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THE STRUCTURE OF ANTHRAQUINONE
(A QUANTITATIVE X-RAY INVESTIGATION)

By S. N. SEN

(Recetved for publication, Junegy, 1048)

Plates XIVA and XT§B
minone crystal has been carried

out. It hay been proved from X-ray, goniometric andoptical studies that anthraquinone
does not helong to the orthorhombic class of crystals as wigs concluded by the earlier workers

but 1t really Qgiongs to the monoclinic class, the correct spice gronp being C$,P}/a with two

molecnles per unit cell. On the basis of the revised sp e group, it has also been possible

to acconnt for & number of observed discrepancies whichf could not be explained on the

hasis of the uythorbombic hypothesis ]

Quantitative X-ray investigation has led to a oomplctq‘ determination of the strocture of
anthraquinone by means of three two-dimensional Foukier syntheses Precise orientation
of the molecules in the crystal and the co-ordinates of the atoms are given. The results
obtained <how that anthraquinone molecule is planar and centro symmetrical The two
outer benzene rings-are alimost regular hexagons, the distance between the carbon atoms
béing 1.38-1.40 & (4 o1 A). The inner benzene ring shows distortion somewhat similar to
that 1n the benzoquinone molecule, the ‘single’ bond C-C distance being 1.50 X, which is
exactly the same as found in benzoquinone. The carbon.oxygen distance in anthraquinone
warks out as 1 15 &, which is also almnst the same as determined in benzoquinone.

The dominant feature fonnd in the structure of anthraguinone crystal is the grouping
of molecules in a zigrag way in space with the molecular planes in the alternative layers
being inclined to one another at an angle of s4°. The minimum intermolecular approach
distances are of the order of 3.5 R, similar to the distances found in other aromatic
hydrocarbons,

ARQTRACT. Complete structural analysis of anthral§

INTRODUCTION

The structure analysis of anthiaquinone is highly interesting, particularly
from the point of view of chemists on account of the importance of this
compound in organic chemistry. It is interesting whether the valency
bonds in the central benzene ring of anthraquinone are similar to those in
benzoquinone or are they distorted in a different fashion under influence
ofF the two outer rings. It wasalso to be secn whether the two outer rings
of anthraquinone are distorted under influence of the substitution of oxygen
atoms to the central ring or do the outer rings remain regular hexagons just
as in the case of anthracene. -

Previous attemprs to determine the structure of anthraquimone crystal
weré made by Caspari (1932), Hertel and Romer (1931), Banerjee and Guha
(3934-35), but with no conclusive "results. All these workers had a\mmed
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348 S. N. Sen

the anthraquinone crystal to be orthorhombic after Groth's (1906-19) data.
Guha (1938) had also tried to determine the structure of anthraquinone by
the ‘trial and error’ method but withouk guccess,

DETERMINATION OF SPACEGROUP OF
ANTHRAQUINONE

On the basis of the space-groyp D}jPmmn as texxtz;tive!y " assumed hy
Banerjee and Guha (1934-5) for aathraguinene, a determination of structure as
projected on (oo1r) plane was carried out by the two-dimensional Fourier
surimation method (Bragg, 1929) after necessary intensity measurements,
After a few trials, satisfactory agreement between the measured and calculated
values of structure fac(ors was attained and the Fourier summation also gave
a ¢lear electron map. "The following pecaliar poiuts were, however, noticed
during this analysis and were at that time considered to be spurious as they
coyld not be accounted for on the basis of the accepted orthorhombic space
group :— )

{a) Too many symmetries were obtained in the unit cell which
were more than that required by the space-group. ‘These appeared from the
observed conditions, namely, for all (hko) reflections, (h+k) and (h—Fk) are
divigible by 4, although thesc are not necessary space-group conditions,

{b) Intensities of reflections from (hko) and corresponding (hko) planes
in certain pairs of such reflections were found to be appreciably different,
This i untepable for ap orthorhombic ciystal where (hko) and (kko) are
equivalent planes.

After obtaming the electron nrap as projected on (ooi1) planes, a secopd
projection was attempted on {o10) plane and in order to obtain agreement
in corresponding F-values, trials were carried out on the basis of molecular
orientation as obtained by magnetic measurements by Banerjee (1938) But
the equivalent positions rcquircd by the assumed space-group or even amy
other possible alternative space-group under the orthorhombic system could
not be fitted in with the results obtained in the sécond projection. This led
to suspect the correstoess of the space-group.

In an attempt to see whether the (0o1) face 1s centred o1 not, a rotation
photagraph was taken around a diagonal axis [110] and the fundamental
translation along that direction was found to be half of the diagonal distance
in oune photegraph, while for a differcnt setting of the crystai for a similar
rotation pholograph, the fundamental translation wes found to be only cfuarher
of the diagonal distance. The difference being surptising, the settings of
the crystals were carefully checked up and fresh sels of rotation photographs
were taken and it was finally concluded beyond doubt that rotation photo-

goapis round "130] and [110] were different amd gave the two types of
phojographs mentioned above. The {wo rotation photographs me 1eproducsd
ip. Bietes ¥IVA wnd XIVB. . Hod thercrysel besa ortiorhonbic, the w9



N PLATE XIV A

Rotation photograph round [ 1107] on the orthorthombic notation

.6, round a-axis of monochnic cell taq = 1585 A



SEN PLATE XIV 3

Rotation photograph round [ 110 ] on the orthorhombic
notation 1e round c-axis of monoclinic cell (¢=792A)

Powder photograph of a mixture of anthragquimmone and alumimium.
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rotation photographs round the disgonal axes [110] and [170] would have
been identical. The striking difference observed is sufficient to prove beyond
doubt that the crystal cannot be orthorhombic as concluded by the earlier
workers., The elementary tianslations in these two diagonal directjons come
out a8 15.853 and 7 g28 respectively, which are more fundamental than the
translations 10688 and 24.50& along the ditec@ons (a and b) that have been
so far assumed to be the axial direction undg the orthorhombic system.
Teking into comsideration the molecular arraggements already obtained by
Fourier projections, it was found that the olfs

gsc1ved facts could be well
accounted for by the arrangements of molecule§in the old ab-plane as shown
in Pig. 1 below ;— i

Fi6. 1
Molecular net as projected on ab-plane

ABCD represents the old ab-face of the cell, DEFG is the correct funda-
mental unit cell (monoclinic) whose elements are a=15 85 X, be=3.088,
c=7.92 KRand B=102°/43', c-axis of the old system being the b-axis of the
new system. ‘The pseudo-orthorhombic character of the crystal has been
really due to the accidental circumstance that 15.85 is approximately double
of 7.92. The arrangement of molecule as shown in Fig. 1 accounts for
the confusion of the earlier workers, The molecules represented by the
symbol ‘§* Have their centres in planes c/a (referred to old ortborhombic
<ell) above and below those of the molecules represented by shaded circles,
¥ T*@W‘*a l
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Goniometric measurements

