THE INORGANIC STRUCTURAL CRYSTALLOGRAPHY
OF ANTIMONY TRICHLORIDE 1-
HALONAPHTHALENE MOLECULAR COMPLEXES

Juan Ladislao Arroyo Cuyubamba
A Thesis Submitted for the Degree of PhD

at the
University of St Andrews

1980

Full metadata for this item is available in
St Andrews Research Repository
at:
http://research-repository.st-andrews.ac.uk/

Please use this identifier to cite or link to this item:
http://hdl.handle.net/10023/14777

This item is protected by original copyright


http://research-repository.st-andrews.ac.uk/
http://hdl.handle.net/10023/14777

THE INORGANIC STRUCTURAL CRYSTALLOGRAFHY
OF ANTIMONY TRICHLORIDE+1-HALONAPHTHALENE

MOLECULAR CCGHMPLEXES

being a thesis presented by
JUAN LADISLAO ARRCYO CUYUBAMBA

to the Universiiy of St. Andrews
in application for the degree of

Doctor of Philosophy




ProQuest Numlber: 10171139

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely eventthat the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10171139

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M| 48106 - 1346



A\
4565



CLRTIFICATE

I certify that Mr.Juan L. Arroyo C. has spent
nine terﬁs at the University of St.Andrews in research
under my supervision, that he has fulfilled the
conditions of Ordinance No.1l2 and of Kesolution No.l
of the St.Andrews Court 1967 and that he is qualified
to submit this Thesis in application for the degree of
Doctor of Philosophy.,

September 1980 Signed:

R.Hulme (Kesearch Supervisor)
Chenistry Department,
St. Andrews.




DECLARATION

I declare that this Thesis is a record of my own
work, that it is my own composition and that it has not

previously been presented for a higher degree.

The research was carried out in the Department of
Chemistry, the University of St.Andrews, under the

direction of Mr.R.Hulme.

September 1980 Signed:

o
<




ACKNOWLEDGEHANTS

The author wishes to express his sincere thanks to his supervisor,
Mr. R. Hulme, for his help, guldance and encouragement throughout
the course of this investigation, and for the use of many of his
computer Programmes.

To Professor P.A.H. Wyatt and Frofessor Lord J .'1\{[. Tedder for the
Provision of Laboratory facilities.

For the grants provided by the Purdie Fund of the Chemistry
Department of the University of St. Andrews, The Bradley Trust and the
Anglo Peruvian Soclety, which made possible this research.

For the facilities provided by the St. Andrews University
Computing Laboratory, Dundee University Computing Centre and Aberdeen
University Computing Centre.

To r. €. Glidewell and D. Liles for their help and encouragement
in several circumstances of this research.

To those who in éne way or another were helpful and encouraging
durihg'my time svent in this University, and to lMrs. P Cooper who

kinaly typed the manuscript.




ABSTRACT -

The compounds formed by SbCl, and the l-halonaphthalene in the

3
crystalline state may provide information on some of the factors
involved in molecular complex formation.

The gradation in both the size and the electronegativity of the
naphthalene substituent permits comparisons internally and externally
with the parent ZSbCl3.naphtha1ene complex. Other molecular complexes
are briefly surveyed.

(1:1)sbCl, 1-bromonaphthalene forms triclinic crystals, ©l.

3
©with a=9.08, b=11.98, c=12.72 %, ©=113.1, $=93.6, ¥=91.5°

¥ =1268 XB, Z=4. Photographic Mo data refined to R=0.14 for 591
reflections. The crystal structure is built up of double layers
of Sbcl3 molecules alternating in the "c" direction with double layers
of l-bromonaphthalene molecules, tilted 250 to [010] . The 3SbCl

3
molecules form dimers, further bridged into infinite chains. The
Sb atoms are in a distorted pentagonal bipyramid environment, with a
bonded chlorine atom and the aromatic W«sys£em in axial positions at
2.38 and 3.322. The lone pair of electrons is stereochemically
inactive.

(2:1)8bCl,,*1~chloronaphthalene forms monoclinic crystals, Cc,

3
with a=16.059, b=9.525, c=Ll1.674 X, ﬁ=98.63°, V=1765 33, 2=,
Diffractometer Mo data refined to R=0.125 for 1035 reflections. The
structure is built up of dogble layers of Sb013 molecules alternating
in the “"a" Adirection with single layers of l-chloronaphthalene
molecules, tilted ~ 25° to [901]. SbCl3 molecules form édimers, further
bridged into infinite chains. Two non-equivalent SbCl3 molecules are

situated near to the l-chloronaphthalene molecule (~x3.323)- sb(L)

is close to the ring carrying the chlorine atom whereas Sbh(2) is close

,,,,,,,,

o
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to the other ring on the opposite side. The Sb atom is in.a distorted é
pentagonal bipyramid environment, with a bonded chlorine atom and

the aromatic w-system in axial positions at 2.32 and 3.32 2 respectively.

Again the lone pair of electrons is stereochemically inactive.

(1:1)sbcl, *1~iodonaphthalene forms triclinic crystals, Pl, with

3
a=13.15, b=7.65, c=15.01 R, ot=104.7°, $=102.2°, ¥=108.5°,v=1312 4>,2=4.
Photographic Mo data refined to R=0.20 for 678 reflections having 3
even. With [l odd serious streaks appear suggesting a partly disordered
structure. The crystal structure is built up of double layers of
Sbcl3 molecules alternating in the "a" dixrection with double layers
,of '1-iédonaphthalene molecules, tilted A125° fo [Old] . Tﬁe‘iwo SbCl3
molecules are linked to one another by Sbh...Cl bridging, which are
part of an infinite chain. Pjane~to~-plane molecular stacking of
1—ClOH7I is observed. The Sb environment is similar to that in the
l~bromonaphthalene compound.

It seems that the SbClB:l—halonaphthalene complexes may be linked

by an electron-donor-accepltor interaction where an electron donation

occurs from the T~system to the antimony aton.
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1s INTRODUCTION

Molecular Complexes Dresent the current valence theory with a
challenge. The reason for their formation is not fully

understood and several factors affect their formation. This

thesis will be concerned with one particular type of molecular complex

formed by antimony trichloride with aromatic hydrocarbon systems.
The existence of complexes may be established analytically

and by the construction of the appropriate phase diagram, but
structural information depends upon x-ray diffraction studies of
these crystalline molecular complexes.

The particular aromatic systems chosen for study are the
1-halonaphthalenes, partly because they may be compdred with the
ZSbClB'naphthalene complex whose structure has been determined,
and partly because they vresent a gradation both in the size and
the electronegativity of the substituent. Such controlled change
may make péssible the understanding of some of the factors
involved in cpmplex formation, and the type of interaction which
occurs between the two components of a molegular crystal.

This chalter will be concerned to outline chemical agpects of

molecular complexes and 1o mention some structural features.

1.1 FEATURES OF MOLECULAR COMFLEXES

s

A molecular complex is defined as an association of molecules
with definite stoichiometry. The association is customarily
taken to be stronger than Van der Waals interactions between closed

electronic shell structures.

oL A gt




a)

b)

c)

a)

Four classes of molecular complexes are known:

Inclusion Compounds: which are based on the tendency

to form a phase of highest possible density by the

inclusion of foreign molecules in order to reach a

state of lowest energy content (Ketelaar, 1958,p3%64). In

this group are the clathrates, the gas hydrates and

certain compounds of urea.

cgompounds which are held together by hydrogen
bonding (Cameron, 1975). For example the 1:1 complex
of urea and barbital (CH41\120~08H12N203) (Gartland and
Graven, 1974).

Compounds which are 'polarization bonded', in
which‘no formal electron transfer is involved, but
only dipole interaction, for example the purine-~
hydrocarbon systems (Claverie, Pullman and Caillet, 1966;

Foster, 1969,p356 ).

Those compounds in which molecules of low ionization-

potential are associated with molecules of high electron
affinity to form Electron-Donor-Acceptor (EDA)
complexes, also called 'charge-transfer' complexes. The
Yresent survey is mainly concerned with this class of

complex.

Some authors have suggested that EDA complexes play an important

I P Y e P
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role in biology particularly in hormone action (Alison and Nash, 1959;
Karreman, Isenberg, et.al., 1959; Sheina, Radchenko, et.al., 1979).
Others (Epstein, et.al., 1964) have thought that the formation of EDA
complexes might explain the observed correlation between the electron-
donor~acceptor capacity of some compounds and their carcin§genic
activity. It has been suggested also that the action of certain drugs
may be related to the formation of this type of compound (Foster, 1969,
3353 Kill and Widdowson, 1976).

In chemistry, molecular complexes have been proposed as reaction
intermediates (Kosower1965;Foster,1969,p303; Colter and Dack, 1973),e.g.
in some photochemical reactions (Fosteyl1964,p3eIsujimoto, et.al., 1976;
Nonhebel and Walton, 1976; Ohashi and Tsujimoto, 1976). They are
thought also to participate in kinetic processes (Corriu and Coste, 1967;
Kubota, 1976); in catalysis (Satchel, 197%0; Brieger and Tzuu-Heng,
1976) and in the construction of semiconductor materials (Hertler, 1976;
Glazov and Kiselev, 1976; Lyalikova, et.al., 1975).

In particular complexes of SbCl3 with organic substrates have

played an important role in similar processes (Corriu and Coste, 1967;
Corriu, Coste and Guerin, 1970; Lyalikova, et.al., 1975), and have
some use as model compounds for certain classes of conducting polymers :

(Baughman, R.H., et.al., 1979).

1.2 CHARACTERISTICS OF ELECTRON-DONOR~ACCEPTOR COMPLEXES

EDA complexes share the following features:

a) Their composition as shown in phase diagrams corresponds to

integral mole ratios of the components. The complex constitutes
a new phase with a structure distinct from either of the components

b) The distances separating component molecules in the crystalline

state are shorter than the Van der Waals distances but greater
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than those of covalent bonds.
c) They have, usually, small heats of formation and definite
formation coastants (Prout and Kamenar, 1973).
a) The presence of a new charge-transfer band in the &isible or
UV spectrum of the complex which is not found in the spectrum

of either component.

1.3 QUANTUM MECHANICAL TREATMENT OF ELECTRON~-DONOR-ACCEPTOR COMPLEXES

It was Mulliken (1952, a, b) who formulated a quantum-mechanical %

explanation for the stability, spectral features and dipole moment

of such complexes. Mulliken's treatment applies only to cases in

which the donor and acceptor are neutral closed~shell species and

both are in totally symmetrical singlet electronic states.
In the case that donor and acceptor are even-electron systems,

the lowest energy wave function of the combined system \Vh, is:

Y 0:8) ~ a Y08 + v Yy@-a") o Yya™07)  (1.3.2)

Where the no-bond wave function ﬁ*; (D,A) is an antisymmetrized
product of \/p and Y,, and the 'dative' wave function Y (o)
represents transfer of an electron from donor to acceptor. The third
term \?é(A+-D_) may arise when the donor D (a weak base) and
acceptor A (a weak acid) are in their symmetrical ground states, but
c < b ga and c~» zero if donor or acceptor are strong.

In the case of 'self-complexes', where both components have

similar donor and acceptor properties, b=c¢c, and,

1 2 2 . .2 A
J‘WN‘ ir = a“+b +2abS°l = 1 (1.3.2)
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Where the overlap integral SOl = _IYO \!!1 ar (1.3.3)

Apportioning the overlap term evenly the fractional amounts of

no~-bond and dative character in \Yk are (Mulliken and Person, 1969a):

2 2
Foy =8 +8b S s Fog = b2 +ab S (1.3.4)

F]_N is equal to the fraction of an electronic charge which has
been transferred from D to A in the complex.
Regarding configurational properties of EDA complexes, Mulliken and

Person (1969b) have suggested the 'principle of compromise geometry',

by which the configurations of D and A in the complex are compromises

between those expected in free D and A and those expected in the dative

structure.

For example in the weak ‘foenzene.Cl2 complex, the ar electron

L iied s ot
A VRO

removed from the T ~donor benzene goes into an antibonding MO of Clz.
Hence, by the principle of compromise geometry, the contribution of
b‘\Ifl to Y during the formation of the complex should lead to a

weakening of the internal bonding both in D and in A In practice 7

g

d(G1~-C1l) changes from 2.99 to 2.98 ®. (Hassel and Strgmme, 1959). The
complex as a whole is nevertheless more stable than D and A separately
because the internal losses are compensated by resonance stabilization

due to the mixing of the dative and no-bond structures.

THE EXCITED-STATE AND CHARGE-TRANSFER SPECTRA.

Complementary to a corresponding excited state exists which
N

is primarily dative in character and is given by:

v, =~ & Yo (0%-87) = v* W (D,4) + ... (1.3.5)

5% 0 e B s o gy A ez g o
e s e o sty S A d bl e dies

and, for weak complexes, b* « a¥.




The excited state can be attained by the absorption of either UV
or visible light. The transition from the ground state to the
excited state which accompanies the absorption of light of appropriate
wavelength corresponds to the transfer of an electron from the donor
to the acceptor. Thus an intense absorption band (The charge-transfer
band) corresponding to ‘%/N — \frE is predicted, even for "loose"
complexes. This probably accounts for the colour observed when some

molecular complexes are formed.

ENERGIES OF THE NORMAL AND CHARGE-TRANSFER (CT) STATES

The energies WN and Wy associated with the total wave function

of the ground state and CT state are given by:

iy KV HYD ad wp <Y HIYL>  3.6)

Solving these equations after substituting for \f& and. 'ﬁ’E from
equations (1.3.1) and (1.3.5) gives the solution for W whose two

roots are to be identified as WE and WN:

W =[1/(1'5§1)] {%'(Wo +Hp)=- S * [(A/2)2+ ﬁOﬂl]%} (1.3.7)

L]
where Sy = j\|/0 Yy dx  and Wy = H =J‘1’.1 H Y, d

Po - W.oi - WS (Bo< 0 5 (.3.8)
Bi =g -y Sa (B < 0) * {1.5.9)
A =W -V, | | (1.3.10)

From (1.3.8) and (1.3.9) one can find that,

ﬁl " ﬁo E -501A » and [ﬁll > ]ﬁol if A>0 and Sol> 0 (1.3.11)




The frequency of the CT band is then given by:

hV p = W wma[z/(l-sgl)] . [(A /2)% + B, ﬁl]% (1.3.12)
and the related wave functions are:

Yy = Yo+ f’\lfl)/[ 1+205g * ?2] . (2.3.13)
: .\l/é; =('\K|_" e*%)/[ e 2@501"‘ Q‘z]% (1.3.1%)
vy gy L Ky SOlWN) :
vhere €= "/a = (o S‘Ole) = - (=) (2.3.15)

o S S (W=H)

_ b _ 01 TOol'B/ _ 108
£- T (Wyg) - (W= S1%g) S

Fig. 1.3.1a, indicates schematically the energies and wave functions
when A is small.

For weak complexes the approach between D and A molecules is not
much closer than the van der Waals distance, so that Sgl’ ﬁ 0 and
ﬁl are small; besides A\ is usually large so that (A /2)2» ﬁoﬁl'

S0 according to Mulliken by using 'Perturbation Theory' one finds

approximate energies:

W Wy = ﬁg/& + small correction terms (1.3.17a)

Wp =Wy + ﬁ :%/A + small correction terms (1.3.17b)

The energy of the CT band is therefore,

hVCT= A+ (p;éa- ﬁi)/A o, (1.3.18) :

£
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in this case, f- b/a = - ﬁo/A (f>0 if A>0) (1.3.129a)

fl b/ = —151/1) (ff&o if Ay0) (1.3.19b)

Fig 1.3.1b shows the perturbation theory solution when A2>> ﬁo ﬁl'

¥ Y
"f_‘_ﬁ—“‘—‘z{—WE /__.__....F:......_._r_._WE
! ; W1____.,‘!ft_//
/
L
Wo:I%:f {Smau) h¥ey hVer
““ WO L_._._,\
‘\FN .....Vv“| \‘,0 \‘\
. ‘ Wi —VWn
(a) (b)

Fig 1.3.1. Znergy level diagrams,

(a) For A=0  (Db) Perturbation theory solution for AZ» ﬁ 0 ﬁl

The results of this resonance interaction are: (i) stabilization
of the ground state by the mixing in of the CT state, hence the formation
of a complex; and (ii) absorption of light for the transition ground
state -+ (CT-state with transfer of an electron from an orbital
associated with the electron donor to an orbital associated with the
electron acceptor. The size of the CT resonance interaction is
proportional to the overlap integral between orbitals D and A, SDA'

defined by (Poleshchuk and Maksyuiin, 1976):

o 2 yi
SOl - \/Z SDA/(]‘ * SDA)z (1.3.20)




\?kD,A)_and .\P2D+-A") are sensitive to the relative orientations
of the donoﬁ and acceptor, and only if '\VZD+-A") is much more
sensitive to the relative orientations of donor and acceptgr
than “PtD,A) will the CT interaction be largely responsible for
determining the structure of the complex (Prout and Kamenar, 1973).

Thus the OT interaction will vary with: orientation due to the
dependence of S, on: (a) The distances between atomic centres on
the donor and acceptor moiecules. (b) The MO coefficients of the
relevant donor and acceptor orbitals which may by symmetry partly

or totally negate the overlap integral 5., even though there is a

DA
large degree of 'overlap' between donor and acceptor molecﬁles.
Experimentally, the orientation of D with respect to A in the
complex, and the changes in the internal geometry of D or A, may be
found in principle by x-ray diffraction studies of the solid complex,
Theoretically, the orientation is determined by a balance of several

factors within 'ﬂfa, such as electrostatic and dispersion attractive

forces, and exchange repulsion forces (Mulliken and Person, 1969b).

ALTERNATIVES TO MULLIKEN'S THEORY

The current Mulliken's theory outlined above, has been questioned
by several authors. Thus, Weiss (1942, 1943) would emphasise interaction
between the ground states of the components giving compounds with
jonic ground states, i.e. coulombic interaction between the partners
of the complex. However Dewar and Thompson (1966) and Lefevre et.al.
(1968) have argued that a more important contribution comes from
dispersion and polarization forces. Other authors (Briegleb, 1961 ,p2ff.
Herbstein, 1971; Hanna and Lippert, 1973; Sheina, Radchenko et.al.,

1979; Kaplan, 1979) have supported both ideas in different degrees.
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The final word is still to be said. Nevertheless, it is convenient

to attempt a classification of donor and acceptor molecules.

1.4 CLASSIFICATION OF DONORS AND ACCEPTORS

Donor (D) and acceptor (A) are relative terms since particular
compounds act as donors in some circumstances and as acceptors in
others. Mulliken and Person (1969 ) have clasified electron donors
and electron acceptors in£o increvalent and sacrificial type
according to the functional and structural type. Increvalent donors
are lone-pair (n) donors for which electrons are donated from an
essentially non-bonding orbital with the subsequent increase of
bonds without affecting the bonding in D. Sacrificial 9 or T
electron donors or sacrificial 0*or T* electron acceptors are 3
molecules in which electrons are donated from bonding 07 or T
MO's or accepted by antibonding ¢ *or T* MO's respectively with the é

consequent weakening of the intramolecular bonding of the D or A.

Increvalent electron acceptors (v) are molecules with a vacant valence

shell orbital. See Table 1.4.1.
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TABLE  1.4.1

MAJOR CLASSES OF ELECTRON~DONOR AND ACCEPTOR MOLECULES™

STRUCTURE TYPE

NATURE OF DONOR/

EXAMPLES
SYMBOL | SITE OF DONOR/ACGEPTOR ACTION | ACCEPTOR ACTION
ELECTRON DONORS
n valence=-shell lone pair increvalent Amines, ethers,
halides, etc.
bo o bonding electrons sacrificial Aliphatic hydro=-
carbons and RX
b 1 bonding electrons sacrificial Aromatic and unsatu-
- rated hydrocarbons
ELECTRON ACCEFTORS
v vacant valence~shell increvalent BCl. , Ag+, etc. or
compounds of B.
acr* g*antibonding electrons sacrificial Xg, XY, HX, RX
a* w*antibonding MO sacrificial Unsaturated and
aromatic
hydrocarhons
fortified with
electron ;

withdrawing groups

&  After Mulliken and Person (1969b)

b

X, Y represent any halogen atom.

Much of this classification is debateable and uncerfain. What is

unambiguous is the relative arrangement of molecules in crystal

structures, which therefore provide test data with which to evaluate

interpretations and classifications of EDA complexes.,

Thus a review

of somé EDA type crystal structures is relevant at this point.
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1.5 CRYSTAL STRUCTURES OF DONOR~ACCEPTOR COMPLEXES

Most of the geometrical configurations in the solid state have
been determined by x-ray diffraction technique. Following Prout
and Kamenar (1973), complexes of n-G * | n-w* , ar-c* and w-7r*

types are considered here.

1.5.1 CRYSTAL STRUCTURES OF n— o ¥ TYEE

In the majority of the structures of this kind of complex, the

donor is a nitrogen atom of an amine or aromatic nitrogen heterocycle;
oxygen, sulphur or selenium atoms may act similarly. The electron acceptors

include the halogens, halogen-rich halo-alkanes, and the antimony (III)

halides.
e.g. Trimethylamine~iodine (Str¢gmme, 1959); 1,4~-dioxane with
bromine (Hassel and Hvoslef, 1954) and (1:2) 1,4~dithiane antimony

triiodide (Bjprvatten,1966).

The structuzeof (CHB)BN-IZ consists of isolated molecules in which

the nitrogen is bound to iodine. d(Ne«-I) is 2.27%, which is 1.48
‘less than the sum of Van der Waals radil and only about O.BX greater

than the sum of covalent radii. a(I-I) is 2.83%, 0.17% longer than

in a free I, molecule. The nitrogen atom has a fairly regular tetra-

hedral coordination and the N¢+«I-I system is linear. The second
iodine atom is involved in intermolecular binding by Van der Waals
forces only.

In the case of 1,4—dioxane-Br2, the most significant feature is
the formation oé halogen-bridges between pairs of oxygen-donor atoms.
a(0+++Br) is 2.713 equatorial and the Os++«Br-Bre«++0 system is
approximately linear. D(Br-Br) 2.31%. Flg. T.5.18,

In 1,4—dithiane-SbI3 , each Sb atom is bound to 2 sulphur atoms

of different molecules and two such 'antimony bridges' link neighbouring

dithiane molecules together, resulting in endless chains of SbI3 and
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dithiane molecules. a(Sb++'s) 3.27 and 3.34% a(sp-I) at 2.78, 2.75
and 2.778, are all significantly longer than the value (2.722) in

SbI., itself, which supports the idea that Sb in SbI.3 may act as an

3

acceptor towards n donors. Fig. 1l.5.1b.

x
e

-

Oer ©Co oc

Fig 1.5.la Structure of the Fig 1.5.1b Structure of Sb13~

1,4-dioxane~bromine complex. 1,4-dithiane complex

(After Hassel and Hvoslef, 1954) (After Bj¢rvatten, 1966).

1.5.2 CRYSTAL STRUCTURES OF T - ¢* TYFR

This kind of complex is formed when a 7 donor (usually
an aromatic hydrocarbon) interacts with a ¢ * acceptor (a halogen
molecule or halogen-rich halo-alkane).

Repregentative examples are the 1:1 comflexes of benzene with
bromine and chlorine (Hassel and Strgmme, 1958, 1959), and of
p-xylene with carbon tetrabromide (Strieter and Templeton, 1962).

The benzene--Br2 complex is formed with Br-Br bond co-incident
with the pefpendicular through the controid of the benzene ring
plane (Fig. 1.5.2). The Br atom is 3.36% out of the c plane and

d(Br-Br) is 2,288 the same as that found in the free molecule.
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Fig 1.5.2 Structure of the benzene-~bromine complex

(After Hassel and Str¢mme, 1958).

1.5.3 THE CRYSTAL STRUCTURES OF n-T* TYPR

This type of complex is formed by the interaction of an n~donor
(a lone-pair electron donor) with a 7 acceptor (aromatic hydrocarbon
with electron withdrawing substituents). Few examples have been reported
in the literature. The 1:1 complex of Nzou-l,h-dioxane (Groth and
Hassel, 1965) has been classified under this type by Prout and Kamenar
(1973), assuming that the 7r* orbital of the oxygen makes the more
important contribution (Fig. 1.5.3a). A second example is that of
triethylphosphate~benzotrifurazan (Cameron and Prout, 1968). In this
complex the phosphate P=0 group lies along the perpendicular to the
ring plane at its centroid and the oxygen atom is only 2.493 above

the ring. (Fig. 1.5.3b)

Qo ®n oc :
Op 00 ®N OC
Fig 1.5.3a Structure of Flg' 1.5:3b Mo-lecular Arrangement of
1‘1204-1,14—dioxane the structure of triethylphosphate-

(After Groth and Hassel, 1965).  benzotrifurazan complex
(After Cameron and Prout, 1968).
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Fig 1l.5.4 Typical donor-;acceptor stacks in w-T¥* complexes,

(After Prout and Wright, 1968).

1.5.4 THE CRYSTAL STRUCTURE OF 1 - W* COMPLEXES

The w-electron-donor molecules cover a wide group of aromatic
hydrocarbons, substituted hydrocarbons and heterocycles. Likewise
the T -electron acceptor molecules can be classified into several
groups (Herbstein, 1971): (a) olefinic compounds: e.g. Tetracyano-
ethylene (TONE) and hexacyancbutadiene. (b) substituted aromatic
compounds: substituted benzenes and some polynitronaphthalenes, and
(b) substituted aromatic ketones and quinones.

Most of the donor and acceptor molecules in 7 - T* EDA complexes
of known structure are planar. They crystallize in plane~to-~plane
stacks of donor and acceptor molecules occurring alternately (Prout

and Wright, 1968) as shown in fig. 1.5.4.
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A common feature in W= T* EDA Complexes is dis&rder,possibly
assoclated with twinning phenomena. This may be due to either
regular or irregular faults in the molecular packing within the
stack(s). |

Some examples of - ~ e complexes are 1,3,5-triaminobenzene-TNB
(Iwasaki and Saito, 1970); Naphthalene:TCNE (Williams and Wallwork,

1967); and p-benzoquinone-phenoquinone (Sakurai, 1968) as illustrated

below.

(a) (p) (e)
1,3,5~TAB+TNB Nephthalene« TCNE p~benzoguinone sphenoquinone
Fig li5:5

1.6 MOLECULAR COMPLEXES OF SbCl

3

1.6.1 BONDING AND STRUGTURE OF SbCl

£
The crystal structure of SbClB, determined first by Lindgvist

and Niggli (1956) and later confirmed by Lipka (1979), belongs to
the orthorhombic space group Pnma with cell dimensions a = 8.111(2),
b = 9.419(1) and ¢ = 6.313(1)R; and Z = 4. Least squares refinement
lead to R = 0.045 for 963 independent reflections obtained with Moka¢

radiation.,
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_ The molecules of SbCl3 have pyramidal geometry with two eguivalent
Sb-C1 bonds of 2.368(1)R and a third Sb=Cly of 2. 340(2)%. The bond
angle opposite the short bond is 90.58(2)0 while the other two ére at
95.70(5)°.

The SbGi3 molecules pack to give some intermolecular Sb-s«Cl
contacts which are shorter than the sum of the Van der Waals radii
(4.03). This suggests that the coordination number of.the Sbh atom

has increased to eight, as shown below.

cofrcmccmcn ce -

Fig 1.6.1 s S
e FAN e
- / | \ S~
crystal structure of i : P <Y e .
srcn S
. ‘. Le] \ :
3 ‘ /l, :7‘ X ;
' ’ I \ '
(After Lipka, 1979). P : X |
” HY 4 1 A
C}?: ::" "? """j::ib
Osb  ocl

'Bonding' is primarily between the thfee p electrons of antimony and
a p electron from each chlorine (Kolditz, 1967). Mutual repulsion

results in valence angles greater than 900.

1.6.2 DONOR AND ACCEPTOR PROFERTIES OF SbCl,3

SbCl3 is structurally analogous to the similar halides of
group V, all of which are pyramidal (see Table 1.6.2), with a lone pair

of electrons at the apex.
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TABIE 1.6.2

BOND ANGLES OF THE PYRAMIDAL GEOMETRY FOR THE

TRIHYDRIDES AND TRIHALIDES OF GROUP V(a)

N P As Sb
H 107.8 93.3 91.8 91.3
F 102.1 97.8 96.2 88.2
1 106.8{°) 100.3 98.5 90.6 , 95.7 (V)
(e) o 97.4 95.5 93.6

Br | 99.0(2),101.3(2)'°/  99.6 s o 22 8(33

T 102.0 100.2 95.8(f)

(a) Gillespie (1972). (a) ~SbBry (Cushen & Hulme (1064)).

(b) ILipka (1979). ﬁ~5b5r3 (Cushen & Hulme (1962)).

(c) Hartl H., et.al., (1975). (e) Enjalbert P., et.al. (1979).

(f) Trotter & Zobel (1966).

However, SbGl3 has less tendency to utilize its unshared pair of
electrons in donor-acceptor complexes than the lighter elements in
the group (Kolditz, 1967). In a few compounds like Ni(CO)38b013 and
Fe(CO)B(SbC13)z, Wilkinson (1951) has inferred an electron—dgnor
behaviour.

Many authors have reported that in molecular complexes of SbCl3
with organic molecules, SbCl3 behaves as an electron accgptor. This
has been confirméd by diffexrent means.

