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The crystal structures of a series of substituted 
benzole acids and of a camphane derivative have been 
examined by X-ray diffraction methods.

o-Chlorobenzoic acid crystallises in the monoclinic 
system, space group C2/c, with eight molecules In the 
unit cell. The crystal structure, which consists of

t

centrosymmetrical hydrogen-bonded dimers, was elucidated 
initially in projection by Patterson methods. The final 
atomic coordinates were obtained from a three-dimensional 
least-scuares refinement involving 1034 observed structure 
amplitudes. The hydrogen atoms bonded to the benzene 
carbon atoms have been clearly revealed in difference 
syntheses but the hydroxyl hydrogen atom proved more 
difficult to locate. The strain which would be imposed 
on a planar ideal molecule is relieved by the carboxyl 
group rotating 13.7° out of the plane of the benzene ring,
by the chlorine atom and exocyclic carbon atom being

o odisplaced by +0.036 A and -0.058 A, respectively, out
of the plane of the benzene ring, and by in-plane
displacements of the exocyclic carbon-carbon and
carbon-chlorine bonds away from one another so that
two of the exocyclic valency angles are increased from
the normal value of 120° to IPS.5° and 194.70 respectively.
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o-Bromobenzoic acid Is monoclinic, space group G2/c, 

with eight molecules per unit cell; it is isomorphous 
with o-chlorohenzoic acid. The final atomic parameters 
were obtained from a least-squares treatment of the three- 
dimensional data, a total of 1146 observed structure 
amplitudes being employed. The plane of the carboxyl 
group is inclined at an angle of 18.3° to that of the 
aromatic ring. The bromine and exocyclic carbon are 
also displaced sideways and out of the benzene plane 
in opposite directions.

2-Chloro-5-nitrobenzoic acid forms monoclinic crystals,
space group P2x/c, with four molecules in the unit cell.
The crystal structure has been solved by two-dimensional
Patterson methods. The final atomic coordinates were
obtained from a least-squares analysis of the 1027
observed structure amplitudes. Difference syntheses
served to reveal the positions of the hydrogen atoms.
The molecules occur as centrosymmetrical dimers with

ohydrogen bonds (2.61 A) between adjacent carboxyl groups.
The carboxyl group is rotated 23°, and the nitro group 7°, 
out of the plane of the benzene ring. This is discussed 
in terms of an intramolecular buttressing effect.
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4-Chloro-3-nltrobenzolc acid and 4-bromo-3-nitro

be n zoic acid are iBomorphous, monoclinie, of space group 
with four molecules per unit cell* The structures 

have not yet been refined extensively, refinement (hy 
Fourier methods using both F0 and F0 syntheses) having 
been confined to the h0£ and h31 data. In 4-chloro-
3-nltrobenzoic acid the nitro group is rotated 46° and 
the carboxyl group 7® out of the plane of the benzene 
ring, The corresponding angles in 4-bromo-3-nitrobenzoic 
acid are 49° and 9°.

Crystals of (♦)-10-bromo-2-chloro-2-nitrosocamphane 
are orthorhombic, of space group PS^x8!# eight
molecules in the unit cell. The asymmetric crystal 
unit consists therefore of two crystallographically 
Independent molecules necessitating the location of 
28 atoms other than hydrogens. The positions of the 
bromine atoms were obtained by Patterson methods, 
successive three-dimensional Fourier syntheses served to 
locate the remaining atoms. The two crystallographically 
independent molecules appear to be conformationally 
identical, differing only in orientation in the unit 
cell. The presence of the bulky chlorine atom els to
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the (Me2 bridge causes some distortion of the 
camphane molecular framework.

An Appendix which contains details of some 
programs devised hy the author for the DEUCB 
computer» is Included*
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1.
1,1* Introduction.

With the discovery by von haue in 1912 of the 
diffraction of X-rays by crystals, modern crystallo
graphy had its hirth and a powerful new technique became 
available for investigating the structure of matter on 
an atomic scale. Since that time, considerable advances 
have been made# The subject has been put on a sound 
theoretical basis and the structures of many simple 
molecules have been examined in detail to provide evidence 
about the nature and length of chemical bonds. In addition, 
the structures of many quite complex molecules, where the 
chief interest lies in the order in which the various 
atoms are bonded together, have been determined. Both 
types of structure determination are described in this 
thesis* The availability of fast computing facilities 
in recent years has meant that many structures which 
could not have been tackled previously, because of the 
sheer magnitude of the labour involved, can now be 
Investigated. 5br smaller molecules it has meant more
intensive refinement to the limits of the available data*

The major difficulty facing modern crystallographers 
is that no method has yet been devised for measuring the 
phases of the diffracted spectra. Although the amplitudes



of the diffracted “beams can be measured accurately by 
using electronic counting techniques, the phases of the 
diffracted rays must be obtained by other methods.
Many investigators have devoted their energies to this 
"phase problem”. Methods for overcoming it have been 
devised by Patterson (1934, 1935), Harker and Kasper (1948), 
Karle and Hauptmann (1950) and Sayre (1952). Since no 
completely general method for solving a crystal structure 
is available, the methods used will depend on the particular 
problems which the structure poses.

1* 2. Structure factor expression.
If the positions of the atoms in the asymmetric 

crystal unit are known, it is possible to calculate 
structure factors for comparison with those obtained from 
the experimental data. The structure factor expression 
may be derived from considerations of a primitive lattice 
defined by the lattice vectors a, b and c. It is assumed 
that each lattice point is the site of an electron, for 
example, and As in Fig.l below. fhe two lattice points 
Ax and Ag are related by the vector

s * +■ • • • • • • •  (i)
where u, v and w are integers.
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A N

ja&jL-

If a parallel beam of X-rays of wavelength A  falls 
on the lattice In a direction specified by a vector jgg of 
magnitude 1/A , and after diffraction travels in the 
direction defined by the vector a of magnitude l/A , the 
path difference between the two scattered waves is

A^H - AgIS * A . (r.s - r»Sn)
* A.p »S • » • • * • # *  (ii)

Where S m s - ©q.

Ib ensure that the waves scattered by A^ and Ag 
are in phase, this path difference must be a whole number 
of wavelengths, i.e* £♦;§ must be integral#

Hence by (I) (ua + Vb + *&)#,§ must be integral 
and since u, v and w are integral, each term must be 
integral, i.e.



where h, k and £ are integers*
These are known as Laue’s equations; the integers 

h, k and L are the Miller indices of the diffracting 
plane*

If the unit cell of a crystal contains H atoms, the 
n^k of which has coordinates (xn, yn, %), the position 
of the n ^  atom can he defined hy the vector Where

* XjjS + ŷ b + ẑ o . . . . .  (iv)
The path difference of the wave scattered hy this 

atom and an atom at the origin of the unit cell is, hy 
(il), A r a n d  the phase change is

SLEXiEn§ »
\

Thus the expression for the wave scattered hy the 
ntlx atom contains the term 

fn exptSrrirjjS)
where fn is the atomic scattering factor of the n**1 

atom* The complete wave scattered hy the & atoms in the 
unit cell will thus contain the term



By substituting (iv) in (v)
H

F 85 2  fn exp 2’rri(xÎ .S + y ^ S  + %c.S)n»l
Hence by (iii)

» „F js 2  fn exp 2TT iChx^ + kyn + £8*1
The quantity F is called the structure factor and 

Its modulus, the structure amplitude, is defined as the 
ratio of the amplitude of the radiation scattered in the 
order h,k,£ hy the contents of one unit cell, to that
scattered hy a single electron under the same conditions,
I.e. |Pl is a pure number, a number of electrons*

As was mentioned in 1*1, the phase of the scattered 
wave is not an observable quantity; what is observed, the 
intensity of the scattered wave, is proportional to |F| '* 

Then if P ■ A + IB
F*F* « FS » A2 4- where F* is the complex 

conjugate of F and
A a Z fn cos 2 tt (h^ + kyn + t zn)

n * . • * (vi)

B * 2  fn sin 2Tr ̂ ^n + ^ n  + 
n

These are the equations used in practice* Important 
simplifications can be made if there are symmetry related 
atoms in the unit cell* With a centre of symmetry for
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example, for each atom at (x y a), there is a corresponding 
atom at (x y z)* This causes (vi) to reduce to 

H/2
A * a 2  f_ cos 2Tr(hxn * ky*j ♦ i % )  

n»l
B » 0

the summation now being made over half the unit cell.

1.3* The atomic scattering factor.
In 1.2 it was Implied that the scattering unit in the 

crystal is the electron; this in turn implies that to 
calculate structure factors the positions of all the 
electrons in the unit cell must be known. The difficulties 
Inherent in this procedure are avoided on recognising 
that each atomic species has a specific number of 
electrons associated with it. The general distribution 
of electrons with respect to the centre of an atom, though 
difficult to calculate, may be found. This has been done 
for many of the elements by McWeeny (1951), Berghuis et al 
(1955), Tomiie and Stam (1958) and others.

The scattering power of an atom, f0, is expressed 
In terms of the scattering power of a single free electron.
The maximum value of f0 is equal to Z9 the atomic number
of the atom and falls off more or less readily as a
function of 0 , the Bragg angle. The atomic scattering



7.
factors available in the literature are calculated for 
atoms undergoing no thermal motion* Since this is 
never the case in practice, the atomic scattering factor 
must he modified to allow for the thermal vibration of 
the atom* If 0L is the mean displacement of the atom 
from its mean position, then it may be shown that for 
simple isotropic motion the scattering factor f0 should 
be modified by a factor

exp - 8 tt2 58 slns6 / X 2 
i.e* fn a fQ exp - B sin2 $ / X 2 

where B « 8 tt and is known as the Debye temperature 
factor (Debye, 1914)* A method of finding an approximate 
overall value for B has been described by Wilson (1942).

If, however, the thermal vibration of the atom is 
anisotropic, the scattering factor fQ must be modified 
by a factor such as

exp - (fcixh2 * ^22fe2 * b33*2 * * b25^ * bS l ^
(Cruickshsnk, 1956)

Where the b ^  and b ^  terns characterise the time-
averaged elipso1dal volume through which the eleetron
density is distributed.
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1*4. Fourier series,

A periodic function can usually be represented "by an 
appropriate sura of sines and cosines known as a fburier 
series* In 1915 W.H*Bragg first suggested that since 
a crystal is periodic its electron density could be 
represented by such a series.

If/>(xyz) Is the density of scattering matter at any 
point with fractional coordinates (xyz) in the unit cell* 
then •o
p(ay&) « 2 T. z A(pqr)exp - 2 tt i(px + qy + rs) . • (vii)— 0*

The number of electrons in the volume element dxdydz 
is given by p (xyz). dxdydz* When the unit cell has a
volume V it may be shown that

i ; f

3*(hk£) ** VJ f f /o(xyz)exp 2TTi(hx + ky + /z).dx dy dz
9 o o

* * * * (viil)
The values of the coefficients A(pqr) in (vii) are 

obtained by substituting for p(xyz) in (viii) and 
obtaining

F(hki) * V
. exp 2 rT i(hx + ky4.£z).dxdydz. * * (lx)

On integrating, all terras in (ix) vanish except 
those for which p a h ,  q a k and r » z.

/||fzZZA(pqr)exp - 2rri{p3c+ qy ♦ ra)J
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Consequently

F(hk£) » v / / /  A(pqr)*dx dy dz « V A(pqr)• 99
ana A(pqr) » g(ftk £)

V

Equation (vii) is thus converted to
»•

p(xyz) m 1 2 2 Z F(hkJ2 ) exp - 2 TTi(hx + ky + 1%)
V

* * • • i (x)
The zero term F(000) a Z, the total number of electrons 
In the unit cell* Since fn falls off with sin 6 , the 
terms in this series will decrease and consequently the 
series will converge if sufficient data are available* 

Equation (x) is not suitable for the quantitative
evaluation of electron densities; it may he conveniently
expressed in the form 
p{xyz) » 1 I I  ZT|F(hk0)| cos £ 2 tt (hx + ky + 2%) - <*hk£]

......... (aei)
where <*hkfl is the phase angle associated with the 
amplitude F(hkl2)

If the crystal structure contains a centre of 
symmetry, oL is then limited to values of 0° or TT0 and 
equation (xi) reduces to 
fi(xyz) * 1 £ 2 2  ~ F(hk£) cos S'fi'Chx ♦ ky + £z)

* * • * # * #  (xii)— 09
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If only the projection of the electron density of a 

centresymmetric structure on a plane Is being considered, 
equation (xli) simplifies further toco

p(x?) * 1 Y  T  £ F(hk) cos 2ir(hx + ky)A
The major drawback associated with the Fourier 

series, as expressed in equation (xi), is that initially 
the phase angles associated with the structure amplitudes 
are not known* The methods utilised in this thesis to 
overcome this ,fphase problem’1 are described below.

1.5, Trial and error methods.
From information culled from a knowledge of the space 

group, known bond lengths, van der Waa^s radii, previous 
work on structures of the same type, etc., it may often 
be possible to postulate a set of coordinates for the 
atoms in a molecule. Structure factors are then calculated 
to see if these atomic parameters lead to values of |F| 
which agree with those observed experimentally* If a 
very poor agreement is obtained the proposed structure 
may not be worth attempting to refine and some other trial 
model tested. This process may be continued until good 
agreement between the observed and calculated structure 
factors is obtained or until a solution is found by other 
methods.
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1•6* The Patterson series*

A*L*Patterson (1934, 1935} devised the synthesis 
which hears his name as a method of obtaining information 
about crystal structures using only the phaseless |F| fs»
The Patterson function of an electron-density distribution

1 * i
p(xyz) * /y 2  2  2  F(hk£) exp-2 TTi(hx + ky ♦ tz)

-

is defined as
• i i

P(uvw)■« v f f f  p(xyz)-. p(xtxi9 y+v, z+w). dx dy dz
o oo

• . . . . (xiii)
and can be expressed as the Pourier series

00
P(uvw) * ~ 2  2  2  |P(hkOIS exp-2 rri(hu * kv ♦ /ir)

- 0*which can be computed without ambiguity since the 
IS'tMcJZ)!2 's are directly related to the observed intensities* 

The function P(uvw) in equation (xiii) can only have 
a large value when both /o(xys) and p (x+u, y+v, z+w) are 
large. This will happen, for example, when one atom 
occurs at (xyjs) and another at (x*u, y+v, z*w) separated 
by a vector distance (uvw)* A peak in the function 
P(uvw) at (^xvlwl^ corresponds to an interatomic distance 
in the crystal defined by a vector with components u^, v^»
and the height of the peak is proportional to the product 
of the scattering factors of the two atoms concerned*
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If the structure contains a large number of atoms in the 
a symmetric crystal unit, the vector map may be difficult 
to interpret because, when H atoms are considered,
N (H - 1)/S distinct vector peaks are possible*

The Patterson method has had many successful 
applications and is especially useful for small molecules 
containing relatively few atoms of atomic number much 
greater than the remainder. In such cases it may be 
possible to identify all the peaks in the Patterson 
function and hence solve the structure.

The method loses a little of its power for organic 
structures containing many carbon, oxygen and nitrogen 
atoms because of the multiplicity of interatomic vectors 
of approximately equal weight which cannot be interpreted. 
However, the vectors arising from "heavier” atoms can 
usually be located, allowing coordinates for these atoms 
to be derived. Use may then be made of the heavy-atom 
method in obtaining coordinates for the remaining atoms 
in the structure*

1.7. She. heavy-atom method.
One of the most important phase determining methods 

is that which involves the use of an atom or atoms with 
atomic number high compared to other atoms in the structure*



13.
A "heavy atom" will, in general, tend to dominate the 
phases of the diffracted spectra although complications 
may occur if the atom is situated at a special position 
in the unit cell. The heavy-atom coordinates can usually 
he found fairly readily by Patterson methods, as described 
in the previous section. Structure-factor calculations
based on the heavy-atom contributions alone provide a 
set of phase angles \¥hieh can be applied to the observed 
structure amplitudes in the summation of a Rmrier series. 
In the resulting electron-density distribution some or 
all of the lighter atoms may be distinguished. These 
atoms are included in the next structure-factor 
calculation which provides an improved set of phase 
angles, successive rounds of R>urier summation and 
structure-factor calculation serving to reveal the 
positions of all the atoms in the structure.

It is not necessary for the heavy atom to scatter 
more than all the other atoms combined, as was the case 
with platinum phthalocyanine (Hobertson and Woodward,1940). 
Lip son and Cochran (1955) have suggested that the heavy- 
atom method will be most successful when the sums of the 
squares of the atomic numbers of the heavy atoms and of 
the light atoms are equal.
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Situations may arise which make application of the 

heavy-atom method difficult* For example with the space 
group a heavy atom at (xyz) also occurs at (x, i+y, z). 
If only the heavy atom coordinates are known they are in 
effect related hy a centre of symmetry. In the ensuing 
eleetron-density distribution based on the heavy-atom 
phases, each light atom will be accompanied by its mirror 
image* A decision then has to be made as to Which peaks 
are spurious; this may be very difficult, especially for 
large structures.

Weighting functions for improving the resolution in 
approximate eleetron-density distributions have been 
proposed in recent years by Lussati (1953), Woolfson (1956) 
and Sim (1959, 1960, 1961). The advantages of using a 
weighting scheme are that the best representation of the 
structure is obtained from the approximate phase angles 
available and that all the structure amplitude data are 
included from the beginning in the structure analysis.
The use of a weighting scheme also obviates the need for 
an examination of the list of structure factors to decide 
in some semi-empirical manner which planes ought to be 
omitted from the Fourier calculation* Dr. Sim1s weighting 
procedure is being programmed by the author for DSUCS*
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When the coordinates of the atoms in the asymmetric 

crystal unit have been determined they can be refined by 
successive cycles of Fourier summation and structure- 
factor calculation# Theoretical Justification for this 
has been given by Cochran (1948). Other methods of 
parameter refinement have been developed, those used in 
this thesis being described below*

1.8. Difference Fourier syntheses.
The difference synthesis, a Fourier synthesis with 

coefficients (F0 - Fc), was first suggested as a method 
of refinement by Booth (1948a) and developed by Cochran 
(1951).

The difference synthesis has several advantages over 
the F0 synthesis. When the proposed and actual structures 
are nearly the same, their series-termination errors are 
substantially identical, so that difference syntheses are 
not subject to termination-of-series errors. The 
coordinates obtained from an F0 synthesis ral£ht be subject 
to termination-of-series errors and more accurate coordinates 
would be obtained by minimising

<t> * Z  - Sc)2
I
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If instead, the function
0  n • 2  fn (F0 - »«s)2

is used, the coordinates which minimise satisfy
the conditions that

^ n  w ^ n  * « o
d xn ^ yn ^ zn

that is Z  f (F. -5e).
t n T 3 ^  * °

5b r a eentro symmetric structure
K/2 *

' II# * ' 8 Z. fjj cos (g)n 
li«I

where (g) ■* 2 7T (hx + ky * /*) 

and c)f« -dn’h ^ /&
* n r *  sln

The condition that --1 m 0 becomes
d x n

-4 TT £  h(F0 - Fc) sin » 0 ........
»  fc

However, the function

D * Po " />c * ” Z * S’c)®00 ®
v t

has a slope in the x- direction at the point ;%» y^, 
given by

(_ia) - 2jr 2  " Fc>sln ® n
\dxjn a v  %

(xiv)

%
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Comparison with equation (xiv) shows that the condition

for <f>rj to he a minimum with respect to the coordinates of 
ththe n atom is that

i*e, when D has zero slope at the atomic centre, *a8
been minimised, When the slope of B is not zero at a 
point taken to be an atomic coordinate the ( - p e)
map has the characteristic feature shown in Fig.8, 
Corrections to the atomic coordinates are made by moving 
the atom up the direction of the steepest slope, The 
expression used to calculate the magnitude of the required 
shift is

where j» is the vector along the line of maximum gradient. 
If we assume that the electron density at a distance r 
from the centre of an atom can be represented by 

p(r) » P  (0) exp(- prs) 
where p(0) is the maximum density and p is a constant 
depending upon the temperature factor of the atom, then

g
O P  a 2 p p(0) 
c) r®



Pig*8. Difference synthesis feature re milting 
from a small error in atom location# the 
atom to he moved up the direction of 
steepest slope.
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and hence equation (aftr) he comes
A T n - ^ g y  /  2 p^(o)

The constants p and p{0) can he evaluated by plotting
log p against rs, the values of p and r heing measured 
from well resolved atoms of the same type on the 
corresponding Fourier map*

Refinement of the thermal parameters, hoth isotropic 
and anisotropic, is possible from the information given
hy a difference synthesis* When the position of an atom
has heen corrected, if the temperature parameter B 
(assuming isotropic motion) has heen underestimated,
P o < pc at ‘k*1® atomic centre and the atom involved 
appears in a hollow in the { p Q -P<*) distribution. 
Conversely, if the atom lies on a small hill in the 
difference map, the value of B for that atom must he 
reduced*

If the thermal motion is anisotropic, the observed 
eleetron-density distribution is drawn out in the direction 
of maximum vibration and narrowed in a direction at right 
angles to it; this results in the difference map having 
the characteristic feature shown in Pig*3. Suitable 
thermal parameters of the form

B « o(+ (I sinS($ - )



y

\\

Fig*3* Difference synthesis features showing the 
effect of assuming an isotropic thermal 
motion for an atom which is in fact vibrating 
anisotropically* These features indicate 
that the temperature factor should be 
increased along the X-direetion and 
decreased along the Y-dlreetion*
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can be chosen (Hughes, 1941 j Cochran, 1951) for the two- 
dimensional ease, where d- and ft are constants, ^  Is 
the angle "between the direction of maximum vibration and 
one of the axes, and (£sln6,$) are the polar coordinates 
of the reciprocal lattice point considered.

