and has been evoked to explain the stability oxder
observed for the mercury halides (Ahrland,1956 and
Ahrland and Chatt,1958). If the energy of hydration
of the free halide ions is taken into account in
assessing the relative stabilities of the solﬁtion species,

the order is reversed, and conforﬁs with expectation.



The structural data for solid compounds ars not
sufficiently advanced to enable conclusions regarding
7¢ - bonding to be drawn.



CHAPTER 2

DICHLOROBISTHIOUREAMERCURY (II)



2. DICHILOROBISTHIOUREAMERCURY (II).
2.1 Solution of the Struecture.

The adduct of mercuric chloride with two molecules
of thiourea HgCl, [(NHg)gCS), erystallises in colourless
prisma. A crystal wes mounted so that it could be rotaied

about the direction of its longest dimension. From
oscillation, precession, and equi-inclinétion weissenberg
photographs, it was found to be orthorhombic, with unit
cell dimensions: a = 12.79, b = 5.89, ¢ = 6.443, the lest
axis eorraaponding to the e;ongﬁtéd dimonaion‘of the
crygtal. The unif cell volume is 485.133 ; and assuming
it to eonfain two formula units of HgClg.[(NH:)aCS]e, |
the ealculated density is 2.84 gm.ce.‘lu

‘The conditions governing possibie reflgctions arad
h01 ?r@sent when h + 1 = 2n, h O 0 present when
h =2n, and O 0 1 present when 1 = 2n. Theaé‘conditioaa
satisfy the space grdu’pa 31 and 69, p mn2; and P m 0 &.
They differ bj a centre of symmetry. The numbers of
genersl positions in these groups are four and aight
respectively, and the choice between them is equivalent
to placing the mercury atom and hence fhd,complox on
eifheraone or two mirrpr'planos;‘ In the lowervsymmetry
group, initially assumed, the m(position is (0, y, 3).
Thé‘gtoup has no fixed origin,'and 2 can be chosen

arbitrarly for one atom.



In addition to the systematic absences, the
reflections are weak when h+k+l = 2n+l. These are
clearly reflections to which the mercury does not
contribute, since their intensities decrease more
rapidly with increasing sin @, then do those of the
other reflections. Occupation of the m position, does
not, in general, lead to additional conditions, but if
¥y = 1/4, for the mercury, this atom will not contribute
to the weak class of reflection. when h+l = 2n, the
geometrical parts of the structurs factor are

A =4 cos 21r hx. cos 2+ky. cos 271z,
| B = 4 cos 21 hx. cos 21 ky. ain 21z,
when h+l = 2n+1,

A - -4 cos 2w hx. sin 21t ky. sin 27rlz.

B= 4 cos 21 hx. sin 2t ky. cos 2771z.
when h+13‘ = 2n, and k = 2n+l, h+k+l = 2n+l, and A and B
involve cos(77/2 x odd integer), which is identically
zero. .When h+l = 2n+l, and k= 2n, h+k+l = 2n+l, and
A and B involve sin n 7T, which is zero. Therefore
F =0 when h+k+l = 2n+l. :

Also, when h+l = 2n and k = 2n, A and B 'inv'olve
cosnrt = 1, and vhen hl = 2n+l, and k'= 241,

A and B involve sin (T¢/2 x odd integer) = Z 1, so that
when h+k+l = 2n, the mercﬁry_atom contritutes fully.

Initensity date for the layeré hkO > hk5 were |



eatimated visually from equi-inclination Weisssnberg
photographs, taken with Cu\Ka.radiation (Hh = 1.5418K),

using the multiple film technigue (Robertson,1943) .

The interfilm scale factora of Rossmann (1956) were

used. The layers were placed on approximately the aame
scale by comparison with the reflections of the layer

h 01, which were obtained from timed-exposure, precession
photographs, taken with Mo Ka radiation, (N= 0.71074),
again by visual comparison. Data eruotion was carried
out on the DEUCE computer for the Weiaaenborg‘scrioa,

and graphically for the precession series.

The 444 independent, non-zero reflections estimated,
represent 80% of the total number of reciprocal lattice
points contained in the octant of reciprocal space
accessible to Cu Ka radiation.

Abgorption was rather high ( p = 389.9 cﬁ‘l), and
the data were terminated at a point where many reflections

were still of high intensity. Neglect of errors due
to absorption later resulted in some anomaloubly low
temperature factors.

From reflection conditions alone, the a and ¢ axes
are indistinguishable. They can be differentiated by
inspection of the Patterson function as will )o seen latsr,

The Patterson space group is P m m m. fhe uniqus

volume a/2 x b/2 x ¢/2 was calculated in sections normal



4o the c-axis. The four symmetrical vectors for
Pmn2, are:- A |
(1/2 + ex, %2y, 1/2), (1/2, 2y, 1/2), (2x, O, O),

1, 2 3 4
and their centrosymmetric equivalents. Vectors (1) and
(2) will, in general, occur on one mirror plaiio, (3) and
(4) on two mirror planes, so the latter pair will be of
double weight. The axis which contains vectoé peaks of
the type (4), is the a-axis in P mn2,.

The most pr§minent feature of the Patterson function
is & peak of height 0.87 times that of the originm, at
(1/2, 1/2, 1/2). This confirms the mercury position aes
(0, 1/4, ). Secondly, all the major peaks lie on
(or very near) the planes w = 0 and 1/2. This implies
that to & close approximation, the space group is P m n m,
The section at w = o is shown in figure (1).

Around the origin at a distance of about 2.54 in the
plane w = o, thers is a hexagon of péaks of height
0.15 times that of the origin peak. This is close to
the height expected for a Hg-Cl or Hg-S interaction.
Above the origin, there extend a series of nakina and
minima. These mey have represented atomic vectors, but
could alsc have well been due to the abrﬁpt termination
of the data along the ¢ - axis. It was clear that a

Hg-Cl or Hg-S veetor could have been lost in a diffraction



minimum. Of the six peaks surrounding the origin, two
are independent. Their positions are:
(n) (0.183, 0.168, 0.000), (B) (0.000, 0.417, 0.000)
" To account for both these peaks, it must be taken
that three atoms surround the mercury in this plane. |
Since sulphur and chlorine have similar atomic numbers,
it was not possible to decide, at this stage, whether
the atructure was
c1 .S
S"“‘Hsl//' s Or c1---—-ng'ﬂ
c1 . \s'
This was settled when the light atoms were located at
& later stage in the analysis.
The atomic positions from the Patterson map are:-
(1) (0.183, 0.408, 0.000)
(2) (0.000, «0.167, 0.000)
(The position (0.000, 0.667, 0.000) would be physically
unreasonable) . '
They giveAriee to the following symmetrical vectors:-
1. (a) (1/2 + ex, 2y, 1/2) (0.143, 0.18'4:, 0.500)
C(®) (1/2, 2y, 1/2) (0.500, 0.184, 0.500)
(e) (2x, 0, 0) (0.286, 0.000, 0.000)
2. (a) (1/2 + 2x, * 2y, 1/2) (0.500, 0.334, 0.500)
in gddition, the non-symmetrical S-Cl1 peaks were

loceated.
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The appearance of peak (c) above, implies that
tm axis of length 12.79A, is indeed the a-axis .'m
P mn2;, aince no such vectors appear along the other
axis. |
To confirm these positions, structure factors were
calculated using the mercury position only, with a
temperature factor U = 0.009 32 « The agreement betwesn
observed and calculated structure factors was R = 0.28,
over the set h+k+l = 2n. These Fs were used to compute
a F, aynthesis and the resulting symtriaed:nap gave
back the co-ordinates of the atoms already foﬁnd.' It
also contained prominent diffraction ripples and failed
to give any clear indication of the locations of thse
remaining atoms. |
Now all structure factors, for which & non-zero
value had been observed, were calculated using the
co-ordinates:
x y s U s
Hg 0.000  0.250  0.000  0.009
Atomic [0.183 0,408 0,000  0.0L3
no. = 17 [o.ooo -0.167  0.000  0.013
The overall agreement index was 0.30. 405 of these
sf;mcture Pfagtors were used to compute a diffénencq
synthesis. The terms for which %ol -wc“ 22 (R
ware vejected. The Fourier map revealed unambiguously
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the light atom positions, and indicated that the
tenpbraturb factor used for the mercury had been too
low. The ripples around the mercury, had now largely
dieappeared, leaving a modest peak at (0, 1/4, 1/2).
The co-ordinates given above were, for the moment, lef%
unaltered, and the following added: '
b 4 y s U 32
Atomic no. =17 0.000 0.260 0.600 0.013
Recalculation of the structure factors of the layer
hkl, resulted in a decrease in the disagreement factor
R, from 0.341 to 0.322. The further addition of the
co-ordinates:
x y z U x'.
¢ 0.270 0.162 0.000 0.025
N 0.236 0.969 0.000 0.025
N 0.362 0.237 0.000 0.025
and recelculation of hkl structure factors, brought
R to 0.319. The slight decreases in R, were taken
as indication that the structure was essentially correct.
The light atom positions showed that the atom at
(0.183, 0.408, 0.000) was the sulphur atom.
As a finsl check on the correctness of the
struéturs, and more for interest than necessity, a
}Partial Patterson synthesis was computed. Two atoms,

mercury and one other, have co-ordinates (O, 1/4, 2),
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and therefore make no contribution to the refieetione
h+k+l = 2ﬁ+1. This class alone was used to compute the
Patterson synthesis. This map displayed vectors only
between the contributing atoms. If it had Seen necessary
%o obtain detailed information from this synthesis, the
contribution made by the atoms at (0, 1/4, 8) to the
set h+k+l = 2n could have been subtracted from the
observed values, and these too included in the
calculation. However, sufficient dgta were used to permit
clear identification of all the vectors involving the
light atoms with those of intermediate weight. The
section et w = O is shown in figure (2) with some of the
principel intersctions marked. All large peaks were
eccounted for on the basis of the two intermediate sized
atoms and this confirmed that one chlorine is indeed
at (0, 1/2¢, 2). |

To within very close limits all the atoms lie on
the plemes 2z = 0, 1/2, and at this stage the
agsignment of the space group was reconsidered. To &
first approximation, all the atoms were placed so as to

satiafy the centrosymmetric space group P m n m.
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The reflections can be split into four classes:

(1) hil=2n (2) b4l =eznnl

| k=2n X = gn¥l

(3) ml=2n (4) h¥le=oned
k = 2n+l K= 2n

Clagmes (3) and (4) do not receive contributions from

the mercury or ehlorine(z)

atoms. For class (1)

Act cos 2171z and dA/d 2 « - gin 211z,
For class (2), A«sin 27rlz and dA/d 8 o cos 27rlz,
I£ 2 = 0 initially, class (1) will be ineffective in
r@m@ﬁng {the aioms from the pseudo-mirrir plane, If the
atoms were to be given small random shifis fromv the
plene, the derivatives, O A/ds%, would bsecome finite,
but A would be independent of the direction of the shifi
in =, since A is symmetric with respect to inversion
| in the % axis. The B part of F would be small and
therefore of 1ittle importance in refinement from the
pseudosymmetrical errangement. ‘ A

For atoms whose true 3 co-ordinates differ from
zero, the effect on class (1) reflections could be
simulated by a high component of the anisotropec
temperature factor, Bss in that direction. Bss and 3
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might then be expected to be highly correlated. In other
words, to.refine the parameters correctly by least squares,
consideration must be taken of the terma

LX)

| Fol
O Uss
in the normal equations. This would require at least
a 9x9 block diagonal solution.

On the Rollett programme for the DEUCE computer,
on which the structure was refined, the terms calculated
are a 3x3 matrix for each atomic position, and &
6x6 matrix for each atomic vibration (and a 2x2 matrix
for the scale factor).

These remarks only apply to class (1) réflectiona,
but since these constlitute a half of the strong class,
it was decided to refine the structure 1nitia11y in the
centrosymmetfic space group, and not to attempt to break
the symmetry unless chemical considerations should
warrent it.

The space group was raised to P m n m, and the
origin moved to the centre of symmetry at (- 1/4, 0, - 1/4),
so that the phases were now restricted to o® or 7t°.

To maintain consistency, the non-siandard orientation

was chosen. Figure (3) shows (&) the space group

- Pm a2, (siendard orien*ta.tion}', (b) Pmn m with the
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origin at m-m, and (¢) P m n m with the origin at 1. |
In the lafter, all the atoms lie on the apeciél poéitionsza

Cx,y,1/4: K,5,3/40 1/2-x,3,1/8:  1/2+x,5,3/4
The niercury ,and_ chlorine atoms have x = 1/4, and so
oscupy the m m position.

Since all the atoms lie in special positions, the
components of the temperature factors are restricted in
the following way. For mercury and chlorine atoms, all
U:Lj =0 (1 # j). For other atomsin positions of m
symmetry, Ugs = Ugy = 0. To obtain these results,
consider the equivalent indicies, hgk 1, for the space
group. For P m n m, they are:

| hkl Ekl hkil hkl  ete.
write the anisotropic temperature factor exponent as:
b1ah? + bogk® + begkl + bgulh + byghk ,

where b, =2n%%*? U, , ... etc
and " bas = 21 2b* 0™ (2 Ugg)see- oG,

For an atom in a special position, which is
transformed into itself by e symmetry operation-
corresponding to the set of equivalent indices, hgkelys

| biih? + . .. ®=buhS + . ..
Hence for atoms on the mirror piance perpendicular to

Cy in Pmn m,
by b2 + bogk? + bggl® + bggkl + bgilh +byghk

= 'b_x_;hz + bggkz % b5512 + begk(<1l) + bgi(=1)h + byghk.
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i.e. bgs = by, = 0

Similarly for atoms lying on the mirror plane
perpendicular to the a-axis, b;4 = by, = 0, s0 for
atoms in the m m position, all bij = 0, (1 % Jj).

 fThere was no facility on the Rollett programme for
the DEUCE computer to keep parameters constant during
leagt-squares refinement, and the s co-ordinates and
zoro temperature factors had to be returned to their
original values in between cycles.