Thus, SbCl3 behaves as an electron acceptor towards Nitrogen,
Oxygen and Sulphur atoms e.g., The geometry around the antimony
atom in the crystal structure of SbClB.CéHsNﬂz (Hulme and Scruton, 1968)

is distorted trigonal-bipyramidal with one chlorine and the N atom
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occupying the axial sites. The lone pair of electrons of the antimony
together with two chlorines are in the equatorial position. Further
expansion occurs in the case of SbClB.ZcéHjNH2 (Scruton, 1965), where

the sixth site is occupied by the lone pair (see Table 1l.6.4a), Also
for the complex of (1:1) Sbc13-1,1;-dithia.ne (Kiel and Engler, 1974) the
Sb atom is in a distorted octahedral geometry. Interaction with two
S atoms in cis positions and two chlorine atoms complete the equatorial
sites; the axial positions are occupied by the lone pair of eiectroné
and one chlorine atom. The complex (1:1) SbClB. terephthaldehyde
(Baker and Williams, 1978) is an example of interaction with an oxygen
as donor. Sb atom is in a distorted pentagonal bipyramidal environment
with its lone pair of electrons in axial position (see Table 1.6.4a).
The acceptor property towaxrds 7 -electron donor sysiems has
been found in several compounds., Some examples are 28b013§\ naphthalene
(Hulme and Szymanski, 1969); 25bC1, p-xylene (Hulme and Mullen, 1976);
25bC1. phenanthrene (Demalde, et.al., 1972); ZSbBrB-pyrene (Bambieri,

3
et.al, 1972); 2SbCly dgiphenyl (Lipka and Mootz, 1978a), where the

3
basic feature of the interaction of Sb013'and the organic molecule
in their crystal structure is that the Sb and two chlorine atoms are
in a plane parallel to the plane of the aromatic ring. Furthermore,
the direction of Sb and the third chlorine atoms is approximately
perpendicular to the plane of the ring; and, the lone pair in most
of the cases is in an equatorial position.

Poleshchuk et.al. (1979) have carried out a‘guantum-chemical’
calculation of the charge-~transfer and charge distribution for complexes
of (1:1) SBC1,.CeHNH, and (1:1) SbClybenzene. In both cases they have
confirmed the electron-acceptor behaviour of Sb in SbCIB’

HOwever, in many crystal structures of the compounds shown in

Table 1.6.4a,b, the lone pair of electrons of the Sb atoms were not
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located; instead an interaction with chlorine atoms from other Sbcl3
molecules (often forming bridges) have been found. In most oft the cases
the distances of these interactions lie between the sum of the

Van der Waals radil and the sum of the covalent radii. Tﬁis seems

to suggest that, at least in some cases, the Sb atom acts in two

ways simultaneously: as an acceptor and as a donox,

1.6.3 DONOR AND ACCEPTOR PROPERTIES OF AROMATIC HYDROCARBONS

Aromatic hydrocarbons are regarded mainly as 7 electron
donors-and they can be divided into two groups:

(a) UNSUBSTITUTED AROMATIC HYDROCARBONS

Benzene and naphthalene act as electron donors to form.moleculaf
complexes with inorganic and many organic acceptors, e.g. the
molecular complexes of benzene with SbCl3 (Poleshchuk, et.al., 1979)

and narhthalene with SbCl3 (the crystal structure of which was

determined by Hulme and Szymanski, 1969), have been found.
Naphthalene, pyrene, anthracene and phenanthrene, equally form

molecular compounds with polynitrobenzenes (Sinomiya, 1940a). In each

case the hydrocarbons acts as T-electron donors (Shostakovski, et.al,, (1973).é

(b) SUBSTITUTED AROMATIC HYDROCARBONS

Blectron-donating substituents enhance donor strength and electron é
withdrawing ones diminish it,(Herbstein,1971). ‘

Qualitative study of'the effect of substituents in aromatic
hydrocarbons on their capacity to form molecular complexes has been
carried out by Sinomiya (1940b). In particular, he studied the
effects of substituents in positions 1 and 2 of naphthalene in
compounds formed with various polynitrobenzenes. Taking into account *
both the nature and position of the substituent he arrived at the

following sequence for the ability to favour molecular complex é
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formation: NI{2> CH3 > OH > CZH5 > OC_H3> Cl>Br>» OC2H5> H > COOH > COOCH3>
0%%>m>mm§ym%.Hemmh@s%%s%ﬂﬂ%hnm
position 1 always favours molecular complex formation while the
reverse is sometimes true for substituent in position 2,

Park (1969) for the particular case of complexes of SbGl3
with organic molecules concluded that in general SbCl3 molecules
are coordinated with #r-donors rather than n-donors. In most of
the cases, according to his conclusion, SbCl3 seems to prefer
delocalized electron density in the aromatic ring rather than
localized electron density at one-atom. This is in some contrast
to the conclusion of other authors. Thus, Hulme and Mullen (1976),
found the particular atom carrying a methyl group to be most closely
associated with Sb in the (1:1) SbClB-prxylene complex. Also Baker
(1976) has found an Sb...0 interaction for molecular complexes of

SbCl3 with some aromatic hydrccarbons containing carbonyl groups.

1.6.4 CRYSTAL STRUCTURE OF MOLECULAR COMPLEXES OF SbCl. WITH ORGANIC
<

MOLECULES

In general the stronger CT complexes tend to be between donors
and acceptors that are both increvalent (i.e. n-v or - ¥ types which
increase the number of bonds). See Section 1.4. With this in view,
molecular complexes of SbCl3 with organic compounds may be clasified
into these two groups, n-v type complexes are formed when the donor
atoms are the nitrogen of an aromatic amine, aromatic nitrogen
heterocycles, ok&gen or sulphur atoms, and probably ion s I (See
Table 1.6.4a) T -V type complexes mostly involve aromatic hydrocarbons
as donors. The basic feature of these structures is that the Sb and
two chlorines are in a plane parallel to that of the aromatic ring,
with the third Sb-Cl bond perpendicular to and away from it, (see
Table 1.6.4b.
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1.7 DISORDER PHENOMENA IN CRYSTALS

It has been stated (Bernal, 1959 and Refs. there; Jagodzinski,
1963), that as a general rule all crystals are disordered to a
certain degree., .In particular disorder phenomena often occur in
solid-state molecular compounds. One of the features of the crystal
chemistry of some 7f-molec§lar compounds is the order~disorder
transformation due to changes.in temperature or due to growth faults 4
(Herbstein, 1971). Little consideration has been given to the
relation between this feature and the nature of bonding, stability
and structure in these compounas. Therefore, it is important to
study this associated phenomena as it may lead to a better understanding
of the nature of some molecular complexes. s

The following survey is a brief introduction to disorder

phenomena in crystals and their relation to the diffraction pattern.

1.7.1 TYPES OF DISORDER

Two general types of disorder may occur in crystals (Wooster,
1964; Jagodzinski, 1964; Herbstein, 1971). The first type is a
thermodynamic disorder, where the equilibrium degree of ordexr varies
with temperature and pressure. At elevated temperatures no/crystal %
is perfectly ordered because of the thermal vibration of the atoms
and molecules or reorientation of the molecules.

The second general type is non~equilibrium in nature. This is
associated with lattice defects which are observable in +the diffraction

pattern., The lattice distortions normally observed in crystals are

due to growth faults which are "frozen-in" during crystallization.

' This type of disorder does not change with temperature. Here the
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imperfection can involve substitution as well as displacement

disorder.

1.7.2 BRIEF TNTRODUCTION TO THE DIFFRACTION OF X~RAYS BY AN IDEAL

AND A DISORDERED CRYSTAL

The position of lattice point of a periodic three-dimensional

lattice may be defined by the vector:

" ~N ~ a -~
T =1t =n.a + n,b +n.c (1.7.1)
n nlnzn3 1 2 3

where Ny, Do, h3 are integers and 8, S, € define the unit cell

translations. A lattice may be expressed by an array of & functions(l)
~ ~ A s

of the type S(tsfnla -+ néﬁ + ngc]), in which ny, n, and ng take

on all allowed values corresponding to each lattice point.

The lattice function, Z( 1), is defined as:

_ : ; 8( £, [nla + b + njcl' ) (1.7.2a)
123 :
In which the summation signifies that for every allowed value

of nyy 1 all lattice points are generated.

2' "3
In reciprocal space a reciprocal lattice vector, ?*, is given by

$* =3 = ha* + kb* + 18# (h, k, 1 integers)

MATHEMATICAL EXPRESSION OF THE DIFFRACTION OF X-RAYS BY CRYSTALS

A perfect crystal is built up by successive equal parallel

displacements of the three dimensional unit cell. The structure factor

(1) A 9 function at the point x relative to X, is expressed as
&(x~x_), which equals unity at xex, and zero for all other

values of x. A & function is thus %he mathematical
description of a point or of a phenomenon at a point.

R,

T, R A RN L 0, DTN A0 JNNE O . O U Ty
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(sé& p68) for such crystals can be expressed (Woolfson, 1970,p80)by:

N :
Fria (or F(8)) = E fj exp( 21ti§.fj) (1:7:2)

51

Where §j = xjé + yiﬁ + zje, defines the atomic position of the jth-
atom with atomic scattering factor fj' The summation is extended over é
all N atoms in the unit cell.

In a molecular crystal, where molecules have individuality, it

is of interest to express the structure factor, F(§) as a function of

the transforms of the different molecules referred to their centers

P oo WY

(J. and M.Amord§l968,182) «Thus with P molecular centers at fp 2

and related atomic coordinates, rj 5 (for Jp atoms relative to the
’

centre, P) we have:

PR s SR 0 TF ey

P g
FE) = > Z £yexp| 2wiB.(2;, +5,)] (1.7.3)
p=1 J=k

Equation (1.7.3) may be rewritten as:
e ;
F(§) = E E,(8) exp( 2wiS.2 ) (1.7.3a) ‘

P=

J
where Ep(é) = E fj exp( 21fi§.fj P), is the contribution of
’
j:l .

the pth molecule. to the total structure factor F(§).

As the intensity for a molecular crystal involves imaginary

quéntities, the complex conjugate of F(§8), i.e. F*(§) will be involved

in the expression for the intensity given by:

1(8) = F(8).FY(8) (1.7.4)
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Replacing values for F(8) of eq. (1.7.3a) in eq. (1.7.4),

then performing the respective summation, eq. (1.74) becomes:

1(8) —“-Z IP(S) +Z Z F (>)F (8) exp [21118 (r -z, ]

p=1 p=
(1.7.4a)

Where I(§) is the total intensity due to the contribution of the p

and P* molecules in the cell amd Ip (§) = FP(§).FI'; (8).

An example will illustrate this. Adipic acid, HOz.C-(CHz)Q'COzH,
crystallizes in the monoclinic cell with space group Pzi/a ,Amoros,
(1968),p 83 , The unit cell contains two centrosymmetric
molecules in special positions. One molecule has a center at the
origin, and the second has a center of symmetry at 430. Considering
the projection of the structure on (010), the contribution of the
second molecule to the structure factor can be calculated from

eq. (1.7.3a):

u})
nolos
——

Fz(h01)=F1(h01)exp[ 27ri§.% -Fl(hol)exp{ 2t1[ha‘+1c,.sI [

where F,(h01) is the contribution of the first molecule.
In the unit cell both molecules diffract together, therefore

the total structure factor will be given by:

: (1.7.52)
as a*ea =1
A =0
g & =0 etc




31

THE DIFFRACTION OF X-RAYS BY A DISORDERED CRYSTAL

Under the general classification of disorder which occurs in
crystals stated earlier, we consider here cases where the disorder
is an orientational one, this occurs when the molecules are
statistically distributed in certain molecular sites with different
orientations. The Bragg intensities are sentitive to this kind of
disorder but are not altered in position. The intensity may in the
extreme be zero due to interference and so may suggest pseudo
absences and symmetry corresponding to an "average structure".

Another form of disorder associated with diffuse scattering
around Bragg angles ﬁay arise because of static defects in ‘the
crystal lattice in one, two and three~dimensions. Thus Jagodzinski
(1963) identifies one-dimensional disorder as a disorder in the
stacking.éequence of layers, as one Laue condition fails to be
fulfilled A statistical displacement of rows of unit cells from
the ideal position correspond to a two-dimensional one., A three~
dimensional occurs when by insertion or depletion of an atom, ion

or a group of them; the structure is locally swollen or contracted.

GENERAL MATHEMATICAL EXPRESSION FOR DIFFRACTION BY DISORDERED CRYSTALS

The electron density of an atom can be expressed as

Q(f‘) = J F, o expl2w is.%)av* (1.7..6)
v*

whexre Fhkl is the structure factor and v* the reciprocal volume,

~ A N - . . -
r = xa + yb + zc  expresses the atomic position

By definition also:

Fikl = F(8) =J; e(%) exp ( 2w is.2)dv (1773

£

i
3
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which is the Fourier Transform of (L.7.6); conversely equation (1.7.6)
is the Fourier Transform of (1.7.7).
The convolution, (%), of two functions £(X) and g(%k) is

defined by (Guinier, 1963):

) - 20k g0 - [1®) (R (1.7.8)
a particular property is:-
P(X) = £(%) % £(=%) = Jf(ﬁ)f(i + R)ak (1.7.:9)

A Patterson function in terms of €(Z) can be calculated using

eq. (1.7.19):

BiE) = J(’(ﬁ) e +R)ak = @ (F) % Q(-F) (1.7.10)

~

where T represent atomic position of an atom A

R represent any other atomic position of atom A or B.
At the origin, % = 0, P(0) = J’Qz(ﬁ)dﬁ = J[F(S) |2d§
‘ : {L7.11)
For an imperfect crystal, for which it is possible to define an
average periodic lattice; the electron density of the crystal can 1

be expressed by (Cowley, 1975):
e@ - <E@> + ApE) (1.7.12)

where € Q (f)} is the electron density distribution for the
average lattice, defined to be time independent and periodic. AQ ()
represents the deviation from the average lattice, which is non-
periodic, (this could be time dependent or not).

By definition the averaging process involving < A€)= 0.
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From eq. (1..?.12)and using expression (1.7.10)we may write the

Patterson function as:

P<%>‘={<e<f>> P BRW) x {<RED> + AR} o

(%) ‘{(Q(fb * & Q(ﬂ“ﬂ)J # { <)) x AQ_(-f)} +

(1) J (2)
NE '_:(kB)AQ(@)} . %AQ(f) *(4){6(“3'5))}

(L.7.13)

The electron density of a collection of atoms may be written as:

Q ®) = Z (’o(f») > 8{?-(13 +mb +n 8)} (L7.a8)

l,m,n
Where eo(f) is the electron density in the unit cell..
The delta function 8{?‘-(13 + mb + ne)} defines the lattice.
7 =xa + yﬁ + zC is the atomic position. -

Eq. (1.7.14)can be expressed also as:
0@ = €® % > §{# - &) (1.7.15)
3

In eq. (1.7.13) in terms of spatial averaging, the second term

of the equation may be written by using (1.7.15) as:

C® s ) SE-R) % APCH =0 (17.6)
b s

Where ﬁn is a 1at1;ice vector of the average lattice.

The convolution of Ae («2) with ZS(fnﬁn) represents the
superposition of the function Ae(-i‘-) with the lattice vector shifts.
There is, thus an averaging of AQ (-2) values at evéry point of the

unit cell and by definition is zero. The same principle can be applied

4
£
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1o the convolution of the fourth term.

Therefore eq. (1.7.13)1is reduced to:

(@) = (<0 % <30} + {600 % ag(-2)

Cana%)
The Fourier transform of eq. (1.7.17) will give:

(s) - lf‘;lklj R VS P b (1.7.18)
which is the expression for the total scattering power by disordered
crystals. F_rhkl
and AQ(E) respectively.

and AF, . are the Fourier Transforms of <€ (>

1
In eq. (1.7.18) Ifhkl'z will be periodic and therefore will give
sharp reflections. But since AQ(%) is not periodic, ‘AFhkllz
will represent a continuous distribution of intensity between the
reciprocal lattice points and will produce diffuse scattering

in the diffraction pattern.

1.7.3 THE STRUCTURE FACTOR FOR TWO CASES OF ORTENTATIONAL DISORDER

(a) Abrahams and Lipscomb (1952), give an example of orientational
disorder in the structure of thiophene, HL}CL*S. The structure has

4 molec/unit cell, and was interpreted in space group Bmab (in
standard orientation, Cmca, No.64), which has the following

space-group diagram:

1 - D Q% b
‘ofor - #'0j0z- | "O[o*
i i
1 ' .
o | solos v 0 Fig 1.7.1
OF* | *O[- | ¥O
; : Bmab space group.
-ojor 1 ++0lox- | -Olor

-Ojo+ -0 O
a

3
3
3
b
3
?
2
:
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In order to accomodate the 4 molecules in 16 general positions,
the following explanation is given: Each molecule could occupy
any one of four.qifferent orientations around a -common position
(see fig. 1.7.2), so that the center of gravity of the disordered
molecule lies at the special positions, 000, $30, i0%, 0L,

The general positions are reléted to each other by two perpendicular
mirror planes mutually normal to the molecular plane. One mirror
plane is parallel to a and the other parallel to the axis [Oll],

the angle made by the molecular plane with the b .axis is 17 .8°,

» [on]

Fig 1.7.2
Schematic representation of the disorder of a molecular orientation
in crystal of thiophene. (Abraham and Lipscomb, 1952).

The observed diffraction corresponds to a statistical distributi;n
-of the molecules equally over these four positions, so that on average
there appears to be a quarter molecule in each orientation.
The contribution of the ith atom in a particular orientation of
the thiophene molecule will be given by:
iy
F, (hkl) = :i; gii (£5/4) cos 21r(hxi,j+kyi.j+1zi'j)
' (1.7.19)
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Where fj is the atomic scattering factor of the ith atom, and

hx + ky. + lzi 3 defines the position of the ith atom in the
4

i,J i,J
jth orientation.
The total structure factor F(hkl), will be given by:.

Ly
F(hkl) = Z F,(hkl) exp [~21ri§.f,,] (1.7.20)
P=1 ’

Where & = hi* + kb* + 18%, (hkl integers), and T, = x,2 + ypb + 2,8,
defines the center of the molecule. x, , ¥, and 2z, are the
fractional coordinates of the centers and &, 3, and ¢ are the cell
unit translations.
(b) The sécond example of a disordered structure is that of
chloropentamethylbénzene, (Charbonneau and Trotter, 1968). The
crystals were interpreted as monoclinic, space group le/m with two
molecuies per unit cell. The space group can be represented by the

following diagram:

SO o o b '%" / A a

Fig 1.72.3

Diagram of space group ¥2;/m.

Acéording to the space group considered, there are four general
equivalent positions per unit cell where we can accommodate molecules
of chloropentamethylbenzene. The fact that there are only two
molecules in the cell suggests the presence of disorder to simulate

a pseudocentric structure.
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In the structure analysis, the three-~dimensional Patterson
function did not show any outstanding peaks corresponding to Cl-Cl
vectors, but an. interpretation was possible in terms of a composite
molecule corresponding to six positions for the chlorine atom on
the benzene molecules, lying exactly in the mirror plane of the
space group (le/m) at y = 4.

Therefore, the total structure factor can be calculated in the
following steps:

(1) The partial contribution from the two aromatic rings of carbons
can be represented by:

12
Fi(bk1) = E £, exp( zfrié‘.%j) (1.7.21)
3=1
where fc represents the atomic scattering factor for the carbon atoms;
and fj = xja + j{% + Zje is the atomic position and
§ = ha* + kb* + 18* for hkl integers.
(1i) The partial contribution from the substituents of the benzene
will be given by:
12
1 ~
F,(hkl) = E (3 5y + 2E,) exp( 2wi8B) (1.p.22)
k=1
where T

cl

Therefore the total structure factor, (éxcluding H atoms), will be

is the atomic scattering factor for the clorine atom.

represented by:
12 N 12 1
== = s s L
Fril Fl(hk1)+F2(hk1) ;EE fgexp( 2W1b.rj)+ ;Ll 03 fcl+é fb)exp( 2T15.rk)
(1.7.23)
This disorder makes possible a centrosymmetric structure so that

Fhkl reduces to

4
%
A
.‘)_
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6 6
F = 5 f cos 2w(hx.+ky .+lz, )+ E (1 £ +gf Jeos 2w(hx, +ky, +1z. )
31 R Ay SRR S 6 *cl'6 ¢ kR
3=1 k=1

(1.7.24)

A projection of the structure along b is illustrated in fig. 1.7.4:

Pig. 1.7.4
Projection of the structure of chloropentamethylbenzene

along D,
Si’ i=1,2,+44,6., are the substituen%s represented by a
pseudo-atom with scattering factor (g fcl + g fc).

1.7.4 DIFFRACTION PATTERN FOR ONE DIMENSIONAL CASE OF DISORDER IN ;

THE CRYSTAL LATTICE.

A Qualitative Illustration.

In the case of statistical arrangement of parallel layers having

ordered cell dimensions in b and ¢, only one Laue-~condition fails to

be valid; according to the diffraction theory diffuse streaks along 5

?
<
;
;

a* are to be expected in reciprocal space (see fig. 1.7.5abc). The

diffuseness depends strongly on the degree of disoxder,
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An example of this kind of disorder may be given by a crystal of
cobalt, (Lipson, 1942). It was reported that for hkl reflections,

sharp reflections will occur when:

h -k = 13n

=
l

=2 O]y B pie e pTE

and 1l = 2m m=0,1,24000,Mm,

Diffuse spots occur when these conditions are not satisfied and they
consist of streaks elongated parallel to the z-axis.

The distribution lattice which produces this diffraction pattern
can be deduced from these results (Wooster, 1964). Fig. 1.7.6
shows a lattice net foracrystal of cobalt. The hexagonal unit cell

is represted by AOA1A2A3.

x‘
Pig 1.7.6
Lattice net for normal and disordered cobalt structure.

(After Wooster, 1964)

According to the rules mentioned above, sharp reflections will
occur for planes 300,030,110,410,520, etc. The fact that 1 = 2m

~means that the length in the z-axis direction of the distribution
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lattice is half the height of the original wnit cell (i.e. ¢/2).

At room temperature cobalt forms a hexagonal close-packed
arrangement (iﬁe., two layers of atoms, symbolized by ABAB... or ACAC...),
therefore atoms lie on A and B only (or’A and C. only). The B or C
points being occupied only at the points 0/2 above the A points., If
the points were occupied in the sequence ABCABC... (a cubic
close-packed arrangement), the layers A, B and C being identical

with one another, then we obtain a cubic close packing. The fact

»w‘;‘f.:.'.-

that the diffuse spots are elongated along z-axis means that the
crystals of cobalt consist of parallel layers of atoms which are
arranged sometimes in a hexagonal and sometimes in a cubic close- b
packed nanner.

In many cases the disorder is a multiple one, where therg_is a
mixture of the different types of disorder mentioned above or associated
with other defects, such as the twinning phenomena, substitution
disorder, etc. that is the case of the disorder found in crystals

of wollastonite, CaS:'LO3 (Jeffrey, 1953).
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2. METHODS FOR STUDYING MOLECULAR COMPLEXES IN THE SOLID STATE. ?

In studying crystalline molecular complexes of SbCl3 with organic f

compounds, the following methods were used:

(a) Melting-point-composition diagrams to detect of coﬁpound
formation and stoichiometry,

(b) chemical and physico-chemical analysis to confirm the
stoichiometry, and

(é) x-ray diffraction to determine the spatial relationships

between the components.

2,1 DETERMINATION OF MELTING POINT-COMPOSITION DIAGRAMS.

The study of the equilibria of systems containing more than one
component is based on the phase-rule developed by Gibbs:
£ sk op = gk 2

where f is the number of independent variables which must be

specified to characterize the egquilibrium system of c¢ independent

2 > /8 iyl
e T AL SR P Sy S A,

components in p phases.

At equilibrium (Fig. 2.1.2a), a simple binary (c=2), two-phases

oD ST

(p=2) system has £=2 so that to characterize the equilibrium systenm G
two independent variables need to be specified. i.e. two of

temperature, T, pressure, p, and mole fraction composition X3 The
choice of two of these fixes the other. If we choose the pressure to 5
be fixed (say 1 atm), then temperature and composition must be'uniquely

related, and one can plot a temperature vs. composition curve for

equilibrium mixture of the two components. ' :
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Experimentally, the determination of equilibrium curves is usuvally
carried out by taking the cooling curves (temperature vs, time) of
mixtures of variou; compositions and noting the initial and the final
solidification temperatures. These, plotted for several compositions,
constitute the phase diagram.

When a pure (one-component) substance is allowed to cool without
phase change its temperature falls at an exponentially decreasing rate
as represented in the ideal cooling curves (Fig. 2.l.la). In practice
fig. (2.1.1b) is often observed, due to supercooling, but ideality may
be approached by cooling slowly with adequate stirring. More complex
curves (fig. 2.1.1c) may be observed if compound formation occurs.

The temperature of the system can be measured by means of
thermocouples (for high temperatures) or ordinary thermometers for the

relatively low temperatures.

T e TC
~begining of
freezing
\end of
freezing
time time time
(a) Cooling curve of (b) Cooling curve of (c) Cooling curve
' pure substance. pure substance of two
with supercooling. components,
Fig 2.1.1

2,1.,1 TYPES OF PHASE-DIAGRAM

When the two components of a binary system are completely miscible

in the liquid state, the following types may be distinguished:

a) COMPLETE MISCIBILITY IN THE SOLID STATE

Here the components form a solid solution which exhibits

-
S
o

3

A BEIAG L et ARG s




c)

d)

Ll

characteristics similar to liguid solutions., On structural grounds

such solid solutions may arise either by atom substitution or by
atom occupation of interstitial positions within the host
structure, |

A typical diagram where complete miscibility occurs in the

solid state is shown in Fig. 2.1.2a for the copper-nickel system.

A SIMPLE REUTECTIC SYSTEM

This is characterized by the fact that upon cooling, the
mixed constituents, A and B, of a system yield only pure A or
pure B as solid phases. An‘example occurs in the p~nitrophenol~-
p-nitroaniline system (Palepu and Moore, 1978) as shown in

Fig. 2.1.2b.

EUTECTIC SYSTEM WITH POLYMORPHOUS COMPONENT

The effect of polymorphism in one of the components is to

cause a "break" in the liquidus curve (Mckie and Mckie, 1974,p515).

An example for A1013~w014 system (Korshunov and Goldin, 1961) is

shown in Fig. 2.1.2c. This feature is also found in the_SbClB-sulpbur

system (Lipka, 1979a).

PARTIAL MISCIBILITY IN SOLID STATE WITH EUTECTIC

When two constituents A and B of a system are partially
miscible in the solid-state to form stable solid solutions, the
standard diagram is modified to that showm in Fig. 2.1.2d4. The
points D and E represent the limits of solutions of &, o'~
dipyridyl in diphenyl and of diphenyl in o€, «'~dipyridyl

respectively. (Kitaigorodsky, 1973, p.96).
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Sbcljm’i‘riphenylamine SbCl,~Diphenylamine SbClj--Aniline :
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Fig 2.1.2 FPhase Diagran for Different Systems, . . .
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e) FORMATION OF COMPOUND WITH CONGRUENT MELTING FOINT

When component A and B are melted together in K suitable
proportions, a definite compound crystallizes on cooling. Such a
compound is said to have a congruent melting point. Three
typical examples are shown in Fig. 2.1.2f,g,h. In the
simplest case it can be considered that the diagram is made up of

two diagrams of the simple eutectic type placed side~by-side.

f) EUTECTIC SYSTEM WITH AN INCONGRUENTLY MELTING INTERMEDIATE COMPOUND

" A binary compound A.B is said to melt incongruently if at a
certain temperature it dissociates into a liquid and a solid phase
of different composition. Thus in the NaCl-*YbCl3 system (Fig. g. 126,
an incongruent melting compound (NaB'Yb016) is formed (at 75% mole
NaCl). The 'reaction point', P, is at 580°C. The liquid phase

corresponding to P is at 70 mole % NaCl.

2.2 COMPONENT ANALYSIS

Various methods of analysis may be used in quantifying components of
molecular complexes of SbCl3 with organic molecules. Titration vs KIO3 or
atomic absorption for Sb(III); Ultra-violet, Infra-red and Nuclear Magnetic
Resonance for the organic component. Selection of a suitable method depends

upon such factors as interference, convenience, speed and accuracy.

2.2.1 QUANTITATIVE ANALYSIS OF ORGANIC COMPOUNDS BY NMR

Certain nuclel possess a spin angular momemtum which is described
by a nuclear spin quantum number, I, which can take the value n/2,
N=Ll, 2,000

When a nucleus which has a magnetic moment is placed in a magnetic

field, B, it takes up one of a number of quantized orientations with

;
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respect to that field. Each nuclear orientation has an assoclated energy
level, the lowest corresponding to the orientationin which the nuclear
magnetic moment is most closely aligned with the field,

For a nucleus with I = %, two values for the nuclear spin angular.
momentum, my = ., indicate the allowed orientations of the nuclear
magnetic moment vector in an external magnetic field. The value +5
corresponds to alignment of the vector with the applied magnetic field
and -1 opposed to it. The first is the more stable state of lower energy

() ; the second is the less stable state of higher energy ( ﬁ).

The energy difference between the two states (¢ & ) will be

given by:

AE = 2 B = hY $2.8.3)

where /u_is the resolved part of the magnetic dipole moment jz in
the direction of the applied homogeneus magnetic field,
B, (NlOLL gauss) (Drago, 1965),

There are two allowed transitions: (a)«& — ﬁ which correspoads
to an absorption of energy and (b)ﬁ—*wx , Which correspond to induced
emission. The difference in enexrgy between these two states is very
small relative to kT (Boltzman's constant and temperature), so that at
room temperature the states are very nearly equally populated, and the
observation of transitions between them necessitates the use of
intense fields and of a resonance effect. Thus for NMR with frequencies

6

Hz.), the excess population

5

of spins in the lower state is only about 1 in 10-,

in the Radio Frequency region ( ¥ = 4.3 x 10

Obtaining an NMR signal affects the populations of the spins states,
but this is compensated by thermal relaxation of the nuclear spins,

Absorption intensity of electromagnetic radiation is then plotted

‘ against the change in the applied field strength. For a given nucleus
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the field strength and NMR frequency are linearly proportional, so that

an NMR spectra may be measured in either field or frequency units.

CHEMICAL SHIFTS

When a molecule containing the nuclei under observation is placed
in the magnetic field, the electrons within the molecule shield the
nuclei from the external applied field. That is, the field at the
nucleus, is not equal to the applied field. This difference, called the
nuclear shielding, is proportional to the applied field.

The chemical shift, 3 , is thus defined as the nuclear shielding
divided by the applied field. It is always measured with respect to

sultable reference (MeLI'Si for the proton):

(B - B )
2- reference semple’ 106 pom (2.2.2)

Breference

Eq.(2.2.2) can be written also as:

(\Jsample = N reference)
Oscillation frequency (Hz)

X ].O6 ppm (_2.2.23,)

9= 0 for TMS (tetramethylsilane), increasing downfield. Occasionally

T=10- & is used.