By careful goniometric measurements of all the faces by a-Czapski two-
circle thcodobite goniometer, the old inteifacial angles were re-measured in a
la1ge number of crystals: and it was attempted to see whether X-ray evidence
is corroboratcd in the development of crystal faces. A sketch of the anthra-
quinone crystal with its faces which commonly develop, as observed in the
specimens crystallised irom benzene, is shown in Fig. 2. 'The crystallographic
data given under Table I ( axial ratios being taken from X-ray measurements )
revises the old values given by Groth under orthorhombic nomenclatures.
It may be mentioned that the observed faces a, ¢, m, y and z (vide Fig. 2)
correspond to m, m, b, y and x faces of Groth's data respectively and that
the faces b, n, and d recorded by Groth have not been observed at all, while
the observed face & was not included in Groth’s data.
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TaBLE I

Faces New Indices Calculated Observed

a:c (100) : (0o01) 77°17"

c:m (001) : (201) 51°20" 4 51°14°
. m:a (201) : (100) 51°22° »}; 51°29’

~

a:x (100) : (110) 75°34" 3 75°40°

c:2 (oo1) ¢ (o11) 62°45 62°45°

x:2 (110) & (011) 27°36 27°36°

y: 2 (111) ® (o11) 12°30° 12°37°

It will be seen that the a- and c-faces of thg crystal on the monoclinic
nomenclatire are the (110) and (110 faces of th

Had the crystal been orthorhombic, its (110) anc% (110) faces would have been
identical planes. It would thus appear difficult to distinguish the new a-
and c-faces of the crystal by goniometric measurement. But the existence
of the top faces x and z which develop adjacent to the a- and c-faces at
angles 75°40’ and 62°45' respectively permit identification of the new a- and
c-faces and the corresponding new axes without difficulty. The slight
difference of the order of r1o0to 15 minutes observed betwecn the intetfacial
angles a:m and c:m is also found to be fairly consistent in the large
number of crystals which have been examined under the gomiometer and
hence this difference can also be used as confirmation in identifying the a-
and c-faces.

old orthorhombic system.

Optical measurements

With a view to obtain a further confirmation in respect of the monoclinic
nature of the anthraquinone crystal, the optical extinction directions were
determined by examining a section of the crystal cut parallel to the symmetry
plane (i.e., old oot plane) under the polarising microscope. It was definitely
found that the extinction directions in the ab-plane of the old system of axes
make angles of about 16° with the a- and b-axes thus confirming the mono-
clinic character of the crystal. A number of similar crystal sections wele
examined under the polarising microscope and the mean deviation of the
extinction direction from the old a- and b-axes worked out to be about 16°.

Dutta (1947) has measured the refractive indices of anthraquinone
crystal along its principal directions. The relative values of the indices
measured by Dutta are in agreement with the structure derived by

the author, \
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Revision of the Space group

The new unit cell contains 2 molecules instead of 8 in the old orthor-
hombic cell. ‘Thus the previous unit cell being much bigger than the correct
fundamental cell, the absent spectra showed symmetiies greater than those
required by any of the orthorhombic space groups. If (hkl) represents the
indices of a plane in the older orthorhombic notation, it can be easily shown
that its equivalent indices (HKIL,) refeited to the new monoclinic axes are
given by H=(h+k)/2, K=1 and L=(h—k)/4. The conditions of abseut
spectra observed in the orthorhombic ccll are thus modified as explained
below ;— )

(1) (h+k)and (h=Fk) divisible by 4 for hko planes reduce to
‘H even for HOL, planes’

and (2) (oo1) planes halved reduce to (OKO) halved.

‘I hese are the absent spectra conditions for the imonoclinic space group
C*4a(P*1/a), which is, therefore, the space group for anthraguinone,

The monoclinic space group C°,,(P*,/a) requires 4 asymmetric molecules
to complete the necessary symmetry but there are only two molecules in the
unit cell. Hence if all the halvings found are true halvings, we must ascribe
a centre of symmetry to the molecule of anthraquinone, which is the only
possible molecular symmetry for this space group. The existence of such
centre of symmetry in the anthraquinone molecule is also supported by the
lipole moment measurements by Fischer and Rogowski (1939).

Feeble forbidden spots observed in highly over-exposed photograph

In a highly over-exposed Weissenberg photograph about the symietry
axis (old c-axis), 4 or 5 extremely weak reflections were observed, which ou
identification revealed planes forbidden by the space group C%;,(P*;/a). These

planes are 710, 750, 530 and 350 on the orthorhombic system, which are

equivalent to 302, 103, Toz and 102 planes respectively on the monoclinic
system. Taking these planes into consideration, the space group of anthra-
quinone can no longer be taken as C*,,(P?/a) in the strict sense of space
group, but has to be taken as C?; in the bisphcroidal class. In that case,
the molecule does not require any centre of symmetry. But the little devia-
tion from the centro-symmetrical molecule, which would account for these
few extremely weak reflections, which are several times weaker than the
weakest reflection measured, would be definitely negligible. In fact, these
weak reflections will absolutely have no contribution to the electron density
maps. Negative result obtained in the dipole measurements (Fischer and
Rogowski 1939) also proves that the molecule is at least very nearly centro-
symmetrical. So far as the structure is concerned, (%, (P?/a) can, therefore,
be regarded as at least approximately the correct space group for all yract?ml

puirposes.