Before refinement was started, the various layers
of Fs wsre placed on the same scale by making
EZ: kE |Fol = 2::1351 for each layer. The inter-layer
sceling factors, k, must be strongly correlated with the
temperature factors. At various points in the
refinement, the inter-layer scale factors were altered
%0 maintain the best agreement between observed and
calculated structure factors. At the conclusion of
refinement, the scale factors were found to differ by
not more than 6% from those determined by scaling against
the correlating series F(hOl).

Two weighting schemes were built into the Rollett
programme. The one chosen made the root of the welight
/% =1 if |Fl| <|F everage|, and Jw = |F average|/ | ¥ |
if (Pl > |F averege|.This downweighted stirong reflections
which would be most affected by absorption and extinction.
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The refinement converged at R = 0.183 after 7 cycles.
In view of the quality of the data, and thé more or less
reasonable values of bond lengths and angles, it was
decided to conclude the investigation at this stage,
with the main structural features clearly establisked,
though it was recognised that there may be small
departures from the higher symmetry.

A final difference Fourier synthesis showsd only

riner and rendom fluctuations of density.
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2.2 Description of the Structure.

To the e;tent to which the space group approximates
to Pm n m, the symmetry of the meroury complex is m m,
or Coy. This requireé that ali the atoms lie in special
positions on the planes z = 1/4 and 3/4. The mercury
is immediately surrounded by five atoms. A chlorine
and twe sulphur atoms lie in one plane with the mercury,
~and two other chlorines are almost linearly co-ordinated
to thé mercury, the mercury-chlorine bonds belng normal
to the plane. Thasé two chlorines are related to one
another by the mirroxr normel to the c-axis, and the two
sulphur atoms are inter-related by the second mirror
plane normal to the a-axis. Thisiplane contains the
mercury and the chlorine atoms.

The distances between the mercury and atoms in the
‘¢! plane ere shorter than‘the distance between mercury
and the other chlorine atoms. Bond angles and lengths
are given in tables (4,5) and illustrated in figure (4).
The dimeénsions of the thiourea ligands are, to within
the limited accuracy of location of the 1ight atoms, the
8qm§ as those foﬁﬂé by Kunchur and Truter (1968) in"
crystalline thiourea. The angle subtended at the sp;phur
atom is, as might be expected, near to the tetrahedral
angle. | A

The thiourea ligands are so positioned, that one
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nitrogen atom of each, N(1),approaches the cniorine
more closely bonded to mercury, to within 3.23 A. The
C1-N-C angle is 122.6°, so it may be inferrea with
aome'confidence that hydrogen bonds exist. This is,
of course, subject to the assumption that the hydrogen
atoms lie in the plane of the chlorine, nitrogen and
carbon. Therefore, the chlorine would appear to be
doubly hydrogen bonded. Two six membered chelate rings
are completed by these bonds. The other hydrogen on
N(1) ie not suitably placed to form a hydrogen bhond.

The other nitrogen atoms, N(2), of the thiourea
groups, could possibly bridge adjacent chlorine atoms,
which are less closely bonded to mercury, with weak
hydrogen bonds. The Cl-N-C angles are in this case,
rather further removed from the expected H-N-C angle,
and the inference of hydrogen bonding, consequently
less certain. ,

“The situation is rather similar to that in the
structure of dichlorotetrakisthioureanickel, (Truter,1963)
in which the‘chlorine atoms are also doubly hydrogen
bonded. The N...Cl distance is the same (3.23 A} as in
dichlorobisthioursamercury (II).

Thé structure then, consists of an infinite array
of parallel, planar ClHg [(NHg)oCSls groupings, linked
normally to the planes by symmetrical, chlorine-bridging



bonds to the mercury. TFigure (5) shows the structure
projected down the c-axis. (Some symmetry elements
have been omitted from this drawing to avoid obscuring

certain stoms).



Flgure 1.

DICHLOROBISTHIOUREAMERCURY (II). The three-dimensional
Patterson function. Section at w = 0, P(u,v,0). The
contour levels are arbitrary.






Flgure 2.

DICHLORUBISTHIOUREAMERCURY (II). The three-dimensional
partial Patterson function. Section at w = 0, Pp(u,v,0).
The contour levels are arbitrary.






Figure 3.
The symmetry elements of the space groups
(a) Pm2, , (b) Pmm with origin at mm
and (e¢) Pmmm with origin at T.
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Co-ordinaies of Equivalent Positions for Pmnm.

Origin at 1 at 1/4, 0 1/4

3528 1 l/2-x,y,23
X508} 1/2+2z,5,%;

Xo¥o1/43 Xo¥03/45
1/4,y.,8F 3/4,7.23
0,1/2,0; 1/2.1/2,0;

0,0,0; 1/2,0,0;

from mnm.
X,¥,1/2-2; 1/2x,7,1/2-8;
X, Fo1/2+8} 1/2+x,y,1/2+s.
1/2+x,y,1/4; 1/24x,5,3/4.
1/4,y,1/2-8; 3/4,5,1/2+z.
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Figure 4.

Cl1

The immediate environment

of the mercury atom



Figure 5.

DICHLOROBISTHIOUREAMERCURY (II). Projection of the
structure down the c-axls. Posslible hydrogen bonding
i1s Indicated by dashed lines.



Figure 5.




Atom
C1(1)

c1(2)

N (1)
N (2

-t

Egtimated Standard Deviations of Fractional Co-ordinates.

DICHILOROBI STHIOUREAMERCURY (II)

Fractional (o -oz?dinatea

TABLE (I)

x y
~0.26000 0.25135
-0.25000 -0.18386
~0.25000 0.25678
«0.07607 0.39202

0.02115 0.17179
~0.00716 -0.03338
0.21869

G. L1005

-0.26000

~0.26000

0.25000
~0.26000
-0.25000
~0.25000
-0.25000

TABLE (2)

Aton o (x) G (y)

Hg - 0.00037
C1(1) - 0.00344
c1(2) - 0.00332
S 0.00109 0.00228
C 0.00353 0.00888
K (%) 0.00383 0.00806
¥ (2) 0.00811 0.00977



TABLE (3

DICHLOROBISTHIOUREAMERCURY (1I)
Anisotropic Thermal Paremeters (X“’)

Atom Uil Ugsa Uss Uis
ig 0.0190 0.0003 0.0297 .
C1(1) 0.0139 0.0003 0.0021 -
c1(2) 0.0449 0.0220 0.0375 -

s 0.0219 0.0003 0.0272 0.0016
¢ 0.0108 0.0003 0.0003 0.0036
(1) 0.0261 0.0106 0.0441 0.0023

K(2) 0.0541 0.0004 0.1541 0.0091



TABLE (4)
DICHLOROBISTHIQUREALIERCURY (II)

Interatomic Distances and Estimated

Standard Deviations (X)

Atoms Distance
Hg - Cl(l) 2.563 (0.020)
Hg - C1(1)(a) 3.328 (0.020)
Hg - C1(2) 3.220 (0.008)
Hg - S 2.374 (0.014)
S -C 1.80 (0.05)
¢ - N(1) 1.26 (0.07)
¢ - N(2) 1.17 (0.11)
N(1l) - N(2) 2,11 (0.09)
S - N(1) 2.66 (0.05)
S - N(2) 2.59 (0.07)
Cl(1) - N(1) 3.23 (0.05)
c1(2)(ec) - N(2) 3.32 (0.08)

Cl(2)(b) - N(N2) 3.57 (0.07)



TABLE (5)

e s

DICULOROBI STHIOURBAIERCURY (II)

Interbond 4Angles and Estimated Standard Deviations
¢1(2) - Hg -~ C1(2)(a) 178.9° (0.5°)
Cl(1) - Hg - C1(2) 90.6° (0.3°)
Cl(1l) - Bg - S 110.56° (0.3%)
Ci(2) ~ Hg - 3 89.8° (0.1°)
S - g - 8ia) 139.0° (0.2°)
Hg I R 1135.4° (1.7°)
S - ¢ = (1) 119.5° (3.8°)
S - ¢ - 1{a) 120.1° (4,8°)
{1} « ¢ - 12} 120.4° (5.0°)
c -« K(3) - ¢1il) 122.6° (3.5°)
c ~ W(2) - CL{2)(b) 133.7° (4.9%)
o -~ W{2) - ciiz)(e) 108.9° (4.2°)

The dependsnt atoms referred to in tables

X ¥y z
Ci(1){e) -0.25000 0.81614 -0.25000
Ci(2){e) -0.25000 0.25678 -0.75000
Ci(2}(n) 0.25000 0.74322 -0.25000
Cci(2)(e) 0.25000 -0.25678 -0.25000
s(a) -0.42393 0.39202 -0.25000

{#2) and (5) are:




TABLE (6)
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3.  DIBROMOBISTHIOUREAMERCURY (II)
3.1 Solution of the Structure.

Dibromobisthioureamercury (II), HgBrgl(NHg)oCSlg,
vwas prepared by admixture of cold aqueous solutions
containing mercuric bromide and thiourea in the ratio
1:2. The white complex precipitated slowly from the
dilute solution, and was recrystallised from water. It
was analysed for nitrogen content. Calculated for
HgBreCeN HeSes N, 10.93%; found N, 10.924. A well
developed crystal, with dimensions, 0.018 x 0.020 x 0.05 cm,
was mounted to rotate about the direction of its
longest dimension. The crystal data obtained from
oscillation, precession and wWeissenberg photograephs aras:
M = 512.69, monoclinic, a = 13.03, b = 6.19, ¢ = 6.31 A,
Y = 90°18'; U = 510.0 A%; Dy = 3.34 g.cm.™>; 2 = 2;
F(000) = 460.

From the precession photographs of the zones (hOl)
and (Okl), it was observed that the (00l) reflections
are only present when 1 is even. There are no other
systematic absences. The space group is therefore
P21 or P2,/m if the mercury atom occupies a special
position. However, when h+k+l = 2n+l, the (hkl)
reflections are wesk. The (hOl) reflections are in fact

extremely weak when h+l = 2n+l.
In view of the close similarity in the cell
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dimensions, chemical formula, and intensity distribution
between the dichlorothioureamercury (II) and the
dibromothioureamercury (II), it was expected that the
structures would differ very little, though they are
not. 1sonorphoui.

The weak class of reflection can be explained by
prlacing the mercury in the bromo-compound, in a
position corresponding to that in the chloro-compound.
For, if the mercury has co-ordinates (L/4, 3/4, 1/4),
and the space group is assumed to be F2,/m,

A =4 cos 2 1t (hx + ky) cos 2M1ls

for 1 = 2n,

i.e. A=4(cosh T cos k1 cos 1 T
z z -

-8in h ™ gin kTt cos 1 T
T 7 )

and for 1 odd, A = -4 sin 2T(hx + ky) sin 271z

The particularly weak reflections (hOl) when
h+l = 2n+l, are a result of fhe extmmaiy close
correspondence in the (00l) project of the structure
with that of the chloro-compound.

Three -dimensional data were collected on a
Hilger-vatts linear diffractometer, using a Hilger
FT 165 scintillation counter and pulse height
diserimination. The radiation used was Mo Ka, and the
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balanced filter meterials were Zr and Sr. A hemisphere
of raciproecal space was investigated, and the (hkl)
and (Eﬁl) -réflections averaged. A total of 1458 non-
zero reflections were collected in the layers hk0 to hk7.
Initially, we had to assume that there was no
symmetry at all about the mercury atom, although a
mirror plane normal to the ¢ axis was considered likeiy
by analogy with the chloro-compound. However, the
approximation of cell to orthorhohbic, and the
dominating influence of & very heavy atom in a specilal
position, imposes pseudo m m m symmetry on the structurse.
The Patterson space group is P 2/m. The volume
axbxc was computed. Again a large peak at (1/2, 1/2, 1/2)
gonf?med the mercury position. A peak of height 0.25
at (0.020, 0.458, 0.000) is repeated at (-0.020, 0.542,
0.000) by the two-fold axis at(U, 1/2, z). This is of
the expected height for a Hg-Br intersction
(2800/9438 = 0.30) and éccurs 2.8 & from the origin,
the shorter distance being taken. If this is & Hg-Br
interaction, the co-ordinates of a bromine atom are
therefore:
Br(1l) (0.270, 0.208, 0.250),
in which case, a symmetrical Br-Br vector should occur
at (0.540, 0.416, 1/2). This is close to the main
Hg-Hg interaction, but a peak of height 0.1 times that
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of the origin was found. The calculated Lheight of a
Br-Br peak is 0.13. The Hg-Hg peak is surrounded by
a deep trough, and when the depth of this is taken into
consideration, the observed peak height becomes 0.1l4.

A third mejor peék appeers at (1/2, 1/2, 0), rather
elongated in the x direction. Its height of 0.30
indicates that it 1s a double Hg-Br interaction. The
second bromine position is therefore:‘

Br(2) (0,750, 0.250, 0.250) X,¥,2z
or, of course Brf(2) (0.250, 0.750, 0.750) X,y,1/2+z
| - It was now possible to pick out the Hg-S vectors
by aﬁa;ogy‘with the chloro-compound.
The positions were: A (Hg = 1/4, 3/4, 1/4)
| Hg - S(1) (0.173, 0,133, 0.000)
S@- Bg  (0.170, 0.944, 0.122)
giving  sQ) (0.077, 0.617, 0.260)
and s(2) (0.420, 0.704, 0.372)

Structure factors were calculated on the basis of
mercury only, with a temperature factof,
Bise = 8112Ulso = 0.87 Ka; Over thege refloctions»for,
which h+k was even, and 1 = 0, the agfeement botween
observed and calculated values was R = 0.243. These terms
were used to compute a symmetrised, projeétioh Fourier -
Pg,/m, with additional centres at (1/4, 1/4) and
(1/4, 3/4) e%c., which served to check the conclusions

of the Patterson.



A three-dimensional structure factor calculation
with these atoms, gave an overall R = 0.274, and a
F¢ Fourisr synthesis gave improved co-drdinates and the
positions of a carbon and two nitrogen atoms of one
thiourea group. The three remaining light atoms were
not obvious. A suitable light atom peak occured at
(0.591, 0.751, 0.246). The distance of this from a
sulphur atom was approximately 2.5 K, 80 the peak could
have been a nitrogen atom.

