CHAPTER 2

CRYSPAL AND MOLECULAR SIRUCTURE OF B~p-METHOXY
BENZYLIDENE p-PHENYL AZOANILINE (MBPAA)

2.1 Introduction

The first compound to be studied i n this series
of X-ray imvestigations on liquid exystalline materials
waa n-p-methoxy benzylidene p-phenyl azcaniline, i.e.,
MBEAA, Cg,oHq 0N, (1), The compound | S alse known as
anisal-p-amino azobenzene and is the first memba of the
homologous series of compounds 4-n-alkoxy benzylidene-
4'~phenyl azoaniline, cnﬁﬂnﬂ * GGH‘o CH=N- 06H4-ﬂu!i- 06115.
While the higher homologues i n this series exhibit «
smectic A phase [1], MBPAA iS nematogenic and exhibiis

the following phase transitions:

_ 167-168+¢ 183¢Q
Solid > HNematie =3 TIsotropic

Some Of the physical properties of MBPAA INits
liquid erystalline and isotropic phases have been investi-
gated {2-8}, However, no X-ray studies are reported in

the literature.

2.2 Experimental

Orange coloured needles of MBPAA were ocbtained
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by slow evaporation of a solution in toluene. Oscilla-
tion and Weiseenberg photographs were recorded with
erystals mounted along and perpendicular to the needle
axis. The diffraction pattern showed the ecrystals to
be monoclinic. The space group was determined to be
P21/c based on the systematic extinctions of the type
hol, 1 odd and oko, k odd.

The unit cell dimensions a, b* and ¢ were
measured from rotation and Weissenberg photographs. The
axial dimensions of the unit cell were refined by minimieing

measur ed caloulated | [10],
using 22 high angle projection reflections. A comparison
and (ﬂ:a.i.n2 ..

the quantity l (sin2 8) - (a:m2 Q)

of the values oOf (sin2 Q) calculated

me asured
at the end of the refinement procedureis givenin Table
2.1. The monecliniec angle 3 was determined by the method
of angular lag [ 9] using ten high angle reflections and
the refined values of the cell parameters a and b. As

It was not possible to cut the crystal to record the

hol Weissenberg photograph, the monoclinic angle g could
not be refined by the least-aquares methods. However,
the value of g as cbtained above wes found to have quite

low standard deviation.

The density of the arystal, measured by flotation
| N aqueous potassium iodide solution, showed that the
unit cell contained eight molecules of MBPAA. The



TABLE 2.1

A oomparison gf the measured and the calculated
values Of sin“e for the reflections used i n the
least-squar es refinement of the unit cell para-

meters
h ok 1 sine sine
- measured calculated

2 13 0 0.2088 0.2088
4 4 0 0.1%29 0.1337
3 9 0 0.1519 041517
5 3 0 0.1925 O 0.1919
2 10 0 0.1350 0.1354
2 9 o0 0.1144 0.1152
1 10 0 0.1129 G.113%36
4 2 Q 0.1209 0.1210
] 6 0 0. 1041 0.1039
0O 9 5 G, 1576 , U. 1572
0 10 4 0.1525 G.1518
¢ 8 5 0.1398 0.13¢1
c 4 7 0.1570 0.1563
0 6 6 0.1414 0. 1406
0 5 6 0.1297 U.1289
0 8 4 0.1134 0.11%5
0 9 1 0.088% 0.0889
0 1 6 0.1032 0.1034
0. 2 8 0.1846 0.1862
0 1 8 0.1828 U.1831
0 5 Jo 0. 0524 0.0522
0 4 5 C.0885 G.0881



preliminary orystal data are listed in Table 2.2.

Intensity data

Three-dimensional intensity data were collected
from the reciprocal levels Hkl, E = 0 to 5, using a
nearly cylindrical orystal of mean radius = 0.024 cm
(pr = 0.15) mounted along the needle axis (a-axis).
Multifilm egqui-inclination Weissenberg technique wee used
with nickel filtered copper radiation (A= 1.5418 a).
Inteneity data from the hke reciprocal level were alse
recorded using a erystal of mean radius = 0.042 cm
{pr = 0.26 ). Though the erystals used for data
collection were optically clear, the diffraction
patterns were generally weak and faded off rapidly with
Increasing; Bragg angle, leading to the conspicuous
absence of high angle data. In spite of very long
exposures (of the order of 200-300 hours, using a
rotating anode generator run at an average rating of
55 m4 and 55 EV), only 1071 independent cbservable
reflections could be recorded out of a total of 7717
possible reflections in the CukKx ephere. The highest ©
value reoorded wae only 57°45'.

The intensities were estimated risually by compa-
rison with a standard calibrated strip prepared from
the orystal used for data collection. The Intensities



TABLE 2.2

Crystal Data for MBPAA

Unit cell dimensions a = 9.77 % 0.01 A
b = 23.65 i 00023
¢ = 15.64 + 0.01 3
Space group P2,/c
3
Volume of the unit cell U = 3340.22 A
Molecular weight = 315.38
Nunber of molecules
per unit cell 2 = 8
Calculated density ) gc = 1.25 gn. em™~
Measured density S’m = 1.26 gn. em™

Linear sbsorption -1
coefficient for = 06.356 eom
CuKol. radiation

Total number of
electrons per unit r(co0) = 1328
call
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of most of the reflections were measured twice and
averaged. The intensities were oorreoted for Lp [11]

ad spot shape [12] effects. Palm's [13] absorption
correction for eylindrical specimens was applied. The
intensity data from the reciprocal levels Hkl, H = 0 to 5,
were scaled using the conmon reflections from the hko
level. The three-dimansional intensity data were scaled

to an absolute value using Wilson's statistics [14].

2.3 Structure determination

With eight molecules i n tha unit call of space
group Pzi/c' there were two independent molecules i n the
asymmetric part of the cell, In addition t¢ the hydrogen
ators, each moleoule had 24 light atoms and hence the
problem was one of 48 nearly equal, non-hydrogen atoms
I N the asymmetriec unit. With the advancenent of the
well-known 'direct methodst this might not be oonsidered
formidable under normal ecircumstances. However, when a
great deal of high angle data were not available, the
succesaful application of the direct methods did not
appear to be very certain. Nence, the atructure analysis
was started with the combination of trial and error and

Patterson techniques.

The structural formula of ¥MBPAA has been presented
earlier in this chapter. As could be seenin (1), the



moleoule i S geometrically anisotropic and the terminal
methyl group hae freedom of rotation, In addition, the
relative orientation of the two benzene rings could
correspond to either of the two eonfigurations shown i n
Fig. 21 In the initial stages of the structure analysis
the configuration i n Fig. 21 (b) was ignored and the rod-
Like molecule wes treated as nearly rigid and in the
configuration shown i n Fig. 2.1(a}.

The three-dimensional Patterson mgp was computed
with 999 coefficlenta. The vector density distribution in
this mgp was highly directional. There were continuous
bands of rector density which were inclined to the cell
axes in the bc-plane, |n each section perpendicular to the
a-~axis, the adjacent parallel bands were eclearly separated
and were b/2 apart along the b-direction and e¢/2 along the
c-direction. The sections d the Patterson mg preeented
In Fig. 22 are examples oOf the vector distribution. The
orientation of the rector density with respect to the b-
and c~axes suggested that the molecules were more likely
to have a similar, inclined orientationi n the cell and not
1ie parallel to any cell edge. As could be seen from Pig.
2.,2{p) and 2.2(e), the rector distribution had elear breaks
along the a-direction near X = 24/120 and x = 96/120,
Oor approximately neaxr X = % and x = 2 This feature
suggested that along the a-direction the erystallographi-
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The two possible configurations of the

MEBPAA molecule.

