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ABSTRACT

In the present work, the erystal and molecular
structures of p-toluic acid and 2=-nitro-4-methyl benzolc

acld have been determined by X-ray diffraction.

Crystals of p-toluic acid, CH3CxH4COOH, are triclinie,

space group Pl, with

(o]
a = 8.88, b = 7.87, ' c =17.9 43
x= 121.4°, e= 118.7°, r= 93.9° ;
€5y 1.251 gm.cm™3; ¢, for Z= 2, 1.256 gm.cm™S.

The trial structure was obtained from the (010) sharpened
Patterson map. The structure was refined by the method of
least squares to an R value of 0.106 for 852 observed refle-
ctions. The molecular dimensions are compared with those of
related molecules. The average length of the aromatic bonds
1s 1.392 4; the central bonds C(2)-C(3) and C(5)-C(6) are
both 1.379 3. The central bonds C(2)-C(3) and C(5)-C(6) are
shorter than the average bond length of the remalning four
aromatic bonds. The molecules as usual form dimers; the

(o)
C-0 bonds of the carboxylic group are both 1.292 t 0.008 A

long. The carboxylic group has pronounced torsional oscilla-

tion with a root-mean-square amplitude of about 120; the
methyl group has a considerable vibration normal to the C-C

bond.
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Crystals of 2-nitro-4-methyl benzole acid, CHgCyHgj

COOH NO,, are monoclinic, space group Cz/c with

(o] -
a = 13.281, b=11.048, c=11.414 A; = 95.9°,
€py 1.440 gm.cm™3; ¢, for Z= 8, 1.432 gm.cm™3,

The structure was solved by direct methods and refined by
the method of least squares to an R value of 0,089 for 1315
observed reflections. The molecular dimensions are compared
with those of o-nitrobenzoic gcid. The average C-C bond
length of the aromatic ring is 1.388 3. As 1in the case of
p-toluic acid, the molecules form dimers; the C-0 bonds of
the carboxylic group are nearly equal (1.276 t 0.004 2 and
1.265 t 0.004 3). The ecarboxylic group and the nitro group

are out of the aromatic plane by 46.2° and 35.8° respectively.

A paper entitled "The structure of p-toluic acid" by
M.G. Takwale and L.M. Pant is published in Acta Cryst. (1971),
B27, 1152.
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INTRODUCTTION

The study of the internal arrangement of atoms in
crystals began with the discovery of X-ray diffraction by
erystals by Laue, Frledrich and Xnipping in 1912. Their
experiments proved the wave nature of X-rays as well as the
triperiodic arrangement of atoms in erystals. The diffra-
ction spots observed in the X-ray photographs were explain-~ -
ed by W.L. Bragg as arising due to the reflection of X-rays
by various sets of lattice planes in the crystal. Ww.H. Bragg
(1915) suggested that since a crystal is periodic in three
dimensiong, 1t can be represented by a suitable Fourier
series; each component of the Fourier series is a sinusoidal
electron density distribution. If the magnitudes and rela-
tive phases of these electron density waves are known the
structure can be obtained by summing the Fourier series.
However, only the amplitudes of the electron density waves
are known from the intensity data; the information about
the phases 1s lost while recording the diffraction pattern

of the crystal.

An attempt to overcome this difficulty was made by
A.L. Patterson (1935). If the observed intensities are used
as the coefficilents of the Fourier series, the resultant

synthesls gives a map of Interatomic vectors rather than the



atomic positions themselves; from this map it is generally

possible to determine the structure.

Direct methods of determining crystal structures
have been suggested by Karle and Hauptmann, Harker and
Kasper, Goedkoop, Sayre and others since 1950. The direct
methods of structure determination are based on the general
relationship between the structure factors which must hold
because of the physical nature of the crystals. For
example, if all the atoms in the crystal lie on the crests
of the electron density wuves corresponding to the (h,k,1),
(h'yk'y1') and (h+h', k+k', 1+1') planes (i.e. 1f unitary
structure factors U(h,k,1), U(h',k',1') and U(h+h', k+k',
1+1') are all unity), the phases of the tirst twoelectron
density waves will add up t;hi'%wiiQﬁgd(1952) gave a set
of relationships which exist among the structure factors of
a crystal containing atoms of approximately equal diffract-
ing power. The structure of 2-nitro-4-methyl benzoic acid
described in this thesis was solved by using the Sayre's

relations.

The parameters obtalned from the trial structure are
generally refined either by the difference synthesis or by
the method of least squares. To obtain the difference
Fourier map, the differencesbetween the observed and calcu-

lated structure factors are used as the Fourler coefficients;



in the resulting map, incorrect positioning of the atoms is
indicated when they lle on steep gradients. The method of
'Least Squares' 1is based on the minimisation, by adjusting
the atomle and thermal parameters, of a weighted sum of
gsquares of discrepancies between the observed and the ecalcu-

lated structure factors.

Owing to the development of fast electronic computers
and of automatic diffractometers in recent years, it has
becoms possible to determine complicated structures of bio-
chemical interest such as proteins and nucleic acids. There
1s also considerable Interest in determining simple structu-
res in great detall so that a comparison of the structure
with the results of quantum chemical calculations could be
made. The accurate determination of simple structures can
lead to a physical description of the chemical bond in terms
of the electron density distribution between the bonded atoms.
In thils connection, mention may be made of the structure
analyses of triazine (Coppens, 1967), oxalic aeild dihydrate
(Coppens, Sabine, Delaplane and Ibers, 1971) and Cyanurie
acid (Verschoor and Keulen, 1971). In all these studles the
final electron density difference maps show the bonding

effects clearly.

In the present work, the precise structure analyses

of p-tolulc acld (CHy< -C0OOH) ad 2-nitro-4-methyl

0
benzoic acid (CH3 C§OH ) are undertaken in order to study



the iInfluence of methyl group substitution on the molecular
structure. Methyl group is a weak electron donor group.
The influence of NH, which 1s a strong electron donor has
been studied In the structures of p-aminobenzoic acid,
NH,& > COOH (Lal and Marsh, 1967) and p-nitroaniline,
NHy ) NO, (Trueblood, Goldish and Donohue, 1961). It is
of interest to study the influence of the methyl group in

gimilar structures.
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CHAPTER -~ I

EXPERIMENTA AL

Crystals suitable for X-ray work were obtained by
crystallizing the compound from toluene at room temperaturs.
The crystals were colourless plates parallel to (00l1) face.
They were cut into suitable sizes and the accurate setting
of the crystal was done by the method of double oscillation
(Davies, 1950). The preliminary values of axial lengths
were obtained from rotation photographs taken with CuK.
radiation and the crystals oscillated about the three
crystallographic axes in turn. Weissenberg photographs
about three axes showed that the crystal belongs to the
triclinic system; from these photographs cx*, p* and Y

were also determined.

Accurate determination of unit cell dimensions :

The accurate determination of cell dimensions was
done with the help of high angle reflections in equatorial
Weissenberg photographs because the large Bragg angles are
very sensitive to small changes in cell dimensions; besides,
the errors in the cell dimensions introduced due to non-
coincidence of the camera axis and the axis of rotation of
the crystal, as well as due to absorption and dlvergence of

the X-ray beam, and due to film shrinkage become negligible



at large 8. For p-toluic acid, the values of the spacings
dygpr dp10 and dgpy determined from several high angle

2

reflections were plotted against sin“® and extrapolated to

sinze = 1 (Henry, Lipson and Wooster, 1961). The extrapolated
values of spacings were in turn used to obtain more accurate
values and they were again extrapolated to sin% = 1. The
values of the spacings leO’ d010 and d001 were calculated

from the following relations :

For hkO reflections,

A d Ve
o 100 2 o d100.
dnp = h® + (=
1/2
A o
AN 0 2 2 do1o0, . *
dOlO 231in6 leO) h® + k™ + 2hk (E]tgg) OOSTJ
For hol reflections,
A o
= 2, (9100,2 .2 d100. *]
1/2
A 2
dooy = (300132 2 , 12 4 o1 (dOOl) coa(§
° 2sin® | djpp d100
For okl reflections,
1/2

P 2
d010 = 5Tg k2 + (2010) 12 + 2kl (dOlO) cos<X
001 doo1



/2
ooy = 231)1\19 {(2001)2 k2 + 1% + 211 (E.QQ.].-.) cos o(‘]
010 dp10

The results are summarized in Tables I-1(a), I-1(b) and
I-1(c) and corresponding graphs are shown in the Figures
I-1(a), I-1(b) and I-1(e). From these spacings the cell

dimensions were calculated by using the following relations:

* .
. - Q00 8to® oo 8in p . Joor SR T
A A A
/2
where A = |1+2cos«*cos ¢*cos 1" - cos®x* - cos2g" - ooszr*] .

The Inter-axial angles =, (@ and 1 were calculated by using
the following formulae:

cos 3*- cos +*- cosx*
o8 X =
sin @*. sin v*
cos x*. cos y*~ cos (3"
oos@ =
sin x* -sin p*
| cos x*- cos @* - cos r*
cos | =

sin x*. sin @*
The final cell dimensions are

= 8.88 1 x= 121.4°
b = 7.87 p= 118.7
e = 7.59 T= 93.9



Table I-1(3) : Determinagtion of d

100

h k 1 e sing@ sinze leO

0 Q
8 1 0 69.4 0.9361 0.876 7.047 A
9 1 0 69 .4 0.9361 0.876 7.054
9 2 0 64.8 0.9048 0.819 7.047
100 2 70.4 0.9421 0.888 7.051
iT o 4 75.0 0.9659 0.933 7.053

The extrapolated value of dygg at (sin28=1)= 7.057 * 0.002 1.

Table I-1(b) : Determination of d010

h k 1 6 sino sin“e d010
2 8 0 70.8° 0.9444 0.892 6.063 %
4 8 0 67.4 0.9228 0.851 6.057
5 8 0 68.3 0.9291 0.863 6.056
0 4 8 74.6 0.9641 0.929 6.070

(o]
The extrapolated value of d,,, at (sinZe=1)= 6.078 £ 0,001 A.



Table I-1(c) : Determination of dOOl

h k 1 8 sin® sin% dgo1

T 0 7 69 . 3° 0.9354 0.873 5.136 1

7 0 8 73.1 0.9568 0.910 5.145

8 o0 8 75.0 0.9659 0.933 5.147

0O 4 8 74.0 0.9613 0.929 5.148
o

The extrapolated value of do01

The crystal density :

at (sin

The crystal denslty was measured by the flotation

method using a solution of lithium bromide in water. The

observed density 1s 1.251 gm.cm™S.

Number of molecules In a unit cell :

o
8=1)= 5.159 t 0.001 A.

The number of molecules per unit cell (n) was obtailned

from the formula

n = g , where N =
M=

VvV =

and Q=

The value of n was found to be

Avogadro's number,
the molecular weight,
volume of the unit cell,

observed density.

2 molecules per unit cell.

calculated density for Z = 2 13 1.256 gm.cm°3.
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Linear absorption coefficlent :

The linear absorption coefficient for Cuily radlation
was calculated by the formula
. > n. Mg
dn.v

where n 1s the number of atoms having atomic welght W and

A =R

gram atomic absorption coefficient /“g; the summation is
done over all types of atoms present, Linear absorption

coefficlent for p-tolulc acid is 9.2 em™l,

Collection of data :

The three dimensional Intensity data were collected
by the equi-inclination Welssenberg method using unfiltered
copper radiation; sets of photographs were taken with
different exposure times, using packs of three or four films
in order to get all the reflections within the range of
visual measurement. Zero to fourth layer Weilssenberg
photographs were taken with the erystal oscillated about
the b axls, and zero to sixth layer photographs were taken
with the crystal oscillated about the ¢ axis. The crystals
used for the two sets of photographs had the cross sections
0.5 x 0.5 mm® and 0.6 x 0.9 mn® and lengths 0.9 mm and 2 mm
respectively. For each higher layer, two sets of photographs
were taken; the oscillation range for the first set of
photographs was 0-210° and for the second, 180°-360°. From
the two sets of photographs (about the two axes) 1152



reflections were recorded out of which 300 were common to

both the sets.

Estimation of intensity :

The intensities of the reflections were estimated
visually with the help of calibrated intensity scales
prepared with the same crystals. To prepare the intensity
scale, a strong reflection from the zero layer Weissenberg
photograph, having a good spot shape and which was suffi-
ciently separated from the other reflections as well as
from the @ reflection of the same plane, was 1solated
within 10° oscillation range. By keeping the film cassette
stationary, the exposure was given for one oscillation.

The cassette was shifted by 5 mm and the next exposure was
given for two oscillations. By increasing the number of
oscillations each time, a series of 20 exposures were recorded
on the film. Thus a set of diffraction spots of known
relative intensities was obtained. This strip was used for
the visual estimation of Intensities. X-rays were generated
by the stabilized X-ray generator (Philips PW1l01l0), therefore
errors in the intensity scale due to current and voltage
fluctuations are not expected to be large. The visually
estimated intensities were corrected for the following effects.

Lorentz and Polarization factor :

When an unpolarized X-ray beam 13 scattered by the
crystal, the scattered X-ray beam is partially polarized;
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the degree of polarization depends upon the Bragg angle O.
The polarization factor p, used to correct for the uneven
diminution of intensity of the reflection having Bragg angle 6

is given by
p = -lé-(l+008229)

The reciprocal lattice point has a finite size due
to the mosalic character of the crystal. Therefore the
reciproecal lattice point which passes through the Ewald
sphere at grazing angle will have longer time to diffract
the X-ray beam, than the one which passes through the Ewald
sphere in the direction normal to the surface. Similarly
the higher layers of reciprocal lattice points will have
different speeds when they pass through the surface of Ewald
sphere; Dboth these effects are taken into account by the
Lorentz.factor, which for equi-inclination Welssenberg
photograph 1s given by

sing
sin20 (sin% - sinz/u)llz ,

L =

where 1s the equi-inclination setting angle. 3ince
lorentz and polarization factor always occur together, 1t
is convenient to combine them. The observed Intensity is
multiplied by 1/Lp to account for the Lorentz=-polarization
factor.