A second round of structure factor calculations
reduced R to 0.244, and the missing light atoms were
sought on a difference Fourier synthesis. Several
peake appeared, but some were obviously caused by
diffrection ripples, and the N-C-N grouping could still
not be unambiguously located.

A third round. of structure factor calculations
gaeve R = 0.241, and since this was scarcely any
improvement oh the previous value, least squares
refinement was started using the eight known atomic
positione.

Refinement. At the start of the refinement,

R was 0.241. The following simple weighting scheme

available on the Rollett structure factor least squares
programme (S.F.L.S.) for DEUCE, was employed:
Jv=1ir |FIS12, [w=12/|F|if [F)> 12,

25
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As mentioned earlier, this programme had no facility
for maintaining selected parameters constant, and all
the atoms were allowedto vary. Two cycles ofianisotropic,
block-diagonal refinement reduced the R value to 0.185.
At this point, the DEUCE computer ceased to be
available, and refinement was continued on the KDF - 9
computer, using the S.F.L.S. programme of D.W.J.
Cruickshank and J.G.F. Smith. The weighting scheme
was reconsidered. The data had been collected on a linear
diffractometer, and it was not expected that there
would be a great difference in the absolute error of
meagurement between high and low intensities in genersal,
provided absorption and extinction effects were small.
Accordingly, every reflection was initially weighted at
unity. Sihce there were only eight atoms at this stage,
anisotropic refinement was eontinued by full matrix
least squares. There was, of course, only one overall
scale factor; Two cycles reduced R to 0.160. A
difference synthesis was compﬁted, and revealed the
remaining three atoms of the thiourea group. Inclusion
of their co-ordinates, and temperature factors chosen
to resemble those of the other light atoms, gave, an
recalcuiation of the structure factors, an R factor

of 0.152,
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The following weighting scheme, suggested by
DeWed . Cruickshank, was found to be satisfactory:

1 - exp (- P, (8in 6/N)2 )

Jv =

1+ |F|+ P (F‘ 2 +p, [P|®

In this analysis, P, = 2.0, Pg = Pg =0, Py =2 x Z!.O“s

Thig had the effect of down welghting very
strong reflections, and reflections affected by mis~
setting at smell sin 0.

One further cycle of S.F.L.S. refinement reduced

R to 0.150. The final value of

- r = Zwaz/Zwlm]k]z

was 0.078 and iw&z = 17848.26
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3.2 Descxiption of the Structure.

The structure of dibrﬁnobisthiomamercury (II)
is similar to the structure of the corresponding chloro-
compound, and it is convenient to &eecribo the
bromide with reference to the chloride.

The differences in cell dimensions are small

Chloride Bromide
& =12.79 A a = 13.03 &

b= 5.89 A b= 6.19 4

¢ = 6.44 A ¢ = 6.31 4

90.3°

4

While the a-end b-axes have increased as would be
expected,' t0 accommodate the larger bromine atom, the
c-axis has slightly decreased. As .é consequence of this,
the bonds in the approximately linear -Br-Hg-Br- chain
parallel to the c-axis are shorter than these in the
«Cl-Hg-Cl- chain. Also the bromine bridging bonds are
unéqual in length.

The B;'Hgtug | (tu = thiourea) group has been distorted
relative to the ClHgtug gréup, so that one thiourea lies
out of the plane of the other atoms. The Br of
neighbouring BrHgtug group is 3.41 A from the mercury
atom. Therefore the co-ordination of the mercury is

most clearly pictured as very distorted octahedral.
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Both independent Hg-S bonds are 2.42 & long, and the
S-Hg-S angle is 144.5° All four bromine atoms are
bridging, and the Hg-Br bond lengths range from

3.41 Z to 2.81 X. The mercury co-ordination is
described in detail in figure (6) and table.(1Q and (31).
Figures (7) and (8) show the structure projected down
the [001] and [010] axes. The arrangement of the
co-ordination polyhedra is evident. The structure is,
therefore, composed of sheets of distorted octahedra,
linked through their comers, and lying normal to the
a-axis. The repeat distance of the cell includes two
sheets related by the 2, axis. A projection down
[100] shows one such sheet: Figure (9). The sheéta are
6.52 A spart, and this space 1s ogcﬁpied by the organic
residue.

A nsjor difference between the two atructures is
that, while in the chlorc-compound, both thiourea groups
14@ normal to the c-axis, in the bromo-compound one
lies normal to the c-axis, and the other is almost normal
to the b-axis. In each group, the nitrogen atems are
positioned suitably for hydrogen bonding to bromine
atoms. The bromines involved, are those bonded most
closely to the mercury. The projections of the structure
down [010] and [001] are remarkably similar.

Possible hydrogen bonds are indicated by dashed
lines on figures (7) and (8).




Figure 6.

The immediate environment

of the mercury atom



Figure 7.

DIBROMOBISTHIOUREAMERCURY (II). Projection of the
structure down the c-axlis. Possible hydrogen bonding
1s Indicated by dashed lines.



Figure 7,




Figure 8.

DIBROMOBISTHIOUREAMERCURY (II). Projection of the
structure down the be-axls. Posslble hydrogen bonding
1s iIndicated by dashed lines.



Figure 8.




Figure 9.

DIBROMOBISTHIOUREAMERCURY (II). Projection down

the a=-axls showlng one sheet of mercury co-ordination

polyhedra. The position of the mercury atom is marked
by a cross.



Figure 9.
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TABLE (7)
DIBROMOBISTHIOUREAMERCURY (II)
Fractional Atomie Co-ordinates

Atom

- J s
Hg 0.24706 -0.24929 0.23381
Br(l) 0.26866 0.20248 0.24352
Br(2) 0.23417 . =0.26951 -0,24008
s (1) 0.07240  -0.37624 0.26738
S (2) 0.42120 -0.29420 0.36227
C (1)  -0.00677  -0.16663 0.23964
¢ (2) 0.50410 0.74566 0.15059
¥ (1) =0,10690 -0,22361 0.22736
N (2) 0.01694 0.03701 0.22640
" (3) 0.60374 «0.241568 0.24375
N (4) 0.48100 -0.23300 -0.03000



TA]_BLE (8)
DIBROMOBISTHIOUREAMERCURY (II)
Estimated Sta.ndard' Deviations of the

Fractional Atomic Co-ordinates

Atém (x) (y) (z)

Hg 0.00012  0.00026  0.00000
Br(l)  0.00049  0.00106  0.00156
Br(2)  0.00077  0.00142  0.00285
S (1)  0.00150  0.00351  0.00849
S (28)  0.00104  0.00249  0.00276
¢ (1) 0.00266  0.00659  0.00780
Cc (2)  0.003815  0.00707  0.00740
N (1) 0.00264 0.00901 0.00658
N (2)  0.00396  0.0068L  0.00797
¥ (3) 0.00365  0.00668  0.00844
N (4)  0.00409  0.00723  0.00786



Atom
Hg
Br(1)
Br(2)
(1)
(2)
(1)
(2)
(1)
(2)
(3)
(4)

s =82 98 =% oo

TABLE (9 )

DIBRONMOBI STHIOUREAMERCURY (II)

Anigsotropic Thermal Parameters (Ka)

Uia
0.0151
0.0216
0.0209
0.0117
0.0151
0.0073
0.0073
0.0014
0.0296
0.0296
0.0296

Ugg
0.0242
0.0095
0.0244
0.0170
0.0258
€.0206

000205 ‘

0.0688
0.0149
0.0149
0.0149

Uss
0.0379
0.0649
0.1005
0.1836
0.0375
0.0179
0.0179
0.0134
0.0234
0.0234
0.0234

2Ugs
=0.0059
-0.0140
-0.0172
0.0179
0.0100
=0.0421
-0.0421
0.0364
0.0209
0.0209
0.0209

2Us,
-0.0006
=0.0000
«0,0328
-0,0012
0.0004
0.0252
0.0252
0.0268
0.0013
0.0013
0.0013

20,9
-0.,0072
-0.0154
=0.0068
«0.0093
=0.0014
«0.0340
=0.,0340
=0.0503
=Q,0217
«0.0217
«0.0217



TABLE (10)
DIBRONOBI STHIOUREAMERCURY (II)
Interatonic Bond Iengths in A with

Estimated Standard Deviations

Bond Length E.s.d
Hg - Br(l) 2.814 (0.008)
Hg - Br(l)' 3.413 (0.008)
BEg - Br{(2) 2.998 (0.012)
Hg « Br{2)* 3.326 (0.012)
Hg - S (1) 2.415 (0.037)
Hg -5 (2) 2,429 (0.015)
S(1) -« ¢ (1) 1.68 (o.oe)v
s(2) - ¢ (2) 1.74 (0.05)
¢(i) - N (1) 1.34 (0.06)
C(1) - N (2) 1.30 (0.06)
c(2) - N (3) 1.43 (0.06)
c(2) = N (4) 1.19 (0.06)
N(1) - Br(2) 3.50
N(1) - Br(2)' = 3.56
N(2) - Br(l) 3.44
N(2) - Br(2) 3.59
N(3) - Br(1) 5.57
N(3) - Br(l)' 3.57
N(4) - Br(1) 3.57

N(4) ~ Br(2) 3.49



TABLE (11)
DIBROMOBISTHIOUREAI:ERCURY (II)

Inter-boné Angles with Estimated Standard Deviations

Atoms Angle E.8.d
Br(l) - Hg - Br(2) 93.9° (0.3°)
Br(l) - Hg -~ Br(2)' 9l.2° (0.3°)
Br(l) - Hg - Br(l)' 169.3° (0.3°)
Br(2) - Hg - Br(2)' 172.4° (0.3°)
Br{2) - Hg - Br(l)' 88.9° (0.3°)
Br(2)' - Hg - Br(l)' 87.1° (0.3°)
S (1) -Hg =« S (2) 144.5° (1.0°)
S (1) - Hg - Br(l) 114.3° (0.9°)
S (1) - Hg - Br(2) 9l1.2° (0.9°)
S (1) - Hg - Br(2)' - 81.5° (0.9°)
S (1) -Hg «~ Br(l)' 75.9° (0.9°)
S (2) « Hg - Br(l) 91.0° (0.9°)
s {(2) -~ Hg - Br(l)' 78.3° (0.9°)
S (2) - Hg - Br(2) 112.4° (0.9°)
S (2) - Hg - Br(2)' 73.1° (0.9°)
¥ (1) -0C(1) -N(2) 118.7° (4.3°)
N (2) =-¢(1) -5 (1) 128.1° (3.6°)
N (1) - C(1) ~ s (1) 113.2° (3.5°)
N (3) - C(2) -5 (2) 104.9° (3.6°)
Ii {¢) =~ C(2) -~ S (2) 126.7° (3.7°)

N {(3) - C(2) - N {4) 128.4° (4.4°)



TABLE (11) (contd)

Atons Angle
¢ (1) - N(2) - Br(2)  99.9°
¢ (1) - N(2) - Br(1l) 120.7°
C (1) - N(1) - Br(2)' 103.1°
C (1) - N(1) - Br(2)"’ 132.9°
C (2) - N(4) - Br(2) 126.4°
C (2) =~ N(4) - Br(1) 99.1°
¢ (2) - N(3) - Br(1) 142.2°
c (2) - N(3) - Br(1)' 93.6°



TABLE (I2)
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CHAPTER 4

DICHLOROBISPHENOXATHIINMERCURY(II)



4. DICHLOROBI SPHENOXATHIINMERCURY (II

m—CREr

4,1 Solution of the Structurs.
When HgClg, and phenoxathiin:-

]

0
are diassolved in acetone/alcohol solution, yellow
elongated plates of a complex crystallise out. vwhen
HgBrg is substituted for HgCly, the erystals which
result are reddish-brown. On standing free to the
atmosphere, the crysials break down in a day or two
as the phenoxathiin svaporates and the mercuric halide
is left behind. Provlided a sufficient vapour pressure
of the organic constituent is present, the crystéls
remain intact indefinitely.

From oscillation, pression and veissenberg
photograph8 the dimensions of the monoclinic cell of
the complex wers found to be: a = 31.00; b = 19.465
¢ = 3.95 K; Y= lli°18’, the elongated axis of the
crystal corresponding to the c-axis of the unit cell.
The density of the crystal calculated on the assumption
that the unit cell contains four units of HgClg.
(C1pHaSO); is 1.57 gm.cc.~l That the density is near
to this was confirmed by floatation in a solution of
K HgI, in glycerol. (Owing to the.high viscosity of the
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solutiegﬁ it wes difficult to make an accurate
measurement). The reflsction conditions are: (hkO)
present when h = 2n, k = 2n and (hkl) present when
h+l = 2n. The space group is therefore Bb or B2/b.
In addition to the systemsatic absences, the reflections
are weak when k is odd. In the space group B2/b, |
occupation of the special positions 4a and 4b,
;, 0, 0, 1/25 0, 1/2, 1/2; and 0, 0, 03 O, 1/2, 03
restrict the contribution of that atom to general
reflections for which k is even. Therefore the mercury
atom ®ust occupy such a position. The reflections to which
it does nct contribute fall offin intensity more
quickly with increasing sin ©, than dq the remainder.
Intensity data were collected for the layers
hkO, hkl, and hk2, by means of equi-inclination
Welgsenberg photographs, using the iﬁltiple £ilm,
visual comparison technique already montidned. Beceuse
of the short axis and certainty of cémplete resolution,
the Patterson projection, P(uv), was computed (figure
10). All the important vectors involve Hg, Hg-C being of
greater weight even than, for example S-S5 interactions.
Since the Hg is situated at the origin, the Patterson
has the appearance of & Fourier map and the entire
afrueture is drematically evident. In fact, since the
ratio Afg/ }An where inis the atomic mumber, and the



sumpation is over all atoms other than Hg, ia 6.1, it
could have been safely assumed that the phases of all
the structure factors (SFs) to which the Hg makes a
coniribution, would have been positive (e.g. Robertson,
Phthalocyanine). A Fourier projeetionlcould,then have
been calculated straight away since the very reflections
which have no Hg contributions are identically zero from
space group symmetry.

