CHAPTER 6

STUDIES ON PARTIAL POSTIONAL DISOCRDER | N SOME
AZO AND AZOXY COMPOUNDS

6.1 Introduction

A detailed analysis of the positional disorder
observed in one of the independent molecules i n the
ecrystal structure of the nematogen n-p-methoxybenzylidene
p-phenyl azoaniline (MBPAA) has been described in ahapter
2. A Literature survey revealed that similar partial
positional disorder about azo or azoxy bonds connecting
two phenyl rings also oceuwr inNn the erystal structures
of a few other compounds, both mesogenic and non-mesogenic.
V¢ have investigated i n detail the occurrence of disorder
I n four crystal structures, viz., MBPAA (chapter 2),
p~azoxyanisole (PAA), trang-agobenzene, and p-azotoluene;
the first two compounds are mesogenic, while the other
two are not (Fig. 6.1). The disorder is about an azoxy
bond in the crystal structure of PPA and about an azo
bond in the others.

The procedure adopted in this analysis was (i) to
detect the presence of disorder from electron density maps
(11) to determine the relative probability of occcurrence
of the two rotatioral conformers, which giverise to the
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disordered structure, by least-squares ealculations,
and (111) to refine the crystal structure by the

| east squares technique after including the structural
disorder with appropriate weight. It appeared
logical to expect that if the positional disorder

I n these crystal structures was genuine, the

inclusion of disorder should reduce the crystallographic
Z. ”xo' - Fe”
2. |Fal

of the electron density maos and |east-squares caleu~

The details

R-factor defined as

lations are given i n the ensuing sections, In three
erystal structures out of the four studied by ws, the
disorder was detected from the electron density mg

and i n p~azoteluene, the coordinates of the disordered

structure were already available inliterature.

6.2 Least-squares refinement

(a) ¥BepAs: Section 2.4 desoribes the |least-squares
refinement ineluding the disorder in the crystal structure
of MBPA4A. In this structure, partial disorder occurs
about the azo bond of one of the two erystallographically

independent molecules i n the asymmetric part of the unit

cell. The R-value before ineluding the disorder in the



refinement was 0.146. Prom a difference electron density

map, distinct alternate positions corresponding to two
rotational conformers were found for the azo nitrogen
atoms of one of the crystallographically independent
molecules. Subsequent least-squares refinement of the
oceupancy factors of the two sets of positions yielded

the values 0.7 and 0.% respectively. Wwith this clear
evidence for the simultaneous occurrence of two rotational
conformers, tWO types Of refinement were undertaken.

(1) Two sets of positions were considered for the two

azo nitrogen atoms, assigning the occupancy factors 0.7

and 0,% respectively. ®uis set consisted of 50 independent
atomic positions i n the asymmetric part of the unit oell.
Block diagonal |east-squares refinement of the positional
and thermal parameters of this set reduced the R-value to 0.12

(1i) The aromatie carbon atoms connected by the azo bond
were also assigned two sets Of positions based on a diffuse
difference electron density distridbution. The two sets

of carbon positions were assumed to have the same occupancy
factors, vie., 0.7 and ¢.3%, as the disordered nitrogen
atoms. This set had 62 independent atomic positions in
the asymmetric part of the unit cell. When the least-
squares refinement converged, the R-value had reduced to
0.126 for this set. The R-vaue for both the sets were
lower than the initial value of 0.146. Thefinal results

of the refinement and details of molecular dimensions



have already been presented i n Chapter 2.

(b) p-Azoxyanisole (PAR): Krigbaum et al [1]
have analysed the crystal structure of the nematogen FAA

(Fig. 6.2). They have reported the existence of two
extraneous peaks i n their final differenoe Fourier mg
inthe vicinity of the azoxy group. They suggest that the
structure is slightly disordered as theresult of a small
percentage of the molecules entering the crystal with

the azo bond reversed, so that the nitrogen atems oocupy
an alternate set of positions. This type of disorder
would also explain the presence of the two extra peaks

I nthe difference Fourier magp. However, no further
published results of any refinement including this partial
disorder are available. An examination of the atomic
parameters Of PAA revealed that the azoxy nitrogen atoms
had slightly higher themal parameters compared to the
rest of the atome. The values of the equivalent isotropio
temperature fuctors [2] for ¥{9) and N{10) were 6.47 %
0.15 A and 6.73 1 0.18 A respectively, whereas the
average fOor the rest of the molecule was 864 + U.15 A

