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~'APHTHALENE and anthracene have perhaps
been studied more intensively and for a longer

time than most other organic crystals. It seems ap-
propriate that we should review their structures,
because the thermal vibrations of the atoms and the
distribution of the electronic charge density in these
structures have now been very carefully examined.

When W. H. Bragg first applied the x-ray diGraction
method to the study of organic crystals, these two
compounds were among his earliest examples. ' By 1920
he had solved the crystal structures in the sense that,
the dimensions of the unit cells and the number and
relative positions of the molecules in them had been
correctly determined (Fig. 1).

The c axis increases in length by about 2.5 A in

passing from naphthalene to anthracene, while the
other dimensions remain almost the same. Now, if the
extra ring of carbon atoms required by the chemical
formula has about the same dimensions as the rings
in diamond and graphite, this can be explained. In
this way and by various other measurements' Bragg
was able to demonstrate that the organic molecule had
a real existence in the crystal; a conclusion which did
not by any means follow from the earlier work on
inorganic crystal structures.

Bragg's measurements were made by means of his
original ionization spectrometer. It is a melancholy
reflection that they were probably more accurate than
the majority of the measurements on which our recent
work is based. They were not, however, sufficiently
extensive for a full determination of the structures, in
the sense of finding the positions of all the atoms. This
did not come until 1932, when the photographic method
was used to make complete surveys of all the principal
zones of reflection. ' By means of various trial structures,
and guided by the optical and magnetic properties of
the crystals, the positions of all the atoms were at last
deduced. These rough positions were then refined by
an application of the two-dimensional Fourier method,
which gives electron density maps of the molecule as
seen in various projections (Fig. 2).

Careful measurements on these maps were able to
place the atoms to within a few hundredths of an A.
Within these limits the rings were shown to be planar,
and the average C—C bond length 1.41 A. The orienta-
tion of the molecule in the crystal could be found to
within about 1'. The long axes of the molecules are not

~ W. H. Bragg, Proc. Phys. Soc. (London) 34, 33 (1921); 35,
167 (1922).

~ W. H. Bragg, Z. Krist. 66, 22 (1928).
3 J. M. Robertson, Proc. Roy. Soc. {London) A140, 79 (1933);

A142, 674 (1933).

exactly coincident with the crystal c axes, as at first
supposed, the deviation for naphthalene being about
14' and for anthracene about 9'. In both cases the
molecular planes are steeply inclined at about 64' to
the projection plane (010), a fact which obscures the
resolution and reduces the accuracy. Figure 3 shows
in some detail the arrangement of the molecules in the
anthracene unit cell.

Further interesting details may, however, be ob-
served even at this rather crude stage of the analysis.
Particularly in anthracene, there is a notable falling
oG in the peak values of the electron densities on the
carbon atoms as we move outwards from the center of
the molecule. In 1932 this eGect was attributed to a
rigid body oscillation of the whole molecule about its
center, although it was pointed out that series termina-
tion errors might account for some of the observed
density variation. Recent work has fully verified this
result, the amplitude of angular oscillation for the long
axis in anthracene being about 3'.

With regard to interatomic distances we were content
in 1932 to assess the average C—C distance as 1.41 A.
However, in discussing the dependence of interatomic
distance on single-bond double-bond resonance Pauling
reported in 1935 that our maps did show small varia-
tions in the distances of about 2 to 3% in the directions
required by theory. 4

However, to proceed further and establish the signifi-
cance of these interesting eGects it was clearly neces-
sary to use more complete data and a more compre-
hensive analysis. This task was not attempted until
15 years later. There were two reasons for this rather
long delay. In the first place, computing facilities were
meager in 1932. Our laboratory at the Royal Institu-
tion did not possess even a desk adding machine, and
aids like the Beevers-Lipson strips had not been
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FIG. 1. Unit cells of naphthalene and anthracene (Bragg).
OA =a OB=b OC=c AOC=P

Naphthalene 8.24 6.00 8.66A 122.9'
Anthracene 8.56 6.04 11~ 16 124.7'

4 Pauling, Brockway, and Beach, J. Am. Chem. Soc. 57, 2705
(1935).
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Fro. 2. Elelectron density projection of one anthracene
molecule on (010).
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(1952).

