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The Crystal Structure of 1:5-Dichloroanthraquinone

By M. Bamey

Research Laboratories, Imperial Chemical Industries Limited, Dyestuffs Division, Hexagon House, Manchester 9,
England

(Received 23 July 1957)

The crystal structure of 1:5-dichloroanthraquinone has been determined by Fourier projections
and line syntheses, and has been refined by difference syntheses. Small distortions from planarity
in the molecule are shown to take place in the central ring, the outer rings including the chlorine
atoms remaining planar. The symmetry is monoclinic, space group P2,/a, and the cell dimensions

are:

a = 1101, b= 1306, c = 3-84 A, p = 92°07.

There are two molecules in the unit cell.

Introduction

The crystal-structure determination of anthraquinone
by Sen (1948) has shown that within the accuracy of
the determination the molecule is planar. However,
little is known about the configuration of substituted
anthraquinones, which constitute an important group
of dyes. Of particular interest are the distortions which
necessarily occur when the substitution is in one or
more of the 1, 4, 5 and 8 positions, in order to give
sufficient clearance between a substituting atom or
group and the adjacent quinonoid oxygen atom. In
the case of 1:5-dichloroanthraquinone a preliminary
determination of the unit cell size and of the space
group (P2,/a) showed that since there are only two
molecules in the unit cell, the molecule itself must
possess a centre of symmetry. This permits a chair-
shaped distortion of the central ring, but eliminates
the boat-shape. The structure has been determined to
investigate the precise nature of the distortion and
non-planarity of the molecule.

Experimental

Long lath-shaped ecrystals of 1:5-dichloroanthra-
quinone with marked oblique cleavage were obtained
by recrystallization from the melt of a pure finely
divided sample between microscope slides. The unit
cell is monoclinic, space group P2,/a, and has dimen-
sions

a=11-01, b = 1306, ¢ = 3-84 &, B = 92°07".

The density calculated for 2 molecules in the unit cell
is 1661 g.cm.—3. Experimental density (by flotation
in Nal solution) is 1-63 g.cm.—3.

Intensity data for the [c¢] zero, first, and second
layers, and the [b] zero layer, were recorded on
Weissenberg photographs, using Cu K« radiation. A
long and a short exposure, with three superimposed
films, were taken for each zone, and the intensities

were estimated visually by comparison with a cali-
brated scale of time exposures from the same crystal.
Since every reflexion of measurable blackening was
estimated on each film, for the majority of reflexions
the intensity was the average value obtained from
three or four estimations.

McWeeny’s scattering factor curves (1951) for car-
bon and oxygen were incorporated in the structure-
factor calculations. The scale factor and an average
overall temperature factor were evaluated after refine-
ment by plotting log (F,/F,) against 4 sin? 6.

Structure determination

The short needle axis of 3-84 A limits the inclination
of the molecule from the (001) plane to within about
30°, but as the outline of the molecule is an ellipse of
low eccentricity there are several reasonable packing
arrangements in the plane.

The molecular-transform method (Knott, 1940) was
used to determine the orientation of the molecule in
the (001) plane. For the purpose of calculation the
molecule was assumed to consist of three planar regular
hexagons of side 1-4 A, and the C=0 and C-Cl bond
lengths were taken as 1-2 A and 1-7 A respectively.
The transform (Fig. 1) was calculated at intervals of
+'s reciprocal units along x* and ;*; reciprocal units along
y*, using Beevers-Lipson strips for all the carbon
contributions, and then adding the individually cal-
culated oxygen and chlorine contributions. Differences
in scattering power were allowed for by weighting the
C, O, and Cl atomic centres in the ratio 6:8:17; but
differences in shape of the scattering curves were
neglected.