Difference maps may also be used to locate hydrogen 
atoms. These are not usually observable on F0 maps 
although a half-electron contour line may provide evidence 
for them. If the hydrogen atom contributions are not 
allowed for in the structure-factor calculations, they 
may be observable in a difference synthesis If the
experimental errors In F0 are not too large.

A disadvantage of the F0 and (F0 - Fc) syntheses
is that although the investigator may be aware that some
of the Fourier coefficients are more liable to error than 
others, there is no obvious way of decreasing the effect 
of the less reliable terms on the final result.
Alternative methods have been developed, prominent among 
them the method of least squares.

1.9. Least-sauares refinement.
The best atomic parameters are those which minimis© 

the quantity
0 = Z  w(hJcl) (F. - Fc) 2

I



so*

whore g Is the number of Independent observations 
and w(hki) is the weight allocated to a particular planej 
the weight should be inversely proportional to the square 
of the probable error in the corresponding F0.

in the x- coordinate of the n ^  atom changes F0 by an 
amount

Simultaneous changes to all coordinates result in 
a change in Fc of

The correct values of the A xn etc*, are therefore
those which most nearly equate AFC to (F0 - Fc) for the 
<£ possible equations which can be set up* lor the least- 
squares refinement to provide reasonably accurate results, 
the number of observational equations must be considerably 
greater than the number of unknowns, Which are generally 
three positional and six thermal parameters per atom and 
an overall scale factor*

When only the positional parameters for H atoms are 
being refined, A fc has the form of equation (xvi)*

When 0 is near to its minimum, a small change A X jj

A Fc *

* * (acvl)
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In order to obtain values for A x n etc., the £ 
observational equations must he reduced to 3H normal 
equations# This is done hy multiplying each of the

equations, AFc * F0 - Fc, by the weighted coefficient 
of each of the unknowns in turn. This results in 3K 
sets of <g equations; each set is then summed to produce 
one normal equation. The of these normal equations 
is obtained by multiplying the g equations of the type 

H
y  (JJ0& • A*n + -ilk • A yn + -jffp ♦ ■ po ~ yo1 1 %  d yn d znn»l

3 Fby w —-— £ and adding to produce an equation
d*n

y wff*la\*.A, + 111.ill Ay + -i*£ aP« A*
( U x n ; *  ^  + ^*n*

* £  "rf ( k  + 4 % * Aym + k * ^ ) }

• ^  w(*o “* ĉ) ^ 3- • ♦ * # # (xvii)
t d *n

^ l€3?e 3̂ denotes the sum over all atoms except the n^1*
The 3N normal equations have then to be solved for 

the 3N unknowns* If no simplifications were made this 
would be a formidable task. However, if the atoms are
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well resolved, it can he shown that quantities sueh as

y  w d ge* . * V
I 6xn

are likely to he small compared with

i.  C i i \ a
' 8 »a)t and may he neglected#

If the axes are orthogonal, or nearly so, quantities of 
the form

can also he neglected and
2, * y ?c • ^ *0
I <* xn dyn 

equation (xvli) reduces to

H  E *  8 - 7* w (p0 - p0) J Z a
£ W * n '  t *®

which can he evaluated more quickly than equation (xvii)# 
$hr a full three-dimensional refinement (9H +1)  

nomal equations have to he solved for (9N + 1) parameters, 
ISven with simplifications as ahove this could not he done 
in a reasonable time without the use of high speed 
computing equipment.

The use of least-squares procedures for refinement 
purposes was first suggested hy Hughes (1941) and used 
hy him in the refinement of the structure of melamine*
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1.10. Significance tests based on the X 2 distribution.

The significance tests used on the results of the 
mean molecular plane calculations discussed in later 
chapters of this thesis depend on a statistic X 2. The 
X 2 distribution leads to tests of correspondence between 
experimental and theoretical data: this has led to it 
being described as a test of "goodness of fit".

The mathematical derivation of this statistic is 
difficult; fortunately its distribution has been worked 
out and tables are available showing the frequency with 
which different values of X 2 are exceeded and also the 
value of Xs corresponding to particular frequencies 
(Fisher and Yates, 1957). The quantity y? may generally 
be regarded as the sum of the squares of n variables which 
vary normally and Independently about zero. For the 
purpose of this thesis it is computed from the expression

X 2 a Z A 2/<r S . . . . . . .  (xvlii)
A 0 where A is the deviation in A of an atom from the

calculated plane and <r is the mean standard deviation
(in %) in positional parameter of the atoms*

The X s test is used here as an objective method of 
estimating the merit of a particular plane. With the
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value of X2 found from equation (xvili) and knowing the 
number of degrees of freedom involved (n - 3), the 
probability that no atoms deviate significantly from 
the calculated plane is found from tables* If the 
probability that the plane is a good fit is lees than 
one in one hundred, it is usually safe to assume that 
one or more of the atoms included in the mean plane 
calculation does deviate significantly from the 
calculated plane*

1*11* Methods of computation*
The many calculations required in the structure 

analyses described in this thesis were performed for 
the most part on the English Electric DEUCE computer, 
which came into general use in Glasgow in January, 1959* 
A feature of the Glasgow University Computing Laboratory 
is that a general computing service is not operated; 
Instead, prospective DEUCE users are given initial 
training in the programming and efficient use of the 
machine.

Structure factors were calculated by hand initially, 
using tables compiled by Buerger (1941) Which give 
values of cos 2 iThx and sin 2 n"hx for values of h from
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1 to 50 and of x from 0 to 1 by 0*001. When DBUCS 
became available, an "AXphacode” program was written 
for the plane group PS and used to check the hand 
strueture-factor calculations in the o-chlorobenzole 
acid analysis* Details of this and other programs 
devised by the author are contained in the appendix*
The Alphacode structure factor program was soon 
rendered obsolete by the arrival of Dr. J*S.Rollett1a 
program (Rollett, 1961)*

Fourier summations were carried out using Beevers- 
Lipson strips (Beevers and Lipson, 1934, 1936a, 1956b; 
Beevers, 1952) and also using RUFUS, a mechanical 
computer designed by Professor U# Monteath Robertson 
to perform Fourier summations (Robertson, 1954, 1955, 
1961), The majority of the Fourier summations were 
computed on DETJCB using Dr* S.Rollett1s or 
Dr* J*o*Simefs programs*
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1. Introduction.
The study of steric interactions between adjacent 

non~bonded atoms, both from the experimental and 
theoretical viewpoints, has been of some interest in 
recent years. Theoretical calculations by Coulson 
and Senent (1955) on the molecular deformation of the 
overcrowded aromatic hydrocarbon 3:4-5:6-dibenzphenanthrene 
agree well with the X-ray diffraction results of McIntosh, 
Kobertson and Vand (1954).

In the case of hexahalogenobenzenes, no such 
satisfactory agreement has been reported. From 
considerations of known bond lengths and van der Waal's 
radii, these molecules, with the exception of are
expected to be overcrowded. This does not necessarily 
mean that they will be non-planar, although it is tempting 
to suppose that at some stage in the series when the 
imposed strain becomes too great, it will be relieved 
by the molecules buckling in such a way that the halogen 
atoms are displaced alternately above and below the mean 
molecular plane. Electron-diffraction investigations 
of several gaseous chloro- and bromo-benzenes by 
Bastiansen and Hassel (1947) led them to conclude that 
deformation does occur, and is mainly of the out-of-plane
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bending variety with a magnitude of from 12° to 18°#
Infra-red and ultra-violet studies on hexachlorobenzene 
by Kopelman and Schnepp (1959a, 1959b) led to self- 
eontradietory results and theoretical models do not 
yet appear to be sufficiently precise (Coulson and 
Stocker, 1959; Oafner and Herbstein, 1960). X-ray 
studies by Tulinsky and White (1958) on hexachlorobenzene 
favour a planar molecule. However, as their analysis 
was confined to projections, it is likely that small 
deviations from planarity would be undetected.

In their analysis of l:2-4:5~tetrachlorobenzene using 
X-ray diffraction and nuclear quadrupole resonance techniques, 
Dean, Poliak, Craven and Jeffrey (1958) found that the angle 
between carbon-chlorine vectors was 65 1 1° but have not 
determined whether this represented in-plane or out-of-plane 
bending of the carbon-chlorine bonds. The isomorphous 
l:2-4i5-tetrabromobenzene has been examined by dafner and 
Herbstein (1960) and refined by three-dimensional least- 
squares methods. They concluded that the molecule was 
planar to within the accuracy of their measurements and 
that the deviations found by Dean et al (1958) in 
l:2-4*5-tetrachlorobenzene \?ere best explained by in-plane 
splaying-out of the carbon-chlorine bonds, Increasing the
relevant bond angles by l|-°, as they had found in
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1:2-415 - te t r abromoben ze ne, Recently Dean, Richardson
and Salcarai have investigated l5 28 3:4~tetrachlorobenzene
using nuclear quadrupole resonance techniques. Their
results favour an almost planar molecule In the crystal,
although small deviations of the cartoon-chlorine bonds
of about 1° from the molecular plane could not be discounted.

One of the major difficulties associated with the X-ray
investigations of the polyhalogenobenzenes is that although
the heavy atom positions may be determined with some
precision, the same cannot be said for the lighter atoms.
This is brought out clearly by Gafner and Herbstein* s work
on ls2-4i5-tetrabromobenzene where the standard deviations
in positional parameters of the bromine atoms are 0.003 %

ocompared with 0.086 A for the caitoon atoms. Thus a really 
detailed description of the molecular geometry Is made 
difficult. This difficulty can be minimised by studying 
polysubstituted benzene derivatives containing only one 
halogen atom, thus offering a greater likelihood of locating 
the lighter atoms more accurately, Wot this reason, the 
structures of the overcrowded benzoic acids shown below 
as compounds X . . .  V have been investigated.
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The structures of o-chlorobenzolc acid (I), 
o-bromobenzoic acid (II) and 2-chloro-5-nitrobenzoie 
acid (III), have been refined by three-dimensional 
least-squares procedures* The analysis of o-bromobenzoic 
acid was not carried out quite so thoroughly as those of 
o*chlorobenzoic acid and 2-chloro-5-nitrobenzoic acid 
since the bromine atom In the molecule limits the accuracy
obtainable* Although the structures of the remaining two 
acids, 4-bromo-5-nitrobenzoie acid (IV) and 4-chloro~3- 
nltrobenzoic acid (V), have not yet been refined extensively,
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none the less Interesting information about the 
deviations from planarity in these molecules has 
heen obtained*

The unit cell data for the acids have been published 
(Ferguson and Sim, 1959) and preliminary publication of 
results has been made (Ferguson and Sim, 1961a).* A 
full account of the analysis of o-chlorobenzolc is 
being published (Ferguson and Sim, 1961b),

V- 'f:

J‘r'\ *
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2* o-Chlorobenzoic acid#

2,1* Unit cell data*
Rotation, oscillation and Weissenberg photographic

omethods were used with copper KoC radiation ( A • 1*542 A)* 
Single crystals of o-chlorobenzoic acid in the form of 
narrow laths elongated in the direction of the crystal 
axis were obtained by crystallisation from acetone*
Single crystal oscillation and rotation photographs were 
taken about the three crystallographic axes; Weissenberg 
photographs were taken of the hDJl9 hli , h2J0, h3£, and 
Oki reciprocal lattice nets* The cell dimensions were 
obtained from rotation, and equatorial layer line moving- 
film photographs* From these, the monoclinie cell 
parameters were found to be

a * 14*75 t 0*03 A
b * 5*90 £ 0*02 A
c * 25*50 t 0*05 A
ft * 112040t t 20’

The morphology of o-chlorobenaoic acid has been 
studied by Steiisnetz (1914), whose axial ratios 
5*782 s 1 : 6.625 differ slightly from those obtained 
in the present investigation (3*777 : 1 t 6.539)#
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The volume of the unit cell, obtained from the
05formula V # abe.sln/S, is 1551 A . the density as 

determined by Stelnmetz (1914), is 1*544 g.enT®*, hence 
the number of molecules in the unit cell, given by

n * d V / 1,6602 M
where a as density in g, cm,**8 

V m volume in X 5 
M m gram-molecular weight 

is eight. This in turn leads to a calculated density 
of 1,559 g.cnu

Inspection of the Weissenberg photographs showed 
that the systematic absences are

hki. when h + k is odd,
bOfc When h is odd and £ is odd,
OkO when k is odd*

These conditions, however, do not uniquely determine 
the space group since they apply to space groups 
cs/c (C^) and Cc (c*).

2,2* Intensity data,
Vor the initial study, the hOA set of spectra was 

collected using a Weissenberg camera. A pack of five 
films was used in this camera. This multlple-fllm
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technique has'been described by Sobertson (1945). The 
intensities were corrected for Lorentz and polarisation 
factors by the usual formula

and a set of |F0| values on an arbitrary scale derived.
For the three-dimensional analysis, the intensity 

data were obtained from multiple-film eaui-inclination 
Weissenberg photographs of the hli, h2I and hS£ layers. 
The total number of independent reflexions observed was 
1054. These intensities were estimated visually and 
corrected for Lorentz, polarisation, and rotation 
factors (B©) appropriate to upper layers (Tunell,1939) 
Where

and n is the number of the layer 
being corrected.

d is the length of the 
rotation axis*

X  is the wavelength of the 
radiation used.

Steal1 crystals of uniform cross-section (with crystal 
sides between 0.10 and 0.15 rrm* in length) perpendicular

F2 * I sin 2 0 / (1 + cos2 20 )

Be a (cos2/* - eos20 )̂  / sin 6
Where /x is the equl-inelination

angle « sin-*1 '
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to the rotation axis were employed, and no corrections 
for absorption were made* The absorption coefficient

o ifor X-rays of wavelength 1*542 A is 44*8 cm.
The sets of |3?0| data were put on the same absolute 

scale during refinement by ensuring that 2  W  - Z I M  
for each layer.

2*5* Structure determination.

At the outset it seemed probable that o-chlorobenzoic 
acid would occur as centre symmetrical dimers in the crystal 
lattice with hydrogen bonding between adjacent carboxyl 
groups* The space group C2/c is based on a C face- 
centred lattice and the number of equivalent positions 
is eight. If the structure is composed of four centro- 
symmetrical dimers in the unit cell, these dimers must be 
situated on a set of space group centres of symmetry*
The space group was assumed therefore to be C8/c and 
not Cc. This assumption was later justified by the good 
measure of agreement obtained between the observed and 
calculated structure factors.

An additional ambiguity arose at this stage in that 
the space group C2/c allows of an acid dimer packing 
around either the centre of symmetry at (0, 0, 0) or
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that at (~j, 0), (international Tables, Vol.I,p.lOl).
In the analysis of the b-axis iDrojection it is not 
possible to decide between these alternatives and 
initially the centre of symmetry at (0, 0, 0) was chosen. 
However, during the refinement of the b-axls projection 
of o-chlorobenzoic acid, a study of o-bromobenzoic acid 
was begun, the two acids being isomorphous. Various 
trial structure factor calculations with the o-bromo- 
benzoie acid three-dimensional data indicated clearly 
that the space group centre of symmetry at (J, £, 0) 
was being utilised, not that at (0, 0, 0).

2.4. The (010) projection.
Because of the short length of the b-axis it was 

evident that good resolution of the atoms would be 
obtained in the projection along this axis. The 
156 observed hOI data were used to compute a Patterson 
projection along the b-axis; this is shown in Fig.4*
In determining the orientation of the molecule in the 
asymmetric unit use was made of the six peaks nearest
the origin of the Patterson map since they represent 
the vectors between the carbon atoms of the benzene ring. 
The highest pair of these peaks also defines the direction
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Pig.4, Patterson projection along the b axis.
Contours at equal arbitrary intervals, 
the lowest contour being broken, origin 
peak contours omitted. The interatomic 
vectors are marked by crosses.



Coordinates of the carbon, oxygon and 
chlorine atoms as determined from the Patterson 
projection on (010), expressed as fractions of 
the unit cell sides assuming packing of the 
molecular dimer around the centre of symmetry 
at (0,0,0)*

Atomc.f.Mg.S £mm a

0(1) -0*065 0*056
0(2) -0*113 0.098
c(s) -0*049 0*153
0(4) —0 * 094 0*191
0(5) -0*194 0*169
0(9) -0*259 0*113
0(7) -0.215 0*075
0(1) 0.033 0.073
0(2) -0*122 0*002
Ci. 0*076 0*177



36,
of the carbon~chlorine "bond in the molecule. The 
highest peak on the map corresponds to a chlorine- 
chlorine vector between the chlorine atoms of n dimer. 
By assuming that the 0 - H * . * 0 hydrogen bonds 
between dimers are approximately 2.64 X in length the 
structure was defined and x and z coordinates for the 
chlorine, carbon and oxygen atoms derived. These are 
listed in Table 1, The numbering system adopted for 
the molecule is shown in Fig,8#

The -positions of the vectors to be expected from 
this structure are superimposed on the Patterson map 
in Fig,4. The height of a peak due to the interaction
of a pair of atoms is proportional to the atomic number 
of the atoms involved. Crosses are used to shotv this 
on the Patterson map, the size of a cross being 
proportional to the peak height expected at that point.

Assuming an overall isotropic temperature factor 
«  °  2B n 4*0 A structure factors were calculated on DEUCE 
using an Alphacode program (see Appendix), the atomic 
form factors employed being those of Tomlie and Stam 
(1958) for chlorine and those of Berghuls et al (1955) 
for carbon and oxygen. The value of the usual 
discrepancy factor
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R « Z |(k |P 0l “ lFc l ) |  /  £ * l * . l  

was 0*521 for the 156 observed reflexions.
With measured structure amplitudes as coefficients 

and calculated signs a Fourier projection of electron 
density on (010) was computed* All the atoms included 
in the structure factor calculation were well resolved 
in this projection* New atomic coordinates were chosen 
from the Fourier map and structure factors recalculated. 
The value of R dropped to 0*160*

2*5. Least-squares refinement of the (010) projection* 
The least-snuares refinement program used in this 

and in all subsequent least-souares refinement described 
in this thesis was that devised by Dr. J. S.Rollett fbr 
the D33UC35 computer (Rollett,1961). The program refines 
three positional and six thermal parameters per atom 
(in this projection two positional and three thermal 
parameters are refined), together with an overall scale 
factor* No facility is provided for refinement of* for 
example, the positional parameters alone keeping constant 
the isotropic temperature factors.

Three alternative weighting schemes are available 
for use with the program. The first of these is
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« » 1 |l̂ | < P*, Vw^ * V* otherwise}
I'ol.1

the second is
Vws , l*pl if |p0| < p*, Vws ■ g* otherwise;

5* |F0[
where F* is some preseXeeted constant. 

The third scheme allows the square root of the weight 
for each reflexion to he punched on the decimal cards 
containing the reflexion data. The second weighting 
scheme was used throughout*

The program is divided into two parts* The first 
computes structure factors and accumulates the normal 
equation totals. Any number of the atoms included in 
the structure factor calculation may he omitted from the 
refinement process. A sedond program is used to solve 
the least-squares-produced normal equations for the new 
parameters. This makes use of the Gauss-Seidel iterative 
procedure, limitation of storage space in DBTJCB making 
the full matrix treatment impossible. The program then 
punches out the new parameters in a form suitable for the 
next round of refinement. Flexibility is introduced by 
having simple facilities for punching out new parameters 
based on half or a quarter of the calculated shifts*
The "Solve" program can also be made to punch out the
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normal equation totals from which the standard deviations 
of the parameters being refined can be obtained, in 
addition to the current value of ^  w (fc|F0| - |Fel )̂ » 
the quantity being minimised.

Before the least-squares refinement was commenced,
coordinates for the hydrogen atoms were calculated by
placing them radially at a distance of 1 % from the
appropriate benzene ring carbon atoms* The hydrogen

oatom of the carboxyl group was placed 1 A away from 0(2) 
on the line to 0(1) of the carboxyl group related to it 
by the centre of symmetry# The atomic form factors 
chosen for hydrogen in the least-snuares structure-factor 
calculations were those of McWeeny (1951)* The 
temperature factor B was again assumed to be 4.0 2s.

After several cycles of refinement in which the 
positional and thermal iDararaeters of the atoms other 
than hydrogen were adjusted, the value of H was reduced 
to 0.108* The x and ,ar coordinates obtaining at this 
stage are listed in Table 2* A difference Sburler 
synthesis was then computed with all the atoms including 
hydrogens subtracted. The absence of any significant 
peaks on this map (Pig*5) is indicative of the fact that 
refinement in this projection was complete. When the
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Coordinates of the carbon, oxygen and chlorine 
atoms obtained from the least-squares refinement of 
the b-axis projection. R>r each atom two possible
values of x are given. These differ by 34 > depending
on the symmetry centre chosen as the centre of the 
molecular dimer.