INTENSITY OF ABSORPTION AND SPIN-SPIN SPLITTING

One of the most useful aspects of Proton NMR is the fact thaf, the
integrated NMR signal obtained is directly proportional to the number
of hydrogen nuclei producing it. This is particularly important in
quantitative analysis (Abraham and Loftus, 1978 ,p150).

Another phenomenom, observed in NMR spectra, is the occurrence of

spin-spin splitting. Thus the proton spectrum of dichloroacetaldehyde

' (CHClchO), consists of four peaks ~ each of the two expected peaks




corresponding to different protons ( & values) is split by the 2
influence of the neighbouring proton. Thus does not however affect

the quantitative use of NMR spectra.

APPLICATION OF NMR IN QUANTITATIVE ANALYSIS

Whatever the split, the total integrated absorption is directly
proportional to the number of H atoms whatever their environment (Pasto g
and Johnson, 1969). Thus, the analysis of mixtures (Cerfontain, et.al., '%
1974), may be accomplished, provided that the absorptions of H atoms
in one molecule are distinct from the absorptions due to H atoms in the

others.

EXPERIMENTAL EXAMPLES

- a) The composition of a mixture of three known components, 2-provanol, =
N-methyl-2-pyrrolidone and water has been determined (Chamberlain, 1974).
The spectrum consists of six well-separated bands, with band overlap
only in the case of the exchangeable hydrogen (band f). See Fig. 2.2.1.
' The procedure consists in identifying the bands and assigning them, ﬁé
by reference to their & valueé?fhe particular hydrogen atoms associated

with the parent components. Then, from the peak-areas the composition

may be found.

S

10T.5

-t

50 bp - )

Fig 2.2.1 NMR spectrum of mixture for quantitative analysis.,




b)  DETERMINATION OF  1-CHLORONAPHTHALENE IN A COMPOUND USING AN

INTERNAL STANDARD (MeI).

The stoichiometry of a molecular complex may be determiﬂcd if the
weight of one component is known. This may be achieved by adding a
known weight of an internal reference whose peaks are not near those of
the organic material being determined. The weight is then obtained
from the integrated peak ratios. A typical spectrum of 1-C10H?Cl

recorded in a Varian EM-360 60MHz NMR-spectrometer is shown in Fig. 2.2.2.

Y

I-CjoH7ClI ‘
i0 ppm

Fig 2.2.2

NMR spectrum of 1-010H7Cl and. CHBI
(Internal standard) in CCly,.

Carbon tetrachloride (C014) was found to be a suitable solvent
because this compound neither reacts with the components in the sample
to be analyzed nor lroduces aPeak in the NMR spectrum being used.
Results of analysis for 1—ClOH7CI with and without SbCl3 Iresent in
the sample are shown in Table 2.3.2. Each sample was diluted up to 10ml

in CCl4'
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TABIE 2.2.3
RESULTS OF ANALYSIS FOR l—ClOH.?Cl (e¢) BY NMR
(Taking MW <X = 162.6 and CH31=141.9)

Presence Wt. Ratio Peak Area Moles of Moles of (l) 5 %
. ok o
of oA /CHBI p(Ra.'tZLO CH-% % 10 3 Wt:xof ERROR
SBC1, /CHAT x10 ()
No 0.2602/0.4550 41.25/35.0
= 0.5719 = 1,178 = 3,20 1.616 0.2628 +1.0

Yes 0.2608/0.4548 55.0/47.5
(0.7300g) = 1,158 3.20 1.588 0.2582 -1.0

(1) Moles o = Peak area Ratio x 3/7 x Moles of CHyI.

2.2.2 QUANTITATIVE ANALYSIS OF Sb(III) BY TITRATION AGAINST KIO3

Potassium Iodate is a powerful oxidising agent (Vogel, 1978). 1In

solutions of moderate acidity (~ 0.1 M HCl) it is reduced to iodine. e.g.

- - +
Io3 + 5 +6H---—-—’*312+3H20

Whereas in more strongly acid solutions (~ 6M HC1l) reduction

occurs to I+I

10.,

5 + 6+ 27 + 3017 ——> 3IC1 + 3Hy0

‘ucr

31C1,
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However the optimum acidity for reasonably rapid reaction varies

somewhat from one reductant to another.

APPLICATION TO THE ANALYSIS OF Sb(III)

In 3.0-, 5M HC1, Sbit

4
*
R
-
2
&
@
e

may be estimated according to the equation

70" + 28pit

; Tor, + 61" + 8017 == 100, + 2(Sb' Cl.") + 3H,0

3

PO - 4y i e

Typically 7ml of 4M HCl is added to 0.02g SbCl3 for titration with
0.025M KlO3 using GClu or Chloroform as indicator (violet colour of iodine
oxidised to colourless ICl at equivalent point), to a final volume,
including washings of 25 ml.

Test results of analysis are given below.

TABLE 2.3.2
RESULTS OF TEST ANALYSIS FOR SbCl3
Weight of Vol., 0.025M KlO3 Experimental ERROR
SbClB(g) employed (ml) Weight of SbClgi) (%)
(g) 5

0.0209 1.822 0,0208 ~0.43

0.0209 1.822 0.0208 -0.43

0.0721 6.300 0.0719¢ ~0.17

/i

() Based on KlO3 = 2 SbCl3

2x228.5

e 1mlo0.,025M = 15000
’

= 11.425 ng.
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2.3 STRUCTURAL DETERMINATION (SINGLE GRYSTAL X~RAY DIFFRACTION),

X-ray diffraction is one of the most important methods in the study
of molecular complexes in the solid state, and the main one to provide
information about the spatial axrangemen? of the atoms.

A crystal is a periodic three-dimensional array of atoms which act
as a three~-dimensional diffraction grating for x-rays of wavelength compar-
able to the interatomic distances and interplanar spacing within it. When
a beam of x-rays of wavelength, )~, passes through the crystal, the
x-rays at angle incidence © to the hkl plane are diffracted. The
diffracted beams from successive planes will mutually interfere unless

they are in phase according to the Bragg relationship:

n A = 24, Sine (2.3.1)

Where dhkl

dimensions of the unit cell and the Miller indices of the reflecting

, the interplanar spacing is directly related to the

planes.

As sine & l/d, interpretation of a diffraction pattern is facilitated
by refering to the reciprocal lattice (Buerguer, 1966, p.l07f; Jeffery,
1971, p.24), where the hkl plane is represented by a reciprocal lattice

. % S
point /dhkl from the origin.

2.3.1 CRYSTAL STRUCTURE ANALYSIS - INTRODUCTION

A suitable single crystal must be selected for structural analysis.
Some factors which need to be considered to obtain good diffraction
photographs are: (a) Stability: according to the stability of the

crystal under normal conditions one decides whether it is necessary to
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employ a special device or not, e.g. to avoid decomposition of the
molecular compound§ of Sbcl3 with moisture, the crystal must be sealed
off in a Lindemsnn tube. (b) Size and shape of the crystal. Ideally the
crystal should be spherical, and, in order to keep absorption errors
below 10%, it should have an optimum size of 2/w mm, where x is the
linear absorption coefficient (Buerguer, 1966, p.179). (c) Singularity,
the selected crystal must, if possible, have clean outlines with no other
adhering crystals. (d4) Freedom from twining (Buerguer]960,p53; Glasser,
1977 ,p69) .

SINGLE CRYSTAL CAMERAS

All single crystal diffraction cameras have certain features in
common, The crystal is bathed in a narrow beam of approximately
parallel collimated x-rays, usually monochromatic. The undiffracted beam
is caught in a lead trap to minimise film blackening. The diffracted
beam is recorded on a film protected from light.

The selected crystal is mounted on a set of arcs with angular and
linear movements attached to the goniometer head. Adjustments of the
arcs and slides enables one to orient a prominent axis of the crystal

suitable for the chosen recording method.

© 2.3.,2 CELL PARAMSTERS AND SPACE GROUP DETERMINATION

There are several methods of evaluating the unit cell parameters
(a:byc, &, B, and ¥).

(a) The Oscillation Method (Buerguer,1966,pi88Woolfson,1970,pl34;McKie

and McKiel974*zm)permits determination of one dimension for the layer

spacings: e.g. using x-rays of wavelength, A L

st Al e,

T ded S gy 0, YA

e,

R R b




55

c = = ;-— (2.3.2) ;
i) ,

Where { is the index of the layer-line considered. Y is the é
separation in mm between corresponding layer-lines and R is the radius
of the camera (usually 2R=57.296 mm).

The process of determiﬁing the remaining cell parameters from an ;
oscillation photograph is tedious (Mckie and Mckie, 1974, p.226;

Glasser, 1977, p.90).

-t AT M A o Ay

(b) The Weissenberg Method

This is a more convenient method (Woolfson,l970pik;Jeffery, 1971, Z
p.188f ), both in terms of assigning indices to the plane generating a
particular reflection and for determining cell parameters. There is the
additional advantage that it enables one to collect information from one
complete layer at one time without the overlap difficulty inherent in a
simple oscillation procedure. Other layers are screened off.

A typical zero-layer weissenberg photograph obtained by synchronous

movenent of film and crystal oscillation is shown in fig. 2.3.4a.

tannz=2

centre line

Q or0
bl

(a) Zero-layer Weissenberg photograph. (b) Diagram of the b axis on the
zero~layer Weissenberg photograrph.

Fig 2.3.4
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Some cell parameters can be calculated directly :E‘romazero—layer

Weissenberg photograph (Buerguer, 1964, p.377ff; Jeffery, 1971, p.264).

From figs. 2.3.4a,b, where y' is in mm.

dalo =kb* =2sin8 =2 sin (Y'/2R)
Since Y' = s'/ \/5 and usually 2R = 57.296 mn.
- * -— - V
%, - doko = 2 ein (s'/V5) (2.3.3)
where s'/ /5 is in degrees, and y'/2R in radians.

The reciprocal angle X* can be calculated from the relation:
*
b= aw 5 (2.3.32)
Where D is the separation (in mm) between the two reciprocal axes
given the construction that tan N = 2.
go far only c, ‘§a, Eb and ¥ “have been determined. To evaluate the
remaining constants one must find ecand £ from an upper layer equi-
inclination photograjh about the same axis using the method of "angular |
lag" (Buerguer, 1942).
The basis of the "angular lag" calculation is the location of the
vpper~layer origin with respect to the rotation axis. This is defined
in terms of two shifts Sa 'a.nd 8b, parallel to the lattice axes,
According to the Buerguer's procedure, Sa and. cOb are evaluated
from measurements which involve low-index reflections from two
superposed Weissenberg films of the zero~ and first layers. Direct cell

angles then can be calculated from:

n
2 2 | 3

- tan of = or =~tan ﬁ

éa E)b

(2.3.4)
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Where ‘fsc is evaluated from an oscillation photograph (about c).

This procedure suffers from two practical disadvantages. It
requires two precisely superposed Weissenberg films of the zero and
first layers and the measurements are made on low-index reflections
which may be weak and unobservable.

A second approach has been developed by Hulme (1966). This
treatment involves the measurement of angles between general hkl
reflections, which complemented by other constants obtained from oscillaton
and zero-layer Weissenberg photograph permits calculation of the rest of
the cell constants either graphically or analytically using a least-square
computer program. The graphical procedure is illustrated below
(Fig. 2.3.5).

This procedure is free from the disadvantages present in the Buerguer's
method and is still useful when split-film casettes are employed in low
temperature work. Accuracy is best using reflections with 9 < 20"
having interangles (Pn in the 60-120° range.

Another procedure has been described by Herbert (1978). Here measure-
ments are made on festoons representing either axes of the reciprocal
lattice or lattice lines runing parallel to these axes.

For a crystal rotating about the b axis, be b i8 calculated from:
¥

% = cos M_ (l-cos xn,o) (2.3.5)

_where /an is the equi-inclination angle of the nth layer, and
J(n o is the distance between the symmetrically distributed points
’
s, and 5,' in axis as is shown in Fig. 2.3, 6.

When a reciprocal-lattice line parallel to the axes is used, e.g.

Ba, 8, Sc'o is obtained from:
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b = ® = cos My (L-cos Xn’l)m"sin p* (2.3.6) , &

C,0 c

where c* and B* can be obtained from the zero-layer Weissenberg

photograph. Then cell angles can be calculated from

A nsb

- tgn & = , ete.

2,0

sb is calculated from an oscillation photograph.

This procedure has two main disadvantages. It is sensitive.to errors
when festoon extrapolation has to be performed, especially if the
reciprocal spacing are large: and, this method is not applicable when -

a split~film casette is employed.
An oscillation, a gero Welssenberg and an n-layer Welssenberg

vhotograprh thus yield c, §a’ §b, ¥* and «, p ;

The cell parameter a = 7‘/'§a sin B sin¥* 2.3.7a
b = 7‘/‘gb sin ¥*sin 2.3.7b
and = co:ss-l (cos *cos P ~ sin & sin B cos ¥* ) 2.3:7c

s0 that all parameters have been determined.

Since ¥ and 5 are proportional to s' (in Weissenberg photograrh)
and y (in oscillation photograrh) resrectively, better accuracy may be
obtained by measurement of the highest obser;/a,ble reflection in the
axls or highest layer—-line distance respectively. However factors such :
as the divergence of the incident x~ray beam and the progressive reduction
in angle between the diffracted beam and the surface of the film as the
reflections increase the use of the highest reflections does not
make much difference. In general measurement of layer-line spacing
in oscillation photograph or from a Weissganberg photograph yield unit
cell dimensions of accuracy about 1% and angles with an error of

about O. 50 3
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:::x<’/ B

a

Fig 2.3.5

Angular lag method for calculation of
cell parameters: Graphical evaluation 4
ofga and %b ,and hence <K and ﬁ , Tor

e B

e

the following pair of reflections: 4
111 - 1711 ¢ 91.50°
111 - 121 : 83,50° ;
11 - 311 : 75,50°.

(Data for SbCl 3.l~chloronaphthalene compound,tri-

clinic setting).




Fig 2.3.6 Schematic drawing of an upper-layer
equi-inclination Weissenberg photograph
about h.

(¢) A Method Without Reciprocal Lattice Distortion

An undistorted picture of the reciprocal lattice (RL) may be
obtained using two methods (DeJong=Boumann, 1938; Buerguer, 1944),
The common feature of these methods is the mechanical linkage coupling
‘the movement of a flat film casette and the rotation of the arcs
carrying the crystal (the "dial" axis) which is measured on a dial.
Such coupling fulfils the requirement for recording an undistorted
reciprocal lattice i.e. A principal axis of the crystal is always
kept perpendicular to the film, so that the film remains parallel to a
set of RL layers during movement. .

When a layer is to be photographed, unwanted reflections from other
layers of the RL are excluded by positioning of a layer screen having
an annular slit sucb that only reflections from the cone subtended at
the crystal by the chosen layer are allowed to reach the film.

The scale of the undistorted picture of the RL depends on the
crystal-to~film distance, M, so that typically lem =1 r.l. unit.

The basic feature of the De Jong-Boumann camera is that the relative

position of crystal, screen and the rotation axis of the film are unchanged

(see fig., 2.3.6a). The upper-layer is brought into the recording position

by altering the angle of incidence of the x-ray beam, and the position

PRt - |
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of the film.
In the precession method, the crystal is set initially with a
principal axis par%llel to the x-ray beam. This axis is then tilted
(to be perpendicular to the film) to make an angle A with the x-ray
beam and caused to precess about it, so that the axis travels around
.the beam on the surface of a cone of semi~vertical angle M . The layer
screen attached to the arcs and the film similarly inclined, follow
the motion of the crystal axis (fig. 2.3.6b).
Upper layers are recorded by changing the position (and sometimes

the size) of the layer screen and the film position (Buerguer, 1964,p76).

ARC3s (3 FRAR
FiLM T4 PLANE 6 F
FAPER,

i 5
NZero LAYER pitre

ROTATION AXIS ROTATION oF L LAYER-LINE

OF CRYSTALLOGRA- AXIS OF Ri., SCREEN,
PHIC Axis AND
ARCE oF GONto~
METER,

Fig 2.3.6a Fig 2.3.6b

The de Jong=-Boumann camera Arrangement of a
for zero~layer

(After Glasser, 1977 ,p78).

Precession Camera

Evaluation of Lattice Parameters (Buerguer, 1964,p83ff).

From a photograph obtained rotating the crystal abéut the c-axis,
*
a* , b* and ¥ can be determined by measurement of the row spacing

and the angle between them, respectively.

g
-
¥
p:

e SN L9

L et
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In a similar way from a second photograph obtained rotating about
the a~axis, b* , ¢®™ and «* can be found.
The difference between the corresponding dial settings is the

angle P . Therest of the parameters can be evaluated from the following

equations.,
B= cos™t (cos Xcos ¥'= sino* sin ¥* cos B ) (2.3.8)
cos ¢ = (cos p* cos ¥* - cos o*)/(sin g% sin ¥* ) (2.9:9)
cos ¥ = (cos X*cos B* - cos ¥™)/(sin &* sin P* ) (2.3.10)
a = MN/(a*sin $ sin ¥*); b = A/(b* sinxsin¥® (2.3.11)
¢ = N/(c*sin e« sin p*) {8.3.18)

(d) Accurate Determination Of Cell Constants Using An X-Ray Diffractometer

Best accuracy in parameters evaluation by any of the above
procedures requires appropriate choice of & range (or reflections), and
is usually improved by subjecting' some dozen independent measurements to
a Least Square treatment. Such an approach is particularly relevant
when evaluating cell parameters using a diffractometer (Jeffery, 1971,

P.170; Manual of Instruction for 2-circle x-ray diffractometer STADI 2).

£.3.3 THE _SPACE GROUP

In any object there may be some points which are related to others
by rotation of the object about an axis or its reflection in a plane.
A particular combination of such symmetry elements, each acting at the
same point is known as the point group. In space, an object may be
related to others by additional translational symmetry elements (screw

axes and glide planes), which are not restricted to passing through

a single point. There are 230 possible combinationsof symmetry elements

«
%
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involving translations (Vol. I of International Tables for x-ray
Crystallography, 1952), which are known as space'groups.
Translationai symmetry elements are revealed by the 'systematic &
absences' caused in the diffraction pattern by destructive interference.
Recognition of these absences often leads to complete determination of
the space-group which describes the intra spatial relationship of
atoms or molecules, In some cases ambiguity may arise depending, for
example, upon whether or not there is.a centre of symmetry. Thus the
systematic absences for Cc and C2/c are the same. Some physical
features (pyro and piezo electricity) however occur only in non-centro-
symmetric crystals i.e. in space group Cc. Statistical eiamination of

reflection intensities (Howells, E.R., et.éL,l950; Lipson and Cochran,1966

P.46) or packing consideration may also help to discriminate between

okl B AR M LA A St am

possible alternatives.

2.34 CRYSTAL DENSITY AND CELI, CONTENTS

The observed density, D, can be determined in various ways.

e}
Normally it is measured by using a mixture of liquids whose composition
can be varied until the crystals neither sink nor float. Then by
comparison with the liquid density that of the crystal is established.
This density (Do) is related to the number of moles in the cell
(2z), the volume of the cell (V) and the "Mol. Weight" (M) by the
expression:
vV D,

R . .3.1
1,660 M (2.3.13) 7

Which may be variously used to calculate Z, M or the density.

vhere V in XB, Do in Mg m"3 and M in g/mol.
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2.3.5 MEASUREMENT AND CORRECTIONS OF INTENSITY

There are two methods for recofdiné intensities.

(a) THE PHOTOGRAPHIC METHOD

Intensities are usually measured from multiple films taken in one
of the'moving f£ilm cameras. The Weissenberg method is the most usual,

because of the large volume of reciprocal space accessible to it, the

applicability of multiple film technigue in collecting data without further

difficulty and _the uncomplicated nature of the lLorentsz factor correction.

The methods used for intensity measurements by photographic means may
be clasified (Jeffery, 1971) as:
i) Eye estimation against a standard scale, preferably made from a
reflection of the crystal concerned.
ii) Photometry of non-integrated reflections. This may be necessary if
minimum exposure times are required for any reason.
iii) Photometry of integrated reflections produced by an integrating
Weissenberg camera. This involves increasing the exposure time to obtain
reflections with a uniform central area whose optical density is
proportional to the integrated intensity.

Suitable film blackening, corresponding to the region of linear
proportionality to intensity is ensured by selection of the approrriate
member of the multiple film pack.

(b) THE COUNTER METHOD

X~ray photons may elither cause ionisation or scintillation.- These
two facts are the basis of the construction of counters, In the first
case, the electrons ejected as a result of the lonisation process may be
collected to give an electrical signal in a suitable circuit. Counters
like the 'ionisation chamber', the 'proportional' and 'Geiger—Muiler'

counters (operating at ~ 100, 500 and 1000 v. respectively) belong to this

group.
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In the second case, with scintillation counters, light emitted by a

photoactive solid due to the scintillation phenomenon may be intercepted é
by a photocathode which releases electrons to be subsequently amplified.

Both Proportional and Secintillation counters can provide energy

discrimination as the electrical pulses are proportional to the energy
of the photbn, in contrast to the Geiger-Miiller tube and ionisation chamber
where this is not the case.:

The counting of photons is subject to "response" and "dead time"

errors in the counter (for which corrections may be made), but the
proportinnality to the intensity of the diffracting x-ray beams also
involves background corrections.

The corrected integrated intensity will be given by:

t >
= c ¢
IABKL) = K, - -ﬁb (3, +3B,) (2.3.14) 3

Where N, is the total count at the peak in a scan of time tc; B

and B, are the backgrounds, each obtained in a time tb.

S aBREA o RN s N A A T i S S, o Als -

2
In practice, I_(hkl) is rejected when I (hkl) < S x 0(I) or when
By = By] > Dx I (hk1). Where (1) = 2t (1/—3 +y/ 32> (2.3.15)
S is normally 2 or 3 and D can take values of 0.100, 0.200, ..., etc,
CORRECTIONS TO THE INTENSITY
Measured intensities (Io(hkl))require corrections for:
(a) The 'Lorentz Factor' (L). Due to crystal non-ideality x-rays are
diffracted over an angular range. The L factor corrects for the relative s

time during which different reflections can occur.

The correction has the form:

3
E
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1 ’ . .
"1 - 8in 29 (sin”g ~ Sin" M)
sin 8

(2.3.16)

Where 8 is the Bragg angle and M is the equi-inclination angle for
data obtained in a Weissenberg type geometry (International

tables for x-ray Crystallography Vol. III p. 266).

(b) The 'Polarization Factor' (p). - which allows for the state of

polarization of the incident and diffracted beams., This can be expressed
in the following way:

i) For rotation and Weissenberg cameras (Buerguer, 1960, 175ff.):

pl = e (2.3.27)
(1 + cos™28)

ii) With monochromatized radiation as in the present work.

Pt o= 5 = = (2.3.18)

e o
cos"26' + cos"28  (1-2 sin"m)

-1 (Sinze - Sin’2 &)
cos 8

i
2
Where €' = tan J and gmon is the Bragg

angle for the monochromator,
Since L and p are both geometrical factors they are combined into

a single Lp factor and the observed I (hkl) is multiplied by (Lp)_l.

(¢) Absorption (A). In addition to being scattered x-rays are absorbed

by matter, i.e. the electromagnetic radiation energy is converted to
thermal energy (Woolfson, 1970). Thus the parts of a crystal far from
the x-rays source are irradiated by a beam which is less intense than
that incident on the near parts. This reduces the total reflected energy
below the theoretical value. The factor A by which it is reduced is

given by A = % J-e"“Ldv, where a is the linear absorption coefficient,

L is the path length in the crystal of a beam diffracted from the volume

Es
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element dv, and v is the volume of the crystal. The observed intensity
must be multiplied by A"l to give the theoretical value.

In certain circumstances it is difficult to apply this correction.
Thus in the present case the absorption correction was ignored because
the crystal was sealed in a iindemann—glass tube and was coated with
hydrolysis products. Absorption can be minimised by using an optimum
size of crystal (cf. 2.3.1) and the optimal orientation of the Lindemann

tube with respect to the x=-ray beam.

(4) Extinction

"Primary Extinction”, arises when x-rays scattered by different
domains within the crystal destructively interfere.

'Secondary Extinction', occurs when a reflected beam, encounters
another set of planes in the reflecting position, so that a proportion
suffers a second reflection.

Primary extinction is significant only if the "mosalc" blocks are
large (Darwin, 1922; Taylor et.al., 1956); secondary extinction may
be important even when they are small if there are enough blocks in
parallel orientation.

Both primary and secondary exﬁinction w;aken the observed intensity
of the diffracted beam relative to the ideal. Both effects becoﬁe_more
important as the fraction of energy that passes into the diffracted
beam increases, and the errors are therefore most serious for the
strongest reflecti;ns. These effects are not easy 1o eliminate, but
may be minimised by using small crystals.

In crystal structure refinement, it has been recognized that
reflections affected in large degree by extinction must either be
discarded or corrected for the effect (Azaroff, et.al. 1974). This is

done by examination of observed and calculated F's, If reflections at

o
2
3
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low angles with large Fc values have Fo consistently lower than Fc
they are assumed-.-to be affected by extinction, and they are excluded or

given zero weights. or corrected by an appropriate correction factor
(Taylor, et.al., 1956). |

5.3.6 THE STRUCTURE FACTOR, F(hkl)

The intensity of an x=~ray beam reflected by a plane is dependent
on the types of atoms diffracting (the atomic scattering factor fie)’
their positions (xj,yj,zj) and the Miller indeces of the plane (hkl).

This dependence is sumarised in the structure factor:

N
F(hkl) = g fj exp 271 (hxj + kyj + 1zj) (2.3.19)

J=1 ‘

F(hkl) is complex, and may be written as:

-

F(hkl) = A(hkl) + iB(hkl) (2 :3:80)
where A(hkl) =§§os 2w(hx, + ky. + 1z,) (2;3.21)
: fo J J J

N
B(hkl) =}sin 2w (hx, + ky. + 1z.,)
Jut J J |

Its modulus or structure amplitude will be given by:
e 2 %
F(hkl) | = (A%(hkl) + B®(hkl)) (2.3.22)
which has an associated phase angle:

Oz tan™ (B(nk1)/A(nK1)) (2. 3.23)

EFFECT OF THERMAL VIBRATION ON THE STRUCTURE FACTOR

The thermal motion of the atoms, has the effect of 'smearing out'
the atoms so causing a certain amount of destructive interference in the

radiation diffracted by the atoms.
This reduces the value of the atomic scattering factor fj by the

“
F
i

Bt
3
r
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factor, D, causing the intensity to fall off more rapidly with @.

For a spherically symmetric (isotropic) vibration,

D = exp [—§ (sinze)/ 7\2] - @.3.24)

where B =8'1’l‘2 iIz, E-?’

is the mean square displacement of the struc-
ture from its rest position and it is determined by the statistical method
used to obtain a scale factor (Wilson, 1942).

If the vibration is asymmetric (anisotropic),

D = exp ~(B,n° + B, k* + ﬁ3312 + 2 Bk + 2 ﬁlBhl + 2F23k1) (2.3.25)

B u .. Bz U - B3
where W =-‘—o=o = & (2.3.25)
11 21\'23.*‘ 2 22 zwzb, 2 33 21‘,201, 2
ulz = —£-2--—12-—-- «sey €tc,, are elements of a matrix w ‘

The temperature factor is usually refined by least~squares procedures

along with the other structure parameters,

RELATION OF STRUCTURE FACTOR TO THE INTENSITY

The observed diffracted intensity is related to the structure

factor by the following expression:

& o X 1
IF(hkl) |2 - & T La(ok) (2.3.26)
Where X can be evaluated statistically by means of the Wilson plot
(Wilson, 1942), sinze/ )\2 vs. log (<Ig» /Ze).(*)
The observed structure amplitude:

| _|Po(ur1) | = ( | P (hi1) Iz)%" (2.3.27)

(*) <(Is) is the mean intensity in a range around ©

Ze‘Zfi at centre range ©

* =)

§

4

)
E
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From eq. (2.3.19) ,when the structure, i.e..atomic positions
X50 Yo 2 aTE known, values of F(hkl) can be calculated (Fc (hkl)).
Coﬁparison with the corresponding observed quantities, Fo(hkl)
constitutes a test of the correcteness of the atomic positions.

In practice we do not know the atomic positions., However, since
the intensities are related to the structure amplitudes, thkl, by
the expression '(2,.3.36,) , they can provide information so that the crystal

structure can be solved.

An initilal "trial structure" can be obtained from packing considerations
(i.e. by considering the accommodation of the number of atoms or molecules
in the unit cell according to the space group, so that they do not
overlap). Alternatively one may solve a Patterson function (referred to
later) when packing considerations alone are not enough. In either case
the obtained structure may be used in the calculation of the structu;e

factor, Fc(hkl) and. in the computation of the electron density.

2.3.7 THE ELECTRON DENSITY AND PATTERSON FUNCTION

Because the electron density withinacrystal is single valued, finite

and continuous it may be expressed as a three-dimensional Fourier series:

Z Zz F(hkl) exp [~21r i(hx + ky + 1z)] (2.3.28)

h k 1

< I+

e(x'y’z) =

which is the Fourier Transform of the structure factor F(hkl).

In reality the sum extends over all observed reflections, v is the

volume of the unit cell.

The maxima in the function e(x,y,z), the electron density, at

point x,y,z, are at or very near to atomic positions.
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Once a trial structure is established by one of the above methods,
a Pourier synthesis for the electron density using the observed
‘amplitudes IF o(hl\{l)] with signs (or phases) taken from the
calculated structure factors, Fc(hkl) , can be evaluated, from which
improved atomic parameters may be deduced or positions of missing atoms

located.

THE PATTERSON FUNCTION

One method for determining a trial structure involves the evaluation

of a function derived by Patterson (1934):
P(u,v,w) =%‘L; Zk Zl ,F(hkl) | 2 cos 2w(hu + kv + 1w) (2.3.29)

which is particularly helpful if heavy atoms are present.

