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A Refinement of the Crystal Structure of Azobenzene

By C.J.BrROwWN*

Research Laboratories, Imperial Chemical Industries Limited (Dyestuﬁ"s Dicision),
Hexagon House, Manchester 9, England

(Received 29 November 1965)

The crystal structure of frans-azobenzene has been refined further, from three-dimensional X-ray dif-
fraction data by electronic computing methods. The structure previously published by de Lange,
Robertson & Woodward has been confirmed as essentially correct and this refinement introduces only
minor modifications to the atomic coordinates. The two molecules comprising the asymmetric unit
are still apparently non-equivalent, but from the anisotropic thermal parameters which have been
calculated, one of these two molecules is able to adopt more than one configuration, and the averaging
of this disorder accounts for the variations in bond lengths and inter-bond angles.

Introduction

Previous X-ray work on azobenzene included the deter-
mination of the unit-cell dimensions and space group
by Prasad (1930) and an approximate analysis of the
structure by de Lange, Robertson & Woodward (1939).
The latter work, which involved Fourier refinement of
the b projection only, showed the two non-equivalent
molecules to have slightly different geometrical con-
figurations, but the magnitude of the differences was
within the limits of experimental error, and no attempt
was made to refine the y atomic coordinates. In order
to assist our understanding of the behaviour of more
complex azo compounds, it was decided to reinvestigate
azobenzene to ascertain the significance of these dif-
ferences between the molecules.

Experimental

A commercial sample of azobenzene was recrystallized
from ethanol. The diamond-shaped plates were tabular
on (001) with a bisecting the acute angle. Large plates
were allowed to grow, and suitable sections for X-ray
photography were cut with a sharp edge. The unit-cell
dimensions were redetermined from the measurements
of high order reflexions on Weissenberg photographs
to be:

a=12-144, b=5-756, c=15-396 A, f=114°8".

The previous orientation of the unit cell, which
shows the relationship to the dibenzyl series, is here
retained, despite ¢ being the longest axis. For four
molecules of C;;H (N, per unit cell, the calculated
specific gravity is 1230, while that determined by
flotation in sodium iodide solution was 1-224. The
space group is unambiguously P2,/a. Weissenberg
photographs for intensity measurement were obtained

* Present address: Chemistry Department, University Col-
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about a (zero and ten layers), b (zero and four layers),
and about [101] (zero layer only), thus covering almost
all the sphere of reflexion obtainable with Cu Ko radia-
tion. Multiple films, in two sets of three, were used, and
the intensities of the reflexions estimated by comparison
with a time-exposure calibrated film strip. The zero
layers about a and b were also measured on an inte-
grating micro-densitometer. Correction factors for
polarization and the geometry of the system were ap-
plied in the usual way, and experimental structure
amplitudes of 2225 planes obtained. Of these, 579
were too weak on the longest exposed photograph to
be assigned accurate values, so that 1646 terms were
actually used in the refinement.

Refinement of the structure

The approximate structure was already known, so
that was used as the starting point. Several sets of b
electron density projections and 40/ structure ampli-
tudes were calculated manually to improve the x and z
coordinates. The best electron density projection is
reproduced in Fig.1, from which it may be seen that
there was some uncertainty in fixing the atomic centres
owing to several pairs of atoms overlapping. The best
x and z values were used together with the y coordin-
ates of de Lange, Robertson & Woodward (1939) to
calculate some F(hkl). Only about the first 175 terms
gave sufficiently good agreement with experiment to be

certain of their phases. Successive sets of syntheses
along lines parallel to b were computed manually,
using Beevers-Lipson strips, followed by recalculation
of structure factors until the phases of almost all the
terms were known. All the terms were then used for
computing sections perpendicular to b through each
of the atoms in turn, with the result shown in Fig.2,
which is a composite electron density map.

The atomic coordinates from these last lines and
sections were then used to compute three cycles of
structure factors and differential syntheses on the Man-
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chester University Mark 1 electronic computer; these
were kindly carried out by Dr P.J. Wheatley. For the
second and third of these cycles, hydrogen atoms and
individual isotropic temperature factors for the carbon
and nitrogen atoms were incorporated in the syntheses.
The hydrogen positional coordinates were not refined
by the computer, nor were the temperature factors;
these were used to improve the structure amplitude
agreement, which was reduced to 13-69%; at this stage.
The positions of the hydrogen atoms are shown clearly
on the b difference projection, using values of F(obs)—
F(cal), for carbon and nitrogen only, as coefficients;
the projection is reproduced in Fig.3.

After an interval of several years, it became possible
to carry out refinement of anisotropic temperature
parameters on our own Ferranti Pegasus computer,
using programs prepared by Cruickshank & Pilling
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Fig.1. Two-dimensional projection along b. Contours are at
intervals of 1 e.A-2, the broken line being the zero contour.
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(1961). A further seven cycles of structure factor and
least-squares refinement calculations were carried out,
with the eventual reduction of the residual R to 6:9°.
At this stage the shifts indicated both for the coordin-
ates and for the anisotropic temperature factors were
less than the corresponding standard deviations, and
the refinement process was judged to be complete for
the experimental data available. Table 1 gives the final
atomic coordinates and temperature factors. Table 2
gives the experimental and calculated structure am-
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Fig.2. Composite three-dimensional electron density map,
showing sections through each atom. Contours are at inter-
vals of 1 e.A-3, the lowest being 3 e.A-3.

Table 1. Atomic coordinates and thermal parameters

The values of B are defined by the coefficients in the expression

exp [—3(h2a*2By +2hka*b* B>+ .. .)]

used in the calculation of the structure amplitudes.

x/a y/b z/c By,
C(1) 0-1409 0-1338 0-0678 3-25
C(2) 0-1732 0-3451 0-1142 4-36
C(@3) 0-2940 0-3898 0:1709 4-83
C4) 0-3808 0-2304 0-1780 3-81
C(5) 0:3482 0-0214 0-1290 3-55
C(6) 02285 —0-0275 0-0741 3-88
N(1) 0-0145 0-1027 00114 3:43
C() 0-0705 —0-0469 0-4211 4-01
C(8) 0-0621 —0-2299 0-3615 4-83
C(9) 0-1310 —0-2320 0:3096 5-33
C(10) 0-2072 —0-0521 0-3163 5-00
C(11) 0-2151 0-1338 0-3756 5-48
C(12) 0-1471 0-1369 0-4284 4-50
N(2) —0-0082 —0-0744 0-4720 5-60
H(2) 0-1052 0-4741 0:1064 )
H(3) 0-3192 0-5513 0-2099
H4) 04743 0-2669 0-2218
H(5) 04167 —0°1034 0-1340
H(6) 0-2032 —0-1904 0-0363 |
H(®) 0-0014 —0-3721 0-3557
H(9) 0-1247 —0-3767 0-:2635
H(10) 0-2611 —0-0547 0-2756
H(1) 0-2747 0-2769 0-3807
H(12) 0:1534 0-2813 04753

AC21-10*

B> Bs; By, B3 B3
3-55 3-50 —0-24 0-13 1-28
3-84 4-82 —0-31 —0-58 1-71
4-14 4-85 —0-89 —0-87 1-39
5-27 4-29 —0-71 0-05 0-90
4-83 4-47 0-18 0-06 1-28
372 3-78 —0-06 —-0-14 1-28
3-41 4:22 -0-09 —0-22 1-33
632 4-09 0-73 0-74 1-43
5-60 6-01 —0-22 —-0-62 1-87
6:66 5-04 0-26 —093 1:75
7-91 4-22 0-55 0-30 1-93
6-50 4-90 —0-55 0-38 1-57
567 4-12 0-24 —0-52 1:26
5-40 576 —0-03 —0-84 1-58

Mean isotropic B=3-60

Mean isotropic B=4-80
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Table 2. Observed and calculated structure amplitudes