Atom X  ' 3 ♦ i ztmm

C(l) -0.0566 0.1934 0.0532
C(2) -0.1023 0.1477 0.0969
C(3) —0.0528 0.1972 0.1495
C(4) -0.0990 0.1510 0.1854
c( e) -0.2006 0.0494 0.1674
C(6) -0.2466 0.0034 0.1162
C(7) -0.2003 0.0497 0.0793
0(1) 0.0247 0.2747 0.0612
0(2) -0.1073 0,1427 0.0124
c t 0.0751 0.3251 0.1777
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Pig.5, Pinal (pQ - Pc) synthesis. All atoms 
including hydrogen subtracted. Contour 
interval 0.2 eA” ,̂ negative contours 
broken, zero contour dotted.
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Pig.6. Difference-synthesis projection on (010) 
to show the electron distribution due to 
the hydroggn atoms. Contours at intervals 
of 0.2 eA , . negative contours broken, 
zero contour omitted.
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hydrogen atoms were omitted from the structure-factor 
calculation the value of H rose to 0*124* With the 
F0 -  Fc! values obtained from this calculation, a 
further hD£ difference ifourier was computed (Fig.*6)* 
The peaks on this map, with the exception of those 
around the chlorine atom, are clearly attributable to 
the hydro gen atoms* The carboxyl hydrogen atom which 
takes part in the hydrogen bond between two molecules 
has a more diffuse peak than any of the hydrogen atoms 
attached to the carbon atoms of the benzene ring*
This has been found to be the case in salicylic acid 
(Cochran, 1953) and benzoic acid (Sim, 1955) and is 
probably connected with the partial ionisation of the 
hydrogen atom of the carboxyl group*

2*6. Three-dimensional refinement*
As mentioned earlier (2.3*) structure analysis of 

o-bromobenzoic acid was begun during the course of the 
hDfi refinement of o-chlorobenzoic acid* Because of 
their isomorphous character it was possible to use 
y-coordlnates for the atoms of o~bromobenzole acid as 
a starting point for the detailed three-dimensional 
analysis of o-chlorobenzoic acid. Accordingly with
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x and z coordinates from the two-dimensional analysis, 
y~ coordinates from the o-bromobenzoic acid refinement, 
and an isotropic temperature parameter B * 4*0 for 
all atoms including hydrogen, structure factors were 
calculated for the h2Q and h3J0 reflexions (the XilH 
intensities were being estimated at this time),
R values of 0*300 and 0.360 being obtained* The 
y- coordinates of the atoms apart from hydrogens were 
improved by computing difference Pburier line syntheses 
passing close to the atomic centres and in a direction 
parallel to the b crystal axis. In the next structure- 
factor calculation, by which time the hiI data were 
available, the values of the residual R for the various 
sets of data were 0.174 for the hli , 0.200 for the U2Q 
and 0.265 for the hZi reflexions*

The good measure of agreement between the observed 
and calculated structure amplitudes appeared to justify 
proceeding to a least-sauares refinement of positional 
and anisotropic temperature-factor parameters for all 
the atoms other than hydrogen* In the least-squares 
calculations 223 unobserved terns were included each 
with a value of |F0| equal to one half of the minimum 
|F0| locally observable* The values of R and 21 ®



TABLE 5.

Values of 1 and X  wA s obtained during the 
three-dimensional least-squares refinement*

Cyele R z  » & E

1 0.192 856 *
2 0*163 844
3 0*150 806
4 0*132 175
5 0*120 140
6 0.112 116
7 0.105 - *

feOQ. data omitted from eyele 1#
Structure factor calculation only*
The values of R are based on observed data only#



Table 4: Calculated and measured values 
of the structure factors.

P(cale) P(meas)

81.6 70.0
-  47.4 44.9

37.5 34.1
31.5 30.9

-  19.a 19.2
17.4 15.6

- 9.2 < 2.0

ft4.
43.7 
49.5 10a.3

-  1.3 < 4.7

-187.3 182.6

18.1 16.1
■ 4.9 < 4.7
• 30.1 27.5

15.0 11.4
• 22.5 20.8
■ 17.9 18.7

57.7 61.8
. 20.9 33.5
- 27.0 31.0
133.6 134.7

■ 32.0 37.4• 10.2 10.0
78.7 70.5

. 21.4 19.9
27.6 25.1
46.0 43.4

. 36.0 35.1
0.4 < 4.9

19.0 18.7
-  9.B < 4.3

12.9 10.1
2.2 < 2.5

51 . ft!

4.7 < 4.9

P(oalo) F(Boaa)

- 5i:i

-  25 

•  23

-  3.4 < 2.0

- 6.8 
0.9 

16.1

-  0.0 < 2.3

< 2.0 
60.2
41.6
13.6 
4.710.8

35.3
85.6
13.9
15.0
28.4 
4.1

ll:i22.8

P(oalo) P(n>eaa)

- 21 - 20 
-  19

16.7
I-?

0.4
20.8
19.2

:!:! - 0.2
16.7
23.4
34.4

-  4.6
-  9.0
-  5.8

14.7 
7.3

-  5.3lI:S
-  1.4 <  2.2

- 10.6 - 12.0 
17.5

- 6.2 < 2.0

37.6 
-  60.8
-  13.5 

45.3
34.6 
16.5 
14.9

-  30.2 
-  30.2

32.4
17.4
11.5 
29.9 
32.7ft!

< 2.1
9.4
7.0

51:1
13.8

< 2 .720.2
18.4
4.9
9.2
7.6

:3

: I

P(calc)
-  41.5
- 23.6

15.9
5.1

17.1<\\l

S:i19.0

16.6
32.2
19.3 < 2.6
15.6
18.4 < 2.6

12.8
8.5

11.3

10.010.0
13.6



Table 4 s (Continued)

P(calc) P(tw»aa)

-  '5
- 4
-  3

P(oalc) 

20.0

Ptmaaa)

19.7 16.2 
<  2.35.6
.16*1

P(calo) P(iw»aa}

?5.5 < 1.826.6

16.8
63.1
25.5
72.3

19.5 
<  2.3 

20.4

26.3
13.3
37.3 
7.7

< 2.7 10.1 10.8

-  15
-  14
-  13

:3
- 25

<  1.8 
10.9S3ll.l

2 - 2 9
2 - 2 8
2 - 2 7

-  5
-  4
-  3

-  15
-  14
-  13

-  15

-  13
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for the six cycles of refinement completed are listed
in'‘foible 3* By the sixth cycle the parameter shifts
had become negligible, the average shift in positional
parameter being less than 0.002 Prior to cycle 6
new coordinates were calculated for the benzene hydrogen

oatoms by placing them radially 1.0 A away from the 
relevant carbon atoms; for the carboxyl hydrogen, 
coordinates were obtained by placing it 1.0 1 away 
from 0(2) on the line to 0(1) of the opposite carboxyl 
group. The final values of R are 0*090 for the W &  , 
0*098 for the hlfl , 0.109 for the h2i and 0*167 for 
the h$jd reflexions. The overall final value of R 
for the 1034 observed terms is 0.105* The measured 
structure amplitudes together with those calculated 
from the final cycle of the calculations are listed 
in Table 4*

2.7# Poordinates. Molecular geometry and 
Istimations of accuracy.

The final coordinates of the carbon, oxygen and
Chlorine atoms and the coordinates assigned by 
calculation to the hydrogen atoms are in Table 5.
Table 6 contains the corresponding anisotropic 
temperature parameters. The bond lengths and valency



TABLE 5,
Pinal atomic coordinates.

Coordinates x, y an& Jl are 3?Q^©rred to the mono
clinic crystal axes and are expressed as fractions of 
the axial lengths, with origin at the centre of synmetry 
on glide plane c. Coordinates Zf, Y and Z* are 
referred to orthogonal axes a, h, and , c* being
taken perpendicular to the a and h crystal axes,

oand are expressed in A units*

Atom
(c.f.
Fig.8)

X £ 2* I r+m*

0(1) 0.1901 0.3430 0.0550 2.347 1.338 1,295
C(2) 0.1480 0.4213 0,0969 1.228 1.643 8.280
0(3) 0.1997 0.5710 0,1503 1*465 2.227 3.837
0(4) 0.1498 0,6447 0.1852 0.386 2.514 4. 358
0(5) 0.0501 0.5751 0.1676 -0,910 2,243 3.943
0(6) 0.0009 0.4282 0,1159 -1.126 1.670 2.726
0(7) 0.0501 0.3488 0.0798 -0.047 1.360 1,878
0(1) 0,2760 0.4551 0.0610 3.465 1.775 1.435
0(2) 0.1427 0.1498 0,0132 1.973 0.584 0.310
Cl 0.3247 0•6642 0,1775 3.038 2.591 4.176

- Contfd



TABLE 5. 
(Cont* d)

Atom(c»f»
8 )

X X 25, X* 2

B(02) 0*1735 0.1100 -0.0149 S. 705 0.429 -0.351
H(G4) 0.1857 0.7515 0.2233 0.542 2.931 5.254
M(m) 0.0147 0.6500 0.1951 -1.682 2.459 4.544
H(06) -0,0709 0.5767 0.1054 -2.067 1.469 2.433
1(07) 0.0141 0.2420 0.0417 -0.205 0.944 0.982



TAHLB 6.
Anisotropic temperature-factor parameters (tij * 105

Atom h, - —IX &22 "h „-33 ^23 -13 ^12
G(l) 608 12749 265 -738 381 -285
0(2) 754 10160 233 - 60 442 529
C(3) 985 9792 256 24 498 1457
C(4) 1026 12289 325 -447 518 1064
0(5) 1106 12716 312 -138 626 1384
0(6) 799 18527 350 95 574 826
0(7) 740 15295 317 -375 429 570
0(1) 856 19588 398 -1820 590 -1256
0(2) 1055 16597 316 -1678 561 -1131
ce 866 15218 265 -879 458 —1104
Hydrogen 
Atoms* © 
Bts4*0 A

780 9485 260 •«*» 347 -

The temperature factor Is expressed in the form* 

irfaj&k2 + * **55^ + ^23^ t + ^xg^)



Fig.7.

119.8 >86

120.6

1.407 1.586

119.5 116.3U 9 .0

124.7120.5 405

117.0
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2. Q92

113.3 122.2

124.5 1.208 .

0,0,

Interatomic distances and valency 
angles in o-chlorolDenzoic acid.
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angles* Calculated from the coordinates given in Table 5,
are shown in Fig,7, ^he shorter intemolecular contacts
being listed in Table 7* Some of these contacts are
shown in Fig.8, which illustrates the arrangement of
the molecules in the b-axis projection* The shortest

ointermolecular distance, 2*632 A, is between oxygen 
atoms of a dimer, and is normal for this type of bonding. 
All other intermolecular approach distances (Table 7 
and Fig,8) are greater than 3*0 % and correspond to 
normal van der Waal's interactions.

The standard deviations of the positional parameters, 
calculated from the equation

<T(x) 8 a j  &y(n - 8) [ Z w( d A/<yx/a )s ) X

where ja » total number of reflexions used in the refinement
and n * number of degrees of freedom*

hsing the normal equation totals obtained from the
sixth least-squares cycle, are given in Table 8* From
these results, the standard deviation in length of a

ocarbon-carbon bond is 0*009 A , that of a carbon-oxygen 
bond Is 0,008 % and that of a cafbon-chlorine bond is 
0,007 %m The estimated standard deviation in bond angle* 
computed from the equation given by Cruickshank and 
Hobertson (1955), is found to be 0,6°.



TABLE 7,
The shorter Intermolecular contacts.

0 ( 1 ) . . . 0 ( 2 ) 3; 0
2,652 A C ( 4 ) . . . C ( 7 ) I I 3 .7 2 6  A

0 ( 1 ) . . . 0 ( 2)33 3 .2 9 1 C ( 5 ) . . . C ( 7 ) X I 3 .7 5 7

0 ( 1 ) .  . . 0 ( 1)3 5,315 C ( 4 ) . • • C ( ^ ) XX 3 .7 6 9

C ( l ) . . .0 ( 2)11 3 ,3 1 8 0 ( 3 ) . . . 0 ( 7 ) I3: 3 .7 7 3

0 ( 1 ) . . . 0 ( 1)3 3 .3 4 9 0 ( 4 ) .  • • C ( 5 ) Xj 3 .7 8 0

0( 1 ) . . . 0 ( 2)3 3 .4 4 3 C C . . . C ( 5 ) y 3 .7 8 1

0 ( 7 ) . . . 0 ( 2 ) i n 3 .5 0 4 c ( i ) . . . 0( 1 ) 3. 3 .7 9 1

C ( 7 ) . . . 0 ( 2 ) I V 3 .5 1 0 0 ( 6 ) •« 3 .8 4 4

C (2 ) . . .0 ( S ) j j 3 .5 3 6 C ( 2 ) . . . C ( 7 ) I I 3 .8 5 6

0 ( 6 ) . . . 0 ( 6)33 3 .5 5 0 C ( 3 ) . . . C ( 1 ) I;[ 3 . 8 5 6

0 ( 3 ) . . . 0( 2)33 3 .5 5 5 C ( 4 ) , . . C ( 3 ) IX 3 .8 5 9

C (6 ) . . . 0 ( 2) I V 3 .5 5 6 C C. , . C ( 4 ) y 3.3* J 3 .8 5 9

0 ( 2) .  . . 0 ( 2 ) j 3 .5 6 3 C ( 4 ) . . . C ( 5 ) I I 3 .8 7 5

0 ( l ) . . . 0 ( 6) v 3 .5 7 3 C ( 6 ) . . . 0 ( 2 ) I X I 3 .8 7 5

0 ( 1 ) . . . 0( 1)33 3 .6 4 2 0 ( 2 ) , . . 0( 1 ) j j 3 . 8 9 2

c e  . . . C ( 6 ) y 3 .6 6 2 C ( 7 ) . . . C ( 7 ) I V 3 .9 3 7

C ( 6 ) . . . 0 ( 1 ) V I I 5 .6 8 6 0 ( 4 ) . .  . C ( 4 ) V I 3.3. 3 .9 9 0

0 ( 1 ) .  . .0(1 ) y3 3 .7 0 4

-Contf d-



TABLE 7,
(Cont’d)

The subscripts refer to the following positions*

I 4~x 4~y
II X i+y z

III •*x . ~ y j ~*z

IV , -X l~y •*31'

V i+x &*y ( ■ s
VI IfffX ' i&-y >’ **SS'

VII X*Jr i+y z
VIII i~x ,, £+y
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TABLE 8,
Estimated standard deviations in 

atomic aoordlnate s iAl,

Atom (a) (a) <3)

C(l) 0.0049 0.0076 0.0053
C(8) 0.0050 0.0064 0.0051
0(3) 0.0058 0.0065 0.0065
0(4) 0.0062 0.0079 0.0061
0(8) 0.0062 0.0073 0.0061
C(6) 0.0057 0.0082 0.0061
0(7) 0.0054 0.0080 0.0057
0(1) 0.0039 0*0035 0.0043
0(2) 0*0039 0.0032 0.0039
at . 0.0015 0*0022 0,0016



2•8• Mean molecular plane calculations#

The best plane through the chlorine, oxygen and
carbon atoms, derived by the method of Schomaker al
(1959), has equation

0*09504 X* - 0*90257 Y + 0.41992 Zf + 0.41815 * 0
owhere X*, Y, 2* are coordinates expressed in Angstrom

unit® and referred to orthogonal axes a, & and The
deviations of the atoms from this plane (Table 9) show
that the molecule is markedly non-planar and that the
main cause of non-planarity is the oxygen atoms.

The equation of the/best plane through the seven
catfbon atoms and the chlorine atom is

0 .0 6 6 5 6  X1 - 0.91457 Y +  0.59895 Z* 4- 0.52237 » 0
The deviations of these atoms from this plane (Table 9)
are still large, (the root mean sauare deviation » 

o0.0176 A) and since
y 2 = Z  A 2/ <rx2 a 50

they must
be highly significant (see Fart I, 1*10)* The deviations 
suggest that the exocyelic carbon atom and the chlorine 
atom are displaced from the plane of the benzene ring.

The carbon atoms of the benzene ring are best 
fitted by the plane with equation



TABLE 9*

Bey la t Ions from the mean -planea.
(

(a) Plane through 0(1),...0(7), 0(1), 0(2), OS.
(h) Plane through 0(1). ...0(7), Ct.
(c) Plane through the benzene ring atoms C(S),...C(7).
(d) Plane through 0(1), C(S), 0(1), 0(2).

Atom (a) 
(e,f.Flg.8) (13) (e) (a)

0(1) -0.022 A -0.029 A 0—0.058 A 0.003 A
0(2) 0.009 0 • o n -0.004 -0.001
0(3) 0,033 -0*006 -0.001
0(4) 0.016 -0*013 0.006 mm

0(5) -0.037 -0*016 —0•005 -
0(6) -0.052 0*008 0.000 mm

0(7) -0.026 0*024 0.004 mm

0(1) -0.252 -0*299 -0.323 -0.001
0(g) 0.209 0*243 0.197 —0*001
04 0,123 0*021 0.036 *»
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0*06604 XV - 0#90890 Y * 0*4X176 %' + 0.47017 * 0.

The deviations of the benzene carbon atoms from 
this plane (Table 9) are small, (the root mean square 
deviation « 0.0035 %) and since 'fp m 1.5 for these 
atoms, the deviations are insignificant and the benzene 
ring mhy be assumed strictly planar.

The atoms of the carboxyl group 0(1), 0(1) and 
0(2) and carbon atom 0(2) of the benzene ring can be 
fitted to the plane with equation

0.24764 X’ - 0.81107 Y + 0.52994 2* - 0.18001 a 0. 
The angle which this plane makes with that of the benzene 
ring is 15.7°.

The equation of the |>lane through the oxygen atoms 
0(1), 0(2), o ( l ) 1 and 0(2)’ of an acid dimer and the 
centre of symmetry at (J, i, 0) was required in one of 
the mean plane Bcurier calculations described below?* 
it was found to be

0.27819 X1 - 0.82045 Y +  0.499462* - 0.22448 * 0*

8*9# Three-dimensional Jburier sections.
The electron-density distribution in the plane of 

the benzene ring carbon atoms (Fig.9) was evaluated using 
the procedure devised by Treating and Abrahams (1961)



Fig.9. A section through the plane of the carbon 
atoms of the benzene ring. Contours are 
drawn at intervals of 1 eA~3, except around( 
the chlorine atom where the interval is 2 ê 
The half-electron line is broken.
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and programmed for DEUCE by Dr. J.G.Sime. The method 
used Is to calculate values for £* which correspond to 
a specified grid of Xf and Y points which lie on the 
general planei

AX* + BY + CZf + D * 0
and then to compute 

values of the triple Courier series at these points 
which are integral multiples of 1 / 5 6 0 0 of the cell 
edges. The Z% values are rounded off to the nearest 
1 / 3 6 0 0 the maximum deviation from this plane is 
thus c/7200 m 0.0035 X.

The two-dimensional array of electron densities 
obtained is defined by the projection of the a and £. 
crystal axes onto the plane (in this instance that of 
the benzene ring carbon atoms), which results in the 
new axes d and e, where d = 15.99 A and e * 10.73 
the angle between d and £ being 119°23*.

In Fig.9 the chlorine atom and 0(2) are above the 
benzene plane while C(l) and 0(1) lie below it, the 
displacements being given in Table 9. The half-electron 
contour in Fig.9 provides distinct evidence of the 
hydrogen atoms attached to carbon atoms of the benzene 

These hydrogen atoms are shown in more detail 
in Fig.lo* This map was obtained in an analogous



o

\\>

Fig.10. Difference synthesis in the plane of the
"benzene ring to show the hydrogen atoms.
Contour interval 0.1 eA“3 with negative
levels "broken, zero contours dot-dashed.
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manner to that shown in Fig.9 but in this case the Sburier 
coefficients were (5^ - Fcf) in place of F0 , where Fc* is

i,the value of the structure factor calculated for oxygen,
catfbon and chlorine atoms alone* The hydrogen atoms

°-8appear as well resolved peaks of from 0.52 eA to
0*66 eX~5 in height.

The carbon-hydro gen bond lengths measured directly
on this map are shown below, the average value being 

o1*01 A.
0(4) - H b 1.11 % 0(6) - H m 1.00 A
0(6) - H « 1.09 A c(7) - H * 0.86 A

The successful location of the hydrogen atoms in the 
benzene ring plane prompted an attempt at finding the 
hydroxyl hydrogen atoms in the plane through the four 
oxygen atoms 0(1), 0(2), 0(l)f and 0(2)’ of an acid dimer 
and the centre of symmetry at (^, i, 0). The resultant
Sburier map is shown in Fig* 11, where the axes and £

•* o ohave length 21*97 A and 9*86 A respectively, the angle
between them being ISO6!!*. The expected locations of
the hydrogen atoms on the dotted lines joining 0(1) with
0(2)* and 0(2) with 0(1)* are indicated by crosses at 
distances of 1*0 2 from 0(2) and 0(2)** The rather
diffuse peaks of 0*27 are in reasonable agreement
*ith this assignment*



0 I 2 3 .
1 i i i « I » . . . I . . . . 1 i i . . i i i i i I i « . . I A

Pig.11. Difference synthesis in the oxygen plane 
to show the hydrogen atom of the carboxyl 
group» Contour interval 0.1 eA”5, negative 
levels broken, zero contours dot-dashed.
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2,10. Discussion.

The Cl ...0(1) (2.893 X) and Cl ...C(l) (3.S1T %)
Intramolecular separations are distinctly shorter than

, o othe sums of the van der Waal’s radii, 3*20 A and 3.80 A
respectively, and it is reasonable to expect the molecule
to he under some strain.

•The strain Which would be Imposed on a strictly 
planar molecule is relieved by rotation of the carboxyl 
group about the exocyclic carbon-carbon bond so that 
the plane of the carboxyl group makes an angle of 15.7° 
with that of the benzene ring. Further there are 
significant in-plane displacements of the carbon- 
chlorine and exo cyclic carbon-carbon bonds away from 
one another so that two of the exocyclic valency angles 
are increased from their normal values of 120° to 124.7° 
and 122.5°, while the adjacent angles are decreased to 
116.3° and 117.0° (Fig.7). These deviations are
significant, the standard deviation in bond angle 
being 0.6°.