All the atomic locations with arbitrary, but
reasonably chosen temperature factors were used to
calculate SFs. Satisfactory agreemeﬁt with the F¢ s
was obtained, R = 0.190, and a Fourier F; synthesis
projection was then calculated from which improved
co-ordinates for the light atoms were obtained. The
uge of these co-ordinates in recalculation of the hkO
intensities, resulted in no significant improvement in
agreement, reflecting the relative unimportance of
the light atom co-ordinates on the magnitude of F,
compared to the Hg whose co-ordinates were known with
complete accuracy. Other than this one F, map, no
attempt was made to rafine the projection. A difference
map was, however, calculated, and this showed that the
Hg atoms was vibrating anisotropically. A two electiron
peak showed up at the sulphur location, but the remainder

of the map was free of significant undulgtions.
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In three dimensions, the Patterson space zroup
is P2/m, so there exists a choice of 1ocat1nna for all
atoms other than mercury and any one other. 'Frqm the
3-D Patterson, the Cl atom was fixed at (0.02908,
-0.06852, -0.34177) and the O atom was fortuitously
near z-= 0. The S atom was allocated g co-ordinates of
t0.2026‘7_1:1 two differgnt S.F. calculations on a few
Ps for which 1 # 0. The co-ordinate producing the
better agreement was taken as giving the position of
the S correctly relative to the Hg, Cl and 0. The 2z
co-oxrdinates of all the C atoms differed from zero and
while 1t might well have been possible t¢ disentangle
the molecule from its mirror image it was decided that
it would be quicker and surer to circumvent the problem.
Consequently S.Fs based on the Hg, Cl, S and O positions
were calculated and gave an agreement index of 0.284.
A few of these F.s which agreed poorly with the F.s were
rejected, and the remainder uged to celculate a three
dimensional Fourier synthesis. This showed all the atoms
clearly, with no trace of peaks related by & mirror at
z2 =0. Ihclusion of these co-ordinates into a further
round of S.F. calculations resulted in a drop in R of
0.065 to 0.229. One final F, map was calculated with all
terms included, and co-ordinates derived from this used

as a starting point in the least-squeresrefinement of



the siructure,

Refinement. Refinement of this structure was carried
out on a IEN-7090 computer, ueing the structure factor
least square programme, ORFLS, written by W.R. Busing

and H. A. Ievy. The details of the programme are well
known, (Busing, Martin and Levy, 1962).

It has the advantage over other least squares programmes
used in this work, that it was able to refine a number
of scale fa;c'tor“' o

The data were repunched in a form suitable for
the IBil-7090. Initial co-ordinates were "taken from
the second, thres-dimensional F, synthesis, and the
temperature factors were given the origimnal; arbitrary
values: (Uigo):

Hg = 0.025, S and CL = 0,034, O and C = 0.043 42
The scale fectors were obteined from the last cycle of
structure factor calculation, by making
Ez:k.lFoi = Ei}FeB for sach layer of 1.

The weighting schems used was again Rollett's:
J¥ =1 for |Fo| <15, and /w = 15/ |Fo| for ;p.,]_)ls,

Three cycles of full matrix, isotropic :efinement,
were sufficient to produce convexgence. The.R value
dropped to 0.172 on the first cycle, to 0.169 on the
second, end 0.158 on the third. That the weighting scheme
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was inadequate, was shcwn by a final value of

R, = Ewl_\"‘/ Ew{mlnz

The three scale factors were highly correlated as

of 0.207.

shown by coefficients of approximately 0.50. The
correlation coefficients between the scale factors and
the temperature factor of the mercury, are in the
region of 0.7,
The weighting scheme was changed to:

w = 1/(Py+ Fo +Pg By 2 +Pg Fo 3)1/2
with the values P, = 25, Py = 3.636x10™>, Py = 1.663x107°,
Two cycles of anisotropic refinement witﬁ/this

weighting scheme brought R to 0.1115 and R' to 0.0226.
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4.2 Description of the Structure.
The mercury is situated on a centre of symmetry.

It is six-co-ordinate , and has two chlorine atoms at
2.334, two at 3.084, and the two sulphur atoms of the
ligand at 3.128. The angles at the mercury, are close
to 90°. The mercury atoms of adjoining, distorted
octahedra; are 3.95 A apart, ( the c-axis repeat
distance), and are linked by unsymmetrical, non-linear,
chlorine bridges. A closely bondedvchlorine belonging

%o one ociahedron, is identical with a loosely bonded
chlorine of the next.

The stradure is therefore a linear a;ray of distorted

octahedre sharing opposite edges. In this arrangement
of ligands, the sirveture is similar in type to others
found previously, and illusirates one of the well known
ways in which such polyhedra pack, (Damm and Weiss, 1955).

The almost planar ligands lie nearly normal to the

c-axis, and therefore the six-membered rings lie neatly
in between the Hg-Cl bonds. The ligand dimensions are no
different from these sxpected in the uncomplexed
phenoxathiin. The dihedral angle between the two benzene
rings is 153.1° which compares with the value of

165 * 6° deduced from the dipole moment of phenoxathiin
by Leonard and Sutton (1948). The angles subtended at
the sulphur are approximately tetranedral. There appears



t0 be no intersction between phenoxathiin ligands on

differsnt mercury atoms.

Figure (1l) shows the structure projected down
[001]. Figure (12) illustrates the immediate

environment of & mercury atom.

o'



Flgure 10.

DICHLOROBISPHENOXATHIINMERCURY (II). The two-~dimensional
Patterson function, P(u,v). The contour levels are
arbitrary.



Figure 10.




Flgure 11.

DICHLORUBISPHENOXATHIINMERCURY (II). Projection of the
structure down the c-axis.
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Figure 13.

Visible absorption spectra of DICHLORO- and DIBROMO-
BISPHENOXATHIINMERCURY (II) in the solid state.
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TABLE (13)

DICHLOROBISPHENOXATHIINMERCURY (II)

Atom

Cl

c(1)
c(2)
c(3)
C(4)
c(5)
c(e)
c(7)
c(s)
c(9)
c(10)
c(11)
c(12)

P 4
0.00000
0.02966
0.09599
0.18475
0.14281
0.14311
0.18112
0.21742
0.21910
0.18137
0.14602
0.15010
0.11249
0.06890
0.06523
0.10242

b 4
0.00000
~0.06496
0.12003
0.22978
0.1019C
0.03263
0.01483
0.07008
0.1425%
0.15728
0.24825
0.31429
0.33702
0.29344
0.22481
0.20316

Fractional Atomic Co-ordinates

-

0.00000
-0.36922

0.17286
~0.13061
-0.00852
-0.01422
~0.14061
-0.27489
~0.26774
-0.13990
-0.16522
<0.31280
~0.34369
-0.22968
~0.09203
~0.04786



TABLE (14)

DICHLOROBISPHENOXATHIINMERCURY (II)

Estimated Standard Deviations of

Atom

Ci

c(1)
c(e)
C(3)

Cla)

c(s) .

¢c(a)
¢(7)
c(8)
c(9)
Cc(10)
c(11)
¢c(12)

(x)
0.00000
0.00022
0.00020
0.00083
0.00082
0.00117
0.00108
0.00102
0.00084
0.00074
0.00092
0.00108
0.00120
0.00111
0.00116
0.00094

(y)
0,00000
0.00036
0.00034
0,00100
0.00146
0.00198
0,00193
0.00192
0,00178
0,00141
0.00143
0,00149
0.00162
0.00152
0.00177
0.00146

Fractional Atomic Co-ordinates

(z)
0.00000
0.00268
0.00270
0.00835
0.00966
0.01150
0.01382
0.01469
0,01184
0.01096
0.01113
0.01404
0.01279
0.01288
0.01277
0.00969



Avonm
Hg
Cil

S

¢
(1)
c{2}
C{3}
G4l
Ci{s}
Ci{s)
{7}
cl{a;}
c(o}
(10}
c(1i1)
c(1i2)

TABLE (15)

DIGHLOROBISPHEnoxArHIINMERCURI (IX)

Anisotropic Thermal Parzmeters (Xz)

Uaa
0.05791
0.04398
0.02759
0.035%6
0.02615
0.04771
0.04416
0.04256
0.02691
0.01698
0.04095
005699
0.07306
0.06728
0.056%79
0.04061

Ugs
0.,06200
0.04370
0.0332%
0.0323%
0.03454
0.05054
0.06099
0.06724
0.06762
0.03737
0.03780
0.03132
0.04281
0.04094
0.04685
003545

Uss
0.05860
0.01370
0.03030
0.08235
0.07086
0.07987
0.06610
0.08456
0.04366
0.06085
0.02251
0.08099
0.04132
0.06012
0.06210
0.03508

Uge
«0.00540
=0 .00087
=0.00136
0,00495
=0,00532

0.00615
=0,00502
0.00063
=0.00236
0.00842
0.00136
0.00671
0.,00994
-0.00051
0.00717

”OOOOSOSA

Uu.
0.001e2
0.00342
0.00045
0.00493

=0,00117 -

=0,00550
=0.01006
=0.00309
=0.00101
~0.00103
0.00096
000769
0.00853
0.00515
0.00039
-0,00358

Uia
0.03225
0.01987
0.00704

=0,0069%7
0.00329
0.00171
0.01562
0.02133
0.00341
~0,00527
0.00116
0.00642
0.0285%7
0.02177
0.01751
0.00430



TABLE {16)
DICHLOROBISPHENOXATHIINMERCURY (II)

Interatomic Bond Iengths in K with
Estimated Standard Deviations

Bonéd Iength E.s.d.
Hg - C1 2.325 (0.008)
Hg « CL° 3.080 (0.003)
Hg - 8 3.119 (0.006)
S - C{1) 1.765 (0.029)
S -~ ¢{12) 1.784 (0.032)
o - G(6) 1.377 (0.035)
G o CE7) 1.380 (0.033)
G2Y - 0L2) 1.382 (0.049)
GLE) - G(3) 1.433 (0.062)
GL3) < ¢{4) 1.351 {0,052}
¢{2) = C©(5) 1.393 (0.048)
G(5) - ¢(6) 1.396 (0.041)
G(6) - C(1) 1.387 (0.038)
c{7) - c(8) 1.375 (0.047)
ci{8) - €(9) 1.394 (0.045)
c(e) - ¢(10) 1.384 (0.050)
C(10) = C{(11) 1.408 (0.048)
G(11) - G(12)  1.375  (0.044)

C(V) 1,396 (00041)

Q
o
ot
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TABLE (17)

DICHLOROBISPHENOXATHIINMERCURY (II)
Interbond Angles with Estimated Standard Deviations

Atoms Angle E.s.d.
c1 - Hg = C1' 87.16° (0.27°)
c1 -Hg -5 79.208  (0.22°)
cl' -Hg =-S5 81.99° (0.21°)
(2} - 8 - Hg 113.0° (1.0°)
c(iz) - S - Hg 109.5° (1.0°)
¢(l) -8 - ¢{12} 95.8° (1.5°)
c(g} « 0 - C{7) 121.0° (2.0%)
G{s} < C{1L) - S i22.4° (2.2°)
c{2) - ¢{&) -8 120.7° (2.4°)
c(2) - C{i} - G{6)  116.9° (2.7°)
c(1} - Cc(2) - ¢(3) 123.4° (3.2°)
c(2) - C(3) - C(4) 117.7° (3.3°)
C(3) - c(4) - C(5)  120.8° (3.4°)
C(4) - C(5) - C(6)  119.3° (2.8°)
C(s8) =~ Cc(6) - C(1) 121.7° (2.7°)
C(l) - C(6) «0 ~ 120.6° (2.5°)
C(6) -cC(8) -0 117.5° (2.4°)
0 - C(7) - C(8) 119.56° (2.6°)
0 - C(7) - ¢(i2) 122.6° (2.8°)
C(8) < C(7) - €{12) 117.9° (2.6°)

c(7) . - c(8) - c{9) 122.0° (3.1°)



TABLE (17) (Centd)

Atoms
c(8) = c(9) - c{10)
c(9) - c(10) - c(11)
C(10) = C(11) - c{(12)

¢(11) - c(12) - C(7)
c(11) - C(12) -~ S
S c(12) - C(7)

Angle
121.3°
115.6°
123.56°
119.6°
120.7°
119.7°

E.a.d;
(3.1°)
(2.8°)
(3.1°)
(3.0°)
(2.5°)
(2.2°)



TABLE (18)
DICHLORDBISPHENDXATHIINMERCﬁRY (II)
Observed and calculated

structure factors.
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4.3 Discussion of the Structure.

Mercuric halide structures in which compounds
containing a ring sulphur or a ring oxygen atom are
co-ordinated to the metel are known (Hagsel and
Hvoslef, 1954; Cheung and Sim, 1964).

Phenoxathiin contains a riné suiphur and 'a ring
oxygen atom in similar environments, and therefore both
of them are potentially available for complexing to a
metal atom. It ig of interest to se2e which atom in
such a system is'actually used, or whether the ligand
is bidentete. I% 1s to be expected that the complexing
power of botk sulphur and oxygen atoms would, to some
extent, be modified by the presence of the other.
Bsesuge the two atoms might be said to be competing
againat one another, the ligund was expected to be loosely

beoandea to the mercury.

The solution of the crystal structure has revealed
that there are indeesd no strong bonds formed between the
metal and phenoxathiin molecule, and that the sulphur
atom is preferred tc the oxygen for co-ordinating. The
distance between the mercury and sulphur atoms, indicates
very weak bonding, which is evidenced by the ready
decomposition of the crystals on standing in air, or on
solution in any solvent. The Hg-S length is slightly

less than the sum of van der waal's radii.
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Althoqgh the interaction is so tenuqﬁs, if dées
have the effect of giving the crystalline complex an
absorption band in the visible region, which is exhibited
by neither of the components. The development of
completely new, intense absorption bands, when seemingly
non-reacting compourds are mixed, is well kno;.vn, the
rmost famous example being, perhaps, the benzene-iodine
system (Benesi and Hildebrand, 1949).