H Kk L F(oBS) F(cAL) HK L Floes) FlcaL) | H Xk L F(oes) F(cat) | H K L F(os) FlcaL) HK L F(oBs) F(caL) | H K L F(0BS) FlcaL
oo H 7.9 *+7.5 8 0 =13 1440 +I3.9 1T 6 3.8 +3.1 S 1 -I3 16,8 +16.3 9 1 -a 18,7 +18.8 12 -7 9.3 +8.3y
oo 3 138.0 +38.0 B o -13 13.3 *ii.g T 7 S.3 46,0 § 1 ~1a  f.r +hey 9 1 -1 Il.g +11.6 T3 6 30.8 +3249
oo 3 8.3 +7.2 8 o -11 2.0 4049 11 8 9.7 ~9.5 s T -rr 9.2 +8.1 9 I 0 I4e7 *lieg 13 -5 9. -lo.a
©0 4 55.3 -sS.2 80 Tto 1.8 +a.1 11 9 9.5 +9.8 S 1 TIo 4.5 t2.6 91 1 3.9 %40 T3 =4 6.9 4.
o0 5 b.r  ~4.3 B o =9 7.6 =7.6 Tro1r B.3 49,9 s 1 -9 8.7 -8.1 9T 3 7.3  =7.5 a2 -3 9.5 <=lo.g
00 6 I5.6 +rs5.1 80 -7 11 13 13,8 41341 -5 1 -8 2.3 ~1.7 91 1 33 —403 T 3 =3 11,3 -ra.
00 7 9.5 *9.9 8o -k Tt 13 8.4 +8.1 §$1 =7 r0.f 9.0 9T 4 4.0 3.6 T3 "1 15.5 41449
©0 8 1447 -13.9 80 -4 1114 3.5 4343 51 -k 36,6 +36.9 91 5 3.7 4.8 T3 o 4.0 oy
00 9 2.0 tagy 80 -3 TIo16 3.1 =348 ST om5 348 43,6 91 & 3. tas 1 a1 19.2 418
oo 1o 6.8 +6,3 80 =2 1t 17 42 44 S 1 ~4 20.7 *ar,.3 Ta 2 343 “agea
00 1 4.8  44.6 80 -1 ST =3 7.7 +6.0 10 1 -19 1.0 -141 13 3 1.4 -r3ex
00 I3 6.3 +6,2 80 o 31 ~18 0.8 0.7 S 1 "3 Sez 4.1 10t =IS 2.0 =31 T2 4 10.0 =I1.6
00 I3  4e7  *4e§ 80 1 31 =17 1. +0.8 ST I 9.4 +7.6 10 1 ~I4 3.5 -a.6 T2 5 1844 -9.5
00 14 3.1 +3.3 80 2 21 =16 3.4 +3.8 §1 0o 137.9 *37.0 10 1 -12 4.9 +3.8 L L e I ]
00 16 9.5 +9.8 8o 3 21 -15§ 1§ -1.9 5t 1 4.2 +3.6 16 1 -10 Te2 +lor ra 7 Se0 +543
©00 17 5.3 +4.8 80 s 31 -1 4.6 —4.2 51 3 13.8 +14.7 101 =9 j.4  *ies T2 8 9.3 =1049
oo 18 1.9 =21 80 & 31 =13 Se2  +4a6 ST 3 3.7 +3.1 101 =8 2.9 =-2.8 T'a 9 4.1 +4e2
80 9 21 -11 3.1 +3.2 51 4 .7 taer 101 =7 3.7 +4.3 13 1o 3.3 41,5
30 =18 3.9 ~4.5 80 8 31 =10 IS.1 +I3.6 SIS 3.2  —a.3 101 -6 8. +8.0 T2 11 3.0 434
20 =17 B.5 +8.A 8o 11 31 =9 16,7 =-I5.1 ST A 8.0 +7.8 10 1 =5 1§5.2 ~14.2 Tao14 8.4 8,5
20 =16 7.3 6.8 31 -8 4.9  -=3.9 S 1 10 3.1 +1.8 10 1 =4 449 =4.0 T3 15 3.3 -aer
30 ~15 4.0  +3.9 10 0 -19 31T -7 1a.4 +I1.0 ST 11 3.1 +3.0 10 I -3 10.3 1049 T2 16 4 -
30 -14 Se3 +5.9 10 o —18 31 <6 346 *+34.5 51 13 3.3 *3.8 o1 -2 9.7 9.6
30 =13 9.5 9.0 10 o -17 31 =5 30.8 +37.9 ST 14 3.9 3.0 10 1 -1 6.3 +6.1 3316 2.9 -ab
30 =13 2.7 -3 10 0 =16 31 -4 31,0 +30.2 101 o  te2  +le1 33714 1.9 -r.7
20 =10 12.1 +1049 10 0 -1§ 31 -3 as.t -a5.8 61 -19  au taaa 101 1 1.3 +0.6 323713 3.r daug
30 =3 3.8 -3.8 10 0 -14 31 =3 31,0 -=33.5 6 1 =17 3.9 +3.8 101 3 2.9 -—Se0 33 ~1a  f.9  +ie0
230 -8B 12.8 +13,5 10 0 -13 31 -1 39.8 =j0.9 6 1 -16 2,1  -a.1 101 3 3.0 ~3.9 33711 68
20 -7 3.7 +a.8 10 0 =13 31 o 15.8 +r5.8 A1 -5 3.3 4309 101 S 1.4 ti.§ 32 710 3.0 —a.y
30 -6 17.4 *i15.2 10 0 =11 3T 1 1449 +1f.3 6 1 =14 Sed  *5e4 101 8 3.5 -3.4 32 =9 9.3 8.0
30 -5 8.1 +6g.0 1o o =10 21 a2 bo.s 61, 61 =13 4.9  “4e3 33 -8 11.7 41100
30 =4 118.2 +116.6 100 =9 313 3147 43343 6 1 =13 10,31 +9.9 It =18 1,9 ~1,.1 A2 77 19.6 +a0.1
30 =3 70.0 +68.9 10 0 -7 31 4 T4e7 ~15.9 6 1 =11 43 4.3 111 -1y 1.5 -3.0 22 =6 10.8 +11.7
30 =2 2944 =39.3 1o 0 - 31 5 R =p.5 6 1 ~10 3.0 =2.3 1 I =12 3.2 -1.8 33 =5 232.9 +33.6
30 =t 5.8  +5.0 0o 0 -5 31 A 5.3 +37.0 61 =9 L. 1.3 T T m11 447 t4e3 33 -4 3.7 =a.§
30 o 28,8 -aB.s 10 0 -4 31 7 5.9 4.7 61 -8 k.2 =5.g I 1 10 1.4 *1.6 33 =y 18,7 -17.8
a0 1 73.3 -71.3 to o -3 2t 8 1f.5 ~11.7 61 -7 19,0 =17.,0 I -9 Sod +4es 2 3 -3 26,5 +ab,s
30 3 110,38 +109.9 t0 0 -1 31 9 1.5 0.5 6 1 =6 13.7 =~11.8 It 1 =8 3.7 *4.5 33 -1 a5.8 a6
30 3 46.9 -3h.9 100 o 3T 10 Se4  —Se2 61 =5 3.7 *3.6 It 1 -7 1041 *9.0 33 0 9.6 =9.5
30 4 1.7 +1.2 to o 2 a1 11 1.7 +1.9 61 -4 1.5 ~I.0 I1 1 =6 10,7 +10.6 a3 T 4.8 =5e1
3o 5 447 —4.3 10 o 4 ar 13 3e1 +3.4 A1 =3 20.6 +18.7 1T =5 3.2 +1.9 aa 3 1447 *15.9
320 6 1h.4  *15.8 10 o 6 21 14 $e7 ~5.5 A1 =2 15,6 +14.8 11t =4 1343 +I3.9 a2 3 5e0 =Se3
30 7 16.0 +15.4 31 1S 4.0 3§ 61 =1 9.5 8.2 1 =3 8.4 —7.8 33 4 37.9 +317.4
30 8 20.0 +19.3 12 0 ~14 1.9 +3.8 31 16 3.7 =141 6 1 o 1.0 -1.4 1rr =2 3.3 -a.5 33 S Tes 0.7
20 9 32.8 +31.2 132 0 -13 1.5 -2.3 LI 1 9.8 -9.9 1 -1 4.2 —5e2 33 4 9es 9.9
20 10 6.8 “7.5 13 0 ~11 98 +8,4 31 -17 33 +32,8 A1 3 3.5 *a.3 o ° 3.3 =3.5 33 7 4.0 +4e0
30 11 841 475 130 =10 9.8  +g9.2 31 =16 2.7 =1 61 3 11.9 -1a.3 LI 2 1.6 +1.7 32 B 1.4 40,8
30 13 3.4 +3.3 1230 -9 1A,3 +15.§ 31 ~1s 7.3 +h.R 61 4 5.6 -=5.8 It 3 3.0 +3.3 3.2 9 Ilea +11.6
20 16 3. - 130 -8B 13,6 +12.3 3114 6ar mses |61 s tes <18 larr 4 aig mpeg | 33 30 6ur 46,6
1230 <7 3. +1.7 31 -13 3.6 =443 61 6 B, B3 D15 3.2 *a,§ 33 11 404 H4eB
40 =18 1.4 +1.7 130 -6 1I.5 -lo.§ 11 =11 3.9 =3.0 1 8 3.8 -3, 1t r & 2.0 +1.5 33 13 3.8 4
4 0 =17 3.7 ~3.4 13 0 =% 6oc 6.4 3 1 10 15.8 +15.0 A1 10 T4 ~f.9 23 13 7.0 7.3
4 0 —14 8,2 =7.9 12 0 -4 3.2 +1.5 31 =9 1f.2 +15.6 12 1 =13 Te4 +1,0 23 14 1e7 ~1.8
40 -15% Qel +9.0 t2 0 =3 7.6 9.1 31 =B 48.1 45044 7 1 =17 3e1 +3.3 13 1 ~11 2.0 +344 23 15 1.0 “let
40 =14 3.1 -3.9 120 -3 11.0 +11.9 31 =7 19.9 *at.o 71 -1h 1.7 -1.3 12 1 <10 A.5  +5.z 32 16 0.9 0.7
4 0 =13 13.1 +11,.8 13 0 -1 4.2 ~4.3 31 =6 10,8 +11.1 71715 3.3 *a.7 a1 -9 4s7 "4
40 -12 9.8 +10.7 12 o o 3.9 =3.1 31 =5 7.4 =75 71 14 1.8 +3.7 12 1 -8 749 7.0 33 ~17 1.3 -1.7
40 <11 8.0 7.6 120 I 4.6  tge1 31 =4 a3.s -33.7 71 =13 3.1 *3.1 a1 =7 4.2 -3.7 33 715 3.9 733
4.0 -0 4.0 t4en 130 1 2.2 *aa 31 =3 18.2 -14.1 7 1 11 9.7  +3.0 121 =6 8.4 =B.o 33 14 1.5 +ay
