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evident: the positive charge for each oxygen atom is
generally slightly higher than 2, but for three oxygen
atoms is much lower: 1-6 for O(3) and O(10), 1-2 for
O(4). This last case is represented by the oxygen not
bonded with silicon and with a possible covalent bond
with titanium. Generally it is rather difficult to verify
the electrostatic equilibrium in a crystal containing
titanium. It is very probable that the whole electro-
static equilibrium is affected by the distortion of the
TiOg octahedron. It is a matter of fact that considering
the bonds as purely ionic, potassium and, in part, also
the other alkaline ions would be in contact with oxygen
atoms which are apparently neutral because they are
shared by two SiO, tetrahedra.

However, conclusive statements will be possible only
after a refinement of the non-centrosymmetrical struc-
ture, by using a greater amount of experimental data.

We wish to thank Prof. F.Sgarlata, who kindly made
available to us his program for three-dimensional re-
finement.
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A Discussion of the Distribution of Bonded Electron Density
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The final difference syntheses on a number of previously published structures are examined for evidence
of bonding electrons. It is found that the aromatic C-C bond contains a residual peak of maximum
height about 0-2 e.A-3 with half height extensions of about 0-3 A in, and 0-75 A perpendicular to, the
trigonal plane. In some cases direct evidence is also obtained for charge movements in the molecule.
The experimental results are compared with those calculated from Slater wave functions. The agreement
is generally good, but discrepancies remain which can be attributed to the neglect of ¢ orbital con-
traction and electron correlation in the theoretical calculations. It is found that refinement of structures
by use of isolated atom wave functions leads to significant errors in the parameters, not only of terminal
atoms, but also of trigonally bonded atoms with hydrogen substituents.

1. Introduction

The structure analysis of f-sulphanilamide (O’Connell
& Maslen, 1966) has provided detailed information on
the electron density distribution in the C-C, C-N and
C-S bonds in this molecule. The difference synthesis

* Present address: Institute of Medical Biochemistry, Uni-
versity of Goteborg, Goteborg SV, Sweden.

1 Present address: Department of Chemistry, The Univer-
sity, Sheffield 10, England,

shows peaks in the bonds which reach maxima near
the bond centres and which extend a considerable dis-
tance above and below the plane of the molecule. The
existence of such residual features in difference maps
has been known for some time and detailed projection
studies were carried out by Cochran (1953, 1956) and
Mason (1960). However, since the advent of highly
accurate three-dimensional structure analysis, remark-
ably little attention has been paid to features in the
residual electron density maps. In fact, an extensive
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search of the recent literature revealed very few cases
where any part of the final difference synthesis had
been published, and what results were available were
almost entirely confined to sections through the mo-
lecular planes of aromatic compounds.

In view of the considerable value of information on
residual electron densities in the study of molecular
wave functions, a number of published structures were
selected for detailed examination. The present study
was confined to structures containing trigonally bonded
carbon atoms which were chosen on the basis of their
being light atom centrosymmetric structures with final
R values generally less than 6%, so that effects of phase
and data errors would be minimized as much as pos-
sible. The structures studied were triaminotrinitroben-
zene (Cady & Larsen, 1965), 2-amino-3-methylbenzoic
acid (Brown & Marsh, 1963), salicylic acid (Sundara-
lingam & Jensen, 1965), p-nitroaniline (Trueblood,
Goldish & Donohue, 1961) and ammonium oxamate
(Beagley & Small, 1963). These are referred to below
as TATNB, AMBA, SA, NA and AMOX respectively.
Their molecular formulae are shown in Fig.1 and de-
tails of the methods for data collection and refinement
and the accuracy of the structures are summarized in
Table 1. The analysis of NA is much less accurate than
that of the others and was chosen primarily because
of its formal similarity to sulphanilamide. Unfortun-
ately, what are probably the two most accurate struc-
ture analyses performed to date — those of cyanuric
acid (Verschoor, 1964) and diphenyl (Robertson, 1961)
— have been published as only preliminary communi-
cations and the intensity data are not available.