The function can be computed directly from the observed ‘Fo(hkl)\ 2
without any knowledge or assumptions about the signs of phases of the
structure factors, F(hkl).

Eq. (2.3.29) is obtained from the product of the electron densities

f(x,y,z) and g(x+u, yHtv, z+u),

Fhysically the function P(u,v,w) is large whenever both @ (x,y,z)
and @(x +u, y *v, z +w) are large i.e. when both (xyz) and (x +u,

y tv, gzt w) correspond to atomic sites. Hence P(u,v,w) is a vector map
showing interatomic separations, u,v,w starting from the origin. It is
always centrosymmetric. The magnitude of the vector peak is proportional
to the product of the atomic number of the pair of atoms concerned.

There are several methods for deducing atomic positions from a
vector map, e.g. by simple inspection, by superposition, or by calculation

of the minimum function (Buerguer, 1959 ,p239).
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2.3,8 REFINEMENT OF THE STRUCTURE

A convenient measure of the agreement between observed and
calculated structure factors is a quantity called the 'reliability

index' or 'residual' defined by:

- Z”Fo(hkl)’=ch(hkl)” — 2w A F(hkl)

: D |F (k1) | L F,(hk1) A

where Fo(hkl) and Fc(hkl) are the observed and calculated structure
factors.

The process of refinement is, then, a procedure to make the value
of R as low as possible.

There are several methods for improving agreement between Fo(hkl)

and. Fc(hkl) once an approximate structure has been found.

a) FOURIER METHODS

Tbese involve the computation of electron density or difference maps.
The process of refinement by this method starts with some model of the
crystal structure which is usually known partially or imperfectly.
From the Electron Density map computed atomic coordinates can be improved
and it may reveal the position of other atoms not included in
calculating the structure factors. The process is repeated until the
coordinates no longer change, and all atoms have been included.

This method is relatively insensitive once the coordinates are

approximately corréét for the following reasons: Firstly because
ad justment of the temperature factor is ignored when an electron density
“is computed; secondly because a series termination error is introduced
when an infinite series is approximated by a finite one; and thirdly,

because nearby atoms may not be resolved in the electron density map.
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Furthermore it is usually a time consuming (Buerguer, 1960, p.590)
process to define the exact centre of a peak, and the computed electron
density is regarded as a 'hybrid' between that of the true structure and é
that of the assumed one. ) . ;
One way to avoid some of the problems is to use (FO-FC) as the Fourier '

B

coefficient. This produces a difference map which consists essentially

of the true E.D., with the E.D. due to the assumed structure sub.iracted.
If the assumed structure is cérrect, the difference map should be zero
everywhere, but in practice random errors in the observed data make this
only approximately true even for fully refined structures. If an atom

is slightly misplaced (Fig. 2.3.7), its assumed position will lie on

a steep gradient in the difference map not far from the zero contour,
with a large negative region to one side of it and a large positive one
to the other. To improve the coordinates a shift proportional to the 3

gradient at the assumed position and towards the positive region is made.

Pizg2.3.7

The relationship between the

assumed position Pa, the true

position Pt and the
difference synthesis.

If an atom is completely misplaced, the difference map will show
a large negative region at its assumed position, with corresponding &

positive regions to which it might be moved.

b)  PARAMETER SHIFT MZTHOD

Bhuija and Stanley (1963) describe a structure in terms of j parameters

PR
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whose initial values YUy, eey Uy give a residual R==§:,lFol - IFcl}éi:lﬁJ
The true structure will correspond to the minimal value of R.

Assuming that ;11 the parameters are independent, we may vary each
parameter systematically from u'j -n Auj to uj + nl\u'j in 2n steps of

Ziuj, calculating R at each step. Initially the steps can be gquite

large. The first parameter is shifted to the value which gives the lowest
residual and the other parameters are treated in turn in the same way.
In this way the value of R can be systematically reduced.

The advantage of this method is that scale and thermal parameters
may be improved. Also it may be used to move atoms away from false
positions, because the increment, LXuj, can be adjusted to be appropriate
to the circumstances. This is not 1likely to happen with the other

methods considered here. Therefore the parameter-shift method can be

used to advantage in the early stages of a refinement.

¢) THE LEAST-SQUARES MATHOD OF REFINEMEINT

This is probably the most satisfactory method of refinement of
structures once the approximate coordinates are known with sufficient
accuracy. It consists in varylng systematically the atomic parameters
and the scale factors so as to minimize the quantity(l):

n n
- 2 2
R TR R LW 3 Wi (ATF) (2.3.31)
i=l i=1
Where the sum is taken over all independent structure amplitudes,
Wiy, is the weight alloted to an observation and Ss is the scale factor.
Fach w is to be taken as the inverse of the variance, Cfiz (Fo)i of F -

In practice only relative weights can be estimated in advance depending

on the method used to collect the data (Lipson and Cochran, 1966;p540ff).

(1) In most expressions,hkl have been omitted for simplicity.
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Thus, for film d&ta, Hughes (1941) has suggested:

Wl [P )? ror |ro| 3 4 |Fusnl
W 1/16 IF nin for |Fo| & % |Fpul
where lFmin [ is the minimum observable lFo l

In the present work w = SFo/Fa,v or w = FaV/SFo whichever is < 1,
where Fav is the average of the observed Fo .

For data recorded by the counter method Wy is commonly set equal
to 1/ a"z(I), where o (I) can be estimated statistically from
eq.(2.3.15 ). . Also the approximation suggested by Cruickshank et.al. (1961):

wec(a+ |F | +eo I ]2)'1 is often used, where a and c are about

2F i, and Z/Fma.x’ respectively. Such parameters permit the even
distribution of error over various ranges of |F o[ magnitude and sin 8
value,

The correctness of a waighting scheme used may be tested statistically.
e.g. By an analysis of w( A F)z as a function of scattering angle and
of |7, |
Let ‘F c:(hkl) I be the calculated sitructure factor which can be
expa;nded using Taylor's series and expressed as:

(hkl)
| Spy +eee £.3.32)
*

ch(hkl)l = IFc(hkl)] +X ¥
3 B

m'leur:ei’p:.L is the change in the ith parameter Py

From (2.33L) and (2.3.32)we express as (Lipscomb and Jacobson, 1972,p68),
- ? . i
R—z; wj(stFol - IFO] ) -—Zj W [.Sj |FOI-IFC|_
J
Z Cij %Pi ]2 | (2.3'33)
L = !

Where Cj 5 = B]Fc, /bpi.

magnitude when both should correspond to an essential canstant magsiude -

TR

3




Differentiating(23.33) with respect to the p; th parameter gives:

bR/—bpi = zz w [AP‘ - Z Cij %Pi ] Cij =0 (2.3.34)
J
Since this is the condition for a minimum in R relative to some
particular épi, it can be expressed as a set of linear simultaneous

equations:

Z 1"13 op, +Z LSRR 2,;%1’2 soe z WGy kj%Pk F“l 150F 5
3

2
2_ %efafay®PL * ) Walpy 0By et Z 2021 Ok =), 2207 5
. : :

.
. L
.

D mlisCyy &P+ ) Wl O ZJgPZ +Z "1k 3 51’1{ Z kaJ AF
J J

(2.3.35)
2 {2 "k k" }Bpj - 2 Oy AR 2a3-200
These are the normal equations which can be expressed in matrix
form as:
~ A A e
M. 5 =44 => 3 = M ]: IE\ (203.363«)

Eq. @335) can be solvéd simultanecusly. The ckj,s have been
assumed to be constant in this approach, but their values are different
once a new parameter pf{ is obtained from the above equations. Heﬁce the
whole process is repeated with these new values of P @ starting values,
until the changesin Py are well within their probable exrrors.

One often does not use the full matrix in the solution of the normal

. equations but rather approximations in order to save storage space or

computing time when a high speed computer is being used.
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Thus the off-diagonal coefficientsin the normal equations (2.3.35)
may be neglected -if they fulfil certain conditions (International Tables
for x-ray Crystallography, Vol. II). This approximation is known as the

'off-diagonal approximation'. Each parameter correction is then given

by an equation of the type: §
A i o~
s s o= e 3.
Myt BBy = By (2.3.37)

-~
From which values of E;pj and the variance can be calculated using L

the equations (Lipson and Cochran, 1966): : 3

~ A ALl A : ¥
: & IJI v E . A
61’3 JJ J ‘
" 2 (2.3.38)
o(P.) = H. .EE: (D .
(8;) = iy 2w (P (o)
where s (the number of observations) and m (number of parameters 4

involved) are the number of matrix elements in the row and column

respectively. é
A second approximation consists in decﬁmposing the matrix M (of

order 9N x 9N) into N3 x 3 and N6 x 6 submatrices, where N is the

number of atoms in the asymmetric unit. Each submatrix corresponds to

a set of 3 or of 6 simultaneous equations for the correction to the

parameters of one atom and can be treated independently of the others.
The problem is then reduced to solving N matrices of order 3 and N or
order 6. This is .the 'block-diagonal' approximation (Cruickshank, et.al., 3

1961).

Additional simplification can be achieved by using a rigid-body least-
squares refinement. In this case the rigid molecule atomic coerdinates
are expressed in terms of six parameters: the coordinates x,y,z of a point

in the molecule and the angles ©,¢,Vdefining the orientation of the rigid
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molecule with respect to an orthogonal coordinate system.

Refinement by the least-square procedure has in general the added
advantage of refining scale and thermal parameters and allowing
individual reflections to be weighted in proportion to the

experimental errors in the observations.

i g e e s Ko

When a crystal structure has been solved and refined, the final
solution appears as a set of fractional coordinates for each
atomic site from which bond-distances and angles and other distances
can be calculated. The accuracy of these guantities will depend on
the accuracy of the atomic coordinates and on the accuracy of the
unit cell varameters.

Thus, the variance of the length 1l of a bond between two atoms

2
is given by the relation (ILipson and Cochran, 1966, ».355):
2 - 2 2
o2(1,,) = o) + o 2(xy)

where Xy and x, are the atomic coordinates measured in the direction

2
of the bond. If the atoms are related by a mirror plane or a

centre of symmetry:
a(1y,) = 2(x)

The accuracy of an angle (say B) at an atom (2), between bonds

112 and 123. will be given by:
(%) 1 o 2(x,)
72(p) = LS 3 c?(x,) +
) 12 12 12 2 12
12 12 723 23

In this expression Xy and x3 are measured in directions lerpendicular
to 112 and 123 respectively and X, is measured in the direction of the

centre of the circle passing through the three atoms.
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3. INTRODUCTION TO_THE EXPERIMENTAL STUDY OF SbClB'l-HALONAPHTHALENE

COMELEXES.

Because Of\high deliquescence property of antimony
trichloride, most of the experimental work was carried out in a
dry box. The box which is made from transparent perspex includes a
microscope for preliminary examination of crystals and an
electrical-heating system for sealing off Lindemann glass tubes.

In every case Fhosphorus Pentoxide was used as drying agent.

Carbon tetrachloride and chloroform were used as solvents.
Both of then were purified by distillation after being dried

over PO

275

The antimony Trichloride (HW Laboratory Reagent) was purified
by recrystallisation from dry chloroform. I1~Chloronaphthalene
(BﬁH Laboratory Reagent), and l-Bromonaphthalene (HW GPR) were used
without further purification. 1l1-Iodonaphthalene was synthesised

(p. 101) and redistilled before use.

Crystallisation of the molecular complexes was carried out in

small test tubes of 5 ml.capacity.

Crystalline aggregates for microscopic examination were extracted
and were kept with their mother~liguor on the microscope slide. The
aggregates were crushed prior to examination to select a crystal

which seemed to be single.

A suitable single cxystal was put in a Lindemann tube and was
carefully sealed off using the electrical heater.

some of the remaining crystals were dried by rressing between filter
paper and after weighing dissolved in carbon tetrachloride to be used for

the quantitative analysis of the components.

¥
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b4, STUDY OF THE (1:1) Sbll.,1-BROMONAPHTHALSNG COMPLEX
~

—e

4.1 THE PHASE DIAGRAM FOR THS SbCl,,.l--ClOli?Br SYSTeM
7

The phase diagram, determined by Menschutkin (1912), shows

antimony trichloride to form a 1:1 compound with l~Bromonaphthalene.

In order to confirm this conclusion a phase diagram was constructed

(see p. 42). The result is shown in fig 4.1 (Table 4.1) and

confirms formation of a 1l:1 compound.

Table 4.1
e [ % Mol Sbil, o
60 ; -+
" 15 -9,0=1
: ot
\g 4o 20 Da'u""l
3
‘g” 30 17,252
> +
R 34.9 20,52
q
40,0 23.57.
~-20 L
b, 8 23.5-1.2
0 20 30 50 10 g0 100 +
i® T 50.0 24.0-1.0
60.0 15,081,2
Fig.4.1 SbCl3~ 1-Bromonaphtha- ,
lene system. 70.0 19.0~1.9
6.8 26.541.5
100.,0 73.C¢J-5

4,2 PREPARATION AND ANALYSIS OF THE COMPLEX

Crystals of Sb013 were dissolved in 10-15% excess of l-bromo-

naphthalene at about 4000. Slow cooling of the system ylelded a

%
3

gV =

RN T T4




81

variety of yellow ill-formed crystals.
Analysis for Sb(1I1) was carried out by titration vs. 0.0251
KIO3 and l-bromonaphthalene was determined by the NMR technique

described in Chépter 2. Results of such analysis are shown in

Table 4,2
Table k.2

Sample Vol. % (x) NMR %

Wt 0,025 KI0, SBCl i R?Fs Integrated 1-C, (. Br 1;:}:0

(g) (m1) (w/w% - \8 Height. (/)

Ref. Compd. Sb014: 10,4, Bo

7.1925 8.80 52.2 2.1873 52.50 40.66 47,1 1.01:1.02
0.1824 8.55 53.6 0. 1744 53.50 41.50 4b6.4 1.05:1.20
0.2275  10.30 52,7  0.1679 38.50 42,00 48,0  1.00:1,00

(%) NMR reference compound was CH4I.

4.3 PRELIMINARY INFORMATION AND UNIT CELL DaTSRMINATION

A crystal which appeared to be single was sealed off in a
Lindemann tube (@=7.25mm). Optical examination through crossed
polars showed straigﬁt extinction. The crystal must be non-cubic
therefore and one of the crystallographic axes may coincide with
the direction of extinction.

Oscillation and Weissenberg photographs were taken, using
Cuke Nickel filtered x-radiation, with the crystal oscillating
about "c", the length of the crystal corresponding to the extinction

direction. The asymmeltry of these photographs showed that the

crystal belonged to the triclinic system. Approximate cell
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parameters (see Table 4.3) were evaluated directly from measurements
of the oscillation and Weissenberg films, but others involved
computation using a least square angular lag program as stated in
Chapter 2. More accurate parameters were obtained after careful
resetting of the crystal, when Zr filtered Mok, radiation was

used.

Table 4.3

a) HMEASURED CELL PARAMETERS FOR CRYSTALS OF SbClB. |~C10H7Br

(Using Mo Ko, Zr filtered Radiation)

n Y (mm)  tand=Y/2R ¢ (°) sin ¢n §C=Sin4>n/n -_}mean

5 16.67%0.92 0.29989 16.209°9 0.27931  0.,05586(7)

b 13.13%0.02 0.22022 12,9103 0.22343  0.95586(8)

3 9.7550,0) 0.17017  9.65751 0.16776  0.05592(6)

2 6.42%5,02 0.11199  6.38993 £.11129 0.05565(18)

1 3.22%0,02 0.75614  3.21321 ©.05605 0.05605(36) 0.05587(10)
n s’ (mm) e%=s'/2 2 sin 6, E =2sinén/n § (mean)
6  22.3570.01 11175 738762 0.06460%0,00303 B 0.06463( 3)
6  27.37%0.02 13.65 0.47198  0,07866+0.0000

o 18.1089.00 9.05 0.31458  0.07865% 0.0009

2 9.0040,01 4,50 0.15692  ©,07846%0, 00009 & 0.07859(10)

2R = 57, 206mn
Y is the separation in mm between correspondinz layer-lines in

the oscillation photograph.
For s' see fig. 2.3.4b (y. 55)
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ANGLE ANGLE MEASURED MEAN ANGLE
¥* 86.87 ° 86.83%0. 0k
86.76°
86.87°

b) MEASURED AND CALCULATED CELL PARAMETERS FOR CRYSTALS OF

SbClB-J.~CloH?Br (using Mok, Zr filtered and Cuk« Ni filtered)

-

DIRECT PARAMETZR . RECI¥ROCAL
(% ana °) | ' ' . (RO il 3
Mok « Cuk Mok « Cuk o
9.078(10) 9.104 a 0.07829(10) 0.1698
11.975(20) 11.919 b 0.06460(10) 0.1410
12.721(50) 12.677 ¢ 0.06084 0.1328
113.08(3)* 113.33 % o 66.91 66. 56
93.60(3 * . 93.30% p 86.40 86.08
91.50(5 ) 90. 74 ¥ 86.83(4) - 87.77
1267.98 %2 1260. 32 v 7.886x10™ 7.936x10™"
S 0.05587(20)  0.1216 :

* By angular procedure (see p. 56).




The crystals neither sank nor floated in 1,2-dibromoethane
so that Db=2.18 Mg m-'3 for the density of the complex., Hence

Z=3.8(§ Llr) for SbCIB' 10 7

Confirmation of the triclinic system followed from the systematic

calculation of various distances and angles within the cell,
which gave no evidence for higher symmetry. The space group must

therefore be P1  or PT .

Intensity data were collected from a particular crystal (about

0.1 x 0,1 x 0.2 mm) using zirconium filtered Mok« radiation on a

multiple film pack. Layers O to 6 oscillating about’c'were recorded

on an integrating Weissenberg camera.
The intensitiss of the reflections were measured visually,
and were corrected for Lorentz and Polarisation effects but not

-1 3
~ 6l.0 cm ~). This gave a

for absorption or extinction ( M
MoK,

set of 691 structure amplitudes.

T

A three~dimensional Patterson map was computed using all the

hkl reflections. The vector map showed the following highest

1-C, H.Br (M=435.1) leading to Dc=2.30 Mg m"3.

peaks:
Patterson Coordiﬁates and Relative Height of Peaks
Within half cell (a,b, ¢/2).
No. U 1 W Height
1 0. 500 0,135 0.067 820
2 0.000 " 0,000 0.180 - 750
3 "0.581 0.518 0.000 683

Iy 0.194 0,314 0.415 483

3
4
-
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Interpretation of the vector map was carried out assuming the
space group, Pl. Considering four formula units of 8bC1y. Gy HoBr
in the unit cell, there are 4 amtimony, 4 bromine, 12 chlorine and
40 carbon atoms (if we ignore the H atoms).

Thus one would expect 6dx59 = 3540 peaks in P(u,v,w). Because
Sb-Sb vectors will be the greatest of the set (unless there is
overlapping), the rest of peaks can be ignored initially in the
interpretation of the vector map. There are 12 expected Sb-Sb
vectors in the cell or 6 vectors within the half cell., Not all of
these can be identified. (See Table 4.3).

Since there are two non-equivalent Sb atoms within the cell
Sb(l)(xl,yl,zl) and sz(xz,yz,zz), one of the vector peaks could be due
to the Sb(z)(xz,yz,zz) - Sb(1>(-xl,~y1,-zl) vector, and a second peak
due to the sz(xz,yz,zz)~8b(l)(xl,yl,zl) vector. The coordinates
of each vector peak in terms of (x,y,z) will be given by Peak (1)
(x2+x1, Yoty zz+zl) and Peak (2) (x2~x1, NP O gz~zl). From these
two peaks (1 and 3 in T@ble 4.3), two asymmetric antimony atoms
could be deduced by the half of the sum and half of the difference
of the vector coordinates. In this way coordinates of Sb(l) and
Sb(2) were calculated. Attempted interpretations involving the
rest of peaks in Table 4.3 gave no satisfactory results.

A three-dimensional electron density map was then computed
using all the observed amplitudes with signs calculated from the
sb (1) atom at X104 541 ¥70.327, z0.034 and the Sb(2) atom at
4 x2=0.041, y2=0.192 and zz=576§4. This showed an improved position
of the Sb atoms and two additional peaks which were interpreted as

due to the bromine atoms at Br(l) (0.151, 0.503, 0.397) and
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Br(2) (~0.345, 0.044, 0.391). A second three-dimensional
electron density synthesis  was computed in a similarlway with
signs calculated.from two Sbh atoms and two bromine atoms. This
revealed the position of five chlorine atoms which gave resonable
bond distances and angles corresponding to 5/3 molecules of SbClB.
At this stage the R,factor was 0.31.

Athree-dimensional difference synthesis using coordinates
of two antimony, two bromine and five chlorine atoms showed
the position of the sixth chlorine atom. Another 3D-difference
synthesis was calculated using improved positions for all antimony,
bromine and chlorine atoms in order to locate individual caxrbon atoms.
This was difficult, but from the map and from packing considerations
approximate positions for the bromonaphthalene molecules (assumed

rigid) were deduced.

4.5 REFINENENT OF THE STRUCTURSE

The Stanley parameter shift method(a? was first used for a
mixture of free atoms (2Sb+6C1l) and two idealised rigid bromonaphthalene
molecules. (Taken as a bromine atom linked to an idealised naphthalene
molecule i.e. Br-C (1.90 &), ¢-¢ (2.397 &) and ¢-c-C¢ (120°) (GhemsScc., 1958).
The input coordinates of the rigid molecules in the xy plane were
taken in R units relative to a chosen center referred to an
orthogonal set of axes, (X=¢, Y in xy plane, Z perpendicular to xy
plane), and the rigid molecules were subjected to angular rotations
Ox, ¢y,'Y;, about these three axes. The bromine atoms were chosen
to be the origins of the rigid molecules. The initial origins and

rotation angles were respectively, Br(1l) (0.1509, 0.5011, 0.3956),

(a) Computing Program's HSTAN written by R. Hulme,
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Br(2) (0.6546, 0.04%, 0.3913) (5.0 , 180.0% 100,0°) and (2.0° 180.0° 190.0%).
After three rounds of refinement, the positions of the rigid

molecules in relation to the orthogonal axes were (5.00, 1900, 95.0),

and (10°, 190°, 105.0°) with centers at Br(l) (0.1495, 0.5036,

0.3978) and Bx(2) (0.6478, 0.0007, 0.3896). The R,factor was 0.22.
The process of refinement was then continued by using an off
diagonal least squares procedure(;). This procedure allowed isotropic

least squares refinement of antimony and chlorine atomsand
refinement of the orientations of the two independent idealised brommaphthalene
nolecules defined in a similar way to the rigid molecules in the
shift procedure.

After four rounds the overall R, factor dropped to 0.19, but
it was observed that the R factor corresponding to the hki
reflections was excessively high in relation to the remaining data.
After several unsuccessful attempts to improve the fourth layer
it was realised that the corresponding photographs were of poor
quality and further refinement omitted all (~95) hk# reflections.
In addition five misindexed reflections on other layers were detected
and eliminated.

A number of consecutive refinements reduced R ,to 0.139 for 591
reflections., At this stage position and temperature factor shifts
for the antimony and chlorine atoms were all quite small, e.g.
the shifts were less then 0.001 8. For the bromonaphthalene molecules
the center and orientation shifts were also small, but the temperature
Tactors for some of the carbonAatoms were rather large. This

suggested that the bromonaphthalene molecule might be distorted

(I) Computer Program, "Partial Rigid Three Bodies least Squares",
or' PAR3ZBLES ' written by R. Hulme.,
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from ideality.

Yhen all the atoms were freed for a final round of least squares
rei‘inement, it was found that all the resulting parameter shifts
were less than the corresponding standard deviationsalthough some
lengthening of four C-C bonds and shortening of the others in the
aromatic rings were observed.

The final R,factor for 591 independent observed reflections
was 0.138., The final position and thermal parameters of the atoms
are listed in Table 5.4. A table of observed structure amplitudes

and calculated structure factors is shown in appendix B .
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(a)

Fig.4.,0. A view of the structure from a point between
b and ¢ close to [01 1].The atom notation and di-
mensions were added to the figure for clarity.
(Plotted using Comp. Prog., PAMOLE).
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TABLE 4.4

Fractional Atomic Triclinic Coordinates and

Thermal Parameters (32) with e.s.d.'s in Parentheses

(for atom numbering see fig 4.4 (p.89))

Atom * ¥ = B

§by 1.0499(5) 0.1871(6) ~0.0284(8) 1.770(0.36)
Sb,, 0.5548(5) 0.3129(6) 0.0308(8) 1.761(0.36)
g1} 1.1652(22) 0.3747(25) 7.0622(34) 5.200(1.745)
c1(2) 1.2752(18) 0.0955(22) -0, N664(32) 3.320(1,581)
¢1(3) 1.0185(21) 0.1530(26) 0.1381(35) 6.157(1.947)
c1(4) 0.7941(17) 0.4114(21) 0.7639(29) 2.152(1.481)
c1(5) 0.6467(17) 0.1254(21) ~0,0582(39) 1.952(1. 484}
cL(6) 0.5067(23) 7.3518(28) ~2.1414(38)  7.853(2.139}
Br(1) 5. 1458(8) 9.5053(10) ).3969(14) 4,397(2.649)
Br(2) 0.6449(8) 0.2008(10) 2.3850(13) 3.88:(2.629;
¢(1) 0.3518(56) 2.5332(71) 0+3922(131) 2.120(5.722)
c(2) 0.4137(57) 0.6519(70) 2.4322(99) 3.199( 5. 322}
c(3) 0.5650(142) 2.6729(167) 2.4291(212)  21.851(16.134;
a(4) 0.6552(56) 2.5743(70) 2,3850(101) 7.12( 5. 114)
c(5) 0.5934(68) 2. 4560(86) 0.3453(118)  3.550(6.385;
c(6) 2.6833(127) J.3570(125) 343008(171) 13.525(11.281)
a(7) 0.6214(76) 0.2389(91) 2.2616(127> 5.622(7.35)
c(8) 0.4697(56) 0.2182(71) J.2648(11) 2,106( 5. 154)
c(9) 2.3798(74) 0.3164(92) 1.3084(129) 5,169(7.253)
¢(10) 9.4415(69) 0.4350(84) 5.3485(118) 3.650(6,41)
c(11) 0.8524( 56) 0.0245(71) 0.3839(121) 7,102(5,058)
c(12) 2.9184(58) 0.1423(70) 0.4277(101) 0.310(5.129)
c(13) 1.9709(129) 0.1604(140) 3.4275(183)  16.802(13.119)
e(14) 1.1580(67) 0.0598(81) 1.3821(116) 3.020(6.,266)
c(15) 1.9923(91) -0.0573(91) 9.3386(121) 4.633(6.812)
c(16) 1.1796(136)  -0.1581(160) .2933(212)  22.730(15.448)
c(17) 1.1134(97) -2.2749(114) 5.2502(154)  11.553(12.26)
¢(18) 0.9675(80) ~0,2928(98) 9.2578(134) 6.852(7.928)
¢(19) - 0.8736(94) -2.1929(115) 0.2952(134)  19.569(9.61L)
c(22) 0.9393(61) -2,0753(75) 2.3392(155) 1.050( 5 4-4)

Isotropic Thermal Factor = exp (-B'sinze) for Mok-e« radiation.
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TABLZ

b5

Bond Distances (R) and Angles (°)

3

gifl) B.270057)
2.334(53)
2.335(59)
c1(4) 3.488(50)
c1(5) 3.682(49)

01(3t Y 3.770(27)

g2y,

¢1(3)

Perpendicular distance to

Perpendicular distance to

Angles Around Sh(1)

¢1(1)
c1(2)
¢1(3)
c1(4)

Angles Around Sb(2)

cL(4)
c1(5)
GL(6)

c1(1)

Symetry Code:

ai(2) c1(3) c1(#) c1(5) a1(3'Y)
91,76(16) 96.10(17) 68.92(18) 124.49(17)  159.97(14)
96.18(17) 160.62(15) 143.70(14) 71.33(18)
87.74(18)  79.69(15)  76.31(18)
55.69(18) 128.25(18)
c1(5) c1(6) a™ aE™ aeh
91.91(14) 90.81(16)  142.16(14) 161.57(13) | 74.38(17)
96.42(16)  125.78(1%)  69.87(17) 163.84(14)
82.46(18)  88.64(17) 75.67(18)
55.92(18) 67.86(17)
I: l-x,l-y,l-z II: x-1, y, 2 IIL: 1-x, -y, -5

Iv: 27X =¥ =z

SH(2) oo

SH(2) wew

SH(2) owa

sv(2) .
- 8b(2) .
so(2) .

B8b(2) s

Vil-xl-y, -z

.

cL(s)
c1(5)
c1(6) 2.422(64)
c1(1™) '3.646(57)
c1(F) 3.387(53)
c1(6"V) 3.770(27)
c(7)  3.399

2.377(59)
2.288(49)

naphthalene plane: 3.344 2

naphthalene plane: 3,304 2
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b) In the Free 1-Bromonaphthalene (Typical % 0.28 R and
a=1,7 O).