Il
N
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Crystal dala

The revised crystal data for anthraquinone are summarised below :—

Anthraquinone :C,,H,O,; melting point 273°C; density, calculated
1.419 (1.419-1.438 given by Groth); crystallises in the holohedral class of
the monoclinic system, a=1585 X, b=398 &, c=7.92 &, B=102°7.
Space group, C°,, (P*,/a). T'wo molecules, per wunmit cell. Molecular
symmetry, centre. Volume of the unit cell =48y A’ Calculated absorpti>n
coefficient for Cu Karays. p=9.1 per cm, [Total number of electrons
per unit cell=F(0oo) =216. é

§

DETERMINATION OF STRU(.‘: URE FACTORS

Photomelry of spots in Weissenberg pBolographs and relative
intensity measuremegis

The relative intensity measurements weref made by Zeiss photoelectric
recording photometer. The method followed is Briefly described below :—

The Weissenberg photo film was mounterf4 on the object carriage of the
photometer. ‘The dimensions of the spots (Welssenberg photograph) whose
intensities were to be measurcd were generally of the order of 2 m.m. x 1 mm.
or smaller. ‘The spot of light of the photometet was adjusted to be much
smaller in dimension, about 0.5 mmn. X 0.2 mm., and was first adjusted at one
end of the spot under measurement. When the motor is started to take a
record, the spot of light moves along its width while the transmitted light
falls on the photoelectric cell. The current through the photoelectric cell
produces deflection of the fibre of a string clectrometer. The fibre is illu-
minated by a lamp and its movement is photographically recorded. The spet
under measurement was then displaced along its length through a distance
of 0.5 mm., small compared to the length by the lateral movement of the
object carriage and the recording was repeated by allowing the spot of light to
traverse the reflection spot again along its width, In this way each spot was
scanned by the light spot completely by a number of travetsals. ‘The photo-
meter was worked with the same sensitivity, that is, with the same range
of the electrometer fibre between the ‘‘ zero ' position (direct beam of light
falling into the photo-electric cell) and the ‘‘ maxunum blackening " position
{beamn of light compw cut off). ‘T'his was done by noticing the movement
of the fibre agawmst a giaduated scale in the view-finder and fixing its range
by adjustment of the apcrture through which the light falls into the photo-
cell.

The actual intensity corresponding to any spet is not linearly proportional
to the deﬁectic;n of the electrometer fibre of the photometer. To obtain the
integrated intensity, therefore, the amplitudes or the ordinates of the photo-
metric curve are to be comparcd with a standard prepared according to

Robinson’s (1933) method,
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The zero intensity line in the photometric record was drawn for each
scanning of the Weissenberg spot. The zero line being taken as the abscissae,
ordinates were drawn and measured at intervals of ome millimeter. This
can be quite easily done by placing a semi-transparent millimeter graph paper
on the photo-metric records and reading off the ordinates. Hach ordinate
was matched with equivalent ordinates of the standard intensity curve, the
abscissae corresponding to the latter being proportional to the intensity
represented by the ordinate. All these abscissa for all the scannings of the
spot were summed up, the net sum giving a relative measure of the integrated
intensity.

Reflections at small angles

The spot i the Weissenberg photograph having the smallest angle of
diffraction was the o040 reflection. Reflections from planes of larger spacing,
i.e., smaller angle of diffiaction are obstructed by the lead stop in the
Weissenberg camera used to receive and absorb the direct X-ray beam. It
was found, as can be seen from the space group condition as well, that 220
and 220 are the omly such planes. It was, therelore, necessary to measure
their antensities for inclusion 1 the Fourier summation. This was done by
taking separate oscillation photograph in another camera in which the lead
stop used to receive the direct beam was made of such stnall dimension as to
allow the 220 reflection to be photogiaphed. The oscillation ranges weie
so adjusted that 220 and 260 1eflections were recorded in one oscillation
{)hotOgraph and 220 and 260 in another. The relative integrated intensities
of these pairs of reflections were measured in the same way as in the casc of
Weissenberg reflections.

Absolute intensity measurements

In order to calculate the absolute structure factors of the reflecting planes,
it is necessary to convert the relative integrated intensities obtained from
Weissenberg photographs into absolute scale. For this purpose a powder
photograph was taken with a mixture of antbraquinone and aluminium and
the intensities of anthraquinone lines were compared with those of altuminium,
the latter being absolutely known from the measurements by Brindley (1936).
The scattering power and absorption co-efficient ofaluminium being much
greater than those of anthraquinone, the powder mixture was prepared with
1 patt of aluminium and 6 parts of anthraquinone by weight in order that
the intemsities of reflections and the effective absorption co-efficients for the
two ingradients might be comparable. The mixture was crushed into a fine
‘powder in a8 mortar. The powder was made pasty by a little amount of
solution of colfodion in ether and formed into a stick by pushing the paste
‘through a capillary tube. A filter of thin mickel foil was used to absorb the
Qu+K radiation to avoid confusion among too manmy lines, The powder
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photogtaph of the mixtute is reproduced in plate XIV B. In order to dis:
tinguish thealuminium lines from those of the aathraguinone in the photo-
graph, a separate.powder photograph of anthraquinone alone was taken.
Relative intensities of the powder lines were measured exactly in the same
way as in the Weissenberg photograph but in this case the spot of light was
made longer but narrower and each line was scanned by the light spot once.
The relative integrated intensities of the different lines are given in Table II
below :— £

f
Tasrg 11 §

Substance Reflecting Reftive integrated
planes intensity
o { 11 11.3 gbserved ratio=2.38

Aluminium

200 48 lculated ratio from
L . rindley's data=2,22

220 18.6

Anthraquinone ... N
040 68 v

Hence out of the 111 and 200 reflections of aluminium, the former being
mote intense was considered more reliable and used for final comparison with
anthraquinone lines. 3 prominent anthraquinone lincs were obtained in the
powder photograph, viz. (1) 220 plane, i.e., superposition of 220, 220, 220
and 220 planes; (2) o040 planes; i.e., superpositioni‘of 040 and 040 planes and
(3) superposition of 440, 260 and their derivatives with negative indices.
When the monoclinic nature of the anthraqumone crystal was estabhshed it

was known that hko and hko planes are real:y different planes exeept for
axial planes and are generally of different intensities. Powder line obtsmed
by superposition of such planes, therefore, could not be made use of for
absolute intensity measurements. But the planes o40 and 040 being equi-
valent - planes on the monochnic system as well, the intcnsity of this line was
used for comparison with the rr1 reflection of aluminium. Structure factor
for the latter was taken as 8.70x4 from Brindley’s (1936) mcasurements.
The structure factor of o4o plane thus worked out to bc 164.0 and on that
basis, the structure factors of other planes have been calculated from their
relative intensities in Weissenberg photographs. The details of calculation
and questions of absorption and ‘extinction have been discussed in the fol-
lowing section of this chapter.

With a view to checking up the accuracy of the structure tactor of v40
'plane on which the absolute intensity measurements for all reﬁéctions have
Bedn based, another pow der photograph was taken with & mixture of adthra-
guinone and rock salt and by similar comparison of iutensitles, structure
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factor of 04o plane worked out to be 166.0 as against 164.0 obtained from
comparison with aluminium lines. The agreement happens to be unexpec-
tedly satisfactory. In view of the probable error of +10% in the intensity
measurements and the error for not applying relative absoiption corrections,
which was comparatively larger in the case of rock salt-mixture, the above
agreement appears to be somewhat accidental. Neveriheless, the agreement
provides a confirmation that the value of Fy4o obtained (rom the powder
photograph is approximately correct.