0(2)<_N(2) -0

AMBA
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2. Experimental results
TATNB

The difference synthesis evaluated near the molecular
plane is shown in Cady & Larsen (1965). Figs.2 and 3
show the synthesis evaluated in sections which are
perpendicular to the molecular plane and pass through
the eighteen bonds that do not include hydrogen atoms
(sections of this type are referred to as ‘perpendicular
planes’ below). The symmetry of the molecule is P62m,
which implies six chemically equivalent regions of the
molecular plane. The result of averaging these regions
is shown in Fig.4(a). Similarly, Fig.5(b) is the average
of the twelve equivalent sectors of the C-C perpen-
dicular planes while the sixfold averages for the C-N
bonds and the twelvefold for the N-O bonds are in-
cluded in Fig.3. This averaging procedure reduces the
standard deviation from 0-07 e.A—? in the original
synthesis to 0-028 e.A—3 in the molecular plane and
the C-N perpendicular plane, and 0-020 in the C-C
and N-O perpendicular planes.

The maximum electron density in the C-C bond
has the value 0-22 e.A—3 at a point near the centre of
the bond. The contour at 0-10 e.A-3 extends 0-3 A from
the bond in the molecular plane and 0-75 A in the
perpendicular plane. The shape and magnitude of the
C-N(O,) bond peak is like that in the C-C bond,
while there is less density in the C-N(H;) bond and
very little in the N-O bonds. The last effect can be
explained in terms of shifts of terminal atoms from
their true positions discussed by Dawson (1964a, 1965).
A terminal atom has only one bond and the least-
squares refinement shifts such an atom towards the

oML Cc(7)_-0(2)

0(3)

SA

N() 0(2)

c(1) C(2)

o(1) 0(3)

AMOX

Fig.1. The molecular formulae of the compounds studied.
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bond peak, thus greatly reducing the height of the
residual density. The partial reduction of the C-N(H,)
peak implies that the electron density in the N-H bond
is less than that in the C-N bond causing a small shift
in the nitrogen which, in turn, somewhat reduces the
C-N bond peak. This is analogous to the effect in
benzene discussed in § 4.

The major regions of negative electron density lie
in positions antisymmetric to the bond peaks, support-
ing the predictions of Dawson (1965), although the
depth of the hollows is greater than would be expected
from this work.

The resonance structures of Cady & Larsen (1965,
Fig. 5) predict electron deficiencies on both the nitrogen
atoms and excesses on the oxygen positions and the

#) /'/\\,,f' NN AN
' Lo | D)
/"\‘vO{I O~)6\/'
LS NS Y S T
2 N (’\ .f.«‘-»'.‘) N c - \
C(4)-C(5) C(1)-C(2) c(1) - C(6)
)|\ ) : )@\,/
G %_; ! 7
A ) =
\ { _9_,\7 A
T TN, /
C(2)-C@®) C(5) - C(6) C(5) - C(8B)
< <
SR 0 N
i 7 [ | ‘\. [N
NWVAWAVARL)): VA /\
N \*—.~ [ ~7 Ty
C(3) - C(4) C(1) - C(6) C(3)-C(4) C(4) - C(5)
TATNB AMBA

Fig.2. The residual electron density in the individual C-C
perpendicular planes of TATNB and AMBA. Contour inter-
val 01 e.A-3, negative contours broken and zero contours
chain-dotted.

nitro-substituted carbon atoms. It is seen from Fig.4(a)
that the nitro-substituted carbon atom does indeed lie
on a positive region of height 0-035 e.A-3 while N(O,)
lies on a minimum of —0-055e.A-3. The lack of any
appreciably positive regions at the oxygen positions
can probably be attributed to the terminal atom effects
discussed above, The absence of a hollow on the amino
nitrogen atom may be similarly caused although it
should be noted that this atom is charged in only one
of the resonance structures whereas N(O,) is positively
charged in all three. One of the two remaining peaks

S
o | [
=y AR \

C(2)-N(2) | C)-N() | NM=-0(1) | N(1)~0(2)
=7 VO i s ANy /
SOV SRS
;- \3(;‘ M AT ol N
CANOA ERTONCR AN
C@)-N@4) | C@3)-N@) | N@)-0@3) | N4 -0(4)

NA k] ~ TN SN H
N e S S RO IR .
N oAl ) /ooy 2'_(‘ I
SNDIUINC I B
VN o/‘\ Vi NS T
C(6)=N(6) | C(5)-N(5) | N(6)-0(5) | N(5)-0(6)
. ' N N L P \ .::"'
L \
j o] i
) fa Ve i
C~NH, C—NO; N-0O

Fig.3. The individual and average residual electron densities
in the C-NH,, C-NO;, and N-O perpendicular planes of
TATNB. Contour interval 0-10 e.A-3 in the individual and
0-05 e.A-3 in the average densities. Negative contours broken
and zero contour chain-dotted.