At the beginning of our investigations on PAA, a
difference map was computed using the reported coordinates
of Erigbaum et al [1]. This mg was found to contain
two peaks of height « 0.5 eA™ in thel plane of the
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azoxy group, similar to what has been reported by
Krigbaum et al [1]. Another molecular model, which is

a rotational eonformer of the original model could be
fitted so that the nitrogen atoms occupied the peak
positions obtained from the difference Fourier mgp. In
Fig. 6.3, the original molecule and the pesitions of the
two new peaks are shown. N{91), N(101) and H(%2),
K(102) are the original and naw positions of the nitrogen
atoms respectively. The oxygen atom 0(i1) is bonded to
N(91) in the original model. It is interesting to note
that no extra peak correspuonding t0 an alternate position
for the oxygen atom wag found i n the mgp. The nitrosgen
atom N(102) was so situated that it could be bonded to
0(11). The exygen atom is thus common to both the

conformera.

At this stage, the occupancies of thefour positions
N(91), ¥(101), N(92) and N(i02) were refined by the least-
squares procedure, starting with an initial value, of 0.5
for each of them. Inthis e¢alculation, the reported
anisotropic thermal parameters Uij'*" for the non-hydrogen
atoms were converted to equivalent isotropic temperature
factors, B, using the expression given by Hamilton [2].
The occupancies Of the original axd the new sets of
positions refined to values 0.80 + 0,02 and 0.20 + o0.02
respectively. Four mere cycles of block-diagonal least~



sf1aaTy0edsax
gwoje usPoxyTu ¥YY JO suogyisod mou ayy pue TeuTITIO YL

sxe (201)H ‘(26)M vwe (101)H ‘(16)K
ayy woxy sxesd om} WY UITM

+dem J97INOF JOUIIIIITP
SuoTe oTnodTOW YVI TeuTITIO 94g

£
WE\M Saan
ooy R
H -
H . T //
-, T .
F .\-\ W A

P

o
Ve
o
. X I MWHP‘@&WM‘N
PR TN

{

" k\.

\
\
w0
2

Rl



iﬂ .}w
-

Pt

Figure 63 2ke original PAA molecule along with the two peaks from the

difference Pourier up. KN(91), K(101) and E(92), K(102) are

the original and the naw positions of the nitrogen atems
respectively.
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aguares refinement were carried out assigning these
ocoupanoy values to the two setz of nitrogen atoms.

| sotropic thermal parameters were assigned to the
nitrogen atoms ond anisotropic thexmal parametera for
the rest of the non-hydrogen atoms. Hydrogen atoms
were included in the structure factor calculations but
their coordinates were not refined. The R=value had
reduced from the reported value [1] of 0.091 to 0.075
at the end of the xefinement

The final positional and thermal parameters of
all the non-hydrogen atoms are listed in Table 6.1.
Fig. 6.4 shows the bond lengths and angles. Since
alternate positions for the carbon atoms of the phenyl
rings connected by the azoxy group have not been consi-
dared i n the above treatment, the external valency angles
at ¢(6) and ¢(12) are distorted. Also, since the least-
gquares refinement did not include the correlation
between an atom and its dieordered counterpart, the
atomic parameters as well as the molecular dimensions
I n the disordered region are | ess accurate. At the end
of the refinement, the iaotropic temperature factors for
all the four nitrogen atoms were lower than the initial
values; the average baing 4.19 KL compared to the initial

2 2
equivalent B values Of 6.47 A and 6.73 4 for ¥(9) and
N{10) respectively.