40 =9 11,0 +9.2 T3 e 3 3.6 +3.3 31 =3 3743 +35.6 71 =10 8.3 +8.2 131 =g Auy 5.6 33 13 I.§5 +1.a
4 0 =8 39.4 +38.8 12 0 4 Ta1 +1.0 31 TI 13.5 +13.8 71 =9 749 6ot 131 -3 3.3 ~3.8 32 71t 1le9 +Ile1
40 =7 17.0 =17.6 1a 0 S 3.5 +2.3 31 o W +B.g 71 -8 8.1 +8.7 12 1 =3 2.0 -3.2 33 =10 18.1 41749
4 0 = 35.6 +35.1 31 I 8.0 +9.2 71 =7 1.0 —0.h 121 T Tes  *l.s 32 =9 hes  +5.9
40 -4 1.9 2.2 1400 IS 2.5 +3.4 31 3 16,6 +19.4 71 -A 2.9 +2.7 12 1 3 3.0 -1.7 33 -8 13.4 +13.3
40 -3 18.9 *19.5 140 =14 4.8 5.3 313 33.0 -23.9 71 =4 35.7 +a8.3 131 4 4.0 3.3 313 -7 7.3 -8.3
40 -3 ar.1 +ably 14 0 =13 fu5  +5.4 31 4 4.5 +36.7 71 =3 3.0 -a.2 32 =6 4.1 -12.0
40 -1 13.5 -13.4 14 0 ~13 447 +5.3 31 § 3.9 3.4 71 =3 9.6 4947 131 =15 2.3 +1.8 33 =5 6,8 -7,8
40 o 3e =3.5 14 o =11 3.5 3.7 31 6 1146 +1241 71 -1 3.0 3.2 13 1 =14 4.9 a5 33 -4 12.6 +13.6
40 1 3.2 =35 14 © -10 3.6 3.5 31 7 1041 +11.3 71 o 13.8 ~-11.9 13 1 -13 407 3.4 32 =3 Se8 244
40 3 37.1 +37.6 14 o0 -9 3.1 ~3.0 31 8 1o.s *11.3 71 1 3.5 +a,.7 I3 1 -1a 6.8 +7.0 33 "3 153 +15.3
40 3 25.8 *as.h 14 o -8 T.4 -1, 31 9 10.23 +i0e9 71 3 18.3 +16.9 13 1 =11 3.6 +3.1 32 -1 36,0 =27.3
4 0 4 43.B +41.9 14 0 =A 2.2 +3.1 31 10 3.0 =33 71 3 444 +4.6 131 =6 340 ~3.2 3 2 0 17.8 =-16,8
40 S 17.8 +16,6 14 0 -5 3.0 +3.1 31 11 3.0 +1.9 71 4 16,3 +r5.7 131 -3 3.0 “2.2 33 I 17.1 =16,.6
40 6 58 +5.3 14 o =4 Jed 1.5 31 ta 9es ~-8.8 71 s 3.0 +3.1 131 -3 LI +549 33 3 17.3 =17.7
4 0 7 1044 ~9.3 14 0 -3 343 +3.5 31 13 3.3 “3e4 71 7 1.6 “I1.6 131 -1 361 -3.6 33 3 18.5 +19.7
40 B8 3.4 +3.% 14 0 =3 7.7 464 31 1A 1.7 +r.q 71 8 1.4 “I.6 131 0 3.6  +3.2 313 4 33.3 =ag.7
40 9 5.8 =53 14 © o 7.9 +7.3 71 1o 3.7 =37 131 1 1.5 +la4 3 a 5 I4.2 *1S5e3
40 11 B.s +8.q 41 =18 3.3 3.0 71 11 16 t1.3 131 2 3.7 +a.3 332 6 2.7  +o.8
4 0 12 3.7 ~4.0 o1 Tt 18.5 <-I19.0 4 1 =1k 346 +3.6 71 13 r.o 0.7 131 3 3.3 +3.8 33 7 3.6 +2.8
40 13 5e3 +5e3 o1 3 68,1 -Aj.2 4 1 -1 1.4 1.9 313 B 7.3 47,3
40 1% 1.6 ~1.6 o1 3 34.3 3440 4 1 ~14 10e1 +10.4 8 1 ~19 1.2 +0.8 14 1 -1 2.0 +a.1 33 9, 3.5 ~3.1
ot 4 38.5 +38.4 4 1 -13 349 —4+3 8 1 =14 1.5 1.1 T4 T ~14 1.9 33 10 10,1 =100
6 0 -19 1.0 +047 o1 s 1.3 0.7 41 -13 h.s  -s.9 8 1 -15 1.7 +3.0 141 =13 1.5 313 11 9.8 9.6
6 o =18 e +3.3 o1 b 14.3 -1443 41 =11 1.2 +13.7 8 1 -1 1.7 0.8 14 1 =12 1.3 332 12 6,5 =h.7
6 0 ~19 6.8 +5.9 ot 7 Sez +5.5 4 1 -10 $e6 +.,0 8 1 -1a 1e§ “le4 14 1 =11 3.7 3 3 13 3.8 =3.8
60 ~1F 4.3 *4a9 o1 B 10.8 ~I1.3 41 -9 9.3 +8.4 8 1 -1 8.6 -8By 141 -t 3.1
60 =15 4.0 +3.9 01 9 3.0 =31 41 -8 18.6 +18.1 8 1 =10 4.3 -39 41 =7 3.0 43 -17 1.3 +1a
Ao -14 1.9 ~1.0 o1 10 4.6 ey 41 <7 14.9 “IS.S 8 1 -9 Ted4 -1,6 141 -6 3.0 4 3 "1g 6.7 6.3
6 0 =13 2.2 +147 o1 11 344 +31.9 41 =6 13,3 -132.4 8 1 -8 11.a +10.3 141 -1 1.3 4 2713 7.3 *7.2
60 ~11 5.8 4443 ot 13 8,8 -8, 4t =5 8.1 -8.7 81 =7 1.3 -1.3 14T 0 4.0  —4a2 43 =12 B.1 +g9.0
A0 -10 7.1 +8.1 o1 13 1.7 -1.8 41 =4 9.5 9.3 8 1 -6 15.9 +I5.1 43 71T 7.0 +7.3
60 =9 35.1 +34.% ot 15 3.1 +3.3 41 =3 19.0 =-17.8 8 1 -4 h.8 ~5.8 03 0 4.6 41448 4 3 =10 15,6 +14.8
60 -8 11.4 +10.7 41 =3 18.4 ~1743 8 1 -3 11.0 +10.2 03 1 1.4 +1l.9 42 "9 by Heg
b0 =7 8.1 +7.3 11 ~18 Tez ~1.1 41 =1 21.9 <-3l.o0 8 1 =2 1043 -B.g o a 3 311 +30.7 43 -8 9.0 ~8.8
Ao - kg #36.8 11 -17 B,z 48,1 41 0o 23,1 *ar.g 81 =1 4.0 <43 o 3 3 I1e§5 =-12.3 43 =7 I32.5 “=Il.3
60 =5 35.0 =-34.6 I o-16 3.3 +3.8 41 1 8.9 ~9.8 8 1 0 I3e5 “13.6 o3 4 5.9 +643 42 =6 Te3 +1.0
6 0 -4 23l.9 +21,8 11 -1% 1.3 +1.1 41 3 23.1 +a3a1 8 1 1 9.1 “9el o a S 1448 =14.2 42 -3 3.6 =36
60 =3 1449 *14.7 T o~1g 3.6 +3,8 41 3 20.2 +a0.2 8 1 3 Se7 =5e0 © 3 6 1441 =1347 43 =4 9.6 =B,g
6o =1 27.7 +37.2 T 1=y 3. =343 41 4 30.0 =39.3 8 1 6 6.8 6.3 ° 3 7 ge3  *gef 4 3 -3 3.5 *ilen
Ao o 25,0 +a4.8 Prerr 38 -y 41 3 10.1  +9.9 81 7 38 -gar 63 8 1.0 =04 43 "3 15,9 tiSes
66 1 4.0 +3.3 It =10 6,9 +heo 41 6 138 =119 81 B 1.7 +1.9 03 9 S.g +6.3 43 -1 a.  taa
60 3 18,7 +18.9 11 -9 8.8 8.4 41 7 3.2 =3.1 B 1 11 1.8 41,6 03 II 7.0 A1 43 0 30,7 *+30.6
fo 3 1507 -1ha2 11 -8 3.3 -13.9 41 B 1.8 +1.6 03 I3 2.9 +i.1 43 1 T -I.3
6o 4 45 *4.5 Irr -7 343 +3.6 41 9 2.3 -2.2 9 1 -19 3.8 +3.1 ° 3 13 2.8 +1.3 43 2 tles4 ~-10.8
6o S 3e4  *3.l I T -A 2. *i.s 41 10 6.3 6.0 9 1 =18 3.5  +4e1 © 3 ¢  3es  *349 43 3 1.7 -1.8
L LR TTLENE 3 § 9% T 1 =5 1319 +33.9 41 11 42 ~4.0 9 I =17 2.8 +1.9 © 3 1§ Sel +449 43 4 32.4 *a0.3
6o R Bas +6,1 T =4 6b4.1 +hi.0 41 12 1.9 “1.5 9t -16 349 +4.8 o3 17 1.0 ~1,0 4 3 § 7.0 A8
b0 9 3.2 43,5 T 1 =3 63.9. +62.8 41 I3 3.4 -3e0 9 1 =I5 45 4t 43 6 13,5 tiyes
60 10 1s1 +0.9 T 1 -3 8.7 +a8.% 4t 14 10 -1.3 9t -14 1.9 -I.6 13 =17 3.3 +3.0 43 8 18.8 -17.9
fo 11 40 =42 11 -1 1e.0  +g9.7 41 IS Te4  -lea 9 I "I3  4eS5  *4e0 13 ~14 3.3 ~l.9 43 9 30 ~a2.8
60 13 48 447 11 o 66,9 +66,1 91 9 3.1 +a2.8 13 =13 2.3 =344 43 0o 3.3  -3.1
It 1 68,7 —67.8 ST =18 1.3 ~1.t 91 =8 7.0 +1.3 12 =13 s.1  +5.§ 43 11 3.5 +3.6
8 0 =18 1.0 +1.8 T I 32 70.0 +69.3 $ T -I7 1.3 ~1.0 91 =7 2.  —a.g 1 a =11 hoo —h.6 43 13 3.7ty
8 o -16 1.8 ~0.8 11 3 as.q4 =a5.7 s 1 -16 1.7 +3.0 91 -6 8.6 +8.8 1 3 ~10 Se7 +6,.6 43 13 31 +3e4
8 0 =15 7.6 +7.3 It 4 3.0 ~l.g S I =I5 4.6 tget 91 =5 66 —.3 T3 =y 3.1 t3.4
80 -1y 149 +3.9 T s Sed +6,.3 LI St 7 Te§ 0.7 9 -3 §e7 +5.8 13 -8 7e0 +7.4 s 3 -1 1.0 +1.0
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Table 2 (cont.)