The deviations of the carbon atoms of the benzene 
ring from a plane (Table 9), vary from zero to 0.008 X. 
These deviations are insignificant and the ring may be 
assumed to be strictly planar* The displacements of 
the atoms C(l) and Ct from the benzene plane are
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o o-0.058 A and +0.056 A respectively; these deviations, 

although small, ^re significant (see 2.8.). These 
displacements correspond to the exocyclic carbon-caxbon 
hond and the carbon-chlorine bond bending in opposite 
directions out of the plane of the benzene ring through 
angles of -2*2° and +1.2° respectively; this must also 
contribute to relieving the imposed strain.

Consideration of the bond lengths found in the
benzene ring provides some evidence of bond length
alternation around the ring. The difference in the
mean length of the bonds C(2) - C(5), c(4) - C(5),
and C(6) - c(7) (1.399 A) and the mean length of the
bonds C(3) - C(4), C(5) - C(6), and C(7) - 0(2) (1.571 %)
is 0.028 5L Compared with the standard deviation in

ocarbon-carbon bond length of 0.009 A this length 
alternation may just be significant. It can be 
attributed to repulsion between the carboxyl carbon 
atom and the chlorine atom, which will tend to favour 
Kekule' structure I rather than II

I II III
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and consequently their unequal contribution to the 
molecular structure.

The conformation adopted by the carboxyl group is 
as shown in I, with the carbonyl oxygen atom adjacent 
to the chlorine atom and the hydroxyl group remote.
In a completely planar model the 0 *•*0fi separation 
would be approximately 2,5 X; this should be compared
with the siim of the van der Waal’s radii of the atoms

o o(3,2 A) and the distance found in the crystal (2*89 A),
By adopting the conformation shown in I above, the
separation 0**.C£ can be increased for a smaller
inclination of the carboxyl plane to the benzene plane
than would be the case if the opposite conformation (III)
were adopted* The reasons for this may be found in the

/ oshortness of the C » 0 bond (1,208 A) as compared to the
oG*0H bond (1,295 A), these values being normal for

unionised carboxyl groups (see Part II, 6),
The exocyclic carbon-carbon bond to the carboxyl 

ogroup is 1,521 A in length* Dewar and Schmeising (1959)
have estimated the standard single-bond distance between

. o ocarbon atoms in the sp hybridised state as 1*479 A, whieh
ocompares well with the values of 1*485 A in butadiene

(Tables of Interatomic Distances, 1958), 1,48 X in
obenzoic acid, 1*477 A in p-bensoquinone (Trotter, 1960)
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oand 1*458 A in salicylic acid* There are, however, 

examples of markedly longer bonds between carbon atoms 
in the sp2 state of hybridisation* In oxalic acid 
dihydrate (Ahmed and Cruickshank, 1953) for example,

othe length of the central carbon-carbon bond is 1,53 A.
The mean length of the peri-bonds in nuaterrylene

o(Shrivastava and Speakman, 1960) is also 1,53 A, while
in benzene hexacarboxylic acid (Darlow, 1961) the mean

olength of the exocyclic carbon-carbon bonds is 1*521 A, 
That the mean length of the peri-bonds in quaterrylene 
is longer than was expected has been attributed to 
repulsion between overcrowded hydrogen atoms and to the 
cis-interactions of carbon-carbon bonds* The length of 
the exocyclic carbon-carbon bond in o-chlorobenzoic acid 
is probably similarly related to the Intramolecular 
overcrowding,

The carbon-chlorine bond length of 1*737 % is 
appreciably shorter than the average carbon-chlorine 
distance in halogenated aliphatic compounds (1,767 &f 
Tables of Interatomic Distances, 1958). The contraction 
of 0,03 % is expected for the decrease in radius of a 
carbon atom on changing from sp3 to sp2 hybridisation.
The value found for the carbon-chlorine bond length agrees
well with that found in 4:4,-dichlorodiphenylsulfone 
(1,736 Xs Sime and Abrahams, 1960).
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3. o-Bromobensoic acid.

When the refinement of the h0£ structure factor 
data for o-chlorobenzoic acid was proceeding smoothlyt 
crystals of o-bromoben zo i c acid were obtained with a 
▼lew to studying the effect of replacing the chlorine 
atom in an o-halogenobenaoie acid by the bulkier bromine 
atom. o-Bromobenzoic acid appeared to be particularly 
suitable because optical studies by Steinmetz (1914) 
indicated that o-chloro- and o-bromo-benzoic acids are 
isomorphous.

The convention adopted for the numbering of the 
atoms in the various calculations was

4
Br

5

6

0(2)

S*l# Preparation of crystals.
The impure powdered material available commercially 

was purified by boiling an aqueous solution with 
animal charcoal and reerystallislng from chloroform-



ether mixtures. The crystals are soft lath-1 the growths; 
good small crystals were difficult to find, mainly because 
of bending and splitting.

5.2. Unit cell data.

Rotation, oscillation and Weissenberg photographs
taken with copper K<* radiation showed that the crystals
are monoclinic, with cell parameters

oa a 14,82 t 0.04 A
ob » 4,10 t 0.02 A

C a 25.90 t 0.05 A 
/3 a l ^ l S *  t 201 

The density, as found by Steinmetz (1914), is 
1*929 g.cmT® If there are eight molecules in the unit
bell the calculated density is 1.926 g. cmT^ The volume

o sof the unit cell is 1586 A and the total number of 
electrons therein « F(000) « 784.

The systematic absences, determined from the 
M .t , hSi, bSt and OkJ Weissenberg photographs, 
proved to be

hki when h + k is odd
hof when h ori is odd
OkO when k is odd.
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These conditions allow th© space group to be either 
CS/c (of*) or Cc (Gg). Sbr reasons discussed in ̂ *5, 
02/c was chosen, the results of th© three-dimensional 
refinement again confirming this choice•

5,5* Intensity data.
The data used in the analysis were obtained from a 

survey of the hOfl, hlfl, ft.2t and h3j£ reciprocal lattice 
nets. In all, the intensities of 1145 reflexions were 
estimated visually and a further 100 were too wealc to he 
observed* A small crystal of dimensions 0*10 x 0*17 
x 0*45 mm. was chosen for the analysis. The linear 
absorption coefficient for copper Kol radiation is 
77.6 cnu*^ no absorption corrections were applied*
The intensities were corrected for Lorents, polarisation 
mad Tunell factors (Tune11 1939) and put on the same 
absolute scale at a later stage by comparing l  to>i 
with £  N  ^or eac^ data.

5*4, The b-axla projection
The Patterson projection shown in Fig*IS was computed 

with the h0j2 |F0 |S data* The large peak on the map
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corresponds to the bromine-bromine vector across an acid
dimer* This vector peak would arise if the bromine
atom had coordinates x » 0*100, z m 0*185, assuming
(wrongly as it was later shown) that the molecules are
centred on the centre of symmetry at (0,0,0) and not
that at (4,^,0)* The choice is immaterial from the
point of view of the hOi projection since this does
not affect the magnitude of the F(hOfc); it is critical,
however, when working with upper layer data*

Knowing the positions of the bromine atom,
approximate x and z coordinates for th© carbon and
oxygen atoms were obtained by comparison with the
o-chlorobenzoic (010) projection. Structure factors
were then calculated; the scattering curves of Berghuls
©£ al (1955) for carbon and oxygen were used along with
the Thomas-Fermi values for bromine (Internationale
Tabellen, Vol.II, 1935), an isotropic temperature factor 

ogB « 4*0 A being applied to all the atoms. The value 
of the residual R for the observed reflexions was 0*21* 
The refinement proceeded by computing an Sb synthesis 
from which a new set of coordinates was obtained* In 
the next structure-feetor calculation R was 0.17*
The refinement was continued by three rounds of least-
squares calculations in which the two positional and



TABLE 10.

Coordinates obtained from the least-sauares 
refinement of the projection on (010), expressed 
as fractions of the axial lengths. For each 
atom, two possible values of x are given.
These differ by depending on the symmetry 
centre chosen as the centre of the molecular 
dimer.

Atom X 5 ♦ i z.

0(1) -0.0500 0.2000 0.0567
0(2) -0.0917 0.1583 0.0967
C(3) -0.0382 0.2118 0*1476
0(4) -0.0903 0.1597 0.1830
0(5) -0.1856 0.0644 0.1621
0(6) -0.2394 0*0106 0.1106
0(7) -0.1922 0.0578 0.0762
0(1) 0.0302 0*2802 0.0591
0(2) -0.0990 0.1510 0*0144
Br 0.1020 0.3520 0.1827
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three thermal parameters per atom were refined together 
with an overall scale factor, and R was thus reduced to 
0*149 for the observed reflexions. The coordinates 
obtained from the two-dimensional least-squares refinement 
are listed in Table 10. The final Fourier projection on 
010 is shown in Fig. 13.

3.5. Calculation of y-coordinates.
The x and z coordinates obtained from the b-axis

projection were converted to orthogonal coordinates
• • 0Xf and Z1, and expressed in Angstom units. The orthogonal

system chosen was a, b and c’, where c1 is perpendicular 
to the a and b crystal axes.

These coordinates were then referred to a new set 
of axes with directions parallel to a, b and o', the 
origin being at the centre of the benzene ring. Since 
the centre of the benzene ring has coordinates

x* - 1/6 £  X’0(n), Tf* *> f » Z' » l&.i Z'0,n)n*a2 x ' n»2 v '
. . . . . .  (xix)

where  ̂ is to be determined later, the new coordinates,
X** and Z*} were easily found.

It was assumed at this point, for the sake of 
simplicity, that the seven carbon atoms and the bromine
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atom would “be coplanar. On the hasis of known hond
lengths, it was then calculated that the distance from

\the centre of the benzene ring to any carhon atom in
the ring would he 1.59 X, to the exocyclic carhon atom 

o owould he 2*89 A and to the hromine atom would he 5*25 A.
YH coordinates could now he calculated from the equation

( r " ) 2 *  a2 -  ( x " ) s -  ( z " ) 2
Owhere 0 * 1*39, 2*89 or 3.25 A depending on the atom 

involved*
Because the origin of this coordinate system has 

heen taken as the centre of the aromatic ring, the 
coordinates should satisfy an equation of the type

AXH + BZ* » Y« .............. (xx)
Values for A and B were obtained by a least-souares 
reduction of the eight equations in A and B obtained 
by substituting the known values of Xw, Yrt and Zw in (xx)* 
A was found to he 0.04289, B was 0.54763. Hew Y* 
coordinates were then calculated from the equation 

Y* » 0*04289 X" * 0.54763Zw
The next step was to find the value of  ̂ . This 

was derived from the knowledge that in benzoic acid and 
salicylic acid for example, the distance of the exocyclic 
carhon atom from the origin is of the order of 2 X.
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Thus an approximate Y’ coordinate for 0(1) was 
calculated and hence, assuming that the acid dimer 
was centred on the space group centre of symmetry at

r 0(0,0,0), a value for f in (xix) of 1,5 A was obtained.
If, however, the symmetry centre at (^,£,0) were being

outilised the ring centre would be at Y1 » 2,3 A, in 
which case all the x-coor&inates must also be increased 
by 0,250* Fractional x, y and z coordinates for the 
bromine and carbon atoms were derived for the two cases 

At this stage it was noticed that for the case of 
the dimer centred on (0,0,0) the bromine y-coordlnate 
was almost 0.5. Since the structure factor expression 
involves terms such as

cos 2w(hx + Iz) cos 2 TTky for i even
and sin 2TT (hx + Iz) sin 2TTky for i odd

the bromine atom would contribute little to the hl£
structure factors when I was odd and fully when I was
even, The reverse of this would be true if, on the 
other hand the centre of the acid dimer was at a  o) 
resulting in a bromine y-coordinate of 0,75, The fact 
that Z l»o(»0| « s Z|F0(hl«)ln+1 I *=2n

was evidence in
favour of the latter possibility.
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Using the hi# data, structure factors were 
calculated^on the hasis of bromine and carhon contri
butions for the two possibilities. In the first case 
(dimer centre at 0,0,0) the value of R was 0.76. In 
the second case R was 0.46, confirming that (J,^,0) 
was the correct choice for the dimer centre. When 
the y-coordinates for the (i,J,0) possibility were 
increased by 0.03, R in the structure-factor calculation 
was 0.45* On decreasing the y values by 0.03, R fell 
to 0.36. A further decrease of 0.03 in the y-values 
resulted in R having the value 0.28.

The oxygen atom y-coordinates were obtained, and 
those for the bromine and carbon atoms improved by 
computing Fourier line syntheses parallel to the b axis 
and passing close to the atom centres. On recalculating 
the hi# structure factors with these new y-coordinates,
R was found to be 0.17.

3.6. Three-dimensional least-squares refinement.
For the first three-dimensional least-snuares

calculation, the x and z coordinates from the hD# 
refinement and the y-coordinates from the hi# Fourier 
line syntheses were used. An isotropic temperature



TABLE XI.

Values of R and from the three-
dimensional least-squares refinement*

Cycle R 2  w ^ 2

1 0*181 1568 *
2 0*163 1424
3 0.157 1104
4 0*146 896
5 0*141 848
6 0*136 800
7 0*132 784

• 1*3 £ data not included.
Unobserved planes were omitted when 

calculating R*



Table 12: Measured and calculated value 
of the structure factors.



60.

parameter B » 4.0 was assigned to the bromine, oxygen 
and carhop atoms, no allowances being made for hydrogen 
atoms.

In the first refinement cycle, in which only the 
W H , hlfl. and h2fi data were used, the value of the 
residual H was 0.181# In the second and subsequent 
cycles the h5£ data xvere included. In all, six rounds 
of calculation were completed in which the three positional 
and six thermal parameters were refined. After the sixth 
cycle the parameter shifts were small in comparison with 
the parameter standard deviations and refinement was

oterminated. The values of R and 2- w A  for the 
refinement cycles are shown in Table 11. The values of 
the observed structure amplitudes and of the final 
calculated structure factors are listed in Table 12.
In the least-squares calculations, 100 unobserved terms 
were included with a value of half the minimum 
locally observable* These terns were omitted when R 
was calculated.

5*7. Coordinates, Molecular geometry and 
Estimation of accurarv.

The final coordinates of the carbon, oxygen and 
bromine atoms are given in Table 1«% While Table 14



TABLE 13.
Final atomic coordinates.

Coordinates x, y, ss are referred to the rnonoellnic 
crystal axes and are expressed as fractions of the axial 
lengths* with origin at the centre of symmetry on glide 
plane £. Coordinates X* , Y and Z* are referred to 
orthogonal axes a, h and c*, cf being taken perpendicular
to the a and h crystal axes, and are expressed oin A uni

Atom X X z r x Z»

C(l) 0.2029 0.3511 0.0567 2.312 1.440 1.293
C(2) 0.1583 0.4335 0.0958 1.171 1.777 2.185
C(3) 0.2117 0.5871 0.1484 1.319 2.407 3.385
C(4) 0.1636 0.6701 0.1830 0.181 2.748 4.175
C(5) 0.0611 0*5978 0.1629 -1.092 2*451 3.717
C(6) 0.0078 0.4434 0.1104 -1.238 1.818 2.518
0(7) 0.0560 0.3571 0.0753 -0.093 1.453 1.718
0(1) 0.2801 0.4633 0.0596 3.421 1.899 1.360
0(2) 0.1489 0*1268 0.0156 2.013 0.520 0.356
Br 0.5523 0.6911 0.1833 2.974 2.834 4.181



TABLE 14.

Anisotropic temperature-factor parameters X lo5).

Atom -22 -55 —25 &15 &12

0 (1 ) 652 10898 251 -275 415 -1475
0 (2 ) 850 4668 215 -191 550 554
0 (3 ) 912 5577 295 555 574 926
0 (4 ) 1194 8754 295 -175 756 1598
C(e) 1052 8000 585 -168 871 675

0 (6 ) 856 15500 289 699 550 1221
0 (7 ) 750 15955 271 -419 559 705
0 (1 ) 1028 14574 289 -1490 709 -1210
0 (2 ) 1115 10024 515 -844 648 457

Br 827 11888 285 -957 475 -1022

The temperature factor is expressed in the form

8-(t>u hS + + b33^S + b23k  ̂+ b13hf +
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119.3 1.385

121.4 119.9

1.427

118.6 120.8 114.4

1.8851.384

116.4 123.4
Br

3.275
1.487

3.004
126.0113.7

120.4 1.201

0 0

Fig.14. Interatomic distances and valency 
angles in o-'bromo'benzoic acid.
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contains the corresponding anisotropic temperature 
parameters* The "bond lengths and valency angles, 
illustrated in Flg*14, were calculated from the 
coordinates listed in Table 13. The shorter 
Intermolecular contacts are shown in Tahle 15.

The average standard deviations in positional 
parameter calculated from the results of the Seventh 
least-squares cycle are

o ocarbon* <rx » crz = 0*015 A, <jfy » 0 *0 1 6  A,
o ooxygen* c»x * cr2 « 0 *0 0 9  A, Cy m 0 *0 1 2  A.

obromine* crx ® cry» crz *= 0.002 A.

The estimated standard deviations in bond length
oderived from these results are 0*020 A for a carbon-

ocarbon bond, 0*017 A for a carbon-oxygen bond and 
0*014 % for the carbon-bromine bond* The estimated 
standard deviation in bond angle calculated from 
Orulckshank and Robertson1 s (1953) formula is 1*5°*



TABLEMjSj.
The shorter Intermolecular contacts.

0(1 .. (iO(S)I 0
2.645 A C(3)...C(2)n 3.678 i

0(1 •• .0(2)21 5.224 0(4).•*C(7)jj 3,748
0(1 • ♦ .0 (l)j 5.284 Br«#. 0 ( 6 ) y 3.751
C(1 • •.0( 2) jj 3* 522 Br*«, C(5)y 3,766
0(1 . . . o ( i ) x 5.595 C(6)...0(2)i;ri 3.785
0(7 . .  .0(2)]^^ 5.454 C(4) . • *̂ (̂ )yxil 3.794
0(6 » • «0 ( 2 ) jy 3 * 459 0(l) ••.0(1)jj 3.806
0(2 ,..0(2)xi 3 #484 G(5)...Q(2)1J 3.818
0(1 ...0(2)x 3.498 C(5)...C(7)II 3*832
0(7 ...0(2) jTf 3.531 C(3)...C(7)I]C 3.839
0(1 ...C(6)y 3.576 C(4)...C(2)n 3.839
0(2 ...0(2)! 3.608 .C(4)...0(6)xi 3.848
0(7 ...C(7)IV 3.635 0(1)...0(1)3- 3.890
0(1 . • «0 (l )y! 3.640 C(3).. •̂ (*̂ )jj 3.896
0(6),,..0(1)71! 3,668 C(7),..C(1)IV 3.927
C(B).*,C(6)jj 3.671 Br...0(5)yxjx 3.932

C(6)..,C(7)II 3.998
The subscripts refer to the following
positions:

1. hmX» i-y# * V. J + x, | + y# *
11. 1 + y» z VI. 4-x, 14-y, %

I I I . VTI.-4+X, £+y, z

IV. 1-y, z VIII. i-x, 4+y# 4-z
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5*8* Mean molecular plane calculations.
Only two equations of mean molecular planes were

(calculated for o-bromobenzoic acid. They were the 
equation of the plane through the six carbon atoms of 
the benzene ring, and that of the carboxyl group and 
0(2), the method of Schomalcer et, al (1959) being used*
The equations found are

0*04782 X* - 0.88715 Y + 0.45903 2» + 0*51657 m 0 
for the benzene plane, and

0*26961 X* - 0.73115 Y + 0.62669 Zf - 0.38458 « 0 
for the carboxyl plane. The deviations of the atoms 
from these planes are shown in Table 16. The angle 
which the carboxyl plane makes with the benzene plane 
is 18*5°.

3*9* Discussion*
The Br ...0(1) (3.004 A) and Br ... 0(1) (3.275 %)

separations are appreciably shorter than the sums of
0 othe van der Waal’s radii (3.35 A and 3.95 A respectively)#

The molecule is distorted from the ideal planar configuration
with valency angles of 120° at the benzene carbon atoms 
as a result of sterle strain.

The carboxyl group is twisted out of the plane of



TABLE 16.

Deviations from the mean planes*

(a) Plane through the benzene ring atoms C(8).*.#C(7)»
(b) Plane through C(l), 0(2), O(l), 0(2).

Atom (a ) (*>)

e ( i ) -0 .0 57  ^
0

-0 .0 0 5  A

c (s ) -0 .001 0*001

c (3 ) —0*002 «■»
c (4 ) 0*005 -

0 (5 ) -0 .004

0 (6 ) 0*001 -
0 (7 ) 0.002 ■ m
0 (1 ) -0*580 0.001

0 (2 ) 0.515 0*001

Br 0.064 «*-
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the "benzene ring "by 18.3°; this is accompanied "by
small out-of-plane and larger in-plane deflections
of the exocyclic valency "bonds. Thus the "bromine
atom and the exocyclic carbon atom are displaced from

o othe plane of the aromatic ring "by +0.064 A and -0.057 A
respectively, corresponding to the valency "bonds "bending
out of the plane of the "benzene ring by +1.9° and -2.2°.
In addition, two of the exocyclic valency angles are
increased from the normal value of 120° to 124.9° and
123*4°, while the adjacent angles are decreased to
114.4° and 116.4°, (Fig.14). These effects are
slightly larger than, though similar to, those observed
in o-chlorobenzoic acid, (see 2.10).