Effect of spot-extension :

When the mosale~broadened reciprocal lattice point
passes through the Ewald sphere, the moving cylindrical
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camera while recording upper layer reflections will, by its
motion, tend to compress and sharpen the spots on one side
of the film and broaden the spots on the other half of the
film. Wwhen the film motion and spot growth are in the same
direction, the spots get extended and when they are in
opposite direction the spots are contracted. The iIntensity
corrected for the effect of spot extension 1s given by

I = w.lg where I, is the Intensity of the extended spot

A+DA
and w 1s the spot extension correction given by w= —fg—?

where A 1s the area of spot when the camera 1s stationary.
The combined correction factors (w/Lp) were taken from the
International Tables for X-ray Crystallography Vol III. The

correction was applied graphically.

Absorption correction :

When a crystal diffracts X-rays, the primary beam
as well as diffracted beam is absorbed. As a result of
absorption the diffracted beam 1s wesker than if there were
no absorption; hence to account for the absorption of
X-rays, the observed intensity 1s mmltiplied by absorption
factor A" given by

A" = 1/a>

where A 1s the transmission factor given by

A = —%—-_J( exp [-)u(p+q)] av ,

v
where p and q are the lengths of the path of the incident
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and reflected beam In the crystal and A 1s the linear absorp-
tion coefficient of the crystal.

For cylindrical crystals, the absorption factors A"
are tabulated in the International Tables for X-ray
Crystallography Vol.II for various values of /uR, where R
is the radius of the crystal. For upper level equi-inclina-
tion Welssenberg photographs the correction can be found by
using amsecv in place of A and %— in place of 6; -%C- is
given by sin gr- secv (sin% - sinzv)llz, where vy 1s the
angle between the generator of the given layer line and the
equatorial plane, and Y 1is the angle between the projections
of the incident and diffracted beams on the equatorisl plane.
The resultant correction for upper levels has to be multi-
plied by the factor sec v, since the irradiated volume 1s
greater by the factor sec v than the volume irradiated during

the recording of zero-level.

In the present work, the Intensities of the higher
layer Welssenberg photographs were measured from the extended
spots. The observed Intensities were corrected for the
effects of Lorentz-polarization factor, spot extension and

absorption by the graphical method.

The corrected intensities from the data about the two
axes were brought to the same seale by comparing Intensities

of the common reflections.
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Scaling and temperature factor :

The observed Intensities corrected for Lorentz and
polarization factors are only relative. These can be put on
an approximately absolute scale by Wilsons statistical
method (1942). The observed intensity I can be expressed by

kI = I, exp |~ 2BsinZs/ 2] ,

where k 1s the overall scale factor, I, the absolute inten-

sity and B the overall temperature factor.

wilson showed that the average intensity (I > for
a group of reflections having different hkl values but

approximately the same value of sin® 1is given by
= 2
(I = 2 ]
J=1

where fj is the atomic scattering factor for the mean value
of 8InB range and the summation is taken over all the atoms
in the unit cell. The mean value <I> in the region of

8indé is given by
S 1
<I> = T.. ’

where N is the number of reflections in the region and 2 I
i{s the sum of the Intensities of the reflections in the

corresponding sin6 range. Thus we can write

k. {1) = <Io> exp (-2B sin%/ A9



16

n
k. <17 = [Z r?] exp (-2 sinZ/2%)
j=1

1oge Cc

n
2
where c = 32;:1 fj/(I>

log ¥ + 7B sin®/, 2

The graph of 1ogeC versus sinze//\ 2 is a straight
line whose intercept on the log,C axis leads to the scale
factor k and slope gives the value of Z2B.

To obtaln the scale factor and the temperature
factor, the reflections from three dimensional data were
divided into eight zones of sin® (Table I-2).

Table I-2 : Determination of overall scale
factor and temperature factor B.

$in® zone sin8 sin”8/A% erg <1,) C log,C

0-0.20 0.10 0.004 740 188 3.938 1.371
0.20-0.30 .25 C.026 440 224 1.963 0.674
0.30-0.40 0.35 0.052 287 120 2,392 0.872
0.40-0.30 0.45 0.08b 179 85 2.105 0.744
0.50-0.60 0.55 0.127 117 25 4.752 1.5959
0.60-0.70 0.65 0.178 85 23 3.637 1.291
0.70-0.80 0.75 0.237 70 9 7.352 1.995
0.80-0.90 0.85 0.304 59 3 22.380 3.108

For each zone, Zf:‘;‘ was calculated by using the values of
atomic gcattering factors given in the Intermational Tables
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for X-ray Crystallography Vol. IIl1. The graph of log,C was
plotted against the mean value of sinze/)\z (Figure I-2).
From the graph, the overall scale factor is 1.75 and the

o
temperature factor 1is 2.9 2,

Space group determination :

For the triclinic crystal the space group is elther
Pl or PI. The structure analysis was done by assuming the
space group to be PI; further analysis of the structure

confirmed this assumption.

H
i
H
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CHAPTER - 1l

STRUCTURE DETERMINATION

Fourler series :

A erystal can be regarded as a continuous distribution
of electron density, which reaches to a maximum at the atomic
centre and falls off asymptotically to zero in the space
between the atoms. Since a crystal is a three dimensional
periodic array of scattering matter, the electron density
¢(x,y,2) at a point having fractional coordinates (x,y,z)

within the crystal can be represented by a three dimensional
Fourler series;

(e8]
Clxyy,2) = -‘];—Z Z Z F(hkl) exp "2Wi(hx+ky+lz)§)
h k 1=~

eeees II-1.

where V 1s the volume of the unit cell. The Fourier
coefficients F(hkl), called structure factors, are in general
complex and equal to |F(hkl)|. exp (1.8hk1). It ean be shown
that @y, 18 the phase and |F(hkl)| is the amplitude of the
radliation scattered in the order h,k,1 by the contents of
one unit cell, taking the amplitude of the radiation scatter-
ed by a single classical electron under the same conditions

as unity. To every reflection hkl given by the crystal, there
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corresponds one term in the Fourier serles; each such
term represents a plane sinusoidal distribution of scatter-
ing matter. If the amplitude and relative phase of each
F(hkl) 1s known, the distribution of scattering matter can
be determined by summing the Fourler serles. In practice
only magnitudes of structure factors are known from inten-
8ity data; the information about relative phases is lost
while recording the intensities. One way to get rid of
this difficulty is to use !F(hkl)l2 as the Fourier coeffi-

cients Instead of structure factors (Patterson, 1935).

Patterson series :

Patterson defined a function P(u,v,w) as

1
P(u,vyw) = V MQ(x,y,z%Q(nu, y+v, z+w)-dxdydz,
o
esess 1I-2.

where Q(x,y,z) and ((x+tu, y+v, z+w) are the electron
densities at points (x,y,2) and (x+u, y+v, z+w) respectively.
By substituting the values of Q(x%yy,2) and <§(x+u,y+v,z+w)
from equation II-1, the equatlon II-2 is reduced to

00
< 2
P(u,v,w) = —-—3,‘ g % 12 |IF(hkl) | exp 2Wi(hu + kv + lw).
=-00

> & o v 11-3.

2
Since values of |F(hkl) | are experimentally available, the

series can be summed up without the knowledge of relative
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phases. It is clear Irom equation II-2 that the peaks in

the Patterson map correspond to the interatomic vectors of
the structure. Thus a pair of atoms A and B gives rise to
the vectors AB and BA which are equal in magnitude but
opposite in direction,y and appear as peaks at (u,v,w) and
(d,V,w). The Patterson map will always be centrosymmetrical
regardless of the space group of the crystal. Patterson map
of a crystal containing N atoms in the unit cell will show
N? peaks, out of which N peaks will fall at the origin,
since they correspond to the interaction of these atoms

with themselves. The remaining N(N-1) peaks are distributed
over the unit cell of the same size as that of the crystal;
half of these peaks are related to the other half by a centre
of symmetry. The symmetry of the pPatterson map of a crystal
can be obtained by replacing all the translational symmetry
elements of the space group of the crystal by the correspond-
ing non-translational ones, and by adding a centre of symmetry
in case of non-centrosymmetric structures. The Patterson map
of a triclinic crystal will show Pl symmetry while that of a
monoclinic crystal will show 2/m symmetry. The peak height
is proportional to the product of atomic numbers of the two

atomg involved.

Since In the Patterson map N(N-1l) peaks are distributed
through the cell, there 1s generally a great deal of overlap

among them. Therefore for a crystal structure containing
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moderate number of atoms of almost equal diffracting power,
these peaks are not all resolved, hence the derivation of
the original set of atoms which gives rise to the particular
vector set becomesdifficult. In order to sharpen the
Patterson peaks, various modifying functions are used
(Raelble; 1967). The modifying function M(s) used iIn the

present work is given by
2
M(s) = (2sin®)° = 3%,

where S in the reciprocal lattice vector of the corresponding
reflection. The Patterson map 1s obtained by using
IF(hk1N2~82 as the coefficients of the series. The modifica-
tion reduces greatly the influence of low angle terms on the
Patterson function which 1s useful when they are lilkely to be
in error through extinction. However, the sharp peaks are
surrounded by diffraction rings arising from the effects of

series termination.

Sharpened Patterson map for (010) projection 3

For (010) projection, Patterson function given by

equation II1-3 reduces to

P(u,O,W) =

o= f-

_ 2
D Y \F(hol)| cos2W (mu + 1w), ..... II-4.
h 1

where A 1s the area of projected cell on (010) plane. The
(010) sharpened Patterson map for p-toluic acid structure

was obtained optically with the help of von Eller photo-
sommateur (Figure I1I-2). The relative positions of atoms in
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one molecule are siown in Figure II-1(a). The molecule was
assumed to be pianar with usual bond lengths and angles.

The corresponding weighted vector set is shown in Figure II-1(Db).
The heights of C-C, C-0 and 0-0 Patterson peaks are assumed

to be In the ratio 36:48:64. 3ince there are 20 non-hydrogen
atoms in a unit cell, there will be 330 peaks distributed
over the projected cell. This number 1s greatly reduced due
to the presence of identical vectors in the molecule. For
example vectors C(1)-C(2), 0(2)-C(7) and C(5)~-C(4) will give
rise to the same Patterson peak. The orientation of the
molecule in (010) projection could be fixed without difficulty
and is shown on the Patterson map (Figure II-2). Assuming
that the molecules form centrosymmetrical dimers, the posi-
tions of the atoms in the carboxylic group were fixed. The
trial structure based on (010) Patterson map is shown in
Flgure II-3.

The atomic parameters obtained from the trial structure
were used to calculate the structure factors, using the

following formula :
n

F(hol) = _2:- 2fj cos2Mhx +1z,), ceees II-5.
=1 37

where n 1s the number of atoms in the molecule. The R factor
for 36 reflections was N0.3l. The phases obtained from the
calculated structure factors were used to obtain (010) Fourier
map, using the following relation :

Q(x o z) = —%-zi E;Fihol) cos2W (hx+lz), ..... II-6.
h 1
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The (010) Fourier map obtained by using von Eller Photosom-
mateur is shown in Figure II-4. Since there was overlap of
the peaks 1in the (N10) Fourler map, the x =nd z parameters
obtained from this projection were not refined further. The
x and z atomic parameters were used to find the y parameter
from stereochemical considerations. The y coordinates thus
obtained were used to calculate hko structure factors; the
R factor for 40 reflections was 0.35. The x, y and z para-

meters were refined from (100) and (001l) rrojections.

The refinement of (x,y,2z) parameters

Difference Fourier map :-

The difference Fourler map is obtalned by using Fj-F,
values as Fourier coefiiclents. When the positilon and tempe-
rature factor of an atom are correct, the difference Fourler
map will be relatively smooth in the region near the atomie
gsite. The Incorrect position of the atom is indicated when
assumed atomic position lies on a gradient B@,/axj in the
difference Fourier map. The position of the atom can be
corrected by shifting the atom along and up the gradient
ae/gjxj. Also the incorrect temperature factor is indicated
by a presence of residual electron density or hole at the
assumed atomic position. Difference Fourier synthesis has
two advantages, one 1s that when the phases are correct, it
provides a direct measure of the errors between the model
used and the true structure implied by the F,'s. The second
advantage iIs that 1t is free from the effects of series

terminatilon.
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The x and y parameters were refined by repeated
difference Fourier maps in (001) projection, the corrections
given to the atomic parameters were obtained approximately
by trial. The R factor for 83 reflections was reduced from
0.35 to 0.19 by five cycles of refinement. At this stage
temperature factor and scale factor were refined by Wilsons
method and when new scale and temperature factors were used,
R factor reduced to 0.17. The z coordilnates were refined by
using (100) difference Fourler maps. During the refinement
of z parameters, y parameters were kept constant; three
cycles of refinement brought R factor for 60 reflections
from 0,26 to 0.20. The x, y and z parameters thus obtalned
(Table II-1) were used for further refinement by using three
dimensional data.

Table II~1 : Fractional coordinates and temperature
factors after the refinement

Atom x y z B 42
c(1) 0.364 0.179 0.005 2.9
c(2) 0.535 0.305 0.242 2.9
c(3) 0.688 0.383 0.247 2.9
c(4) 0.664 0.323 0.014 2.9
c(5) 0.474 0.197 -0.232 2.9
c(6) 0.324 0.118 -0.237 2.9
c(7) 0.209 0.097 0-000 2.9
c(8) 0.822 0.401 0.019 2.9
0(1) 0.246 0.156 0.228 2.9

0(2) 0.045 -0.032 -0.233 2.9
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CHAPTER -~ IIIX

REFINEMENT OF THE STRUCTURE

The refinement of atomic and thermal parameters was
carried out on CDC-3600-160A computer at the Tata Institute
of Fundamental Research, Bombay by the method of 'Least

Squares', using three dimensional data.