Figure 2.1:
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Pigure 2.2: Three-dimensional Patterson map of MBPAA
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eally independent molecules i N the asymmetrxic unit were
separated by nearly half the cell translation.

An examination of the diffraction data showed that
a group of low angle reflections with h = 2 were strikingly
intense. The reflections were 200, 210, 220, 232 and 242.
This feature, again, suggested that the two moleoules i n
the asymmetric part were separated by approximately a/2
and supported the conclusion derived from the three-

dimensi onal Patterson map.

Purther examination of the intense, low angle

reflections revealed that sign relationships of the type

S(Ehkl) \.u;‘\ S(Fh!k!ll)o sth"h'gk“k',l"l') (2.1)

existed among nine out of the fifteen strongest reflections
I n the structure. Hence, as the next step, a 'mini*
symbolic addition procedure Was carried out with these
nine reflections of which three were used to specify the
origin and two were used as symbols. The details of the
operation are given in Table 2.3. Four Fourier mgos
corresponding to the four possible solutions were computed
with the Po's of the nine reflections as the Feurier
coefficients. These mgos are hereafter referred to as

maps |, II, III and 1V respectively and the nomenclature
is given in Teble 2,7%,

All the four mgss were very similar in character



TIBLE 2.3

Details of the 'mini' symbolic addition
procedure using nine reflections

5 3 2 +
16 3 + origin
3 4 2 +
0O 4 2 A
symbols
2 4 2 B
2 0 0 AB
2 1 0 -4
0 5 2 ~AB
2 2 0 AB
Map I Map II Mg III Map IV
= + + - -

= + - o4 ‘ -



i nthat the electron density distribution i n all the
maps were nearly continuous i n the sections perpendicular
to the a-axis, Hence, a molecular model could be fitted
anywhere along these continuous stretches. The breaks

I n the electron density corresponding to the ends of

the molecule were not olear in any of themaps. In

Fig. 2.3, two typical sections of maps II and III are
shown., Even though the four maps indicated four Aifferent
molecular orientations in the be~plane, all of them had a
common feature, viz., that along the a-direction the
crystallographically independent molecules appeared to

be separated by nearly half the cell tramslation. |n
maps Il and III, the crystallographically independent
molecules appeared to be near the planes X = é and

X =g and i n maps | and IV near the planes x = 0 and

X = % A1l the four mgss were, however, individually
compatible with the veotor distribution i n the three~

dimensional Patterson nap.

In map |, the continuous electron density distri-
bution was passing through the oeutre of inversion at the
origin and hence necessitated a symmetry for the molecule.
Since the molecule was not centrosymmetric and any
molecular oOrientation pasesing through the centre o
inversion wae not allowed by packing considerations,

wap I wae eliminated from further considerations. There-
fore, only the sets of molecular orientations obtained
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MAP 11
x = 847120

RMgure 2.3(a) . |




MAP 1T
W2 247120

- AR RN
2182 2:3(b)t Two t:pijxl seotions of map III of the 'mini’' symbolio

sddition procedure., The contours are at arbitraxy
intervals.

B



MAP TIII
X = 84/120

(i1)



from the maps II, III and IV needed to be considered.

Use of MULLAN

Normalized structure f actors Ehkl's conventionally
defined as [15]

F
Eﬁm - } ;kll (2.2)
g Z_ f.g
J=1

where fj ie the atomic scattering factor of the jth

atom and N is the total number of atoms in the uait cell,
were next ¢alculated. The atomic scattering factors
used were those given by Cromer and Waber [16]. These
were corrected for the therwal motion uslng the tempe-
rature factor B = 4.0 | as obtained from the three-
dimensional Wilson's plot {seotion 2.?). The quantity

e in the above expression ls equal to 2 far the hol and
oko typo of refleetions and 1 for all the othexs. The
largest 290 E's (> 1.40) were used i n the subseqguent
symbolic addition procedure and tangent refinement through
the MUIPAN programme. The MULTAN programme i S NON very
well-known and commonly used in crystal. structure
analysis. However, as the author has ueed the programme
for the first time, a brief description of MULTAN IS
given below.



The MULTAN programme Of Germain, Meln and
wWoolfson [17] consists of three parts:

(1) SIOMA2
{i1) CONVERGE
(111) FASTAN

(1) sieMa2: Inthis part of the programme, all the
phase relationships Of the fom

PR R PH o+ PE-R (2.3)

are set up with a weight ky,, given by

~3/2 Y
K e 2050, By By Bgoho (2.4)
where
N
o, = ;2‘.:1 z’j (2.5)

23 is the atomic number of the ;lth aom i n the unit cell
and N is the total number of atoms i n the unit cell, The
quantities ¢y, 9, and 9g g, eorrespond t o the phase
values of the reflectione with indices h,k,13 h',k*,1'sy and
h-h', k-k', 1-1 xespectively; tho Epy, Ep, and Ep v, are

the corresponding nomalized atructure factors.

(11) CONVERGE: 1In this part, the programme calculates
a quantity ap estimated as



11(K..-9 ) I‘I(K-—;-" )
hn' hh"

2. T T x :
as, = K + 2 K K, . (2.6)
B > =3 - e oo PO
B BR'f G BRYOREY Io(K_. ) Io(K..)
ﬁl#ﬁl!'

where I, and I, are modified Bessel functions. ah glves

a meaeure d the reliability with which the phase ¢y

is determined. | n CONVERGE, the value of a> is esti-

h
mated for each reflection and the reflections are arranged
i nthe order of decreasing e Reflections with wesk
Iinteractions and hence low %z values are then eliminate8
from tkis list i n a etepwise fashion. At each step, the
reflection with the lowest ¢p IS eliminated from the

|1 st together with all the phase relationships i n which
the reflection i sinvolved. 4s these phase relationships
are eliminated, the estimated ap's for the reflections
involved are updated and onae again the reflections with
the lowest «3's and their interactions are eliminated
from the list. Thus, the programme converges on a group
of reflections with a large number of phase relationships.
The progremme then uses the space group information to
select the best possible starting eet of reflections,
which include the origin defining reflections also. At
the end of the calculations i n CONVERGE, a mg giving

the list of reflections eliminated during the CONVERGE
procedure is made This list starte from the end of the
convergence mgp and working upwards, the phase of each



reflection is computed from the relationships |isted
with it, using the tangent formula described in FASTAN.
| N OONYERGE, thel 4 relationships are also listed,

using the formula appropriate to the space group.

(11i) FASTAN: In this part of the programme, the
reflections other than the, origin defining ones in the
starting set are assigned phase values i%/4 and +3n/4
if the space group is non-centricand ¢ or = if centric.
Thus, a multiple starting set of phases is obtained

and for each starting set, phase generation and refine-
men} are carried out using the weighted tangent formula

(17],

E_ . ein(e + ¢ )

LW, |BE. E_ .f
Z. h' B-h' ’h‘ h—h" h-h' I,
van 5 T Zw W E E (o ) “‘Eith
- | cos D, .,
(2.7)

where w2 is the weight associated with the phase ¢g. Each

weight is computed from

1
W = tanh(-éaﬁ) (2.8)

where

«, = |B, ] (23 B 1/2 (2.9)
B lh] R



9he weights of the reflections whose phase8 have been
determined by the 2., relationships are Initially set

at EJP - %] , Where ? is the probability o the 2,
Setermination. The welght of all the other reflections

i n the starting sot are set at unity, while the reflections
whose phasea are undetermined are given a weight o zero.
The initial phase values d all the reflections are
determined i n the order indicated by CONVERGE and then

refined i n the same order.