The best fit of the k&0 reciprocal lattice on the
transform was found by first considering ths three
very strong planes (060), (230) and (590). The signs
of 46 of the strongest Ak0 reflexions were determined
(contributions from the two molecules summed when
k+k is even, and subtracted when A+% is odd) and
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Fig. 1. Molecular transform of the molecule. Positive and zero
contours full lines, negative contours broken lines.

were incorporated in a [¢] Fourier projection, which
gave resolution of all the atoms. Four further refine-
ments by Fourier projections were carried out, the
final one (Fig. 2) including 185 terms out of a possible
191. The centres of the peaks were located analyti-
cally by least squares, assuming a Gaussian electron-
density  distribution of the form p(z,y) =
exp (r—sx?—ty*—ux—vy—wry). The temperature fac-
tor B in the expression F, o« F,exp (—B sin? 0/22)
was estimated by plotting log (F,/F,) against 4 sin2 6,
giving a value of B = 5-8 A% averaged over all the
atoms. The R factor at this stage was 0-170.

Further refinement of the z and y coordinates was
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Fig. 2. Final Fourier projection on (001).

carried out by difference syntheses. The first of these
(Fig. 3(a)) showed very clearly an asymmetrical vibra-
tion of the chlorine atom, there being two positive
peaks, one on either side of the chlorine position and
approximately in the direction of the b axis, and two
negative peaks at right-angles in the direction of the
a axis. Since the vibration directions in projection
correspond quite closely with the crystallographic axes,
and f is very nearly 90°, the asymmetry can be ex-
pressed by the factor

exp (—B,h2a*?/412) exp (— B,k?b*2/472) |

where B, and B, correspond to the [a] and [b] direc-
tions respectively. Approximate values of B, and B,
were obtained by plotting log (F,/F,) against h2a*2
for constant %, and against k26*2 for constant A.
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Fig. 8. (a) First and (b) final [c] difference synthesis. Contours at 0-2 e.A~2.
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A total of six difference syntheses were then carried
out during which, in addition to refinement of the
coordinates, the values of B; and B, were adjusted
to 4-0 A2 and 7-5 A2 respectively, and the average
temperature factor of 5-8 A2, determined for the whole
molecule, was replaced by 4-8 A2 for C,, C, and C,;
5-5 A2 for C, and Cy; 3-8 A2 for C; and Cy; and 6-5 A2
for Oy (see Fig. 5 for nomenclature). An F, synthesis
was used to correct the coordinates for termination of
series. In the final difference synthesis (Fig. 3(b)) all
the atomie centres lie at almost zero electron density,
and the gradient, if any, is too slight to warrant further
correction. Three positive peaks occur where the
hydrogen atoms are to be expected. The R factor,
with no allowance for hydrogen contributions, has a
value of 0-107.

A [b] Patterson projection was unhelpful in deter-
mining the inclination of the molecule from the (001)
plane. Trial z coordinates were chosen from considera-
tion of the strongest planes and the projected bond
lengths, and were such that, whilst keeping the mole-
cule more or less planar, the resulting bond lengths
did not vary considerably from normal values. The
hOl structure-factor agreement was good, but little
refinement was obtained from [b] Fourier projections
because of the overlap occurring. The z coordinates
were refined by successive three-dimensional syntheses
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along lines parallel to the ¢ axis and through the final
x and y coordinates. A termination-of-series correction
was determined by an F, synthesis.

The incorporation into the hk0 structure factors of
different temperature factors for the individual atoms
and an anisotropic factor for the chlorine atom has not
been carried out in the three-dimensional calculations.
Average values of B of 4-4 and 3-0 A% were obtained
for the kkl and hk2 zones respectively by plotting
log (F,/F.) against 4 sin? §. The values of R are 0-192
and 0-251 for these zones.

The final atomic coordinates are listed in Table 1.

Table 1. Fractional atomic coordinates

Atom z/a y/b zfc
C,; 0-2096 0-8903 0-238
C, 0-2123 0-7864 0-214
Cyq 0-1117 0-7348 0-089
Cy 0-0143 0-7864 0-959
Cy 0-0108 0-8916 0-986
Ce 0-1082 0-9483 0-128
C, 0-0952 0-0565 0-117
Og 0-1745 0-1086 0-333
Cly 0-3381 0-9471 0-425

Observed and calculated structure factors are com-
pared in Tables 2, 3 and 4 for the 2k0, 2k1, and k2
reflections.