The method of Least squares refinement :

Apart from the errors of measurements and any error
in the atomic scattering factors used in the calculations,
the difference between the observed and the calculated
structure factor arises because of the errors in the atomic
and thermal parameters as well as due to any error in the
scale factor K. Assuming Individual isotropic temperature

factors, one may say that

n :
AF =FE-F =% (3FAx5+5~F .+5FA BFAB>
eeeee III-1.

wvhere n is the total number of atoms in an asymmetric unit
in the crystal. Multiplying both the sides of equation III-1

BBF and summing up for all hkl reflections,
X
]

bY Wnp
we get
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Yhkl is the weight gilven to the hkl reflection. Equations

I1I-2 represents a system of 4n+l equations linear in 'S

with 4n+1 unknowns. If anisotropic temperature factors of

the form exp (- by h®b o kb1 2b, Skt 2 ooklesb il )
are used for each atom, we will similarly have a system of

9n+l linear equations In 9n+l unknowns. We can determine

by solving these simultaneous equations. The equations

III-2 may be represented In matrix notation as follows:

'S

The elements

of the matrix are defined as

(B11 % &g~ alm‘: 5 (v )

as; a Bonm—m—————— a X v
e =ox |2 2
: t l | | |

%m1 Bm2 Apg T mm X | (V|

. III-3.

Oy, = 5,.* Wy, oF 2% Z W
! Z hit ax IS E MUSX, By, s - ““&x az.
hky{ hg
aF AF Z w. oY % - ,
Q‘LL‘"Z whk( *d'x "d“B hee = (SX\ axl
- ! ! nrd
Nkl
\2 3F 2t P\
SN _ 23 - o
Q\m*-z “Ohkx\‘é}\ 3 Q\a_ 2 Wi '5'8 DX, C‘n—z whkx&;\,} ’
nkt hKe N
- 2
“““““ - T T QW\m:E‘ whkl Ké‘\:‘\
-~ ok /
kg
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3
X5= AI.?, -------------- , Xm:"Ak-
AN OF - ) SF
Vi= » w2 AF, V.= ) AF,
1 . ’ 2 hkl
me RSy 1 99y
- SF . ~ OPF
V3= > wma 5% AF, ¥V, = 2 ¥kl 5o AF
hkl , hkl 1
Vo= ) L (O — vo= 2E Ap
5 /. Ykl 3 oF A TV 1 el
hkl hkl
A short notation of equation I1I1-3 is
AX = V ceee. I1II-4,

A 15 a mxm symmetricsl matrix because agy = aji' The solution

of equation III-4 is given by
-1
X = a4~V eee.. III-G.

where A”! 1s the inverse matrix of A. From equation III-5,

we get
Al' = Xl = Cllvl "' 012v2 + C13V3 + ---------- + Clmvm
AS, = X2 = C21V1 + C22V2 + 023V3 $ mmmm—ss———- + Canvm
Co :
! ) ' 1 i
Ak = Xy = CmaVy * Cpolo * Cm3v3 *ooTTmmTTT * Con'm

cees. III-6,
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The corrections given by equations III-6 are applied to the
atomic and thermal parameters and to the scale factor; the
refinement 1is repeated till the R factor converges to the
lowest value. Some of the off-dlagonal terms of matrix A can
be omitted to reduce the computation. A commonly used
approximation 1s that of omitting all off-dlagonsl terms
except those between the atomic parameters of the same atom and
those between bij's of the same atom. In this way a 3 x 3
matrix and a 6 x 6 matrix are computed for each atom. Since
the overall scale factor K 1s highly correlated to the mean
isotropic temperature factor, the term giving interaction
between these two parameters must also be included in the
calculation when refinement involves individual isotropic
temperature factors (Rollett, 1965).

Refinement using isotropic temperature factor :

For the refinement of atomic parameters and individual
isotroplic temperature factors, 851 observed reflections were
used; the reflection 001 appears to be subject to extinction
and was excluded from the refinement. Structure factors were

calculated from the following expression :

)

n
Folhkl) = 2fy exp (-By sin20/ 5% ) - cos2 (hxy+ky +1z
i=1

® o o 00 III-7.

The atomic scattering factor fj was calculated by using formula
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£; = A& exp (-ap”) + B exp (-bp>) + C vee.. III-B.

where p = sinB/) . The five analytical constants A, a, B, D
and C for the elements were taken from F. H. Moore's Tables
(1963) and are tabulated in Table II1I-1.

Table III-1 : Analytical constants for atomic
scattering factors for Cu range

Element A a B b C
Cc 1.620 6.785 2.988 28.126 1.380
N 2.708 7.081 2.810 23.810 1.474
4) 3.811 6.363 2.633 21.191 1.580
H 0.4629 9.077 0.5148 33.154 0.0207

DD e TR e e v G S w e v S W G Gm e e T A SR e WD S W e e W G e e A S P . G M mm ma e e AT e e Wm e S e e e W G R

The positional parameters were refined by using 3 x 3
matrix for each atom. The individual isotropic temperature
parameters were refined by dlagonal approximation; the term
giving the interaction between the scale and the temperature
factor was included in the calculations (Rolleti{,1965). The
R factor for all reflections using an overall temperature tactor
(2.9 1%) obtained by Wilson's method was 0.31; it reduced to
0.23 after six cycles of refinement. <The structure was
further refined after removing some numerical errors, R came
down to 0.195. The anisotroplc temperature factors were then
introduced in the calculation. The individual isotropic
temperature factors of the last cycle of refinement are given

in the Table III-2.
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Refinement using anisotroplc temperature factor :

The expression for the structure factor F(hkl) in
terms of anisotropic thermal parameters bij for the space

group PI is given by

n
- ) 2

F(hd) = 2 ) £y exp| =(bjyh” + bygk” +byi1” ¢ 2, hi
3=1

+ Zbogkl + 2b13h127 « cos2Wl (hxj + l«q,'j + 1zj)

ceees I1I-9,

bij's corresponding to the isotropic temperature factor B

were obtalned as follows:

The 1sotropic temperature factor of an atom for a

reflection having Bragg angle 8 is given by

o 2
“Bsin<g B 28ind \ Bs?
T = exp ( 2 )—-exp(-Z (/\ ))=exp('—4)

cee.s III-10.

2s1in8 '
where S (= - ) is the reciprocal lattice vector, it is
given by
S = ha* + kb* + lc*,
2 o
1.e. 35° = n2a*2 + k%*2 + 1%c*® + 2nk a*b* cos ¢

+ 2kl b*c*cos x* + Zhl a*c*cos Q,*
cee.. ITI-11.

Substituting the value of S In equation III-10 we get



‘ 2 2 2
T = exp [~(b13h® + byok? + bygl” + yghk + gkl + 2y hD)]

ce... I1II-12.

where
.. Bar? oo Bp+2 o o Bet?
11- 3’ 2% g 33~ 3
Ba*b*cos p* Bb*c*cos < * Ba*c*cos 3 *
b = s b = s b = .
12 4 23 4 13 4

The values of bij's for different atoms are given in Table
IT1I-2. These bij's were used as starting thermal parameters

for the further refinement.

The refinement of the atomic and thermal parameters
was carried out by using 3 x 3 matrix for the atomic para-
meters of each atom and 6 x 6 matrix for anisotropic thermal
parameters of each atom; unit weight was applied to all the
reflections. Six cycles of refinement brought R value to
0.126.

The positions of the hydrogen atoms attached to the
benzene ring were calculated from geometrical considerations
of the molecule, assuming C-H distance to be equal to 1.08 %.
The hydrogen atoms of the methyl group were located from the
three difference Fourier projections. The temperature
factors of the hydrogen atoms were assumed to be the game as
those of the carbon atoms to which they are attached; only
their atomic parameters were refined. The hydrogen atom
attached to the carboxylic group could not be located in the

difference maps.
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About 300 unobserved reflections were included in the
structure factor calculations. The unobserved reflections
for which F, was greater than the minimum observable value
were included in the refinement. All absent reflections were
excluded from the estimation of R factor. For the further
refinement of the structure, the following weighting scheme
(Hughes, 1941) was used,

o< ! f F.5 41 F |
w . 5 or O/ |m1ni
P
o
CK-———E——-——- T F "4 | |
w . > or F_ ( Foin
lbiFmin\

Four more cycles of refinement were given after including
the hydrogen atoms of the benzene ring and of the methyl
group. The final value of R for the observed reflections
was 0.106. The final atomic and thermal parameters along
with their estimated standard deviations are given in

Table III-3. The standard deviations are given by (Stout

and Jensen, 1968)

- ¥ . ‘2
Gpi \/cii ( l'zxk]_ thl k9 /(m-n)

where Obi is the standard deviatlion for a parameter pj,

¢4y is the ith diagonal element of the inverse matrix A-l,
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m the number of structure factors used for refinement, and

n the number of parameters.

The observed structure factors F,, and the structure
factors F, calculated on the basis of final atomlec and
thermal parameters are given in Appendix A. '

i
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CHAPTER - 1V

RESULTS AND DISCUSSION

“SECTION A : CRYSTAL AND MOLECULAR STRUCTURE

The bond lengths and bond angles are given in Table
IV-1, and are also shown In the iigure IV-1. The C(7)-0(1),
C(7)-0(2) and C(4)-C(8) bond lengths have been corrected
for the effects of librational motion; the method of apply-
ing the correction 13 given in Section B of this chapter
(p.5¢ ). The standard deviations in the bond lengths are

given by
2 2 2
G (112) = o (xl) + 5" (x9), ceees IV-1.

where 6 (x;) and ¢g°(xg) are the deviations in the atomic
positions of atoms (1) and (2) respectively, and c'(1,) 1s
the standard deviation of the length between them. The
standard deviations in atomic positions are assumed to be

i1sotropic. The standard deviation o~ (8) in the bond angle

is given by
2(x;) 12 2
o N\X 2 (x,)
o2 (8) = =2 13 o %(xy) + T2
12 1212 2 12
12 12° 123 23

where 6 is the angle subtended at atom (2) by the bonds from

atoms (1) and (3). 6°(xy), 6(xy5) and c(x3) are the standard
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Table IV-1 : Intramolecular bond lengths and angles.

Bond length (%) Angle

Uneorre- Correct- E.s.d.
________________ 0 e
C(1)-c(2) 1.394 2 0.009 A c(6)-C(1)-c(2) 118.7 * 0.7°
C(2)-C(3) 1.379 0.009 c(1)-c(2)-c(3) 120.2 % 0.7
C(3)-C(4) 1.398 0.010 C(2)-C(3)-C(4) 121.4 %t 0.7
C(4) -C(5) 1.383 0.010  C(3)-C(4)-c(5) 118.5 % 0.7
C( 5) =C( 6) 1.379 0.010  C(4)-C(5)-C(6) 121.5 % 0.7
c(6)-c(1) 1.421 0.009 C(5)-c(6)-C(1) 119.8 ¥ 0.7
C(1)-Cc(7) 1.476 0.009 C(3)-C(4)-c(8) 120.2t 0.8
C(4)-c(8) 1.499 1.514 4 0.011 Cc(5)-c(4)-C(8) 121.4 % 0.8
C(7)-0(1) 1.272  1.292  0.008  C(2)-C(1)-c(7) 120.9 * 0.7
C(7)-0(2) 1.275 1.292 0.008 C(6)-C(1)-C(7) 120.5 % 0.7
0(1)-0'(2) 2.629 0.006  C(1LY-C(7)-0(1) 118.3 ¥ 0.6
(x,¥,2) ~(%,7,2) | C(1)-C(7)-0(2) 118.8 * 0.6
C(2) -H(1) 0.98 0.07 o(1)-c(7)-0(2) 122.9 £ 0.6
C(3) -H(2) 0.89 0.07 C(7)-0(1)-0'(2) 117.2 £ 0.6
C(5)-H(3) - 0.68 0.08 (%,7,2)
C(6) ~H(4) 0.97 0.07
C(8) -H( 5) 0.83 0.09
C(8) -H( 6) 0.82 0.09

C(8)-H(7) 0.96 0.09
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deviations of the coordinates of the atoms (1), (2) and (3),
and 112, 113 and 123 are the lengths of bonds between atoms
(1) and (2), atoms (1) and (3) and atoms (2) and (3) respe-

ctively.

The equations of various planes referred to the
a, b', ¢' orthogonal axes such that ab and ab' planes are
the same, are given in Table IV-2. The transformation

equations are gilven by

X' = X+ y cosv 4+ zZ cos )
¢ )
' . v_‘_z(oosx-oosp.cosr‘) ;
y = ysn ginnr )
2

g = Z (1-cos®« -cosgp - c082r + 2cos« . cosg *cosv )l/ ;
- )
sinY‘ )

ceses 1IV=3.

The equations of planes were obtalned by the method of
Schomaker, Wwaser, Marsh and Bergman (1959). The angles
between these planes and deviations of atoms from different

planes are also given in Table IV-2.

DISCUSSION :

Molecular Structure

(a) The aromatic ring

The aromatic ring in the p-toluic acid molecule 1is
planar within 0.007 4. The average length of the aromatic
bonds 1s normal (1.392 %). The estimated standard deviations

Th < <H
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Table IV-2 : Equations of planes.

4
o

(1) Benzene ring 0.4052 x'+ 0.8810 y'+ 0.2442 z' - 0.0377

(2) Plane through ) :
0(1),0(2),Cc(7) ) - 0.4070 x'+ 0.8923 y'+ 0.1954 2z' - 0.0312
)

and C(1)

(3) Plane through )
0(1), 0(2) and )
Origin %

1)
o

- 0.3850 x'+ 0.9024 y' + 1932 z'= 0

ingles between different planes.