(a)

(b)

Fig.4. The averaged density in the molecular plane of TATNB calculated (@) with the use of all available data and (b) omitting
terms with sin /4 <0-4. Contour interval 0-05 e.A-3, negative contours broken, zero contour chain-dotted.
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in the synthesis has a maximum height of 0-11 e.A-3
and lies between the oxygen and the amino group,
confirming the importance of the resonance form shown
in Fig.5(c) of Cady & Larsen (1965). The second (of
height 0-10 e.A-3) lies in the direction of the intermo-
lecular hydrogen bond at a distance of about 1 A from
the oxygen atom. This would appear to result from
electron withdrawal along the hydrogen bond in a man-
ner discussed by Verschoor (1964) in the case of cy-
anuric acid.

Some of these points concerning the details of the
electron density have been briefly discussed by Cady &
Larsen (1965), but the level of significance has been
greatly increased by the process of averaging used in
the present study.

AMBA

The difference synthesis was evaluated in the mol-
ecular and perpendicular planes (Figs.6(b), 2 and 8).
This molecule does not have the high symmetry of
TATNB. However, if the effects of different environ-
ments on the C-C bonds are considered to be small,
all these bonds may be taken as being equivalent and
each perpendicular plane as having the symmetry p4.
This provides 24 sectors to be averaged in obtaining
a mean C-C perpendicular plane and the result of this
process is shown in Fig.5(e). The nominal standard
deviation in the electron density is then 0-013 e.A-3
compared with 0-06 e.A-3 in the original map. This
mean bond contains a positive region of electron den-
sity of central height 0-14 e.A-3 and the half-height
extensions from the bond are 0-20 A and 0-40 A in and
perpendicular to the molecular plane respectively. The
amount of electron density in the bond and the exten-
sion out of the plane are both less than those observed
in the case of TATNB. An unusual feature of the per-
pendicular plane density is the presence of positive
regions above and below the atoms. This, coupled with
the fact that the atoms lie in negative regions of —0-05
e.A-3, indicates that the refinement may not have been
complete and that these features result from residual
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errors in the scale and temperature factors or from
the effects of extinction on the data.

Another noticeable feature in the molecular plane
section is the occurrence of peaks of average magnitude
0-1e.A-3 at or near the positions of the hydrogen
atoms. This is almost certainly due to the fact that
the hydrogen temperature factors used were those of
the associated carbon atoms incremented by 0-5 A2
Recent work (Jensen & Sundaralingam, 1965; Mason,
Phillips & Robertson, 1965) has shown that, when
hydrogen atom temperature factors are refined, they
reach values of about 2-5 A2 lower than those expected,
because of the difference between the scattering curves
of isolated and bonded hydrogen.

The perpendicular planes of the bonds outside the
benzene ring are shown in Fig.7. These have the same

(02)C - C(ONH,)
(a)

(d) (e) &)

Fig.5. The average density in the C-C perpendicular planes of
@) AMOX, (b) TATNB, (¢) SULPH, (d) NA, (¢) AMBA
and (f) SA. Contour interval 0:025 e.A-3, negative contours
broken, zero contour chain-dotted.

(a)
Fig.6. The residual density in the molecular planes of (a), NA (b)) AMBA and (c) SA. Contour interval 0-10 e.A-3, negative
contours broken, zero contours chain-dotted.
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general form as expected, but the lack of symmetry
does not allow them to be averaged and the high stand-
ard deviation precludes any detailed discussion.

SA

The difference synthesis evaluated in the molecular
plane is shown in Fig. 6(c) while the result of averaging
the C-C perpendicular planes in the same way as was
used for AMBA is shown in Fig. 5(f). The distribution
of electron density in this plane is similar in shape to
that observed in the other structures, but its height
is very much lower (maximum 0-02 e.A-3). The mean
density at the atomic positions is —0-10 e.A-3, which
indicates that the synthesis may well be in error due
to bad refinement or inaccurate data. The latter reason
is probably to be preferred because, although the 24
strongest structure factors were omitted from both the

PN TN~
/ AU { ' ./
(On | PO
- es . _g\ )}
\‘ N\ '\‘_/' //
. (o
N7 /—\Q\\
c(1)-C(7) C(7)-0(2)
~o. N\ .~
IR
N7
N o
C(3)-C(8) C(@2)-N

Fig.7. The residual electron density in the individual C-X
perpendicular planes of AMBA. Contour interval 0-1 e.A-3,
negative contours broken, zero contours chain-dotted.