Table 2. Comparison of observed and calculated F(hk0)’s

h O 1 2 ] 4 5 6

7 8 9 10 11 12 13 14

k
0 25.8 29.6 36.2 < 1.3 4.2 6.6 1.3
~22.6 -25.9 +36.7 + 0.6 + 5.0 + 7.9 - 0.8
1 5.7 8.1 26,0 14.4 3.5 9.0 16.3 10.8 20.8 12.4 3.4 2.7 5.4 1.3
+39¢8 4 Te6 #2206 #15.7 = 207 4 9.8 =1646 ~12.0 +22,0 4124 + 366 + Je4 = 5S¢l = 1.2
2| 30,5 32,6 19.2 11.1 38.0 2.0 15.0 9.4 5.3 5.6 5.2 1.5 7.,1<0.9 1.8
43448 43302 =16e8 = 9.2 =3646 = 1led +13.6 + 8.6 = 6.5 + 5.8 ~ 6.8 = 0.1 + 7.4 + 1.6 - 1.6
3 25.8 59.5 19.7 33.3 40.9 8.1 9.0 14.9 8.3 10.0 < 1.3 1.5 4.5 2.4
«24.9 -67.1 +19.6 +32,1 =38.8 + 5¢4 = 8.4 ~14.4 + 7.4 + 9.7 = 0.9 + 1.6 =~ 3.9 = 4.1

4 4.4 27.0 7.6 10.7 15.5 28.6 9.
+ 0.2 424.7 + 9.8 + 9.0 ~16.2 -27.5 = 8.

5 16.7 17.4 15.2 17.6 3.3

6| 57.7 32s3 5.2 2.5 9.5 21.5

7 8.8 13.3 14.2 4.7 1.4 1.5
= 642 ~13.8 =158 + 4.7 + 1.6 « 1.5 4 73 = 402 =10.2 + 0.3 = 0.7 + 0.7

8| 11.3 6.2 1.7

9 12.4 2.0 10.3 1.3 26.7 3.9
+11e3 + 104 =10.3 + 2.8 +26.0 - 3.8 + 6.6 = 2.0 - 5.8
10 4.4 < 1.3 < 1.3 2.6 19.6 6.1 4.0
“ 408 = 0ol + 15 = 3.0 +18.4 + 6.1 + 2¢2 + 0.8
11 1.7  2:3 608 < 1ed 3.9 6ol

12 | 11.0 3.6 1.4
=1343 = 3e4 + 1.2 + 1.2

1.7 < 14 5.7 3.5

13 3e8 264 ¢ 1.3 < 13 < 142

14 1.8 348 < 1e2 < 142 < 142 2.6
= 2.2 = 4.3 + 0.6 = 1.3

15 <1l 2,0< 0.9 1.7 4.0 < 0.6
0.0 + 1.7 = Oel = 2.0 = 2.9 + 0.6

16 < 0e8 < 048 < 0s8 < 0.7 2.6
+ 067 = 162 = 044 + 0el = 2.6

6.9 5.2
+ 7¢8 + 4.6 + 5.