Evaluation of Absolute structure factors—Absorption and
Extinction effects

(a) Powder photograph with miviure of anthraquinone and aluminium, —
The integrated intensity for a powder line (neglecting absorption) on
cylindrical film is given by :

NZefA®.1 1 1+4cos’2g
I= 1 . . ~. AT e . 2.
YO ity sinz26,sinf pF.OV

=A,N%.0.p.F?0V,

4 33

e* A% . .
=--—_ =Constant for particular experiment,

167m3c*s P P

where

N = Number of unit cells per unit volume,
P @=1+cos’2¢
sin26.sing
P = Number of equivalent planes,
F = Structure factor.
Thus comparing integrated intensity of an anthraquinone line with that
of an aluminjum line in the powder photograph, we get

I __ N28,.5.FlaV,
L. N;\l’-en’.pA'.FA’,EVA'

where suffixes A and A’ denote corresponding values for the anthraquinone
and aluminium lines respectively. As anthraquinone and aluminium were
taken in the ratio 6 ; 1 by weight for the powder stick,

EVA — [ 2.
5‘7-;-6.5‘ —6X:-§5 =11.4,
py and,p, being the densities of aluminium and anthraquinoue respectively.
In the above equation therefore, I./I. being measured and all other factors
except F, being known, the absolute value of F, can be calculated. F, for cq0
plane thus worked out tobe 164.0. R
. ;1 Iu the above calculation, no allowance bas been made for the relative
pbsorption  effects for agthragninone and aluminium in the powder rod,



Structure of ‘Anthraquinone 357

The relative absorption effect was, however, reduced to minimum by taking
the substances in suitable proportion and by using very thin powder rods.
T'he calculated values of linear absorption co-efficients for anthraquinone and
aluminium for copper K. radiation are 9.r and 131.6 per cm. respectively
(calculated from mass absorption co-efficients of different atoms as given
in the ‘International Tables for the determination of crystal structure’). The
proportion of anthraquinone and aluminium in the powder being 11.4:1 by
volume, the effective absorption co-cfficient ore* 8.4 and 10.6 respectively.
The radius of the powder rod used was about 0.§25 cm. The approximate
probable error in integrated intensities and her&e in F-values for 040 reflec-
tion of anthraquinone can be calculated from the ﬂble given on page 584 of
‘International Table for the determination of cryﬁtal structure.” This works
out to be roughly +49%, which 1s small comp&ed to probable limits of
experimental error in intensity measurements. }

(b) Weissenberg 1olation [)hotogmj)h.-—'l'hi appropriate formula for
integrated intensity of 1cflection fiom a mosaic o#f ideally “imperfect’’ crystal
may be written as : '

2,4y 8 2
1=Ne ;\4 ., Ifcos2f F*=A.B.F*
4pmce sin26

_NZ%\? _I+cos’2g
where = st and B P

F(o40) being determinced absolutely from powder photograph, F-values
for other reflections have been calculated from relative integrated intensity
measurements of reflections in Weissenberg photograph, i.e., from the relation

I B .
Fi=_——, Poue g2
Iojo ﬂ 040y
assuming A, which is equal to N?e“A*/4um?®c*, to be constant for all reflections,
But A will be constant only if # is constant. Varation of u has, however,
been neglected in view of the following considerations :—

The linear absorption co-efficient of anthraquinone (calc. u=g.1) being
fairly large, care was taken to ensure while taking the Weissenberg photo-
graphs that the specimens did not present greatly different paths to the beam
in the different reflecting positions. This was done by selecting suitable
crystal specimen for the different rotation photographs so as to provide fairly
uniform cross-sections parallel to the rotation axes. Further, very small
crystals weighing about 0.2 milligram were used to reduce non-uniformity of
cross-section to the minimum. Relative absorption corrections were, there-
fore, not applied. With the small sizes of the crystals used, and further sihce
it was found that the variation of crystal size did not have appreciable
influence on intensities, extinction was considered to be small. No attempt
has therefore been madc to correct for the extinction,

4—~1674P~-8
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Structure factors measured and calculated

The values of the structure factors in absolute units derived from inte-
grated intensily measurements are given under ‘“‘F measured’ in Table III.
The indices HKI, of planes given in Table I1I refer to the old orthorhombic cell
after Groth. As the Fourier summations were carried out in terms of the
orthorhombic cell using the corresponding indices of the planes, these indices
have been retained in ‘Table III. Corresponding equivalent indices HKI,
referred to the new monoclinic axes are obtained from the general relations
already given, numely, H{=(h+k)/2, K=1 and L=(h—k)[4. These new
indices have also been included under the second column in Table III.
Structure factors derived for the orthorhombic cell have, however, been
divided by 4 in order to get the same in terms of the monoclinic cell.
The latter values arc given in Table I11.

F (calculated) given under the last column in Table 111 have been calculat-
ed on the basis of co-ordinates of atoms as finally obtained from the elec-
tron maps. ‘The values of atomic structure factors for carbou have been taken
from Robertson’s paper (1935) on the structure of benzoquinone. In the
case of benzoquinone, Robcrtson considered that the existing oxygen f-curve
would have to be modified by introducing a large temperaturc factor, and
from the fact that peak value of electron density on the oxygen centre in his
analysis was not found to be much higher than that for the carbon atoms, he
assumed the average thermal movement of the oxygen alom to be of the
same order as that of carbon atom. As such, the carbon f-curve was used
by him for oxygen as well, afier weighing in the ratio 8 to 6 in the analysis
of benzoquinone. In the present analysis on anthraquinone, the peak value
of electron density at the oxygen centre is found to be decidedly much
higher than those for carbon atoms, actual values being r3.0 per sq. A.U. for
oxygen and 7.5 to 9.0 per sq. A.U. for carbon atoms., In view of the un-
certainty in the f-curve for oxygen atom, structure factors were separately
calculated by using values used by Robertson as well as by those from the
measuremants on MgO by Wollan (1930). As the latter gave a better agree-
ment with the observed F-values for most of the reflections, Wollan’s values
bave been preferred and corresponding values of F (calculated) are given in
Table 1II. The general order of agreement between measured and calculated
values of F is quite comparable to those obtained for other structures which
have been successfully analysed. Considering the uncertainty in the f-curve
for oxygen and the fact that contributions of the 16 hydrogen atoms in
the new cell (monoclinic) have not been separately accounted for, the
discrepancies appear to be well within the limits of experimental error.