i 8

1254 2)se s)et- ¥)ogt ()12 Z2)¥9 vyvtozy (Q)velt £YLoL9 Mmp 0
¥)lc c)ed s)gz- G)991 Mw Ly c)¥8e ¥)tzel §)609¢ £yLoze LL)O
'gyce 2)Le s)o - G)oclL Lyatz 2)6¢8 1213%:1 g)eae ¢yiyel~ (z)o0
Mom oL ¥ me G518 Mmm avve Mmp (20} 24 {(z01)N
z¢Yozv (et)tocs {(¥2)lehL (£1)0051 (26)8
Mm IR Ak 4 c)slle 9)8¢G1 yiveee {101)XN
L)sg e ¥)aLLL 9)86£2 c)e9el 16)8
LYEt- (¥)e¥ clol- L)ool MP“ 622 €Yol gjecory (8)at¥z ¥)s6L9 61)D
9)01 ¥)ag G)S1 G)GO4 0L)622 y)es 5yLOLS 8)6¢92 G)¥25¢ LL)o
9 £)o¥ g - 6)0zZ1 6)002 g)eal GYOL66 L)a19z R A1 9L)d
G)Gi- oY lg €L - oLt Lis¥t £)¢9 gYpeitL (9)2esi ¥)6616 61)0
{9 1253 4 )L - 9)tct 6£)961¢ £)vl gyceary  (L)zlot ¥)96¥ ¥1)D
9)6L- )¥6 v)zL- 9)261 6)L6t 927 9)etlol {L)gGotL 1214114 ¢L)0
9)v%- g)o¥ v cloct 8)681 £)€9 6)88¥s L)essy y)L63s (2t)o
314 YILy )0 9)¢6l 8)9lt ¢)elL a)scLs L)zsye v)2zs - 8)n
9)2 - ¥)ee ¥ ~ LYLoL 8)cll ¢yl 9)¥6 86 L)¢9se ¥)ves LYo
G)09- cYL¥ 12345 g)bet g)¥st £)o9 16669 9)¥i6L ¥)858 9)0
9)6 -~ £)8e V)6 G)ett 6)902 ¢)ol 6)2eel L)99¢ ¥)Lla¥ 6)D
g £)sh e cyyat 8)581 ¢)vo §)9669 LYeli 12134 2R ¥)0
q)6 - c)E¥ €)9 6) i1zt LYeyt ¢)es ¢)Lo¥s g9)ZriL cyeve - 2)0
(L)oz- ()16 (g)se- (L)z9L (or)eez (€)L9 (9)Losy (B)¥ov—  (¥)¥ege- (L)o

¢z <t 2t c¢ 22 thq a0
q g q q z L x woLY

ANM ur)d

‘gossyjuaaed uT USATE axe SUOTYEBTASD pIBPULIS DPOYBUILsSH .
*¥¥3d Jo mﬂovm.nNWomwmmwﬁon b ¢ wo_.uv gxesouered Tewmaays pue TRuOTITeod TeuTy ayuyy *:L°'9 3lqed




Yigure 6.4

The fi nal interatomic band
lengths and angles of PAA.




As mentioned earlier, the difference electron

density map did NOt contain any extra density corresponding
to an alternate position for the oxygem atom. In the set

corregponding t¢ 0.8 ocoupancy fOr the nitrogen atoms,
0{11} is ponded to N(%1) whereas i n the other set
corresponding to 0,2 occupaney for the nitrogen atoms,
4{11) 48 bonded to ®¥{102). Thus, the wygen atom in
the agoxy group is bonded t0 different nitrogen atoms |n
the two sets. This feature is in contrast % what has
been found in the crystal structure of the high tempe-
rature polymorph Of the smectogen ethyl p-azoxybenzmoate [3]
{(Pig., 6.5), where a similar disorder occurs about the
agoxy bond of the molecule. Unlike the disorder in the
structure Of PAA, in othyl p-amoxybenzoate, the oxygen
atom Of the agzoxy group is also disordered | Naddition tO
the nitrogen atoms. The two positionms of the oxygen atom
are On either side of the -N=KR- bond and thus the oxygen
atom always remaine attached to the same nitrogen stom
IN the group (Fig. 6.5).

{e} fraug-Asobensene: Brown [4] has analysed the
srystel Structure of trang-~azobengzene. This compound

orystallizes i N the space group ¥2,/a. There are four
moleocules i N the unit eell with eaech molecule lying on
s centre Of symmetry. There are thus, WO non-eguivalent

pairs of amolecules I N the unit cell and ONE half Of euch



Zigure 6,551 The two sets Of positions fOr the asoxy
group Of atoms in the high temperature
polymorph of the smeotogen ethyl-p-
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kind comprises the contents of the asymmetric unit. The
two non-equivalent azebenzene moleculea centred at (o,0,0)
md(o,o,%) I n the asymmetric part of the unit oell are
indicated i n Big. 6.6, along with the atom numbering

schene.

The atoms Of the molecule centred at (o,o,%), ViZe,
¢(7) to ¢(12) and N(2), were found t 0 have appreciably
larger thermal parameters compared t0 the corresponding
atoms Of the other molecule. The standard deviations o
the atomic coordinates were also larger for the atoms of
the molecule at (o,o,%) (molecule 2}, compared to those
of the molecule at (o,0,0) (moleocule 1), Brown {4]
suggestas that the higher temperature factors of molecule
2 are probably due t o the presence of disorder, with the
molecule oceupying more than one position. But no published
results Of any further investigations conceming the
presence of disorder are availsble.