4
I
7

2.7
=13+8 =15.1 +13.6 +19.3 - 4.0 - 1.0

9.8 14.4 < 1s4 4.3 2.8 6.3 2.0
~5402 +31e8 + 442 = 246 + 942 =216 ~ B.8 41442 = 1.2 + 5e4 + 2.5 = 5.8 = 2.2 +

7.6 43

6.7 < 1.4 6.3

6.5 1.2 1.7

9
5.7 243
5.2 = 1.6 ~ 6.9 + 0.2 + 2.8

1.6 12.2 < 1..4 8.1 2.3 2.9 < 0.7
= 0.1 ~14.0 = 1.4 + 9.4 ~ 2.0 + 3.7 + 0.5

1.9
2.6

9.8 1.3 < 1.2 < 0.8

7ed 12.9 15.4 < 1e4 < 1.4 < 1.4 <13 1.9 5.0 2.9
=11.4 4 6.0 + 1.2 + 7.8 +14.4 ~14.7 = 2.2 = 0.3 + 1.0 =~ 0ol + 3.1 =~ 4.3 ~ 3.3

1.0 < 0.8 0.7
0.0 + 0.6 + 0.4

244 < 1.3< 1.2 2.3 2.0

060 = 0,2 + 2.7 + 1.9

3.8 < 12 440 1.6
+ 160 4 304 = 647 = 2:2 + 402 + 4.7 # 440 + 1.0 = 4.6 + 0.9

4.3 1.1 < 0.8 0.7
0.0 + 563 = 346 = 3ol = 0e5 =~ 0s3 = 1.0

2.1 < 0.9 1.2 1.6
= 400 + 27 4 05 = 165 = 006 = 1.0 + 0.2 + 1.8 = 2.5

1.9 < 0.7 < Qa3
0.0 4+ 3.0 = 1.0 = 0.3 0.0
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Table 3. Comparison of observed and calculated F(hk1)’s

h13 12 11 10 9 8 7 6 5 4 3 2 1 0 1 T 3 T 5 ¥ 7 B 96 WL T
1
c 1S 13 40 37 33 20 82 15 18 3 19 <2
° ~10 +11 +37 ~34 +33 +16 +102 +15 -16 -2 +19 -2
1/<2<2 6 2 4 9 12 6 30 6 35 13 15 22 81 53 11 7 9 4 17 8 B8<2 4 6 5
+2+1+6+2+1+8+11 -6 +24 -6 -27 +16 =16 +23+4101 +58 =11 = B «11 + 5 422 + 6 =11 O + 3 + 6 +10
2 3 11 2 7 13 12 16 25 19 9 15 17 30 47 4 4 9 23 12 27 12 5 8 8 10<2 2
« 2«7+ 24+ 5 +12+ 6 =12 «19 +14 =11 +15 +13 =24 =48 +10 + 5 =14 +25 413 =26 411 - 4 ~10 + 6 =11 ~ 1 + 2
5<v2<2 3 12 12 20 10 4 3 28 67 31 14 6 3 20 13 24 17 6 2 14 4 3<2<2 3