At the end of the refinement each set of phases
i s characterised by figures of merit defined as ABSFOM
and RESID. The absolute figure of merit, or ABSFOM, is
related to Zaﬁ. defined i n equation (2.9). This quantity
gives a measure of the internal aonsistency of the set

of phases and is defined as

@ - «
zﬁv h z r

ABSFOM = Ay = % — (2.10)
D%, = 26,

where E“e is the sum of the estimated a«'s from equation
(2.6) and

e 1/2
2
Sa, = % (% Kﬁﬁ,') , (2.11)
is the value of
Sa_ when random phases are assumed.
h

The second figure of merit, RESID ie the
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crystallographic residual defined as

j%:/)Eﬁ/ i /Eﬁcall} (2.12)

2 1%

E. = X <:Eq E, ﬂ'.;> .. (2.13)
' e
hoal h h~h h
The scale factor is obtained by setting
E,
2 [

- B
N NCETY

(2.14)

The correot set Of phases tends to have the
highest value for aesroM and %helLowest value for &,
Hence, an index combining those two figures of merit
ABSFOM and RESID can be calculated o evaluate the
different sets of phases obtained from the tangent formula
refinement in the MULTAN programme. The combined index,

C.I,, can be evaluated as

Rpax — R Ap =~ Ap
¢.1. = o _mip (2.15)
- A - A
Rmax Emin Fhax Fhin




Here, R and A, refer to RESID and ABSFOM respectively

3
for the particular aet of phasee considered. ZThe
guantities with subscripts 'max' and *min' refer to the
maximum and minimum values of these figures of merit
spong the different sets Of solutions obtained. The
set with the highest value for ¢.I. islikely to be the
correct solution, but often, the second or third best

sets have also been found to give the carreot solution.

In the ease of MBPAA, 290 reflections with
}Eﬁ] 2, 1.40 were used for sign determination with
MULTAN. Phis MULTAN procedure will hereafter be referred
to as MULTAN |.  The CONVIRGE section of the MULTAN chose
the seven reflections given in Table 24 sz the aitarting
set. With two signs for each of the four symbol*, there
were sizteen poesible sign combinations., However, this

namber Was reduced t0O eight on account of the relationship

0O 9 5 origin
0 5 2 symbol B

et

o 4 7 symbol ¢

which existed among the starting sat of reflections. Phe
details of all the sets are givenin Tshle 25  The set

with the best apsroM, viz., set 5, did not coincide with
the set with the lowest &, viz., set 10. The sets 1, 5,

10, 12 and 16 could be considered to be digtinctly
superior to the rest, on the basis of the combined ingex



b @

TABLE 2.
Origin and symbols used InN MULTAN I

0o 9 5 C 4 <2 A
i 0 12 Origin 0O 5 2 B
- - symbols
1 6 3 O 4 7 +
2 9 3 D
TABLE 2.5
RESULTS - MULTAN I
Set No, ABBSFOM REEFD OmeinngIndex
1 1.0309 39.43 h 1.403%8
2 0.8004 40,59 0.3350
3 0.9586 39.66 1.0981
4 0.8134 38,51 0.8841
5 1.0491 39.02 1.5585
6 0.8077 40.M 0.3342
8 0.7878 39.%1 0.5731
9 0.7980 37.94 0.9115
10 0.9899 27.02 1.7913
11 0.7812 %8.47 0.7353
i2 1.0054 38.7% 1.4684
13 0.7667 %28.50 0.6775
14 0.9131 39.06 1. 0701
15 0.7655 39.57 0.4371
16 0.9821 37.92 1.5651

The equivalent sets were

12 and 1€ 11 and 15
10 and 14 9 and 13
1 and 5 4 and 8
3 and 7 2 and 6



given in column 4 of Table 2.5. (n comparison, the
signs of the reflections I N the sets 10 and 16 were
found to be related by a shift of origin by the amount
95’%9 . Because Of the sign relationship existing bet-
ween the origin reflection 095 and the symbols B and ¢,
as mentioned earlier, the sets 1 ad 5 were found to be
equivalent. Sets 12 and 16 were also found to be equiva-
lent for the same reasons. Hence, E-mgps were next
computed only for the two independent sets of sign
combinations, viz., from the sets 10 and 5. The E-map
eorresponding to sat 5 had electron density distribution
passing through the origin and for reasons mentioned
earlier in this section, could be eliminated from further
oonsiderations. The E4rg corresponding to set 10 was

the only one to be considered.

At this stage, a comparison of the MULTAN |
results with those of the 'mini* symbolic addition
procedure was made. |t may be recalled from Table 2.3
that the reflections 042 and 242 were used as the two
symbols I n the 'mini' symbolic addition procedure.
comparing the signs Of these twWO refleciions i n the
aets 1, 11, III and IV of the 'mini' symbolic addition

procedure with the various sets of MULTAN I, it was
found that the sets 10 and 16 of MULTAN | were related

to the slgn combination %(042) = =, %(242) =1t d the

30



‘mini' symbolic addition prooedure and the set 5 to
the sign aombination 8,(042) = +, 8p(242) =+ . In

short,

Set I of the 'mini' symbolic addition set 5
of MULTAN 1,
and
Set 1II of the 'mini’ symbolic addition eat 10

and hence set 16 of MULTAN |.

Thus, i1t wes not surprising that the electron density
distribution verresponding to the sign combinations of
set 5 of MULLAN | was similar to that of Map I of the

'mini' symbolic addition proceducre.

The distribution ot the largest 95 peaks in the

E-map corresponding to the set 10 of MULTAN | is shown in
Pig. 24. Most of the peaks were distributed near x = 1/4

and X = 3/4. This feature indicated that the two inde-
pendent molecules i n the asymmetrie part were separated
by nearly a/2 and were individually lying close to the
planes x = 1/4, and x = 3/4. Even though Che ‘gross’

molecular orientation was clear from the mag, the indi-
vidual atomiec positicns could not be identified. Also,

since the distribution of pesks was nearly continuous,
even the regions corresponding to the terminals of the
molecules could not be located. The 'Jross' molecular

orientations deduced from this E-map, checked well with

31
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that obtained from mg I1I of Table 2.3.

A re-examination of the map III of the 'mini'
symbolic additior, procedure suggested that i n the
almost continuous electron demsity distribution, eome
regions o slightly low density could be approximated
to represent the terminals of the molecules. The low
eleotron density regions were also continuous, ZThere-
fore, the ifdentification of the molecular ends was by
NO means unigue and was Bone only on a trial basis. n
interpreting the low electron density regions as repre—
senting the molecular ends, the meg was found to be
compatible with four molecular models. They are
described below:

(1) In the be-plane, the two molecules (referred
to as A and B hereafter) were antiparallel axd exactly

overlapping.

(1) The two molecules were parallel and exactly
overlapping.

(111) The two molevules Were displaced with respect
to each other along their length and wore entiparallel.

(iv) ™e molecules were displaced with respect to
each other along their length and were parallel.

The relative orienation of the two molecules I N
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each of the four models 18 shown schematically | n
Plg. 2.5,

Based on these molecular models, deduced from
the mgp 111 of the 'mini' symbolie addition procedure,
four similar models were fitted on the E-map corresponding
to set 10 of MUIZAN I. These trial models accounted for
some Of the high peaks in the E-map. However, none of the
four models ecould be fitted ideally on the E-map SO as
to obtain a one to one correspendence between the trial
atomic positions and the E41g peaks. Three-dimensional
structure factors were computed for the four models and
the atomic coordinates were raefined by the least-sguares
technique. But these caloulations dld not help i n
diseriminating among the four models.