The average length of a carbon-carbon bond is 
o1.394 A which is comparable with the mean value of

1*385 A found in o-chlorobenzoic acid. The exocyclic
carbon-carbon bond (1.487 2.) appears to be shorter than
that in o-chlorobenzoie acid (1.521 A); as the standard

odeviation in bond length is 0.080 A, little significance 
can b© given to this difference. The valency angles 
in the carboxyl group conform to the pattern generally 
found in carboxylic acids. The angle C(2)0(l)O(l)
(126*0°) is however slightly enlarged; this may be



a further steric effect caused hy the proximity of the 
hulky bromine atom* The carbon-oxygen hord lengths of 
1*201 i and 1*346 A (Fig.14) indicate that the carboxyl 
hydrogen atom is bonded to 0(2) as is the case in 
o-chlorobenzoic acid*

oThe carbon-bromine distance of 1*885 A appears to
obe slightly longer than the average value of 1.85 A for

aromatic carbon-bromine bonds (Tables of Interatomic
Distances, 1958)* As the standard deviation of this

o
bond length is 0*014 A, the difference may not be 
significant*

The closest intermolecular approach occurs between
oxygen atoms of adjacent carboxyl groups related by a
centre of symmetry. The OH. .*0 distance here is 

o
2*643 A which is normal for this type of hydrogen
bonding* All other intermolecular contacts (Table 15) 

0are over 3 A and correspond to normal van der Waal’ s 
interactions*
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4* g~Chloro~5«»nltrobenzoic acid.
( ’A detailed X-ray investigation of the crystal and 

molecular structure of 2-chloro-5-nitrohenaoic acid was 
undertaken “because of the possibility that the molecule 
might exhibit a relayed steric effect* In particular, 
the buttressing of the hydrogen atom at position 6,

0(4)

0(5)

0(2)
by the nitro group at position 5, might cause the carboxyl 
group to be tilted more steeply to the benssene plane than 
*aa found in o-chlorobeneoic acid* this did in fact prove 
to be the case.
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4,1* Crystal Bata,

bath-like crystals elongated along the direction of 
the b crystal axis (hut occasionally along a) were obtained 
hy crystallisation from aqueous ethanol* Small crystals 
suitable for recording intensity data were obtained by 
cutting the lath-shaped crystals* The monoclinic cell 
dimensions were determined from rotation and equatorial 
layer-line moving-film photographs taken with copper K °L
radiation, the following values being obtained*-

o
a a 5,86 t 0,02 A

ob a 5.15 t 0.02 A
oC a 26.65 1 0.05 A

/3 « 97°54t t 20’.
°3The volume of the unit cell is 794 A * The 

experimentally determined density is 1.678 g,cm7 , 
consequently there are four molecules of CfyH^O^NGi in 
the unit cell. The calculated density is 1.687 g.cmT^,
The linear absorption coefficient for copper Koi radiation 
is n m 42.0 cmT^

Examination of the equatorial-layer-line Wfeissenberg 
photographs showed that the absent spectra are 

h0j2 when £ is odd
OkO when k is odd.



67*

The space group Is therefore uniquely determined 
as (c|h).

4.2# Intensity Bata#
The data used in the initial two-dimensional work 

consisted of the W i  and 0k& reflexions. For the 
three-dimensional analysis the hlJ?, h2Hf and h3i sets 
of data were collected using the equi-lnclination 
multiple-film Weissehberg technique. The intensities 
were estimated visually and were corrected for Lorentz, 
polarisation and the Tunell factors appropriate to 
upper layers in the usual way# No absorption corrections 
were applied as care had been taken in cutting small 
crystals of approximately uniform cross-section# The 
structure amplitudes were put on the same relative scale 
by means of the Okd zone* They were later put on an 
absolute scale by comparison with the calculated structure 
factors.

4#5. Structure determinations- the b-axls projection.
As in the case of o-chlorobenzoic acid use was made 

of the Patterson projection on (010) (Fig.15) in solving 
the structure. The largest peak on this map represents
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•Fig.15. Patterson projection along the b-axis.
Contours at eaual arbitrary intervals, 
the lowest contour being broken and origin^ 
peak contours omitted. The chlorine-chlorine 
vector is marked with a cross.
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the chlorine-chlorine vector "between chlorine atoms of
an acid dimer, and the peahs nearest the origin define
the orientation of the "benzene ring. This enabled
approximate x and z coordinates for the chlorine, oxygen,
nitrogen and carbon atoms to be deduced* Structure
factors were calculated using the Tomiie and Stam (1958)
scattering factor curve for chlorine and those of
Berghuis et al (1955) for carbon, oxygen and nitrogen

o 2with an overall isotropic temperature factor B » 4.0 A * 
The value of R, the discrepancy factor,, was 0.52. With 
the signs of the calculated structure factors allocated 
to the measured amplitudes, the Eburier projection on 
(010) was computed. All the atoms (apart from hydrogens) 
were clearly visible on this map although there was 
considerable overlap in the carboxyl group. Hew 
coordinates were chosen and in the second structure-factor 
calculation R was 0.26.

4.4* Refinement of the b-axis pro .lection.
This projection was refined by least-s^uares methods,

no allowances being made fbr hydrogen atoms at this early 
stage. In all, six rounds of calculations, in which
positional and anisotropic temperature parameters were



TABLE 17.

The x and z coordinates obtained from the
«m * mm

least-squares refinement of the h-axis projection, 
expressed as fractions of the axial lengths.

Atom
(c.f. Fig* SO) X z

0(1) -0.2544 0.1023
C(2) -0.4599 0.1163
0(3) -0.5312 0.1626
0(4) -0.4110 0.1912
C(5) -0.2105 0,1739
0(6) -0.1255 0.1312
0(7) -0.1438 0.0561
N -0.1063 0.2011
0(1) -0.2099 0.0317
0(2) -0.0238 0,0383
0(3) 0.0981 0.1935
0(4) -0.1770 0.2392
Od -0.6042 0.0816



O I 2 3
L .. 11... 11 ■ ■ i . i n 111... 111. i .1 A

Fig.16. Electron-density projection on (010).
Contours at intervals of 1 eA”  ̂except 
around the chlorine atom where, above o-g. 
the 3 eA“,J contour, the interval is 2 eA 
The one-electron line is broken.
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adjusted, were completed. The value of R was reduced 
to 0*15* The coordinates obtained after the sixth 
refinement cycle are listed in Table 17. Because of 
the relatively small amount of data available 
(approximately 150), and the overlap of some of the 
atoms, no further refinement of the projection on its 
own was attempted* The final electron-density 
projection on (010) is shown in Pig.16.

4.5. The a-axls projection*
oThe length of the a axis (5.86 A) encouraged

attempts at solving the Patterson projection on (100),
(Pig.17). Symmetry relationships predict that an
atom with coordinates (y,z) should give rise to peaks
on this Patterson projection at (Sy, 2z), (£-Sy, £)
and (£, £-2z). Since the value of 2z for the chlorine
atom was known from earlier work on the (010) projection,
the y-coordinate for the chlorine atom was readily found.
On the basis of the chlorine atom alone, structure
factors were calculated for the 0k£ data: R was 0.58*
The signs of the chlorine atom contributions were then 
used in computing an electron-density projection along



bo

O I 2 3

Fig.17. Patterson projection along the a axis.
Contours at equal arbitrary intervals-, 
the lowest contour being broken and 
origin peak contours omitted. The 
chlorine-chlorine vectors are marked 
by crosses.



TABLE 18

The y and % coordinates obtained from the 
refinement of the a-axis projection expressed 
as fractions of the axial lengths*

Atom
(c.f,Fig.2l) y z

C(l) 0.1950 0.1019
0(2) 0.0476 0.1189
C(5) Q.1424 0.1633
C(4) 0.3554 0.1925
0(5) 0.4592 0.1696
c(a) 0.5912 . 0.1283
0(7) 0.1029 0.0580
H 0.6728 0.2032
0(1) *•0.1040 0.0356
0(2) 0.2537 0.0357
0(5) 0.7321 0.1934
0(4) 0.7669 0.2389
01 -0.1757 0.0822



c.sin/3

0  I 2 3 .1 —  i....i i ....1....111.■! A

Fig.18. Electron-density projection on (100).
Contours at intervals of 1 e A e x c e p t  
around the chlorine atom where, after Q_g 
the 4 eA“  ̂contour, the interval is 2 eA 
The one-electron line is "broken.
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the a axis. From this projection, y-eoordinates for 
the lighter atoms were chosen and refinement continued
by Fourier and difference syntheses, four rounds of 
calculations reducing R to 0.15. Tahle 18 shows the 
y and z coordinates obtained. The final electron- 
density projection on (100) is shown in Fig.18.

4.6. Three-dimensional refinement.
As a starting point for the three-dimensional 

analysis the x and z coordinates from the (010) 
projection and the y-coordinates from the (100) 
projection, with an isotropic temperature factor 
B * 4.0 were used in calculating structure factors
for the hl2, h2£ and h3j0 sets of data. The values 
of R were 0.26, 0.27 and 0.29 respectively. Improved 
positional parameters were then obtained by interpolation 
in three-dimensional electron-density distributions 
(Booth, 1948b). Both F0 syntheses were computed
in order that back-shift corrections for termination-of- 
series errors could be made (Booth, 1946, 1947)# In the
next strueture-factor calculation the values of R were 
0.19, 0.21 and 0.21 for the hlfl, h2£ and h5i data 
respectively.
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Allowances were now made for hydrogen atoms; those
of the benzene ring were placed radially at a distance 

oof 1.0 A from the appropriate carbon atoms, that of the 
carboxyl group was 1.0 A from 0(2) on the line to 0(1) 
of the opposite carboxyl group. The scattering curve 
chosen for hydrogen was that of McWeeny (1951) and the 
hydrogen temperature factor B was kept constant at 4.0 A 
throughout the refinement.

When seven cycles of least-souares refinement had 
been completed the parameter shifts were negligible.
In the least-squares calculations 205 unobserved 
reflexions were included each with a value of |FqI at 
half the minimum value locally observable. After the 
fifth cycle, new coordinates were calculated for the 
hydrogen atoms; these, although Included in the 
structure-factor calculations, were not refined by the 
least-squares program. In Table 19 are listed the 
values of R and Zw(F0-Fc)s for the refinement cycles. 
The final value of R is 0*090 for the 1027 observed 
reflexions. The observed structure amplitudes are 
listed with the final values of the calculated structure 
factors in Table 20.



TABLE 19.

ffrogrese of the least-squares refinement.

Cycle 1 ^  »  A 2

1 0.185 748
2 0.155 532
5 0.132 426
4 0*110 356
5 0*102 828
6 0.093 288
7 0*090 276



Table_20: Measured and calculated values
of the structure factors.
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4.7. Coordinates. Molecular dimensions 
and Estimation of Accuracy.

The coordinates obtained from the final least-snuares
refinement cycle are given in Table 21, where the
coordinates assigned by calculation to the hydrogen
atoms are also shown. The anisotropic temperature
factors are listed in Table 22. In Fig.19 the bond
lengths and angles of the molecule defined by the
coordinates given in Table 21 ore shown. The
arrangement of the molecules in the b-axis and ,the
a-axls projections is shown in Figs.20 and 21
respectively. On these two diagrams some of the
shorter intermolecular contacts are indicated. These
and the other intermolecular approach distances less 

othan 3.7 A are listed in Table 23, where some of the 
more interesting intramolecular contacts are also given. 
The closest intermolecular approach occurs between 
oxygen atoms of adjacent carboxyl groups related by 
a centre of symmetry, the 0H...0 distance being 2.613 X. 
All other intermolecular contacts correspond to normal 
van der Waal’s interactions*

The standard deviations in positional parameters, 
calculated from the least-souares normal-equation totals,



Final atomic coordinates.

Coordinates x» Z and 5 are *©furred to the mono-
clinic crystal axes and are expressed as fractions of
the axial lengths,with origin at the centre of symmetry#
Coordinates X*, J and Zf are referred to orthogonal
axes a, b and cs*, cf being taken perpendicular to the

oa and b crystal axes, and are expressed in A units#

Atom X Z Z 2 ’ Y 2 *

C(l) -0.2551 0.1807 0.1006 -1.863 0.927 2.654
C(S) -0.4479 0.0736 0.1162 -3.051 0.378 3.068
C(3) -0.5264 0.1526 0.1598 -3.670 0.783 4.218
C(4) -0.4142 0.3503 0.1889 -5.119 1.797 4.986
C(5) -0.2209 0.4581 0.1734 -1.930 2.350 4.577
0 (  6 ) -0.1431 0.3791 0.1300 -1.315 1.945 3.432
C(7) -0.1520 0.0996 0.0550 -1.092 0.511 1.451
0 ( 1 ) -0.1858 -0.1173 0.0367 -1.223 -0.602 0.968
0(8) -0.0226 0.2753 0.0384 -0.273 1.412 1.015
0(3) 0.0806 0.7441 0.1922 -0.232 3.817 5.075
0(4) -0.1861 0.7523 0.2391 -1.966 3.859 6.312
N -0.1002 0.6646 0.2034 -1.332 3.409 5.370
Oi -0.6040 -0.1761 0.0822 -5.840 -0.903 2.169

- Cont*d -



TABLE 21 
(Contfd)

Atom z Z 2 X1 1 Z*

H(02) 0,0559 0.2158 0.0099 0.291 1.107 0.262
H(C3) -0*6651 0*0728 0.1705 -4.523 0.374 4.500
H(04) -0*4714 0.4100 0.2202 -3.569 2.103 5.811
B(C6) -0.0029 0.4580 0.1191 -0.453 2.350 3.144



TABLE 22.
Anisotropic temperature factors (1h j x 10^)*

-22 -33 ^23 -13 -12
C(1) 3747 6267 177 229 346 877
0(8) 4226 6153 202 63 136 491
0(8) 4235 7689 184 197 539 787
C(4) 4325 6392 193 124 570 -695
0(5) 3945 7596 172 100 275 661
C(6) 3879 6685 202 152 479 1316
C(7) 4479 4345 207 -174 563 149
0(1) 5562 6854 232 -472 777 194
0(2) 6093 5526 247 -126 1180 -350
0(3) 5570 7369 273 -276 837 -2034
0(4) 5680 6546 228 -354 556 1240
H 4611 5570 213 - 48 518 -558
Ci 4241 6091 221 -188 230 -660

The temperature factor is expressed in the form 

2-(bu h2 + tjggfcS + u33{S + tS3kg + U13hlZ + t>lgMc)
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Pig.19. Interatomic distances and valency 
angles in 2-chloro-5-nitrolDenzoic 
acid.
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Pig.20. The crystal structure of 2-chloro~5- 
nitrohensoic acid as viewed in 
projection along the h axis with the 
true unit cell halved in the c direction. 
Some of the shorter intemolecular 
contacts are show*1*



' .3.612

M S7

.3.630

.Cl

U S B

Fig.21. Structure viewed along the a axis 
with the true unit cell halved in 
the c direction. Some of the shorter 
intermolecular contacts are shown.



TABLE 23.
Shorter Intermolecular distances*

0(l)...0(2)x 2.613 A 0(3)... Nn 3.509 1
0(4).* #$22 2.988 0(8)... 0(2)3- 3.521
0(2)*•#0(2)JJ2 5.120 0(3)...0(4)jj 3.528
0(4)*•»0(^)2 X 3.128 0(4)...C(4)IV 3.535
0(3)..„0(4)IX 3.198 N. *.C(2)jy 3.557
0(2) ...0(1)2y 3.258 0(6)...0(1)jy 3.571
0{4)*«*0(5)22 5.273 C(4)...0(3)VI 3.595
0(3)*.*C(3)V 3.315 C(5)...CtIV 3.601
0(1)..*0(1)3. 3.343 H...0(3)IV 3.612
C(7)...0(l)x 3.349 C(6)...C?IV 3.630
0 ( 4 ) . . . 0 ( 4)21 3.365 IT.. .N22 3.650
0(4)...C(3)2y 3.392 C(5)...C(2)IV 3.670
C(7)...0(2)x 3.412 0(3)...C(1)IV 3.679
C t . . . 0 ( 2 ) ^ 3.457 N . . . 0 ( 4 ) X I 3 .6 8 0

CI ...0(1)^ 3.472 0(3)...C?v 3.699
CfL « . . C ( 7 )Y2 3.493 0(3)..,C(5)XX 3 .7 2 8

- Contfd



i/yiyyiyi-

(Cont'd)

The subscripts refer to the following positions!

Intramolecular non-bonded distances!
C (7 ) . . .C ?  3.173 0 ( 3 ) .  ..0(6) 2,718

q ( l ) , , , 0 £  2.896 0 ( 4 ) . . . 0 ( 4  ) 3.709

q ( 2 ) . . . e ( 6 )  2,688 0 ( 1 ) . . . 0 ( 2 )  2,961



TABLE 24.

Standard deviations of the final 1........   1   Vo *atomle coordinates (A).

U) (x) (1)
0(1) 0.0055 0.0076 0.0054
0(2) 0.0058 0.0079 0.0058
0(3) 0.0058 0.0082 0.0057
0(4) 0.0057 0.0078 0.0058
0(5) 0.0056 0.0080 0.0055
0(6) 0.0057 0.0078 0.0058
C(7) 0.0057 0.0073 0.0058
0(1) 0.0042 0.0055 0.0041
0(2) 0.0044 0.0054 0.0042
0(5) 0.0045 0.0056 0.0046
0(4) 0.0044 0.0053 0.0042
K 0.0049 0.0062 0.0049
Gt 0.0015 0.0022 0.0016
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are listed in Table 24. The estimated standard deviations 
in bond length (in &) obtained from these values are 
carbon-earbon * 0,009, carbon-oxygen » 0.008, 
earbon-nitrogen * 0,008, carbon-chlorine « 0.007 and 
nltrogen-oxygen « 0,007. The standard deviation in 
bond angle, calculated by Cruickshank and Robertson’s 
(1955) method, is 0.8°.

4.8. Mean molecular plane calculations.

The best plane through the carbon, nitrogen, chlorine 
and oxygen atoms calculated by the method of Schomaker 
et al (1959) has equation

0.51574 Xf - 0.66874 Y + 0.55554 ?J + 0.15468 * 0.
The deviations of the atoms from this plane (Table 25) 

show that, as in o-chlorobenzoic acid, the molecule is 
clearly non-planar. The equation of the plane through 
the benzene ring carbon atoms was then calculated and 
found to be

0,50771 X1 - 0.68589 Y + 0.52595 + 0.19425 m 0.
The small displacements of the benzene carbon atoms from
this plane (Table 25) are not significant, their average 
value being 0.006 St. The chlorine atom and the nitrogen 
atom deviations are similarly not significant. The



TABLE 25.
Deviations (A) of the atoms from various -planes,
(a) Plane through C(l)....0(7), 0(l)..•*0(4), N, Ct.
(b) Plane through the benzene ring atoms C(l)..,.0(6).
(<5) Plane through 0(1)..• *0(7), N, OS-.
(d) Plane through 0(1), 0(7), 0(1), 0(2),
(e) Plane through 0(5), N, 0(3), 0(4),

(a ) (}>) (°) (a) («)

0(1* -0.025 0*005 -0.010 0.003 -

0(8) •■0# 048 -0*006 -0.010 mm -
0(5) -0.022 0.006 0.014 - -
0(4) -0*005 -0*006 0 * 004 - -
c(e) 0*019 0.006 0.005 - 0.000
0(6) -0.006 -0*005 -0.018 mm -
c(7) 0.007 0.051 0.022 -0*009 -

0(1) 0.424 0.492 0.460 0.004 -
0(2) -0.407 -0*379 -0*416 0.003 mm

0(5) 0*180 0.125 0.116 - 0.000
0(4) -0.080 -0*156 —0.124 mm 0.000
H 0*043 0.000 0*000 mm 0.001
Ct -0*080 —0.001 -0.007 - m
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displacement of the exocyclic carbon atom 0(7) from the 
benzene plane is 0.051 X, Implying an out-of-plane 
beading of the exocyclic carbon-carbon bond of 2.0°•
This displacement, although small, is several times 
greater than the standard deviation in positional 
parameter and would appear to be significant. A means 
of testing the significance of the C(7) deviation is 
"by application of the )(.̂ test (see Part I, 1.10) to 
the displacements of the chlorine, nitrogen and the 
seven eatfbon atoms from the best plane that can be 
fitted to them. This plane has equation

0.50083 Xf - 0.68361 Y + 0.53090 Z* + 0.14758 » 0

X a ® « 1.28 x IQ'3 Xs

and X s “ 2 A 2/crs * 26

It is found from tables of "^(Pisher and Yates,1967) 
that this corresponds to a probability of less than one 
in one thousand that no atoms deviate significantly 
from the calculated plane, i.e. the chlorine, nitrogen 
and the seven carbon atoms cannot all be regarded as 
eoplanar.

The atoms of the carboxyl group C{7), 0(1) and 0(2), 
and carbon atom 0(1) of the benzene ring lie on the
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plane with equation
0.72169 Xf - 0.35446 Y + 0.59458 Z' + 0.09759 « 0

The angle between this plane and that of the aromatic
ring is 23.0°. The plane through the atoms of the 
nltro group N, 0(3) and 0(4), and carTbon atom 0(5) of 
the benzene ring has equation

0.41335 X* - 0.68278 Y + 0.60247 Zf - 0.35560 * 0.
The angle which this plane makes with the benzene ring
is 7.0°.

The equation of the plane through the four oxygen 
atoms, 0(l), 0(2), 0(1)’ and 0(2)’, of an acid dimer 
and the centre of symmetry at the origin is required 
in the computation of Fourier syntheses in the oxygen 
atom plane. It was found to be

0.68048 X’ - 0.33614 Y + 0.65113 %' » 0.

4.9. location of hydrogen atoms.