Br(1)-c(1) l.o0 Br(l)-c(1)-c(2) 120.1  C&(8)-C(9)-c(10) 119.8
c(1)-c(2) 1.40 Br(1l)-c(1)-c(4) 179.9 ¢(9)~c(r0)-c(1) 119.9
a(2)-¢(3) 140 Br(1l)-c(1)-c¢(10) 220.r  c(5)-¢(10)~c(1) 119.9
a(3)-c(4) 141 c(2)-c(1)-c(10) 129.9:  Cc(4)-c(5)-c(19) 120.3
c(h)-c(5) 1.39 C(1)-c(2)-c(3)  122.3
c¢(5)-c(6) 1.40 C(2)~a(3)-6(4)  119.9
¢(6)-c(7) 1.39 c(3)-c(H)-c(5)  119.8
c(7)-c(8) 1.40 c(4)-c(s5)-c(6)  119.9
¢(8)-¢(9) 1.40 a(5)-c(6)-c(7)  119.8
0(9)-c(10) 1.40 a(6)-c(7)-c(8)  120.3
¢(5)-c(10) 1.40  ©(7)-c(8)~C(9)  120.0
c(l)—c(lo) 1.40-

B(2)-0(11) 1.97 Bx(2)-C(11)-c(12) 120.00  €(17)-C(18)-C(19) 120.00
¢(11)-c(12) 140 Br(2)-c(11)-c(20) 120.2 ¢(18)-a(19)~c(20) 119.9
¢(12)-c(13) 140 Br(2)-c(11)-C(14) 179.9 ¢(19)-c(20)~-c(11) 119.9
G(13)-c(14) .40 c(11)-c(12)-c(13) 120.3

c(1)-c(15) 1.39  ¢(12)-c(13)-c(14) 119.7

¢(15)-c(16) 1.41.  c(13)-c(14)-c(15) 120.0

c(16)-c(17) 1.40 c(14)—d(15)-c(16) 119.9

6(17)~c(18) 1.40  c(us)-c(15)-c(29) 120.2

¢(18)~-c(19) 140  €(15)-c(26)-c(19) 119.6

¢(19)-c(20) 1.40  ¢(16)~c(19)-c(18) 120.5

¢(11)~c(20) 1.39

(continued in page 95)
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Fig. 4.2 A view of the structure from a

point close to the a—axis.
fiolec. heizht in 2 indicated
approximately. Plotted using
Comp. Prog. PAMOLE.



ok

Fig.4.2a

A projection of one double-layer of SbClz molecules
along [001].Dotted lines were added to show intermole-
cular interactions between SbClz molecules. Plotted using

Computer Program STEREO.




95

¢) Equation of Selected Flanes and Out of Plane Distances Q) (%)

i) TFirst Bromonaphthalene: 0.103X = 0.352Y + 0.0147 - 2.729 =0
ii) Second Iromonaphthalene: 0.072X - 0.421Y + 0.9047 - 5.268 = 0

Sby:3.343  €13:3.611  cl,:3.475 R
131) sb(1), (1), c1(2), cx(4), ci(s), ca(31"): o.ou6x + 0.411Y
~0.9117= 1.624
(0.093, +0.091, - 0.221, +0.088, =-0.001, +0.208)

iv) sb(2), ca(4), ci(s), aa@™™), c™), c1(6’): -0.008x + 0.420y
' -0.9077= 1.258
(+0.116 +0.058 =0.063, +0.173, ~0.044, ~0.174)

The plane refer to these orthOgonaliooordinates.

4.6 DESCRIZTION AND DISSUSSION OF THE STRUNTURE

1~Bromonaphthalene forms a 1l:1 ecomplex with antimony trichloride,
the crystal structure of which is bnilt up of dcuble layers of Sbcl3
molecules alternating with Aoubls layers of 1-Bromonaphthalené tilted
about 25° to [010) (see Fig %.2). By halogen bridging pairs of.SbCl3
molecules form dimers which are themselves part of an infinite chain of
molecules by further halogen bridging and these chains in turn are cross
linked to others to produce the double sheet. (Fig 4.2a). Finally the
structure contains plane~to-plare molecular stacks of 1~010H?Br molecules
in a similar arrangement to that found in the crystal structure of

naphthalene. The layers of antimony trichloride and organo

componenht are parallel to the ab plane and alternate in the

(%) The transformation matrix from triclinic xyz(%) to orthogonal x¥z(2) .

is given by: 1 cos¥ cosp
0 sin¥ ~cos« sin¥

100 sinp sine*
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(a)
015
69.87
7%7.9% 55.9 - ClpI
"4" ‘\\
7 016v \\\
\CllII
(b)

Pig.k.5 A view of the equatorial arrangement around
the Sb atoms, view down 013- Sb1 and Cl6- Sb2
respectively.
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¢ direction. Fig (4.2).

Bond distances and angles in the SbG].3 and 1—010H7Br molecules
are quoted in Table 4.5a,b. There are two pairs of non-equivalent
molecules., Both the non-equivalent antimony atoms are bonded to
three chlorine atoms, (average 2.31 and 2.37 2) and are close to a
further three chlorine atoms - two from a non—eqﬁivalent molecule
(3.49, 3.68 and 3.39, 3.65 ) and one from a symmetrically related
molecule (3.77 and 3.77 R) ~ and are situated near a bromo-naphthalene
molecule (3.34, 3.30 X).

The usual criterion used to decide if a neighbamring atom is
coordinated or not is the shortness of the interaction distance
relative to the usually expected sum of the van der Waals radii.
Generally Sb...Br, Sb...Cl, and Sb,..C contacts are 4.05, 3.95 and 3.97
respectively (Pauling, 1960; 3Bondi A., 1964). 1In the present structure
all the above mentioned distances are appreciably shorter the sum
of the van der Waals radil so that the coordination number of the
two atoms becomes seven. Geometrically this corresponds to a distorted
pentagonal bipyramidal axrrangement around.the Sb atoms. The Sb(1),
01 i 8 01(2),'c1(4), ¢1(5), 01(31"5 and Sb(2), c1(4), ci(s), c1(1ﬂ),
Cl(ZII). ¢1(6") are approximately in the ejuatorial plane (see Téble 4. 5c
~and Fig. 4.5a,b) with average out of plane distences 0.12 and
0.10 3. ‘ -

The crystal structure of SbClB, has been described in terms
of an eight fold coordination (Lipka, 1979) i.e.a 3:2:3 coordination
(see diagram 1.6.1 p 17). The change of coordination number to 1:5:1 in the
present case could be due to the interaction with a relatively large
organic molecule which blocks further approach. According to the

proposed geometry it would seem that the lone electron-pair is

stereochemically inactive.
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013

C18

Pig,b4,3.1
A view of SbCl,.1-Bromonaphthalene down Cl_,-Sb., and at

5 3 1
right angle. ., Plotted using Comp.Prog. STEREO,

C16

Cly

CIL;+

Brjp

Fig.4.3.2

A view of Sb013-1—Bromonaphthalene down 016-Sb2 and at

right angle. Plotted using Comp. Prog. STEREO,
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In each SbCl3 molecule, one of the Sb-Cl bonds is significantly
shorter (2.270 and 2.288 R respectively) than those found
(2.34 and 2.37 X)\in the Sb013 molecule alone (Lipka, 1979), and
a long Sb-Cl bond (2.422 3) is also observed in the second molecule.
These Henomena seem to be related in some way to the donor-acceptor
nature of the interaction of SbCl3 and l-bromonaphthalene.

In both molecules of SbClB, two bonds lie in a. plane nearly
parallel to that of the organic molecule, which the third bond is
aprroximately perpendicular to that plane (see Fig 4.2,4.3,4.4);'more
exactly, the C1(3)-Sb(1l) bond directs towards the midepoint of the
c(8)~c(é) bond, (see 'Fig 4 3,1}, while the €1(6)-Sb(2) bond points
almost exactly to C(7) (Fig 4.3.2). The perpendicular distances from
the two independent antimony atoms to the plane of the corresponding
bromonaphthalene molecule are 3.34 and 3.30 2 respectively. A similaxr
situation is found in the ZSbClB. ‘naphthalene (Hulme and Szymanski,
1969), but in this compound two SbCl3 molecules related by a centre of
symmetry are situated on opposite sides of the plane of the aromatic
molecule, giving an alternating distribution of organic and inorganic
layers. In addition to this, in 25b013.naphthalene the distances
between Sb atoms and the plane of the organic component (3.20 X) is of
the same order of magnitude as that found in the present work.
Therefore, in the SbClB. l-ClOH7Br compound, it seems there may also be
electron donation from the aromatic TM-system to the Sb atom. The
Sb~C1l bonds apposite to the interaction with the w—systeﬁs are not of
the same length. For the longer Sb-aromatic ring contact, the Sb(1)-c1(3)
distance is essentially the same as the other Sb-Cl bonds. On the other
hand, the shorter Sh-aromatic ring contact is opposite a much longer sh(2)-

- €1(6) bond. Such an extension of an Sh-halogen bond has been already
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observed in other compounds. For example, {2.37 R) in ZSbG13-na9htha~
lene ‘ (Hulme and Szymanski, 1969); (2.37 %) in 25bC14~p-xylene
(Hulme and Mullen, 1976); (2.44 %) in 25bC14.1,4-dithiane (Kiel and Engler,
1974);  (2.51 2) in SbClB.aniline (Hulme and Scruton, 1968) and
(2.39 R) in 25b01,. Phenanthrene (Demald€ , et.al. 1972). This
lengthening of the 8b-C1l bonds give some support to the view that
antimony in the SbCl3 molecule may act as an acceptor towards wW-donors.

The large values of some carbon atom temperature factors
(especially .03(13), C6(16))‘ suggests some departure from ,
ideality, but could also be due to residual errors (e.g. absorption (u~61),and :
extinction effects) uncorrected in the experimental data.

There is no significant shortening of C-C bond in the regiog to
which the Sb atom is pointing in contrast with the situation found in
the 28b013.naph£halene complex. Instead siight alterations of some

other C~C bonds as well as some angles were observed (see Table 4.5Db).
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5.0 STUDY OF (2:1) SbCl,.1-CHLORONAPHTHALENZ COMPLEX
J

5.1 PHASE DIAGRAM FOR SbClgrl"ClOE?CI SYSTEM

Determination of the phase diagram for this system was carried out
according to the method described in Chapter 2. During the experiment
a considerable amount of supefcooling occurred in spite of continuous
agitation.

The results in Table 5.1 permit the construction of a phase diagram
as shown in Fig (5.1) and suggest (2:1) SbC1q.1~Cy (H,CL compound
formation with melting point ca.42°¢. This is in good agreement with

earlier results mentioned in the literature (Menschutkin, 1912).

TABLE 5.1
e o
o % Mol Sbils T
. 1 0 ~2%0, 5
o 30 161,90
~ 4o -
! ; L5 23419
]
i 20 50 281,79
£ ~
Rol , 60 32%2.2
X < A
-20 70 35-2, 5
80 27510
o 50 9o
Mol % SbCly 90 30715
Fig.5.1 SbCl3-1-Chloronaphtha- 100 s
lene system,

5.2 PREPARATION AND ANATYSIS OF THa CRYSTALS

On the basis of the results summarised in Fig (5.1), 25b013.l—GiOH &1
was prepared following a procedure described below,

Antimony trichloride was dissolved in 10-135% excess of l-chloronavh-

thalene at about 4500 under anhydrous conditions away from the atmosphere.

Wwhen the solution was allowed to cool to room temperature, yellowish




102

crystals started to grow. A variety of crystals were obtained after
several hours.

Analyses for Sb(III) and l-chloronaphthalene were carried out by
titration vs. 0.0éj M KIO3 and by NMR respectively as described in
Chapter 2. Results which are shown in Table 5.2, confirm the mole ratio

obtained from the phase diagranm.

TABLE 5.2

RESULTS OF ANALYSIS FOR Sb(III) AND 1~ HAC1

7
% NMR %
O
Sample Vol 0.0251 SbCl3 NMR Ref 2 Integrated Height l—CloH7Cl Mole Ratio
(&) KIOB(ml) (w/w) Wt(g) Reference Compound (w/w) SbClB:GIOH7cl‘

0.1117 2:11 72.73 0.08960 55,4 39.35 27.97 1.85:1.00
0,1102 753 76.00 0.18380 68.0 22.50 27.11 1.99:1,00
_0.0819 7.29 73.59 0.08996 70.5 35.00 26.79 1.96:1.00

\
(*) NMR reference compound was CH3I

5.3 FRELIMINARY INFORMATION AND UNIT CRELI, DETERMINATION

A crystal elongated in one direction’ and which seemed reasonably single
was chosen and sealed in a Lindemann tube (gb = 0,25 mm). The tube
containing the crystal was taken out of the dry box for further observation
through the polarizing microscope. The crystal showed straight extinction.
The crystal is thus non-cubic and one of the crystallographic axes may
be parallel to th; direction of extinction.

The crystal was then mounted about an axis,(“cT“) lying between the
extinction directions., Oscillation and Weissenberg photographs were
taken using Culfec nickel filtered X-radiation. These photographs showed

no mirror symmetry and suggested that the crystal was probably triclinic,

+ Needle axis is [112] triclinic,equivalent to “c”in the monoclinic cellyc"®,

W A e x40 R . LA AP iA N .- 9GP T T
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space group Pl or Pij

From the oscillation photograph, zero and upper layer Welssenberg
photographs, approximate céll parameters were calculated by direct
measurement and by the angular-lag procedure as described in Chapter 2.

Results obtained by these procedures are shown below (Table 5.3).

TABLE 5.3
LATTICE CONSTANTS FOR THE FIRST SATTING

CELL (TRICLINIC) USING CuKec ~RADIATION

DIRECT (R),(°) PARAMATER REGIEROCAL (RLU)
11,458 By 0.1356
9.245 b 0.1964
9.241 i 0.1976
121.7 el 58.13
96.1 F 82.99
89.7° ¥ 86. 54
S 0.1669
g28. %> Vg | 0.00121

Flotation in a (1:1) mixture of CH,Br-CH,Br (1,2-dibromo-ethane)
and CHqT (iodomethane) gave an observed density, D, = 2.23 Mg. n™>, The
calculated density was, D, = 2.48 MNg. m—3, for Z = 1.80 (~2.0) units of

zs*oc13. 1—010}1701 (M=618.9).

5.4 DETERMINATION OF APPROZIMATE STRUCTURE

Intensity data were collected using nickel filtered CuKeg
radiation on a multiple film ‘pack. Layers O to 2 about "c," axis

were recorded.

Corrections for Lorentz and Polarization factors were applied in
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computing the structure amplitudes, 'Fhkll , but no corrections vwere
made for absorption or extinction,(;LC = 339 cm™1),

. uKo&
All the hkl reflections (191 in total) were used to compute a three-

dimensional Patterson map in order to locate the heavy atoms. This

showed the following highest yector peaks:

TABLE 5.4
PATTERSON COORDINATES (U,V,W) OF HIGHEST

PEAKS FOR SbCl .1—010H7Cl.

3

Fractional vectoxr

coordinate Interpreted

No. Height U v W Source of Vector

1 730 0.5L. 0.6} 0,01 Sb,~5b,

2 710 0.11 0.46 0.88 Sby-5b,’

3 440 0.00  0.00 0.50

b 390 0.41 0.17 0.12 Sb,'~5h,

5 360 0.15 Ou12 0.27

6 350 0.34 0.75 0.16

7 550 0.40 0.92 0.08 Sb, '~y

8 280 0.34 0.37 0.17

9 270 Q.24 0.57 0.15
10 270 0.65 0.53 0.23

where x'=-x, y'=-y and z'=-z. BEquivalent centrosymmetrically related
peaks are not listed.

Interpretation of the vector map was carried out assuming the
space group B, Considering two formula units of 28bG13.1-010H701
in the unit cell, there are 4 Antimony, 14 Chlorine and 20 Carbon atoms

(leaving out the H atoms).
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Out of the expected total of 38 x 3? = 1406 vector peaks in
P(U,v,H), the Sb~Sb vectors will be the greatest in height (apart
from possible overlapping). Thus in the interpretation of the vector
maP Peaks of smaller value can be ignored to leave an expected 12
Sh~Sb vectors in the unit cell. Less than this number is observed
due to overlapping.

The space group PI requires two types of antimony atoms in the
cell. Vectors between non-related Sb atoms will be augmented (doubled,
vector Sbl—sz overlaps Sb2'~Sbl') relative to those between related
Sbhb atoms. Thus with Sb1 at (Xl’ yi, Zl) and sz'at (xz, Yor 22)
generating sby' at ("Xl,'~y1, ~zl) and Sb,' at (*xz. e 2y “zz) the
largest peaks, ¥, will be peak 1 (Tab 5.4), Sblﬂsbz at (xl~x2) ete.
and peak 2 Sby~Sb,' at (xl+x2), etc. The coordinates of the two

asymmetric Sb atoms may be evaluated as half the sum and half the
D+
difference of the vector coordinates for peak 1 and 2,%;= 22 "=
P "Pl : ]
xzmmgg**' i.e. Sbl at (0.310, 0.535, 0.445) and Sb

so that Sb

5 at (6.200, 6.075, 0.435)

,' 1s at (0.200,0.075,0.565). A lower vector due to Sby'-Sb, at
(-0.62, -0.07, ~0.89)~(0.38, 0.93, 0.11) is then eguated to peak 7

and that due to Sb,'-Sb, at (0.40 0.15 0.13) is peak 4.

2
To locate the remaining atoms an electron-density synthesis was

computed using all the observed structure amplitudes with signs

calculated from the Sb atoms as located. This showed some peaks

corresponding to the chlorine atoms ¢, at (0.369, 0.700, 0.355), €Ly

3
at (0.444, 0.629, 0.703), Cl, at (0.846, 0.290, 0.387)%(0.15% 0.710
0.613) and Clg at (0.128 0.323 0.581). 4 second 3D electron density
synthesis with structure factors given by two antimony atoms and four
chlorine atoms showed the fifth chlorine atom Cl, at (0.954 1.04Z 0.694)7

(0.046 0.952 0.306). From a third 3D electron density synthesis the

remaining chlorine atoms were located.
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They were Clg at (0.330, 0.087, 0.368) and Cly at (0.687, 0.752, 0.039).

At this stage 1t was decided to refine the position of antimony
and chlorine atoms using a~3tan1ey Shift parameter method. After
several cycles thé overall R,factor was 0.175.

A difference synthesis calculated using all hkl reflections with
signs calculated for two antimony and seven chlorine atoms in the
asymmetric unit did not show outstanding peaks corresponding to the
carbon atoms. Therefore it was thought that packing consideration
might suggest the possible position of the 1~010H7C1 molecule, With
this in view it was decided to calculate the best position of the
1-010H7C1 rigid molecule to £it in the cell space available and then
to use it in further refinements, Thus a FORTRAN IV (HONEYWELL/TSS)
computer program was written to perform such a calculation (see appendix
A,

The strategy for this consists in taking the known GlN coordinates
and rotating the rigid molecule about this point (angles 6, ¢ , YV
about three orthogonal axes X, Y, Z respectively). Atoms belonging to
the 4 StCl, molecules (4 Sb and 12 C1) are kept in fixed positions S0
that distances from these atoms to the rigid molecule can be calculated
after each rotation step. Brovided all these distances exceed a minimal
value (the distance limit) there is space for the rigid molecule to
fit into the structure. Such acceptable positions are expressed by
the magnitudes of the rotation angles @6, 49 ’ "{’ A typical example
of computer output is given in Table 5.5. From the acceptable rotations
of the rigid moleéule. triclinic fractional coordinates for each carbon
atom were then calculated. Bach set of coordinates were compared
with the difference map and false unacceptable coordinates were taken
to be those in markedly negative regions. In this way only two of

the possible positions of the rigid molecule remained acceptable
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(3 and 9 in Table 5.5).

TABLE 5.5

POSSIBLE ROTATIONS OF THE RIGID MOLECULE COMIUTED -

" FOR A DISTANCE-LIMIT = 3.30%

No. e .9 ¥
1 0.0 0.0 240.0
2 145.0 | 190.0 70.0
3 150.0 35.0 250.0
4 180.0 180.0 60.0
5 190.0 355.0 210.0
6 310.0 170.0 750
7 315.0 150.0 80.0
8 340.0 345.0 280.0
9 345.0 170.0 75.0

10 350.0 80.0 280.0

The Sténley Shift Farameter procedure was used to refine the rigid
molecule starting from the deduced positions. Only set 9‘wés capable
of refinement to the angles (328.2, 157.90, 69.1) with CLy shifted
from (0.687, 0.752, 0.039) to (0.7404, 0.7476, 0.0464) and corresponded
to an R,factor = 0.165 for 191 reflections.

5.5 ALTERNATIVE CELLS
. At this stage because it was realised that the temperature factor
of one Sb atom went to a near -zero value and attempts to further
inprove the R, factor were not successful it was decided to calculate

cell distances and. angles in the hope that they might suggest a different

" cell of higher symmetry. The following results were found (Table 5.6).
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TABLE 5.6
SOME CELL DISTANCES AND ANGLES IN CRYSTALS

orF ZSbGlg.l—GlOH7Cl.

Direction (1) Distance (1) Direction (2) Distance (2) Interangle *)

R R

[112] 18.297 [o12) 15.732 141.6
[012] 15.732 [010] 9.245 91.0~90.0
[122) 18.297 | [o10] 9. 245 89.0490.0

These suggest a possible monoclinic cell confirmed by subsequent
oscillation and Welssenberg photographs fscillating about the
extinetion direction - the longer axis of the crystal, named "e").

Other monoclinic cells are also possible (see Table 5.7 and Fig 5.2).

Fig 5.2

Relation between the different cells,

------ Cell A -~ Triclinic
B fc Monoclinic
—— (Cell C be Monoclinic
D fc Monocclinic,
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p= 98.625o was confirmed by Delaunay.Reduction

(Inter, Tables For X~Ray Crystallography, Vol 1 p.530) and was chosen

for resolving the structure as B is close to 900.

However since

alignment of the crystal about one of the axis of this cell was not

Physically convenient for data collection, it was necessary to use

the cell with B= 120-2630 for this purpose, and to oscillate about “c".

TABLE 5.7

RELATIONSHIP BETWEEN THE DIFFERENT CELLS

A B 8 .. D
P=141. 50 P=iz20.3 B =98.6°

Cell First Setting Second Setting Third Setting Monoclinic
FPara- Triclinic Fl Monoclinic Monoclinic I Ce
meter CuKet, photog. Cc/ or C_, . or I _; Diffrfc- Transformed
R & (°) MoKe , pﬁé%Og. tome%er, MoKeg from ¢

a 11,458 15.853 11.6735(10) 16.059(6).
b 9.245 9.370 9. 5247 (10) 9.525( 1)
c 9. 241 18.228 18.3833(11) 11.674(1)
& 121.7 90.0 90.00° 90.000

B 96.1 141.5 120.263°(20) 98.63(5)

g 89.7 90.0- 90.00 90.000

v 829 1687. 1765.343° 1765. 3487

a* 0.1356rlu 0.07195 0.07049 0.04476
™ 0.1964 0.07585 0.07462 0.07462
c* 0.1976 0.06258 0.04476 0.06158
o* 58.13° 90.00° 90.00° 90.00°

B 82.99° 38. 54° 59.737° 81.375°

¥® 86. 54° 90.00 90.00° 90.00°

3, 0.1669 0.03899 0.03866
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TABLE 5.7 (continued)
MATRICES FOR INDEX AND CELL TRANSFORMATION:

(012 | AET 012

I [@B] = 0 [&&] =|oTo [Ab] =] o0To
: 17 2 ' Y5 - 100

L. — | —d -

Py, e 061 | 164

[@] =lo10 [3A] =|oTwo @] =| oTo
1ood _%-;{.—od ooiJ

The recognition of monoclinic symmetry raised the possibility of
significant systematically absent reflections. In cell D it was found
that
h + k = odd was absent in hkl, therefore C
and 1 = odd was absent in hQ0l, therefore c,
correspond to space groups Cc or Cz/c. The equivalent space group
in cell "C" would be 12 or I .
More accurate cell dimensions were then cslculated using an
automatic Stoe STADL~2, two-circle diffractometer (Moke radiation),
equipped with scintillation counter and controlled by a PDP 8/A computer.
This involved two main steps: (i) The precise adjustment of the crystal,
which was carried out firstly by optical means (~Telescopic and microscopic),
and secondly by using the x~ray counter. The adjustment by this last
Procedure uses gzero layer reflections with small 2@ values corresponding
to reflection by lattice planes coinciding approximately with one of the
arcs of the goniometer head. Then the peak of the particular reflection
(at Wl) was SOught using a large counter aperture by rotating the W-circle. )

At position W a narrow vertical slit was placed centrally in front of

" the counter to determine the extent of miss-set by measuring the M
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angle of the counter arm, Ml, needed to remaximise the peak. Additional

values, Wz ;

ca. 180 + Wy and */“1.

oo of W and M were found for the related reflection

From /Ll a,nd\/l- 5 an arc correction was calculated, and the whole
Process repPeated 'until the average absolute value of &4 is zero.

The process was then repeated with a new reflection in the same 28
range appropriate to the other arc and at W = (wl + 90).

(1) The precise determination of lattice constants depends on the
accurate measurement of W and # for selected reflections. First
W, is defined from the best values above as (Wl‘- el) oxr (1'12-90— 32).

For rotation about ¢, known h00 and 0k0 reflections were selected,
initially with low 26 values, and approximate W values as estimated
from a gero layer Weissenberg photography. The inclination angle
was set to zero, approximate cell parameters and the indices chosen
were input to the computer which calculated the 2 80 and W 5 values. W
was then manually rotated around W, and the 26 circle also was manually
rotated around 20, to maximise intensity with the narrow slit in
position.

In this way a number of further h®0 and (kO reflections were
identified and their best 26 , W values determined and used to compute
new and improved cell dimensions, as well as an improved W, value

[ as Wo = Mo = $(28,,0) 1 |

. eAccult'a,’ce zehOO permits the computation of a number of a* wvalues =
EP”'E}}“QQ % , from which * was calculated. ©b® was found in a
gimilar way. c w:;.s determined fxrom the OO0l reflections, optimi.sing
for maximum intensity the values 26 , Wand Al. @ =1%/2 sinp,.
Then W, was found for 00l (as for h00 and OkO) or from
Wo = Woo = ©oo1 = Wo(e* ) Also & =ig(e*) = Wp(a*) and

52 = wo(c“) - Wo(b*). as K= ¥¥ = 90° the projection of ¢ fo ¥ )
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on the a* b* plane should lie along a* . Therefore-§3.==po and

:sz =90° ¢*' was calculated as for a* and b* . and ¢* from

the expression:

and  B* from:

cos B7 =c*' cos Sl/c* = g% 1fcw

5.6 MEASUREMENT OF INTENSITI®S

Intensity data were collected using carbon monochromatised Mok «
radiation. The 6-~26 , step-scan technique, 0.0lo/étep counting for
0. 500 sec/step, was‘employed. The measurement was carried out with
constant W~range. Individual backgrounds were obtained from stationary
counter measurements for one-half the total througheoneespot scan time
(100 sec) at each end of the scan. Filters were used where they were
necessary in order to attenuate intensities .with factors of F;=2.032,

F,=h. 43, F,=17.069.

3
As a general check on the electronic and crystal stability, the
intensities of standard reflections were measured periodically during

the data collection. Typical results for the 200 reflection are

hkl Bed (1) Counts Bzd(2)
200 : 297 155247 356
200 299 155665 366
200 295 155891 366

A total of 1307 reflections were recorded in this manner from

l=0 to 1=p2,
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The intensity data were corrected(l) for Lorentz=polarization
effects, allowing for use of monochromatised ra,dia.tion(Z) (eq. 2.3.16
5.318) but not for absorption or extinction (MMoKe = 38.26 cm_'l).
80 equivalent reflections were averaged. Standard deviations were
estimgted from the average intensity and background values by using
equation 3.15 (Ch.3) (3) » Of the 1227 independent reflections 1048

had IFo]2 3 3 ¢ (I). These were considered observed and were used

in the refinement.

T e S e T Pl I

5.7 REFINEMENT OF THZ STRL&'I_‘_U;@.

Assuming that the present structure has a-Cé/c space group in the
Decell (B= 98.630); the indices as they were collected in the
monoclinic cell "¢ and the atomic coordinates obtained for Sb and Cl
atoms in the triclinic cell were transformed to relate to the monoclinic

cell "D", according to the following transformation matrices:

3 0.
a) TFor indices C—D 3 010
oo
b) For coordinates (A~=Dp):
00 3% Xy = %7
01 % or ymz%z,l.-y,l,
100 Zy = Xp

The old and the new coordinates are listed in Table 5.8.
In cell D, D, = 2.230 Mg.m"3 and D_ = 2.328 Hg.n > for

% = 3.83 (~4.0), units of 2 SbCL4. 10y gH,CL (M = 618.8).

(1) Using a computer program “LIDRED" written by DAVID LILES.

; L2 2k
(2) Lp for monochromatised beam = sin 28 (sin’e - sin” ) [

sin @
w—, S v where
cos“2 @' + cos29 _ (1~2sinpm )'5]
0 =tan- | (sin®e ~ sin% )E PR
=han A8 cosé ] and @ fion, 8 the Bragg angle for the monochromator,

X o t
(3) (1) =V, + E% (VB + B, i N, is the total count at the
b

Peak in a scan of time te¢ 3
obtained in 5 time tb'

Byand B, are the backgrounds, each
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TABLE 5.8

TRANSFORMATION OF TRICLINIC COORDINATES INTO

MONOCLINIC (B= 98.63°)

o P =
Xy 2%qp Jy 2ZpVp  Zy Xp

ATOM TRICLINIC COORDINATES MOWOCLINIC Cc COORDINATES
X Wi " 1 i 2

* 8by 0.306 0.538  0.464 0.232 0.306  0.306
sb, 0.193 0.079 0.539 0.270  0.191  0.193

*Ccly 0.444 0.616 0.727 0.364 0.252 0. L4l
c1y, 0,046 0.919  0.317 0.159 . 0.760  0.046

* clzl 0.172 0,702 0.6kl 0.322 0.380  0.172
015 0.338 0.104 0.415 0.208 0,104 0.338

* Cl3 0.380 0.73% 0.413 0.207 0.527 0.380
Clg 0.124 o0, 322‘ 0.562 0.281 0.041 0.124

As an atom in C2/c (see Fig. 5.3) at xyz (I) generates one at

=x 3ty %~z (IV) the structure is now adequately described in C2/c

by reference to the asterisked coordinates in Tab. 5.8 (cf. Tab. 5.9,

LH set). CC(—-—) Cg/c(.._i-
o+ I II #+O
Fig. 5.3. Relationship
‘ TIL o f s TV between Cc and C2/c
e 3+0 |Ot sbace grouvs.
JoE- ~-

Sb+3CL coordinates were then refined isotropically by full-mstrix

least squares procedure (*"). Two cycles gave an R = 0.310 (R(' = 0.353,

wneze 2% = [ ar?)/ T (m,2)) *

W= K/(G'Z(F) + |g| x Fz)) for all the observei reflections.

with V= unity and defined by
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A difference synthesis showed the chlorine attached to the
naphthalene molecule to be in & special position at (0.000, 0.6200,
0.2500). The inclusion of.this atom resulted in R = 0.304 and acceptable
bond~distances ané angles.