A serutiny Of the intense reflections i n the
structure showed that out of the é0 strongest reflections,
41 had the same signa in all the four aetrn of struoturo
faotor learnt-squares caloulations., Thig feature
suggested that the four trial models were probably quite
olose to the oorrect structure. Therefore, the signs
of the 41 intense reflections were agsumed t0 be correct.
A fourier map WA then synthesized with these 41 reflec-
tions as coefficients. 4s could be expected in a map
with only 41 ooeffioicnts, the electron density was
indeed a1ffuse. However, the aim of this operation wes



not to identify the atomic positions, but to derive
information about the relative orientations of the
orystallographically independent molecules in the
asymmetric part of the unit cell, Big. 2.6 gives two
sections Of the Fourier mg with 41 ecefficients. 1In
this map, the breaks in the eleotron density distribution
corresponding to the ends of the molecules were very
clear. It wee found that, aa in the trial models (i)

and (11), the erystallographically independent molecules
were almost exactly overlapping each other along their
molecular axes in the bo-plane. As indioated by the
Patterson map, the Mg III of the 'mini' symbolic addition
procedure and the E-map corresponding to set 10 of

MUIZAN |, the moleoules appeared to be near the planes

X = 1/4 ad X = 3/4.

At this stage, it was suspected that the presence
of a large number of aromatic rings in the struoture was
probably responsible for the failure of MuLLaN | to solve
the structure. Hence, as the next step, normaliged
structure factors were recaloulated using molecular
roattering factors for the benzene rings, i.e., instead
of the carbon and hydrogen atomic scattering factors, a

spherical average ¢ for the entire ring, placed at ita
centre, was used. The ¢ values were calculated from
the relation {18}

34
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m m
‘ o ein(K r,.)
92 = 121 %“1 fifj *ﬁz“f‘j— (2.16)

. 4pSine
K 410:;\

r,, = distance between the 1¥® and the jth atome.

m = number of atems | N the molecule or molecular

fragment, and

11311

¢ ¢ = atomic scattering factors for the and the

1’73 th
j  atoms respectively.

Furthermore, to avoid the effects of 'rational dependence'
[19], arising from the rod-like geometry of the molecule,

the reflections were divided into seven (sin 6)/

ranges and the values of <Ez} were normalieed to unity
in eaoh range. A similar normalieation was also done for

the eight parity groups of reflections, viz., eee, oee,

eoe, eeo, 00e, 0eo, eooand 0o0o0.

The MULEAN calculations were repeated wsing 290
renormalized E-values with E 2> 1.53. This MULTAN is
hereafter referred to as MULTAN II. Phe starting set of

reflections ohosen by the programme is listed in Table 26
It may be noticed that the starting sete of MULTAN |
and MULZAN |T have six reflections i n common. Also, as



Origin and symbols Of MULTAN II

TABLE 2,6

o 9 5 T 6 3 A
i o0 12 5 Origin 3 6 5 B gomols
0 4 T 0 5 2 C
0O 4 2 D
TABLE 2.7
Results of MULRAN II
Set ABSFONM RESID Combined Index
No. Ay R C.I.
1 0.9340 39.90 1.8273
2 0.8145 41,97 1.2204
3 0.7405 40,41 1. 2427
4 0.6317 44.33 0.4052
5 0,6104 45.21 1. 4860
6 0.7413% 40.92 1. 1734
7 0.8469 40,29 1.5416
8 0.9553 39.22 1. 9790
9 0.6549 46.21 0.2034
10 0.5782 44.04 0,3039
11 0.81 64 40.59 1. 4188
12 0.9428 39.07 1.9934
13 0.9462 39.25 1. 9507
14 0.8450 40.82 1.6028
15 0.6634 45.36 0.3450
16 0,73%38 42.53

0.9280




i N MULTAN I, the reflections 095, 047 and 052 i n the
starting set have an internal relationship. Therefore,
the sixteen sets of solutions corresponding to four
symbols reduced to eight as in the case of MULLAN |.

The details of these sets are presented in Table 2.7.
Set 12 had the lowest R value and set 8 had the highest
value for ABS¥oM. Even though the discrimination between
sets 12, 8, 13 and 1 was marginal, on the basis of
figures of merit, these sets appeared to be distinctly
superior to the remainder of the solutions. Comparison
of the signs of reflectionsi n these four sets showed
that the sets 12 and 13 were related t 0 one another by
an origin shift of %Q ad that the sets 1 and 8 were
also related by the same shift of the origin. The four
solutions thus reduced to two. Also, set 8 was found t o
correspond tO the sign combination SA(042) = 4,

33(242) = +, l.e., the set | of the 'mini' symbolic
addition prooedure and set 12 to the sign combination
$,(042) = -, 85(242) = 4+, 1.e., set III of the 'mini’
symbolic addition procedure. 1S eould be expected, the
E-mgp eorresponding t o set & had a stretech Of positive
electron density running through the origin and hence
was eliminated for reasons described earlier. Thus, the
E-map corresponding to set 12 was the only one to be

analysed.

A7



The distribution of the largest 100 peaks in
the E-mgp corresponding to the sign oombination of
set 12 isshown in Fig. 27. The peak distribution
compares well with that of set 10 of MULEAN | and
map III of Table 2.3. However, the new mgp was found
to be of a better quality than the mag of set 10 of
MULTAN |.  The regions eorresponding t o the two terminals
of the molecule through the plane x = 3/4 eould be easily
confirmed from this mgp. Also, distincet peak8 for
nineteen out of twentyfour non-hydrogen atoms inthis
molecule could be identified. The molecular skeleton
obtained from this E-map is marked i n Fig. 2.7. However,
contrary to expectations, the eecond molecule near x = g
could not be identified from this map., A difference
electron density mg was next computed removing the
contribution of the molecule near x = 3/4 (molecule A).
the difference electron denoity near x = 1/4 was again
diffuse and the atomic positions of the saoond molecule
(molecule B) could not beidentified.

At this stage, with an aim to improve the reso-~
lution of the map and to identify the atomic positions
of molecule B, it was decided to generate the signs of
more number of reflections from the hitherto known ones.
The largest number of coeffioi ents used so far in any

E-map wes only 290 = the limited camputer Storage
available reetricted the number of coefficients that
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could be used i n the MULTAN programme.

The 290 reflections used for the MULTAN 11
calculations were used as the starting set for this
phase generating operation. These reflections wers
assigned the signs given by set 12 of MULTAN II, the
eet from which molecule A wes identified. The signs
of 202 more E's ( » 1.10 and < 1.53) were then generated
using a phase generation programme written by dr. TP
Singh. A brief outline of this programme is given
below.

The programme has been written specifically for

the space group P2,/e¢ where

F(hkl) = P(hk1l) = #(hkI) = P(BkI) when k+l = even (2.17)

and

oy

F(hkl) = P(hkl) = -F(BkI) = -F(akl) when k+l=oda (2.18)

The sets of reflections with known and unknown phases
are read ag two separate rets and stored separately at
the beginrning of the calculations. For each reflection
(hikili) with known sign, the programme generates the
symmetry rel ated indices (Eiﬁiii)’ (Eikiii) and (hiiiili).
Also, the signs of Ehikili for these symmetry related
sete are determined according to tke relations (2.17) and
(2.18) and stored. fhe indfces o the reflection whose
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sign is to be determined are next compared with al l
the reflections with knownn signs and their various
symmetry equivalents and a search is made for the
relationships of the type:

heh +hyy k=k +ky 1=1,4+1, (2.19)

where (hkl) corresponds to the indices of tho reflection
whoae sign is to be determined. (hj‘kjlj) and (hzkzlz)
are the indices of the reflections with known signs.