. J. Cruickshank, Acta Cryst. 5, 852

' Coulson, Daudel, and Robertson,ertson, Proc. Roy. Soc. (London)
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Fxo. 5. Annt"racene deference ma thp in e central plane.
Isotropic carbons subtracted.
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Fro. 6. Anthracene difference map in the central plane.
Anisotropic carbons and isotropic hydrogens subtracted.

required, but Cruickshank has been able to program
these for the electronic computer. Without this aid the
work would have been virtually impossible. Had it
been attempted even 10 years ago the numerical work
required for this refinement would have taken about
100 man-years to complete.

At this point, however, a new difFiculty confronts us.
We are interested in the details of the outer electron
distribution and what lies between the atoms. Now, in
the mathematical methods devised for treating this
problem of thermal anisotropy, the difference between
the calculated and observed density curvatures at the
atom sites is attributed exclusively to the thermal
motion, whereas some of it may be due to bond forma-
tion. Obviously if we subtract away such fully corrected
atoms the result may be exactly zero and our problem
of finding evidence for the bonding electrons is not
advanced.

Cruickshank's method of overcoming this difficulty
is to determine the temperature parameters from the
high-order reflections only. "For these, the major part
of the x-ray scattering is due to the inner electrons
only (E shell) which are not involved in bonding.
Expressed otherwise, the more smeared-out bonding
electrons will not have much e6'ect on the intensities
scattered from the very small spacing planes (high-
order reflections).

~ G. A. Jeffrey and D. W. J. Cruickshank, Quart. Rev. Chem.
Soc. (London) 7, 335 (1953).

There are many difficulties in applying this elaborate
technique, one of the greatest being to ensure that the
absolute scale of the F values is correct over the wide
range of reflections involved. On the whole, however,
these difficulties appear to have been fairly successfully
overcome and the final result obtained by Cruickshank
in the molecular plane is given in Fig. 6. This map
shows what is left when the anisotropically corrected
carbons and the hydrogen are subtracted away from
our experimentally observed electron density section.
In other words, we have taken away a set of 14 vibrating
but nonbonded carbon atoms and 10 hydrogen atoms
as defined by their appropriate wave functions. The
result seems to indicate a small but rather distinct
channeling of the electrons along the bonds and
around the rings.

At this level the accuracy is certainly not what we
might desire. Cruickshank estimates the standard
deviation of the difference map density at about
0.11 electron/A, so that the variation in the densities
at the different atom positions and at the mid points
of the bonds is not significant. Nevertheless, we have
now for the 6rst time obtained rather de6nite evidence
regarding the existence of the outer electrons in these
crystals. Further progress should be possible when we
obtain more accurate intensity measurements, and
preferably measurements at a much lower temperature.

A discussion of the bond lengths found in this latest
refinement of the anthracene structure is outside the
scope of this paper. But one structural result may
perhaps be mentioned, because for the chemists at
least it is a rather startling conclusion. The molecule
which we proved planar in 1932 and much more ac-
curately planar in 1950 is now found to be nonplanar.
It is true that the deviations from the mean plane are
just about the same as we found in 1950, of the order
of 0.01A, but with the refinements and corrections
which Cruickshank has applied to the analysis these
deviations now turn out to be highly significant, in-
stead of being within the limit of possible error. And
the distortion can be most neatly explained. Atom D
(Fig. 3) is the one which deviates most from the mean
plane (by 0.012 A). This is the only carbon atom which
is approached directly by a hydrogen atom from a
neighbouring molecule, the hydrogen of atom F of the
molecule at (-,', —2, 0) being only 2.67 A distant and
lying almost directly above the carbon atom D. All
other interatomic approaches of this order are between
hydrogen atoms only. The molecule is wedged at its
ends and the pressure of this hydrogen is causing a
slight distortion of the skeleton. It is a case of a very
small force causing a very small distortion in some-
thing which has after all a certain degree of flexibility.
This very beautiful result well illustrates the degree of
refinement which has now been achieved.