«2 0+3-11=104+16+ 7 4+ 5 =2 =24 =56 425 +12 = 7 + 2420 ~13 =29 «13 =« 6 1 +14 =5 =3 -1 -2+ 3
4 6 3 7<2 4 4 18<2 7 30 27 7 34 7 10 9 17 8 20 13 13 4 9 4 B<2<2
“1=2+5 0+4+6-154+3+6=27 423 + 5 -55+10-10=-12 ~-20+ 8422 <12 -13-5-10+6+9 =1 O
5c2¢2<¢2 9 6 13 6 6 4 35 3 25 17 25 21 41 6 < 11 17 5 9<2<¢2<c2<¢<2<¢2
+141 0-6=9+10+3+3=-1-26~=23+22 +19 +23 =23 +44 -6 ~-24+12-18-6+9-1 0 O0-2=1
6 1 4 7 4<2 13 14 11 24 5 3 2 30 6 16 26 3<2 14 6 6<2 3 6 6<2<2
“44+4+6-4+1-12-134+9+21=-6=2=-2-H0=3-19-26~-3~2+16+7-7 0-3-6+7 0-1
7 €2 2 9<2 3 7 8 9 16 10 4<2 9 31 5 4 2<2 12 3 4 4<¢2 2 S
+2-2c7+2+3-6+8-11+-16+11+2=1+9-30+10+8=2=~4-15=74+8+5 0=-1=5
8 4 4<2 5 10 6 10<2 13 5 11 7 13 10<¢<2 4 14 6 14 14 6<2 6<2¢2
+4+43=2=3-T7-64+46=-1+410+6-12w8+17 12+ 3 =3 -19+8+13-14+6-1-6 0+ 2
9 <2 10c2 B<2 5 5 41 6 7 3 3<2 B8 I 12 5 H5<2<2<¢2
~1410 0=-6-2+1-4#M2+6-~9+3=-7+2+11+3+11-4+1-12+5 0
10 €2<2 35<2 5 4 21 4<2<2 7 2 4<2 6¢<¢<2 17 8 3 <2 4
~1=2-541+7+2+413=-3-6+2+412+4+4+1-12~44+19+8+4 0-5
11 3¢2<2 4<2 6 9 11 5¢3<8 B<C2 3<2¢2 9<c2c2<2<2
+34+43-1=53=-1=264+48B+11-5~1=2413-2+6-1-14+9~4~-14+4 O
12 5<€2<2 6 6<2<2 8<2 4 B8 3 3<2<¢23 2<2
=64+43+4507-6 0-5+411+2348=6+4=5-1+2+3+2
13 €2<2¢2<3<2<2<2 8 7 5<2<¢2<2<2 2
=1-1=-24+46+2+-2+1=5-10-10+1+3+2+4-3
14 3€2<83<2<c2<2¢2<2c2¢2¢23<23<2<2<3
+5+431-3-1=8 0+5+1+3-2+23+1~5+1+3
15 «2 5<2<2<23<c2<2¢3<2
+5-5=-5+1-343-5=-14+2
16 <«<23<23<2
+4~-24+1
Description of the structure molecular approaches of less than 4-0 A are shown in