At the beginning of our investigations, a
d1ff erence Fourier Mg Wes computed using the reported
coordinates Of Brown {4]., |n the region of the ago-bond
o aoleaule 2, an electron density peak was found in the
map, Ihe difference density distribution | n the region
ocoupied by the rest of the molecule was very insignifi-
cant. The difference map peak and its centrosymme tric
equivalent were found to be situated on either sige Of
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Pigure 6.6: Me two non-equivalent trans-asobenzene moleoules
centred at (0,0,0) and (0,0,%).




the -N=N- bond of molecule 2 (Big. 6.7) and clearly
indicated the alternate positions for N(2) ad its centro-
symmetric equivalent. This second set of positions for
the atoms o the -N=N- bond of molecule 2 corresponds to
the rotational conformer of the original moleoule whose
carbon atoms more or |less exactly superpose on the
original pesitions. The origimal and the new positious

of ¥(2) are denoted as ¥{21) and N(22) respectively

(Pig. 6.7). 4s mentioned earlier, the difference electron
density did not indicate the presence of any disorder for

the rest of the atoms in the molecule.

Both the positions of the nitrogen atoms in
moleoule 2 were assigned equal weights of 0.5 each. The
reported anisotropic thermal parameters, bij" of the
non-hydrogen atoms were converted to their eqivalent
isotropic temperature factors, B's. Least-squares
refinement of the eccupancy factore was casried out and
the ocoupancies of ¥(21) and N{22) refined to 0.85 I 0.02
and 0.15 t 0.02 respectively. Five more cycles of block-
diagonal structure factor least-squares ¢alculations with
b”'a for al | the non-hydrogen atoms except ¥(21) and
N(22), and B's for N(21), W(22) and the hydrogen atoms,
reduced the R-value to 0,063. The R-value reported by
Brown [4} without including t he disorder i n the least-
squares refinement was 0.069. Though the reductioni n
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Pigure 6.7: The peaks found in the aifference Fourier mep
trans-agobenzene indicating o second md of

positions for the aso nitrogen atoms of
molecule 2.



the R-faotor by including the disorder i n the refinement
is only 0.006, itis found to be significant accarding
to Hamilton's significance test discussed at the end of

this seetion.

The final positional and themal parameters of
trans-azobenzene are listed i n Table 6.2. The bond
lengths and angles are shown i n Fig. 6.8. The two ~N=N-
bond distances i n molecule 2 are 1.22(1) Z and 1.30(7) X
for the positions corresponding to the occupancy factors
0.85 and 0.15 respectively. For molecule 1, this length
is 1.238(6) 4, |In the earlier refinement of Brown [4]
where two positions were not considered for ¥{(2), the
-N=N~ bond lengths were 4.243 A and 1.172 f& I n molecule 1
and molecule 2 respectively. 4s inthe case of ras and
for reasons mentioned there, the external valency angles
at the phenyl ring carbon atom ¢(7) connected by the azo
bond are distorted.

(d) p-Azotoluene: This Compound crystallizes in

the monoclinic space gmup P2,/a with 2 molecules per
unit cell. Thus, the centres of the molecules coincide
with the centres of symmetry in the crystal lattice.

This results in only half of the symmetric p-azotoluene
molecule being crystallographically independent.

Brown [5] has studied the orystal structure of
this compound. W observed high themal parameters for
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Mgure 6.8: The final interatomic band lengths and angles
of trsns~asobengens.




the atoms i n the eentral aeo region of the molecule

ad an unusual length for the azo bond. He attributed
these features to the presence of two rotational con-
formers of the molecule which randomly coexist in the
structure. N refining the structure after assigning
two sets of positions for all the atoms i n the molecule
(Big. 6.9), he has ovtained alower R-value, better
molecular dimensions and lower atomic thermal parameters.
However, he has not carried out Least—squares refinement
of the occupancy factors, but has assumed an equal proba-
bility of ooccurrence for both the rotational oonformers
Our work on p-azotoluene was mainly to detemine the

percentage ocscurrence Of the two rotational conformers.

Occupancy factors of the two sets of atomic
positions reported by Brown {5] wese refined by least-
squares technique. This refinement confirmed that the
two conformers corresponding to these two sets of atomic

positions occur with equal probability of 0.5 each.