(2) (3)
(1) 2.9° 3.4°
(2) - 1.6°

o
Deviations of atoms from different planes (A)

G e e e - A W D VR GRS W R G G S S S e R ME e T P G mme MM G G A S AP G AR B WP G G T Em W R WS W A GA TR Gm b e Y M WG D W G G S e

Atom Planes
e o 3 3
c(1) - 0.003 0.000 0.049

c(2) 0.000
C(3) 0.005
C(4) - 0.007
C(9) 0.005
C(6) 0.000
C(7) 0.000 - 0.001 0.014
C(8) - 0.034
0(1) 0.057 0.000 0.000
0( 2) | - 0.052 0.000 0.000

Dimer Centre 0.038 0.031 0.000
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(e.s.d.) of the C-C bond lengths are from 0.009 3 to 0.010 3.
The central bonds C(2)-C(3) and C(5)-C(6) are both 1.379 3
long while the average length of the other four aromatic
bonds 1s 1.399 i. The general picture tus resembles that
found iIn the cases of p-aminobenzoic acid, Q-p-nitrophenol,
pnitrotoluene, p-nitroaniline, @-sulphanilamide, terephthalic
acid and p-nitrobenzoic acid (Table IV-3). The Figures
IV-2(a) and (b) show the molecular dimensions of some of these
compounds and Table IV-3 gives the averages of the two central
bonds and the averages of the remalning four bonds of the
aromatic ring in these molecules. In all these molecules

the central bonds of the aromatic ring are shortened.

For a molecule having an electron donor and an electron
acceptor group in para positions, cooperative interaction

between the para-substituents is expected as shown below:

0 8 0
AN /\3 ~N

Y
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-3

Compound

Average bond
length of
central bonds
In aromatiec
ring

Average bond
length of
remaining
four aromatic
bonds

Reference

- En e D - e R G W S . T ey NS G OIS T R A e e S e e e e e P G WP SN G P D M M W W AR W GRS N SEh 4T TS R G S A W e A

p-Toluic acid

p-Aminobenzoic
acid

p-Nitrophenol
( @ form)

p-Nitrotoluene

p-Nitroaniline

@ -sulphanilamide

Terephthalic acid

p-Nitrobenzoic
acld

1.37b5

1.380

1.382

1.375

1.381

1.370

1.383

1.399
1.396
1.400%*

1.402

1.397
1.403

1.396

Present work.

Takwale and
Pant (1971)

Lal and Marsh
(1967)

Coppens and
Schmidt (1965)

Barve and Pant
(1971)

Trueblood,
Goldish and
Donohue (1961)

0'Connell and
Maslen (1967)

Bailey and
Brown (1967)

Tavale and Pant
(1971)

* The structure consists of two molecules per

asymmetric unit;

cules 1s taken.

average for the two mole-

«x  C(5)-C(6) bond is very short (1.351 A); it
is excluded from the average.
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Ex is an electron donor group such as NH, OH or CH3; COOH

is an electron acceptor group, NO2 is also an acceptor group{]
The interaction is expected to cause a shortening of the
central bonds of the aromatic ring. Among the compounds
discussed above, all except terephthalic acid and p-nitro-
benzole acid have an electron donor and an acceptor group in
para positions. The cooperative electronic Interaction
between the para substituents discussed above explainsthe
shortening of the central bonds of the aromatic ring in

these compounds (except terephthallic acid and p-nitrobenzoic
acid). However, the presence of the central bond shortening
in p-nitrobenzoic acid and terephthalic acid as well implies
that cooperative electronic interaction between the para
substituents must be only partly responsible for the shorten-
ing of the central bonds of the aromatic ring.

(b) Methyl group

The carbon atom C(8) of the methyl group is 0.034 %
away from the aromatic plane. The C(4)-C(8) bond length,
1.514 %t 0.011 3 (1.499 3 without correction for librational
effects) agrees with the corresponding lengths in 2-amino-
3-methyl benzoic acid, 1.501 % 0.002 A (Brown and Marsh;
1963), 1,1-di-p-tolylethylene, 1.503 * 0.005 A and 1.509
* .005 A (Casalone, Gavezzotti, Mariani, Mugnoll and
Simonetta; 1970) and in p-nitrotoluene, 1.528 t 0.009 A
(Barve and Pant, 1971). The bond lengths in 2-amino-3-methyl
benzoic acid and 1,1-di-p-tolylethylene are not corrected

for librational effects.
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(¢) Carboxylic group

The molecules form centrosymmetrical dimers with
OH---~-0 hydrogen bonds of length 2.63 %. The carboxylie
group is coplanar with the attached carbon atom C(7) of the
benzene ring; it makes an angle of 2.9° with the aromatic
plane (Table IV-2). The C(1)~C(7) bond length, 1.476 10.009 3
agrees with that found in terephthalic acid, 1.483 * 0.003 4
and p-nitrobenzoic acid, 1.487 * 0.006 % but is a little
longer than its values in the two ecrystallographiecally
independent molecules of p-aminobenzoic acid, 1.455 % 0.006 i
and 1.464 t 0,006 i. The two C-0 bond lengths of the carbo-
xylic group are both 1.292 * 0,008 3 (1.272 and 1.275 3
without eorrection for librational effects).

The equality of the two C-~0 bonds probably implies
'S
that theréAnearly equal contribution in the molecule from

the following two structures:

(D (1D

In the structures of terephthalic acid and 3-aminobenzoic
acld hydrochloride (Arora, Sunderlingam and others, 1973)

as well, the two C-O bonds of the carboxylic group are nearly
equal; the two C-0 bond lengths are 1.262 t 0.003 and
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1.272 * 0.003 2 in terephthalic acid, and 1.259 * 0.004 and

1.267 t 0.004 % in 3~aminobenzoic acid hydrochloride. This
symmetry 1s a reflection of the disorder in the location of
the acidic proton. This is confirmed by the difference
Fourier section ¢(x,y,0.215) shown in Figure IV-3; the
section is taken at z = 0.215 because the z parameters of
0(1)-(x,y,2) and 0(2)-(x,¥,%) (which form the hydrogen bond)
are both near the section. The peaks corresponding to two
half hydrogen atoms are clearly seen in the difference map;
the hydrogen atom occuples with nearly equal probability
the two sites (marked by crosses In the difference map)
associated with covalent bonding to 0(1)-(x,y,z) and

0(2) -(x,¥,2).

(@) C-4 bond distances

The average C-H bond length is 0.91 t 0.09 A (C(5)-H(3)
bond length is omitted from the average since it is very
short); the value of C-H distance is typical for X-ray
diffraction investigation, being somewhat shorter than the
values given by neutron diffraction and spectroscopic methods.
The positions of the hydrogen atoms as shown by X-ray diffra-
ction are affected by bonding because an appreciable part
of the charge on the hydrogen atom is displaced towards the
bond centre, therefore the centre of electron density does
not coincide with the centre of the proton. In the present
case the standard deviatlons in the bond lengths are high,

hence little reliance can be placed on Individual values of
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C-H bond lengths.

Crystal structure :

The projections of the structure on (001) and (100)
planes are shown in Figures IV-4(a) and (b). In (010)
projection, the molecules are overlapping, hence the project-
ion 1s not shown. The principal intermolecular distances
(< 3.8 %) are also given In these figures. The crystal
structures of p-tolule acid and terephthallic acid are quite
similar; In these structures, infinite chains of molecules
are held together by normal van der Waals interactions. 1In
p-tolulc acid, the molecules in any chain are bonded with
neighbouring molecules by double OH--0 hydrogen bonds of
length 2.63 % on one side and by van der Waals bonds between
methyl groups (C-C distance, 3.50 3) on the other sidey in
terephthalic acid, however, the molecules in any chain are
bonded with the neighbouring molecules by double OH---0
hydrogen bonds of length 2.67 R on both sides.

SECTION B : THERMAL ANISOTROPY

The atomic scattering factor of an atom in thermal

motion for hkl reflection is given by

f = £, exp {:(bllh2 + b22k2 + b3312 + 2byohk + Zbogkl
+ 2b5h1) |
” ® 6 o O Iv-4.
The coordinates (x*,y*,z*) of the hkl reciprocal lattice point

are

x* = hax, y* = kb *, z%® = lc*.



(i)

(iv)
(viii)

asinf3

(V) »

0 [~}
S I ¢

FIG.N-4(a): THE STRUCTURE PROJECTED ALONG THE c-AXis, SYMMETRY
CODE: i) x,y.2, XTI, W)x=1,y-1,2; V) 1-x, G,Z; V) Hx,y,z,

vi)2-%, 1-4,Z Vi) 14X, 14y, z Vi) 1-X, 1-4 ,Z ; ix) Xx-1,4, Z.



FIG. -4 (b): THE STRUCTURE PROJECTED ALONG THE O-AXIS.
SyYMMETRY CODE : ) x,y,z, )X, §,Z, 0ii)x, y-1,2;

W) X, -1-Y,-1-2, V) o, § -1, Vi) x, 4,12, vil) x, 149, 1+Z

VHI) X, 1=y, -1, iX) x, y,1+z2. X)X, y,1°Z, xi) x, 1-4,2.
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In terms of (x*y* z*), f is given by

b b b 2b
11 22 33 1
f =1, exp [—(——-x*zﬁ--—y*z-o-—-z*z-r Xty %
3*2 b¢2 c¥ a#’b#
- ' % %
- + y*z* - x*z* )] -
b*c* a*c*
veve. IV-5.

With reference to the axes of the reciprocal lattice of the
triclinic unit cell, the equation of the ellipsoid on which

the temperature factor 1is unity, is given by

b b b % Do 22
11 22 12 23y 77713
oxeZ . EE 2, 38 2, Xty * + 7 xtz® = 1
a2 p*2 ce2 a¥b* bec* a*c*
- 80 00 IV.-G.

When referred to the orthogonal reciprocal axes a'*, b'*, c*
such that b*c* and b'*c* planes are the same, the equation

IV-6 transforms as follows:

allx*z + azgY*z + 3,332*2 + 2312X*Y* + 2aggY*zZ*
X7k = [ -
+2a13XZ 1 ceeses IV-7.
vhere
b b b Zb
11 22 2 33
allz {—-—2-4- —-EC +—2(Q)s @*" cos u(*C)z‘ 120
a%* b« c¥* a*b+
+ 23C(m3@*"0080(*C)- (cos e*-eoso(*C)]:s—i'n—é-
bec* atcH p2



b b %
22 33 1
a =(>" - .—0032&* - 23 cOsq*] ——————

22 p*2 o2 b*c* sinZ *
o = #33
33 ox2
[ P22 . Pa3 . . ) +b12
Qi = | = — —_— -
12 b2 o2 @08 cos (3 e08 a%p*
b23 blg N
- E -Qm *C - g ——
Teon (cos € 8 x*C) —vos 08 5
" Dba3 o Lt . o3 1
agq = | - == €08
23 o*2 "7 p*er | sin ¥
[ b33 ( . . 0) b23 c b13 sin«*
a9 = | - ™3 (cos a* - cos - + ’
13 c*2 g % b*e* a%c* D
where C = (cosy* - cos Q*'coso(*)/sino(*
2
D =1 - coszx"' - cos? @" - 082 v*+ 2c08 x*. cOS ¢* . cos r*

The orthogonal reéiprocal axes a'*, b'*, c* coincide with
the axes a, b', c' respectively with respect to which the
equations of various planes (benzene ring, carboxylic group
etc.) are determined. The transformation from equation IV-6

to equation IV-7 was effected using the following equations:

X* = x* (D/sinx™®)
> o o s 0 Iv-8.

<
*
1]

y*sinx* + x*C

S e o e S

Z¥ = z*x + y*cos«™ + x*cos Q*
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Direction cosines of the maximum, medium
and minimum vibration direction :

The major, medium and minor axes of the ellipsoid
given by equation IV-7 are parallel to the directions of
minimum, medium and maximum vibrations of the atom respecti-
vely. The direction cosines of the principsl axes of ths
ellipsoid are obtained from the matrix formed with six aij's
in the following way (Nye, 1957).

The direction cosines of the maximum vibration

direction are obtained from the following matrix:

811 &2 213
8591 899 293
431 4g2 833

where ajs = agyy a13 = 8313 and a5y, = ag;- The largest
column of matrix U is multiplied by the matrix U, which
results in a column matrix. Successive multiplication of the
matrix by the product matrix is done till the elements of
the product matrix become constant. The normalization of
the magtrix gives the values of direction cosines of maximum

vibration direction. The normalizing condition 1s

12 + m® +n% = 1

where 1, m and n are the direction cosines of the vibration

direction. Similarly the direction cosines of the minimum
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vibratlon direction are obtained by performing the same

operation on U1 matrix.

If 1 mn and p q r are the direction cosines of
maximim vibration direction and minimum vibration direction
respectively, then the direction cosines of medium vibra-

tion direction are given by (mr-gqn), (pn=-lr) and (1lq-pm).

Root mean square amplitude :

The equation of the ellipsoid with respect to its

own axes is given by
2 *2 2 _
AppXT7 + MgV # aga2* = 1.