Hx L Floms) Fical) | wx L r(oes) Flca) | Wk L Flops) E(cal) | Hk L Floss) Fica) | Hx L r(ops) Flca) | H Kk L FloBR) FlcAL
s a2 -1g 3e4 +302 92 -6 Sea 13 =2 18.0 +17.9 $3 10 2.8 +3.5 11 3 T 2ol +0.9 34 7 Se5 438
S 3 ~14 1343 +13e9 9 2 13 0 9w "9 $3 15 37 *4e3 i1y 3 3.0 4 34 8 2.4 -aes
S 3 ~1a 1IS.S +r5e0 9 2 IS 1 1404 “TSe0 Ity 4 3er 34 10 -
§ 3 =11 403  ~4¢6 93 T3 3 2443 T3449 6 3 -8 1.t +1.6 34 13
S 3 <16 10,9 -—10.6 9 3 13 3 10.4 “I0.8. 6 3 ~17 3.2 +3.3 13 3 -1§ 2.0 =3.0
S3 9 3.4 304 93 13 4 3.6 =40 63 =16 3.8 +3.8 £33 =9 3.7 *=3e4 | 44 26
s3 -8 4.5 ~3.8 9 3 13 1 45 +440 6 3 -14 2.3 ~3,0 ta 3 =7 ~3.9 4 4 IS
S 3 =6 2.6 +3.4 9 3 T3 6 9.8 49,5 6 3 =13 3.9 +a,.% 133 =S 3.3 =3.6 44 -4
$ 3 =5 10.5 =~I0e4 9 3 T3 7 3ot +3,8 6 3 -1a 9eS +9.8 133 -4 1.8 ~1.8 4 4 713
5§32 =4 tB.g =t7.S§ 9 3 T3 8 Te3 +1.0 6 3 -13 6.7 740 a3 =1 3.6 =3.4 4 4 =313
$3 =3 6.3 6.3 9 3 I3 1o 3.3 3.0 6 3 ~10 9.3 49.1 133 o 2.3 1.7 4 4 =10
s 3 =2 Tes ~“Te3 9 3 13 11 1.5 “I.6 63 =9 13.7 =13.7 53 3 1 .7 ~1e9 44 -9
$3 -t 3.1 +3.x 9 3 T3 I3 3.8 —3e3 63 =8 13.3 =13.3 133 3 3.9 3.1 44 -8
53 o0 13.4 +13. 63 =7 T1.§  +l.3 44 =7
5 a T Se7 6.8 10 3 ~18 1.3 13 ~17 1.0  +1,0 63 =1 6,6 46,6 13 3 =13 T.5  —Ie3 44 -6
s a 3 Sed +5.6 To 3 -1§ 1.6 33 -1% 3.7 +a.§ 63 ° 948 +9.9 13 3 =13 Tes4 +I.3 44 -5
s 3 4 2.9 +3.1 10 1 -13 3.9 33 -14 3.6 +3.7 6 3 2 1349 ~13.7 133 -8 2.3 =33 4 4 T4
s a 1 8.4 +8.7 10 3 ~13 3.0 23 -12 3.8 +3.0 6 3 3 9e3 1043 133 = 304 ~3.9 44 -3
s 3 6 19.9 =30.5 10 3 -11 1e4 323 11 3.7 “3.9 63 4 3 ~4e9 133 ~6 .3 ~fel 44 "1
s a 7 1.9 ~3.5 to 3 -10 407 33 ~to Se3 +5e3 63 5 §e0 =5.6 133 -4 3.0 +3.6 4 4 o
s 3 8 18,5 -18.8 103 -9 3.9 23 -8 4.0 ts.z 63 7 3.0 *a.6 133 =3 3.5 +3.2 44 1
53 9 4e3 ~4e3 103 -8 Se9 a3 =7 59  *Se0 63 8 15.7 -15.6 133 -3 1.3 +1.0 44 3
S 3 1o 3.3 —3e4 fo 3 -7 3.0 33 6 4.3 t4es 63 10 3.0 “3.7 44 3
s 3 11 Ted4 ~t.h 10 3 =6 Te1 323 -5 3.0 -3.3 14 3 =131 1.7 0.9 4 4 4
s 3 13 3.0 ~1e9 10 3 -g 33 —4 3S.T +35.4 7 3 -18 .7 +3.0 14 3 ~to 3.5 -3.8 44 s
to 2 -4 33 -3 2.7 ~I%e4 7 3 =t7 1.5 “—ted 14 3 =9 1.0 ~I.0 44 6
6 3 =17 4.7 the4 10 3 -3 33 "3 .4 “I.0 7 3 =16 5.6 =5.6 143 -8 1.7 ~lex 44 8
6 3 -16 3.8 +3.3 10 3 -3 33 -t $e8 TR 7 3 =15 6.3 -6.8 143 =7 0.9 ~I.5 4 4 9
6 2 -1 1.7 +1.7 10 3 o 33 0 3I.1 =I19,3 7 3 ~14 T4 ~8.3 14 3 -6 1.0 +0.8 4 4 10
6 3 -r4 3e3 “te4 10 3 1 33 T 3.1 +3.3 7 3 =13 3e3 =3.6 143 -5 3.0 ~3.5 4 4 12
6 3 -13 th.7 =15.6 1o 3 a a3 2 1.7 ‘1.7 7 3 -1t 9e2 +10e0 143 =4 1.0 “1e6
6 3 -11 344 +3.4 10 2 3 33 3 1.1 -0.8 7 3 -t0 146 +1,.8 5 4 "ts
6 3 -ro Te3 +74§ 10 3 s 23 4 7.4 =18.1 73 =9 3.3 ~3.5 o4 o Ter 2.8 S 4 =13
6 3 =g Ted -8.6 to a 7 teh 33 A 9.0 97 73 -8 8.0 +9.2 o 4 1 Se§ ~5e6 s 4 -t1
6 3 -8 1.6 +rt.6 33 7 5.0 +6.0 73 =7 fas “7.0 o 4 3 13.6 ~I4.0 S 4 ~t0
(6 3 -6 4.8  +4.1 I3 =17 1.7 1.3 33 8 3.1 +3.4 73 =6 3.7 43,7 °04 3 1.0 0.7 s54 79
6 3 =5 10,3 +9.6 113 ~16  a.§ 23 10 446 =47 73 =4 1.8 =a.0 o4 4 Se3  =S5e§ s 4 -8
6 3 -4 19.6 +18.8 113 -14 fes 33 1t 407 47 73 © 10.0 “-1l.3 o 4 5 7.9 ~7e7 54 =7
63 =3 1.3 +r.4 1T 3 -13 2.0 23 13 1.4 0.9 73 1 9.2 -10.0 04 b 144 41,5 | 54 6
62 -3 6.1 ~449 11 3 -13 3.7 33 13 Te4 0.7 73 2 10.9 —13.3 o 4 7 3§ ~32.6 5S4 -5
632 -1 3.6 +3.2 o3 -1z 3.8 33 14 2.1 ~3.3 73 3 1.7 “Ie7 o 4 8 348 =36 S 4 ~4
63 o 2.3 +1.6 1t 3 -9 3.6 73 4 1.7 +3.0 o4 11 3.3 ~%.4 sS4 =3
63 1 5.0 4.6 11 3 -8 4.8 33 =16 1.3 4o.7 73 s 8.1 +8.1 04 I3 1.7 ~3.t 54 -3
63 3 1.8  +r.9 1T 3 =5 5.8 33 "4 3.5 *a.6 73 6 7.8 54 ©
6 3 3 Se§ =5t rr a3 -3 8.2 33 -rr 3.3 *3.3 73 8 3e4 14 -14 3.9 +3.3 54 ?
6 3 4 Il.g “=I.S 11 3 =3 4.8 33 -8 3.8 —3.3 73 9 1.3 1 4 =13 3.1 +3.0 54 3
6 3 s 3e7 —4.1 T3 -1 te7 33 =7 57 “S5e3 73 1o Tel 14 -13 7.8 +8.9 54 3
6.2 A 159 *14eS 1T 3 o 3.5 33 =6 6.3 —6.9 T4 -1 3.3 +1.9 5 4 4
62 8 A8 +6.5 112 1 2.0 33 TS 3.3 *ieo 8 3 -17 3.2 14 =9 3.6  ~a.7 54 s
6.3 9 Se4  +4e9 1t 3 3 a.g 33 —4 16.5 ~17.6 83 ~13 3.5 14 -8B 6.1 ~b.4 54 6
63 10 6.8 6.5 11 3 3 1.6 33 =3 8,5 8.0 8 3 =13 7.6 14 -7 Te4 “1.5 54 7
63 11 a1 413 T3 4 1.3 33 -2 9.1 -B.s 8 3 -10 9.3 T4 =h 3.0  *+3.3 s4 8
33 "1 16,7 ~I7.§ 83 =9 7.5 T4 N5 4ed T4e7 54 1o
7 a -19 1.8 +1.9 13 3 -1 1.0 33 o 9e7 +ge0 8 3 -8 11,5 T4 -4 Se7 +6.1 54 11
7 3 -18 1.6 +3.4 13 3 ~13 1.4 33 3 13.5 *il.9 83 -7 31 s -3 3.5 =3.9
T3 =17 §.7  +5.6 12 3 =13 1.5 33 4 3.7 *3.5 813 -6 4.7 T4 =3 4.0 *+5.0 6 4 =16 3.3 -3.4