On completion of the three-dimensional least-square® 
refinement, a further set of structure factors Fe* was 
calculated using the final coordinates and temperature 
factors listed in Tables 21 and 22, omitting the hydrogen 
atom contributions. Difference Fourier projections on 
(010) (Fig.22) and (100) (Fig.25) were computed using
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Fig.22. Difference electron-density projection 
on (010). Contour scale: 0.2 eA~,
negative levels broken, zero contours 
omitted.
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Pig.23. Difference electron-density projection 
on (lOO). Contour scale: 0.2 ek ,
negative levels "broken, zero contour 
omitted.
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(F0~Fcf) as coefficients, the hydrogen atoms of the 
benzene ring being clearly visible in these projections. 
The carboxyl hydrogen atom responsible for the hydrogen 
bonding between dimers is found as a rather diffuse 
maximum in the projection on (010) but appears to be 
better resolved in the (100) projection.

Difference Fourier syntheses using (F0-Fcf) as 
coefficients were also evaluated in the plane of the 
aromatic ring (Fig.24), and in the plane of the four 
oxygen atoms of an acid dimer (Fig.25). In Fig.24
the direction d is the line of intersection of the 
molecular plane and (010), and e is the direction 
of the line of intersection of the molecular plane 
and (100). The lengths of the lines d and e are

d « 9♦427, e * 9•344 A
and the angle between them is lSl0^ ’. The corresponding
values for the direction f and £ in Fig. 25 are

of as 9.914, g ss 6.008 A 
the angle between them being 114°58f •

The data used in the Fourier calculations were 
limited to the planes with sins 0 <  0.400 since the 
effective hydrogen atom contribution to planes with 
a higher value is small; this also minimises the
effeets of any errors in the thermal parameters.



32O

Fig.24. Section through the three-dimensional
difference electron-density distribution 
evaluated in the plane of the benzene ring. 
Contour scale: 0.1 eX *, negative levels
broken, zero contour dot-dashed.



(a)

(t>)

32

Fig.25, Sections through (a.) the three-dimensional 
electron-density distribution and (b) the 
three-dimensional difference electron-density 
distribution evaluated in the plane containing 
the oxygen atoms of the carboxyl group and the 0_g 
origin of©the unit cell. Contour scale (a) 1 eA~ 
(b) 0.1 eA~ , negative levels broken, zero 
contour dot-dashed.
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In Pig.24 the hydrogen atoms of the “benzene ring are
clearly revealed, the peak heights lying between 0.41 

o~Sana 0.42 eA . The carbon-hydro gen bond lengths
measured directly on this map are

0(5) - H e  0.98; C(4) - H « 0.96;
C(6) - II * 0.88 A,

othe average value being 0.93 A.
In Pig.25 a triple P0 synthesis in the plane of 

the oxygen atoms of the acid dimer is shown above the 
(Po-Pc*) synthesis in the same plane. The hydroxyl 
hydrogen atom is not nearly as well resolved in this 
difference synthesis as its benzene ring counterparts 
in Pig.24. The expected position on the dotted line
joining 0(2) and 0(1)’ is indicated by a cross at

o . 0-51.0 A from 0(2). The maximum of 0.21 eA situated
midway between the oxygen atoms and to one side of
the line joining them may be attributed to this
hydrogen atom. A comparable lack of resolution
was found with o-chlorobensoic acid.

4.10. Discussion.
The c e . . . 0 ( l )  (2 .896  X) and c e . . .c (7 )  (3 .173 X)

intramolecular separations are appreciably shorter 
than the sums of the appropriate van der Waal’s radii,
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o5.20 and 5.80 A respectively. The corresponding 

distances in o-chlorobenzoic acid are 2.892 and 5.217 X.
The displacements of the benzene carbon atoms from 

the plane of the aromatic ring are all about 0.006 % 
and are not significant. The displacements of the 
chlorine and nitrogen atoms are similarly not significant*
The displacement of the carboxyl carbon atom 0(7) from

othe benzene plane is 0.051 A which, being several times
greater than the standard deviation in position (Table 24),
would appear to be significant (see 4.8). This
displacement implies a deflection of the exocyclic
carbon-carbon bond of 2.0° from the plane of the benzene
ring, a result of the same order of magnitude as that
found in o-chlorobenzoic acid (2.2°).

The tilt of the carboxyl group plane to the benzene
plane (25.0°) is appreciably greater than that found in
o-chlorobenzoic acid (15*7°). This difference may arise
from an intramolecular buttressing effect, or intermolecular
crystal forces. In o-chlorobenzoic acid it is highly
probable in view of the in-plane deflection of the
exocyclic carbon-carbon bond that the hydrogen atom
adjacent to the carboxyl group is also displaced away 
from its ideal radial position. In 2-chloro-5-nitro- 
benzoic acid the bulky nitro group in the 5 position will



strictly curtail the in-plane splaying-out of the 
hydrogen atom at position 6, the resulting increased
H.*.Q(2) interaction causing the carboxyl oxygen atoms 
to be rotated further out of the benzene plane*
Similar arguments can be advanced concerning the 
orientation of the niiro group in 2-chloro-5-nltro- 
benzolc acid. nitrobenzene (Trotter, 1959) and 
p-nitroaniline (Donohue & Trueblood, 1956) are 
completely planar as i?ould be expected, while on the 
other hand 284-dlnitrochlorobenzene (?/atson, 1960), 
m-dlnitrobenzene (Trotter, 1961a) and 2~chloro-5- 
nltrobenzoic acid all have nitro groups adjacent to 
buttressed hydrogen atoms, the nitro groups being 
rotated 15°, 11° and 7° respectively out of the 
benzene planes. These considerations lead to the 
conclusion that it is intramolecular rather than 
intermolecular forces which are responsible for the 
rotation of the nitro group and the increased rotation 
of the carboxyl group in 2-chloro-5-nitrobenzoic acid 
as compared with o-chlorobenzoic acid.

The in-plane displacements of the exocyclic carbon- 
carbon and carbon-chlorine bonds away from one another 
(Fig. 19) are comparable to those in o-chlorobenzoic acid, 
the angle between the carbon-carbon and carbon-chlorine
vectors being 67.4° (67.2° in o-chlorobenzoic acid).
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The bond lengths and valency angles in the carboxyl 
group conform to the pattern usually found in unionised 
carboxylic acids. This is exemplified by the angle
C-C-OH approaching the tetrahedral value while the 
angles C~C=0 and 0«C-0H exceed 120°» As in the case 
of o-chloro- and o-bromo-benzoic acids the carbon-oxygen 
bond lengths are indicative of the carboxyl hydrogen atom 
being bonded to 0( 2), the oxygen atom remote from the 
chlorine atom. As has been previously explained (2.10) 
this allows sufficient clearance between the halogen 
atom and neighbouring oxygen atom for a smaller tilt 
than would be required if the opposite confomation 
were adopted.

The dimensions of the nitro group do not differ 
significantly from those reported for nitrobenzene or 
m-ftinitrobenzene.

0. .0 0. .0 0 .0
1.216

1*452

.12$/'
‘N 119°

C

1.208 .124^
H 118°

1*486

1.20

1*47

.125®/
H 118°

C
2-chloro-5~nltro~ nitrobenzene m-dlnitrobenzene
benzoic acid (Trotter,1969) (Trotter,1961a)



The pattern of the valency angles (O-N-O exceeding 
ISO0 ana C-1M) less than 1200) can he attributed to 
electronic repulsion involving the lone pairs of 
electrons on oxygen atoms in the sps state of 
hybridisation, these electrons being situated in 
the plane of the nitro group* The angular variations 
found in the carboxyl group can similarly be explained.

The mean carbon-carbon distance in the aromatic 
oring is 1*576 A, which is not significantly different 

from the mean distance of 1*385 X in o-chlorobenzoic 
acid# The carbon-chlorine bond length (1*753 X) 
is not significantly longer than that found in 
o-chlorobenzoic acid (1*737 X).



82*

5* 4-Chloro~5-nttrobensolc acid and 
4-Bromo-5-nitrobenzoic acid.

The molecules of 4-ehloro-!5-nitrobenzoic acid and 
2~ehloro-5-nltrobenzoic acid are related in that only 
the carboxyl and nitro groups have been interchanged#
It was to find the effect of this interchange on the 
molecular geometry that the analysis of 4-chloro-3- 
nitrobenzoie acid was undertaken#

At a later date crystals of 4~bromo-!3-nitrobenzoic 
acid were obtained and found to be isomorphous with the 
4-chloro-aeid. This was put to good uso in solving 
the 4-chloro-acid structure which had been resisting 
attempts at solution by Patterson and triol-and-error 
methods* In addition the effect on the stereochemistry 
of the molecule of replacing a chlorine atom by the 
bulkier bromine atom could be investigated for comparison 
with o-chloro- and o-bromo-benzoic acids#

In the calculations involved in the analysis the 
atoms were numbered as follows;-
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Bv.Ol 0(4)

8 0(3)

6

0(1) 0(2)

t . W  Ixperlmental detail si

Crystals of 4-chloro-3-nitrobenzoic acid (430NBA.) 
and 4-broma-3-nitrobenzoie acid (43BHBA) suitable for 
X-ray Investigation, obtained by re crystallising the 
crude commercially available material from alcohol-ether 
mixtures, are monoclinlc laths normally elongated along 
the b crystal axis, although occasionally along a* The 
unit-cell dimensions and space group were determined 
from oscillation and rotation photographs of crystals 
rotating about the a and b crystal axes, and the OkHf 
W&, hlJ2, h2i and h3£ Welssenberg films*
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5*2. Crystal data.
43CNBA

OCell dimension a » 7.41 t 0.02 A 
To * 5.70 1 0.02 
C *19.12 t 0.04 
/i * 100°30* t 20'

Unit-cell
volume

%
%

Absorption 
coefficient 
for X-raySo X« 1,542 A

°3 794 A

1*687

1.686

M « 42,0 cmT^

43BNBA
o

a a 7,48 t 0.02 A
b a 5.82 1 0.02
c «19.27 t 0.04
ft » lOS^* t 20* 

03U a 817 A

1,990
4

1.999

M  = 70.1 cmT1

Absent spectra bOJ? when 2 is odd and OfeD when Is: is odd. The space group is 
therefore determined uniquely 
as P2x/c (0|h).

5,3. Intensity data.
Ebr both acias, the W t , hll?, h%2 and h30 

intensities were collected using the multiple-f11m 
equl-lnclination Weissenberg technique with copper KoC 
radiation. At the present stage of the analyses only 
the hDf and h3i data have been utilised. The 
intensities were estimated visually and no absorption
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corrections have been applied. The structure 
amplitudes were derived by the usual mosaic crystal 
formula, the absolute scale being established later 
by comparison with the calculated structure factors.

5.4* 4-Bromo-5-nitrobenzoic acid.
(i) The (OlO) pro .lection.
The Patterson projection on (010) was computed

using the 169 hO# terms and is shown in Pig.26# The
large peak on this map at a general position corresponds
to a bromine-bromine vector between the bromine atoms
of an acid dimer. The x and z coordinates of the
bromine atom were then deduced to be approximately
(0.380, 0.181). The next step was to calculate
structure factors on the basis of the bromine atom

°2alone using a temperature factor B « 4.0 A with the 
bromine scattering curve of Thomas and Fermi 
(Internationale Tabellen, Vol.II, 1935). The value 
of the residual R was 0.40. The signs of the bromine 
atom contributions were then taken with the observed 
structure amplitudes in evaluating the Fourier projection 
on (010), in which the positions of the remaining atoms 
(other than hydrogens) could be clearly distinguished.
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In this way coordinates for the carbon, nitrogen and 
oxygen atoms were obtained and those for the bromine 
atom Improved.

In the next structure-factor calculation the
scattering curves of Berghuis et al (1955) for carbon,
nitrogen and oxygen were used, an isotropic temperature 

02factor B as 4.0 was assigned to all the atoms and R 
fell to 0.29. A further F0 Rmrier synthesis was 
computed, followed by an Fc synthesis which was used 
to determine back-shift corrections to allow for the 
effect of termination of series on the Fourier summations, 
and a new improved set of coordinates was obtained.
In the ensuing strueture-factor calculation R was 0.21.

(ii) Determination of y-coordinates and 
partial three-dimensional refinement.

From considerations of known bond lengths, 
y-coordinates for the bromine and carbon atoms were 
deduced in a manner completely analogous to that described 
for o-bromobenzoic acid (see 3.5), with the advantage 
that this time there was no ambiguity about molecular 
centres to complicate the calculation. Using the x and z 
coordinates from the (010) projection and the calculated 
y-coordinates, the h3£ structure factors were calculated
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on the basis of "bromine and carbon atom contributions
only. An overall isotropic temperature factor 

°2B a* 4.0 A was employed and R was 0.42.
Using only the h5i data, Rrnrier line syntheses 

parallel to the y-direction were computed through the 
known x and z positions of the atoms. Prom these, 
y-coordinates of nitrogen and oxygen atoms were obtained 
and those of the bromine and carbon atoms Improved.
In the second hS£ structure-factor calculation R was 
0.28* Two further rounds of refinement by Iburier 
methods using both P0 aril(i syntheses were completed 
using the h0£ and h M  data. No attempts were made 
to refine the temperature x^srameters and hydrogen atom 
contributions were neglected. The present values of 
R are 0.185 for the hOJ2 and 0.216 for the hSJfc sets 
of data. The values of the calculated structure 
factors at this point are listed in Table 26a along 
with the observed structure amplitudes, scaled so that 
Z  * IP0I = Z  l*cl for each set of data. The unobserved 
terns have been included in the list at half the 
minimum value of |F0| locally observable.



Table 26: Measured and calculated values
of the structure factors.

(a)

i-cvumo-s-Nrrnopiwioic
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(ill) Coordinates and molecular dimensions.

The present atomic coordinates expressed as fractions 
of the monoclinic cell edges are listed in Table 27.
In Fig.27 the bond lengths and valency angles calculated 
from these coordinates are shown. Since this analysis 
has still to be completed the lengths and angles in 
Fig*27 are necessarily of qualitative rather than 
quantitative significance* No standard deviations 
have been calculated.

(It ) Mean molecular plane calculations.
The best plrne through the carbon atoms of the 

benzene ring (C(l)...0(6)), found by the method of 
Schomaker et al (1359), has equation

-0.06517 X' - 0.63617 Y + 0.76896 2* + 0.00824 * 0 
while the best plane through the atoms of the nitro 
group 0(3), 0(4) and N, and 0(5) has equation

0.63849 X* ~ 0.67955 Y + 0.36136 Z' + 3.34506 « 0
The equation of the plane through the atoms of the 
carboxyl group C(7), 0(1) and 0(2), and carbon atom C(l) 
of the benzene ring is

0.04063 X* - 0.53947 Y + 0.84102 Z' - 0.01611 * 0



TABLE 27.
Interim atomic coordinates.

Coordinates x, y and z are referred to the mono-
clinic crystal axes and are expressed as fractions <St
the axial lengths, with origin at the centre of symmetry.
Coordinates Xf» X an(i It are veferred. to orthogonal
axes a, b and c* , cf being taken perpendicular to the

oa and b crystal axes, and are expressed in A units.

Atom X y 3 X* Y Zf

e(x) -0.263 0.371 0.080 -2,31 2.16 1.51
C(2) -0.168 0.533 0.129 i • CD CO 3.10 2.42
C(3) -0.278 0.671 0.160 -2.78 3.90 3.01
c(4) —0.468 0.644 0.147 —4.14 3.75 2.75
C(5) -0.550 0.485 0.101 -4.55 2.83 1.89
C(6) -0.447 0.325 0.072 —3. 66 1.89 1.36
C(7) -0.140 0*206 0.047 -1.26 1.20 0.89

-0.183 0.844 0.215 -2.31 4.91 4.03
OOl) -0.221 0.033 0.011 -1.70 0.19 0.21
0(2) 0.028 0.256 0.051 -0.01 1.49 0.96
0(3) -0.061 0.967 0.194 -1.30 5.63 3.64

0(4) -0.220 0.852 0.270 -2.82 4.96 5.06
Br -0.619 0.869 0.181 -5.41 5.06 3.39



Br

1.15

120
120

1.51 1.39  
V  121* >1.29 114

121117* 122

1.36 1.40

115 117

123
1.41 1.38

116 120

1.55

120’ 117

1231.28

0 0

Pig.27. Bond lengths and valency angles 
in d-hromo-S-nitrohenzoic acid.



TABLE 28.

Deviations (A) of the atoms 
from the various planes.

(a) Plan© through the henzene ring atoms G(l)....0(6).
(h) Plane through 0(3), N, 0(5), 0(4).
(c) Plane through 0(1), 0(7), 0(1), 0(2).

(a) (*) (e)
C(1) -0.061 - *0.009
C(2) 0.018 -
0(3) 0.016 0.005 mm

0(4) 0.008 mm mm

0(6) *0.050 - mm

0(6) 0.078 - mm

0(7) 0.006 - 0.031
N 0.128 *0.011 -

0(1) 0.156 • *0.011
0(2) *0.199 * *0.011
0(8) *0•688 0.004
0(4) 0*922 0.004 *
Br -0.260 mm mm
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The deviations of the atoms from these planes are 
listed in Tahle 28.

The plane of the nitro group and C(3) makes an 
angle of 48.9° with that of the benzene ring, while 
the tilt of the plane through the carboxyl group and 
C(l) to the aromatic ring is 9.1°.

6*5. 4-Chloro-5-nltrobenzoic acid.

(i) The (010) projection.

Before the structural analysis of 4-bromo-3- 
nitrobenzoic acid had been initiated, many fruitless 
attempts were made at solving the structure of 4-chloro- 
5-nitrobenzoic acid by means of a systematic study of 
the peaks in the Patterson projection on (010) (Fig.28). 
The data used in the Patterson summation were "sharpened"

Oby multiplying each |F0 |̂  term by the Lorentz and 
polarisation factor appropriate to that plane. This 
proved to be the best of several sharpening functions 
used on this projection*

Bach of the larger peaks in Fig.28 was considered 
in turn, assuming that it was the chlorine-chlorine 
vector. On this basis, numerous trial structures 
involving the chlorine atom and carbon atoms C(l),
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G(4) and C(7) were Investigated. In no case did the 
value of the residual in the structure factor calculations 
fall below 0.70.

It was during this period of trial structure-factor 
calculations that work began on 4-brorao-3-nitroben55oic 
acid which proved to be isomorphous with the 4-chloro- 
acid. As has been described previously (5.4.(1)) the 
bromine-bromine vector was quickly located on the
4-bromo-5-nitrobenzoic acid Patterson projection on 
(010), which in turn indicated the correct choice of 
peak for the chlorine-chlorine vector in the 4-chloro- 
acid Patterson projection on (010). This is shown in 
Pig.28 by a cross. The correct peak is the ninth largest 
on the vector map.

Coordinates for the chlorine, carbon, nitrogen and
oxygen atoms were then derived and structure factors

oocalculated. A temperature factor B « 4,0 A was
assigned to all the atoms (no allowances were made at
any stage for hydrogens); for the chlorine atom, the
scattering curve of Tomiie and Stam (1958) was used and
for the remaining atoms the curves of Berghuis et al (1955)
were chosen. The residual H, in the structure factor 
calculation, had the encouraging value of 0.40. The
electron-density projection on (010) was then computed,
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new atomic centres chosen and structure factors recalculated, 
R falling to 0*29. Ko more work on the projection alone 
was done as three-dimensional Curler syntheses were 
contemplated# The final electron-density projection on 
(Old) is shown in Pig.29#

(it) Partial three-dimensional refinement#

The y-coordinates obtained from the 4-bromo-3- 
nitrobenzoic acid Rmrler syntheses were used with the 
x and z coordinates from the (010) projection in 
calculating structure factors for the h5£ reflexion

Oodata. An isotropic temperature parameter B m 4.0 A 
was assumed for all the atoms, the resulting value of R 
being 0#57. The atomic coordinates were improved by 
computing P0 and Fc Fourier syntheses in the region of 
the atomic centres using the hO0 and hzit data, in a 
manner similar to that described for 4-bromo-3-nitrobenzoic 
acid# After two rounds of structure-factor and Fourier 
calculations, R was 0.240 for the hOQ and 0.224 for the 
h3iL data. The present interim calculated values of the 
structure factors are shown in Table 26b, along with the
sealed observed structure amplitudes; planes too weak to 
be observed have been included at half the minimum value 
locally observable.
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(111 V Coordinates and molecular dimensions.
The positional parameters of the atoms at the 

present stage of the analysis are listed in Tahle 29.
The equation of three mean molecular planes were evaluated 
hy the method of Schomaker et al (1959).
That of the benzene ring carbon atoms C(l)*..C(6) I 
-0.06226 X’ - 0.60416 Y + 0.79443 Zf + 0.16624 m 0. 

Carbon atom C(5) and the nitro group N, 0(3) and 0(4)t 
0*58689 X1 - 0.71597 Y + 0.37811 Zf + 3.20739 * 0.

Carbon atom 0 (1 ) and the carboxyl group C(7), 0 (1 ) and 0(2)i 
0*06235 X* - 0.57907 Y + 0.31288 Zf + 0.04271 - 0.

The angle of tilt for the nitro group plane to the 
benzene plane is 45*8°j for the carboxyl group plane 
to the benzene plane the angle becomes 7,4°. The 
deviation of the atoms from these planes are listed 
in Table 30.

The bond lengths and valency angles, calculated 
from the coordinates of Table 29 are shown in Fig.50.
As was the ease with the 4-bromo-aeia the values are 
of qualitative rather than quantitative significance.