A11s Ago and Agq are obtained by successively multiplying the
matrix U by the direction cosines of the three axes of the
ellipsoid. The root mean square amplitudes of maximum, medium

and minimum vibrations are given by

e e e

-2 ' o
Maximam vibration : _/;;1 = \/Alr/zﬂ g
I ' 2 )
Medium vibration : /Géz = JAQZ/ZW % ce.e IV-9.
Mini C a2 = e )
mum vibration : ¢'ﬁ33 = ¢A33/2 )

The Table IV-4 gives the magnitudes and direction
cosines of the principal axes of the atomic vibration elllp-
solds, the angles between the principal axes and the aromatic
plane, and those between the principal axes and the molecular
axis (i.e. the C(1)-C(4) direction). In Table IV-5, mean

square displacements along certain directions are given for
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Table IV-4 : Magnitudes and direction cosines of
the principal axes of the atomie
vibration ellipsoids, the angles
between the principal axes and the
aromatic plane and those between
the principal axes and the molecular
axis (i.e. C(1)-C(4) direction)

Atom axis /Z2 (4 co8« co8 cos Angle mngle
as (&) 1 2 3 yith with
benzene mole-
plane cular
axls
1 0.238  -0.267 0.748  0.608 66° 86°
C(1) 2 0.210 -0.728 0.256 -0.635 21 56
3 0.189 0.631 0.612 -0.476 10 34
1 0.257 -0.300 0.990 0.089 79 83
c(2) 2 0.229 -0.082 0.067 -0.994 9 87
3 0.220 0.950 0.306 -0.058 7 8
1 0.270 -0.399 -0.048 0.916 Y- 8] 68
C(3) 2 0.266 -0.379 0.918 -0.117 69 83
3 0.202 0.835 0.394 0.385 6 22
1 0.312 -0.,002 -0.086 0.996 10 88
C(4) 2 0.221 -0.643 0.763 0.064 72 74
3 0.181 0.766 0.640 0.0b6 15 16
1 0.304 0.086 0.732 0.676 bl e7
C(5) 2 0.248 -0.466 0.629 -0.622 36 80
3 0.220 0.881 0.262 -0.395 13 20

continued....
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Table IV-4 (continued)

0
Atom axis /{2 (A) cosx o8, oS, Angle Angle
1 with with
benzene mole-
plane cular
axis
1 0.291 ~0.292 0.718 0.631 65 88
c(6) 2 0.241 -0.865 0.083 -0.495 i8 41
3 0.175 0.408 0.691 -0.9597 17 49
1 0.247 0.014 0.206 0.978 25 84
C(? 2 0.222 -0.569 0.806 -0.162 64 79
3 0.192 0.822 0.555 -0.129 7 12
1 0.355 -0.104 0.203 0.974 27 90
C(8) 2 0,278 -0.612 0.759 -0.223 60 76
3 0.203 0.784 0.619 ~-0.045 12 14
1l 0.321 -0.385 0.916 0.120 82 a8
0(1) 2 0.232 -0.391 -0.044 -0,919 6 68
3 0.196 0.836 0.400 -0.375 4 22
1l 0.334 -0.367 0.887 0.279 87 86
0(2) 2 0.217 0.371 0.414 -0.831 1 66

3 0.195 0.853 0.202 0.481 3 30




o
Table IV-5 : Some mean square displacements (A2x1103)

Atom

0o(1)
C(7)

0( 2)
Cc(4)
C(8)

Direction of displacement™*
Normal to In the plane Parallel to
the plane* normal to the the bond
bond
102 65 45
51 a) 50 0(1) 47 0(1)
b) 41 0(2) 756 0(2)
111 39 42
49 98 as
86 117 44

* The vibration directions of 0(1), 0(2) and C(7)
are with respect to the plane through C(1), C(7),
0(1) and 0(2) whereas the vibration directions
o{ C(4) and C(8) are with respect to the benzene
plane.

** Vglues parallel and normal to the bond for C(4) are

given only for C(4)-C(8) bond. The atoms listed
besides certsin values in the table indicate the
direction of the bond in question.



55

atoms 0(1), 0(2), C(7), C(4) and C(8). These are required
in order to apply corrections to C(7)-0(1), C(7)-0(2) and
Cc(4) -C(8) bond lengths arising from librational motion.

DISCUSSION OF TH:eRMAL ANISOTROPY

It 1s seen from the Table IV-4 that the oxygen atoms
of carboxylic group have large root mean square amplitudes
nearly normal to the aromatic plane. The mean square
displacements of the atoms 0(1l), 0(2) and C(7) normal to
the plane are 0.102, 0.111 and 0.051 i respectively. In
order to see whether the carboxylic group is oscillating
about the C(1)-C(7) bond as a rigid body, the amplitudes of
torsional oscillation of the C(7)-0(1) and C(7)-0(2) bond
about the C(1)-C(7) bond were calculated as follows: The
mean square amplitude of torsional oscillation of C(7)-0(1)
bond aboﬁt the C(1)-C(7) direction is given by the difference
between the mean square amplitudes of atoms C(7) and 0(1)
normal to the plane of carboxylic group. Hence the root mean
square amplitude of torsional oscillation of C(7)-0(1l) bond
about C(1)-C(7) direction is given by (0.051)L/%/l.137
radians or 11.50 (Figure IV-5). Similarly the root mean
square amplitude of torsional oscillation of C(7)-0(2) bond
about C(1)-c(7) direction is given by (0.060)1/2/1.137 radian
or 12.3°. Since the angle of torsional oscillations of
C(7)-0(1) and C(7)-0(2) bonds about the C(1)-C(7) direction
are both about 120, it may be concluded that the carboxylic

group behaves as a rigid body and oscillates about the



C(1)

FIG-1V-5. CALCULATION OF THE ROOT MEAN SQUARE
AMPLITUDES OF TORSIONAL OSCILLATION CF
C(7) -0(1) AND C(7)-0(2) BONDS ABOUT THE
C{1)- C(7) DIRECTION

FIG-1v- 6. DiSt :/\L...M'_“T CF THE MAXIMUM ELZCTRON

— [ Y Y

DENSI Y BY LiZsRATIONAL MOTION
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C(1)-Cc(7) direction with a root mean square amplitude of 12°.
Similar behaviour is sown in p-nitrobenzoic acld (Tavale and
Pant, 1971) where the angle of torsional oscillation of the
carboxylic group is 9° and o-methyl amino benzolc acid ‘
(Dhaneshwar and Pant, 1972) where the angle is 9°. The root
mean square amplitude of carbon atom of methyl group has large
value perpendicular to the molecular axis (0.35b K). A
comparison of Table IV-4 with Table 4 ot Barve and Pant (1971)
shows that the magnitudes of the principal axes of the atomic
vibration ellipsoids of the carbon atoms of the methyl group
in the two structures are similar, the corresponding values
being 0,355, 0.278 and 0.203 2 1n p-tolule acid, and 0.351,
0.313 and 0.206 X in p-nitrotoluene; the orientations of the
vibration ellipsoids with respect to the benzene plane and the

molecular axls are also the same within 120.

Bond length corrections :

The interatomic distance between a palr of atoms is
apparently decreased due to librational motion. Consider an
atom whose equilibrium position is B (figure IV-6). If the
atom oscillates about O so that the atom is displaced along
the arc B' B B", the time averaged centre of electron density
distribution will shift from B to a point P towards 0. The
error Ay (= PB) in atomic position is given by (Cruickshank,
19566)

2
1 s? . t

eesss IV-10.
2r 1 4 (s2/¢9 1+ (t%/¢®)

Ay =
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where q2 is the breadth parameter and 32 and t? are the mean

square displacements of atom perpendicular to the bond
normal to the plane and in the plane respectively. The errors
introduced by librational motion for bonds C(7)-0(1),
C(7)-0(2) and C(4)-C(8) were calculated by using the mean
square displacements given in Table IV-5; the errors are

given In Table IV-6.

Table IV-6 : Corrections for bond lengths
due to librational motion.

Bond Uncorrected Correction Corrected
bond length bond length
o o o
C(7)-0(1) 1.272 A 0.020 A 1.292 A
C(7)-0(2) 1.276 0.017 1.292

C(4)-C(8) 1.499 0.015 1.514




PART - I CRYSTAL AND MOLECULAR STRUCTURE OF

2-NITRO-4-METHYL BENZOIC ACID.




58

CHAPTER -V

EXPERIMENTA AL

The erystals of 2-nitro-4-methyl benzoic ucid were
obtained by crystallizing the compound from alcohol. The
preliminary Weissenberg photographs taken by oscillating the
erystal about the three crystallographic axes in turn showed
that the crystal belongs to the monoclinic system.

Cell dimensions :

The accurate determination of cell dimensions was done
by using several high angle reflections in equatorial
Welssenberg photographs taken along the b and ¢ axes. The
values of a sin@ y b and c sbn@ obtained from these reflect-
ions were plotted against sin® and extrapolated to sinzb = 1.
To eliminate the error due to film shrinkage and any error
introduced in the radius of the camera due to the finite thick-
ness of the f{ilm, Sﬁ#umanis (1936) mounting of the film was
ugsed. In this method the positions on the film corresponding
to © = 0° and 8 = 90° can be located accurately. If r 1s the
distance between the positions corresponding to 8 = 0 and
8 = 90°, the angle 6 for high angle reflection is multiplied
by (90/r) to get the correct value of 6.
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Table V-1(a) : Determination of spacing asing .

- . T G G G WS S S EE M e AN D R L e e S G GE e A YR G GIE N b A D NI Y R W W Y G D D S R WD MR WE G A G G e am W

16

14

16

16

16

0] V]

]

68.73  0.9319
70.20 0.9409
71.70° 0.9494
72.72°  0.9549
0.9573
83.73° 0.9941

85.24  0.9965

0.8684

0.8853

0.9014

0.9118

0.9164

0.9882

0.9930

13.198

13.199

13.202

13.202

13.209

13.211

The extrapolated value of
o
a sinp (at sin®e=1)=13.211 * 0.001 A
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Table V-1(b) : Determination of spacing b.

h k 1 8 sin® s1n%8 b

5 13 0 w; 72.32° 0.9528 0.9078  11.029 A

0 14 0 =y 77.67°  0.9770 0.9545 11.038
g T78.31 0.9793 0.9590 11.038

2 14 0 79.50°  0.9833 0.9669 11.042
=g  80.30° 0.9857 0.9716 11.044

o
The extrapolated value of b (at sin26==l)= 11.048 t 0.002 A.
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Table V-1(c) : Determination of spacing csing .

6 0 12 o 66.26°  0.9154 0.8380 11.335 A
2 0 14 Xy 71.40°  0.9473 0.8983 11.342
0 0 14 71.95°  0.9508 0.9040 11.341
g 72.37° 0.9530 0.9082 11.343
4 0 14 Xy 73.50° 0.9588 0.9193 11.344
K g 73.98°  0.9612 0.9239 11.344
8 0 12 %4 76.85° 0.9738 0.9483 11.346
g 77.40°  0.9759 0.9524 11.347
6 0 14 x4 79.55°  0.9835 0.9676 11.350
<9 80.40°  0.9860 0.9722 11.349

o)
The extrapolsted value of csin@ (at sin29=1)= 11.353 * 0.001 A.



1322 — -

13.211
13-21@:\
13201 \%\ FIG V-1(a)

asinf3 A

0\
1319 . ) \
10 095 20-90 085 080
sin“e
1.0 I
11.05 _%“048
~._9
1104 \k@\
o PN
< e,
FIGV-1(b) a ™~
1103 \\0'%
-
1102 A 4 A N S s
0 098 D96 0% 092 090
e 2
=~ {1} 6
11.36 e S e ,
o, 35 "2
.( -~
- o
- xR FiG V-1( )
5o )
© 3 \\\a\
11331 — . ™
30 335 050 0-85 0.80
sin<3

16V i{a)bicy EXTRAPOLATION GRAPHS FOR THE ACCURATE
DETERMINATION OF asinf3, b and c¢sin {3,



62

The expression used to calculate asin@, b and csine is

given by
( 2sine 2 _ n® k2 12 2l cosf
A a231n2(3 b2 czsingg a csinz(s

The results are given in Table V-1(a), (b) and (c¢) and corres-

ponding graphs are given in Figures v-1(a), (b) and (e).

The angle @* was obtained by the method of triangula-
tion using the (10 0 12) reflection (having 6 = 73.7°)
(Jefievy, 1971).

The final cell dimensions are

13.281+0-006A

a =
b = 11.048 t0.00Z p= 95.9%03°
e = 11.414%0005

The density of crystal :

The density of the crystal measured by the flotation
method is 1.440 gm.cm™3. The calculated density of Z= 8 1s
1.432 gm.cm™3,

The linear absorption coefficient :

The linear absorption coefficient, calculated as described

in Chapter II, is 10.3 cm L.
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Collection of data and estimation of intensity :

The three dimensional iIntensity data were collected
from equi-inclination Weissenberg photographs taken with
unfiltered Cu-radiation. Zero to ninath layer Welssemberg
photographs were taken with the crystsl oscillated about
the b axis and zero to fourth layer photographs were taken
with the crystal oscillated about the ¢ axis. The arystals
used for the two sets of photographs had the cross sections

2 and lengths 0.75 mm and

0.40 x 0.45 wm? and 0.61 x 0.70 mm
1,04 mm respectively. The intensities of the reflections
were estlimated visually with the help of intensity scaies

prepared with the same crystals.

The estimated Intensities were corrected for the
effects of Lorentz-polarization factor, spot extension and
absorption. The computer program suitable for CDC-3600

computer was written by using the following formulae:

Ve

t}

2
W 2 € cos0 {1*180 ¢ [(a- &5/ ¢2-1]
Ly 1+co8 2( 29) 47 [ZRl/(4— 4’2) e, R2J

e
i

-Zsin/n (for equi-inclination Weilssenherg)
2
% = 4 sin% - é’,

where a 1s equi-inclination setting angle, Rl is the camera
radius and Ry 1s the distance between crystal and tirst-
pinlole (75.0 mm). To obtain the absorption correction factors,

tables of absorption correction factors versus sin® for each
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layer were supplied to the computer and the correction factors

were obtained by interpolation.

The data from the two sets of photographs were brought
to the same scale by comparing the intensities of common
reflections; 1323 independent reflections were observed from

the two sets,

Scale and temperature factor :

The Intensities of the reflecctions were put on the absgso-
lute scale by the Wilson's statistical method as discussed in
the Chapter I. The results are given In Table V-2; the corres-
ponding graprh is shown In Flgure V-2. The temperature factor
B= 2.9 3 end scale factor X = 12.2 yere obtained from the

graph.