7 3 ~16 3.3 +3.3 12 3 ~11 3.2 33 S 4e5  *5.0 83 -5 6.1 T4 -1 1.9 1.6 6 4 14 4.8  -s.0
7 3 =ts 3.7  +3.7 13 3 =10 1.7 33 6 3.9 3.4 83 -4 1.8 14 0 g.8 *+s5.7 64 -13 1e3 ~1.0
7 3 -xa Se1 —4.6 12 3 -9 3.t 33 7 73 +7.0 83 -3 1.8 14 T 1.6 -1.6 6 4 -13 4.2 4¢3
7 3 =13 499 -4+9 13 3 =7 2.0 33 8 6.8 ~7e3 83 -3 8.7 14 3 446 ~4.8 6 4 II 3.4 “I3eS
7 3 =IT 1.0 -I0.9 123 =5 3.3 33 9 8.5 -8.6 83 -1 4.4 14 3 6.6 +8.r 6 4 "0 7.7 7.6
7 3 =10 9.3 *+9.7 133 -3 3.3 33 10 7.3 =746 83 o 9.3 T4 4 Se3 ~beo 6 4
7 2 =9 3.0 =-13.3 133 -t 3.0 33 11 4.8 —4.6 8 3 1 1.8 14 s 7.8 +8,.8 6 4
7 3 =6 3.3  +3.7 123 o 3.4 33 t3 1.5 —1.8 83 4 2.4 14 6 6.3 6,5 6 4
7 3 =5 13.3 +11.8 13 a T 3.0 33 4 3.6 +3.7 8 3 4 8.0 T4 b 344 3.3 6 4
7 3 =4  Te4  +les 83 5 3.0 14 8 8.8 -9.9 6 4
7 3 =3 3.3 +3.4 13 3 ~14 3.0 +r.9 4 3 <f7 3.1 -1.8 81 o 1.5 T4 9 SeS  —Se7 64
73 =3 12,0 ~Il.0 13 2 =13 3.1 =1.7 43 =16 1.3  =1.0 14 12 1.8 +1.7 6 4
73 =1 1.3 +0.3 13 2 =12 1.8 ~3,3 43 14 3.6 t4e4 93 =17 1.4 T4 13 1.8 +a.0 6 4
723 o lea  *+1.6 13 3 -11 1.8 “1.3 43 "1 g9e1 *9e3 9 3 -16 1.9 T4 14 1.7 ~I.4 6 4
73 1 1.6 +l.4 133 =9 3,0 =3,0 43 -1 1.8 -a.3 9 3 =15 1.7 6 4
73 3 4.3 ~3e7 I3 3 =7 3.4 3.3 43 79 Se7 *5e4 9 3 ~I4 Tes 24 6 4
73 3 10.9 -1Il1.3 13 3 =6 4.6 =44 43 8 9.5 “*o.§ 93 -13 1.7 Y 6 4
7 3 4 f5e0 <—14a1 13 3 -5 3.1 =2.9 43 "7 1.9 *t1.8 9 3 -1t 1.9 a4 6 4
73 0§ I3l ~13.4 13 3 =4 3.9 -23.6 43 =6  a.5  -1.7 9 3 =10 4.2 34 L
73 A 3.5 “—3e2 43 -5 8.6 -8,6 93 =9 3.9 34 6 4
73 7 1.7  =T.a 14 2 =13 ek ~1.5§ 43 T4 I4.T ~l3e4 93 -8 A 34 6 4
73 8 3.3 =30 14 3 I 3.5 -a.§ 43 -3 10.9 9.8 93 T 5.5 34 6 4
7 2 9 402 *4e5 14 2 -8 T4 1.8 4 3 T3 Ia.r *laes 93 =5 6.4 34
7 3 10 349 =4.0 14 3 -7 Ta7 +1.9 43 ~I It.5 <=I0.§ 93 -3 3.5 34 74 ~15 1.7 “l.a
7 a 11 3.5 +37 14 3 -H 3.5 +3.0 413 0 Il.§ =~I10.3 93 -t 1.9 34 T 4 14 3.0 +I.9
T4 3 -5 rSd 41,4 43 1 3.4 -lag 93 o0 3.3 34 7 4 T13 3.1 42,2
8 a -17 3.9 =3.§ t4 3 4 17  +3,2 43 3 3.3 ~1.8 93 T 3e4 34 7 4 =11 1.8 ~3.0
8 3 ~16 1,6 =1.2 143 =2 I.4 ~t.0 43 3 6.4 6.8 93 3 1.6 34 7 4 =10 3.6 +43.8
8 2 =15 3.9  +3e7 43 4 8.1 49,5 93 8 1.7 34 T4 =9 7.8 -7.4
8 2 =14 4.8 +5e1 15 3 ~10 147 -2.3 43 s 8.8 +9e3 24 7 4 =5 3.5 +3.6
8 2 ~13 3.2 +1.8 ts 3 -9 3.1 =147 43 6 21,9 <-3144 10 3 -17 3.3 34 74 =4 5e3  *5e4
8 3 -1a 1.7 =Te1 15 3 -8 3.1 -2.3 41 8 .5 8.7 10 3 -I§ 1.2 2 4 74 -3 3.7 *3.7
8 1 -11 6.9 +6.3 153 =7 Ted4 ~0.8 43 9 1.7 “3.0 10 3 ~14 3.0 324 7 4 -3 $e7 =53
8 a2 =10 743 =743 15 3 =6 .7 ‘1.3 43 10 144 +1.6 0 3 -13 1e5§ 34 7 4 =1 4.8 -3.8
8 1 =5 A +6,0 43 11 3e4 “3e1 fo 3 -I3 Te§ 34 7 4 o 743 =648
8 a2 -B 16,1 +16.7 o3 1 6.2 6.8 43 13 5.6 =5.8 10 3 =10 3.9 34 74 1 SeS  —Se4
83 =7 7.0 7.8 © % 3  Tez -1.8 43 13 4.6 —aeq 10 3 -8 4.6 34 74 3 3.3 +3.1
83 =& g.¢ +bo0 3 3 7.z =7.7 103 =7 6.1 34 74 4 1.8 -1.9
8 1 -g 1.6 =343 o3 4 13.0 <=I14.4 s3 -7 3.9 +3.7 103 =5 45 34 7 4 *6 3.0 “1.8
8 3 =4 6b.1  =f5.% 03 5§ 10,8 +rr.4 53 IS Sed  *5e4 103 -4 5e8 74 8 3.3 "3
83 =3 v.9 7.6 03 6 8,3 ~g.1 $ 3 14 T.s  +1.8 103 =3 3.3 3 4 =16 T4 9 3.3 ta.g
8 3 =3 443 t4e3 03 7 33 +i.S§ 53 i3 Se3 ~5e0 163 -1 Te9 3 4 -13
83 =1 7.0 7.5 03 8 S.r  =5.9 53 11 1409 1446 103 o  S.§ 34 =13 8 4 -1%
82 1 104y +ro.6 o3 9 6.9 -s5.9 53710 449 “Se3 103 1 3.0 34 -1x 8 4 -14
B3 3 9.t 49,6 03 1o  ser ~3.3 $3 -9 11.7 -=il.3 103 3 3.4 34 ~10 8 4 ~11
8 3 3 8.2 +8.0 o3 132 37 ~440 s3 -8 3.1 ~1.8 10 3 s 3.4 14 -9 8 4 =9
81 4 1.8 +1.6 o3 13 ser +307 53 7 3.3 +3.3 103 6 3.1 34 -8 8 4 -8
8 3 § 3.8 =a.6 03 I4 44 46 5§53 -6 Te3 0.8 34 -7 8 4 ~6
82 4 $3 T3 7.3 4576 113 =16 a,5 34 =5 b4 -5
831 1 1316 f.r -1.0 S3 T3 43 4ot 113 ~14 1.3 34 =5 8 4 =4
82 8 T3 IS Tep  =3.% $3 I 4.6 H4ex 113 =13 t.§ 34 = 84 -3
T3 t4 Se3 =546 53 1 2.3 ta9 113 =13 4.0 34 -3 84 =
9 2 -1y s =11 Tes 4147 53 3 4.y +53 113 =11 4.3 34 =2 84 -2
9 3 =18 Py cto 6.4 4503 F 53 3 3.4 =35 | 313 -10 1.6 34 o 84 3
9 2 -5 13 8 57 5.y 53 4 30 3.3 1y -7 4.0 34 3 64 8
9 3 -1t T3 77 30 3.6 S35 331 -a3.s 13 -4 3.3 s$4 3
9 1 =10 13 6 7e4 5.4 s3 6 1. <S4 153 -y 3ev 34 3 9 4 =13
98 =9 £ 3 -5 9e4 4.6 53 7 Tep Vo4 tt 3 -1 3.3 34 4 9 4 ~ts
o -4 53 =4  Sed +4e9 $3 8 3.3 - 11y ~t s 34 S 9 4 “te
9 = T3 "3 Ses  =s5.8 $3 9 .y ¢Irer 113 o g3 34 6 24
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Table 2 (cont.)