Anisotropic refinement of antimony and three chlorine gtoms
performed for two additional cycles lowered R to 0.224 (RG = 0.266)@‘”‘)-
At this stage there were 5 reflections showing a large difference between
F, and F . These were omitted in further calculations. The

inclusion of six fixed carbon atoms constituting a ring attached to Cly

resulted in R = 0.161.

Since there are only four molecules of ClOH?Gl in the cell, in
order to "generate 8 molecules™ to simulate a centric structure (Cz/c),
the organic component of 1l-Chloronaphthalene was assumed to be disordered
about the Cly, which is in a special position on the 2 fold axis. In
this way a naphthalene molecule (with site occupational factor of 0.5)
was included. The disordered components were related by the two~fold
axis.

Two more cycles of refinement, maintaining the organic molecule
geometrically constrained gave R = 0.147 (RG = 0.155) for all reflections.
At this point the bond distances and angles were all reasonable but
attempts to further reduce the R factor were not succeésful.

At this stage, since the difference synthesis and packing
considerations did not show any other possible altermative position for
the organic molecule, it was decided to refine the structure in the
noncentric (C¢) sface group. The coordinates of antimony and

chlorine atoms were transformed into the new space group, as they are

(*) In solving this structure, computer program SHELX from University
of Cambridge was used.

(x %) A Hamilton test (Hamilton, 1965) for the hypothesis that the atoms

A v1brate.iso—tropically (R=1.344) gave R20’977 0.005 = 1.021,
from which we conclude that there is an anisotropid motion.



shown in Table 5.9. (Also see Fig. 5.3 for relationship between

Ce and 02/0)'
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TABLE 5.9

COORDINATES OF Sb AND €1 IN THE CENTRIC (Cz/c) AND

NON-CENTRIC (Cec) SPACE GROUYS.

xyz (I) = x ¥ 3+ (II) and %~x 3=y 1-z(I1I)

FIG. (5.3)

ATOM OLD CENTRIC (cz/c) NEW NON-CENTRIC (Cc)
¥ y z X y "

Sby 0.2330 0.3060 - 0.3057 0.2330 0.3060 0.8057
sb2 _ 0.2670  0.8060 o;69&3
gy 6.3529 0.2668  0.4394 0.5529 0.2668  0.9394
cly, ' 0.1471  0.7668 0.5606
c1, 0.3080 0.3992 0.1596 0.3080 0.3992 0.6596
¢l | 0.1920 0.8992  0.8404
013 0.2081 0.5316 0.3707 0.2081 0.5316 0.8707
Clg 0.2919 10316 0.6293
Cly 0.000  0.6195 oy 0.000  0.6195 0.2500

* Subsequently all z values were reduced by % cf. Tab. 5.10.

Two cycles of isotrovic refinement of two Sb and seven chlorine

atoms resulted in R = 0.270 (RG = 0.293); when anisotropic refinement

was applied to two Sh atoms R became 0.190 (RG

six anisotropic chlorine atoms R was 0.161 (RG

(2)

(3)

v

I

0.216) and with
0.168)(2)(3),

From a Hamilton test we concluded that the Sb and €1 atoms are

involved in the anisotropic motion

(335, 960, 0.005 = 1.031 against Ratio = 1.740).

Because 015 was glving an ill~defined anisotropic motion it was

decided to refine isotropically.
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The inclusion of the carbon atoms of a rigid naphthalene
molecule gave a R = 0.144. However it was observed that
e.s.d. of some temperature factors of some carbon atoms
were large and that their positions shifted a little.. At
this stage 8 more reflections were omitted from further
calculations because of large differences between. Fo and
Fe. Eive cycles of refinement refinement resulted in
R = 0.127 (RG = 0.128) for 1035 independent
reflections. Freeing the carbon atoms from fixed geometry
but with constrained bond-distances for 4 cycles of
full-matrix least squares refinement resulted in R = 0.125

(Rg = 0.126) for 1035 reflections. At this point
shifts were smaller than the corresponding e.s.d. A
Hamilton test for the structure in Cz/c compared

with that in Cc (Ratio: 0.155/0.126 = 1.2241)

gave an R36,932,O.005 = 1.032; from which we
conclude that we can confidently reject the structure

in the centric space group. The observed structure

factors are shown in Appendix C.

Table 5.10 lists the final positional and
thermal parameters along with their standard
deviations. Standard deviations were obtained from

the inverse matrix of the final least-squares refinement

cycle.
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TABLE 5.10
FRACTIONAL ATOMIC COORDINATES AND THERMAL PARAMETERS
WITH e.s.d's BELOW OF EACH PARAMETER

(FOR ATOM NUMBERING SEE FIG 5.4)

Atom X y Z Ull U22 'U33 U23 U]_3 Ulz
S 0.2330 0.3064 0.30 0.1620 0.0727 0.0217 =0.0050 0.0216 =0.0270
" 339 Qeiog O Bl Dleld Ogl Bt 7 25 s

¢l 0.3534 0.2663 0.4361 0.1152 0.1000 0.0734 0.0435 0.0153 -0.0054
e 3534 30 25 287 184 140 137 171 185

cl 0.3042 0.3977 0.1614 0.2100 0.1065 0.0327 0.0157 0.0690 ~0.0252
: 20 32 17 267 167 73 89 121 18
cl 0.2091 0.5272 0.3739 0.0979 0.1022 0.0773 ~0,0262 0.0070 0.0150
3 21 32 24 252 Zlo 132 127 157 171
Sb 0.2666 0.8053 0.1941 0.0972 0.0668 0.0902 0.0245 0.0704 0.0312

2 5 7 5 3% 43 B 35 33 38

014 0.1478 0.7823 0.0526 0.1449 0.1739 0.0481 0.0327 0.0508 0.0669
19 43 22 180 355 112 168 Ll 214

0.1950 0.8965 0.3366 0.0797

ci
2 30 ez 7h

al 0.2955 L0316 0.1274 0.1709 0.0591 0.0684 ©0.0199 0.0967 0.0342
6 19 33 25 227 228 '165 141 161 168

c1N 0.0000 0.6182 0.2350 0.2254 0.0805 0.1919 0.0383 ~0.0124 -0.0934
33 18 L4s 342 w1l 319 245 243 271

Gp) 0.0192 0.4381 0.2019 0.0663
37 24 41 160

C(z) 0.0686 0.4028 0.1171 0.0654
40 35 g 202

0(3) 0.0745 0.2626 0.0839 0.0841
6 40 60 287

0.0406 0.1561 0.1456 0.0623

a

(%) 39 3L 39 185
c 0.0034 0.1913 0.2429 0.0573
(5) p 21 oy 111
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TABLE 5.10 cont.

c(é) ~0.0205 0.0847 0.3138 0.0783
4s 23 46 222

0(7) ~-0.0617 0.1199 0.4072 0.0847
23 37 52 284

0(8) ~0.0682 0.2604 0.4389 0.0751
53 41 Ly 246

Croy ~0-0H37 0.3667 0.368% 0.1071
60 30 57 357

C(10) =0.0033 0'3315 0.2724 0.0775
52 20 150 214

ANISOTROZIC THERMAL FACTOR =

exp [-2 rrz(ullhza,“ 2 + U_zzkzb* 2 4 U.33 lzc“‘ 2 2(112 ha* kb* + zUlBha* 1c*+

. * &

' eszZBkb lc ]o

B= 8 1r2U, where isotropic thermal factor is exp [‘ B(“s‘j:%:j]
TABLE 5.11

BOND DISTANCES (%) anp avcLzs (°) (SEE FIG. 5.5 )

a) IN THE shal,

sby - Cl; 2.307 (38) Sb, = €1,  2.339(27)
sby =~ Cl,. 2.341 (16) sb, = c15 2.335 (26)
Sby - Gl 2.301 (28) Sb, = Clg  2.35 (31)
S'bl...clbrI 3.475 sz...cliv 3,569
Sby. .1 3,584 - Sbye.Cly  3.586
8by.. .c151V3.958 Sby. .. Cl, 3.9%

Sby «.. Perpendicular distance to naphthalene plane: 3.2733.

sz » .« Perpendicular distance to naphthalene plane: 3.374 X
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Cl,(Cls) c13(c1g)

2,30(2,36)4

I~

-

- 1
P o f‘
3.58(3.59)¥" " 53(52)7 o s, 3.48(3.57)4
’,r’ ___","éG(sc)) (\\
’»' ! \\\

o c1¥(c1,) ' P

673 : “n 02 (02T )

13.96(3.96)A k>

!
: Iv
o) ciy (c1,)

Fig. 5.5.Composite view Cl1-Sb1 and Clh_Sb2’ The
bond~-distances~angles of second SbCl3 mo~-

lecule are shown in parenthesis,
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ANGLES AROUND Sby
¢ I Iv Iy
cl, 013 cly clg ¢l &
cl, 94,87 (1.00) 95.15 (1.20) 78.91 88.97 84.42
012 91.96 (1.10) 169.36 69.17 121.93
013 80.12 160.99 146.06
cqu 118.89  66.45
51
clg 52.77
ANGLES AROUND sb,
cl a1 a.’ a al
5 6 1 3 2
¢l 95.86 (1.00) 91.85 (1.20) 76.50 95.15 87.71
(:15 91,78 (1.00) 166.00 70.50 122.71
clg 76.95 161.49 145.38
CIlIII 121.35 69.30
013 ) : 52.26

SYMMETRY CODE:

I (x, 1~y , 0.5 + ) Iy x ¥y1l, z
II (x + 0.5, y -0.5 gz +0.5) v X, 3=y, 2-0.5

117 (0.5 +x, 0,5 +y, z)
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b)  IN_THE 1-CHLORONATHTHALENE

Ly~ Cy 1.795(18) CLN~Cy~C,y 120:002.2) Cg~CgCyg 119.5(0.9)
GyCy 1.399(12) CLN-Cy~Cy  179.5(1.0)  CgmlypmCy 119.4(0.8)
0,Cy 1.398(13) - g 129.7(L1)  GpCygeey 120.2(0.9)
€30y 1.400(12) =Gy =Gy 118 7(L.3) CyCs=Cyg 120.2.(0.8)
€yCg  1.400(10) Gy =Cy=Cy 119.6(1.2)
Cs=Cg 1.399(8) C,=Cy=Cy 1503 (1.3)
Cs~Co 1.399(10) C30yy~Cs 115,3(1.1)
C,Cg 1.396(9) CyCsCg 119.6(0.9)
Cg~Cy  1.398(9) CsCgCy 119.4(0.9)
Co™Cyg 1.399(8) Cg=ComCg 119.9(1.0)
Cy9™Cs 1.390(10) ComCg=Co 120.(0.9)

c) BQUATION OF SEIECTED ILANES REFERRED TO ORTHOGONAL GOORDINATES L)
AND OUT-OF-FLANE DISTANCES (3).

i) Chloronaphthalene: 0.807X + 0.017Y

s : T N 5 IV
ii) sby Cly Cly CL," €™ Clg™ : 0.820X = 0.065Y + 0.5697 = 4.487 = 0

+ 0.590% ~ 1445 =0

ii1)sb, clg g a,’ Gly: 0.825% + 0.069Y + 0.5627 = 5.016 = 0

2
NISTANCES OUT-OF-ILANE (R)

ATOHM pIsT (3) aroM  prst (R) aroMm It (R)

CLy 0.079 Sby 0.041 Sb, ~0.020

¢y, 0.037 cl, ~-0.098 015 0.148
T v ,

03 0.015 Cl,, 0.161 cly G. 177
Iv

¢ & 1. . -0,

" 0.108 c 5 0.128 012 0.086
G 0.060 a1tV -0.037 cly 0,018
97 0.028
Cq =0, 081
C '-0 . O

9 35
C -0. 009
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()The transformation matrix from monoclinic x,y,zﬁﬁo or--
thogonal X,Y,Z (fx) cooxrdinates is:
1 0 cosf

0 1 (o}
0 O sinP



Pig.5.6 A view of the structure down b-axis.

Plotted using comp. program, PLUTO,
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5.8 DESCRIFTION AND DISCUSSION OF THE STRUCTURE

Tt S e e T i S e

The formation of ‘the compound ZSbClB-lmclOH?cl has been cenfirmed.
The crystal structure is built up of double layers of Sb013 molecules
alternating with a single layer of l-chloronaphthalene molecules which
are tilted 25 to [001] (see Fig 5.6). IFalrs of SbCl3 molecules form
dimers by halogen bridging, at the same time they are part of an
infinite chain of molecules by further halogen bridging and these chains
in turn are cross linked to others to produce the double sheet
already observed in (1:1) Sb313*1mcloH7Br- The layers of antimony
trichloride and chloronarhthalene are parallel to the bc plane and
alternate in the "a" direction.

Bond distances and angles in the Sbll, and 1-C10H701 molecules are

3
listed in Table 5.11 a,b,c. There are two sets of non-equivalent Sbcl3
molecules. Each set contains four molecules related by symmetry and
both sets simulate a Dseudo centric structure. Bach non-equivalent
éntimony atom is bonded to three chlorine atoms (average 2.32 and
2,34 X respectively), and are close to thpee further chlorine
atoms ~ from non-equivalent molecules (3.4 8, 3.58 , 3.96 X ; Zusw,
3.58 and 3.95 2) ~ and are situated near to a chloronarvhthalense
molecule (3.27 and 3.37 1). $b, is closer to the first ring camying c]?g;zd
Sb, to the second one from the opposite side of the aromatic molecule (Fg. 5.7)
in a similar arrangement to that found 3in the naphthalene compound,
23bc13.c:10118 (Hulme and Szymanski, 1969).

The two distances of interaction, Sh...{l, are appreciably shorter
than the corresponding Van der Waals radil, and one is approximately
equal to it, so thal the coordination number of the two antimony atoms
becomes seven instead of eight found in the crystal structure of Shil

3

alone (Lirka, 1979). It seems that the interaction with the large

(#) ¢l and €1, are used interchangeably to denote the chlorine
atached 1o the naphthyl group.
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AR

Fig 5.7.The projection of the antimony {trichlori-
de molecule onto the i1-~chioronaphthalene plane,

Plotted using Comp. Prog. FPLUTO.
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T ~gsystem of 1~C10H7Cl blocks further interaction. The geometry around
the Sb atoms is similar to that found in the Sb013'1~clOH7Br complex,
that is a distorted pentagonal bipyramidal sxrrangement, where Sbl,

I v

¢ly, Cl ”141, cl m, Clg V' ang Sbys c15, Clgs 013, cl,, 0l are

+ 3
approximately located in the equatorial plane (Table 8.1)e, Fig. 5.5 ).
The out-of~plane distances for each atom are listed in Table
5.1lc. According to the proposed geome%ry, it would seem that the lone
electron~pair on each Sb atom ils stereochemically inactive.

In both molecules of SbGlS, two bonds lie in a plane approximately
parallel to that of chloronarhthalene with the third nearly perpendiculaz
and away from that plane (see Fig 5.8). Thus Cly~Sb; is directed

towa:f:‘ds C,., while Clq-Sb? points towards the C‘.8-C9 bond.(Fig.S.?),, The

2!
distances from the two independent antimony atoms to the plane of the
correspronding chloronadhthalene molecule are 3.27 and 3.37 2 resrectively,
which are shorter than the van der Waals radii. A similar situation
is found in the ZSb013'naphthalene (lulme and Szymanski, 1969), where the
two SbCl3 molecules related by a centre of symmetry (located in the
naphthalene molecule plane) are situated on opposite sides of the plane
of the aromatic molecule, giving an alternating distribution of organic
and inorganic layers. The distance between Sb atoms and the plane of
the organic component of the compound under investigation has an average
of 3.328. The fact that this distance is of the seme order of magnitude (3.20 %)
a&t&&ﬁtﬂé ZSbClg'C10H8 complex seems to suggest that within the 28b013~
1~Cloﬂ7cl compound there is also electron donagtion from the aromatic

T system to the Sb atoms. There is no significant alteration in the
Sh~Cl bonds opposite o the interaction with the ™ =system as observed
in SbG13'1"010H7Br and other systems. However this seems to indicate
that the electroﬁ~donor-acceytor interaction between the v -system and

.‘the antimony atom is. weaker in ZSbC13-1~ClOH Cl, compared with that of

7
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Lk

CLY

Fig., 5.8 A view of the structure down C1(6)-Sb(2).
Plotted using Comp. Precg. PLUTO,

s =i,
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Sb013-1~010H73r system. A Possible explanation for this variation in
the interaction for different systemg could he found in the type of
substituent in the naphthalene molecule. lMore detailed discussion of
thig point will be\given later in the general conclusion.

There is no significant variation in the bond distances and angles
of the chloronaphthalene which could suggest any interaction between
the Sb atom and any particular atom of the 1—G10H7Cl. This is in
contrast to that found in the 28b013'010H8 complex, where there are
remarkable alterations in the bond distances and angles adjacent to the
possible sites of interaction between Sb and carbon atoms of the
naphthalene molecule. This might suggest that the interaction'in
the rresent compound is with the delocalized ™ -system rather than with

any Particular atomyor thai interaction is much weaker in the present

case.,
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6.0 STUNY OF TH® (L:1) ShCl.+1l~IODONAPHTHALENE COMPLEX.
4

6.1  PREPARATION OF 1-TORONAPHTHALENE

1-~iodonaphthalene was Drepared Following a standard procedure
described in the literature (Bixchmbach ax Goubeau, 1932).

The method of preparation consisted in the iodination of
naphthalene in the presence of gilver perchlorate. An alternative
method (Varma et.al. 1933) via nitration, reduction and diazotation
was tried but gave much less pure product.

0.22 mol of naphthalene was dissolved in half its weight of ether
to which solution 0.1 mol AgClOy, 0.2 mol iodine and 0.1 mol magnesium
oxide were added. The mixturs was stlrred and reflused at 5J°C until
all the iodine had been used as evidenced by the disappearance of the
dark coloux.

The solution was filtered, poured into water and residual iodine
was extracted from the organic layer with sodium thiosulphate. The
organic layer and several ethefegl extracts of the agueous layer were
combined. The ether and any excess of naththalene were distilled off
under reduced Pressure at 15003, leaving the l-iodonaphthalene to distil
as an oily liquigd at 200°C. The l-iodonaphthalene was purified by
redistillation.

‘The mass spectrum of the final product showed two main peaks. The
first at m/e = 127 which was interpreted as overlapped peaks due to
[1]" ana [ClOH7]' and a second one at m/e = 254 due to [P10H7I]'. The
purity of the product was checked by a Gas Cromatography method, using
a 20% EG3S-Y 5'xﬁ“ column at 200°C with Nz-as carrier at 22 »si. Two
spectra were obtained. One for nabPhthalene alone and the other

for the l~iodonaphthalene sample. From the comparison of the two spectra

edag
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no naphthalene peak was noticed in the l-~iodonaphthalene spectrum
although there was a small additional peak probably due to
2-iodonaphthalene (see Table 6.1).It is debateable whether or not

this very smell % impurity could be the cause of the disorder sub-

sequently observed.
TABLE 6.1

FREPARATION JF 1-IODONAPHTHALENE

>

Amount Amount of Amount of Amount Vol. of

§ , Yield(I) furity %
of 12 Naphthalene AgC104 of Mg0 1-C,.H,I ‘

. : ; 107 % l“ClOH7I others
used (g) used (g) used (g) wused (g) obtained
28.16 50.8 20.75 4.03 15, Oml 51.4 99.8 0.2

(I) cf. the theoretical yield of 80% mentioned in the

1T“m3hme{Birchenbach and Goubeau,1932).

6.2 THE FHASE DIAGRAM FOR THE SbCl,*1-C

3 1OH7I SYSTEM.

A Phase diaéram was constructed, §0110wing similar procedures
to those for the previous systems (Ch. 4 and 5), in order to
establish compound formation and the appropriate stsichiometry.
Results shown in Table 6.2 and Fig. 6.1 indicate that antimony

trichloride forms a (1:1) compound with l-iodonaphthalene.
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TABLE 6.2 K

1€ % tol Sbel, e
oo 5.0 -7, 551, 0
Lo 22.4 6.C%1. 5
20 27.3 10.0%1. 5

B 20.0%2,0
0 37.2

Iy 26.0%1,0

20 o
52.7 21.0%1,0
0 50 100 61.2 17.040. 5

Mol % Sblg +

68.8 25.0<2

Fig.6,1 Sb013m1~10donaphm

thalene system,

6.3  PREPARATION AND ANALYSIS OF THE (1:1) SbGlg-1~C10H?I QOMPLEY

Crystals of antimony +trichloride were dissolved in 10-15% excess

of l~iodonaphthalene at about 4000. On cooling, the system gave

a variety of yellow crystals.

Analysis for the components in the cr&stals was carried out in
the usual way, i.e. for Sb(III) by titration vs. 0.025 KfLO3 and. fof
l-iodonaphthalene by the NMR method described in Chapter 2. Results of

these analysis are shown in Table 6.3.

TABLE 6.3
ANALYSIS FOR Sb(III) AND 1~CyH,T
Sample  Vol. o.o25 % SbCl, HNMR Ref.(z) RERt Integra=- % rMole Ratio

wt. (g) K0, (1) (w w)3 wt. (g) ted Height  1=CyH,I :
) : 3 # Ref. Compd. (%9H§ ki e 1 o e
0.2800 12. 50 51,0 0.1240] 4O 66 56.0 1.0l : 1,00
0.2800} 2 i 48.0 0.1240} 41 63 564 0.95 3 1.00
0.2800 12.10 49.4 0.1.240 40 65 55.2 0.99 : 1.00

(2) NMR Reference compound was CH,T.
(3)  Although the rationa sugzest (1:1) both Sbf.‘l3 and L-Ind-maghthalenc
vercentages are high (Theory: U7.3 : 52.7%)-
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6.4  PRELIMIKARY JNPORMATION AUD UNIT CELL DETERMINATION

A square prismatic crystal which seemed single was chosen and
sealed off in a Lindemann tube {(diam. = 0.25 mm). Examination
through the polarizing microscope showed straight extinction, from
which it may be inferred that the crystal must be ndn~cubic and that
one of the crystallographic axes may coincide with the direction of

extinction.

The crystal was mounted on the goniometer head of the x~ray
diffraction apparatus with the prismatic axis "e¢" parsllel to the

oscillation direction.

Oscillation and Weissenberg photographs were taken using Zirconium
filtered Mo~Ke X-radiation, with the crystal oscillating about Yc".
These photographs did not show any mirror symmetry, from which it was
deduced that the crystal belonged 10 the triclinic system, sDace
group FL or PI. On the oscillation photograph odd layers showed
horizontal streaks with specific reflections embedded. The odd level
Welssenberg photographs showed continuous streaks parallel to a* which

suggested the presence of disorder.

Nevertheless cell parameters (Table 6.4) were evaluated from the
measurements of the oscillation and even-layer VWelssenberg photograrhs,
the angles < and ﬁ , involving computation using a least square

angular lag prOgraﬁ (Chs 2)s




a) Measured Cell Parameters For Crystals of SbhGl
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TABLE 6.4

(using MoK , Zr filtered Radiation).

5 Y(mn)  tan¢=y/28"" ¢ ( ®) sin¢ o Scmsin(l)n/n Mean SC
6 12,0 0.29671. 16.5259 0.28445  0.04741
5 14.0 0.24435 13.7309  0.23736  0.0U7ky
b4 11.05  0.19286 10.9159  0.18937- 0.04734
3 8.20 0.14312 8.1449 0.14168  0.04723
2 5.50  0.09599 5.4832  0.09555  0.04778
1 2.70  0.04712 2.6978  0.04707  0.04707 0.04738%0.0003
(x)2R = 57.296 mm
3 s (ma) @ Cgt /2 2 8in 6, €a Ea (mean)
11 38.60 19.300 0.66103 0.06009
9 31.42 15.710 0.54154  0.06017
6 20.83 10.415 0.36155  0.06026
5 X7 .7 8.635 0.30028 0.05010
b 13.85 6.925 0.28114  -0.06028
3 10.35  5.175 0.18039  0.06013
2 6.88 3-&46 0.12001 0.06000 0.0601.5%0., 00012
i’n. s' () 0°%s8'/2 2 sin@ £, €, (mean)
6 36. 56 18.280 0.62732 0.10455
8 30.28  15.140 0.52236  0.10447
4 24.17 . 12.085 0.41873  0.10468
3 18.02 9.010 0.3132).  0.10440
2 12.00 6.000 0.20906  0.10453
1 6.00 3.000 0.10467  0,1.0467 0.10455%.00012

(L) Y is the respective inter~layer separation in the oscillation

photograph.
Sl

is defined in fig. 2.3.4 p.55,
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lMeasurement of ¥*

DIST. (D) BETWEEN h,k,0 D x\V5 Mean §*
& hyj,0 (um) ) *)
29.90 66.858
29.85 66. 747
29.95 66.970 " 66.86 F 0.10

jeasurement of o« and B (Ang. Lag Method):

Reflections | mgle (°)
hyky 1y - bkl Yo Yo
1.2 & 31 2 63.84 63.84
152 312 74.01 74,09
302 122 66.30 66.3
e 0z .2 83.07 83.13
3 4.2 T22 105.43 203.42
2.l2 2k 2 97.83 9799
312 L. 2 69.32 69.31
312 23 2 7591 7578
314 014 66.41 66.45
324 104 62.39 62.42
124 10k Ol g7 9. 33
304 124 85.42 8£.30
31k . 314 79. 94 79,90
314 324 99.28 99.25

Hence:  <90= 104.70°

PBr= 102.19°
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b) Measured and Calculated Cell Farameters for Crystels of Sb013-1-010}171

(using MoKe¢ 2Zr-filtered radiation).

DIRBAE CHLL RECTFROCAL
N % v ()
PARAMETER IN  RLU.
FULL CELL [ HALF CELL
13.15(4)| 13.15 a 0.06015 (12)
7.65(3)| 7.65 b 0.10455 (12)
15.0L1(9) e 54 c 0.05163
104.7(1) 104.7 & © 69,74
102.2 (1)| 102.2 B 7145
108.5 (1)| 108.5 ¥ 66.86 (10)
1312.4 656.2 v 0.000762
gy 0.04738 (30)

The Delaunay reduction procedure (Int. Tables for X-~ray Crystallography,

p.626 Vol.I), did not simplify the cell to one of higher symmetry.
Flotation in a mixture of (2:1:1) Bromoform + Iodoethane +

1,2-dibromoethane gave D, = 2.29 I‘igmm3 for the observed density of

the complex. Hence Z= 3.75 (~4.0) for SbCl

leading to D, = 2.4k Mem 2.

3-1—0101-!71 (M = 482.0),
Intensity data corresponding to even layers O to 6 about "c" were
collected,from a particular crystal (about 0.1 x 0.1 x 0.2 mm) using
zirconium Tiltered MoKy radiation and a multiple film pack in a
Welssenberg camera. The intensities of the reflections were evaluated
visually and were corrected for Lorentz and polarisation effects but

not for absorption or extinction (M = Ui, 96 cmnl). This gave

MoK ec

a set of 680 structure amplitudes.
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6.5 DETERMINATION OF THE APFROXTHATE STRUGTURng)

A three—dimensional Fatterson map was computed using all the hkl
reflections in order to locate the heavy atoms in a pseudo cell half

the size of the real cell. This showed the following highest vector

peaks (Table 6.5a):

TABlJE 6 . _%«’.‘1.

PATTERSON COORDINATES (U, V, W) OF THE STRONGEST

PEAKS IN THE FULL CELL AND HALF CELL.

fui1lR) paae

cell cell Relative

No. U v W W' Height
1 0.000 0.000 0.000 0.000 3601
2 0.000 0.000 0.177 0.354 1104
3 0.580 0.709 0.248 0.496 922
b 0.420 0.194 0.189 0.378 860
5 0.635' 0.139 0.0861 0.122 850
6 0.635 0.230 0.110 0.220 782
7 0.780 0.050 0.138 0.276 775
8 0.000 0.000 0.323 0.646 1104
9 0.420 0.291 0.252 0. 504 922
10 0. 580 0.806 0.311 0.622 860
11 0.365 0.861 0.439 0.878 850
12 0.365 0.770 0.390 0.780 782
13 0.220 0.950 0.362  0.724 775
14 0.00 0.00 0.500 1.00 3605

(%) Comp. Prog. "PATT3D", "“FARIBLES" written by R. Hulme and

and’ SHELX~78 written by G. Sheldrick were used in

this structure.

(2) Equivalent centrosymmetrically related |eaks are not listed.

solving
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Considering four formula unitg of SbClB'l~CloH7I in the unit
cell, there are 4 iodine, 4 antimony, 12 chlorine and 40 carbon atoms
(ignoring hydrogen) or two formula wunits of Sb013-1~ClOH7I in the
half cell, with 2 iodine, 2 antimony, 6 chlorine and 20 carbon atoms.

Of the expected total of 60 x 59 = 3540 vector peaks in
P(U,V,%), the 56 I~I, I-Sb, Sb-Sb vectors will be the greatest in
height (except when overlapping occurs): This number would fall to 28
vector Peaks in the half cell, although a smaller number of peaks
were Observed, pProbably due to overlabping.

Attempts to interpret the vector map in the full cell did not
give a reasonable result either in space group PL or Pl, Therefore
an interpretation was sought in the vseudo cell (half cell) initially
assuming FL and later a non-centric Fl structure. Attempts to
evaluate a trial position for the iodine or antimony atoms using the
strongest vector neaks gave no satisfactory results in terms either
of the R Ffactor (which remained above 0.55 for 680 reflections) or
of structural features. However a reasonable R factor (~0.33)
resulted when vector peak No.1l3 (at 0.22 0.95 0.72) was assumed to be
an Il--I2 vector, so defining the coordinates of these two ilodine
atoms. As the structure is assumed to be non-centric, one iodine (1)
may be fixed randomly (at 0.250 0.9700 0.7600) so that iodine (2)
must be placed at (0.030, 0.020, 0.036).