Space group determination :

The systematic absences observed in the Welssenberg

photographs are

hoo for h odd
o ko for k  odd
h ko for h+k odd
o k1l for k odd
hol for h odd and 1 odd
h kil for h+k odd

From these systematic absences the space group could be elther

C. or CE/c' The space group Ce is non-centrosymmetrical while
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Co/c 1s centrosymmetrical. The N(z) test based on three
dimensional intensity statistics was carried out to see whether
the crystals belong to the centrosymmetrical space group or

the non-centrosymmetricsl one (Phillips, Rogers and Howells,

1950) .

The fractions N(z) of reflections whose Intensities
are equal to or less than a fraction z of the local average

are glven by

N( z)

i

l-exp (-2) for non-centrosymmetrical crystal,

it

and N(z) ert (‘}z)t for centrosymnetricul crystals,

where 'erf' means the error function (Jahnke and Emde, 1933).
These functions are tabulated in Table V-3, and are plotted
in Figure V-3, for centrogymmetrical as well as for non-centro-

gsymmetrical structures.

The N(z) values for 2-nitro-4-methyl benzoic acia
obtained from thrce dimensionzl iIntensity data are given in
Table V-3; and are slown in figure V-3. The N(z) values
are close to the curve corresponding to the centrosymmetrical

erystals; these results imply that the space group 1is Calc‘
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Table V-3 : N(z) test for 2-nitro-4-methyl
benzolec aecid.

z N(z) for centro- N(z) for non- N(z) for
symmetrical str-~ centrosy umet- present
ucture rical structure work

0.1 0.248 0.095 0.23

0.2 | 0.345 0.181 0.36

0.3 0.419 0.259 0.43

0.4 0.474 0.330 0.48

0.5 | 0.521 0.394 0.54

0.6 0.561 0.451 0.58

0.7 0.5937 0.503 0.61

0.8 0.629 0.5581 0.64

0.9 0.657 0.583 0.66

1.0 0.683 0.632 0.68
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CHAPTER - VI

STRUCTURE AND RuFINEMENT

SECTION A : STRUCTURE DETERMINATION

Mn attempt was first made to solve the structure by
using the Patterson projections. Meanwhile the listing and
write-up of the Sayre's equation programme written by Long
(1965) became avalilable in the laboratory, hence the trial
structure was determined by this method.

Sayre's Equations

Sayre's equality relations (1952) are based on the
fact that 1f all atoms in a structure are identical, and
completely resolved from one another, the operation of
squaring the electron density gives a distribution which 1is
still a superposition of equal spherically symmetrical 'atoms'

centred on the same points as before.

The electron density ¢ (r) at a point defined by
vector 1 1s given by

lp) =

<=
[~

:S: Fh eXp (‘Z}Ti E..I:) LI BN ) VI"]..

Similarly the squared electron density may be expressed as
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k2% exp (-2T1 h.r) ceee. VI-Z2,

.
‘h~ -—p

2 1.
€ (p) 7

where F:q is the hth Fourier coefficient of the squared

structu;e. From equation VI-1l we have

1
Zp = @@ =3

' F_,F,_, exp(-2Mi(n'+h") 1)
,'n'n

1=
1= A

'

ceee. VI-3.

If the terms for which A' + h" = h are collected together,

the equation VI-3 can be rearranged as

2y = L . -oT -
Q‘B’ =32 Z [Z 1“1_l F_"ll' exp (~-2W1 h.r) ceces VI-4,
h| n

Comparing equations VI-2 and VI-4 we have

ya VI-5.

h'

R 1
1'_1. - 'v'— h'- h‘h' s e 000

If £ 1s the atomlic scattering factor of an atom and g 18 the
atomic scattering factor of the corresponding squared aton,

then Fy and F;q are given by

n
F, = . foexp (2Mi(n.r)) eev. VI6.
n T
and
n
Fef = N g - exp (2Mi(h.ry) Cen VI-T.

3=1
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For identical atoms, values of f and g for a reflection hkl
will depend on the Bragg angle 6. From equations VI-5, VI-6

and VI-7 we have

Fh = ﬂh vVIi-8.

h' . h_ ] esose

where f, = g y

The implication of equation VI-8 is that any structure
factor Fyyq 18 determined by the sum of the products of all
the palrs of structure factors whose iIndices add to give
h (i.e. h k 1). The equation VI-8 is not very useful for
determining the phases directly because to determine one F it
is necessary to know the magnitudes and phases of all the
others. However, for centrogsymmetrical structures for the
case where F 1s very large, the serlies must tend strongly in
one direction and the direction 1s generally determined by the
agreement In signs among products between large F's. Thus for

a case of three reflections of large F values, one can write
S(h) ~~ s(h").s(h-h"), cesee VI-9.

where 5(h) means sign of the reflection h (i.e. hkl). The
probability that the sign determined by the equation VI-9 is

correct is given by (Cochran and Woolfson, 1955)

¢

1.1 U I PR i

P=1L+2 tann =z | By By ELI_E.\ «ee.. VI-1O.
2

i -2

N
::Y.v‘ 3 - =
where ¢, / n and o) 2. By
i=1 1=1
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The value ol ny is given by

)

For N identical atoms in the unit cell, ngy = = . Therefore

=

for a structure having identical atous,

63 _ 1
¥E o
The normalized structure factor £, used in equation VI-10
is given by -
Fp
"o~ N -2-1/2 ’
€ {%‘1 fJEJ

where FE is the structure factor for reflection h. fJll 1
the atomic scattering factor for 3P atom for the reflection
h and ¢ 1s the multiplicity factor which 1s in general
unity but may assume other values for special sets of refle-
ctions in certaln space groups. For a given reflecticn,
there may ba a number of relationships in the form of equa-
tion VI-9, and the most probable sign of structure factor h

is given by

S(h) - s(

Y E(h") E(ll-h')} . eee.. VI-11.
h

The corresponding probability 1s given by

1.1 S | - -
P=2+Ztanh — (By| -+ p By ,.E ceer. VI-1Z
2 2 L /N - o Eh 131'_1_—J
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The relation VI-1l can be efrectively used if the signs of

a few large structure factors are known in advance. 5Signs
can be arbitrarily assigned to a few linearly independent
reflections in order to fix the origin; for example, three
linearly independent reflections, none of which has all the
Indices even, can be assigned signs arbitrarily for a
structure with monoclinic primitive cell (Hauptman and

Karlesy 1953, 1953). Arbitrary signs are assigned to few more
reflections (usually four) and on the basis of these, signs
of other reflections are obtained. All permutations of signs
can be assigned to the starting set of reflections (except
the origin determining reflections) and obtain several solﬁ-
tions (e.g. sixteen solutions if there are four reflections
in the starting set). One can assess the correctness of the

solution by calculating the consistency index C, given by

) <[E}l %' E@_'.Eﬁ'}}_'l>

C , ceees VI-13.
Qignl Z lEhtl‘ 'Eh‘h'|>
= o = h=h
where < } meens the average over all values of h. The

true solution will usually have the highest consistency index;
however, this is not always true as is also shown by the

structure analysis discussed in this chapter.

The general procedure for sign determination adopted
in the program 18 as follows: The reflections are arranged on
the decreased order of magnitude of normalised structure

factors. There is a provision in the program by means of which
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the computer selects the origin determining reflections and
four other suitable reflections. The origin determining
signs are arbitrarily assigned, and the other four signs may
be + or - ; therefore 24 (=16) possible starting sets of
signs are considered. Sayre's relation 1s reiteratively
applied to each of these starting sign sets, ylelding 16
solutions. when Sayre's relation 1s applied to a starting
set of signs, additional signs are determined and these are
used to determine more signs, and to redetermine thoge already
predicted. The process 1s repeated until there are no new
additions nor changes in the list. The program 1s written
for structures having primitive cells. Therefore for non-
primitive space groups, the Miller indices must be trsnsfor-
med to a primitive cell. The structure of 2.nitro-4-methyl
benzoic acid belongs to the space group Cg/e. The Miller
indices were transformed to the primitive cell using the

matrix

h ok 1
H i 1
2 2
101
K NP §
z 3
L o o0 1 ,

where HKL are the Miller indices of the reflection with respect
to the primitive cell.
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The computer programme was run using 150 reflections
(having E > 1.2) and signs of the structure factors for the
sixteen sets were obtained. The highest consistency index
was 0.79 (Table VI-1l). Using the signs from this set, three
dimensional Fouriler sections were obtained with the help of
the photosommatuer; normalised structure factors given in
Table VI-1 were used for the Fourler synthesis. Six sections
normal to the b axis were taken for y = 0.00 to y = 0.25 at
intervals of 0.05 (Figures VI-2(a)and VI-2(b)). The expres-

sion for the electron density for space group Co/. 1is

(/ - o - 4=2n+1
(X,y52) = > \ 2 K.sinZWRy .eos(EW(hx+lz)+“/gD)
L\ h-wn 1=0
L=2n
0o | | ?\
‘Zm LZ {Z £os “““J] cosamlbxrba) ) r .. vI-la.

The equation VI-14 was used to obtain the Fourier sections.

Interpretation of Fourier Sections :

The equivalent points for the space group Ca/c to which
2-nitro-4-methyl benzoic acid crystals belong, are as follows:

Xy¥s2Z5 Xy¥yZ3 x:.‘;'a'b"'zi is)’:‘b"'zi ‘k“‘xsi“"y’zi
-x,4-y,2; trx, by, btz $-x,4+y, -z

The equivalent points and the symmetry elements are
shown in Figure IV-1. The peaks appearing in the different
Fourier sections are plotted in one composite diagram (Fig. VI-3);
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the y parameters of the varlous peaks are also given in the
diagram. From this figure, it 1s apparent that there are

two overlapping molecules A and B related by a two fold axis,
and two overlapping molecules C and D related by a centre

of inversion; 1in the figure the other symmetry related mole-
cules have not been shown for the sake of clarity. Fig. VI-3
shows that the molecular planes are almost normal to the

(010) plane; for clarity of 1llustration, this diagram is
shown again In Figure IV-4 after opening the molecules slightly.
These results imply one of the following two possibilities:
(1) eilther the structure is disordered with two half molecules
A and C (or B and D) in the asymmetric unit, (2) or the

signs of the structure factors used for Fourler summation

are with respect to a false centre of symmetry which does

not coincide with the crystallographic centre of symmetry.

In such a case, the Fourler map will reveal the true structure
approximately along with its inverted image. In the course
of the structure analysis of 12-ethoxy-2,3-benzo-6,5 naphtho(b)
(7,12) -thiaphosphorin-7,7,12-trioxide (Dhaneshwar, Kaulkarni,
Tavale, Pant; to be published) which crystallises in space
group P%% , the Fourier map obtained on the basis of the signs
of E's corresponding to the set of highest consistency index
revealed two half molecules; later analysis showed that the
8igns of E's were with respect to a false centre of symmetry;
on shifting the origin to the correct centre, the structure

refined normally.



76

ss 00 .U@.ﬂﬂﬁpsg

+ - 98°1 g 1T ¢© e ¥ 3 + - 60°3 L € 0 L € € -
+ - 88°T L ¥ 2 L 9 2- - - 60°3 2 e-¢ 2 0 9
- - 88°1 L 9 % L 2 OI- + - 01°2 g 1 ¥ g ¢ ¢
+ + 68°1 2 € 1I- 2 3 %- - - 11°8 @ 3 3 g % 0
- - 68°T L g 8 L € 4 - + €1°3 9 9 %- 9 2 OI-
+ + 16°T 0 % ¥ 0 0 8 - + $1°2 9 ¢ 2- 9 € 4-
- + 26°1 ¥y ¥- ¥ ¥ 0 8 - + $L°2 € 0 ¢ € ¢ ¢
+ + g6°1 g € - 6 T g- - - 8T°2 8 @ g¢- 8 € 4 -
- + L6°1 ¥ 9 9« % 0 21~ + + 33°2 oT 1T 2 ote T
+ - L6°T T 0 % T % % - + 92°2 T e-% T T &
+ - 86°1 2 ¢ 0 2 ¢ g¢- + + 0e°3 ¥ ¥ - % 0 8 -
- + 66°T 2 0 € g € ¢ + + 1€°3 2 3 L 2 6 @
- - 00°3 8 € 2 6 ¢ TI- + + 9€°3 2 £ 0 g € € -
- - 230°2 0 % ¢ 0O 6 T - + 6£°2 L ¢ 0 L ¢ ¢ -
- - £0°2 0O 0 € 0 € ¢ + + 6€°2 T # I- T € ¢ -
- + $0°3 2 € 9 2 6 € + + 3¥°2 L 9 T- L g L-
+ + $0°3 8 ¢ 1T 8 9 %- + + 96°2 £ 2 € € g I
- - 90°2 Yy ¥ I- % € g- - + 99°3 € ¥ 1 € ¢ € -
- - 80°28 8 ¥ O 8 ¥ ¥- + - L9°3 g ¢-¢ 2 0 0t
+ + 80°3 8 3-8 8 20 ¥ - - 61°€ 6 € 1 6 ¥ 38 -

1L°0 64°0 T14°0 6L°0

T Xepuy T Xepuy
Aon barpuod ous on Surpucd

omwmmwowcwmwmm Mg 9 y H T % U “seujoo eseug Ty g ¥ H T 3% 4

*TL°0 ® 64°0 Xapup Aduselsysuod oyl ©3 Suppuodsalsod
gaseyd JToU3 UITM SJO03O0BJ 9J4N3IONIJS PISTTBWION ¢ T-IA 91qel



¢+ e e epONUL]UOD

77

+ +
+ -
+ +*
+* +
* +
- +
- +
- +
- +
+* +
-~ -
+ “*
- -
+ +
s -
TL°0 6L°0
Xepug
£oue3lsTsuUCd

oayj3 03 8urpuod
~-§38JJI00 ©8®BYd

L8°T
L8°1
8°1

39°'1T
é9°'1
L9°T1
9°1
L9°T
89°1
69°T1

TL° T

a1
T4°1T
T4°T

AR ON NN AHAHMOE D™

© N M H S

«

- QN

i
'