HK L rlops) F(caL) | Hk L F(oBs) FlcaL) | H Kk L F(ces) F(cAL) HKk L FloRs) F(caL) | H K L F(ces) Flcau) § Wk L F(oBs) F(cAL)
9 4 B 5.3 +5.4 s -1t 3.7 3.4 405 C13 3.3 3.7 75 0 Ser =57 6 8 a0 1.6 66 -1 1.5 toe9
94 =7 3¢5 <3.9 15 =10 3.4 ~3.5 4 5 -12 1.4 1.2 75 2 4.9  —4.f 16 9 1.7 “le2 66 2 3.4 =30
9 4 =6 1.5 ~1.6 1§ =9 2.0 -—3a.0 45 10 3.9 *a.7 75 5 3.7 *1.8 66 3 3.0 ~1.8
94 =5 1.9 1.5 15 =6 5.6 =Se4 45 =9 4.4 —4.8 75 7 f.s  *lex 36 =11 3.3 1.8 66 4 4B 4.3
94 ~4 Sed ~5eS 15 -5 6e4 643 45 =6 2.7 +3.4 a & -10 247 ~3.8
94 "3 3.9 =31 15 —4 5e6 =5e5 45 =5 Q.f 9.7 8 5 -13 1.6 -2 a6 =9 3.6 3.0 7 6 =10 1e7  ~le3
9 4 "I 1.8 41,5 1§ =3 3.3  +1.9 45 =4 6.6+ 8 5 =13 3.3 *+3.0 26 -8 3.1 -—ae7 76 -6 3.6 4344
9 4 o 3e2 ~3e3 15 -2 Ted4 ~1.3 45 -3 Ted +1e4 8 5 =9 3.5 +247 a6 -5 Ted4 1.2 7 6 =3 3.5 “Ie5§
94 1 T4 +1.6 1§ o 10,0 =9.3 45 =3 4.7 =39 8 5 -8 3.5 +3.3 36 -4 33 T3l 76 1 1.7 “l.§
9 4 4 3.7  *a.s 15 I 9.0 -I0.§ 45 "1 Se3  —Se§ 8 5 =5 6.3 —hes a6 -3 3.0 1.6 76 3 1.3 tley
9 4 6 3.7 ~3.4 s 2 I1.0 -—13,7 45 4.0 =540 8 5 -4 Se2 =540 a6 o a5 —hob 76 3 1.7 +re4
15 3 3.3 +a.3 45 1 3.3 —a.8 8 5 =3 1.6 =3.2 36 1 3.9 Ta.6
10 4 15 1.0 0.5 TS 4 3.9 =3.6 4 5§ 3.8 +3.5 85 -1 Sef +5e4 a6 3 8.4 -Be3 8 6 =g 2.5 =a.r
10 4 ~10 1.3 *0.7 TS S 1.4 +oe4 45 b 3.2  +l.g 85 3 2.0 ~l.4 a6 3 2.9 “3.3 8 6 -8 2.7 =3.5
10 4 <9 3.4 3.7 TS A 3.3 =349 a5 7 Teg4  *lR 8 5 4 3.9 t*a.r 36 8 3.t -Ca.t 8 & -7 2.9 =3.5
10 4 -8 6.9 -8.0 rs 7 4.8 =56 45 8 147 ~1.3 8 5 s 4.2 +347 8 6 -6 3.6 “3eT
104 =7 3.9 -—3.2 ts 8 3.3 =3.0 45 10 3. =3.8 36 -11 3.8 =31 86 -4 3.0 “l.§
10 4 =~ 10.1 “II1.0 1S 12 0.8 “I.1 9 § =13 144 ~1.0 3 6 -1o 3. —a.4 8 6 -2 3.0 -1.8
10 4 —5 1.8 -1.8 s 5 ~13 3.§  "a.0 9 5 "13 3.2 —a.k 36 =9 3.5 Ta.4 8 6 -1 a.g  -=1.7
10 4 =4 3.8  *4.0 35 -14 3.5 *3.3 5 s -1t §e9  —S5uF 9 5 -11 1.0 “T.3 36 =7 3.7 *3.3 86 o 3.0 1.8
10 4 T3 3.3 *3e4 2§ -1 3.0 1.9 S S <10 4.3 ~4e5 9 s -8 2.2 -2.8 36 -5 2. *1.9
10 4 -1 1.6 —1.4 2§ =9 3e3 =31 S5 =9 4.0 =36 95 =7 1.7 =3.5 36 -4 1.3 +1e1 9 f -7 1.8 -32.0
104 0 2.9 —3.6 25 -8 4.9 =gl 55 =8 §e7 6.7 95 =h A8 =7 36 =3 3.1 taug 9 6 —h 1.4 “le0
104 3 1.0 =049 3§ =6 3,3 -l.9 S S =7 31 3.2 95 =5 4«1 "S55 36 -2 3.6 +3.3
104 4  lez =13 25 =5 3.6 =344 S5 R 4.1 —4.3 36 -1 3.3 *aeg 67 1 1.8 F1.6
35 =4 3.3  =3.9 55 ~1 3.0 +1.2 10 5 =13 3.0  +I.9 36 1 5.8 —5.5 07 3 1.6 H1.6
11 4 14 1.3 -3.0 35 =3 3.6 +i. § 5 =3 3.4  -—3.0 10§ ~I11 3.3 —1.9 36 3 1.6 -1.8 07 3 1.8 +1.6
1T 4 =11 1.0 =0.7 3§ =3 6.4 +6,8 S5 0  S.0 =ha3 10§ <9 447  “Sel 36 5 1.9 *leg 07 5 2.5  *aes
It 4 -9 1.8 1.5 35 =1  Se5 +heo $§ a a.2 -ia.0 105 =8 3.9 =3.8 36 8 1.5 “reaa o7 6 3.0 *a.6
11 4 =7 2.9 =3e5 s o 16,0 +17.6 5s 3 3.2 “3a1 10 § =7 31 =32
1T 4 -6 3.0 +3,§ as t 2.9 =23 SSs 4 143 ~3.0 to § =6 3.2  *+a.§ 46 -9 3.5 “Ieg 17 =5 3.6 *aeg
1T 4 =1 1.7 +r1.8 35 3 3.3 Ta.s SS 5 3e7  “4eS 1o 5§ =5 2.3  *aal 4 -8 3ar -3.4 I 7 =3 3.3 *ael
T4 3 4.3 “4+9 35 4 13e5 “=13.6 55 6 567 =57 05 -4 2.0 +3.1 4 6 =6 2.9 =31 T -1 Te4 +1.0
a5 6 4.4 4.5 s s 9 346 “3.6 105 -3 3.9 +3.0 46 -4 1.7 =1.7 T 7 o Te4 ~rea
13 4 —12 1.8  -a.1 a5 7 2.9 +1.9 10 5 -t 3.2 *3.1 46 =3 2.7 3.4 17 1 2.0  *re§
12 4 -t1 10 =146 25 8 2,9 -a. 6 5 =8 6,1  +6.0 10§ © 3.0 *I.§ 46 =1 4.8 4.9 17 3 1.7 a2
13 4 ~10 3.0 “aes 35 9 4.3 *3.9 6 5 =7 2.7 -3.8 105 1 3.2 *le9 46 -1 3.3 <3S
13 4 =9 3.7 3.4 35 10 1.6 +l.4 & 5 =6 15 a7 45 o 3.3 =37 a7 -6 1.7 T©e9
13 4 =7 2.0 ~1.7 2§ 11 0.8 0.5 65 -5 144 ~t.5 o h o 3.4 “3.4 46 T Tes +1e2 27 -4 1.0 +1.0
13 4 =6 3.9 ~2.9 3 s a2 Te4 +1.0 6 5 =4 Ted -1s3 o 6 1 440 +3.3 4 € H 3e1 -3.6 327 =3 2.0 +1e§
134 ~4 3.3 “3e4 65 -3 307 +3.5 ok 3 Tes  ~Ia7 46 3 3.8 +344 27 =3 3.9 *¥3.0
3 5 -3 349 =30 6 5 =3 1.7 a3 0 A 4 4.9 ~S5e0 46 7 3.7 ~3.7 37 "1 3.2 ‘*i.o
134 7 1.t —0.7 3 5 ~10 3e1 =340 6 5 =1 3.4 =32 o 6 S 3e9  T4e4 a7 3 Te3 ALTY)
I3 4 =6 1.2 ‘0.8 35 =8B 3.4 —3e4 65 1 147 “La8 ok A 7.0 —7.2 § 6 =10 2.3 *tael
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Fig.3. Difference projection along b, showing approximate