It has been shown (Lulliken, 1950, 1952a, 1952b),
that this sabsorption can be accounted for by assuming
& degree of charge transfer from one ccmponent, D, of
such & systen, to the other,A. The wav.fe functions for
the complex can bs expressed as & combination of the
funetsion Vg, for the ground state D, A, and the
function g, for the charge trangfer state, D+, A~
One state of the complex is mainly A d, the other
mainly v)b ac |

Ya* aa¥a
f)ba + >\d& ‘f/d

AR =T

d
a2

]

v
and /)b’




Transitions between')’/ 4’ and ')(I ‘s 8re reeponfsible for
. the abeorption. The stabilisation of the ground afﬁte
is: . |

GAEdz )\adz (Ea "Ed),

and the elevation of the charge transfer state is:

AE& = >d82 (Ea - Ed)o

Therefore, epproximately, the energy of the transition
depends on the difference, (Eg - Eg). If Ey is iarge
and E; small, this means that the ionisation |
potential of the donor must be high and the electron
affinity of the accepior slight. That is, not allowing
for environmental factors, the frequency of absorption
is directly dependent on the difference (I, - E,). The
aubject is reviewed by Murrell (1961) and Orgel (1954).
This relationship has been observed in a large
number of organic charge transfer systems, for example,
‘thome tabulated by Breckman (1949). It is also
bbserved in many metallic halides, where the transfer
occurs from’ﬁalida to metal ion. In particulgr, it holds
for the chloride, bromide and iodide of mercury, the
abgorption frequency decreasing in that order as, I,
the ionisation potential of the halogen donor,decreases.
The solid state spectra of the bromo and chloro
complexes are shown in figure (13). Absorption bands
extend from below 200 mpm into the visible, the bromo



band continuing to a greater wavelength than the chloro
band. If the phenoxathiin complexes are charge transfer
complexes, with the sulphur ligand acting as the donor,
and the mercury halide as the acceptor, we might expect
E, to be lower for the bromo, than for the chloro-compound,
and consequently the frequency or energy of transition

to be greater. This, however, is not the case, the
bromo-compound showing absorption at lower frequency

than the chloro. In other words, the situation remains
as in the mercuric halides themselves as expected for
halide to metal itrensfer, but the bands have been shifted
%o the visgible.

This appears to imply that complexing with the
phenoxathiin has facilifatod the halide to metal transfer,

and that the sulphur ligand acts to some extent as an
acceptor.

Although the extinction coefficient in solution
could n@t be measured, and apparatus of single crystal
spectroscopy was not available, the intensity of
absorption did not seem to be very high. This toosuggestis

that the absorption is not due to a simple sulphur-
ligand to mefal charge transfer.

It is possible to obtain absorption when there is
novnet transfer of charge. For example, a system of

identicel components, A, A, may be stabilised by equal



contribution from the states ATA~ and A”AY. The
Ag"’ceﬁs systen is believed to xeceive a cont:ibution
from Ag2'CeHe™ (lMurrell, 1961). By analogy with this
case, it might be that in the phenoxathiin adduct,
metal o sulphur T * orbitals charge transfer does

occur in eddition %o sulphur ¢ metal transfer.



CHAPTER 5

DISCUSSION OF THE STRUCTURES
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5. DISCUSSION OF THE STRUCTURES.

Thiourea is known to co-ordinate readily with a
large number of metala, and several complexes have been
examined erystallographic€11y. (Truter, 1958 (a), 1963,
Nardellli and Fava, 1959, Nardelli, 1957, Braibanti and
Fava, 1959). Short sulphur to metal bonds are alweys
found. It is therefore not surprising to find covalent
mercury to sulphur distances in the complexes described
ebove. The co-ordination of the'mercury is unusual.

An obvious postulate for the structures of these compounds
would have been one having a very distorted tetrahedal
arrangement around the mercury, similar to that found in,

for example, HgCls 2[(CeHs)s AsO] (Brénden, 1963). It
is curious to note thet an essentially three-co-ordinate
gstructurs could have reasonably been expected for the
mercuric chloride adduct of 1, 6~ dithiecyclodeca-cis-3,
cis-8-dodne, 2(HgClg) SgCeHiz, (Cheung, 1964), whersas
the actual structure comprises one distorted tetrahedral
mercury, and one almost unperturbed mercuriec chloride
molecule. These examples emphasise the extremely
unpredictable nature of mercury complex structure.

The only generalisation which can be made about the
co-ordination the mercury will adopt in any given
structure is that, if the ligand is highly basic, three
or four ligands will be closely bonded to the mercury.
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Weakly basic ligands result in structures in which the
marcury is octahedrally surrounded, and has two short
linear bonds, and four bonds of length ratﬁer less than
the sum of the van der Waal's radii. This difference
of type is illustrated in table (A).

However, given the structure of a complex, it is
possible tc rationalise the dimensions on the basis of
the relative electronegativities of the various ligende.
Bent (1961) has pointed out that, for light atoms using
sp3 hybrid orbitals, the bonds do not necessarily all
contain the same amounts of S character, but this
concentrates in those bonds directed towards the least
electronegative liganda. He uses these so-called
second order hybridisation effects to account for the
variation in bond lengths and angles in series of
compounds, such as halogenated methanes.

Fractional s character of atomic orbitals used
in bonding to ligands, may be calculated from a
knowledge of the angle between the bonds. Let two
bonds be described by the following s-p hybrids of the
central atom:

(1 - 312)1/2'¢’P1 + S Vg

(A)
2)1/2,)“)’3 +5s g

(1 - Sg
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The wave functions " p, and W pa refer to p states
of the atom, symmetric about the 'tw'o bond directions,
and "f’s refers to the s state. Since the two bonds |
must be :I.ndependent of each otﬁer, the two states must

be orthogonal. If & 13 the angle between the bonds then,

f’\l’px .V pe At = cos 0,
[(1-’5;2)1/2 (1~-Sp,2)1/2 cos e]+ﬁ1-s;2)1/2 Se VsV

+ 5150 Y o2 + (1522 5, A1 =0

If the two bonds are equivalent, so that
S, = Sg = 8 |
then, [(1-S%) cos & + S%] =

and S2 = cos ©

cos 6 -1

glves the fraction of & character in each bond.

In the case of mercury complexes, we are no longer
dealing with a simple atom, and the atomic hybrid
orbitals used in bonding are not neéesaarily mixtures
of 8 and p functions only. Although d - orbitals may
be used in o - bonding, the result éiven sbove remains
theseme, and we shall not consider d-orbitals explicitly.

In dichlorobisthioureamercury (II), the angle
between the equivalent mercury-sulphur bonds is 139° 00/
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and the fractional s character in each bond is therefore

0.43. Assuming that the mercury uses its s orbital and
two p orbitals in bonding to the two sulphur ligands
and the one chlorine atom lying in the same plane, and
that the interaction with the remaining chlorine atoms
is largely ionic, it is possible to say that the
merceury-chlorine covalent bond must possess 0.14 8
character. The bond is 2.58 A in length. With theae
figures, it is now instructive to compare the mercury-
chlorine bond length with lengths found in other
structures.

Mercuric chloride itself, approximates to a
molecular crystal containing discrete linear HgClg
units, vwith a mercury-chlorine separation of 2.25 K,

A determination in the gas phase, has given 2.29 K as
the bdnd_length in mercuric chloride, (Akishin et.al.,
1959). Here the fractional s character in each bond is
0.50. |

Disorete HgCly’~ ions, which are nearly tetrahedral,
" are found in the crystal of the msrpuri-—chioride |
of perioline, (Jeffreys ot.ai., 1963). Averaging bond
angles and lengths, gives a separation of 2.50 K
corresponding to bonds containing 0.26 s character. This
distance is also found in thb mercuric chloride adduct
of 1, 6- dithiacyclodeca-cis-3, cis-8-diene, (Cheung
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gt.al., 1964), where the fractional s charactef in the
mercury-chlorine bond is calculated to be 0.25.

The structure of dichlorobisthioureamercury (II)
therefore, helpg to show that Bent's obser&ation
provides a useful rationalisation of heavy atom
structures also, since the chlorine atom is clearly
more electronegative than the sulphur in the thiourea
group. It is elso clear that the exceptionally long
mercury-chlorine bond is in keeping with the steady
increase in length as the amount of s character in the
bond decreasss from compound to compound.

- Teble (A) summarises some data relevent to
mercury-chlorine bond length variation.

~ The data for other mercury bonds are not so
extensive. The mercury-bromine distance corresponding
to bonds of 0.50 s character, has been determined as
2,41 A in the gas phase, (Akishin et. al., 1963). This
agrees with the value (2.44 A) obtained in the linesr
Br-Hg-SCN molecule, (Zvonkova and Zhdonov, 1962). The
structure of (CHgz)4 N HgBrs contains recognisable
planar [HgBrs]~ ions, (white, 1963), which can be
eonsidered,for this approximate treatment, to be isolated.

The avarago mercury-bromine bond length is 2.62 A,

which therefore represents & bond with 8 = 0.33. A
value cloao to this (2.6 % 0.1 2) is found in Hgg NHEr,



(Brodersen, 1955), in which the mercury has trigonal
bipyramidal co-ordination, the axial being much longer.
Finally, dibromobisthioureamercury (II) exhibits a
mercury-bromine distance of 2.81 X, which can be taken
as representing & bond with very little (s = 0.05) ®
character. |

Mercury lodine bond lengths are known from the
two modifications qf mexrcuric iodide, and the compound
(CHg) S Hg Is. The yellow form of mercuric iodide heas
linear I-Hg-I units, (8 = 0.50), the bond length is
2.62 A, (Gorskii, 1934). MNercury atoms are tetrahedrally
co-ordinated in the red rorh, in which the bond length
is 2,78 Xg (Huggens and liagill, 1927), corresponding te
8 = 0.25. (CHg)sS Hg Is contains [HgIs]™ ions, which
are planar, (Fenn, Oldham and Phillips, 1963).

I
-] [
2.71 A 2.65 A
112.8° Hg 4 1
123.3°
I

The long Hg - I distances correspond to s = 0.28,
the short one to 8 = 0.44

Mercury?sulphur compounds constitute the only
other group for which there is much data. The S-Hg-S



bond angles in the dibromo- and dichlorobisthiourea-
mercury (II) are respectively 144.5° and 139.0°,

(8 = 0,45 and 0.43). The bond lengths are, however,
2.43 X for the bromo-compound and.zosv X for the
chloro-compound. The differences appear to be
significent (O = 0.0l - 0.02 A). This discrepancy
may be connected with the observation that the 'effective’
co-ordinetion of the mercury in the bromo-compound

is higher than that in the chloro-compound. The term
"affective’ ligand has been’uaed by Grdenié (1965) to
deseribs one which lies at a distance from the mercury
appreciasbly less than the sum of the van der waal's radii
of the mercury and ligand atom. The sum of the-
van der Waal's radii of mercury and chlorine ia 3.30 i.
The Hg-Cl (2) distence found (3.22 A) 1s only slightly
less than this. The sum of the radil of mercurykand
bromine is 3.45 K, and in the bromo-compound, the four
Hg-Br distances are: 2.8 X, 3.00 K,' 3.33 A and 3.41 Ao
Therefore the effective co-ordination in the chlbro-
compound is three or slightly more, while it is four to
five in the bromo-compound. |

The value given by Harding (1958), for the mercury-

sulphur length in the mercury dithiazone complex 1is

2.4 £ 0.1 A. The S-Hg-S angle of 156° implies 8 = 0.48.

As stated by Bréndén, the mercury-sulphur bond
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length varies from 2.36 A to 2.52 A as delimited by
nany éxamples of linear S-Hg~S bonds (8 = 0.50) aud
tetrahedral angle S-Hg-S bonds (8 = 0.25), table ( A ).
It can be added that for bonds of an intermediate |
nature, the length is around 2.4 Xo

There is & particularly long bond between mercury
and sulphur in the structure of HgSC (CHg)s, (Bradley
and Kunchur, 1964). This is an infinitely extended

gapire structure.

N/ | . o
Hg Hg-S = 2.59 = 0.03 A
“ (-]
CH, ‘\\ CH, 2.66 = 0.03 A
| i
cugm?ms\ sa?«CH@ S-Hg-S = 87 t 1.5°
CHa '\ / CHg 90 t1.5°
! 121 ¥ 1.5°
RN

Ths bond angles suggest that the bonds ars pure p or
even bent to some 8xtent.

Linear Hg-0 bonds are found in HgO, (Aurivillius,
1956) , Hgs O Cl,, (Séavnidar and Grdenié, 1955). The
bond length is 2.03 . In Hgs Og Clg, (Scéavnicar, 1955),
the Hg-0 bonds have an average length of 2.16‘3. and the
average of the 0-Hg-0 boﬁd angles implies, 8 = 0.30. An
.example of a Hg-O bond containing very little s
cheracter is found in Hg Clg 2(CeHs)s A8SO, (Brdndén, 1963).
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When merdusy is surrounded by N end C1 atoms,
the poorly co-ordingting N is relegated to a distant
site of a distorted octahedron, while the chlorines
are used for bridging in a menner similar to that in
the phenoxathiin adduct, (Hg Clg 2 NCgHs, Grdenid,
Erstanovié, 1955). In the mercury dithiazone complex
too, the N atoms are only weekly bonded to the metal,
but the angles in this molecule result from the
dimensions of the thiazone grouping. Short linear
N-Hg-N bonds are found in the compound Hg(NHp)s Clg,
(MacGillavry snd Bijvoet, 1936) where the chlorine is
largely ionic. The N-Hg distance corresponding to
e = 0,50 is 2.07 A.

In the light of these invéstigationa, it appears
thet thsvﬁg=CL bond length varies Just as much as: the
Hg-S, when the mercury hybridisation is sufficiently
altered. 1Indesd bond length changes arse observed no
matter what stom is bonded to mercury, and we believe
that these changes c¢an be directly linked wiih the
reletive donating powers of the various ligands on the
complexed atom. This treatment involves averaging some
bond lengths and angles andvis not intended to give more
than a quelitetive explanation for the observed
structures. Its juetification lies in the systematisation

i% confers on a subject which is too complex to be
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tresated other than empirically.