0 M o 0 W

3¢,

— N~ NN

€ ¥ 8- + -
6 ¥ O - +
¢ € ¢€T- - +
¥y ¢ ¥ + -
€ T 6 - +
T 3 9- - -
T 6 T + +
¢ ¥ a- * -
6 € T- - -
€- 2 & 6- - +
£ ¢ 4 + +
g 1T L~ + +
0O 6 ¢ + +
¥y £ 1 - -
T T € + -
L 9 & + +
y © L- - +
L T T - -
L ¢ T- + +
L L G- + -
TL°0 6L°0
..... xepur
Ao usqsT8UD

THUg

1

'l

H

ay3 03 3uppucd
- 89JJ0D 8svyd

gL'l
GL°T
€L°1
£L°T
LT
LL°T
LL°T
8L°T
6L°T
08°T
08°T
8°1T
18°1
88°1
¥8°1
g8°1
88’1
98°T1
98°T
98°1

Ty

- e G . s G P D W wm e me An ae W TR E

g € 2-
¥ © a-
T % %
6 T ¥
€ 1I-¢
¢ 9 1I-
T 1T 9
ITO0 T
g € &
e T O
9 4L £-
¥ 9-9
8 ¢ O
9 L &-
8 € 0
Ot T ¢©
¢ § €-
I 1T ¢
8 & &-
6 1T €
T 3 H

0 0O 00 < 0N N :}rﬂlo Mmoo N

o
i
F OIFANF MDD IO O HNOEMIPBM-SDE IO 0 O

g-
¥
0
g
9

(penurjucd ) T-IA 9T19B]



LI ) o.@@ﬁﬂaﬂﬁ.coo

e -
- +

]
+*+ + 4+ + 4+ 1

+
t

73
'
+

- e an -

Xepurg

Ao ueq8T8UOD
ayq 03 Burpuod
-88JJ00 8Sseyd

- - - -

L T-
et ¢-

¢ O
~
i

QO 1t oD A0 DOV A O

T 3

VMO Mm
|
+

m
+

< < <«
+ ' |
+ + + + +

» O
[

+ !
1 1

0
+ +
+ + +

0O NI OO MOANIPNTOELONOMMAQO
w'i' ™
' 1
! 1

Xapug
foueyspsuco
ayy o3 8ugpuod
~-89JJ00 ®88Byd

€%°1
135
€%°1
e%°1
91
Sv°T
Sy 1
9% 1
9%°1
6% 1

AU,

14

Hm@HC’JmQQOHmiDC\JNNC‘DKDwSLON

¢ 0O N HFWIDOONFMN I N P HON

- ew e e e e wn o an we an

(pénurjuocd ) T-IA OTqR]



+

79
L e+
+ + 1V o+ + #!

+ +
}

Xepug
fous 16T sUD
ayy 03 Bujppuod
-58JJ00 ©SBUJ

Dllg

od < ON

-;i@-#r-'ou)

MM~
o~

—~

B N I R I
DN M ©Mp W O ON © O

(o]
4

-'-O?'OC'J

+
1

- +

+ +

- +

+ -

+ +

+ +

S -

- +

- -

+ -

- +
T4°0 6L°0
......... xepur
Loug38TEUCO

ayy 03 3urpuod
-88JJ00 98BYJ

[ B3]
™M m
e ¢ &

™

m
M ™

* *« o
A A A A A A A A A A

FEEFEIaddII A
~

L8°T

- e A - e w5 M . S bm e G e e a em G e A e R S m G e e wm WS G W R

DU

OMmH QN N ©m
- O
!

AN~ 0o

T 1-

&~ 0D M N MG @
—~

g 1T €1
9 G 4-
G 3 &-
g 8 ¥
T 4 6
€ 4L L
Ot 0 2
¥ 0 2-
¥ ¥ 8-
€ 2 9-
S ¥ o
€ 1T ¢
S ¥ Ot
T 9 0
L 9 9-
T 3% U

(penurjuoo) T-IA OTAEL



FIG VI -1

THE SYMMETRY cLEMENTS AND
EQUIVALENT POINTS FOR SPACE
GROUP C2/c; PROJECTED ON ac
PLANE |
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C

POSITIONS OF THE PEAKS OBTAINED FROM
FOURIER SECTIONS ( FIG-VI-2) THE HEIGHTS
THE PEAKS ARE ALSO GIVEN.




FIG-VI'4 -SAME AS FIG:VI3 EXCEPT THAT THE MOLECULES
ARE OPENED SLIGHTLY FOR CLARITY OF (LLUSTRATION
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A careful look at Figure VI-4 suggests that the second
alternative 1s probably the correct one. The molecule B' in
Figure VI-4 which 1s obtained by translating the molecule B by
vector distance ¢ seems, as expected, to form a dimer with
molecule C. The centre of this dimer 1is on the (x,%yz) plane,
and the dimer appears to be approximately centrosymmetrical.
It thus appears very likely that the molecule B' and C are
in fact related by a centre of symmetry. The origin of the
unit cell was therefore shifted to 0' (Fig. VI-4) such that
the dimer centre falls at (% ,%-,0). The parameters of the
atoms of molecule B' with respect to the new origin 0' were
used to calculate the structure factors. There was generally
good agreement between F, and F, although there were some
serious discrepancies and R was very high (0.79). Later refine-
ment showed that the structure was basically correct and the
high R value was due to large errors in the parameters of
the oxygen atoms of carboxylic and nitro groups; these atoms
do not appear clear in the Fourler map but were placed in the
figure at the expected positions assuming structure of the
compound to be similar to that of o-nitrobenzoic acid (Tavale

and Pant, 1973).

It was found that the signs given by the set having
consistency index 0.72 were generally agreeing with the signs
obtained by the trial structure. Therefore this set of signs
was chosen to obtain the Fourier sections again. As in the

previous case, six sectlons normal to the b-axls were taken;
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these are shown In Figures VI-5(a) to VI-5(f). These sections
revealed all the non~hydrogen atoms clearly. The structure
obtalned on the basis of these Fourier sections is shown in

(010) projection in Figure VI-6.

The atomie parameters obtained from the first and
second trial structure are given in Table VI-2 for comparison;
the table shows that the four oxygen atoms were placed at
Incorrect positions 1In the first trial. The structure factors
on the basis of the atomic parameters of the second trisl
structure were calculated; the R factor for 1323 reflections
was 0.35; thils indicates that the second trial structure is
correct. PFurther refinement of the structure was done by
the method of least squares as discussed In Section B of this

chapter.

SECTION B : REFINEMENT OF THE STRUCTURE

The refinement of atomlic and thermal parameters was
done with the help of 1315 observed reflections; eight
reflections appear to be subject to extinction and these were

omitted for the refinement.

Refinement using 1sotroplc temperature factors :

The equation used to calculate the structure factor

F(hkl) is given by
2 h+k
F(hkl) = Z 8f. cos22W(—— )-cos2M hx +1z +.]:.),0032W(1q_-3'-),
J 2 17%34 i4
=1
e o & 9 @ VI-15.

- - 2
where fj = f, exp (-B sin“g/X ).
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Table VI-2
Atom TRIAL I TRIAL II
Consistency Index = 0.79 Consistency Index =-:~9:'Z?-__
x y 2 x y 2

Cc(1) 0.156 0.280 0.255 0.154 0.240 0.260
Cc(2) 0.144 0.360 0.315 0.143 0.350 0.339
Cc(3) 0.115 0.360 0.438 0.107 0.33b5 0.453
C(4) 0.099 0.280 0.500 0.101 0.217 0.497
C(5) 0.115 0.140 0.438 0.112 0.105 0.430
c(e6) 0.144 0.140 0.315 0.143 0.117 0.308
c(7) 0.185 0.250 0.146 0.188 0.250 0.149
Cc(8) 0.075 0.280 0,606 0.065 0.200 0.613
N 0.147 0.480 0.230 0.134 0.460 0.285
0(1) 0.195 0.190 0.091 0.261 0.325 0.135
0( 2) 0.211 0.330 0.100 0.1583 0.180 0.063
0(3) 0.093 0.500 0.156 0.096 0.475 0.173

0(4) 0.226 0.580 0.292 0.162 0,540 0.360




a3

The atomie scattering factor £ was caleculated by using
Moor's constantsgiven in Table III-1. The refinement of the
atomic parameters and the individual isotropic temperature
factors was carrled cut by using the least squares method as
discussed in Chapter 1II. The starting value of R, using
overall temperature factor 2.9 A obtained by Wilson's method,
was 0,39; after six cycles of least squares refinement, it
wasg reduced to 0.16. The individual isotroplc temperature
factors are given in Tabls V-3. At this stage of reflnement,

the anlsotroplec temperature factors were Introduced.

The refinement of atomic and anisotropic
thermal paranmeters

For the space group Co/q, the thermal vibration ellip-

solds corresponding to the four astoms with equlvalent points

t (x,y,2z) and T (§+x, #+y, z) are parallel; the ellipsoids
corresponding to the other four atoms with equivalent points

* (xy¥,%+2z) and * (4+x, 4~y, ¥+2z) are parallel among themselves
but are related to the first set of thermal vibration ellip-
soids by a mirror plane perpendicular to the b axis. The
atomlc scattering factor for the atoms of the first set is

given by

2

- - 2 12
£, = f, exp [ =(byjh%byok +bgq1% 2 ohkeZoookl4Zby ghl)]

o & s 0 g VI-lsﬂ
wvhile for the atoms of the other set, it is given by
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= [ - .2 2 2_ - '
fg = £ exp | ~(by nPbo kPbo1%-2b, Jhk-Zbookiead, n1)
enes e VI—}.?
(Rollett, 1965)
When anisotroplc temperature factors are used, the structure

factor equation becomes:

n
F(hkl) = > of
3=1

Aj _ €082 (hx; + kyj + lzj) + coszﬂ'(hxj +

kyj + lzJ + 5 L

n
pom— r'
+ 21 2f cos2W (hx, -~ ky, + 1z, + 1/2)

j=1 By . J J J
T h+k+1l
+ cos? (th - kyj + lzj +* > z}
cesees VI-18.

The refinement was carried out as discussed in Chapter III,
using 3x3 matrix for positional parameters and 6x6 matrix for
thermal parameters of each atom. The starting values;of byj's
given in Table VI-3 are obtalned by using the following

relations:

Ba*z Bb*z Bc*z
bll = " ? b22 = 7 Py b33 = py ’
Ba*c*cosg*
b12=0) b23=0) b13= 4 *

The equations III-12 for triclinic crystals, given in Chapter
IIT1 reduce to the asbove for monoclinie cerystals. The value

of R after four cycles of refinement was reduced to 0.106.
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Table VI-3

D e n R W W N W G W MR WS WS R TR MR WE W e SN e W em R MR G e WA IL WL WA W G W A T TR WR s MR we @ s W WD L R SR R G A SRR WR G YN WS W A e S

C(1) 2.61 0,0034 0.0048 0.0046 0.000 0.000 0.0005
c(2) 2.53 0,0034 0.0048 0.0046 0.000 0.000 0.0005
C(3) 3.09 0.003%9 0.0056 0.0053 0.000 0.000 0.0005
C(4) 2.76 0.0038 0.0054 0.0051 0.000 0,000 0.0005
C(5) 3.92 0.0052 0.0074 0.0070 0,000 0.000 0.0005
C(s) 3.81 0.0080 0.0072 0.0068 0.000 O0.000 0.0005
c(7) 2.80 0,0036 0.0052 0.0049 0.000 0.000 0.0005
C(8) 4.23 0.0066 0.0080 0.0076 0.000 0.000 0.0005
0(1) 3.36 0.0043 0.0062 0.0059 0.000 0,000 0.0005
0(2) 3.68 0.0048 0.0068 0.0065 0.000 0.000 0.00005
0(3) 5.18 0,0060 0.0086 0.,0082 0,000 0.000 0.0005
0(4) 5.68 0.0088 0.0126 0.0120 0.000 0.000 0.0006
N 3.48 0.0048 0.0068 0.0065 0.000 0,000 0.0005
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Table VI-5 : PFlnal atomic parameters.
The e.s.d.'s are given in
parentheses and refer to
last significant figures.

Atom x y Z
H(1) 0.086 (3) 0.387 (4) 0.475 (3)
H( 2) 0.110 (3) 0.038 (4) 0.454 (4)
H( 3) 0.153 (3) 0.070 (4) 0.280 (4)
H(4) 0.062 (3) 0.108 (5) 0.634 (4)
H( 5) -0.001 (4) 0.238 (4) 0.639 (4)
H( 6) 0.114 (3) 0.237 (4) 0.678 (4)

H(7) 0.203 (3) 0.309 (4) 0.071 (4)
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The refinement was carried out using Cruickshank's weighting
scheme w = 1/(a + lFoi + ¢ IF! 2 ) where a = 2F 4 and

¢ = 2/Fpax

Three hydrogen atoms which were attached to the ring
were Included in the refinement., Their positions were deter-
mined on stereochemical considerations. The layer-wise
scaling was also applied at this stage. For the further
‘refinement, the unobserved reflections having F, greater
than the minimum observable value were also used. Three more
cycles of least squares refinement brought R factor to 0.097.
The positions of hydrogen atoms attached to the methyl group
carbon atom C(8) and the one attached to the carboxylic group
were determined from the three difference Fourler projections.
Three more cycles of refinement brought R value down to 0.089.
The final atomic and thermal parameters of non-hydrogen atoms
are given in Table VI-4; the atomic parameters of the hydrogen
atoms are given Iin Table VI-5. The standard deviations given
in these tables were obtained from the diagonal elements of
the inverted matrix. The observed structure factors F, and
calculated structure factors F, based on the final atomie and

thermal parameters are given in Appendix B.

i
i
i
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CHAPTER - VII

RESULTS AND DISCUSSION

Crystal and Molecular Structure :

The bond lengths and bond angles are given in Table
VII-1l and are also shown in Figure VII-1l. The C(1l)-C(7),
C(4)-C(8), C(2)-N, C(7)-0(1), C(7)-0(2), N-0(3) and N~0(4)
bond lengths have been corrected for the effect of librational
motion by Cruickshank's method (1965) described in Chapter IV
(page”w«). The equations of planes with respect to a', b, ¢
orthogonal axes, the angles between the planes and deviations
of the atoms from these planes are given iIn Table VII-2. The
equations of planes were obtained by the method of Schomaker,

Waser, Marsh and Bergman (1959).