positi‘gns of hydrogen atoms. Contours are at intervals of
0-2e. A2,

plitudes for the non-zero planes. The structure factors
for the 579 unobserved planes were also calculated and
found to have very small values. These were not used at
all in the refinement, nor in the calculation of the R
value,

Description of the structure

Four molecules of trans-azobenzene are arranged in the
unit cell with space group symmetry P2,/a, the centres
of each molecule lying on a centre of symmetry of the
lattice (Fig.4). There are thus two non-equivalent pairs,
and one-half of each kind of azobenzene molecule com-
prises one asymmetric unit. The crystal is isostructural
with stilbene (Robertson & Woodward, 1937) and
tolane (Robertson & Woodward, 1938). There are only
van der Waals forces between the molecules, so it is
believed that this disposition is adopted by molecules
of this shape for economic packing causes. No property
of the nitrogen atoms or azo group is responsible, as
the next homologue, p-azotoluene (Brown, 1966) crys-
tallizes with all its molecules in crystallographically
equivalent positions. The bond-lengths and inter-bond
angles are listed in Table 3, and also shown in Fig.5.

The mean C-C length in the benzene ring (1-380 A)
compares very favourably with the mean value found
in numerous other compounds. The mean C-N length
(1-452 A) is in good agreement, too; published values
range from 1-41 to 1-47 A. One of the N=N lengths
(1-243 A) is in accord with Pauling’s predicted value
of 1-23 A, while the other (1-172 A) is low. The angles
of the benzene ring are all within a few minutes of 120°,
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Table 3. Bond lengths and inter-bond angles

C(1H)—C(2) 1-384 A C(1)—C(2)—C(3) 119°24
C(2)—C(3) 1-390 C(2)—C(3)—C(4) 120 27
C(3)—C4) 1-368 C(3)—C(4)—C(5) 119 53
C(4)—C(5) 1-389 C(4)—C(5)—C(6) 120 18
C(5)—C(6) 1-379 C(5)—C(6)—C(1) 119 34
C(6)—C(1) 1-385 C(6)—C(1)—C(2) 120 20
C(H)—N() 1-433 C(6)—C(1)—N(1) 124 7
N(1) -N(1") 1-243 C(2)—C(1)—N(1) 115 29

C(1)—N(1) -N(1") 113 33
C(N—C(8) 1373 C(7)—C(8)—C(9) 119 55
C(8)—C(9) 1-373 C(8)—C(9)—C(10) 120 24
C(9)—C(10) 1-365 C(9)—C(10)-C(11) 119 52
C(10)-C(11) 1-385 C(10)-C(11)-C(12) 120 13
C(11)-C(12) 1-375 C(11)-C(12)-C(7) 119 16
C(12)-C(7) 1-383 C(12)-C(7)—C(8) 120 20
C(7)—N(2) 1-472 C(12)-C(7)—N(Q?2) 126 57
N(2) -N(2") 1172 C(8)—C(7)—N(?2) 112 43

C(7)—N(2) -N(2") 111 4
C-H (assumed) 1-08 A.
Mean standard deviation for bond lengths, 0-0030 A.
Mean standard deviation for angles, 14’.

but those between the C-N bond and the ring appear
to be distorted by steric repulsion between C(6) and
N(1’) and between C(12) and N(2). This repulsive effect
also increases the angle at the nitrogen atom from a
normal tetrahedral value to ~113°, If this system were
unstrained, the distance between C(6) and N(1") would
be 2:53 A, which is too close for non-bonded atoms;
the distortion increases the distance to 2:73 A in one
molecule and 275 A between C(12) and N(2') in the
other.