The preliminary estimate of the structure

‘With a view to obtaining the correct signs of the co-efficients F(lk!) of the
Fourier series, a preliminary analysis of structure by the trial and error method
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" Tam T
Measured and calculated values of structure factor.
HKL HKL I
hkl (referred to ¥ F hkl (referred to | ¥ P
{after Groth) moxc:lglc';inic measured | calculated](after Groth) mor(l‘ztlsg)mu | measured ’ calculated
+
002 ozoJ - 13 +14 4(24)0 | (14)0s 6 -5
400 201 11 -2 4(24)0 §  (T0)o7 6 -6
800 402 20 +21 4(28)0 ¥ (16)06 5 + 7
(13)oo 603 25 +23 4(28)0 é (12)08 5 + 7
(16)00 804 21 421 620 401 22 +16
(20)00 (10)05 10 +10 620 202 27 +23
040 201 41 36 660 & 600 4 -7
080 402 27 -14 660 | 003 13 ~13
o(12)o 603 19 -33 6(10)o ! 801 15 +18
o(16)0 804 12 ~11 6(10)0 204 11 +15
o(24)0 (12)06 21 -19 6(14)0 (r0)oz 16 -19
220 200 35 +32 6(14)0 405 13 -15
220 001 35 +29 6(18)0 (12)03 6 + 2
260 401 30 -27 6(18)o 606 17 +9
260 202 32 —29 6(22)0 (14)04 10 —10
2(10)0 602 3 + 4 6(26)0 (16)05 4 + 3
2(10)0 403 19 +14 840 601 55 =40
2(14)o 803 26 -18 840 203 54 -39
2(14)0 604 14 - 11 880 800 15 —-1x
2(18)o (10)04 T3 +13 880 004 27 —20
2(18)0 8o 16 +16 8(16)0 (12)02 25 +19
a(22)o (12)05 15 —-11 8(16)0 406 31 +24
a(22)0 (10)06 10 -5 8(20)0 (14)03 16 +14
2(26)0 (14)06 5 -4 8(20)0 607 27 +25
440 400 40 -40 8(24)o (16)04 7 -8
440 002 40 -39 8(24)0 . 808 6 -6
480 601 a6 +15 8(28)o (10)09 3 -2
480 ~ioa 30 +25 (10)20 602 9 —- h
4(12)0 802 4 + 5 (10)60 8or 47 —-31
4(16)0 (10)03 6 o (10)60 204 44 -31
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360
Tapre 111 (contd.)
Measured and calculated values of structure factor.
HKL - HKL !
hkl (referred tu ¥ r hkl (referred to F r
(after Groth)| monoclinic |measured [calculated|(after Groth)| monoclinic measured | calculated
cell) cell)
(10) (14)0 (12)01 18 + 8 | (22) (x0)0 (16)03 4 + 7
(10) (14)o 206 5 -2 041 211 2 - 2
(z0) (18)o (14)02 33 4:31 042 221 10 -1
(10) (18)o 407 21 +20 043 231 4 -5
(10) (26)0 (13)04 6 -4 044 241 8 -8
(30) (26)0 809 — 3 081 412 1 + 2
(12)40 802 6 -9 082 422 13 +16
(12)80 (10)10 9 +10 083 432 5 + 7
(12)80 20§ 33 +41r 084 442 7 -3
(12) (16)o (14)01 4 -4 o(r2)r 613 7 -7
(12) (16)o 207 6 -11 o(12)2 623 I 0
(12) (24)0 (18)03 6 -7 o0(12)4 643 3 + 1
(12) (28)o 609 4 -7 0(16)2 824 2 -7
(14)20 803 i 5 -6 0(16)3 832 2 + 3
" (14)80 405 l 6 -9 0(16)4 844 10 + 7
(14) (10)0 (12)o1 9 +14 0(20)3 (10)35 6 - 8
(14) @0)o 206 6 +14 olag)t | (12016 3 -2
(14) (14)o (14)00 9 -9 o(24)2 | (12)26 3 -
(14) (14)0 007 5 -7 0(28)2 (14)27 3 +5
(13) (18)o 208 4 + 6 401 211 34 =17
(14) (22)o (18)02 6 -6 402 221 43 +32
(16) (12)0 207 8 -4 403 23 11 + 7
(18)20 (10)o4 24 +18 8o1 412 9 -1
(18)20 8os 28 +26 802 422 5 + 7
(18) (10)0 (14)02 b3 -4 803 432 21 -10
(18) (10)o 407 7 0 8uq 442 15 +12
(18) (14)o (16)01 9 -12 (12)02 623 26 +25
(18) {13)0 . 208 9 ~12 {12)03 633 12 +5
{20) (12)o (16)02 5 -4 (16)o1 814 24 +13
{22)20 {12)0§ 6 -6 (z0)o1 {10)15 19 -12
{a2)z0 {20)06 5 -2
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was und.ertaken. The following points rendered useful guidance to arrive at
a tentative structure for the purpose :—

1. Considering the known form of anthracene molecule consisting of
thre‘e plane hexagonal rings lying in one plane, the anthraquinone molecule
derived by adding two oxygen atoms at the central ring of anthracene was
also considered to be planar in structure to start with. The probability of
such a planar structure of anthraquinonce molecule was also supported by the
analogous structure of benzoquinone already analysed by Robertson where
the planar structure of the beuzene ring has inot been disturbed by the -

addition of the two oxygen atoms- ¥
3

Ll . ‘(

2. 'The anthraquinone molecule was assqud to be centro-symmetrical

as required by the space group condition and also supported by the dipole
measurement (Fischer and Rogowski, 1939). ¥

3. In view of the small dimension of 3.68 Konly along c-axis of the
old unit cell, it would be difficult to accommodatethe molecule in the cell if
the molecular plane is very much tilted from the ab-face.

;

4. Although therc are 8 molecules in the pseudo-orthorhombic cell, the
real umt cell finally obtained under the monoclinic system contains 2 mole-
cules only, where the sccond molecule is derived from the first by the
symmetry operation. As the molecule has got a pseudo-centre of symmetry,
a knowledge of the position of atoms comprising half of one molecule only
is sufficient to build up the entire structure. The problem thus gets much
simplified as the same reduces to the determination of parameters for 7 carbon
atoms and one oxygen atom only.

5. For the preliminary trials, all the three benzene rings of anthra-
quinone molecule were assumed to be regular hexagons as in the case of
anthraccne. The dimensions of the rings were also assumed to be similar to
those observed in anthracene and benzoquinone.