The experimental data are too complex to permit
speculation on the possibilities of 1r- bonding in these
complezxes. Cotton, however, has considered it worth
while to point out which orbitals may be possibly used
for this purpose ( 1960). We shall therefore do the
same for the mcore symmetrical of the thiourea complexas
studied. |

Owing to the very great separation of the bridging
chlorine atom in dichlorobisthioureamercury (II) it is
justifiable to leave them out of consideration in
covalent bonding. (The Hg-Cl distance is 3.22 A. The
ionic radii of mercury and chlorine are 1.40 Z and
1.81 A respsctively). The symmetry of the molecule, with
or without these chlorines is Cgy. The (group theory)
character table for this point group is:

Cay E Ca Ty(xz) Oy'(ys)
Ay 1l 1 1
Ag 1 -1 -1
Ba 1 -1 1 -1
B, |1 -1 -1 1

(The z axis is the two-fold axis)-.



A repressniation for the ¢ - bonde is reedily found

to be:

E Ca G vixz) oy (yz)

T:r|3 1 1 3

This is reducdble to, r:,- = 24, + Bg.

The available ligand orbitals are filled o orbitals
of the sulphur and chlorine atoms, and unoccupied 3d
orbitais. The metal orbitals are the 54, 6s and 6p.
The three ligand ¢ orbitals, therefore span A; and
B:. The ligand 71 bonding orbitals may be represented
by vectors parallel to and perpendicular to the plane

of the molecule. L x

T S

N

y S

A representation for the 17({ -bonding orbitals, and the

two sets into which it cean be broken are:

037 1 E Cg O-V(XZ) 0".. (yz
M | 6 -2 0 0
L] 3 -1 1 -3
e ] 3 -1 13

o
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These are reducable zs follows:

r_L A3+2B;
Tﬁ“ = Ap + 2Bg

The nine valency shell orbitals of the mercury atom
correspond to the irreducible representations in the

following manner:

A, 8 +DPz %2_
Ax  dgy-

B, Px » dxz

B Py » dyz

Therefore o -bonding orbitals may be compounded in any
of the six ways involving two orbitals of the set

S, pz ,dza, and one of the set py ., dyz. This leaves
the ofbifals dxy, and py ,4x4 completoly free to
participate in v -bonding. Orbitals belonging to

A; and Bp would presumably be preferentially used in

o =bonding.



TABLE (A)

Compcund
HgClg

KoHgCl, .2H:0

Egs0Cl,

CsHgClg

CHzHgCl
[HgCl..(CgHg) sAB0] ¢
HgClg .2(CegHg) 3A80
CgoH19N.0g,1/2(HgCLl,)H0
2HgClg.S2CeHye

HgCl.[ (NH,)eCS]g
Hg30:Cle

Compound

HgBre

HgBrsSCN

(CHg) (NHgBrg
HgeNHETe

HgBrg[ (NHg) .CS]

Compound
HgI, (yellow)
(CH3) 5SHgI s
(CHs) oSHgIs
Hglg (red)

Hg-Cl (X)
2.29
2.29
2.28
2.29
2.282
2.32
2.32
2.50
2.51
2.58
2.66

Hg-Br (X)
2.41
2.44
2.52
2.6
2.82

Hg-I (A)
2.62
2.65
2.71
2.78

8
0.50
0.50
0.50
0.50
0.50
0.46

0.45

0.25
0.25
0.14
0.10

0.50
0.50
0.33
0.33
0.05

0.50
0.44
0.28
0.25

Ref

89
74
89
27
14
13
40
18

73

Ref

90
83
12

Ref
28
26
25
39



TABLE (A) (contd)
Compound

HgS (cinnabar)
Hg(SCHg) ¢

HgCl:[ (NHg) oCS]e
HgBre[ (NHe) o CS]g
Hg(CyH 1N S) 2(CeHgN)
HgS (metacinnabar)

CuengHg(5CN) ¢
2HEC1 g0 SeColyzn
Culig( SCI) o

Hgl SC{CHg) 51s
Hgllo(0h2HaS0) g

Hgs0,Cle
HgCly.2(Colls) sASO

Compound
Hg(NHg) Clg

Hg(C1gH11NgS) 2 (CsHeN) e
Hg(CN) g

Hg-S (R)
2.36
2.36
2.37
2.43
2.41
2.52
2.55
2.53
2.57
2.63
3.12

Hg-0 (K)
2.03
2.03
2.16
2.34

Hg-K (A)
2,07
2.55
2.70

8
0.50
0.80

1 0.43

0.45
0.48
0.25
0.25
0.25
0.25

0.50
0.50
0.30
0.04

0.50

Ref

Re¥

74
73
13

Ref
46
32



CHAPTER 6

THE STRUCTURES OF TRIHALIDE IONS
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6. THE STRUCTURE OF TRIHALIDE TONS

6.1 Introduction.

Thére exists a large variety of molecules and ions
consisting only of halogen atoms. From the aimpleet
apecies, the halogen molecules, to the complicated
polyhalide ions, the subjeqt‘haa been extensively studied
from the point of view of their stabilities and
structure. A significant part of the field comprises
the commonly occurring trihalide ions. Some halide
structures are isoelectronic with some neutral rare gas
compounds, and this connection lends further interest
to the problem of their electronic structure (Rundle,1963).
Alternative proposals have been put forward, and owing
to the impossibility of detailed theoretical calculation,
it would appear that a large body of axperimental data
is required to come to any firm understanding of the
bonding. |

All halogen complexes contain an even number of
electrons, and are diamagnetic, that is, all neutral
species have an even number of atéma, and all singly
charged sPeciéé, an odd number. The stability of the
interhalogens, AB, relétive to the élcmsnts at standard
coﬁditions, decreases in the order of decreasing
electronegativity difference between A and B. The
A-B bond distance is less than the sum of the Pauling



covalent radii of A and B by an amount decrcasing with
decreasing difference in electronegativity. whils the
stabilities of the interhalogens AB; and ABg with
respect to the elsments follow the same pattern, the
stabilities with respect to partial dissociation, and
in some cases disproportionation products, must also be
considered. Such structures contain unequal bond lengths.
- Several trihalide ions have been investigated
erystallographically. It is found that all but Brg"
are linear or nearly so and have bond lengths greater
than would be expected on the basis of the sums of the
atomic covalent radii. In the heterotrihalide ions the
heavier atom always occupiea the central position.
Trihalides in which the bonds are of equal length, and
in which they differ are known. Someé polyiodide ions have
also been studied, and in some of them, Ig~ units can
be distinguished (Havinga and Wiebenga, 1958). The I-I
bond lengths are equal in the compound, tetraphenylar-
sonium tri-iodide, (looney Slater, 1959), but unequal
when the ion occurs with the small cations NH’.+
(Mooney, 1935) and Ca* (Tasman and Boswijk, 1956), and
in CsI4 (Havinga, Boswijk and wiebenga, 1954). Slightly
differing bond lengths occur in the compound
Hls.2CeHs CONH; (Reddy, Knox and Robin, 1964). The
[C1-I-C1]" ion is symmetrical in the presence of



[(CH3)eN1" (Moonsy, 1939),

and [PCl.]" (Zelezny and Basnziger, 1952), and as in

NH BrICl, (Mooney, 1938) the bond lengths do not differ

g:eatly from the sums of the atomic covalent radii.

In piperazinium bisdichloriodide (Rgmming, 1968), however,
the I-Cl distances differ sharply, one chlorine atom

being closely assoclated with three nitrogen atoms of the

organic group. Finally Bry~ appears to be bent and

unsymmetricel, (Romers and Keulemans, 1968).

In these ions less subject to intensely localised
electrostatic forces, the bond lengths are equal, and
their struéture can be simply explained to some extent
on the basis of sp>d hybridisation of the central atom
orbitals (Pauling, 1939). The configuration of the
polyhealogen species can be rationalised by the application

of the rule that repulsions between lone pair electrons
in different orbitals are greater than repulsions
between electrons in different bonding orbitals. At the
same time, this hybridisation scheme also explains why
the heavy halogen atom occupies the central position,
since it can more readily make use of its 4 orbitals.

However, several observatiohs seemed to indicate
that this was not entirely correct or at least thaf
another hybridisation scheme would do just as well.

NQR studies strongly suggested that the participation of



d orbitals could not be great (Cornwell and Yamasalki ,1957).
The bond lengths in the symmetrical Iz~ ion are greater
than might be expected for spsd hybrids, and it seemed
unlikely that this could be attributed entirely to
electrostatic interaction with the cation. Infra-red
studies demonstrated that the stretching force constants
in the trihalide ions were far in exceas of those in the
corresponding simple interhalogens (Person, Anderson and
Fordemwalt, 1961), where there is considerably less room
for speculation as to the type of bonding. Finally, the
energetics of & orbital participation remained in
question (Pimentel, 1951). v

In defence of the description of the bonding using
hybrids of s, p and d orbitals, it is interesting to note
the calculations made by Duffy (1949) in e quite
differsnt connsction. They show that in a pentacovalent
moleéule Qith the trigonal bipyramidal configuration,
and idéntical ligands, the axial bonds are weaker and
longer than the equatorial ones. He showed that the best
hybrids are obtained with the mixing a%’and5°2? where
n=1 /e, The low stretching force constants in PClg
have been cited in evidence for this mixing.
Also it‘haa been observed by Bent (1961), that for light
atoms;the amount of s character in sp™ hybrid orbitals,

tends to concentrate in these bonds directed towards the
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mora slectropositive ligands. As has been demonstrated
for the case of Hg(II), this is at least one wa& of
usefully correlating a large body of experimental
observations for heavy atoms. In the case of the
trihalide ions, the equatorial positions in a trigonal
bipyramidal arrangement of orbitals on the central atom,
are occupied by non-bonding electron pairs. These
positions can therefore be considered as being occupied
by & very electropositive ligand, and consequently the
non-bonding electron pairs possess more s character than
the bonding elsctrons. The long, weak bonds can then
be understood as possessing less s character than pure
8p®d hybrids.

An attempt to elucidate the cause of the dissymmetry
in some Iy~ ions, was made by Slater (1959), by using
as an analogy, the H; system intensively investigated by
Hirschfelder, Diamond and Eyxing (1937). They
111uétrated the variation in potential energy of the
system as the central atom is moved from one terminal atom
to the other, the distance, D, between the terminal atoms
being held constant. For large separations, D, there are
two energy minima as the cehtral atom position is varied,
but at small values of D, the two minima coalesce to give
one minimum midway between the terminal atoms. On these

grounds, Slater argued that there was a critical value
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of the terminal etom asparation in tri-iodide ions,
above which the ion was unsymmetrical, and below which
it was symmetrical, The separation was taken to be
affected by the environmental forces on the ion. The
one case in which a symmetrical Is~ ion is known, however,
is in tetrephenylarsonium tri-iodide, and it can be
argued that the cation is not capable of exerting the
necessary electrostatic force to constrict the trihalids
grouping because its charge is too diffuse and becauss
it is not itself sufficiently rigid. The dissymmetry
in the Cs" end NH,,+ compounds is seen as 2 conséquance
of these smaller cations allowing the trihalide ilon to
lengthen. The terminal lodine atom separation in such
an ion, would then approach that which would be observsd
in a free ion.

In a covalent description of the bonding, 1t is not
essential to meke use of the d orbitals on the central
atom. Suitable molecular orbitals can be constructed
from the three atomic p functions, one from each atom
(Piﬁantel, 1951; Havinga and WIebehga, 1969; Rundle, 1963).
The combination results in & bonding, & non-bonding, and
an anti-bonding orbital. Placing the sixteen outermost
electrons into the six atomic p orbitals and the two
lowest moleculer orbitals, results in bonds rather
weaker than conventional electrbn‘pair covalent bonds.



The two moleculer orbitals containing four electrons
are distributed over all three atoms, but the non-
bonding orbital is largely concentrated on the terminal
atoms. This hybridisation at once accounts for the
long bonds and explains why the more electronegative
atoms favour the terminal positions. It has been
found that the configurations of interhalogen molecules
are correctly predicted by energy celculations using
the orbitals. Bond orders of many complexes have also
been calculated, and these agree well with the observed
bond lengths in all but the Brg~ ions. The asymmetry
of the Iz~ ion in Calg is qualitetively explained.

If & small amount of d character 15 admitted into
this scheme, there is really little difference between
the two propossls, assuming that most of the s character
resides in the lome pair orbitals. It appears that
when the tri-ipdide ion is not subjected to intensely
localised coulombiec forces, it adopts a symmetrical
configuration with long bonds éontaining little 4
character. Shorter bonds are observed in mixed tri-
haliéas, and‘before the discussion can be made general,
more data are required to confirm the trend, and to
separate environmental factors from purely internal

electronic factors.



6.2 Solution of the Structure of (C

alig) s ASBrgl.

The compound crystallises in well formed, stable,
red needles. From oscillation and precession photogfapha
about their needle axis, they were found to be mono-
clinic, with cell dimensions, & = 19.48, b = 18,47,
¢ = 12.00 K.g’z 107.6°, volume = 4115 23. The density,
calculated on the assumption that there were eight
formula units per unit cell, was 2.17 gnm. cc?l
Equi-inclination Weissenberg photographs were taken,
with the erystal escillating about its needle axis. From
these, the (hk0) reflections were observed to be abgent
when k was odd. It wes also noticed that the intensity
was rather low, whena#er h wag odd. Precession photographa
of the zZone (0kl), revealed absences in (00l) when 1 was
odd. There were no general absences. The space-group
is thersfore P2,/b, end there are two formula units per
agsymnetric unit.

Partial three-dimensional data was obtained by
visual estimation of multiple film, equi-inclination,
Weissenberg photographs taken with Cu Ka radiation
( A = 1.5418 K). Iodine has an absorption edge not far
from the wave-length of this rediation, and the anomalous
scattering gave the photographs a rather high background
intensity. As the equi-inclination angle increased, the
epot shape varied more with sin 9, and for the last two



layers, corrections were applied by multiplying the
intensity by the spot length. At high sin © values,
the intensities of the a,, a; components of the doublet,
which were in the ratio of 1:2, were added. The total
nunber of independent reflections is given apbroximately
by the volume of a quadrant of reciprocal space observable
with the given radiation, divided by the volume of the
reciprocal cell. This is 8.378/0.0008906 = 9407
neglecting systematic halvings. About 607 of these
reflections came within the range of the method used.
Non~-zexro values wers given to 4363 reflections. A
furthe; 1269 wcre noted to be below the limit of
observation.