A difference gynthesis,computed using all the observed structure
ﬁpplitudes with signs calculated from the two iodine atoms as located,
showed positions corresponding to the two antimony atoms and two
attached chlorine atoms (one on each antimony). They were Sb(1l) at
(0.6050, 0.8100, 0.6320), Sb(2) at (0.680, 0.270, 0.270) C1(2) at

(0.770, 0.990, 0.500) and CL(6) at (0.507, 0.012, 0.234). gmall

adjustment was also made to the iodine positions.

5:
P O Al n i
ikt bt ot bt i R GG e s N

frie o B BB A,
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Trom further difference syntheses,calculated using all the
observed amplitudes wifh signs given by . the already located
atoms it was possible to find the remaining chlorine atoms. A final
difference synthesis computed with signs calculated from two
ilodine, two antimony and six chlorine atoms suggested a possible
position for the naphthalene groups. Ab this stage R factor was
0.250 for 680 reflections and the structure corresnonded to reasonable

bond~distances and angles.

6.6 REFINEMENT OF THE STRUGTURE.

Two Todine, two antimony and six chlorine atoms were first refined
isotropically by a full-matrix least squares procedure. Two cycles
gave an R=0.230 for all the observed reflections.

It was noticed that the differences between F observed and ¥
calculated of two particular reflections were very large and therefore
they were omitted in further calculations. Two more cycles of isotropic
refinement lowered R to 0.210.

At this stage the najhthyl groujs were introduced as idealized units
associated with the iodine atoms. Their jositions were allowed to xefine
isotroyically while they were geometrically constrained to give ideal
molecules of 1~ClOH7I. Several cycles of least squares refinement gave an
R factor of 0.196 for 678 reflections.

Al this point it was observed that some of the bond-distances in
the stl3 molecules had increased. Several attempts were made to find
a structure with a geometry nearer to that of the “ideal™ SbCl3
molecule (Lipka, A:, 1979). However refinement of such structures was
unguccessful both in terms of R factor and geometry. Since the structure
is known to be disordered it was decided 1o stop refinement here. The

observed structure amplitudes and calculated structure factors ave

shown in Appendix D.
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The final positional and thermal parameters with thelr respective
standard deviations (obtained from the inverse matrix of the final
cycle of least squares refinement) are listed in Table 6.6. Bond

distances and angies are in Table 6.7.
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FRACTIONAL ATOMIC COORDINATES AND THERMAL PARAMETERS REFERRED

TO THE HALF CELL.

1473

TABIR 6.6

esd's IN PARENTHESIS

(For atom numbering see Filg 6.2)

ATOM X v % U *
L, 0.2584(.) 0.9715( ). 0.7648( ) 0.0010(47)
X 1.0419(13) 0.0262(25) 0.0321(40) 0.0010(40)
§by 0.6194(16) 0.8335(28) 0.6319(42) 0.0067 (40)
i 0.750L(60) 0.8680(115) 0.9936(180) 0.0432(242)
Cl:g 0.7688(58) 0.9924(9%) 0. 5335(140) 0.0295(179)
ol 0. 5965(41) 1.1435(71) 0.8353(2.10) 0.0010(119)
sz 0.6813(16) 0.2714(27) 0.2741.(42) 0.0034(39)
cl, 0.6909(33) 0.4237(160) 0.6265(180) 0.1155{3350)
cl 0. 5846 (49) 0.5122(83) 0.1992(139) 0.0209{130)
clg 0.5066 (48) 0.0130(80) 0.2399(130) 0.0032{140)
¢y 0,278k 0.8074 0.5053 0.0010(500)
Gy 0.2410 0.8357 0.3302 0.4400{15C0)
313 0.2540 0.7288 0.1612 0.0010(568)
By 0.3044 0.5937 0.1673 0.0757 (850)
015 0.3418 0.5655 0. 3424 0.1986{130C
B 0.3921 0.4304 0.3485 0.2504(1100)
Gy 0.4295 0.4022 0. 5236 0.0075{642)
Cig 0.4165 0. 5090 0.6926 0.1958{15C0)
C1g 0.3661 0.6441 0.6865 o.oalokaou)
By 0.3287 0.6723 0. 5114 0. 5903(2500)
Cpr 1.0281 0.1984 0.2953 0.0063(523)
G 1.0603 0.1643 0.4689 0.0031(700)
023 1.0512 0.2772 0.6390 0.0542(700)
Coy 1.0100 0. Lokl 0.6355 0.0042(500)
I 0.9778 0.4582 0.4619 0.0010{500)
ng 0.9366 0.6052 0.4.584 0.0456(800)
c?7 0.9045 0.6393 0.2848 0.0020(8))
Cés 0.9135 0. 5264 0.1247 0.1439 (300)
0.9548 0.3794 0.11 2 0.0280(651 )
sz 0.9869 0.3453 0.2918 0.0010(457)

(*) B=8%U,where isotropic thermal factor is exp

2
[-B s8ind :l




a) IN THE SbCl

BOND DISTANCES (R) AND ANGLES (

1hb

TABLE 6.7

3

gby = Gy 2.78 (9 ) sb, -

gby = Cl, 2.33 (8 ) sb, =

sby - Cl, 2.62 (5 ) by,
<sb ~ (0l>: 2.58 <sb -~

Sbl...cl5 3.40 (8 ) Sbye .. Cl

SbyeceCl, + 3.5% 8 ) Sbe . CL

Sby.eaClle 1 3,77 (7 ) Shoe s Cl

Gl}* H 2. _‘)‘"7

¢l 1 2.65

Clg : 2.42
gL+ 1 2.5/
5% 352
T, 0
L g

Sby... Dplane of aromatic molecule (1) = 3.01

sz

ANGLIES. ARQUND Shy

o e Hy
¢l 96.9(2.8) 83.1(2.4) 66.3(2.5)
¢, 98.3(2.0)  95.3(2.5)
ol 147.5(2. 5)
014
Cl5
ANGLES ARQUND Sb

015 016 Cfg
cly, 86.6(2.8) 84.5(3.0) 71.3(2.8)
¢l Ol.7(1e9) 136.4(2.4)
ol 75.7(2.0)
al,

b) IN THE 1-LODNAPHTHALEE KOLDCULES

++. Dlane of aromatic molecule (2) = 3.18

015

125.9(2.1)
75.0(2.2)
150.5(2.0)
61.6(2.0)

A1t

3

158.3(2.3)
75.0(2.1)
8518(2'2)

124.7(1.6)

(9 )
(6)
(6)

@)
7.)
(7 )

X
016

156.6(1.8)
71.9(2.4)
78.7(2.7)
133.8(3.0)
72.2(1.5)

1I
1
136.5(3.0)
137.4(2.8)
85.7(1.9)
64.1.(2.2)

ar

Constrained values used are I-(:2.15 and J-C:1.40, all angles 120°,
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Ty wees III? : 3:88 I, = € vlane (2) = 3.71

o

I, ~ C plane (1) = 3.99

BQUATION O SELECTED FLANES REFERRED TO (RITHOGONAL GOORIEﬁAﬂE;-(B):
1~Iodonaphth;1ene (1):

0.692% + 0.691Y + 0.210% - 4.510 =0

Out of plane distances Sbq:3.0L. Cll=3.81 012:5.04 013:3.55
I(1) and ¢ atoms all zero

1-Todonarhthalene (2):

0.748x% + 0.627Y + 0.2177 = 10.275 = 0

Out of plane distances Sb2:3.18 C14:3.20 315:3.38 Clg:5.57

I(2) and ¢ atoms all mero.

SYMMETRY COZE:

I) x y¥l z

II) x y1 =z

II) x y=1 z-1

(3)

The transformation matrix from triclinic x y z (&) to orthogonal

Y Y (R) coordinates is:

i i b B ned P
% 1 cos cos X
p £ = 0 sin ~cos sin v
A 0 0 sin sin %
=2 oA e - A -.J

13 W30 g 2 AV NGi

R

oy g%

w33

b
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6.7 INSCRLIIION AD DISCUSSTON OF THE STRUCTURE
The formation of a (1:1) S‘bG‘lB'lelOH.ZI compound has been
established. The »—ray diffraction pattern of its crystal suggests

a disordered structure. Thus the oscillation photogravhs showed
continuous lines together with sharp reflections in the odd layers.
Also, continuous streaks parallel to the a'=axis in the odd layers
of the Weissenberg photographs about 'c' were observed. Thig seems
to suggest that there is an ordered cell assembled with another

in a disordered full cell (a = 13.15, b = 7.65, ¢ = 15.01 &= 104.7,

7

the a”~ direction. This is probably one of the reasons for the

i

102.2, ¥ =108,5). The disordered structure relates to

difficulties found in solving the gtructure in the full ce}l. The
Present structure was solved by reference to a half-cell with
dimensions a = 13.153, b = 7.646, ¢ = 7.506, *= 104.7, B=102.2

and ¥ = 108.5. The aprroximate nature of the structure of the comnlex
limits any description to a consideration of general featuves.

The crystal structure is built up of double layers of Sbcl3

molecules alternating with double layers of l~iodonaphthalene tilted

about 250 to [010] (see Fig 6.3). The two Sbu:.‘l3 molecules are linked

to one another by Sb...Cl bridging (Sbl...C15:3.4OX, Sbyeaell :3.012,

2

et. see Fig 6.4) so that an infinite chain of molecules are

k-

observed. These chains in turn are more loogely cross linked to
others to produce the molecular sheet.

The structure suggests plane-to-plane molecular stacking
of I—CIOH?I molecules (The separation between molecules P and Q
(Fig 6.3) is about 3.20%), in an arrangement similar to that found
in the crystal structure of 1~Bromonaphthalene'8b013 com»lex. The

layers of antimony trichloride and l~iodonaphthalene molecules are
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Fig. 6.4 "Sb-Cl Bonding and Sb,,.CL interac-

tions in the SbCl3 molecules.
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approximately parallel to the be plane and alternate in the a direction.

Bond distances and angles in the Sbll,, and l-cloﬂ?l nolecules

3
are listed in Table 6.7. There are two non-eguivalent molecules.

Both the non-equivalent antimony atoms are bonded to three chlorine

. atoms, and are close 1o g further three chlorine atoms =~ Sbl is close(%o
to cl,, (3.548), Gly (3.408) and aly .78 s, to all (3.51%),
d€§%3'012> and C1™7 (3.758). Furthermore the Sb atoms are situated
hear £o an iodonaphthalene molecule (3.0l and 3.18 X respectively).
These distances are appreciably shorter than the sum of the
corresponding van der Waals radii (4.05 X, Bondi, A., 1964), so that
the coordination number of the two Sb aloms becomes seven. The
éeometrical environment in both 8b atoms thus corresponds to a
distorted pentagonal bipyramid. This geometrical arrangement around
the sb atoms clearly differs from that in the crystal structuee of Sbll

3
alone (Lipka Avy 1979)1 but is similar to those found in the Sb(}lS'
1*010H73r and 28b013~1~clou701 compounds.

In each Sbcl3 molecule, two of the Sb~(Cl bonds are significantly

longer (2.79 , 2.62 , 2.65 and 2.56 2) than those found in SbCl,3
alone (mean Sb~Cl = 2.35 X, Livka, A., 1979). Such an extension-of
an Sh-halogen has been already observed in other compounds. Thus
(2.44 R) in 2sb013-1,4~dithiane (Kiel and Engler, 1974), (2.51 3)

in Sb013'aniline (Hulme and Scruton, 1968). But these elongations
occurred in the Presence of interactions with strong electron donors
atoms (such as § and N) which were located trans~ to the longer

Sb~-C1l bond. Elongation in case of +the disordered

1,4~Butanediyldiammonium Manganese Tetrachloride (Tichy R., Benes J.

(%) Superscripts defined at end of Table 6.7.
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ét.al-, 1980) has beep observed, and g similar explanation may well
;ppiy here, although there is no necessary relationshii between
elongation and disorder (e.g. complexes involving Histidine and
Aspartic acid, Bhat T., and Vijayan, 1978).

One of the structural features observed in most of the complexes
of SbCl3 with aromatic molecules is that of two Sb-Cl bonds in
_ each SbCl3 molecule lying in a plane apprroximately pa.r.a,llel to that
of the organic molecule‘with'the third Sb-Cl bond approximately
perpendicular and away ffom that plane. This does not seem to be
the case in the §bCly*1-Cypl, T compound. Although one SbCl,),(?,) (M=, 6.2),
approximates to the mentioned feafure (out of plane distances from
the 1~C)H,I(2) molecule are sb(2):3.18%, cl(4):3.218, £1(5):3.38%
and Cl(6)=5.57X), the other SbClB(l) shows a greater deviation with
out-of-plane distances from'the'l;cloﬂ7I(1) of Sb(1):3.018,
G1(3):3.558, CL(1):3.81%, and c1(2):5.048. Each stl3 molecule is
located nearest to the ring of the iodonaphthalene molecule which
does not carry an attached iodine atom (see Fig. 6.5). The
" Perpendicular distances from the two independent antimony atoms to
the plane of the corresponding ofganic molecule are: 3.0l and 3.183%
respectively. Both these distances are of the same ordexr of
magnitude as those found in other similar structures. Thus
3-202 was reported for zstlé'naphthalene (Hulme and Szymanski, 1969),
'3.093 for ZSbCIB'ﬁ-kylene (Hulme and'Mullen, 1976), 3.11 R for
2501+ Phenanthizene (Demalde, Nardelli, et.al., 1972), 3.17 R

for 25bCl.-divhenyl (Lipka and Mootsz, 1978a) and  3.09 R for

3
ZSbclj'diphenylamine (Lipka A., 1978), which seems to sugsest an
interaction between Sb atom and the T -system of the aromatic molecule.

More precisely this interaction is localized in an area between

€18 = €19 in the l-iodonaphthalene (1) i.e. Cq and Cg (Fig 6.6)
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and around Cp, in the l-iodonaphthalene (2). (i.e. Cg in

Pig 6.6)which both correspond to the same area of the l-bromonaphthalene

molecule.

Pige 6.6

Standard numbering of an 1~iodonaphthalene E

molecule e

&
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7.0 GENERAL DISCUSSION AND CONCIUSIONS

The purpose of the investigations stated early in this thesis
was the structural study of the crystalline molecular complexes
. formed by antimony trichloride with l-halonaphthalenes,
to compare&m%ith the ZSbClB naphthalene complex whose structure is
known, and to understand some of the factors involved in complex

formation when a substituent of graded size and electronegativity

is atached to the naphthalene molecule.

ﬁy the aPPlicatioﬁ of three main methods, such as the construction
of phase-diagrams, chemical and ghysico-chemical analysis, and '
x~ray diffraction structural studies, formation of (1:1) SbClB'l-éromo-
narththalene and (2:1) SbClB-l-chloronayhthalene complexes have been
confirmed, and in a similar manner the formation of the (1:1) SbClB'l—
iodonarhthalene complex was establighed.

The results may be discussed from two asiects. The first is the
orientation and interaction of one of the components of the complex
with resvect to its neighbouring molecules. The second is related
to the changes in the internal geometry of both components.

It seems relevant to mention at this point the disorder observed
in the Sb013'1~010H7I complex which zroduced  diffuse streaks
parallel to a* in the odd layers of Weissenberg rhotographs
(taken oscillating about "c"). Probably this is related to the
disorder in the position of some of the heavy atoms. However this
does not invalidate a discussion of the structural featuresof the
complexes atageneral level.

A common feature observed in the crystal structure of these
compounds 1s that the structure consists of layers of Sbc.'l3

alternating with layers of l-halonaphthalene molecules. Depending
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on the mole ratio of the components, the alternating layers in the

structure are distributed as ...zstlB...1(1~halonaphthalene)...

2sb013... for a (2:1) Sb013-1~halonaphthalene complex, and

«+.28bCL ...z(l-halonaphthalene)...zébcl-"for a (1:1) sbOly-1l-

3 3 3

. halonaphthalene complex. Furthermore pairs of Sbcl3 molecules form
dimers by halogen bridging so that an infipite chain of molecules
are formed by further-halogen bridging. These chains in turn are
loogely cross linked to others to produce the molecular sheet.

The (1:1) SbGlB’l-halonaphthalene complexes also show plane-to-
Plane molecular stacking, (the arproximate distance between is in
the order of 3.252), in an arrangement similar to thét found in
the crystal structure of naphthalene alone (Cruikshank D.W.J and
Sparks, R.H., 1960).

In each compound, the antimony atoms are bonded to three chlorine
atoms and olose to a further three chlorine atoms. (From a non-
equivalent molecule and/or from a symmetrically related one),
and are situated near an aromatic T -system with a perpendicular
mean (Sb... plane T-system) distance of 3.252, so that the
coordination number of the antimony atom becomes seven. Geometrically
this corresponds to a distorted rentagonal bipyramid arrangement around
the Sb atoms. Five chlorine atoms (two of which are bonding chlorine
atoms) are avproximately located in the equatorial plane. - The third
bonding chlorine atom and the interaction with the -system are in
axial positions. Greater distortion of this geometrical feature is
observed around of one of the Sb atoms in the (1:1) SbC13'1~iodonaphtha-
lene complex. This could be due to the disorder mentioned absve.
According to the observed geometry it seems that the lone electron-
pair in the SbCl3 is stereochemically inactive. Similar geometrical

features are also found in the zsb013-cloH8 complex (Hulme and

Sarg e b

S B 1 Tl e

R A
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Szymanski, 1969), if-;ne takes account the long Sb...ClL interactions.

A summary of bond-distances-angles and the Sb...Cl interaction distances
less than the sum of the van der Waals radii around the Sb atoms

for several compounds, are shown in Table 7.1 *

According to the results shown 3in Table 7.1, the bond-distance-

angles in the SbCl3 forming a complex are slightly different than

those found in SbCl3 alone (ILipka, 1979). These variations seenm

to be related in some way to the donor-acceptor nature of the
interaction between the SbCl3 and l-halonaphthalenes.

The perrendicular distancesfrom the Sb atom to the prlane
of the aromatic molecule, are very similar for the three molecular
c0mplexés under investigation (mean 3.252) and are shorter than the
corresponding éum of the van der Waals radii (4.053, Pauling L., 1960
and Bondi, A., 1964). ‘Similar digstances were found in several other
complexes of SbCl3 with aromatic molecules by different authors. A
comparative list of verpendicular Sb...plane of aromafic molecule
distances are shown in Tablg 7.2

These distances seem to indicate an interaction of electron
donor-accertor tyze between the SbCl3 molecule and the delocalized
I -system of the aromatic molecule, in which electron donation
occurs from the T-gystem to the Sb atom. These interactions between
SbCl3 and 1-halona;hthglene molecules are localized in areas as

ghown in Table 7.3. For atom numbering in the l-halonaphthalene

see Fig. 7.1.
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| TABLE 7.3

Areas of Interaction localized in the
Compound
Halonarhthalene molecule (1)

;1) Near to ac(6)
SbCl ‘l“ClOH7Br

3 1i) Near to mid point of G(7)-C(8)
i) Near to c(2)
28bCl '1“010H7C1 :
3 ii) Near to mid point of C(7)-C(8)
i) Near to c(6)
Sb013'1-GlOH?I

ii) Near to a point between C(7)-C(8)

(1) For atom numbering:Fig. 7.1.

X

Fig. 7.1

X = gl Br; I

Standard numbering of a l-halonaynthalene molecule.

An explanation on. the areas Of'interaction may be attempted
by using results of theoretical studies on the electron density in the
organic molecules (Higasi, et.al., 1965, p.264).

According to Coulson and Longuet-Higgins, (Coulson, C.A., and
Longuct-Higgins, 1947), an electrophilic reaction will occur at

carbon atom having the maximum value of T -electron density and the

maximum absolute value of self-polarizability. Thus a molecular

oo Sy ey

e ok
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diagram for l-chloronaphthalene (see Fig. 7.2a) will show that
position 2, 4, 5, 7 and 9 are the possible sites of interaction
by an acceptor molecule. From these, site 2 is the most preferred
becéuse higher eléctron density. This interaction will probably
induce changes in the electron density population so that further
interaction occurs near to ¢(7). In this way the formation

of 2SbCl -1-ClOH7Cl may be explained.

3

+0. 142
~0:082 e

+0.002 +0.007

-0,014 ~0,077

Fig. 7.2a Electron density distribution in the
1-Chloronaphthalene molecule
(Ketelaar, 1958, P.302).

In the case of substituents with smaller electronegativity than
chlorine, such as bromine and iodine, the molecular diagrams will
have some differences in the charge distribution and polarigzability.
It seems that in these complexes C(2) is not the most preferred
sité of interaction but between C(5) ~ G(6) and C(7)-C(8), where
the porulation of w-electrons is higherwith a similar distribution
to that in l-naphthylamine (Baba H.m and Suguki, S., 1961).

See Tig 7,25. Although this is not an accurate comparation,it

gives an idea on the electron density distribution in the naph-

thalene molecule having a non~electron withdrawing substituent.
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Tig.7.2b Blectron density'distribution and bond orders

" in the l-naphthylamine.

There is no-significant change of C~C bonds in the region with %
which the Sb atom is interacting, except for Cé of the l~chloronaph-- b
thalene molecule in the 2SbCl§.l—chloronaphthalehe complex which
is ~0.14 i out of the aromatic plane and away from the Sb atom.But

alterations of some other C~C bonds as well as some angles are ob- #

served in the SbClB.l-brémonaphthalene and 2Sb013.1mch10ronaphtha—
lene complexes which could be due to some residual errors,such as
absorpﬁion (e.ge in the SbCl3.1—CloH7Br it is considerably high:
M= 61.0) and extinction,uncorrected in the experimental data.
Calculation of the electron density distribution in the
nephthalene molecule carried out by using Computer Program GAUSSIAN-- . i

80, with the 3-21G basis set of Binkley J.S.,et. al.,(1980),gave

the results shdwn in the following diagram(Ball J.,1980):
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0.2412

~0.1976
0.2402
=~0.2380

~0.2380
0,2402

50.1976

Fig. 7.3
Electron density distribution in

the naphthalene molecule.

From Fig. 7.3, one may explain the areas of interaction in the

2Sbcl, »naphthalene complex. According to it, c(2), ¢(3), c(é),

3
¢(7?) are the most preferred sites. Thus in the crystal siructure
of this complex, the interactiors are localized near c(2) and C(6)
and they are related byabentre of symmetry. The introduction of

an electronegative substituent changes this electronic

distribution as that shown in Fig. 7.2.

No special structural reason was found to explain the difference
between the structural features in the SbclB-l-CloH7I complex
and the structure of the other SbC13'1~halonaPhthalene compounds.
This seems to support the idea of disorder in the position of some
heavy atoms-as mentioned above. If it is real it could suggest
that the l—ClOH?I and some chlorine atoms are disordered in a
direction and are responsible for the continuous streaking parallel

to a* observed in the odd-layer of Welssenberg rphotographs.
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APPENDTIX A

COMPUTING PROGRAM TO CALCULATE THE BEST
FIT OF A RIGID MOLECULE IN A TRICLINIC CELL
WHEN SOME ATOMIC POSITIONS ARE KNOWN.

FORTRAN IV FOR HONEYWELL/TSS.

e ‘
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der,
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FLOW DIAGRAM TO CALCULATE THE BEST FIT OF A RIGID %
MOLECULE IN A TRICLINIC CELL b

ENTER %

l

Read Cell Parameters %
] -f‘

lgead Control Limits L

Read Rigid Orthogonal
Coordinates

)

Read Equivalent Posi-
tions and generate

}

Read and Select Free
Fixed Coordinates

v
Convert TMixed Coordi-
. nates to Crthogonal
v
e Read Rigid Origin

v

Set Control Distance
Limit

T

Increment ¥

Calc. Totated coord.
and Separ, Distances

Separ. <D.Limif>

Yes — 1

Count and store Increase
Accepted Angles . ist,limit /

No.Accep.

Ll > Limit

No.Accep. Decrease

Jist,Limit




10 Calculation of the best fit of a rigid aolecule in a
20c triclinic cell. Sose atons in fixed position.
30c axis a vertical,b down,c across

40 dinansion at(100},x(100),y(100),2(100) :
50 © dinension x0{100),y0{100),za¢100) :
60 dinension xk{f00),yk(100),2zk(100) ;
70 dinension xj(100),yiCi00),21(100) :
80 dinension xi(100),yi{100),2i(100),1i5t(34) ;

. 90 dinension %x1(4),y1(4),21(4),%s(2),ys(2),28(2) : -
100 dinension att(20),xv{20),yvi{20),zv(20) E
110C Read cell dimensions,distance linit and delta |
120 read(5,1) a,b,c,alph,bet,gan,ral,nyv,dlin,del

130 1 forwat(3?7.3,417.2,14,2710.7)
140¢ Read initial distance~-liwkit control and variation of
150c rotaticn angles

140 read(5,%5) tt,nph,nth,nps

179 5 format(f7.2,3i3)

180 ico=1

190 rad=1,/57.2%4

200 al=alph*rad :
210 be=bet*rad P
220 ga=gamerad 4
230 ra=ralsrad K
240 ta=cos(al) 3
250 ch=cos(be) ;
260 cg=cosiga) f
270 cra=cos(ra) :
280 sa=sinfal) s
299 shzsin(be) E:
300 8g=5in{ga)

310 sra=sin{ra) .3
320 bsg=b*sg ' !
330 abcg=atb#cg : ]
340 it=0

350 i1=0 :

340c read coordinates cln and carbons in arthog. spacelin &)

370 do 539 jj=t,nv

380 95 read(5,11) att{ i, xvijid,yvijid,zviij) i
390 1t fornati{ald,3f7.4) ‘ ;
400 write(é,4) ;
410 4 fornat{/,” input coordinates *,/) 4
420c¢ Read shifts to generate equivalent positions ’ :
430 read (5,3 (x2{ ) ,y2( j),z1( ), i=1,4) 5
440 3 foraat(125.2) ]
450 i=0 ;

“440c Read Practional triclinic coordinates of fixed atoms
470 9 read(5,7) at{1),xs{1),ys{1),zs(1)

480 ifixs{1).qt.9.0) go to 30 .
490 7 formatlad,if?.4) ‘ : ‘
500 writeld,22) at{1),xs(1),ys(1),zs(1)

510 22 fornat(2x,a33,317.4)

520 Xe{2)=1,.-n5(1}

§30 ys{2)=1,-ys(1)

540 zs(2)=1.~25(1)

§%90 15 do 23 k=1,2
540 iffza(k)ezsdk). gt .0.292) go to 25




56
570 do 20 j=t,4 , k
580 init+i %
590 w{i)exa(R)+x1{ D *sign{1.0,(0.5-us{k))) o
400 ylidmys{k)+yl(jI*sign{1.0,(0.5-ys(k))) 3
610 20 2{i)=25(k) 3
620 25 continue 3
4630 if(zs(2).1%.0.0) g0 to 9 K
640 zs(f)=z8(1)-1, - E
4650 zs(2)=28(2)-1, ]
660 go to 13 E
670 30 nf=i+i 3
4680 n=i 4
690 read(5,7) at(nf),xi{nf),ylnf),2(nf) )
700 write(s,22) atinf),x(nf),yinf),z{nf)
210 write(4,333) n
720 333 formatt{/,2x,” nunber of fixed atows =7,14,/)
730 do 3t j=1,nf 3
740 x{j¥=x{ D*a B
750 vlid=y( j)*b 3
760 3 z(jr=z2{j)*c o
770c  convert coord. of fixed atoms inte erthog. coord. 5
780 do 201 1=1,nf : p
7%0 ®0{1)=x(1)+y(1)ecg+z(1)¢ch 3
800 yo(l)=y(l)#sg-z{1)*sbscra 5
810 201 zo(l)=z(1)#sbksra ¢
820c rotate rigid molecule _ 4
830 write(4,14) E
840 16 format(/,2x,” rotation about axes /,/) ' 4
850 write(4,18) i
860 1B forwal(2x,” A B C 0 v
870 399 continue ;
880 dalin=dlinedlin & 3
890 t=1.+tt ; X
900 ti=tistt - ‘ A
210 inst=0 3
920 write(4,3%8) dlim,del,ico,tt,t,inst '
930 398 formall(/,1x,” dlist = 7 ,£9.7,1%,7 delt = 7, 78.4,7 cycles=", ?
940 R 4718, 7ico=", 1677 L= TY.G, T UETLRYLN, Y T insts 7B, /) £
950 noo=0 #
260t  rotate about A an angle theta g
970 do 440 k=nop,350,nth 3
980 ak=k .
290 ph=ak*rad
10060 cph=cos{ph) i
1010 sph=sin(ph) . K
1020 do 310 1=1,nv 3
1030 xk{1)=xv(l) . E
1040 ~ yk(li=yy(1)scph-zv(1)#sph :
1050 310 zk(1)=yv{l)*sph+zv(l)*cph ®
1060c rotate about B an angle phi ¥
1070 do 400 j=noo,350,nph 4
1080 CREN s
1090 th=aj*rad 3
1100 cth=cos(th) g
1110 sth=sin(th) X A
3 :




1120
1130
1140
1150
1160
1170c
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300

1310 |

1320
1330
1340
1350
1340
1370
1380
1390
1400
1410
1420
1430
1440
1450
1440
1470
1480
1490
1500
1510
1520
1530
1540
1550
1540
1570
1580
1590
1600
1610
1420
1430
1640
1450
1540
1470
1480
1490

320

do 320 1=1,nv
®J{1)=xk(1)kcth+zk{1)¢sth
yJt1)=yk(1)
2j(1)=zk{1)#cth-xk{1l)*sth
nst=0

rotate about C an angle psi

330

310

360
340

500

10

400
440

12

700

750

2%9

do 500 i=no00,350,nps
ai=i

pseaisrad

tps=cos{ps)

sps=ain(ps)

do 330 l=1,nv

xi () =x j{) *cps~yj{1)*sps+uninf)
yi{l)=yjt1)scpstxj(1)*spstyolnf)
zi(1)=zj(1)+zaln?)