Taking the above points into consideration, it was then tried to find the
x and y co-ordinates of the diftercnt atoms in the molecule which would give
the calculated structurc factors as closc a fit with the experimental F values
as was possible. Aftcr a few trials, the following structure gave sufficiently
reasonable agieement to obtain the signs of the F(hko) co-cfficients for the

Fourier summation.

It was concluded by Baunerjee (1938) from his magnetic measurements
on this crystal that the molecular plane is tilted about the b-axis from the
ab-planc by 30°. This was taken as the starting point for the trial struc-
tures for the Fourier projection along the other two axes. The x and ¥
co-ordinates being already known accurately from c-axis projection, the 2-
co-ordinates for the purpose of trials were calculated from the above tilt of ’

molecular plane about the b-axis.
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y(b-axis)

>

> x (a-axis)

y S

Fourier Summations

Fourier syntheses weie carried for projections on the pseudo-orthorhombic
planes as they gave much clearer resolutions than the real monoclinic planes.
Crystallographic axes, co-ordinates of atoms, molecular orientations, etc.,
detailed hereafter are as referred to the pscudo-orthorhombic cell (a= 19.683,
b=24.50 & and ¢=3.968) containing 8 molecules of anthraqumone. Corres-
ponding values with reference to the monoclinic cell can casily be calculated
from those obtained for this enlarged cell.

A large number of reflecting planes were taken into account in the
Fourier projections, particularly along the old c-axis. Contributions from
about 180 (hko) planes (i.e., new hol planes) were summed up in the case
of c-axis projection as against tlle maximum of about 150 and 130 planes
for one of the projections in the case of anthracene and benzoquinone respec-
tively. Integrated intensities were measured over a wide range, the most
intense one having an integrated intensity of about a thousand times that of the
weakest. Intensities of a few still weaker reflections were estimated visually
from a highly over-exposed photograph and included 1n the Fourier summa-
tion. In the c-axis projection, the Fourier summation was carried out at
subdivisions of a/48 and b/48, which are equivalent to 0.410 & along a-axis
and 0,512 X along b-axis respectively. For accurate location of the atomic
centres, additional suminations at closer intervals with axial subdivisions of
a/96 and b/96 round about the atomic centres (1.e., at intervals of o0.205 &
and 0.256 & along a- and b-axes respectively) were carried out. Axial sub-
divisions in the projections along a- and b-axes were b/48, c/12 and a/48,
¢/12 respectively, where c/12=0.332 &, Closer summations in the regions
of the atoms were carried out in these projections also.



Structure of Anthraquinone 363

Electron maps and atomic co-ordinaies

The contour maps were drawn by the graphical interpolation from the
summation totals. The maps are reproduced in Figs. 3, 5and 7. Separate
diagrams showing how the molecules are arranged in the projections along
the 3 axes are given in Figs. 4, 6 and 8. All the atoms in the molccule are
remarkably well resolved in the c-axis projectios, whereas in the other two
projections, atomic centres can hardly be fixed wi(ﬁx accuracy owing to consider-
able overlapping of atoms. xand y co-ordinates; have, therefore been taken
from the c-axis projection alone, using the ot f T two projections merely as a
general check. ‘The accuracy of the co-ordinatesiis in general o.o1 X. Direct
determination of the z-co-ordinates from the a- a% b-axes projections would be

Scale
?AAIQ}IiLJ{l‘IJ
F1G. 3

Proiection along the old c-axis. Contour lines drawn at intervals of one
electron per A, the one electron line being dotted.’ ‘
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unreliable owing to overlapping of atoms. In b-axis projection, the molecular
plane is found to be tilted from (oo1) plane by 27° degrecs about the b-axis
(30° degtees found by magnetic measurements). ‘Ihe fact that the centres
of atoms i one molecule lic approximately on a line in the b-axis projection
supports the planar structurc of the molecule, as has also been found in other
allied aromatic compounds. In a-axis projection, the oxygen atom and the
counecting catbon atom are well resvlved, which permit independent evalua-
tion of the co-urdinatcs for those atoms. In both a- and the c-axes projections,
the oxygen and the adjrining cartbon atom and the centre of the molecule
lie on the same stiaight line, which indicates that the oxygen atoms also lie
in the plane of the rings. Fiom these considerations, the planar structure
of the molecule has been concluded. Deviation from the planar structure,

e

“h

F1G. 4 .
Showing how the molecules are grouped in c-axis projection.
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if any, is believed to be negligible. 2 co-ordinates have, therefore, been
worked out from the relation z=Ix+my, where I=tan 27° and the constant
‘m ' is calculated to be 0.0493 from the oxygen co-ordinates assigned inde-
pendently in the a- and the c-axes projections. The co-ordinates with
reference to the orthorhombic cell are given in Table IV. On transformation
of the orthorhombic axes of co-ordinates to thase of the new monoclinic celi,
the final co-ordinates referred to the monollinic gystem of axes are obtained
from the following relations :—

g

per A3,

(IR I IR I W AN A ST e |

[]

Scale:
Fic. 5
Contour lines drawn at intervals of one electron

the one electron line being dotted.

Projection along the old b.axis.

)

§—1674P~-8
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xa=xlaFyfb .. (1)
yib=zfc - v (#)
Zfe'=2(x/a~y/b) ... (i11)

x'y'2' and xyz are equivalent co-ordinates on the monoclinic and orthorhombie
system and a'b'c’ and a, b, c are the corresponding axial lengths of the two
cells respectively. The final co-otdinates referred to the monoclinic cell are
given in Table V.

Fic. 6
Showing how the molecules are arranged in b-axis projection.
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Fi1c. 8
Showing how the molecules are grouped in a-axis projection.
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TasLg IV :

Co-ordinates of atoms referred to orthorhombic cell. Molecular cenfre of ~
symmetry at (0oo) as origin

(vid?tg}!g‘. 9 x& l (amxfa)® y& (awy/b)° ‘ =R i l (xzfc)®
|
A (CH) —-3.253 —59-3 0 765 &1.2 ~1.634 -147.8
B (CI) —2.198 —-40.2 1.447 Vftx.z ~1I 059 - 98.8
¢ © —1.11§ -20.1 0.745 .9 -0.536 —48.5
D («©) 0.038 0.7 1476 1.6 0092 8.3
B ©) 1.164 21.3 0.649 .5 0.630 57.0
¥ (CH) 2.236 40.9 1311 %9.2 1.214 109.5
G (CH) 3.308 60.3 0.615 ;;8.8 1.730 156 6
H (0) 0.049 0.9 2.623 k.z‘ 0.185 14.0
t
TABLE V i