If the reflection (hkl) is involved i n § interactions of
the type (2.19), its sign i s caloulated as

N.
s = ) B+ B, ., B (2.20)
3 and E .
where Ehlklll 3.21:212 are the values of Bl with

signs, of the refiections with known signs involved i n
the jth interaction. The programme thus calculates the!
quantity S, for each refleetion with unknown sign,
The probability ®,,, of the sign of 8,,, being correct
i s calculated using the formula [ 20]

14 1 a .
Phkl = B+ P tanh (—;%75) {Shklj (2.21)
2
M
where o, = >~ 2} , with %, being the atomio number of

i=1 .
the 4 atom i n the unit cell conaisting of M atoms.

The acceptance imit for the probability was set as 0.998

and the signs of 202 reflections with B, 0.998 were



determined by the programme.

Thus, the signe of 290 + 202 = 492 were known at
this stage. An E-mg was next computed using theae 492
reflections with E » 1.10 as ooefficients. The distri-
bution of the 96 largest peaks i n this mag i S shown in
Fig. 28. %he ratio of reflections to the Lotal number
of atoms was > 10. However, i n spits, of this high
value, the E-map was net sufficiently resolved near the

x = g plane to enable identification of the atoms of

AL

molecule B. As fn the previous E-mg with 290 ecoefficlents,

only the atomic positions Of molecule A were coming up
elearly and this molecule was found to appear |ees

distorted than i n the previocus E-map.

The model of molecule 4 obtained from the aaw
E-map fitted the electron density distribution near the
plane x = %/4 in the Fourier may with 41 coefficients
(Fig. 26) and it also checked very well with the
orientation indicated by this Fourier map. 4s& the peak
distribution nesr the plane x = 1,/4 i n %$he L-map with
492 coefficients was not leading to a meaningful model,
the only option left; was to fit trial medels for molecule
B. A diffuse electron density distridution was found to
be more suitsble fox fitting tria. models than discrete
E~map peaks, Hence it wase decided to use ihe less-—
resolved electron density digtribution of the Faouriex
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map With 41 coefficients for fitting trial models. As
the coordinates of moleoule A were unambiguously known
at this stage, only two trial models had to be considered
for molecule B, viz., one i n which molecules A and B
were parallel and the other i n which they were anti-
parallel, In the subsequent trial sStructure factor
calculatione, the methoxy oarbon atoms ¢(24) and C(48)
were no% included and the oxygen atoms 0(23) and 0(47)
were also treated as carbon atoms. The numbering scheme

for the atoms is shown i n Pf“r . fl'he initial
l' cl

R-factors defined as = for the parallel

and the antiparallel models were O%’97 and 0.519
respectively. In SixX cyales of block-diagonal structure
factor least~squares calculationas, the antiparallel model
refined to R = 0.356 whereaa the parallel mode refined
only to R = 0.464. A weighting scheme of the form

1
Ll
a+bB‘o+cF0

W e

with the constants a = 0.70, b = -0.05 and a = -0.009
was used for both the models. Using the R-value as the
oriterion, all the further oalaulatione were mede only
on the antiparallel model. Pom a differenoe electron
density map computed at this stage the positions of the
methoxy oarbon atone €{24) and C(48) were fixed. in
the subsequent least-squares oaloulations, the methoxy
earbon atoms were included and the oxygen atoms were

47
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assigned oxygen seattering factora. fThe antiparallel
model refined to R = 0.259 in eix more cycles of least~
squares refinement. On refining the layer scale

factors, the R-value further reduced to 0.195 and finally
converged to 0.146 in 12 more cycles of refinement. In
these calculations, all the atoms were treated with
Isotropic thermal parameters. (On account of the low
value of the reflection to parameter ratio (%—%%-1 v 2,5),
arising from the extreme paucity of data, refinement oOf
anisotropic thermal parameters was not attempted. In
the eourse of the least-squares refinement, two reflections
viz., 200 and 210, were found to have zpul )>!Fo] and
hence were corrected for secondary extinetion effect

using Zachariasen's formmula [21]
Foorr = % Fopell + Brog) 8¢ Ipg) (2.22)

where FQM is the observed value of the etructure factor,

1.ps IS the observed integrated intensity

K ig the scale factor

.LQE-]-Q -1
obs .
¢ = o Tcn.lc g
leale 'S the calculated intensity.
4 %,
2(1 + cos” 28) A (28)
B(2e) ™ '

1
(1 + cos® 20)° A% (0)



|
® i s the Bragg angle of the reflection, ¥ (28) is
. _ 1
the absorption factor corresponding to 28, A (o) is
the absorption faotar at 2e = O.

The sFLs programme ueed i n the above analysis
was originally written by R. Shiono anéd modified by
B,S Reddy for the | BM 360/44 computer.

2.4 Disorder

In the course of the least-squares refinement
o the structure, some disconcerting features were
observed in the thermal parameters az well as the
molecular dimensions of one of the molecules. The
B-values of the atoms of molecule 2, 1.e,, atoms C(25)
throvgh C(48), were Pound t o be generally higher than
those of the atoms of molecule A, i.e., ¢(1} through
¢(24) (see Table 29. | n particular, the B-values of
the age nitrogen atoms ¥{31) and ¥(32) and the atoms
of the phenyl rings on either side of this azo-bond
were conspicuously high. The B-values of ¥(31) and
N(32) were the higheet, being about 2-2.5 times the
average for the rest of the structure. Also, the
nitrogen atoms N(31) and K(32) always tended to move
towards each other during the least-squares refinement,
leading to a very short ~N=N~ distance. At the end

of the above refinement, the N(31) = N(32), distance

44



TABLE 2.8

Isotropiec thermal parameters at the end of the
refinement, R = 0.146

o2 02
Atom B{ini ~tom B(in 4 )
c1 4,7 ce% 5.4
C2 65 626 6.2
o3 3.8 c27 5.7
C4 3.3 028 6.7
C5 5.7 9 6.5
cé 50 C30 5.9
N7 4.3 N7 10.6
N8 K2 N32 13.5
c9 55 c33 6.1
¢10 45 C34 Te1
c11 45 035 6.1
o12 51 6 5.2
¢13 3.% C37 5.0
c14 5.2 7.7
NiH 4.8 H39 4,9
¢16 4.3 c40 3.9
C17 A5 (k] 3.0
18 5.4 A2 4.9
¢19 46 A3 4.1
¢20 33 c44 4.5
c21 36 45 4,17
g22 4.4 C4€ 4.0
023 50 047 5.4
C24 62 C48 4.6




wes 0.94 .?.. Manual adjustment of this length in the
course Of the |east-squares refinement was not
effective, as the |east-squares shifts always made
It short again.