Each benzene ring is planar; that belonging to the
molecule centred on (0,0,0) has the equation

0-4545x" +0-4107y — 0-7904z" =0-1627
and that belonging to the molecule centred on (0,0,%)
0-4693x" —0-4671y+0-7494z" =3-7143

where x'=x-+z cos § and z'=z sin . The average dis-
placement of an atom from the mean plane of the ring
is 0:0053 A.

The equation of the plane through C(1), N(1) and

(0,0,0) is 0-5400x’ 4+0-1289y —0-8318z' =0,

which makes an angle of 17°6’ with the plane of the
C(1)-C(6) ring. The equation of the plane through
C(7), N(2) and (0,0,%) is

0-4581x"—0-5553y+0-6942z" = 3-4212

and this makes an angle of 5°57’ with the plane of the
C(7)-C(12) ring.

These equations lead to results slightly different
from those in the previously published structure (de
Lange, Robertson & Woodward, 1939), the figures
from which are given in brackets below. The angle
between the N(1)=N(1") bond and the plane of the
C(1)-C(6) ring (i.e. the complement of the angle be-
tween the bond and the plane-normal) is 15°22" (15-1°),
while the angle of rotation of the ring from the position
of a flat molecule is 17°7" (17-4°). The angle between

the N(2)=N(2") bond and the plane of the C(7)-C(12)
benzene ring is 5°45’ (1-1°), and the angle of rotation
of this ring from a flat molecule is 6°0” (1-8°).

The inclination of the benzene rings is such that
neighbouring molecules along b lie in planes whose
perpendicular distance apart is 2:35 A for those mol-
ecules centred on (0,0,0), and 2:70 A for those centred
on (0.0,4). Measurement of the electron density map
(Fig.1) indicates that layers of the first kind of molecule
[i.e. those centred on (0,0,0)] occupy only 14/30ths of
the unit-cell volume, while those of the second kind,
centred on (0,0,%), occupy 16/30ths.

The intermolecular distances are of the usual order
of magnitude; there are about 50 non-hydrogen con-
tacts per molecule within the range 3:63 to 4-00 A.
There seem to be no particular differences between the
van der Waals contacts of the two non-equivalent
molecules, or between the different parts of the same
molecule.

Disorder in atomic positions

Examination of the temperature factors in Table 1
shows that the diagonal B;; values for atoms C(7)-C(12)
and N(2) are appreciably larger than those for the cor-
responding atoms C(1)-C(6) and N(1) in the other

Fig.4. Diagram of the contents of one unit cell. Molecules of
the two kinds occupy separate layers parallel to (001).

1390

1384 /C2) CBI\I368
136 / )
1" /1243 1385\C(6) _C(5)/1 389

c(10)

1-383\C(12} C(11),/1385
1375

Fig.5. Bond lengths and inter-bond angles in the two non-
equivalent molecules. (Each molecule possesses a centre of
symmetry.)



152

kind of molecule. The mean isotropic B’s for the cor-
responding hydrogen atoms, as well as the standard
deviations of the corresponding atomic coordinates are
also larger in the molecules centred on (0,0,%) than
those centred on (0,0,0). The explanation of this could
be that as the molecule on (0,0,%) occupies more space
in the unit cell, it also possesses greater freedom of
movement, and therefore higher vibration amplitudes.
But since the determination of the crystal structure
of p-azotoluene (Brown, following paper), it would ap-
pear that a more probable explanation is that for atoms
C(7)-C(12) and N(2) there are two or more closely
similar positions in which the molecules are able to
lie, and that the higher temperature factors are an
expression of this disorder. There has been no attempt
in the course of this work to resolve the vibration el-
lipsoids into equivalent spheres as was done in the
case of p-azotoluene, so it is not known how many
configurations in space the molecule may adopt, or
what proportions of the whole lie in each. Neither is it
known whether the same proportion adopt each con-
figuration in different crystalline specimens.

The stepwise configuration of the azobenzene mol-
ecule allows the possibility of the sense of the step being
‘up’ or ‘down’ with respect to the axis of symmetry,
and as the two halves of the molecules (average co-
ordinates as determined by the refinement process) lie
in planes which are only 0-15 A apart, an interchange
of the sense of the step of the molecule would involve
changes in atomic coordinates of approximately this
amount, which is well within the range of the vibration
amplitudes indicated in Table 1.

If disorder is the correct explanation of theanomalous
thermal parameters for the molecule centred on (0,0, %),

then this is also the explanation of the differences in
bond-lengths and inter-bond angles between the two
molecules. There are no grounds for expecting the two
crystallographically non-equivalent molecules to pos-
sess different internal dimensions, but if the coordin-
ates determined for one of them are averages of two or
more molecular positions, then the bond-lengths and
angles calculated from the mean may differ quite
considerably from those of each molecule singly, as
in the case of p-azotoluene (Brown, 1966). The dimen-
sions of the average molecule centred on (0,0,%) may
not therefore be taken as those of a single molecule
and should be disregarded in favour of those calculated
for the molecule centred on (0,0,0).

Correction of bond-lengths for thermal vibrations

The least-squares method described by Cruickshank
(1956) for analysing the rigid-body vibrations of a mol-
ecule has been written as a computer program by Bujosa
& Cruickshank (1961). Half of the molecule of azo-
benzene centred on (0,0,0) was treated as a rigid body;
the other molecule, centred on (0,0,4) was not con-
sidered for the reasons of disorder mentioned in the
preceding paragraph. The program calculates the
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magnitudes and directions of the principal moments of
inertia of the half-molecule, and transforms the atomic
coordinates and thermal parameters to these inertial
axes. The translational and rotational components are
then solved and a calculated set of temperature factors
obtained for each atom. Then the observed values of
B along the line from the atom to the origin are worked
out and compared with the calculated values. These
B(obs) and B(cal) values shown in Table 4 indicate the
closeness of the rigid-body approximation as far as in-
plane vibrations only are concerned. The program also
computes the corrections to be applied to the atomic
coordinates to allow for the angular oscillations; the
revised values of the coordinates are also given in
Table 4.

Table 4. Corrected coordinates and radial B values

x/a y/b z/c B(obs) B(cal)
C(1) 0-1410 0-1341 0-0679 3:16 3-48
C(2) 0-1733 0-3461 0-1144 3-66 3-32
C(3) 0:2942 0-3907 0-1712 345 341
C4) 0-3812 0-2308 0-1782 3-37 3-54
C(5) 0-3486 0-0211 0-1291 3-55 3-61
C(6) 0-2288 —0-0278 0-:0742 3-89 362
N(1) 0-0145 0-1031 0-0114 332 3-18

From these revised coordinates, a corrected set of
bond-lengths for the one molecule not subject to dis-
order is given in Table 5. The mean C-C length in the
benzene ring is now 1-386 A instead of 1-382 A, and
the mean increase taken over all the bond-lengths is
0-003 A. The changes in angles are insignificant.

Table 5. Bond lengths corrected for molecular vibrations

C(1)-C(2) 1-388 A
C(2)-C(3) 1-391
C(3)-C(4) 1-372
C(4)-C(5) 1-393
C(5)-C(6) 1-380
C(6)-C(1) 1:390
C(1)-N(1) 1-434
N(1)-N(1") 1-247
e.s.d. (average) 0-003
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