Co-ordinates of atoms referred o monociinic cell. Molecular centre of
symmetry at (ooo) as origin

(vid?tli‘);g. 9 wk ‘ (zmx/a) ‘} 23 (awy/b)° 2R (am2/c)®

e e e _ .
A(CH) | —2.128 —48.3 -1.634 —-147.0 —3.111 —141 4
B (CH) i -0.836 -19.0 ~1.059 - 95.8 —-2.702 ~122.8
¢ («©) ~0.418 - 95 —~0.536 — 48.5 -1377 - 62.6
D (©) 0.981 22.3 0.092 8.3 —0.920 — 418
E (<) ! 1.355 30.8 0.630 57.0 0.519 23.6
F (CH) | 2.644 6e.1 1.214 109 5 0.955 43.4
G (CH) 3.049 69.3 1730 156.5 2,275 103.4
I (0) 1729 39.3 0.155 14.0 —1.650 - 750

Dimensions and orieniation of the molecule

Diagramatic representation of the molecular dimensions together with
interatomic distances and valency angles are given in Fig.g. The distances
are probably correct within o.or & with a maximum possible error of
+0.02 &, The valency angles are expected to be correct within 2°.

The final orientation of the molecules with reference to the crystallo-
graphic axes may be described as follows .—

Let us denote the axis passing through the centres of the three rings of
anthraquindne as ‘long axis * of the molecule and the axis joining the oxygen
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atoms and the centre of the molecule as the ‘cross axis’ of the molecule,
Then, the cross axis is very mnearly parallel to the b-axis of the pseudo-
orthorhombic cell and the position of the molecule is nearly attained by a
tilt of the molecular plane about the b-axis so as to make an angle of about
27° with the (oor) plane. 'T'ilts about the other axes are of much smaller
magnitudes If «, B, y denote the angles made by the long axis of the
molecule with the a, b, ¢ axes respectively and o/, 8/, ¥/ be the corresponding
angles made by the cross axis of the molecule, then these angles as worked
out from the structure obtained are :—

a =274 o = 88°5
B =912 A= 3°8
v = 62°.9 v = 86°.4

Fic. 9

Dimensions of anthraguinone molecule

Molecular dimensions

Interatomic distances in A U, Valency angles,
Carbon-Carbon : AB = 1 38 N <ARBC = 120°
AG’ = 1.385 omatt CE'F = 122°
BC = 1.39 T <KEFG = 121’
K'F = 1.39 } C-CH <FGA = 116§°
CE’ = 1.395 -G <G'AB = 123
CD =150 ; c-C . <EBCD = 122}4°
DE = 1.50 (* single bond ") <CDE = 117§*
Carbon-Oxygen: DH = 1.15 c-0 <DEC’ = 320°
vE ) <CDH = 121°

. Ve . . . <EDH = 1az}! .

v 4 -
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Structure of Anthraquinone
Arrangement of molecules in the crystal and molecular distances

The dominant featute found in the anthraquinone structure is the group-
ing of molecules in a zig-zag way in space with the molecular planes in the
alternate layers being inclined to one another at an angle of 54°. Molecular
planes ate inclined at an angle of 27° to the (oo1) plane. The zig-zag
arrangement is best seen by projecting the structyre on (o10) plane as shown
in Fig. 10. The molecules are, however, refgarkably well resolved in the

The plane of each molecule is nearly

perpendicular to the plape of projection.

FiG. 10

Projection along old b-axis showing 8 molecnles.
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projection along the symmetry axis (i.e., old c-axis). Such a projection on a
smaller scale showing the relations of a group ef 32 molecules is shown in
Fig. 11. To visualise how the molecules are arranged in space from the
diagram (Fig. 11), it is to be imagined that the dotted molecules have their
centres in planes #c above and below those of the molecules shown with

Cr '\hv p)

Scote:;' ——

12A
F16. 11

Projection along old c-axis showing the relation of a group of 32 molecules. The dotted
maolecules have their cenmtres in planes ¢/a above snd helow those of the molecules

shown with black afoms,
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shaded atoms. All the molecules are tilted from ab-plane (plane of the paper)
by 27° about the b-axial direction passing through the centres of the molecule,
the tilt of the dotted and shaded molecules being in opposite directions.

The nearest molecular approach occur between two niolecules where one
is derived from the other by the fundamental translation along c-axis
(c=3.98 X). The perpendicular distance batween the planes of these two
molecules is approximately 3.98 cos 27°=3. 5‘{4 &, which is, therefore the
minimum distance of approach between any t b molecules. If A, B, C ctc. are
atoms of the molecule derived by fuudam \tal translation along c-axis of
the molecule comprised of A, B, C, .. ato (vide Fig.g), the minimum
intermolecular distance between cqrbon atoms $ccur between A and B; B and
C; C and D and so on. Such distances wheorked out range between 3.6
and 3.7 &. In benzoquinone, corresponding oerved distance is 3.45 &, while
in rescorcinol (Robertson, 1936}, it is 3.6 R. Minimum oxygen-oxygen inter-
molecular distance in anthraquinone is the samg as the fundamental translation
of 3.98 &, In benzoquinone, corresponding observed distance is 3.62 X.
The minimum intermolecular distance obtaine§ in anthraquinone thus agree
well with the usua' order of such distances obsgrved in other compounds.

1
Peak values of electron density and electron counts

The observed peak values of electton density for the different atoms in
the c-axis projection where the atoms are remirkably well resolved are given
in 1'able VI. 'The values arc in general somcwhat higher as compared to those
observed in anthraceue and benzoquinone. The values observed for the
carbon atoms in the present case arc between 7.5 to g electrons per square
A.U. (6-7 observed 1n other structures), ‘The peak values for the carbon
atoms are found to gradually fall off as we pass outwards from the centre of
the molecule, although one would ordinarily expect higher values for the
outer CH groups as compared to the carbon atoms of the inner ring. A slight
broadening of the end atoms is also observed. It is interesting to note that
such falling off in the peak values of electrou density as we pass out from
the centre of the molecule, combined with a slight broadening of the structure
has also been observed in the case of anthracene and other allied compounds,
In anthracene, peak values were found falling gradually from 7 to 5.5
electrons per square A.UJ, towards the end of the molecule.