A difference Fourier mgp waa now computed
which dietinctly revealed electron density distribution
of about 2 electrons/}ig i n the neighbourhoed of the
~N(31)=N(32)- bond. This feature eclearly suggested
the possibility of diserder in that region. |n order
to analyse this further, another difference Fourier
map was computed after removing the contributions of
N{31) and ¥(32). Pig. 2.10 shows the composite
electron density of this difference map. On the basis
of this nmag, an alternate pair of positions could be
fixed for N(31) and N{(32). The two sets of positione
for the nitrogen atoma have also been marked i n Fig.
2.10. The new model was found to be the rotational
eonformexr Of the initial one about the line joining
the atoms ¢{28) and ¢(33). To estimate the probability

A

of occurrence Of the two sets of positions of the nitrogen

atoms ¥(31) and N(32), their positional occupaney
factors were refined by least-aquares technique. In
four eyeiles oOf refinement, the occupancy factors
refined to ©.7 for the original set of atemie positions
and 0.3 for the new set fixed from the difference map.
The |east- squares calculations thus confizmed the
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Composite difference eleotreon density distridbution in
the region of the azo-bond «f molecule B. The contours

are a{ arbitrary intexvals. The (WO sets of pesitions
for ¥(31) and K(%2) are indicated.



suspected positional disorder i n the neighbourhood of
the aeo bond i n molecule ¥. The refined oecupancy
factors indicated that, in the unit cell, 70% of
molecule B had one type of conformation and the remai-
ning 30#% had a different type of conformation, one
being the rotational conformer of the other. The ®(31)
atoms of the two models were 1.00 & apart and the N(32)

atoms ware 1.03 4 apars.

The crystal structure wes further refined by
including the molecular disorder i n the least-squares
caleculations. Two sets of atomic pesitions with
appropriate occupancy factors were used for the atoms
N(31) and N(32). With this, the total number of
independent atoms i n the asymmetric part of the unit
oell was 50. Hence, this set whioh included the disorder
about the aeo-bond will hereafter be referred to as the
50 atoms set. when the refinement converged, the R-
value wae 0.121 for 1071 observed reflections.

At this stage, it wass felt that the aromatic
ring atoms comnnected Dy this considerably disordered
ano-bond could also be disordered. Me picture of a
disordered azo-bond connecting two perfectly ordered
phenyl rings appeared | 0 be physically | ess meaningful.
Hence, another difference mg was computed after
removing the centributions of N(31), N(32) and the



oarbon atoms of the phenyl rings connected by these
nitrogen atoms. The differenoe eleotron density was
very diffuse. Bven though, discrete peaks eorrespon-
ding to two sets of positions for the carbon atoms
were not found, the diffuse nature of the density
allowed the possibility of fixing a secona set of
atomic positions for all the ring atoms. Thus, the
alternate model which was the rotational conformer of
the earlier one was extended to the carbon atoms also
and two sets of positions were assigned to fourteen
atoms €{25) throagh C(38) including ¥{(31) and N(32).
Fig. 2.11 shows the two rotational eonformers. ILeast~
squares refinement was done with an occupancy faotor
of 0.7 for the original set of positions and 0.3 for
the new set of positions. 'Phis set corresponds to 62
independent atoms i n the asymmetric part of the unit
oell and will therefore be referred to as the 62 atoms
aet. Whn the |east- squares refinement oonverged, the
R~value had reduced to 90.126. The R-value for this
set i1s slightly higher than the value 0.121 obtained for the
50 atoms set. This is probably due to the fact that
I nthe model fitted for the aromatic carbon atoms,

the separations between the, alternate positions of
the oarbon atoms were exaggerated, and hence were
artifiecial. All further discussion i n this
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Moleoule B of the 62 atoms set Orojocted on the bo-plane.
IN ¢the disordered region, the tﬂuek lines gonnect the

poritions with 0.7 ocoupaney and the dotted |liner those
with 0.3 oocupanscy.



chapter will mainly be with reference t o the 50 atome set.

Two striking effects of the introduction of
disorder were (i) the increase i n the length of the
-K(31)=N(32) bond which was abnormally short earlier.
(this bond length had increased to 1.31 4 in the 0.7
conformer and 1.28 & in the 0.5 conformer.) and
(11) the high thermal parsmeters of some of the atoms
of molecule 2 had decreased, the largest now being
8.0 32 for X(32), which was only about 1.6 times the
average value for the rest of the structure.

It may now be mentioned that se molecule B in
which positional disorder was found to occur was the
ene which could not be identified from the various
Fourier and E-maps and for which atomic positions were
fixed only from a txial model. The diffuse and
anbiguous nature of the electron density observed for
this molecule i n the various maps was probably a
result of the partial positional disorder.

Similar positlional disorder about the =N=N-
bond connecting two phenyl rings has been ocbszerved in
the crystal structures of p-azotoluene [22], trans-
aeobenzene [ 23], the, high temperature polymorph of
ethyl p~amoxybenzoate [24] and p-azoxyanisole [25],

a detailed accouni of which is given i n Chapter € of
this thesis. Hoekstra, Meertens and Vos [26] have



reported a similar type of disorder about the -¢=C~
bond connecting two phenyl rings in the crystal
structure of stilbene.

2.5 Results and Deecription

The final positional and thermal parameters of
all the atoms in the 50 atoms set are given in Table
29. The final positional ad thermal paremeters of
the two sets of positions fox the atoms ¢(25) through
c(38) in the 62 atoms set are also included in this
table. The observed and calculated values of structure
factors for all the measured reflectione are listed in
Pable 2.10. The interatomic distances and valency
angles are shownin Fig. 212. Fig. 2.13 contains the
Interatomic bond lengths and angles for molecule B i n
the 62 atoms sat, The estimated standard deviations
of the molecular dimensions are generally high. The
fractional positional parameters used i n the calcula-
tion of bond lengths and walency angles were correct
up to the sixth decimal place. However, they have been
rounded off to the third decimal place in Table 2.9

because of #he high sStandard deviations. The molecular
dimensions I n the disordered region differ considerasbly
from the standard values. In partiaular, thoae

involving tho atoms {28}, C¢(33) and c{281), ¢(3%1) in



TABLE 2,

Final fractional positional coordinates and themal

parameterss

in parentheaee

(a) 50 _atoms set

T el

MOLECULE A L
Atam x(x103) y(x103) *2(1163)
¢(1) 917(4) 28%(2) ~346(2)
c(2) 1027(5) 259( 2) -3235(3)
c(3) 989(4) 229(1) -245(2)
c(4) 838(4) 212(1) ~-196(2)
c(5) 729(4) 236(1) -218(2)
c(e) 716(4) 275(2) -296(2)
K{7) 786(%) 174(1) -117(2)
N(8) 886(3) 153(1) - 99(2)
c(9) 827(4) 117(1) - 18(2)
¢(10) 941(4) 93(1) 3(2)
e(11) 908(4) 59(1) 82(2)
c{12) 758(4) 48(1) 138(2)
c(13) 645(4) 72(1) 117(2)
c{14) 680(4) 107(1) 40(2)
N(i5) 706(3) 15(1) 220(2)
c{16} 795(4) -21(1) 235(2)
c(17) T746{4) - 51(1) 322(2)

c(18) 853(4) ~87(1) 334(2)
c(19) 817(4) ~116{1) 418(2)
c(20) 675(4) -109(1) 487(2)
c(21) 570¢4) ~75¢1) 474(2)
¢(22) 606(4) -46 (1) 389(2)
0(23) 649(3) ~137(1) 567(2)
c(24) 507(5) ~130(2) 643(3%)

estimated standard deviations are given

4.2(0.8)
4 9(0.9)
4,2(0.8)
4.5(0.8)
4.9(0.9)