~ The scazle factors between the films were estimated
by maldng independent measurements of the same
reflection on two or three different films. The scale
fact;rs obtained were averaged over all pairs of film
for any particular layer, and plotted against equi-
inclination angle. Theyclosely parallel those
calculated by Rossmanwn:

The data for the layers, 1 = 0—8 were placed on
aﬁproximately the same scale by correlation with the
(ﬁil) zone intensities, which were vigually estimated
from timed exposures on a precession camera, using

Mo Ko xadiation. Data réduction_to F° was carried out
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on & DEUCE computer for the Weissenberg data, and
graphically for the precession data. The gverall
disagreeme:*—factor,

2_ (K |F Weiss.| - |F Precession|)

Z ,F Pr?casaio#l |

was 0.068. (K is a scale factor).

B =

A

The thermal motion of the crystal was character-
igtically slight, for a largely inorganic compound far
from its melting point and strong reflections were
observed right up to the edge of the film. Although the
data extended well beyond the region of reciprocal spacs
observable with Cu Ko pradiation, no attempt was made to
collect more by using a shorter wavelength or by rotating
the. crystal about enother exis. Refinement by least -
squares was envisaged, and truncation of the data does
not affect this method. The total number of data
collected was such as to allow about twelve observations
for every parameter in the structure, assuming aniso-
tropic temperature factors for every atom. The only
situation in which the effects of the termination of the
data at the eighth layer became apparent, was in the
three-dimensional Fourier maps, when there were prominent
diffraction ripples in the z-direction, sbove the

heavy atoms.



Solution of the Structure.

The squivalent positions of P2,/b are:
X,¥eBi Xo¥s8; Xo1/2-y,1/2+z§ x,1/2+y,1/2-z.

' The Patterson space group is P2/m, and the twelve
symmetrical, or Harker, peaks, are:

2x, 2y, 22; 2x, 2y-1/2, 1/2;
2x, 2y, =22; 2x, 1/2+2y, 1/2;
0, 1/2, 1/2-25 0, 1/2, 1/2+2z;

and their csnirosymmetric equivalents. The unique
volume 8axb/2x¢c/2 was computed.

Befoxre the systematic analysis of the structure
was atarted, one useful piece of information was
obtained from the appearxance of the photographs. The
refiections, (hkQO), were all of low intensity when h

L2

was 0dd. Apart from the space group symmetiry (b-glide),

this implied a pseudo-translation of a/2 or a pseudo-

a-glide. This additional symmetry could have applied

to all of the structure approximately, or to some
proﬁinent part of the structure only.

The problem consisted of the solution of the
Patterson for ten 1ndep§ndent heavy atoms, with two
rarticularly heavy atéms to aid the solution. Two

approaches %o the problem were adopted. The volume
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around the origin was scrutinised for an image of a
known entity in the structure - that of the trihalide
grouping which would be at least approximately linear;
and the Harker line and section examined for the
iodine pesks.

A peak was found about 2.75 A from the origin,
and co-linear with it and the origin, a second peak
8 furthér 2.75 X away. The peak further from the origin
was 3 1/2 times smaller then the first. These heights
and positions imply the presence of a linear Br-I-Br
ion. Thus the orientation of a major part of the
structure had been found.

Two Harker peaks of height more than twice any
other at w = 1/2, wers found; A and B in figure (14).
As & start, these were taken as being the two lodine
Harker vectors. The z co-ordinates of the atoms were
then sought from the Harker line (O, 1/2, w), figurse
(15), but this was not really informative. The c¢ axia,
being much shorter than the others, the line was
overcrowded by peaks, representing the (O, 1/2, 1/232z)
vectors of every atom. We therefore proceeded to the
location of the other symmetrical vector peaks for the
two independent atoms. The Harker peak A at
(0.400, 0.020,1/2) taeken as (-2x, 1/2-2y), had given
X = 0.300, y = 0.240. A large peak was found at
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(0.597, 0.473, 0.250), and if thies is taken as the
(2x, 2y, 22) vector, z = 0.126. The Harker line can
now be used as a check on the g co-ordinate. It has
a maximum at 1/2¥2z = w = 0.250. This fixes the
magnitude, but not the sign of z, but for the first
atom, this is immaterial. The other large peak,
B, at (0.172, 0.135, 1/2), was used to derive
eo-ord;nates in & similar manner, giving x = 0.086,
¥y = 0.183 or 1/2-0,183. Hbﬁéver, the other symmetrical
vector, (2x, 2y, 2z), was not represented by a peak of
appropriete size, and the vectors between the
independent iodine etoms could not be found. Iodige
to iodine interactions are approximately twice as
large as interactions involving only bromine or arsenic
etomas, and iodine %o bromine or iodine to arssemnic
interactions are about 2/3 of iodine to iodine vectors.
So confusion must exist in distinguishing the various
types of vectors, since it ean reasonably be expected
that some double iodine to bromine vectors will be
present. The peak B was in fact a combination of peaks.
If it is assumed that the pseudosymmetry detected
from the intensities, applies at least approximately to
to the iodines, the peak A can bs taken as representing
both iodins Harker vectors. The co-ordinates of the
two independent iodines can be writien:
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Xo Yo 2§ Xy J» 25 X, 1/2"!.‘1/24'83 x, 1/2+4y, 1/2-8;
l/2+x, y, 8'} 1/2-x, 7, 5} 1/2+x, 1/2-y, 1/2*8’3
1/24x, 1/2+y, 1/2.5"

The cross vectors will therefore bde:

(1) 1/2, 0, 2*-z, (2) 1/2+2x, 2y, s'+s,
(3) 1/2, 1/2, 1/2-8'-2, (4) 1/2-2x,1/2-2y,1/2+z°'-%

There are peaks of appropriate size at (0.897, 0.017,
0.417) and(0.103, 0.480, 0.167) corresponding to (4)
and (2) respectively. These yield, for the iodine

co-ordinates:
X y z
I 0-300 0.240 0.125
I 0.800 0,240 0.042

All iodine to iodine vectors were identified; and used
to confirm the correctness of these co-ordinates. After
the iodines had been located, it was simple teo calculate
the positions of the bromines attached to them. The
location of the remeining four atoms was, however, less
straightforward, and recourse waes made to three-
éimpnaional superposition by a graphical method. The
Pbaitiona of the eight iodine atoms were marked on a
grid representing the unit cell, the origins of eight
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Patterson maps placed on these positions, and regions
of positive overlap mapped. Actually the superposition
was carried out in stages, only two Patterson maps
being used simultaneously. This was carried out from

z =0 to 2 = 1/4 for the whole area of each section. -
Since there is an image of the structure around every
heavy atom and also around the origin, the sdperposition
represents the electron density referfed to the same
origin as that chosen for the initial atoms. The
superposition map was not contoured below a certain
arbitrary chosen minimum, in order to reduce the
possibility of obtaining spurious peaks due to ripples
in the Patterson funetion. It revealed unambigucusly,
81l ten heavy atom locations, with little or no back-
ground, figure (168).

The two sets of five heavy atoms were closely
related by the pseudo-glide, so that many pesks in the
Patterson were ecomposite. For this reason, it was
impossible to deduce very accurate co-ordinates for the
heavy atoms, and the pseudosymmetry was initially taken
as being exact. The co-ordinates obtained, are shown in

table (19).
The co-ordinates were used to calculate structure

factors, and the disagreement index:

B = Z%m n"Fc[}/Z[Folk,
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was found %o bs 0.406. The phases of these structure
factors were used in computing a F, fourier, all tems
for wnich { |Fo| - |Fo[}> [Foh being cmitted. Three
thousand, ore hundred and seventy-one terms were used in
the calculation. From the map, npmﬁd heavy atom
co-ordinates, and co-ordinates of all 36 carbon atoms,
were obtained. \Vhen these were used in another round

of structure factor calculations, the R value dropped
by 0.088 to 0.318. Two further cycles of F, refinement
resulted in an improvement in R, to 0.0250 over all
4360 obssrved terms. By this time, the shifts in the
heavy atom co-ordinates were much less than 0.1 K,

Bagk shift corrections were not calculated owing to ths
impossibility of performing the long Fourier calculationa
twice for sach cycle. Throughout the aolﬁt:lo‘n and
preliminary Feurier refinement, the scales of the
different zones of F, were edjusted to make

ZKIE"@I =§:‘Fe| o This procedure can be criticised
because of interaction bétween the ks and temperature
factors. However, the tempsrature factors were not
altered at this stege, and the Fs had to be 'scaled’ to
obtaein easily an idea whether or not they were correctly-
phaged. At the fiﬁal ‘round of Fourier refinement, the
observed and calculated scales differed byl2t

at worst.




An uwnigue volume of the electron density is either
axb/2x¢/2 or exbzc/4. Since the Fourier calculations
were made in sections normal to the unique axis, the
latter volume was chosen to}minimiae computing time.
Initially the independent atoms were referred to this
volums rather than to eomplete molecules. When Fourier
refinement was disceontinued, the atoms were numbered
go that for the heavy atoms, odd numbers refer to one
formula unii, ond even numbers to the other independsnt
formula uwnlt. WNumbers C(1) to C(18) were reserved for
light atons of one unit, and C(19) to C(36) for atome
belonging %o the other. The degree to which the two
independent units avre related by the pssudo-glide, cen
be aseen at & glance from tabdble (19).

The atructure is not yet refined.
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Figure 14,
(C6H5)3AsBr3I. The three-dimensional Patterson
function. Section at w = 1/2, P(u,v,1/2). The

contour levels are arbiltrary.



Figure 14.




Figure 15.
(C6H5)3AsBr3I. The three-dimensional Patterson

function. Line at u = 0, v = 1/2, P(0,1/2,w).
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Figure 16.
(C6H5)3AsBr3I. The three-dimensional super-
position function projected down the c-axis.

The contour levels are arbitrary.



FPigure 16.




Figure 17.
(C6H5)3AsBr3I. Projection of the structure

down the c-axls.






Atonm
I (1)
I (2)
Br(1)
Br(2)
Br(3)
Br(4)
Br(5)
Br(6)
As(1)
As(2)
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
c(10)
c(11)

O a o o a o a o

TABLE (19)

(CeHs) 5 AsBrgl

Fractional Atomic Co-ordinates

X
.1974%
.29885

013425 -

.24062
20342
.36148
.07851
. 42287
.01647
.48928
.01163
07143
.06491
.00833
-.056238
-.04857
-.08072
-.12062
~.18672
-.20514
-.16314

J
.25378

.23502
.10067
. 08436
. 30814
. 38678
.13641
« 37079
.18335
. 32537
.13221
.11228
.08040
.06272
. 08067
.11379
.17416
.00806
.08301
.14852
.21111

2
«54490
-12704
58027
.17186
+49010
06526
.31512
. 33750
.1972%7
.46163
.06042
.03513
.91945
. 86892
- 88537
.00026
25653
.26874
. 33318
. 37159
. 36819



PABLE (19) (contd)

Atom

c(12)
c(13)
c(14)
c(15)
c(16)
Cc(17)
c(1is)
c(19)
c(20)
c(21)
c(22)
c(23)
c(24)
c(25)
c(26)
c(27)
c(28)
C(29)
c(30)
C(31)
c(32)
c(33)
c(34)

X
=.10357
06770
.03444
.07145
14144
.16743
.13349
.50203
«5674%7
.56496
.50689
.44515
.44578
.41974
« 36935
29992
28178
. 33951
«40447
.56652
53247
.56429
.64434

y
22324

« 28897
32774
«40243
+42895
. 38942
.31921
.11591
«10467
.07859
.06279
.07084
.10485
.16183
.09409
.08712
«14098
.21555
.22712
27721
. 31622
« 38733
.417756

2
. 30441
«17476
.12072
.07739
. 12397
.19510
.21041
.08378
«12546
.25062
. 30383
.262560
216023
.88550
.88708
- 85054
78535
79702
- 85127
.97464
.04726
.Q7222
.02698




TABLE (19) (contd)

Atom p y z
Cc(35) .67255 .38088 ,98620
c(36) .63145 . 30536 «94937




TABLE (20)
( CQHQ) 3 ASBrQI
Bond ILengths (K)

I (1) - Br(l) 2.75 I(2) - 3Br(2) 2.72
I (1) - Br(3) 2.64 I(2) - Br(4) 2.78
As(l) - C (1) 1.s88 As(2) - c(19) 1.80
As(l) - C (7) 1.98 As(2) - C(25) 1.94
As(1l) - C(13) 1.92 As(2) - C(31) 1.88
As(l) - Br(s5) 2.20 As(2) - Br(6) 2.29

Average TIengths
I - Br 2.72
As - Br 2.25
Ag - C 1.90

TABLE (21)

Bond Angles
Br(l) - I (1) -~ Br(3) 174° Br(2) -1I (2) - Br(4) 176°
C (1) - As(1) - C (7) 112° cC(19) - As(2) - C(25) 113°
C (1) - As(1l) ~ C(13) 109° C(19) - As(2) - C(31) 117°
C (1) - As(l) - Br(5) 108° C(19) - As(2) - Br(6) 107°
c (7) - Ae(li - C(13) 109° cC(25) - As(2) - C(31) 1l2°
C (7) - As{l) - Br(5) 111° c¢©(25) - As(2) - Br(6) 104°
C(13) - As(1l) - Br(5) 108° (C(31) - As(2) - Br(6) 101°

Averasge angle about As = 109°




6.3 Descgigtion of the Structure.

The compound consists of the ions [(CQHs)gASBr]+
end [BrIBr] . The anion is almost linear. The iodine
atom occupies the central position, and there appears to
be a elight difference in the I-Br bond lengths. The
arsenic of the cation is roughly, tetrahedrally surrounded
by three phenyl groups and one bromine atom.