I n the crystal structures o PAA and trans-azobenzene,
the difference Fourier maps clearly indicated two sets oOf
positions, corresponding to the two rotational conformers,
for the nitrogen atoms in the ~K=N~ bond; but, a oarresponding
second set of positions for the rest of the molecule wes
not indicated. This feature eonld be interpreted as

follows. W two molecular models eorresponding to the



of posstions for the p-asotolusne

The two lits
molecule



two rotational conformers are overlapped, the aromatic
carbon atoms oan be made to superpose more or |less
exaotly, whereas the displacement between the two sets
of positions for the nitrogen atoms i n the ~K=N- bond is
substantial (1 4). W the displacement between the
two sets of carbon atoms 1S |less than the respective
standard deviations of the positional coordinates and
also less than the r.m.s. amplitude oOf vibration of that
atom, the difference Pourier mep does not distinctly
resolve the two sets of positions and the peaks eorre-
sponding to the two positions merge to give a diffuse
electron density distribution. Therefore, though
congidering two sets of positions for all the atoms in
the molecule amounts to a physically more meaningful
model, the actual displacements between the alternate
positions for the carbon atems i n suoh a mode eould be
rather exaggerated. A indicationto this effect was
found during the refinement of the eryatal structure of
MBPAA. The 50 atoms sSet, which includes alternate
positions for ths ase nitrogen atoms alone, refined to a
lower R-value Wan the 62 atoms set. As described earlier,
the 62 atoms set corresponds to two sets of positions
far the aarbon atoms in the two phenyl ringse also (section
2,4). Similarly, the separation between the two eets of
positions for the aromatie carbon atoms i n the exrystal

structure of p-azoteluene could also be exaggerated.
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Partial positional. disorder about the ezoxy
bond has been found tO oceur i N the crystal structure
of the high temperature polymoxrph Of the smectogen
ethyl p-agzoxybenzoate also [3]. Here, the twO rotational
conformers coexist with probabilities 0.7 and 0.3.
Hoekstra et al [6] have reported the existence Of
positional disorder about the ~C=0d~ bond i n the erystal

structure Of trans-stilbene.

Significance test for the reduction i n R-factor

Hamilton'a significance test [7,8] waes employed
to assess the reduotion i n the R-value obtained after
including the disorder in the |east- squares refinement
of the orystal struotures.

The R-factor ratio r = RJRO’ wher e Ry 1s the
R-factor corresponding to the set not ineluding the
disorder and R, is the R-factor for the set including the
disorder, Wos caleulated fOor each Of the erystal Structures.
The caleulated X value wes then compared with the signi-
ficanece points for =, via., Weh,n—m,fx’ in the tables
found in {8]. Asdefined by Hamilton [7], b 18 equal to
the number of degrees of freedom of the hypothesis, {(n-m)

IS egqual to the degrees of freedom for the refinement and
a is Che significance level. In other words, b is the
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increase i N the number of parameters refined on including

the disorder i n the refinement, (n-m) is the difference
between the number of reflections and the number of para-
meters refined and (I-a) i s the probability o the hypothesis

that R, is significantly lower than R, being true. Table

Q
6.3 gives the various parameters involved i n these signi-

ficance tests for the four crystal structures of interest.

As can be seen from a comparison of the last two
columns of Table 6.3, the reduction i n the R-factor due to
the inclusion of disorder in the least-squares refinement
Is significant with a probability much greater than 0.995
i n the erystal structures of MBPAA and p-azotoluene. In
the case Of PAA and trang~azobenzene, the number of para-
meters for the set without disorder is greater than that
for the set with disorder. This is due to the fact that
the nitrogen atoms in the disordered region have been
treated with anisotropic thermal parameters i n the former
case and isotropically in the latter. Thus, any reduction
I n the R-faetor due to the inclusion of disorder is very
significant in these two erystal structures and the signi-
ficanoe test is quite superfluous. Thus, the least-
squares calculations eupport the existence of partial
positional disorder in all these orystal structures.



®able 6.3: Besulte of the significance test for the reduction in R-factor
No.of R
Compound Detéailfs_ ofdthe Ro.of parta— fR-t c%%as.- b Nem & béﬁ;“ @
set refine reflec- meters actor =0,
$ioms  refined red @=0.005
weras (i) 48 atom set{disorder 1071 192 0.146 (.?) and 8 871 1,207 1.014
not included) ii)
{(11) 50 atoms set(disorder  1G71 200 c.121 (i) and 5 82% 1.159 1.058
for the agonitrogen (i11)
atoms included)
(1ii) 62 atoms set(disorder 1071 248 0.126
for the azoritrogen
atoms and the carbon
atoms in the phenyl
riNgs connected by
the aeo-bond ireluded)
p-azotoluene (iv) set without 833 60 ¢.180 (iv) and 1.76 1.02
- disorder v 60 T3 765 3
(v) set with disorder 833 120 0.102
PAA (vi) set without 2505 213 0.091
disorder
(vii) aet w&th 2505 169 0.075
Isorder
trans- {viii) set without 1646 166 0.069
agobenzene disorder
(ix) set with 1646 165 0.063
disorder

gt
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