do 340 kk=1,nv

do 510 ii=2,n
pa=xi(kk)-%o(ii)
pb=yi(kk)~yolii)
peezilkk)~zo(ii)
ico=icotd
d=patpatpb*pb4pcHpc
if{d.1t.dslin} go to 500
continue

sux=abcg-xi(kk)
syy=bsg-yi(kk)
szz=-2i(kk)

do 340 ll=kk,nv
gx=sxx-xi(11)
qymsyy-yi(1l)
qz=s2z-2i(11)
d=gx#quiqy*qy+qz*qz
iftd.1t.dslin) go to 500
continue

continue

nst=nst+i

ist(nsi)=i

tontinue

if(nst.gt.0) write(4,10) k,j,(ist(i),i=1,nst)

fornat{tx,2i4,2%,361i3)
inst=inst+nst
iftinst.gt.t) gqo to 700

if{inst.eq.0.and. j.gt.10) go to 750

continue
continue
write(é,12) ico

foraat (i1x,’ all job finished /,’ rounds =%,i8,/)

g0 to %99

it{it.gt.0) del=0.5%del
il=t

dlin=dlin+del

go to 399

if{il.gt.0) del=0.5*del
it=1

dlin=dlin-del

go to 399

stop- 1

end




APPENDTX B

OBSERVED STRUCTURE AMPLITUDES

AND CALCULATED STRUCTURE FACTORS(x5)
FOR (1:1) SbClg, 1-BROMONAPHTHALENE
COMPLEX.
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~339.4

610.8

1000.9
~469.4
204.3
438.3
313.3
727.1
~31é.5
~349.5
-173.4
B4B.O
~234.4
164.6
176.4
~262.3
-393.0
469.3
~247.7
~752.8
=-1002.2
~942.4
~316.0
314.4
-243.%
174,35
~420.6
~221.4
735.9
244.4

PP TR 1 )
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Fo

287.6

990.7
481.2 -

490.4
500.0
3085.5
§54.9
359.6
847.3
52t.%
280.9
660.7
978.5
333.1
250.9
338.7
275.7
327.4
975.4
317.4

698.1

774
493.1
453.3
435.5
240.6
954.4
§11.9
671.8
542.6
404.7
355.2
135.4
289.0
450.9
938.5
714.6
583.7
103.4
386.9
454.7
356.2
489.8
386.1
426.0

715.8
553.2
394.4
248.6
489.1
257.9
731.5
763.2
386.3
375.7

fe

128.8
1046.90

$23.3
=371.7
'323.7
667.3
3138.3
~1026.2
~583.0
156.4
489.4
-a41.7
~276.5
-1721.3
-226.%
179.8
326.3
-577.8
-258.5
805.0
~728.4
-410.0
407.2
337 .14
1768
-$72.8
~601.6
371.5
-583.1
AB4.6
270.5
440.4
220.%
-618.2
§73.1
725.8
492.2
-270.2
185.5
291.9
357.3
-548.7
344.4
406,3
-390.4
=737 .6
~522.8
259.6
"33:4
589.2
-153.4
~690.1
~372.8
279.7
-171.6

375.3
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£
Af6.1 -338.7
476.4 -480.6
407.4 -313.2
390.3  410.7
330.2  2720.5
960.3 -469.4
477.3  388.7
509.8 -413.7
444.9 446486
434.9 -376.8
450.8 387.4
393.3 974.4
397.4 -319.5
3.4 221.9
634.2 5b6.B
400.3 -320.8
322.4 -~281.3
371.9  328.9
404.2 396.9
657.8 -577.0
943.9 4731
478.3 -347.%
46%.4 -~385.0
412.8  450.2
438.5 452.2
466.9 SO0.7
801.3  B60O.8
465.7 403.4
321.5 -402.4
727.1  -734.5
460.1  428.1
666.2 ~735.9
343.5 -340.5
437.8  335.6
218.1 -823.%
599.0 -~430.9
463.6  456.3
1115.2 -1297.0
684.6 ~407.5
321.1 -357.3
994.6  548.2
§98.8-580.%
253.1 10372.7
119.7  356.0
346.0 -264.9
3140  182.8
357.6 ~-254.6
473.7 550.6
443.7 -413.2
867.5 ~911.3
1.5 -917.4
412.8 -417.4
274.4 -160.5
1061.2 ~1358.4
412.8  358.95
980.3  §35.1
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hkl &
-4 2 938.7
=3 2 . 477.2
=2 2 435.4
0 -2 §%96.7
9 ~2 §517.4
-3 -2 452.9
-4 ~2  A45.7
3 -2 450.0
2 -2 539.1
-1 -2 472.8
=2 ~2 4461
-4 -2 387.9
-3 =2 403.3
=7 =2 4466
9 -2 445,95
4 -2 650.4
2 -2 582.8
0 -2 357.0
-1 -2 B05.8
=2 ~2 724.4
=3 -2 472.2
-4 ~2 47647
3 -2 398.4
1 -2 704.9
0 -2 328.7
-1 -2 §22.5
=7 =2 4%0.3
6 -2 528.4
§5~2 290.%
4 -2 538.5
3 -2 3%0.0
i -2 708.0
-1 2 414.8
0 2 707.2
1 2 374.2
2 2 3A2.4
& 2 765.4
-3 2 430.4
-4 2 548.0
=3 2 200.é6
1 2 526.0
2 2 578.6
3 2 424.5
4 2 4046.8
-6 2 369.8
-3 2 472.2
-2 2 354.9
-1 2 758.5
1 2 448.2
2 2 4t
7 2 440.5
-4 2 74b.4
-3 2 778.4
~2 2 450.1
0 2 489%.2
-1 2 583.0

983.1
~401.7
369.3
=623.1
-522.7
§519.7
~383.7
417.0
324.3
429.5
441.3
354.5
=374.1
813.7
~440.9
583.2
~393.9
~287.2
~724.%
724.2
~-318.1
-481.2
327.8
~479.0
414.1
36744
611.2
=004 .1
403.8
935.7
-334.8
9% .7
675.3
821.3
-370.0
~197.6
838.7
290.2
~922.2
-593.2
402.9
-585.9
~440.9
638.7
~266.4
-388.8
~283.8
723.8
~428.4
-461.1
~573.3
~6%91.1
718.1
J366.2
471.0
443.2
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22 666.8
4 2 459.8
5 2 521.5
-4 2 528.1
-3 2 547.4
0 2 4939
1 2 s18.¢
-5 2 487.4
1 2 548.0
-2 2 739.5
2 -3 579.7
-4 -3 461.2
5 -3 493.7
3 -3 406.3
-1 -3 518.8
-3 -3 394.8
-4 -3 454.5
3-3 447,46
-1 -3 458.8
4 -3 595.5
3 -3 596.3
2 -3 396.4
1 -3  343.8
0 -3  A36.b
-2 -3 428.7
-3 -3 377.9
-5 -3 415.7
6 -3 429.3
4 -3 318.1
3-3 428.5
2 -3 631.7
1 -3 6372.6
0 -3 387.0
-1 -3 398.5
-2 -3 531.7
5 -3 365.8
6 -3 564.3
5 -3 325.4
A -3 426.7
3 -3 453.2
1 -3 328.6
-1 -3 5119
-2 -3 515.4
-4 -3 513.5
4 -3 802,9
3 -3 446.2
1 -3 550.5
0 -3  647.2
-1 -3 243.4
-6 -3 470.3
-1 -3 498.2
-3 -3 843.7
-9 -3 470.1
-4 3 351.9
-4 3 503.0
-2 3 164.0

ot

T -435.4
3971
950.8

~482.1
-404.3
-431.4
~488.4
~726.2
~411.4
732.0
. 997.3
427.7
-421.3
99-7
~474.3
303.5
~393.2
431.4
144.4
992.9
661.3
-330.3
257.4
-46%.6
§82.1
384.3
3661
-481.3
-238.3
417.0
~394.5
-478.2
~429.8
314.7
~377.3
345.0
_539-5
273.3
407.0
-435.9
~274.1
510.8
332.4
~-387.0
7446.9
441.1
~9588.2
4609.4
228.7
807.2
-422.3
~1055.4
'73‘.7
319.6
9373
~462.0
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376 .8
956.7
533.1
700.46
204.6
405.2
25645

"350.3

307.1
v61.2
766.2
388.1
682.4
293.7
331.7
666.5
352.3
284.1
234.6
774.5%
914.8
423.7
673.2
956.4
366.6
262.4
695.3
9f.0
335.8
141.9
482.1
369.8
990.1
623.4
38%.7
§32.0
924.5
AB&.7
A17.0
715.3
415.9

414.9

589.6
415.1
530.4
467.4
391.3
420.8
448.4
322.1
389.1
£439.8
452.1
457.7
414.6

424,0

an

382.6
-630.9
~333.5

729.8

151.0

430.0
~200.4
-324.1

{01.4

67747
=791.0

307.3
~643.1

151.1
-505.2
~666.6

614.5
~1%6.5
~228.0
-852.0
~-390.8

326.4

707.5.

358.3
-354.2
181.8
735.8
~532.4
318.5
966.2
~-533.9
-284.6
=523.1
3%1.3
~348.1
-113.3
=167.3
486.4
-306.7
-649.9
~295.%
618.4
-533.0
-036.3
~397.9
365.5
323.4
344.8
-382.9
952.6
308.3
~341.5
434,90
359.6
-471.8
~390.3
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on

985.0
601.7
467.9
330.1
312.3
648.4
486.9
617.8
945.3

T A30.6

408.3
680.0
67840
459.2
612.7
B57.6
397.2
654.4
962.9
756.8
450.9
413.4
520.3
429.4
367.1
499.6
427.3
349.46
647.4
802.8
736.7
741.1
975.4
791.8
499.4
877.9
316.2
280.7
272.4
$21.2
B45.4
450.0
446.4
384.1
344.5
G41.2
488.4
627.9
$24.8
515.8
627.3
728.9
427.3
§71.4
366.2
384.7

AN

977.3
~543.9
~306.7

503.3

4346.4
~699.4
~485.9

576.1

789.4

T=365.8

324.3

764.7
-700.7
~329.1
~640.9
-810.4

592.8

619.3
~487.2

742.8
~432.2

332.2
-506.4
-323.8

227.5
~66%.6

487.2

580.3
~814.9
710.8
1158.4
730.2
239.0
604.8
-1027.6
205.7
-207.6
191.9
427 .6
=974 .1
-258.8
~444.2
269 .1
283.0
476.4
358.1
999.2
-461.9
~370.0
360.5
=766.0
451.3
680.1
-337.0
~-392.2
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35641

423.5
402.3
711.3
942.3
297.7
348.1
826. 1
681.8
419.9
643.1
316.2
352.5
290.3
574.8
603.7
75946
477.4
464.8
497.9
545.5
539.8
436.7

461.7

409.7
847.%
410.3
451.2
635.4
307.3
584.7
499.6
489.4
4%0.8
394.Y
434.7
734.8
849.1
404.9
337.3
995.7
394.1
388.0
827.1
382.3

ATl

~-278.8
~219.8

387.1
~629.0
1036.2

245.9.

-283.8
863.3
644.4
191.3

~648.5

-32%.1

"288. 1

~261.3
346.8
531.0

~728.46

-330.5

~342.8

-385.9

~421.3

~024.6
300.7
333.46
335.9
~-658.4
221.6
529.8
604.8

-383.3

~602.0

-994.3
428.2

~-492.6

~493.3
301.2

-588.8

~%66.2

-337.3
345.8
651.3

-309' 1

~264.4
704.4

_”_'33507 X

h K | R
2 0 -4 780.4
2 -2 -4 042.2
2 -3 -6 374.8
2 -4 -4 A451.9
17 ~6 1010.6
1 5 -6 513.
1 6-6 339.4
1-1 -6 781.5
1 -3 -6 548.9
0.-8 & 401.0
0 0 6 411.0
0 2 & 374.5
0 4 & 565.5
1 -9 & 546.2
1-5 6. 820.0
i 1 6 852.4
2-8 6 517.5
2-6 & 592.9
2-5 & 352.2
2-3 & 572.9
2-2 & 633.8
2-1 6 312.6
2 0 6 312.0
2 3 & 521.5
3-8 & 4648
3-7 6 47122
3-6 & 596.6
3-5 & 509.4
3-1 & 640.8
3-0 6 528.6
3 2 4 483.3
4-5 § 380.3
4-4 6 457.3
4-3 & 6561
4-1 & 1457.0
4 0 & 4384
5 -6 & 541.5
5-5 & 442.1
5-4 4 472.2
5 -2 & Abb.d
5 0 & 4868
77 b 4023

k

859.2
625.9
335.7
-391.3
~95%.4
378.9
'291-6
721.0
~674.0
=322.7

. "200-8

308.4
~636.9
651.0
1016.7
1135.4
-500.7
~5%0.6
278.5
~607.4
~8664.7
251.5
188.5
~427.3
-339.9
~367.1
972,35
434.3
-585.3
938.2
-537.4
296.3
336.8
-644.3
424,46
393.4
990.5
-418.9
~395.3
-425.2
9%7.38
855.7
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h k 1
6 -3 ¢
6 -2 ¢
3-9 0
0 4 0
0 0
3 1 -
2 2+
2-10 1
8 2 2
&~y =2
3 -6 2

REFLECTIONS NOT USED IN REFINEAENT

Fo Fe

h k 1 fFo
468.5 ~355.0 1 3 -3 58t.4
502.2 377.5 0 4 3 29%9.4
475.4 71.7 4 0 3 301.2
291.3  -34.,% 2 0 -5 265.8
562.5 ~44.3 2 3 -6 520.9
148.1 249.4 2 2-6 574.3
198.7 92.8 3~9 & 449.9
349.1  192.8
461.72 2521
44,4  513.7
793.0  478.0

ft

~593.8
-37.1
"i52 n4
122.8
959.6
~122.9
f0.4

NON OBSERVED REFLECTIONS FOR SHCL3I.1-BROMONAPHTHALENE

fo

137.4
240.5
314.2
84.4
417 .4
316.9
420.4
387.4
426.2
425.5
394.1
331.%
244,2
217.1
251.1
34¢.3
402.4
433.6
270495
253%.%
260.3
27747
384.2
444.9
387.2
360.6
334.1
284.9
347 .0
372.4
39%.48
402.6
378.4

BS=Back Btop, OR=0ut of the observable Range

NA=Not Available

fc h k 1 Fo Fc h k 1 Fo
4.4 5 6 0 3%i.5 -157.1 =1 -1 129.4
-2,3 & & 0 414.7  BA.9 1 -4 -1 209.5
120.4 5 -7 0 398.0 T206.1 1 ~6 -1 255.2
~39.2 27 0 350.2 267.0° t =7 -1 277.1
~257.5 ¢ 7 0 342.3 3b.d 0 -7 1 260.2
17.1 1 7 0 347.0 -270.5 0~6 1 237.5
-278.4 5 7 0 411.9 158.2 0 -5 1 213.7
242.3 5-8 0 418.8 -100.2 0 -3 1 159.2
252.4 3-8 0 384.7 145.5 0 -2 1 125.90
37.7 0 8 0 370.1 -185.4 90 -1 1 774
46.3 1 B 0 374.5 41.1 0 0 1 59.3
t13.1 3 8 0 394.9 -136.7 ¢ 1 1 114.4
~173.4 5 8 0 433.4 25.4 0 3 1 180.9
=5.1 2 -9 0 402.9 -177.8 0 5 1 231.4
127.3 0 %7 0 397.6  5B.5 0 & 1 254.4
6.2 2 9% 0 410.0  145.% 0 2 1 27AS
73.7 7 0 -1 300.3  ~7.1 1 -7 1 261.3
124,90 7 -1 -1 30i.2  75.9% i ~4 1 239.2
~30.9 5 0 -1 248.7 ~37.2 1 -4 1 192,90
-90.7 5 -3 ~1  262.8  70.é 1 -1 1t 114.4
97.9 4 5 -1 245.5 129.8 i 0 3 2z
-102.7 4 4 - 250.4 39.5 ¢ [ S | 280.1
9242 4 -2 -1 228.9 54.8 2.3 1 205.1
139.2 4 -3 -1 239.8 -186.5 2 4 1 226.0
-105.7 3 ¢ -1 187.4 2.7 3-7 t  277.2
180.2 3 -1 -t 192.2 414 I-5 1 240.6
-137.4 3 -5 -1 252.9 ~97.7 30 1 190.7
=19 2 -3 -1 198.3 i8.9 35 ¥ %13
207.2 1 7 -1 244.0 -364.80R 3 & | 279.9
67 .4 1 6 -1  241.9 ~138.8 4 -5 1 258.4
355.5 i -4 -1 209.5 ~-125.1 4§ T 1 8.3
142.5 i 1 =i 114.4 -139.8 5 5 1 298.0
221.4 0=t 1072,7 -49.2 6 -2 1 277.8

BS
B§

BS

4
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B ke ek b ke ke ek e

Fo

276.5
286.7
306.2
303.6
302.8
306,90
433.0
424 .5
422.9
423.8
428.9
436.3
410.2
400.1
392.9
389.1
388.2
390.9
396.5
392.6
378.7
354.°9
354.0
37445
387.9
381,9
334.4
319.4
378.1
397.7
418.8
356.7
335.9
317.2
28%9.2
300.3
314.3
334.7
395.3
377 .5
358.8
251.6
242.%
360.4
383.5
315.4
288.1
260.8
198.1
266.4
348.1
37341
401.8
359.7
331.5
302.3

" Fe

~72.0
~34.1
~127.9
175.4
2.7
32.8
=524
235.3
~413.7
293.1
72.2
88.9
313.4
287.3
-147.5
1.9
=20.3
~-288.4
247,14
~41.7
22.1
~342.9
160.8
-328.8
354.5
-302.9
~217.8
-280.8
~133.7
138.8
~231.8
~53.3
-14.5
160.7
227 .4
~186.4
=27.3
87.4
-214.4
203.2
176.3
~117.0
~37.4
160.3
8%.9
=74
151.0
~93.4
~236.7 85
§8.7
349.5 OR
250.4
-4462.3 OR
251.9
-140.2
~161.3
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Fo Fc
23957 74.4
204.9 47.7
167.8 ~180.1
137.8 5646.4 BS
145.5 -94.7
217.1 209.7
282.7 -58.3
341.3  289.f
369.2 1é1.8
377.1 144.4
359.2 -242.2
326.7 7%.7
285.:2 2.6

- 191.3 -5%.4
142.6 ~445.3 BS

45.4 -33.4
109.0 ti14.2 s
167.5 ~52.7
247.4 -Bé&.4
1.3 ~72.4
368.9  -23.1
356.7 -290.4
297.4 149, ¢
26%9.4  245%.7
237.3 -113.1
1648.4 - 234,383
44,7 ~307.% DS
156.5  144.%
287.8  214.%
317.5  259.5
a73.4 =327.7
401.2 -57.0
343.5 -198.7
283.3 -142.3
2763  =74.5%
303.2 57.6
330.3  422.4
3B3.4 -228.9
410.2 -138.9
ISt -212.4
793.0 476.0
251.9 26.4
246.8 -%2.5
251.0 11.9
348.1 22.7
372.7 =206.9
397.7 -~208.1

3291 39.3
Ji2.1 ~13%.3
28%.9 -247.9
329.4 20.7

“34877 T -77N
369.8 354.3
392.0 -Bé4.4
3722.7 342.0

e BRI NI TFI PI DI PI PI G G G M Gl B B e B B A GO- YN NN gomOoNNNNNNNYNN TN T
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Fo

356.4
333.2
358.8
414.4
364.9
359.7
358.5
376.3
388.8
403, 6
420.6
404.6
397.7
393.5
392.3
394,7
408.7
419.7
433.0
426.2
428.6
433.3
400.1
397.2
397.7
408.7
383.0
345.3
3621
363.1
345.3
388.1
402.5
333.7
375.5
336.6
33¢.2
350.3
172.1
395.3
252.5
250. 4
204.4
353.5
379.0
379.0
313.0
284.6
207.7
254.9
283.3
311.4
339.3
329.1
298.8
266.9

Fg

236.7
89.5
337.6
-158.1
183.1
67 .0
291.9
-71.2
115.8
144.4
374.8
=173.3
130.2
10644
~3%.8
91.2
-295.7
371.8
423.1
394.4
~-185.5
~43.2
-67.8
-110.8
~187.2
A75.6
~157 4
39.9
~281.2
~292.4
7.9
~75.9
2.9
47.8
~352.8
~120.0
~42.5
~141.9
~345.2
~78.3
71.4.
~34.0
~84.0
il1t.6
124.0
126.0
97!

2
-30.48
119.0
~14.4
58,9
172.7
~3264.4
-1198.1 OR
-124.7

93.1
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Fo
157.0

136.1
169.0
235.6
301.2
331.5
340.7
389.1
324.0
239.4
179.3
48.0
136.9
189.2
266.9
330.4
360.2
389.1
2%6.4
231.3
162.7
150.4
i73.4
363.6
3%4.0
281.1
294.5
34%.5
376.3
267.2
257.0
239.1
367 .2
392.4
331.8
315.7
294.7
327.3
346.0
366.4
388.4
338.8
333.7
392.9
403.2
421.0
404.1
404.1
399.0
384.2

37647

367.1
368. 6
334.0
335.0
332.0

Fc
-120.9
-161.9 Bs
~-1%2.7 BS

114.0
-158.8
120.1
181.2
~408.3 or
é4.8

12.4

17.1

92.9 BS
1416.1 BS

56.6

47 .8

9.3

431 .3 NA

14.3
74 .4
-181.4
123.2
692.1 BS
110.3
~274.0
209.2
~33.0
-204.0
313
249.6
17.8
16.4
35.0
372.4
0.2
131.4
10.1
-120.0
27.3
=139.90
B1.0
314.3
~29.2
144.3
333.0
~11.7
237.3
-9.2
=210
282.5
=254.2
2.9
168.7
-308.5
192.8,
165.3
-191.4
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Fo

333.5
349.4
358.8
339.1
321.8
307.8
305.5
318.3
335.0
357.9
334.1
254 .8
258.7
270.4
331.7
312.6
289.8
259.3
286.7
326.0
265.8
166.6
152.4
171.6
271.2
343.7
319.2
288.95
218.4
119.2

N8.7
138.7
230.4
298.0
328.4
319.8
257 .3
184.5
145.4
131.1
162.4
271.8
303.1
353.2
243.2
342.1
243.2
241.7
250.3
360.9
339.7
303.4
301.3
317.4
336.4
385.0

Fc

183.2
144.6
-275.3
~269.1
-114.9
~351.1
~210.5
234.2-
-190.4
229.8
160.9
-136.8
41.3
~207.5
3.7
-224.4
-4.7
70.2
-63.2
147.2
~247.0
-754.1
-87.1
-295.1
30.3
-27.2
32.8
-23.9
-22.4
-34.0
-590.0 BS
24,4
27.8
~17.0
-81.8
-93.3
164,
-127.9
-544.0 BS
68,9
64,6
-51.8
-748.9
-335.1
-64.5
~344.9
-148.3
108.4
47.7
-334.5
259.7
151.0
-81.9
~204.4
-340.7 OR
-23.7
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PS

OR

OR

B DI BN NI D = ot vk oot ot ot e ke ke U KD KD N O Y D e ek et ke ek e e PRI GIN E eEDSA LI ONIICIAN Y

1 1
—

O B Gl N = B2 G = O o U RO -

]
— D u LN O~

oo OO0 OO0 0O OO T OO O

Fo

335.3
320.%
320.9
323.7
348.7
367.7
360.3
354.4
433.0
429.6
448.2
482.7
390.1
386.3
448.9
397.5
375.2
357.3
395.6
373.2
394.8
419.5
313.0
2%0.0
424,95
36%.4
335.0
306.2
314.0
225.8
1771
154.1
191.3
325.8
400.2
346.8
306.6
261.6
208.9
139.4
81.5
172.7
352.2
314.7
233.%
197.7
188.9
216.7
257 .2
336.3
372.8
3468.4
277.9
326.5
358. 46

322.8

Fc

-35.7
-31.7
6.
B0,
fa
315.4
114.9
-322.0
397.3
-280.8
292.3
-258.8
253.2
242.1
L1050
2.9
-303.4
Tt
217.1
=46.1
195.4
187.2
183.2
120.8
~182.4
-176.3
92.0
“19.9
-93.8
115.4
-293.3
~31.0
-430.0
~2.9
=240.4
3.7
15.4
113.5
572.4 PS
78.3
~12537.2 BS
6%.3
-273.1
65.4
-184.0
303.17®s
~61.0
155.2
231.9
~161.4
~136.5
?5.9
91.8
22.9
87.3
~7.8
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311.0  -32.0 4 -2 &
36t.3  347.7

FOURT

Fe 1
248.5 3 -3 6
99.5 a-1 6

Fo

403.6
409.7

This layer was omitted in refinenent due to poar

Fo & Fc agreement.

=
=
oz

fFo Fe

0 -4 560.8 =-620.7
3 -4 A45.8  333.4
1 -4 383.0 272.2
-4 393.5 437.8
-4 353.8 -324.1

i
B
Ot
i
L&
»
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i
i

3
=

-4 431.4 -527.0
-4 422.4 655.6
-4 518,55 -5764.9
-1 -4 403.4 -388.8
=2 <4 BIB.& A33.6
-4 527.9  540.2
-4 487.7  §534.4
-4 490.2 481.3
-4 562.3 -641.9
-4 4480.7 424.5
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~4 36?:
-4 781.3 1917.3
-4 47%.2 359.7
-4 A71.6  965.7
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-3 =4+ 36i.9

-5 -4 4497
-7 -4 A7%.7

4 4 431.5
8 4 459,48
-2 4 385.4
-4 4 580.6
~4. 4 583.4
1 4 483.0¢
3 4 S T |
-2 4 579.4
-7 4 330.3
~3 4. 488.7
-2 4 513.2
-1 4 447 .4
9 4 495.3
5 4 444.,5
-6 4 305.2
~3 4 283.4
-1 4 742.5
¢ 4 . 311.2
2 A 500,38
4 &  177.%
-8 4 431.7
-4 4 2096
-3 4 396.4
-2 4 587.2
-1 4 613.5
0 4 41,9
-3 4 651,59
-2 4 ° 3B72.%
-1 4 340.4
0 4 380.3
2 4 3927
-3 4  340.8
0 4 4646.8
1 4 4i3.7
2 4 476,79

THE FOLLOWING REFLECTIONS WERE NOT USED IN COHPUTIWNE
LEAET SQUARES REFINEMENT OF THE FOURTH LAYER:

0 ~% 4 399.7 12,7
0 -7 4 3530.7 22.4
0 -3 4 254.4 -08.5

3 -3 4 S03.4
3 -2 4 557.9
=3 4 430.3

Fc

~144.0
548.0
504.3
-578.3
~53B8.¢
-250.3
102.1
~148.7
665,46
-424 &
~266.6
26747
~646,0
-228.4
904,4
404.8
939.9
7091
~6171.3
-871.3
25¢.1
-604.1
409.90
1465.9
49047
~528.7
249.1
647.1
306.5

o
&l awd

=135.9
295.7
a98.3
-516.4
S81.4
~524.4
~248.4

-141.3

90.4
-58.4
~2G.9
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Fo

550.7
532.8
532.8
539.8
550.7
322.9
5062
484.1
495.0
508.2
525 .4
544.2
481.0
444,7
437.8
435.2
487.0
511.0
537.6
494.3
467.2
440.3
405.4
451.2
509.1
401.3
331.8
380.3
413.9
485.4
520.0
5547

. 442,64

366.7

RON-DBSERVED

FOURTH

Fe h k 1
264.7 I )
1.2 2 -~ ~3
-183.3 2 -3 ~4
~-109.3 2 -5 -4
305.2 2 -7 -4
~33%.E 1 8 -9
-268.9 1 7 -4
43.0 1 &6 -4
270.1 1 4 -4
~152.0 1 2 -4
~2b.2 i 1 -4
7.0 I 0 ~4
-97.5 1 -2 ~4
154.1 1 -4 -4
-73.0 1 -6 -4
-187.3 0 -9 4
~260.6 0 ~8 4
~187 .4 0 ~¢6 4
~154.0 -9 4
-158.8 0 -4 4
276.2 0 -2 4
-180.9 0 -1 4
206.8 ¢ ¢ 4
130.2 0 1 4
-371.2 0 2 4
104.2 0 3 4
29.5 0 5 4
203.5 0 6 4
~21%.6 0 7 4
-199.¢ 0 8 4
-112.5 D 3 4
-178.3 1 =7 4
2808 1 -5 4
~30.% 1 -3 4

REFLECTIDNS
LAYER
Fo fc

7.1 204.7
394.6 -~224.4
I02.4  3a5.1
468.2 -203.3
942.1 i72.7
445.6  268.5
425.9 -447.5
384.6 ~B0.8
293.1 105.0
191.7 -78.3
185.3 -189.9
231.7 ~240.5
332.2 84.1
418.4 ~-191.4
497.3 127.0
493.9 ~17.7
459.5 ~734.5
376.3 -231.4
330.2 5.4
276.1  159.5
127.4 -2577.6
121.9 30,0
22,2 -204.5
229.8 ~67.7
328.0 32.8
374.4 ~24.0
457.9 -41.8
4972.0 59.3
335.7 ~106.2
373.8 ~53B.4
411.8 CZab
423.4 -580.4
33%.2  BO4.7
244.7 10.7
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Fo

209.3
211.8
250.9%
343.4
426.9
445.9
504.3
542.4
474,32
401.0
3£4.5
3329.9
337.3
372.9
409.0
445.3
482.2
460.2
428.5
273.1
381.8
435.7
905.0
488.6
451.8
437.8
426.9
449.0
A74.4

©§02.7

493.2
452.7
472.0
2.3
493.7
497.9

Fc
14B.5
-740.2
331.2
-55.5
288.3
265.8
~44,3
245.8
~380,2
&.1
103.2
999.3
~175.3
156.3
-281.3
~25.4
A57.0
-987.%
709.1
~243.0
58.0
~232.3
~260.2
101.3
146.8
263.3
~-108.8
278.0
-115.4
214.3
518.7
~664.5
-61.4
124.1
~140.9
354.9
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APRPPEND IR C

OBSERVED AND CALCULATED
STRUCTURE AMPLITUDES FOR THE
(2:1) SbCl3.1-CHLORONAPHTHA~
LENE COMPLEX,

Scale= 1.0 F(000)=1152
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APPENDIX D

OBSERVED AND CALCULATED
STRUCTURE AMPLITUDES FOR THE
(1:1) SbCljy.1-IODONAPHTHALENE
COMPLEX REFERRED TO THE HALF CELL.
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