In the c-axis projection in which each of the atoms is distinctly resolved,
electron counting was carried out by the method first used by Bragg
(1920). Boundary lines werc drawn round each of the atoms comprising
half of the moiecule as shown in Fig. r12. 'The appropriate electron
densities plx, y) at intervalsof a/96, b/g6 were then summed up

* with appropriate weightage to fractional square near the boundary lines and
number of electrons for each of the atoms calculated from the relation
N=23p(x, y)xab/g6’. Results so obtained aregiven in Table V1. 'E.leictron
B 1674P—8 v {



Fig. 12

Electron coant in anthiaquinone molecule (projection along old c-axis)

TapLe VI

Peak values of e!cclron density : eleciron counts

Atom { Pcak salue | Nasuber of
per sy AU | sl ctrons
! ]
|
Carbon ‘ A CH, K 7.3 6.8
B (CH) 7.4 5.6
¢l 88 5.0
DAC qu 6.0
EC 82 59
¥ (CH) 8.1 - Ao
G (CH) 7.4 6.4
. Oxygen: H (O) 13.0 9.5
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count for the oxygen atom gives 9.5 electrons instead of 8 as required by the
atomic numbsr. T'nis suggests that the oxygen atoms in anthraquinone have
partial ionic character. ‘T'he discrepancy may also be partly due to inaccuracy

in the intensity measurements and to the omission of the still weaker reflec-
tions in the Fourier series.

Y
DISCUSSION OI'! RESULTS
Revision of space graup

It will be scen that a wrong assumption of iace group for the anthra-
quinone crystal under the orthorhombic systegh apparently frustrated all
earlier attempts to determine its correct strudture. It has now been esta-
blished beyond doubt that the crystal belongsj to the monoclinic system,
The space group is fouud to be C3,P%/a. The fgct that the crystal devclopes
very few faces has also been partially respongible for the carlier confusion
in the classification of the anthraquinone crystal. { ‘I'he revision of the crystal
class and the determination of its correct sp group fully account for
all the observed points which appeared anom&ous on the assumption of
orthorhombic nature of the crystal. The arrangement of the mole-
cules in the crystal finally obtained clearly explains its pseudo orthorhombic
nature.

It is noteworthy thut a few very feeble reflections have been observed in
a highly over-exposed Weissenberg photograph which are actually forbidden
spectra for the space group C§,P?/a and thus, in the strict sense of space
group, anthraquinonc has to be classed under the bisphenoidal class with its
space group as C%. But the contributicn of these few exceedingly feeble
reflections towards structure would be so infinitesimally negligible that it can
lead to no deviation from the centro-symmetrical structure of the molecule.
The space group C3,P%/a has thercfore, been assigned to the crystal.

Molecular dimensions and comparison wilh those of anthracene
and benzoquinone

The anthraquinone molecule has been found to be approximately planar.
Though none of the three benzene rings in anthraquinone molecule is found
tobe petfectly regular hexagon, the two outer rings are very nearly regular with
carbou to carbon distances varying between 1.38 £ and 1.40 X. Thus each of
these distances lies within the limits 1.39 K + .01. Corresponding distances
found in anthracene (Robertson, 1933)1s 1.41 X, while in resorcinol (Robertson,
1936) it is 1.39 &. The valency angles observed in the outer rings are between
117° and 123°. It is, however, difficult to say whether this deviation from
120° for these angles is genuine or only duc to experimental error. The
outer rings may, therefore, be considered to be regular plane hexagons, within
the limits of experimental error, like those of the anthracene molecule. The
central ring is, however, definitely distorted like benzoquinone mglecule.
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The ‘‘single’” bond carbon to carbon distances in the central ring of anthra-
quinone molecule are found to be approximately 1.50 & which is identically
the same value as observed in benzoquinone. One striking difference between
the two structures is, however, noticed in the valency angles between the
single bonds. In benzoquinone, the angle has the tetrahedral value of
109°%, while in anthraquinone it is found to be 117", The angle between the
single and double bonds was found to be 125° in benzoquinone, but the
double bond being absent in anthiaquinone molecule, the corresponding
valency angle in anthraquinone mo'ecule occurs between a single and a
coujugate bond as in the case of hexamcthylbenzene (Lonsdale, rgzg9, or
dibenzyl (Robertson, 1934) where these angles are approximately 120°. As
would be ¢xpected in analogy with tLe measurements for hexamethylbenzene
and dibenzyl, the valency angles between the single and the conjugated bonds
of the central ring of the anthraquinonce molecule aie actually found to be
120°-122°. These angles thus being <maller than coiresponding value of
125° observed in benzoquinone, the valency angle between the single bonds in
anthraquinone must be proportionately greater than the benzoquinone value
of 109°%. This explains the obscrved value of 117° between the single bonds
found in anthraquinone.

The carbon to oxygen distance in anthraquinone is found to be 1.15 X
which is almost the same as that observed in benzoquinone, namely, 1.14 A.
The band spectrumn and infra-red absoiption spectium analyses of carbon
dioxide vapour give the carbon to oxygen distance as 1.15 R and 1.16 K,
respectively.  In benzoquinone, the carbon to oxygen distance could not be
measured directly because the carbon atom to which the oxygen is directly
attached remained obscured in all the projections and it also became difficult
to locate accurately the position of the centie of the oxygen atom as it
appeared slightly elongated in the projection. In anthraguinone, however,
both the carbon and oxygen atoms are very well resolved in the projection
along the symmetry axis and centres of thesé atoms could be accurately
located. Although a higher valuc of 1.25  has been found fot the carbon
to oxygen distance in urea (Wyckoff and Corey, 1934), the distance observed
in anthraquinone supports the benzoquinone value and those observed in the
case of carbon dioxide. The ketonic oxygen in aathraquinonc is also thus
seen to be rather similar to the oxygen in carbon dioxide.

Chemical formula and the nature of the valency bonds

‘The alternative structural formula of anthiaquinone are given below :—

The outer rings being found to he regular hexagons instead of alternate
single and double bond distances, the formula (1) for anthraquinone does
net correctly represent the molecule, Formula (2) based on the ‘“‘centric’’
formula with nnlinked bonds fully supports the observed structure of anthra-
. quinone molecule, .
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i

%—’Mi 32 o~

The stability and characteristic aromatid} properties of substances have

been atiributed to a resonance between thg different stable valance-bond
structures which are termed ‘canonical’ structtfres of Pauling analogous to the
resonance of benzene between two Kekule strgfetures vez,

Or

-

For anthraquinone, the following four stable valence-bond structures can
be formulated :—

Secgises

It will be seen that each of the bonds in the outer rings occurs as double
bond in two of the above structures and as single bonds in the remaining two
structures. That is, each of these may be considered to have 50% double
bond character and in accordance with Pauling’s curve (1935}, such bond
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corresponds to an interatomic distance of 1.3 K. The observed distance
agrees well with the above consideration.
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