TABLE 29.
Interim atomic coordinates*

Coordinates x, ^ an<3. z are referred to the mono-
clinic crystal axes and are expressed as fractions of
the axial lengths, with origin at the centre of symmetry.
Coordinates X*, Y and £fare referred to orthogonal
axes a, h and ts* , c* "being taken perpendicular to the

oa and h crystal axes, and are expressed In A units.

Atom X X Z X* I S’
C(1) -0.251 0.560 0.084- -2.16 2.05 1.58
0(2) -0.166 0.541 0.130 - 1 . 6 8 3.09 2.44
C(3) -0.279 0.692 0.160 -2.61 3.94 3.01
0(4) -0.469 0.670 0.148 -4.00 3.82 2.78
c(e) -0.553 0.490 0.106 -4.47 2,79 2.00
c(6) -0.447 0,327 0.072 -3.57 1.86 1.35
0(7) -0.140 0.212 0.047 -1.20 1.21 0.88
H -0.179 0.851 0.215 -2.08 4.85 4.05

0(1) -0.219 0.034 0.012 - 1 . 6 6 0.19 0.22
0(2) 0.027 0.251 0.052 0.01 1.45 0.97
0(3) -0.052 0.973 0.193 -1.06 5*55 3.63
0(4) -0.228 0.882 0.271 -2.64 5.05 5,09
06 -0.599 0.876 0.182 -5.08 4,99 3,43



TABLE 30,
ODeviations (A) of the atoms 

from the various -planes»

(a) Plane through the henzene ring atome 0(1)...,0(6). 
(h) Plane through 0(5), N, 0(3), 0(4),
(c) Plane through 0(1), C(7), 0(1), 0(2).

(a ) (*) (e)

0 (1 ) **0 , 015 mm 0.005

0 (2 ) 0 .011 -

0 (2 ) 0 ,004 —0,012 -
0 (4 ) <-0.015 ' * mm mm

C (6) 0 ,011 ' ' mm mm

0 (6 ) 0 .004 ■ ■ • mm

0 (7 ) -0 ,1 2 3 ■ - -0 ,0 1 8

n 0 , 248 0 .042 '

0 (1 ) -0 ,0 0 5 . . mm 0*006

0 (2 ) -0 *258 mm 0,00*?

0 (3 ) —0,566 0 , 014 ^ mm ■

0 (4 ) 1 .002 —0 ,016 mm

e* -0 .1 4 5 mm ■ mm



Cl

1.72

120 120124
1.48 1.41
\  121* y

1.381.30 120113

115 123 121
1.39 1.44

118' 117

1211.42 1.44
119 119

1.46

120 118

1.24 1.30122

a

Pig.30. Bond lengths and valency angles 
in 4-chloro-3-nitrohenzoic acid.



93.

5.6. Discussion.

No great accuracy can be claimed for the results
obtained with the limited number of data utilised at
the present stage of the analyses. The bond lengths
and valency angles shown in Fig.27 and 30 are sufficient
to confirm the correctness of the structures, detailed
discussion of the bond lengths and angles must await
further refinement.

The deviations of the benzene ring carbon atoms
ofrom the plane of the aromatic ring vary from-0.06 A

to +0.08 % (Table 27) in the 4-bromo-acid and from 
o o-0.02 A to +0.01 A (Table 29) in the 4-chloro-acid, 

and must be considered insignificant at present. One 
feature which will be of some interest, if confirmed 
by further refinement, is the apparently large deviations 
of the halogen atoms from their respective benzene planes: 
Br m -0.26 CH * -0*15 5L These deviations are 
considerably greater than the corresponding displacements 
found in o-bromo- and o-chloro-benzoie acids (0.064 % and 
0.036 A respectively).

The Br,..0(4) (3.09 X) and C£...0(4) (2.96 X) 
intramolecular separations are in agreement with the
Br...0(1) separation in o-bromobenzoie acid (3.004 %) 
and the C^...0(1) separations in o-chlorobenzoic acid
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(2*892 %) and 2-ehloro-5~nitrobenzoic acid (2.896 X)
all of which are less than the sums of the appropriate

ovan der Waal’s radii* The Br.. .N(3*17.'A) and C(L*..N 
o(3*06 A) intramolecular contacts are also appreciably

shorter than the suras of the respective van der Waal’s
o oradii (3.45 A and 3.30 A), consequently the molecules, 

if planar, would be under considerably steric strain.
With the accuracy attained at present, only the rotations 
of the nitro and carboxyl groups, about their respective 
exocyclic valency bonds with respect to the benzene rings, 
may be considered as being definitely significant in 
relieving imposed steric strain.

The unsubstituted..aromatic acids, benzoic acid 
(Sim, 1955) and 2-naphthoic acid (Trotter, 1961b) are 
planar in the solid state as would be expected. The 
fact that in 4~bromo- 3-nitrobenzoic acid and 4-chloro-3- 
nitrobenzoic acid, the carboxyl groups are rotated about 
the exocyclic carbon-carbon bonds can be explained by 
invoking an identical buttressing effect os was used to 
explain the tilt of the nitro group in 3-chloro-6~ 
nitrobenzoic acid. The much larger inclination of
the nitro group planes to the aromatic rings in 4-bromo- 
3-nitrobenzoic acid (48.9°) and 4-ehloro-3-nitrobenzolc
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acid (45#8°) oyer a carboxyl group in a comparable 
situation in 2-ehloro~5*-nitrobenzoic acid (23.0°), 
is of some interest. To clarify this situation, and 
to confirm if this effect is genuine, the crystal 
structures of o-bromonitrobenzene and o-chloronltro- 
benzene are being investigated by Asher and Sim (1961) 
and should provide interesting information, since they 
bear the same relationship to 4-bromo- and 4-chloro-3~ 
nltrobenzoic acids as o-chlorobenzoic acid does to 
2-chloro-5~nitrobenzoic acid.
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6. Final Discussion*

It is well known that crystal forces can he important 
in conformation effects; diphenyl, for example, is centro- 
symmetrlcal and hence planar in the solid state (Dhar,1932; 
Hargreaves et al, (1961), while in the gas-phase, electron- 
diffraction studies (Karle and Brockway, 1944; Bsstiansen, 
1949) indicate that the two rings are inclined at ahout 
45° to one another • A similar discrepancy ixlsts between 
X-ray crystallographic and electron-diffraction results 
in polyhalogenobenzenes* In the carboxylic acids 
described in this thesis, it is likely that the deviations 
from planarity which are found arise from intramolecular, 
rather than intemolecular or crystal, forces* This 
can be inferred from the fact that the unS'bstituted 
parent molecules, benzoic acid and nitrobenzene, are, 
as would be expected, planar in the solid state#

One of the Interesting features which emerges from 
the analyses of o-chloro- and o-bromo-benzoic acids and 
of 2-chloro-5-nitrobenzolc acid is that small but 
significant deviations of the carboxyl carbon atoms 
(0*053, 0*057 and 0*051 A respectively) from the benzene 
planes do occur* These displacements correspond to 
significant out-of-plane bending of the exocyclic 
carbon-carbon bonds through approximately 2°* Out-of-plane
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deviations of the carbon-halogen bonds are also found 
in o-chlorobenzoic acid (1.2°) and in o-bromoben zo i e 
acid (1.9°)• However, no significant out-of-plane 
deviation of the carbon-chlorine bond was found for 
2-chloro-5-nitrobenzoic acid.

In addition to out-of-plane bending, significant 
in-plane splaying-out of the exocyclic valency bonds 
has been found in the acids investigated. Thus the 
angle between exocyclic carbon-carbon and carbon-halogen 
vectors is increased beyond the value of 60° appropriate 
to a regular planar model to 67.4° in o-chlorobenzoic 
acid, to 68*5° in o-broraobenzoic acid and to 67.2° in 
2-chloro-5-nitrobenzoie acid. In o-phthalic acid 
(Nowaeki and Jaggi, 1987), the angle between exocyclic 
carbon-caxbon vectors is 65.4°; in araraonium acid phthalate 
(Okaya and Pepinsky, 1957) the corresponding angle is 68°. 
No reliable figures can be quoted for the angles between 
carbon-nitrogen and carbon-halogen vectors in 4-chloro- 
and 4-bromo-5-nitrobenzoie acids as full three-dimensional 
refinement has still to be completed.

The angles, through which the carboxyl and nitro 
groups are rotated with respect to the appropriate 
aromatic ring planes, follow a regular understandable 
pattern. The angle of tilt of the carboxyl group in
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o-bromobenzoic aeia (18.3°) is larger than that found 
in o-chlorobenzoic acid (13.7°) while in 2-chloro-5- 
nitrobenzolc acid the corresponding angle is 93.0°.
The increase in inclination angle of 9.3° in 9-chloro-5- 
nitrobenzoic acid over that found in o-chlorobenzoic acid 
has been attributed to the buttressing effect of the 
nitro group which as a direct consequence is also 
inclined (7°) to the benzene plane; the carbon-nitrogen 
bond lies in the aromatic plane, only the oxygen atoms 
being displaced from it. A similar buttressing effect 
is almost certainly present in 4-chloro- and 4-bromo-5- 
nitrobenzoic acids, where the tilts of the nitro groups 
to the benzene rings are 46° and 49° respectively, with 
much smaller rotations (7° and 9°) of the corresponding 
carboxyl groups. It will be interesting to find what 
deviations occur in o-chloro- and o-bromo-nitrobenzehe 
which are at present being investigated (Asher and Sim, 
1961).

The refinement of o-phthalic acid by Nowaeki and <Taggl 
was limited to two rounds of structure-f actor and Fourier 
calculations; no mean molecular plane equations are 
given in their paper# These have accordingly been 
calculated using the method of Schomaker ©t a^, with
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Howacki and Jaggi's coordinates suitably transformed so 
that they relate to one molecule. Prom the equation of 
the benzene plane and that of a carboxyl group it was 
deduced that the carboxyl groups are rotated through 33° 
about the exoeyelie carbon-carbon bonds. In ammonium 
acid phthalate, on the other hand, the angles between 
the plane of the benzene ring and those of the carboxyl 
groups are 21° and 65°.

In mellitic acid (benzene hexacarboxylic acid) 
(Darlow, 1961), two crystallographically independent 
molecules are found in the asymmetric crystal unit.
Of the eight independent carboxyl groups, four lie on 
diftAs ftnd four have no symmetry restraints upon them*
The angles which the carboxyl group planes moke with 
the respective benzene rings range from 25.7° to 80.7°, 
and constitute the main difference between the two 
molecules. The value of the inclination angle, 
averaged over both molecules, is 52°.

The bond lengths found in the carboxyl groups of 
o-chlorobenzoic acid, o-bromobenzoic acid and 2-chloro-
5-nitrobenzoic acid are compared with the values found 
for some other acids in Table 31. In each molecule 
the differences in lengths of the carbon-oxygen bonds 
serve to indicate to which oxygen atom the hydrogen atom



TABLE 51,
Comparison of some carboxyl group “bond lengths.

Acid c— c C-- 0 0=5=0 mean C-- 0

o-chlorobenzoic 1.521 1.295 1.208 1.252
o-brornobenzoic 1.487 1.546 1.201 1.274
2-chloro-5-nitrobenzoic 1.489 1.294 1.220 1.257
^-succinic 1.485 1.522 1.252 1.287
salicylic 1.458 1.553 1.241 1.287
L-serine phosphate 1.541 1.321 1.201 1.261
oUoxalic 1.560 1.289 1.194 1.241
oxalic (dihydrate) 1.529 1,285 1.187 1.236
mellitlc (mean value) 1*521 - 1.257
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is attached. The mean carbon-oxygen distances in 
o-chlorobenzoic acid (1.252 X) and 2-chloro-5-nitro- 
benzoic acid (1.257 A) are shorter than the means of 
1*287 % in /3-succinic acid (Broadley et al, 1959) and

oin salicylic acid, and are closer to the means of 1.261 A
oin L-serine phosphate (McCallum et al, 1959), 1.241 A

oin <£-oxalic acid (Cox et al, 1952) and 1.256 A in oxalic 
acid dihydrate (Ahmed and Cruichshank, 1953).

A factor common to o-chlorobenzoic acid, o-bromo- 
benzoic acid and 2-chloro-5-nitrobenzoic acid arises 
from the conformation of the carboxyl group. In particular, 
the carbonyl oxygen atom is invariably adjacent to the 
more sterically hindered position with the hydroxyl 
oxygen atom remote. The reasons for this preference 
are easily found. The angle CC(OH) is approximately 
tetrahedral, whereas the angles CCO and OC(OH) exceed 
120°9 this being the pattern observed in other carboxylic 
acids (Table 32); further, the length of a carbon-oxygen 
double bond is less than that of a single bond. A 
sufficient clearance between the oxygen atom and the 
halogen atom is thus ensured for a smaller inclination 
of the carboxyl group plane to the benzene ring plane 
than would be required if the carbonyl and hydroxyl



TABLE 32.

Angles about the carbon atom of 
the caiboxyl group in some carboxyl1c acids.

Acid CCO CG(OH) OC(OH)

o-chlorobenzoic 122.2° 113.3° 124.4°
o-bromobenzolc 126.0 113.7 120.4
2-chlo ro-5-nltroben zoic 121.3 114.0 124.8

succinic 124.4 112.9 122.7
salicylic 122.7 117.0 120.2
L-serine phosphate 121.1 113.6 125.3
-oxalic 122.7 109.1 128.1
oxalic (dihydrate) 121.6 112.6 125.8
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oxygen atoms were interchanged. The conformation 
adopted in o-phthalic acid is that with the carbonyl 
oxygen atoms adjacent and the hydroxyl oxygen atoms 
remote*

Without having the results of a larger number of 
di- and tri- substituted benzene derivatives available 
for correlation purposes, it would be unwise to forecast 
what deviations from planarity will occur in any given 
benzene derivative, although no doubt this will be 
possible when a sufficient number of suitable model 
compounds have been examined. It is clear, however, 
that the large out-of-plane displacements reported from 
electron-diffraction studies on polyhalogenobenzenes are 
suspect and a reinvestigation seems desirable. In 
o-phthalic acid, the exocyclic carbon-carbon bonds are 
bent out of the benzene plane through 10°. This value 
must also be regarded with some suspicion and a completion 
of the refinement appears to be called for.

A rather unexpected property of substituted benzoic 
acids which has been brought to my notice recently 
(Wain, 1961) is that they can act as pi ant-growth 
regulators in concentrations as low as a few parts 
per million* It appears that the potency of a
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substituted benzoic acid is a direct function of the 
angle of inclination of the carboxyl group to the benzene 
plane, the activity increasing in the series, o-chloro- 
benzoic acid, o-bromobenzoic acid and 2-chloro-5- 
nltrobenzoic acid* In 2s6~dichlorobenzoic acid and
2:3;©~t*lchlorobenzolc acid, where presumably the 
carboxyl groups are even more steeply inclined to the 
benzene planes, still greater activity is found.



PART IXX.

The oryatal And molecular structure of 
(♦)-10-Bromo-S-chloro-g-nltroaocamphane.
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1.1. Introduotlon.

A number of monomeric nitroso compounds hare been 
prepared by Dr. Mitchell and co-workers in this department 
as part of a search for substances suitable for asymmetric 
photolysis.

It was found that irradiation of an alcoholic 
solution of (•—)-2-chloro-2-nitrosocamphane (Mitchell, 
Watson and Dunlop, 1950) with red light produced a 
gradual inversion of the Cotton effect (Cotton, 1896; 
Mitchell, 1953). This was attributed to an inversion 
of configuration at C(2) (Hope and Mitchell, 1953) thus:

irradiation
OH

I
(-)-2-ehloro~2-nitroso-

camphane.
(+)-2-chloro-2~nitroso- 

camphane.

A quantitative X-ray analysis of compounds I and II 
was suggested as a method of determining the stereo
chemistry precisely. This has not yet been possible 
because of the poor quality of the available crystalline 
material.
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Photolysis studies with (+)-10-bromo-2-chloro-2-
nitrosocamphane (III) (Davidson, 1958) indicated that
this molecule hehaved rather differently on Irradiation
with red light. In particular, although the Ootton
effect is altered, its sign remains unchanged and there
is a marked shift in the absorption maximum, suggesting
that the change in the molecular structure may not be a
simple inversion of configuration at C(2).

Br10

ON

III

5
irradiation °10H15Br0i*

unknown structure

IV
(+ )-10-bromo-2-chloro-2* 
nitroso-camphane.

To discover what was happening in this reaction and 
to obtain details of the stereochemistry of molecule III, 
X-ray structure determination was desirable* Crystals
of compound III were supplied by Dr. Mitchell* Compound IV 
has not yet been obtained in a crystalline form suitable 
for X-ray analysis*

The structure investigation by X-rays was initially



undertaken by C.J.Fritchie, who worked In this department 
during his one year tenure of a Ful bright scholarship*
I took over the analysis on Fritchie’s departure from 
Glasgow* Our individual contributions to the structure 
analysis are shown in Table 33.

The work described in this chapter has since been 
published (Ferguson, Fritchie, Robertson and Sim, 1961)*

1*2* Crystal Data.

As the blue crystals of (+)-10-bromo-2-chlono-2- 
nitrosocamphane obtained from Dr. Mitchell were somewhat 
sensitive to light, all experimental work with them was 
carried out in subdued light. X-rays appeared to have 
no adverse effects on the crystals; no signs of decomp
osition were detected on the X-ray photographs.

Rotation, oscillation and Weissenberg photographs 
were taken, using copper K<* radiation, with crystals 
rotating about the three crystallographic axes. The 
crystals ©re ortho rhombic with unit-cell dimensions 
a * 25.11 t 0.05 X, b « 11.32 t 0.03 A, c * 9.03 t 0.05 A.

The volume of the unit cell is 2362 X3. The density 
measured by flotation in aqueous sine chloride is 1.562 g.an, 
hence there are eight molecules of C^gH^gBr c£ NO in the
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unit cell and the calculated density is 1.578 g.cmT^
The number of electrons in the unit cell is 1136. The

0absorption coefficient for X-rays (A » 1.542 A) is 
M  m 66.7 cmT1

The systematic absences detected on the various 
Weisseriberg films are

hOO when h is odd
OkD When k is odd
00£ When i is odd

The space gro\ip is therefore PS^S^S^ (Bg).
1.3. Intensity Data.

Small crystals of (+)-10-bromo-2-chloro-2-nitroso~ 
camphane were selected for collection of inteneity data 
and no corrections for absorption we re applied. The 
three-dimensional data utilised in the analysis were 
obtained from multlple-fllm equi-inclination Weissenberg 
photographs of the hid) • • • hk7 and Wl layers. The 
intensities were measured visually and corrected for 
Lorentz:, polarisation, and Tunell (1939) factors. They 
were put on the same relative scale by means of the hOfi 
set of data, the absolute scale being found later by 
comparison with the calculated structure amplitudes.
A total of 1235 intensities were estimated, no allowances 
being made for planes too weak to be observed.
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1*4. Structure Determination.

The crystal data show that there are eight molecules 
in a unit cell of space group The asymmetric
crystal unit consists therefore of two crystallographically 
independent molecules, necessitating the location of 
28 atoms other than hydrogens.

The first attempts to solve the structure were with 
two-dimensional data. A study of the hOd and hkO 
Patterson projections (Pigs. 51 and 52 respectively) 
yielded coordinates for the two bromine atoms*
Elucidation of the structure by means of Pourier 
projections on (010) and (001) using the phases of 
the bromine atoms was not possible owing to the extensive 
overlap of atoms, thereby making essential the collection 
of three-dimensional data.

When the intensity data were available, the three- 
dimensional Patterson function was computed and the 
coordinates for the bromine atoms, derived from the 
two-dimensional work, confirmed.

In the sequence of strueture-factor calculations 
required to solve the structure, the Thomas-Perm! 
scattering curve for bromine was chosen along with 
that of Tomiie and Stam for chlorine and those of
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O

Pig..31. Patterson projection on (OlO). 
Contours at equal arbitrary 
intervals; origin peak contours 
omitted.



a/2

Fig.32. Patterson projection .on (001). 
Contours at equal arbitrary 
intervals; origin peak contours 
omitted.
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Berghuis et al for carbon, oxygen and nitrogen. 
Application of Wilson1s method (Wilson, 1942) indicatedogthat an overall thermal parameter 5 s 5.4 A should be 
employed.

The first three-dimensional Fourier summation was
computed with the phase angles calculated for the
bromine atoms alone. The two largest peaks in this
Fourier map other than those of the bromine atoms had

o-gpeak heights of 4.8 and 4.5eA . These were assumed 
to be the chlorine atoms. When the vectors to be 
expected from these positions were compared with the 
three dimensional Patterson function, an excellent 
measure of agreement was obtained. A number of smaller

0-3peaks, all less than 5eA in height, were visible in 
the Fourier synthesis, but as it was not possible to 
identify these atoms chemically, with certainty, only 
the bromine and chlorine atoms were used in the next 
phase angle calculation.

In the second structure-factor calculation the 
value of the residual R was 0.364, the resulting improved 
phase angles being employed in computing the second three- 
dimensional F0 synthesis. The value of having two 
crystallographically unrelated molecules in the asymmetric 
crystal unit soon became apparent. Only those atoms
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which could be distinguished in both molecules were 
chosen for inclusion in the third structuredactor 
calculation. By adopting this procedure the possibility 
of a spurious peak being chosen as on atomic site was 
effectively minimised. Carbon atoms 1, 2, 3, 4 and 
10, and the nitroso group were in this way located.