this figure. In addition there are contacts between
adjacent layers of molecules along the ¢ axis, which
are separated by a perpendicular distance of 3-45 A.

The interatomic distances and interbond angles are
given in Fig. 5. Of particular interest in this structure
are the distortions from planarity of the molecule,
which occur in order to give sufficient distance be-
tween the chlorine atoms and the quinonoid oxygen

The mean plane of the molecule is inclined at 28° to
the ab plane, the arrangement in this plane being
shown in Fig. 4. There are no intermolecular forces
other than those of the van der Waals type, and inter-

Fig. 4. Arrangement of molecules in the unit cell. Fig. 5. Dimensions of the molecule.
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Table 4. Comparison of obserwed and calculated F(hk2)’s

n12 1210 9 8 7 6 5 4 35 2 1 0 1 % 3 1T 5 % 7 F TWHEB
k
o} 10 7 8 37 3 13 47 6 7 6 8 7
+ 8 +5 +10 +32 +3 11 +60 -6 + 6 +7 -8 +7
1]<2 17 5 18 7 26 12 27 1024. 8 B<4 19 8 34 25 14 3 17 6<4<4 9 8<2
01-1105-01305#23-11-24084-24-9+9#8-60-08#4401#1701-1845#5-5*104-9-6
2] 3 5 3 9 16 22 22 6 2 16 31 12 8 4 3 30 5 13 5 5<4 13 9<3 3 5
w2 -324-5-14414 413 =1 + 3 -17 =33 417 + 5 =4 + 1 441 -8 -2 + 5+ 4 + 4 +16 ~-15-6+ 2+ 5
3 2 11 10 9 7 3 8 9 21 16 5 11 17 12 15 3<3 7 8 19 7<4<¢3<¢<3 6
e 0294545-T-3=2~6419-14-4-8-15-13-1243-4+6+7-18-15+41=34+3+6
4lc2 4¢3 13 11 25 11 8<3 21 22 32 12 2 8 21 15 14 S 10 8 5<3 5«2
s 2 a3+1=9~5+418+8=7T+ 2 =20 29 +38 412 + 3 +11 426 -16 -18 + 1 =99 =3+ 8 -4 -6 + 2
5 6 3 16 S5 8 12 18 11 21 3 4 8 16 7 14 12 12<¢3 12<4 15 4<3<3 7
-5 42412 -2=-3-T-18+ 9419 =1 43 ~6 ~17 +11 =19 12 410 = 2 414 + 6 =18 =5 = 3 = 2 +11
] 5<3 7 6 13 13 4<3 12 7 11 3 3 20 14 <¢3 B8<4<4<4 4<3<3 3
“442-5-5410-12-44+2-94+5+¢11=3+7-20+416 0-9 0-2-2+7+2-2=3
7 6 9 6 9 15 11 9 16 11 <3 2 16 8 16 16 8 8 11 7 11 4 3 4
+447-6=-5=90-8+84+15-144+41-1-22410-20-15=«5=-9+15+7~1542~1=5
8 €<2<3 12 4 16 9<4 4 26 18 7 5 8 7 B8<4c¢c4 8 5 6 6
~1-3411+4-10-6+7~4+29417 ~84+3-8~3+14 0-9~-9 =2 -4 +11
9 3 6<3<¢<3<3<4<4 19 3 12 4 10<4<4<4 4 3 9 5<3<2
+3=26 042=3+47=1494+34+6+1%4-4-4+1~-6+3421=-4=-21=1
10 4 12 <3 10<3<4<4 29 8 5 3 4<4 T7<3 6 7 4 4<2
+2411-1-10+3=-2+1+435-8-20-3~5+21+13+3 0-4 0-14+7
1 3 4<3 2 3<4 6 4<3<4 4 5 7 4 3<3 5 9<2
~444-3+346-4-8-7 048+10=-3-7+3=7=-24+T7=5+1
12 2¢2 7<<3<¢3<3<c<3c¢3«<3<3 9<3<3<3<3c2<2
«1-4~«7 0-34343~6-2=3-20=-3+5+5-44+2-=2
135 6<3 7<3<3<3 6<3<3 7<3c2<2<2
+6+5-10=3+1=249+2+5=-8=2=1-74+4
14 +4<c2<2<2 6<3<¢<3<3 6<2<2
+342+5~2~10+1 0 0~11~-24+35
15 € 2<2<2<2<2<¢2
+3~2=3 O0+5+12

atoms. This is brought about in two ways: (i) a slight
buckling into a chair-shape of the central ring; and
(ii) an increase in the relevant interbond angles from
120°. The angles C,~C¢C,, 04~C,~C4 and Cs—C,—Cl,
are increased to 125°, 122° and 122° respectively. The
interatomic distance of 2-79 A which is found between
0, and Cl, would in fact have been 2-52 A in a planar
molecule with the same bond lengths, but with the
above angles equal to 120°. The oxygen and chlorine
atoms lie 0-12 and 0-18 A respectively from the mean
plane through the anthraquinone nucleus, i.e. all atoms
except the substituting chlorines. The perpendicular
distances of the carbon atoms out of this plane range
from 0-04 to 0-10 A. It was apparent from these figures
that the planarity of the molecule could be more
precisely described in terms of the mean plane through
the outer rings including the chlorine atoms, i.e. atoms
C,C,C,C,C;CsCl, and the corresponding centrosym-
metrical atoms. This plane has the equation

0-41462+0-0676y—0-9075z = 0

referred to the axes a, b and ¢’ (¢’ is perpendlcular to
a and b). The perpendmular distances (in Angstrém
units) of the atoms from this plane are

o) C, C, C, C,

+0-017 +0-023 —0-039 -+0-022 +0-003
C, c, 0, cl,

—0-005 —0-142 —0-287 —0-008

This clearly illustrates the planarity of the outer rings,
and the extent of the chair-shaped distortion of the
central ring caused by the bonds C4~C,, C;~C,, and
C,~0; (likewise C4~C5, Cs~C, and C;~Og in the oppo-
site sense) being inclined from the plane defined by
the rest of the molecule.
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