There are two formula units in the asymmetric unit
of the cell of symmetry P2,/c. The two independent
formular units are closely related by a non-crystallographic
& glide plane at z = 0.57. As a result, the two units
have almost identical environment, and molecular
dimensions are the same in both. A view of the structure
projected down [001] is given in figure (17). In
orojection, the independent trihalide ions lie parallel
to one another. A distance of 5.4 A separates the
iodine atoms. Between the extremities of the pairs of
anions related by the erystallographic b glide, there
is a gap of 4.5 X, which is very noticable running
parallel to the a-axis through the whole structure. The
two cations are arranged close to the screw axes between
the pairs of anions. Dimensions of the cations are as
expected. For example, the average As-C bond length
is 1.90 K, as compared to 1.95 X found by liooney Slater
(1959) in (CeHg)4ABIs. Averaging the bond distances and
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angles in the phenyl rings gives & C-C length of 1.39 A
and a C-C-C angle of 120°. The As-Br length is 2.25 A.
The most important non-bonded distance is that
between & bromine on +the énion with one on the cation.

The anlon is distorted very slightly from a linear
cénfiguration, so as to make this distance 3.84 K. The
angle subtended at the anion bromine, <I-Br----Br is
75°. The shortest non-vonded contact between carbon and
heavy atoms is 3.7 Ec

At this stage it is impossible to assort that the
differences in Br-I bond lengths in the anion are
significant. These bond lengths do, however, gseem to be
subatantially greater than the sum of the covalent radii.
It is interesting to compare them with those in ions in
similar environments. As was pointed out earlier, the
A-B bond distances in the simple interhelogens AB, ere
less than the sums of the Pauling covalent radii of A
and B, by an amount decreasing with decreasing
electronegativity difference between A and B. In the
case of the trihalide ions then, we might exject that
the A-B bond distances would be greater than the sums of
the covalent radii, by an amount increasing with
decreasing electronegativity difference between the
component atoms. The experimental data is rather sparse.

The I-I distance in the trihalide ion in (CeHg)4AsIg



(liooney Slater, 1959) is 2.90 &, compared with the sum
of radii of 2.66 A; & difference of 0.24 L. In the
structure described here, the average I-Br distancs is
2.72 A, and the sum of radii, 2.47 &, giving a difference
of 0.25 A, Finally in the Cl-I-Cl ion in [(CHa).N]
[IC1.] and [PC1,][IC1le], the bond length is 2.33 A,
which is not significantly different from the sum of the
radii (2.32 X)o When unsymmetrical tri-iodide ions

are included in the cémparison, the expectation may bve
reelised. The average I-I distance in Csls iz 2,05 A,
and in NH,Ig 2.96 A, giving differences of 0.27 A and
0.30 A from the sum of radii.

It appears from these figures, that the BriIBr ion
resembles the tri-iodide ion more than the ClICl., It
also differs sharply from the anion in [NH,][BrICl], in
which the I-Br bond distance is 2.50 A.



APPENDIX



i-reys are scatiered by electrons, and for the
purpose of X-ray analysis, a body can be described by
its electron dénsity distribution; p(_;_')9 where T is &
vector. Consider monochromatic radiation of wavelength
hN g incident on a ‘bocly from a direction given by a
vector 80 to be scattered through an angle 2 @. Iet
the direction c¢f the scattered radiation be given by a
vector 8, and let |sol = |s] = 1/ o

S

8o B

The path difference between & ray scattered from a point
I, and & ray séattered from another point taken as the
origin, s  r.(g-gp) = A r.S. The phase diffarence
is, therefore, 2r /X x X .S = 21rr.S. If the
volume element of the space of r is 4V, the electron
content at r, is p(r) dV,, and the scattered beam is
totally described by:
p(xr) dV, exp(2 7w 1 x.S).

The scattering from the whole body ie therefore,

G(S) ==f p(r) exp 2+« 1 .5 4V,
If p(r) is a three-dimensional, periodic function,
points of identical electron density are given by the



vectors,

= ug *+ vb + wg,
where u, v and w are iniegers, and the vectors 8, b
and ¢ define the periodicity. In order that the waves
scattered by adjacent identical points will be in phase,
the path differences between them must be a whole

number of wavelengths.

l.e. Ar.S=n A n is an integer;
.. (ua + vb +we)e S=n

8. S=h

b. S=k (a)

g. S=1

where h, k and 1 are integers.

Each of these ejuations (A) defines a set of
eqﬁiGSpaced planes in the space of S, and the thres seis
of planes define & latticey, which can be specified by
three vectors,'ga:'pﬁ, and‘g*i A point in the lattice
is'SPecified by the integer triplet hkl. These integers
are identicel with the Miller indices of the plane
producing the hkl reflection {Bragg).

If the elsctron density can be considered as being
made up of N discrete atoms at positions rp in an unit
cell of & crystal, the scatiering from tﬁ;— n th atom
is given by

G,(8) =fp(£) exp 2 70 1 (_1_‘*2)0 S avy,



WheTre 3’:1'_3:1 nov dssoribes the electron distribution
within an atom with respeet to its centrs.
oo Gp(S) =[:f pir) exp 2mi r.S dVy] exp 27i 2,.8
= :f‘n(,§) 83%p 271 TpeS o
The function ;?n( S}, the at;;;ie ascattering facter,
is & function of the sleciron distribution of the atom,
end can therefore only be kmovm epproximately for aioms
othar then hydrogen. Atomie scattering factors Lased
on selli-consistent or variastional wave functions havs
been used where possible in this thesis. They are
listsd in ‘International Tables foxr X-Ray Crystello-
grephy’ Volume III.
If the n th atom is at ry = X8 + ypb + 3pc, whers
Xns ¥ne 2Zn &re the fractiona?eo»ordinataa of the atom

refered to the unit cell axes, the total scattering

from the unit cell is:
N

1

:- ¢ 1“
G(S) ;{;;__fn(__s.) exp 211 (8.8 + ypb.S + 2pxc.8).
n=1

N .
Zﬂcn@) exp 27i (hx, + ky, + 12zp).
n=1

G(S)
This quantity, only finite at the points given by the
La:e equations (A), is the structure factor for a

particular set hkl.



is the Fourier transform of the electron density, so

pix) =J G(S) exp <277 1 r.§ dVg (B)

where d¥g is the volume element in the space of 3.
p(zx) can be represented by & Fourier series.
) = E; P(H') 63p 277 1 r.H’
H
if p(z) is periodic, so that G(S) is discontinuous,
—

G(S) = {%7 F(H') exp 2 v 1 xr.H'] exp 277 1 x.5 dVy
This is zero unless H' = =5, in which case,

¢l = [ ®E) av, = v FE)

W

§l

oo P(Z) /v 25_ G(S) exp =2 i x.3,

where V is the volume of the unit cell.

Atoms in Thermal Vidbration.

The sceatvtering factor of an atom executing 1sotropic9
harmonic vibration, is the pxroduct of the scattering
factor of the atom &t rest, S (S), and the transform
of the function deseribing the state of motion of the
atom. The latter is a gaussion:

t(x) = (21‘3’211)_3/2 exp (-x2/20),



where x is the displacement from the meamr position, and
U is the mean square amplitude of vibration. Its
transforn is

a{S) = exp (=217 © U/3/?)

New {S| = 2 sin 6/ ™ ; end writing B = 8 1¥ U, %he
soquation becomes

g(S) = exp (=-B(ein &/ > )%y,

B is the lsotropic temperature factor.

In an anisotropic, harmonic, potential field, the
vibrations of an atom are described by six indepsndent
quantities U ij ? such that the mean square amplitude
of vibration in the direction of the unit vector 1, is

3 S
=l Yu 11
i=1 §=1 13 't ¥
The transform of the function describing the motion

now is .

In the case of an atom in a crystal, the value of q

% w %
at the reciprocal latice point ha , kb ; lc , is:

) ¥
Q(hkl) = exp[-2 W2(Us,h%a™ 2 + UgekPb® 2 + U4,1%:%2

. * *_*
+ 2UgoKib e + 2Ug khc a® + 2U,ghka b )]




g $5

Jia

< L, R
whare & , b and ¢ ave {the reeciprocal cell constants.
These Uij are the quantities usually given to describs
- Fo o
anigotropic temperature motion. Their units are A29

*® °.1
gince & etc are in AT,

The @xperimentally measurable integrated intensity
I(hki) of e reflection is related to the structure factor
#(hkl} = G(3), by the equation:

I=TL.P. GG,

P ls a fachor allowing foi the nonwpolariééd gtate of
%hé X=rays.
1 + cos® 20
2

L; the lLorentz factor, depends on the motion of the
crystal during data collection. For the equi-inclinetion
weiggenberg method,

. (cos“ss - cos® o)l/2

gin @

where 1 is the angls between the axis of rotation of
the crystal, and the incident X-ray beam (Tunell, 1939).



If the quentities G{$) in equation (B)
are known completely, the electron density can be
6aleu1ated by Fourier transformation. lethods of solving
erystal structures fall into two catagories, those
which have as their initial objeet, calculation of %the
experimentally indeterminate phases of the G s, and
%hose which seek %o locate atomic centres by other
neans. If p{r! is centrosymmstric, the phases of & are
restrictad to 0¥ or ¥ © provided the drigin of
co~-ordinates is taken to be at a centre of symmeitry.

The,matho& of solution used in this thegis is a
real space method. }

Although p(xr) cennot be directly cbtained if the
phases of the G s are unknown, it is possible to
calculate the transform of the intensity distribuiion.
This funcﬁiong-the self-convolution of the eleciron
density, is that defined by Patterson

P(Y) =Jf p{x)p(xy) Var (c)

Now plz) = 1/¥ ZG(§) exp =2 v i X.3
S
and U=ug+vh*we
E= xg+ye te
5= ne®+w® + 1%,

where 4, v, w, X, y and z are fraction co-ordinates,

and hxl integers.



-~ an

¢ ) ,
Z_ L__ fe{S)exp - 2 w1 9]
s &

™)

o

S DIO) = 1/Y

LS
-

x [6(8') exp ~ 2 1 r.8'] [exp -27r 1 U.STdp

This is zero unless § = -§'; in which case,
PU) = 1/V ;_ G{S) G(=5) exp -2 r{ 1 U.S
3

e

or Pluvw) = 1/V E::_}:r }::,Gz(hkl) exp =2 ‘v i(hutkv +lw).
h ¥ 1 (D)
The meaning of the funetion is clear from &quation (C).
If the electron density is thought of as being composed
of discrste atoms at xr,, the P(U) is non-zero when U
is an interatomic vector. The size of & maximum in
P(U) is proportional to the product of the atomic
numbers of the atoms corresponding to the vector U.
| when the crystal has symmetry, the ezpression (D)
gsimplifies, and mexims corresponding %o
gynnetry releted atoms may occur on special lines or
planes. The examination so=-called Harkexr lines, peaks
end sections ls a vital stage in the recovery of the
structure from the Patverson. Normally, fer a
structure of even moderate complexity, the problem is too
difficult to solve unless some simplifying feature is
pﬁeeent. Simplification is obtained by having a small



number of aioms in the structure of nmuch higher atomic
number than the othersy The Patterson maxima involving
these atoms have then much higher welght then others,
and are therefore readily distinguished. Even so, only
partial solution may be obtained, and it may have to
be assumed that the phases calculated from Lnowledge
of a major part of the structure, approximate sufficiently
closely to the true phases, for the remainder of the
structure to be found by Fourier methods.

when the structure parameters py differ by small
amounts ej from their true values, it is possidble Yo
gystematically vary the parameters in sucg a way as to
minimise the disagreement between the observed and
calculated structure factbrs. The function of this
digegreement, vhich is minimised in the refinements

degcribed in this thesis is:
R Z w(hkl) ( |Fo} - lFQ‘ )2
hkl :

where w ig & weight. The summation extends over all
obgerved independent 1lanes.
Minimising R with respect to the N parameters, implies
that:
‘R
""""‘“go fOI‘ le’o'agna
apd




B e UEY E]

: a{Fg| '
iu@c L{'_}._,_“_, r‘}: k- *\ "(l? ! haad G,F ‘: ) = 0 for : = 1 6 a £ 0 «:V s

BEL  ap ¢ RE IE e
J
Since e4 is small,
N
, a! ¥ |
L’:& tpta) = A {p) - Z 8] ww———
- = i=1 dpi

where 53\£p$s} denotas [ Fg| - {Fg|), which is a funciicn

of 211 the p g, and ¢ & necessary to corrsct the p s.

4 :‘I i
oY .~ @iFe] L\T air d|F
RN W D ML 1 B ) I

hkl dp 3 4=1L hkl dpy ap J
__;}g_. for J =1,..., N.
N '
ioea ._/.':_,__., &3 s = b fOI‘ = 1 * 5 o No
rpcy 13 3 J J 9 9
daF da|F
where aij = 5:::~ w «J—S'o ' c|
., 4IF
end by = Y. w 1\ I¥e|
© hkl dpj

These N equations are called the normal equations.

Thelr solutions arse:

e,
ﬁi = .'i,. ai,j bj

=1

where 835 is en elemsnt of the matrix inverse to 8j 30




Al

After refinement on DEUCE, e.s.d s were calculated

by hand using the expression:

o 2(py) = aiifIZwA 2 /m-n.

If the errors in the atoinic co-ordinates can be
taken to be isotropic, the e.s.d. of & bond length 4

between atoms 1 and 2 is given by:
c %@ = g1 + o2

In cases where the standard deviations are anisotropic,

the formula used was:
3
G 2(d) =1Z]_ 112(5' 12(1) + 5’12(2)),

where 11 is the 1 th component of the normalised vector
in the direction of the bond between 1 and 2.

The sta.ndard deviation of an angle & subtended at
atom 2 by the bonds of lengths d, and dg from atoms

1 and 3, is in the isotropic case:

2(1) a 2(3)

o 18 g

c Ble) = "—g t—, o %2) ¢ ;
dl dl dg“ dB

where d,; ia the distance between atoms 1 and 3.



In the anisotropic case, the formula used was

that given by Darlow (1960):
-

o 2(e) = ( ) [A,*‘cz(xum;m,)% 2(xq) 40,
' d,dzsin ©
g 2(!3)]
+ similar terms in y and z,.
Here

A; = 4, (cos a; = cos © cos Gg)

>
[ ]
f

= d5 (cos ag - cos O cos ,)

b
™
{

= @, (cos B, - cos © cos B3)

etc.,

where cog a;, co8 P;, Cos Y 1, 8re the direction cosines
of the bond between atoms 1 and 2, and cos ay, cos B3,

cosy s are the direction cosines of the bond between 2

and 3. |

Both these formulae refer to orthogonal axes.
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