Discussion :

Aromatic ring

The aromatic ring is planar within 0.006 3; the
average C-C bond length in the ring is 1.388 %5this agrees
with the average C-C bond length in the aromatic ring in
o-nitrobenzolc acid (1.380 A4; Tavale and Pant, 1973). The
bond lengths and bond angles of o-nitrobenzoic acid are shown
in Figure VII-2 for comparison. within the benzene ring,
the valency angle at the carbon atom C(1l) bearing the carbo-
xylic group 1s less than 120° (116.3 * 0.3°) whereas the

angle at the atom C(2) bearing the nitro group is more than
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Table VII-1 : Intramolecular bond lengths and angles.

ggggrre- g%gge— E.s.d. ingle

C(1)-C(2) 1.394 A 0.004 4 C(6)-C(1)-C(2) 116.3 % 0.3°
c(2)-C(3)- 1.385 0.004 Cc(1)-c(2)-C(3) 122.8
C(3)~-C(4) 1.383 0.004 C(2)-C(3)-C(4) 120.2
C(4)-c(5) 1.393 0.004 C(3)-C(4)-C(5) 118.0
C(5)-C(6) 1.389 0.004 C(4)-Cc(5)~-C(s) 121.0
c(6)-C(1) 1.381 0.004 c(5)-c(6)-Cc(1) 121.8
C(1)-C(7) 1.504  1.507 & 0.004  C(3)-C(4)-C(8) 120.3
c(4)-c(8) 1.514  1.529 0.006 C(5)-C(4)-C(8) 121.7
c(2)-N 1.467 1.478  0.004 C(2)-c(1)-C(7) 124.7
C(7)-0(1) 1.265 1.276  0.004 C(6)-C(1)~C(7) 118.7
c(7)-0(2) 1.250 1.265  0.004 c(1)-c(7)-0(1) 118.3
N-0( 3) 1.212  1.230 0.004 C(L)-c(7)-0(2)  117.7
N-0(4) 1.217 1.250 0.004 o(1)-c(7)-0(2) 123.9
C(3)-H(1) 0,78 0.04 c(1)-C(2)-N 119.7
C(5)-H(2) 0.89 0.04 C(3)-C(2)-N 117.4
C(6)-H(3) 0.77 0.04 C(2) -N-0(3) 118.3
C(8)-H(4) 1.02 0.05 C(2) -N-0(4) 118.2
c(8)-H(5) 1.00 0.05 0( 3) -N-0(4) 123.4
C(8)-H(6) 1.00 0.05

o(1)-H(7) 0.90 0.04
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Table VII-2

Equations of planes

(1) Benzene ring 0.9627 x + 0.0438 y + 0.2671 z - 2.7918 = O

(2) Plane through -0.6793 x + 0.6884¢ y - 0.2643 z + 0.1644 = 0
0(1), 0(2) and
C(7

(3) Plane through 0.9392 x - 0.0685 y - 0.3364 z ~ 0.2042 = O
0(3), 0(4) and

N
Angles between different planes
(2) (3)
(1) 46.2° 35.8°
o
Deviations of atoms from different plancs(A)
Planes
(1D (2) (3)
C(1) 0.000 -0.074
Cc(2) -0.005 -0.077
C(3) 0.006
Cc(4) -0.004
C(95) ~-0.,001
C(6) 0.002
C(?7) 0.135 0.0C0O
c(8) -0.036
0(1) 0.000
0o(2) 0.000
0( 3) 0.000
0(4) 0.000
N -0.116 0.000
H(1) -0.096
H(2) ~0.025
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120° (122.8 * 0.3°); similar result is observed in the
structure of o-nitrobenzolic acid (Fig. VII-2) where the
corresponding angles are 116.2 * 0.9° and 123.7 £ 0.9°
respectively. It may be mentloned that the increase in the
valency angle within the benzene ring at the carbon atom
bearing the nitro group is observed in most aromatic nitro
compounds (e.g. p-nitrobenzoic acid, Tavale and Pant, 1971;
m-nitrobenzolc acid, Dhaneshwar, Tavale and Pant, 1974;

p-nitrotoluene, Barve and Pant, 1971).

Carboxylic group

The molecules form centrosymmetrical dimers with
OH---0 hydrogen bond of length 2.61 A. The plane of the
carboxylic group makes an angle of 46,2° with the aromatic
plane (24.1° in o-nitrobenzoic acid); the atom C(1) of the
aromatic ring is 0.074 3 away from the plane of the carboxylle
group (Table VII-2). The C(1)-C(7) bond length, 1.507 %t 0.004 3
agrees with the corresponding bond length in o-nitrobenzoic
acid, 1.501 * 0.013 (Tavale and Pant, 1973). The C(7)-0(1)
and C(7)-0(2) bond lengths are nearly equal (1.276 t 0.004
and 1.265 £ 0.004 7\ respectively). The equality of the two
C~0 bonds, as in the case of p-tolule acid structure, probably
implies nearly equal contribution in the molecule from the

following two structures :
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It may be mentioned that the two C-0 bonds are of unequal
length iIn o-nitrobenzoic acid (Fig. VII-2). It 1is interesting
to find that inspite of the near equality of the two C-0

bonds, the hydrogen atom does not appear to be disordered.

Nitro group :

The atom N of the nitro group is 0.1ll6 ?1. out of the
aromatic plane; the C(7) and N atoms are displaced out of
the aromatic plane in opposite directions. The N-0(3) bond
length, 1.230 % 0.004 A and N-0(4) bond length, 1. 250 * 0.004 A
agree with the corresponding bond lengths in p-nitrobenzoiec
acid, 1.231 * 0.005 and 1.246 t* 0.005 A (Tavale and Pant, 1971),
o-nitrobenzoic acid, 1.209 t 0,013 A and 1.237 t 0.013 A
(Tavale and Pant, 1973) and in the two ecrystallographically
independent molecules of m-nitrobenzoic acid, 1.232 t 0.008
and 1.250 % OOO?Aand1233 0.008 and 1.243 % 0008A
respectively (Dhaneshwar, Tavale and Pant, 1974). The C(2)-N
bond length, 1.478 t 0,004 A also agrees with the correspond-
ing bond lengths in o-nitrobenzole acid, 1.478 £ 0.013 A,
p-nitrobenzoic aecid, 1.485 * 0.005 A and iIn the two independent
molecules of m~-nitrobenzoic acid, 1.474 t 0.008 and
1.485 t 0,008 A respectively. The nitro group 1s out of the
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aromatic plane by 35,8° (54.30 in o-nitrobenzoic acid).

Methyl group @

The carbon atom C(8) of the methyl group 1is 0.036 i
away from the aromatic plane (0.034 % in the case of p-toluic
acid). The C(4)-C(8) bond length, 1.529 t 0.008 % agrees
with the corresponding lengths in p-nitrotoluene, 1.528
+ 0.009 .. (Barve and Pant, 1971) and p-tolulc acid, 1.514
* 0.011 1.

Crystal structure :

The (010) and (001) projections of the structure are
shown in Figures VII-3(a) and (b) respectively; there is
considerable overlapping of molecules in the(1l00) projection.
The principal intermolecular distances ( - 3.60 %) are also
shown in these figures. As in p-toluic acid, infinite chains
of molecules are held together by normal van der Waals inter-
actions. The molecules in any chalin are bonded to neighbour-
ing molecules by double OH--~0 hydrogen bond of length 2.61 %
(2.63 3 in p~toluic acid structure) on one side and van der
Waals bond between methyl group having C-C distance, 3.57 i,on
the other side (C-C distance, 3.50 3 in p-tolulc acid).

Thermal anisotropy :

Table VII-3 gives the direction cosines of the principal
axes of the individual atomic vibration ellipsolds referred to
a'y b, c orthogonal axes, the root mean square amplitudes of

maximum, medium and minimum vibratlons and the angles between
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Table VII-3 ¢ Magnitudes and direction cosines of the
principal axes of the atomic vibration
ellipsolds, the angles between the
principal axes and the aromatic plane and
those between the principal axes and the
molecular axis (1.,e. the C(1l)-C(4) direction)

Axis /=2 (f) cosw cCoSs cos Angle Angle
u® (A3 1 2 "3 with with
benzene molecular
plane axls
c(1) 1 0.287 0.988 0,012 0.152 83° g
2 0.179 -0.135 -0.392 0.910 6 19
3 0.162 <-0.070 0.920 0.386 4 73
c(2) 1 0.280 0.981 -0.087 0.172 81 84
2 0.188 -0.191 -0.296 0.936 3 12
3 0.167 0.031 0.951 0.307 9 79 -
C(3) 1 0,308 0.988 -0.079 0.133 80 82
2 0.201 -0.150 -0.689 0.708 1 38
3 0.169 -0.036 0.720 0.693 11 54
C(4) 1 0.293 0.999 0.001 0.022 76 75
2 0.214 0.004 -0.991 -0.133 4 89
3 0.178 -0.022 -0.133 0.991 14 15
C(5) 1 0.372 0.981 0.098 0.169 84 83
2 0.232 =-0.195 0.568 0.799 2 4]
3 0.169 0.017 0.817 -0.577 6 50
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Table VII-3 (continued)
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Axls ,/ﬁz(g3 cosxy

S D M GRS TS WP D A W M e e P R S e R D s e WL WD AP AR R R e O T D - D N N G VL S e A e D WD MR D M W R TR A P D D W S

c(e) 1 0.374
2 0.213
3 0.162
c(?) 1 0.296
2 0.193
3 0.167
c(8) 1 0.372
2 0.267
3 0.169
N 1 0.339
2 0.214
3 0.171

o(1) 1 0.337

2 0.219
3 0.174
0(2) 1 n.344
2 0.247
3 0.173

0.975
-0.182
-0.126

0.985
-0.101
-0.141

0.988
-0.143
-0.069

0.943
-0.322
0.087

0.921
-0.328
-0.212

00869
-0.493
-0.036

0.029
-0.456
0.890

0.039
-0.664
0.747

-0.153
-0.967
-0.203

-0.082
00027
0.996

-0.314
-0 . 945
0.096

~0.458
-0.830
0.318

0.219
0.871
0.439

0.169
0.741
0.6&

0.034
-0.210
0.977

0.324
0.946
0.001

0.231
0.022
0.973

0.187
0.260
0.947

73
14
11

82

69
21

83

55

77
87
14

87

83

90
78
12

89

B W T R L e S SR i e n WD G S SR G R S D P T GE L WD G R e GIs WD S A AN AR CID G W e G AR e - WA D G e WD O S S Y R S WD S N D AP G e .
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Table VII-3 (continued)
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Angle
with
molecular
axls

- R WS PP e T D WD G G TR TR TR G AL NS WD e S A6 S G A WD WS I SN D G P T W T T AR G W S S G S IV D S G M M R M W G G S W G

0(4)

1l 0.356
2 0.259
3 0.177
1l 0.523
2 0.291

3 0.181

0.953
-0.301
-0.018

0.989
-0.087
0.140

0.215
0.635
0.742

~-0.144
-0.088
0.986

0.044
0.994
0.095

73
i2
12

85
46
45

77
13
87
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o
Table VII-4 : Some mean square displacements (Az X 103)

Direction of displacement™®

No.

v . S s e e e P e SIS TN vy e T D M W S WD G G R Wi i e D W E M R EE e S W AT A S e D W D G WG e G WD AP e S G W D S W A S GB WR  ow

© O N O

10
11
12

0(4)
C(1)
C(7)
c(2)
N

C(4)
c(8)

Normal to

the plane**

76
43

88
76

143
63
47

70

78

(a)
(b)

(a)

(b)

In the plane
normal to the

bond

36
41
56

54
86
27
31
31
42
46
73

0(1)
0( 2)

0( 3)
0(4)

Parallel
the bond

38
37

67
42

32
32
35
32

to

0(1)
0( 2)

0(3)
0(4)

»

L1

Values parallel and normal to the bond for C(1l), C(2) and
C(4) are given for the C(1)-C(7), C(2)-N and C(4)-C(8)
The atoms listed besides certain

bonds respectively.

values in the Table indicate the direction of the bond in

question.

The values shown in this column are with respectvto the

plane of the carboxylic group for Nos. 1 to 3, with respect

to the plane of the nitro group for Nos. 4 to 6, and are
with respect to the aromatic plane for Nos. 7 to 1l2.
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the principal axes of the vibration ellipsolds and the aromatiec
plane as well as those between the principal axes and the
 ¢(1) -C(4) airection (obtained as discussed in Chapter IV,
Section B). Jome mean square displacements required for the

calculation of bond length corrections are given in Table VII-4.

It 1s seen from Table VII-3 that the oxygen atom 0(4)
of nitro group has a much larger root mean square amplitude
of maximum vibration (0.523 i) than that of atom 0(3) (0.356 %).
As shown in Figure VII-4, atom 0(3) has short contacts with
the atoms of the carboxylle group whereas atom 0(4) has none;
therefore the vibration of 0(3) is more restricted. The root
mean square amplitude of torsional oscillation of the carboxy-
lic group (ecalculated as shown in Chapter IV, page 55 ) 1is
about 10°.
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