In the third phase angle calculation, R was 0.296 
and in the subsequent Fourier synthesis all the atoms 
in the asymmetric unit (?;ith the exception of hydrogens) 
were located. When all 28 atoms were included in the 
structure-factor calculations, R decreased to 0.246.

1*5. Refinement.

With the phase angles from the fourth Fc calculation, 
the fourth F0 Fourier synthesis was computed, Booth’s 
method (Booth, 1948b) being used to locate the atomic 
centres accurately. On recalculation of structure 
factors, R was 0.218.

Up to this stage in the analysis no attempts had 
been made to refine the temperature parameters (all

Opatoms had B » 5.4 A ). To remedy this situation one 
cycle of least-squares calculations, in which new 
positional and anisotropic thermal parameters for the
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bromine, chlorine, oxygen and nitrogen atoms were obtained, 
was computed.

In the next (sixth) structure-feetor calculation 
K was 0.164. The refinement was terminated by computing 
an Wq synthesis followed by an Fc synthesis to allow for 
the correction of termination-of-series errors (Booth, 
1946,1947). The final average discrepancy between 
observed and calculated structure amxfLltudes is 0*155. 
Superimposed contour sections parallel to (001)
Illustrating the final ©lectron-density distribution 
over the two molecules in the asymmetric crystal unit 
are shown in Fig.33. The atomic arrangement corresponding 
to this electron-density distribution is shown in Fig.34, 
which also shows the convention adopted for the numbering 
of the two molecules. Details of the progress of the 
analysis are summarised in Table 38. The final atomic 
coordinates are listed in Table 34 and the corresponding 
thermal parameters in Table 35. The final set of 
observed and calculated structure amplitudes is given 
in Table 36.

The final electron-density distribution shown in 
Fig.53 is dependent to a large extent on the correct 
choice of atomic centres for the lighter atoms, it being
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Fig.33. Final three-dimensional electron-density 
distribution for (+)-10-bromo-2-chloro-2- 
nitrosocampliane shown by means of superimposed 
contour sections parallel to (001). Contour 
interval 1 eA except around theQchlorine 
and0bromine atoms where it is 2 eA 5 and 
5 eA"3, respectively.
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Fig.34. Atomic arrangement corresponding 
to Fig.33.



TABLE 55.

Progress of analysis and Division of Work.

Cell Dimensions and Space Group.
Solution of hkO and hOL Patterson projections,

l
Initial two-dimensional work

i
Collection and estimation of three-dimensional 

I data,
Three-dimensional Patterson function, C.JT*

1
Br (2 atoms),

I
1st Pc calculation 
1st three-dimensional P0 synthesis,

i , .
Br* Cl* (4 atoms)*

I
2nd Pa calculation* (B * 0#S64)

— Cont* d —



TABLE 53.
(Cont’d)

Progress of analysis and Division of Work.

2nd three-dimensional P0 synthesis,
i

Br, 01, N, 0, C(l), 0(2), 0(3), 0(4), C(10). (18 atoms)
I

3rd Pc calculation, (R « 0,296)
3rd three-dimensional F0 synthesis,

1
Br, C£, N, 0, C(l),,.C(10). (28 atoms)

I4th Pc calculation, (R » 0,246) ^
4th three-dimensional F0 synthesis,

i
6th Pc calculation.
Least squares refinement of Br, CC* N* 0*

1
6th Pc calculation, (R ® 0,164)
5th three-dimensional F0 synthesis,
1st three-dimensional Fc synthesis*

I
7th Pc calculation. (R = 0,155)

I
Pinal hond lengths* angles, deviations, t



TABLE 54.

Final coordinates of the atoms in the 
asymmetric crystal unit expressed as 
fractions of the axial lengths. Origin 
of coordinates as in International Tables, 
midway between non-intersecting pairs of 
screw axes.

Atom (c* f«Fig, 34) X i z

c(D 0,2741 0.2545 0.0246
0(2) 0*5311 0.3163 -0.0216
0(5) 0,3232 0.5574 -0.1848
0(4) 0.2645 0.2998 -0.2209
0(5) 0.2662 0.1699 -0.2217
0(6) 0,2723 0.1296 -0.0549
0(7) 0•2296 0.3198 -0.0800
0(8) 0.1655 0,2850 -0.0766
0(9) 0,2182 0.4556 -0,0368
0(10) 0,2616 0,2578 0.1905
0 0,4239 0.2620 0,0355
H 0,3807 0.2288 -0,0153
Br 0,3095 0,1662 0.3075
Gl 0.3503 0.4429 0.0899

- Cont* a -



TABLE 34.
(Oont’d)

, Atom (c.f, Fig.34) z Z z

O(x)1 0*0317 0*1241 0.4058
c(s y 0.0703 0.2348 0.4350
G(Z)' 0.0373 0.2962 0.5685
0(4)' -0.0154 0.2191 0.5938
0(B)' -0.0607 0.2319 0.4679
0(6)’ -0.0272 0.1662 0.3450
C(7)f 0.0102 0.0897 0.5691
0(8)* -0*0366 -0*0020 0.6710
0(9)* 0.0591 0.0582 0.6787
G(l0)* 0.0607 0.0243 0.5240
0# 0.1060 0.3646 0.2634
Hf 0.0638 0.3307 0.3314
Brf 0.0817 0.0664 0.1290
Gfc' 0.1457 0.2090 0.4727



TABLE 55,

Final Thermal parameters#

For all carbon atoms B » 5.4
«■>»

For 0, Nf Br, and Oi the average isotropic 
values derived from the least-snuares 
produced anisotropic parameters are*-

Atom B atom B

0 7.1 0f 6.8
N 5.7 Nf 7.1
Br 6.2 Br* 6.5
01 6.0 01' 6.0



Table 56: Measured and calculated values
of the structure factors.

u a

Po n
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comparatively easy to select spurious sites for Xight 
atoms from a three-dimensional Fourier synthesis based 
on heavy atom phases alone (see, for example* Hodgkin 
et al> 1959). Crystals of (+)-X0~hromo-2-chXoro-2~ 
nitrosocamphane, being of space group afford
centrosymmetrieaX electron-density projections. Such 
projections will be much less dependent on the correct 
choice of sites for the lighter atoms because the signs 
of the structure factors are largely determined by the 
bromine and chlorine contributions. Accordingly the 
Pourler projection on (001) was computed and on it the 
final atomic coordinates were plotted. The result is 
shown in Pig. 55 where it is seen that the coordinates 
obtained from the three-dimensional Fourier syntheses 
fit the projected electron density very closely* 
providing additional proof of the correctness of the 
structure. In Pig*35 the contour interval is lei£~S 
(the leX~S line being broken)* except around the chlorine 
atoms above 6eX ^ where the interval becomes 2eX~^, and 
around the bromine atoms above 5e&~^ where the interval 
becomes SeA .
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1.6# Molecular Geometry.

The bond lengths and inter-bond angles calculated 
from the coordinates listed in Table 34 are given In 
Tables 37 and 58 respectively. The shorter intra
molecular contacts are listed in Table 39, and the 
intermolecular approach distances ^ 4,0 i  in Table 40. 
Hone of these appears to be abnormal. Examination of 
the distances between bromine and oxygen atoms, and 
bromine and carbon atoms in each molecule indicates 
that the atoms, which might have been expected to talce 
up different orientations in the two molecules, ap-pear 
to adopt positions with respect to the remaining molecular 
framework that are very similar. In particular the 
distances d(Br...C(n)) and d(Brf...C(n)’) are comparable, 
as are also the distances d(0..*C(n)) and d(0*...0(n)*). 
This would appear to indicate that the two crystallo- 
graphieally independent molecules are conformationally 
identical. In vie?/ of this identity, averaged dimensions 
for the molecule of (+ )-10-bromo-2-chloro-2-nitroso- 
camphane are also given in Tables 57, 58 and 39.

The estimated standard deviation in bond length 
calculated from the differences between the two molecules 
is 0.044 X. The corresponding value deduced from the



TABLE 37,
Final Bond Lengths.

Average
C(l)-C(2) X.55 C(X' -C(2') 1.56 1.56
C(2)-C(5) X.56 C(2' -C(3’) 1.59 1.57
C(3)-C(4) X.54 C(3' -0(4') 1.52 1*53
C(4)-C(5) X.58 0(4* -C(5*) 1.55 1.57
C(5)-C(6) X.55 0(5' -0(6*) 1.54 1.55
C(6)-C(X) X.59 0(6* -0(1’) 1.54 1.56
C(1)-C(X0) X.55 c(x' 1 O O 1.51 1.52
q(x)-c(7) X.58 C(X' -0(7*) 1.60 1.59
C(7)-C(8) X.54 C(7* -G(8*) 1.50 1.52
C(7)-C(9) X.6X 0(7’ -0(9*) 1.55 1.58
C(7)-C(4) X.52 C(7' -C(4f) 1.59 1.56
C(XO)-Br 1.85 C(X0 )-Br* 1.89 1.87
C(2)-Cf X.8X 0(2' - cje1 1.75 1.78
C(2)-N X.52 C(2’ -N* 1 • 44 1.48
N-0 X.X6 N*-0» 1.21 1.19



TABLE 58.
Final Interbond Angles.

molecule I molecule XI Average

C(X)C(2)C(3 X07° 102° 104°
C(2)C(3)C(4 XOO 104 102
C(3)C(4)C(5 114 112 113
C(4)C(5)C(6 103 98 101
C(6)C(6)C(1 104 110 107
C(6)C(1)C(2 108 108 108
C(2)C(X)C(7 100 103 102
C(6)C(X)C(7 97 97 97
C(3)0(4)C(7 103 102 105
C(8)0(4)C(7 100 103 102
C(X)C(7)C(8 120 114 117
C(X)C(7)0(9 114 115 114
C(4)C(7)0(8 119 112 116

-Cont# d-



TABLE 38 
Final Interbond Angles. 

(Cont* d)

molecule I molecule XI Average
C(4)C(7)C(9) 116° 113° 114*
c(xo)c(x)c(s) 115 115 115
C(10)C(1)C(6) 118 117 117
C(X0)C(X)C(7) 117 114 115
C(X)C(7)C(4) 95 91 93
C(X)C(XO)Br 116 113 114
C(X)C(2)N 110 116 113
C(3)C(2)N 109 97 103
C(X)C(2)C? 115 117 116
C(3)C(2)C« 109 113 111
ce c(2)ir 108 111 109
C(2)HO 117 119 118
C(8)C(7)C(9) 95 111 103



TABLE 59.
IntramoIeculor non~bortded 

distances "in A.

molecule I molecule XI Average

C(X)...C(4) 2.29 2.28 2.29
C(1)...C(8) 2.70 2.60 2.65
c ( x ) . . . 0(9 ) 2.68 2.65 2.66
C(1)...C(5) 2.48 2.52 2.50
C(X)...C(3) 2.49 2*44 2.47
C(X).. .Br 2.86 2.83 2.85
C(I),..C£ 2*83 2*83 2.83
c ( x ) . . . o 3.47 3.47 3.47
0(2). ..0(4) 2.30 2.45 2.42
C(2)...C(6) 2.53 2.52 2.53
C(S)...C(7) 2.41 2.47 2. 44
0(3)...0(9) 3.05 2.99 3.02
C(3)...C(X0) 2*59 2.59 2.59
C(S)...Br 3.46 3.37 3.41
0 ( 3 ) . . . 0 ( 5 ) 2.62 2.55 2.58
0(3)...0(7) 2.40 2.42 2.41
0 ( 3 ) . . . 0 ( 9 ) 2.99 2*92 2.95
C(S)...C£ 2.74 2.79 2.76
0 ( 3 ) . . . 0 3.25 3.27 3*26

- Cont*a -



TABLE 59.
(Cont1&) 

Intramolecular non-frondea
distances in A.

molecule I molecule II Average

0(4)...C(6) 2.45 2.34 2.40
0(4)...C(8) 2.64 2.57 2.60
0(4)...0(9) 2.65 2.62 2.64
0(5)...0(7) 2.37 2.47 2.42
0(5)...0(8) 3.03 2.87 2.98
0(6)...0(7) 2.38 . 2.36 2.37
0(6)...0(8) 3.04 2.80 2.92
0(6)...0(10) 2.66 2.60 2.63
0(7)...0(10) 2.65 2.61 2.63
0(8)...0(10) 3.30 3.18 3.24
0(9)...0(10) 3.20 3.22 3.21
H...Cg 2.70 2.63 2.66
N. ..Br 3.42 3.53 3.48
o...c* 2*71 2.73 2.72
0...Br 3.77 3.63 3.70
01..*Br 3*82 3.78 3.80
C«..,C(9) 3.26 3.19 3.23
CC...0(7) 3*48 3.48 3.48



TABLE 40.

The Intertnolecular Contacts ^4.0 %.

C(8)...0’ 3.48 C(l0)...0* 3.85
0(10*)..,^ 3.49 C(9* )...0X 3.87
0f* * *C(3)jj 5.58 C(lOf)...U’y 3.88
C(4f)...0XII 3.64 C(9). • .0* 3.89
0(8)...Br’ 3.65 CC...C(9)n 3.90
C(6f)..*0IV 3.71 Brt...C(5,)v 3.92
0(8* ) . . *0f y 3.74 C(9)...C(3)II 3*94
C(6f)• .*C(3 ) jy 3.76 0(3* 3.94
0 ( 1 0 ) » * » G £ V 3.77 0(8’ )...0j 3*94
C(lOf ) • • *0j 3.78 C(9* )*..% 3.94
0(5*)««*B**XXX 3.80 0(8’)...C(3’)VI 3.97
0*••*Cj2XI 3.80 C(6f) . . . 0 , y 3.99
C(8,)*..C(8)v 3.83 0£f * •.0(5)y 11 3.99
c(s')...o{z)1Y 3.84 Hf...C£ IX 4.00
C(6,)...H jv 3.85 C(9)**.0(4)IX 4*00

The subscripts refer to the following positions:
I* 4 ** «*yt 2 z* V. ••Xj y **• 'g > 4 ■* z.
II* 4 - x, 1 - y, 4 + z. VI* -x, y - 4v 14 •* *•

III* X "■* 4* 4 y# 1 "■* 2* VII* X 9 y9 1 ♦ 2*
IV* x - 4» 4 - y» -s.
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oearlier least-squares refinement was 0.Q80A. For the 
averaged dimensions in Tables 37 , 58 and 39, it is 
reasonable to take 0.064/V2 * 0*04sX as the standard 
deviation in bond length. The standard deviation in 
bond angle is 3°.

1*7* Discussion*

The establishing of the stereochemistry of 
(+ )**10~bromo~2-chlora~2-nitrosocamphane was the primary 
objective of the analysis. The chlorine atom is shown 
to be els to the CMeg bridge, thusi-

Br
10

ON

4
This arrangement of the chloro- and nltroso- groups 

is the opposite of that assigned to (— )-2-chloro~2-* 
nltrosocamphane by Hope and Mitchell. It is perhaps 
of some significance that the two compounds have Cotton
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effects of opposite sign. A detailed crystal structure
analysis of (— )-2-bromo-2-nitrocamphane has recently
been carried out (Brueckner et al, 1961) and it is
found that in this molecule also, the halogen atom is
cis to the CMeg bridge.

The mean length of a carbon-carbon bond in
(+)-10-bromo-2-chloro-2-nitrosocamphane, averaged over
the two crystallographically independent molecules, is 

o1.584 A which is not significantly different from the
value of 1.545 X found in diamond. The average carbon-
bromine (1.87 A) and carbon-chlorine (1.78 X) bond

olengths are in fair agreement with values of 1.95 A
and 1. 77% respectively given in Tables of Interatomic
Distances (1958).

The mean carbon-nitrogen bond length is 1.48 X,
which is that accepted for a carbon-nitrogen single
bond. The mean nitrogen-oxygen distance of 1.19 X
is not significantly different from the value of 1.21 X
accepted for the nitrogen-oxygen separation in a nitro
group. It is however distinctly shorter than the

oaccepted value of 1.56 A for a nitrogen-oxygen single 
bond, implying that in this case the nitrogen-oxygen 
bond has a large amount of double-bond character 
comparable with that of a pure double bond. The
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C-N-0 group is not linear, the angle G W  being 118°.
In p-lodonitrosobenzene (Webster, 1956) the molecule

ois planar with a carbon-nitrogen distance of 1.28 A
oand a nitrogen-oxygen distance of 1.24 A, while the

angle CNO was found to be 125°. The shortening of
the carbon-nitro gen bond in this molecule was attributed
to conjugation, but as relatively fev; (projection) data
were used in the analysis the light atom positions
may be considerably in error.

In (+)-10-bromo-2-chloro-2-nitrosocaraphane the
camphane skeleton appears to be buckled slightly,
distortion from the regular camphane skeleton being
caused by the bulky chlorine atom els to the CMe^
bridge. This is illustrated by the angle C(2)0(1)C(7)
(102°) being greater than the angle C(6)C(l)C(7) (97°);

ofurther, the distances C(2)..*C(7) (2.44 A) and
o0(2)...0(9) (5.02 A) are larger than the distances

0(6)...0(7) (2.37 A) and 0(6)..*0(8) (2.92 A). The
angle G(l)0(7)C(4) (95°) is much smaller than the
normal tetrahedral angle. An identical value is 
found for the corresponding angle in (— )-2-brorao-2- 
nitrocamphane, Which would appear to confirm that in 
the camphane molecular framework, this angle is indeed 
significantly reduced.
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This appendix contains brief details of the 
programs written by the author for the Glasgow University 
DEUCE computer.

DEUCE - the initials stand for Digital Electronic 
Universal Computing Engine - is a serial machine with 
numbers and instructions consisting of 52 binary digits, 
the digit rate being 1 million per second. DEUCE has 
two types of storage units: a fast (immediate access)
store of 402 words in mercury delay lines (access time 
32 - 1024 micro-seconds), and a slow (backing) store of 
8192 words on a magnetic drum (access time 1 5 - 4 8  
milliseconds). Both punched cards and paper tape can 
be used for input and output.

Programs may be written in the basic machine 
language or with the help of a number of translation 
schemes. One of these, Alphacode, has been used by 
the author; it allows programs to be written for DEUCE 
fairly quickly at the expense of the speed of the 
subsequent calculation.
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Program 1*

Structure factor program for the plane group P2. 
This program was written at an Alphacode programming 
course before the Hollett programs become available 
and was made obsolete by their arrival.

Input. Lattice constants, the total number of
atoms, the atomic coordinates, an overall 
isotropic temperature factor, the number 
of chemical types, the number of atoms 
of each chemical type, scattering factor 
curve data, and the maximum and minimum 
values of the indices h and £,

Output. Sets of h, £ and Fc, 3 cards per reflexion, 
for every h0j2 structure factor possible 
for copper K oC. radiation within the range 
specified.

Time* With o-chlorobenzoic acid, approximately 
30 seconds per structure factor.
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Program 2.

This Alphacode program corrects intensity data 
from zero layer Weisseriberg photographs of triclinic 
crystals for Lorentz and polarisation factors. It was 
used successfully until Dr. J.G.Sime’s basic program 
was operational.

Input. Lattice constants, wavelength of X-rays 
used and sets of h,£ , I0, 3 cards per
reflexion.

Output. Sets of h, & , |f0| and |f0| , 4 cards 
per reflexion.

Time. Approximately 6 seconds per reflexion*



Program 3.
119#

Scaling program: This program was written in
the basic machine language for scaling hk# F0 data 
by any 5 decimal digit (four decimal place) number# 
Simple facilities are available for index rearrangement, 
for reading a variety of decimal input data apart from 
simply hk0 F0 cards, and for punching out k|F0| in 
place of kF0 if required.

Input. Scale factor card followed by hkfi. F0 cards 
(one card per reflexion).

Output. hk£ kFo one card per reflexion. After a
batch of hk£ F0 cards have been read, scaled 
and punched out, the program calls for the 
next scale factor card and the next set of 
hkd F0 data*

Time. Beading and punching time (DEUCE can read 
200 cards per minute and punch 100 cards 
per minute)*



Program 4.
120*

This basic program converts the output from the 
Bollett structure factor program into a convenient 
form for publication. This program is for use with 
centrosymmetrical structures. A companion program 
for non-centrosymmetrical structures has been written 
by Dr. Sime.

Innut. The program accepts the Rollett structure 
factor ’V-form” output, i.e. hkfi, sins6 ,
A= | P0|-I'ol > N  , cos<^, sinĉ  , on© card 
per reflexion. The set of structure factor 
cards is preceeded by a scale-factor cord.

Output. The program evaluates |f0| , applies the scale 
factor and punches out on cards hk£, k|F0| an&
Fc, one card per reflexion. Both |F0| and Fc 
have one decimal place; h and g are only punched 
when either h or k changes, £ being punched with 
|f0| and Fc on every card.

Time. Beading and punching time.

This output is in a form suitable for automatic 
tabulation by the English Electric card-operated type-
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writer, In this way approximately 1200 reflexion data 
can he typed on strips of paper Which can he glued 
together to produce one large sheet of paper. 
Photographic reduction to quarto size then produces a 
convenient record of the structure factor data*
Tables 12, 20 and 26 were prepared in this way.



Pro&ram 6.

This basic program (written in collaboration 
with Or* tf.G.Slme) accepts the Rollett noL -form" 
Structure factor output on cards and converts it 
to punched paper tape which can be more conveniently 
stored.

Input. Atomic coordinates and temperature factors 
in the Kollett form (Rollett 1961) followed 
by the Kollett "U -form” structure factor 
output.

Output, The same data on paper tap© for storage.
A complimentary program has been written 
by Br. Sim© to convert the tape into cards 
If* at some later date* further structure 
factor or Jburler calculations are required*
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