5.5(0.6)
6.4(1.0)

continued



Table 2.9 continued

MOLECULE B
Atom x(x107) ¥(x10%) 2(x10%)  B(i9

c(25) 123(5) -147(2) 600(3) 6.5(1.0)
c(26) 139(5) - 89(2) 607(3) 6.7{1.1)
c(a7) 161(5) ~ 52(2) 530(3) 6.1(1.0)
¢(28) 178(5) - 80(2) 450(3) 6.5(1.0)
c(29) 173(5) ~134(2) 438(2) 6.0(1.0)
c(30) 140(5) -172(2) 515(3) 6.7(1.1)
N(31) 202(5) - 26(2) 388(3) 6.5(1.2)
H{z2) 218(6) - 44(2) 317(3) 8.0(1.3)
B {311} 216(11) ~ 61(4) %45(6) 4.2(2.1)
N(321) 217(11) - T(4; %52(6) 5.4(2.4)
¢(33) 238(5) 6(2) 252(3) 6.5(1.0)
c{34) 230(5) 64(2) 269(3) 7.2(1.1)
¢(35) 244(5) 102 (2) 196(3) 6.2(1.0)
a(36) 269(4) 80(2) 110(2) 5.3(0.9)
c(37) 276(4) 21(2) 92(2) 5.3%(0.9)
c(38) 259(5) ~14(2) 169(3) 7.2(1.0)
N(39) 273(3) 121(1) 40(2) 5.0(0.7)
¢(40) 354(4) 108(7) ~45(2) 4.6(0.8)
¢(41) 359(4) 149(1) -116(2) 3.5(0.7)
c(42) 290(4} 203(1) ~99(2) 5.3(0.9)
C(43) 298(4) 237(1) -171(2) 4.1{0.8)
C(44) %85(4) 221{1) -262(2) 4.5(0.8)
C(45) 457(4) 169(1) ~-284{2) 4,8(0.8)
c{46) 437(4) 134{1) ~209(2) 4.8(0.8)
0(47) 391(3) 261{1) ~328(2) 6.1(0.6)
C{48) 473(4) 249(2) -425(2) 5.4(0.9)

continued



Table 2.9 continued

(b) 62 atoms set
MOLECULE B = Disordexred Part

Atom x(x10%) ¥(x10%) 2(x10%)  B(L%)
c(25) 124 ~145% 603 5.0
¢(26) 139 - B 610 6.0
c(27) 160 - 51 5%6 4.5
c(28) 177 - T7 453 5.7
c{29) 174 -132 441 4.4
¢(30) 141 -170 516 5.5
N(31) 231 - 26 385 6.9
N{32) 214 - 43 317 9.6
c(33) 236 4 250 5.6
¢(34) 226 62 272 6.6
C(35) 240 100 198 5.%
c{36) 268 80 110 5%
L(37) 275 22 90 5,2
c(38) 257 -14 167 7.0
¢(251) 121 -i52 586 6.7
3(261) 137 - 94 598 5.4
c(271) 156 - 59 513 643
c(281) 165 -~ 92 436 8.3
¢(291) 156 ~142 432 10.2
¢{301) 129 -182 509 7.6
N(311) 215 - 59 345 4.8
N{z21) 217 -~ 8 353 9.4
c(331) 238 17 263 8.7
¢l741) 227 71 264 10.3%
c(351) 244 110 193 8.1
c(361) 277 80 105 6.0
C{(371} 286 21 95 5.9
263 - 13 177 77

c(381)
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‘Molecule A Moleoule B
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Rigure 2,13

Interatomic bond
lengths and angles -~
uo%mulo B of 62 atoms
s8¢,




the 62 atoms set are strikingly unusual. The widely
different valeney angles at ¢(28), C(281) and ¢(33),
¥(331) mey be attributed to the fact that even though
the separations between N{31) and §(311), and N{32)

and W(321) are about 'I;’!l, the pairs of carbon atoms

¢(28) and c(281), and ¢(33) and ¢{331) are quite close.
This leads t 0 a strained molecular geometry at ¢(28),
c(281), ¢{3%) and ¢{331). Similar unusual moleoular
dimensions have beenr reported by Krigbaum and Taga (24)
In the crystal structure of the high temperature poly-
morph of ethyl-p-agoxybenzoate where a similar type

of disorder hae been observed. Heowever, | N MBPA4A, the
molecular dimensions i n the disordered region cannot

be considered reliable because the cross terms which
show the correlation between sn atom and its disordered
counterpart, have not been included i n the |east-squares
refinement. Therefore, any further discussion on these
dimensions i s not meaningful. The dimensions of molecule
& and the rest of molecule B are normal, within the

limits of experimental error.

The least-squares planes 'through the various
groups of atomg in the structure were calculated with
respect to an exrthogonal set of axes using =z progranme
written by Dr. M. Vijayan for the IBM 360,44 computer,

pased on the method Of Blow [27]. Table 2-11 glves
the equations of the varicus mean planes and the



b

TABLE 2.11

Equations of the varlous least-squares mean planes and
displacements A in A of atoms from them.

hean Afoms defining Equation of the
E%ﬁngr the mean pl ane nean plane
(1) c(1),c(2),¢(3), 0.21135x + 0.77961% +
c(4),c(5),c(6) 0.58952z = 3.72199
(14) {9) ¢(10),0(11) 0.2289%x + 0.80248y +
c¢12,0(155, ¢(145 0.55102z = 3.90547
(iii) CE17§,C£183,C§19;. 0.50753x + 0.77503y +
C{20),C0(21},C(22 0.37648z = 5.46470

(iv) c{4),8(7),8(8),C0(9) 0.215%0x + 0.77128y +
0.59898z = 3.67597

,N(15),c(18), 0.53930x + 0.71791y +
0-440192 = 6010616

éesg 227g, 0.96S72x = 0,08803y -
29),c(30 0.22778z = 2. 97684

(v) 0{12
Cc(17
(vi)

(vii) 234;,0235;, 0.97078x + 0.02672y -

)

3

g C(37),C(38 0.23846z = 2.84521
RT3 3 8t oF KA et o %
)
3
3

N(31),N(32), 0.97102x - 0.04601y ~
0.2345%z = 2.86409

JN(39),0(40), 0.89052x + 0.44530y +
0.09318z = 3,91563

N(311),8(321), 0.97586x - 0.02056¥ -
0.21744~ = 2,97822

(x)

c

c

C

C

G

C
(ix) ¢
G

C

¢
(xi) c
C

continued



Table 2.11 continued

Mean plane

Displagement &
numb er | i

n

=
o
3

(1) 0.001
"‘00 001
0.004
-0.007
0.006
0.036

0.045

0.011

0.002

0.003

0.009

"“0 0017

~0.063

-0.051

; "‘00003
0.341

0.006
0.003
“‘0.003
-00005
0.014
“""‘Oo 166
"‘"00075

0.012
0.011

(11)

b ah (0 el ot ot ek b o A Q0 =3 OIS RO

O ~3 VU P O B = Ol S

o e ¥ e B e T o Y

(ii1)

(iv)

WP O3 =a ORI ==t

- N M Nt i St St s P s

(v) -0.032
0.032
0.031

-0.018
0.037

“'00025
-0,00
0.02
"“00035
} 0.062
~-0.034

(vi)

Z=EEEcoatG O Co=Eq omE¥Foa OEcocoaa EEEZoQoeaoa \BEocaQaQ

P ¥ e W P Y ane TP i i T i i it ot T T W W ¥t e e
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Table 2.11 continued

Mean plane Displagement &
number Atom in ﬁ
(vii) g gz 8.885

005

c(36 0.011

C 37 ““0&002

¢{38 ~0.006

N(32 ~0.065

¥ 311; ~0.018

N 331 0'832

c 4o§ 0.472

0y 5580

cla3 0.0%3

c{44 ~0.016

C(45 -0.014

c(46 0.028

{39 0.0%6

ol40 ~0.024

0(47) -0.034

(ix) g 2? ~0.gog
3 0.00

K(32 0.011

¢{33 ~0.010

N 311; 0.088

N(321 0.046

* e oo
(40 ~0,001

c(41 0.001

(xi) ¢(28) mo.oaz
(311 0.04
I

N(31 -0.005

R{32 -0, 032
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displacements of atoms from these planes. The aromatic
rings and the azo groups in the strueture are planar.
In molecule A, the angle between the plane normals of
rings 1 and 2 is 3¢, and ring 3 i S inclined torings 2
and 1 by 19¢ and 290 respectively. The corresponding
values for {:he mole.cule B are Te, =-28° and ~%3¢ respecti-
vely in the 50 atoms set. Bigls. 2.14a and 2.14b show
the perspective view of the MBPAA molecules in the 50
atoms set. Fig. 2.14e IS the perspective view of the
disordered molecule B i n the 62 atome set, In each
case, the molecule has been projected on We mean plane

of ring 1. The ring numbering 4s shown i n Big. 2.12.

Packing: The arrangements of the moleculesin

planes perpendicular t0 a- and o~axes are shown I n

Fig. 2.15 and Fig. 2.1¢ respectively, The crystallographi-
eally independent molecules are dirferentiated by the
thick and the thin. 1lines. For the sake of clarity,

the disordered part of molecule B with 0.3 occupancy

has been omitted from these packing diagrams. The
erystallographically independent molecules A and B foxm

the nocarest neighbours i n the structure and have a

sepacatica of about 5A° along the a—direction (Fig. 2.15).
They are oriented antiimrallel t 0 each other. The

slightly overlapping phenyl rings in molecules A and

B are nor oriented parallel but are inelined to one
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Moleoular arrangement | N the be-plane. The dotted lines
repressent the -N=N- bond. %The basiec guadruple molecular
unit uwsed tor describing the packing has aleso been indioated.

In the disordered region only the positions with 0.7
oooupanoy heve been Mmarked.



Pigure 2.16

Molecular arvangement iNn tho sb-planO. In tho disordered
region only the positions with 0.7 ocsupancy have been
marked.,



another, the inclination being 58+ at one end,

changing to 99° near the molecular centre and becoming
108° at the other end. fThe angles between the various
plar'1e normals are tabulated in Table 21 2. To describe
the packing of the molecules in the crystal, it is
convenient t 0 consider the crystallographically inde-
pendent molecules, and their symmelry equivalents,
generated by a centre of inversion at the origin, as
one unit. This unit has been indicated i n Big. 2.15.
The two pairs of molecules i N this quadruple unit

are oriented antiparallel tO each other. The quadruple
unit isinclined %o the e~axis by about 55°. Hence,

the neighbouring units related by the 0-cell translation
are so displaceq that the end of one unit falls near

the centre of the neighbouring unit, forming an infinite
column of guadruple molecular unite arranged i n an
imbricated fashion along the o-axis. Aecording to

gray [28)], the Imbricated arrangement of molecules in
the crystalline phase i s the baate packing arrangement
required for the nematic behaviour of the substance,

and the orystal structures oOf most Of the nematogenic
compounds determined so far exhibit this type of packing
arrangement in their respective ecrystalline states

[25, 29, 30, %1, 32). Along the b-direction, adjacent
imbricated eolumns are related by the 24 screw and the

c-glide. The molecular units in adjacent cclumns are
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TABLE 2.12

Angles between the normals of the various mean planes
defined in Table 2.11

Serial numbers of the, nean Angle between the plane
planea normals i n degr ees

2 3

-
F -

COo -
1
v
——

L ]
Wi
B

-87
-89

-t
i
{0
L% ]

-68

L] -

1
IV Oy
e Rt |

-85

h=J =Dl = O~ O-T N O = O~J Sqdm“ﬂméw-ﬁmmﬂmm#\ﬁ#u
e
i
RA i
L2 ¥

w W W v W W W ¥ W W Y W W W W W YW W W W WM T W W 9 YW Ow W W W w o w o w uWow W

\n_m%ﬁ\ﬂ-ﬁ-ﬁ-@-wwu\.ﬂNNNNNN—*-A-‘&’S—G—J—QQG\G\O\G\\NNNN-ﬁ—i-t

-69




inclined to each other by about 70¢ and form a
herringbone-like pattern. Similar herringbone type
of molecular packing has been found i n the crystal
structuree of the nematogens benzylidene aniline-p-
carboxylic acid [31], and 2,2'-dibromo-4,4'~bis-
(p-methoxybenzylidene amino) biphenyl [32], and the
smectogens CB00A (Chapter 3 of thie thesis) and the
high temperature polymorph of ethyl p~azoxybenzoate [24].
Along the a-direction, the molecular*arrangement
consists of an alternate antiparallel stacking of the
A and the B type of molecules extending infinitely.

In the structure, the methaxy end group of each
moleoule is oriented in the direction of the -N=CH~
group of a neighbouring molecule. This feature, vie.,
the methoxy or the ethoxy group of one molecule pointing
towards a nitrogen atom i n the central region of its
neighbouring moleoule, has also been observed in the
crystal structures of 4,4'-azodiphenetole [30],
anisaldehyde-azine [2%5] and p-azoxyanisole [25), which

are also nematogenic.

The three-dimmnsional crystal structure i s

stabilised by non-bonded van der Waals forces between
molecules. Table 2.13 1lists all the intermolecular

contact distances |ess than the sum of the van der

Waals radii, in the 50 atome set. Al| the contacts



TABLE 2.13

Intermolecular contact distances |ess than
the Im of the van der waals radii

¢(3)a - C(18)b 3.56 4
c(5)a - C(45)a 3.57 A
C(17)a - ©(46)¢ 3.53 A
C(17)a -~ ©(45)c 3.58 A
c(21)a - ©(22)d 3.59 4
o(22)a - ©(45)c 3.49 &
c(26)a - C(34)e 3,43 4
c(29)a - ©(45)e 3.59 4
a 3 X, ¥, % 3 P : X+2, ¥, =z



Ha

are between oarbon atoms, the average value being
354 i. The structure has 106 contact distance8 less

than 4 4 and none of them is abnormally short.

Molecule A is surrounded by 14 neighbouring
molecules with oontact distances |ess then 4 &, whereas,
moleoule B has only 12 neighbours. However, i n the 50
atoms set, the number of contacts lees than 4 4 is the
same for both the molecules, the number being 106. (n
the other hand, in the 62 atoms set, molecule A has 13%4
oontacts |l ess than 4 %, as compared t0o 183 for molecule B.
This feature could be attributed to the exaggerated
separations between the two sets of positions for the
carbon atoms of molecule B i n the 62 atoms set, resulting
in an artificially increased volume. This, in turn, would
oause moleoule B to have a larger number of contacts with
the neighbouring molecules, compared t o molecule A. This
artificial. increase i n the volume of moleoule & is found
to result mainly i n an inerease i N the number Of contacts
between this molecule and its own Ssymmetry equivalent
neighbours. Thus, the number Of oontacts for molecule A
in the 62 atoms set is only about 25% more than that in
the 50 atoms set, whereas, for moleoule B, the number of
oontacts in the former set is about 75% more than that i n
the latter set.
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