Fig.8. The residual electron density in the plane of the oxamate
ion of AMOX. Contour interval 0-05e.A-3, negative con-
tours broken, zero contours chain-dotted.
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original refinement and the present analysis, a large
proportion of the remaining terms of high intensity
have | F,| less than |F¢|, suggesting that these, too, suf-
fer from extinction.

NA

The sections of the difference synthesis evaluated in
the molecular plane and averaged in the C-C perpen-
dicular planes are shown in Figs.6(c) and 5(d) respec-
tively. As mentioned above, the accuracy of this struc-
ture is considerably lower than that of the others con-
sidered and, although the electron density reaches a
maximum of 0-21 e.A~3 at the centre of the bond, this
effect is almost concealed by the fact that the whole
ring lies in a region of positive density which has an
average value of 0-175 e.A—3 at the atomic positions.
It seems likely that this structure has not been correctly
refined, particularly with respect to scale and temper-
ature factor.

AMOX

The sections of the difference synthesis calculated in
the plane of the oxamate group and the C-C perpen-
dicular plane are shown in Figs.8 and 5(a) respectively.
In the latter section, the two sectors above and below
the bond have been averaged. The residual electron
density reaches a maximum of 0-21 e.A-3 and extends
0-3 A in the oxamate plane and 0-75 A in the perpen-
dicular plane. Both carbon atoms lie in regions of
negative electron density of about —0-08 e.A-3. This
latter result may well arise from extinction because,
although the four terms most seriously affected were
removed from the analysis, examination of the data
revealed a general tendency for |F,| to be greater than
| Fo| over the other large terms.

There are regions of negative density in the oxamate
plane which correspond in position on the antisym-
metric hollows predicted by Dawson (1965). However,
as in the case of TATNB, their magnitude is greater
than expected.

The appearance of this difference synthesis is quite
different from that of the composite map published
by Beagley & Small (1963). Although the shape of the
peak in the molecular plane is similar to that in the
composite synthesis, a direct comparison is impossible
because the latter is drawn on an arbitrary scale. More-
over, Beagley & Small state that this peak is the only
significant feature in the synthesis whereas examination
of Fig.8 shows that the antisymmetric hollows are of
even greater magnitude than the residual positive re-
gion. Furthermore, there are significant peaks close to
the oxygen atoms and it is possible that a further study
of the three-dimensional synthesis might well lead to a
clearer understanding of the ionic character of the
molecule. Such an analysis is outside the scope of the
present work, but the presence of these features serves
to emphasize the need for careful examination of final
difference syntheses as well as the dangers of relying
on composite maps.
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3. Discussion of experimental results

Fig.5 shows the mean electron density distributions in
the perpendicular planes of the C-C bonds for the five
compounds studied as well as that for f-sulphanilamide
(O’Connell & Maslen, 1966). This last structure is re-
ferred to below as SULPH. Allowing for the probable
errors due to extinction and incorrect refinement dis-
cussed above, each distribution has the same general
form. The residual density reaches a maximum of about
0-2 e.A-3 near the centre of the bond and the perpen-
dicular extension is between 0-5 and 0-8 A, being double
that observed in the planes of the trigonal bonds.

The three most accurate structure determinations
appear to be those of TATNB, SULPH and AMOX.
Of these, SULPH has the highest z bond order, being
close to that of benzene, and AMOX has the lowest,
having a purely single bond (Beagley & Small, 1963).
It is interesting to note, therefore, that the amount of
electron density in the bond and the perpendicular
extension is greatest for AMOX and lowest for SULPH,
which is the reverse of what would be expected if the
extension were due to the 7z electrons. This anomaly
is discussed in more detail in § 4.

The two structures (TATNB and AMOX) for which
the data were collected by counter techniques yield the
most sensible and apparently most accurate electron
density distributions. On the other hand, the reliability
of the results does not appear to depend strongly on
the method used for refinement. The structure of SA
was refined by full-matrix least squares but the results
obtained seem to be in error owing to incorrect refine-
ment and extinction. This latter effect appears to be a
particularly serious barrier to the obtaining of accurate
electron densities.

Reference has been made to the processes of averag-
ing used in the above investigations. The validity of
this depends on a number of factors. Firstly, the quan-
tities averaged must be formally equivalent and have
similar features. That this is generally the case can be
seen from examination of the figures showing the indi-
vidual regions which were averaged. In the cases of
TATNB and AMOX there can be little doubt that the
procedure was justified. In the other structures, there
is the implicit assumption that the effects of bond en-
vironment on the electron density are negligible com-
pared with the basic bond-electron configuration. This
appears to be a reasonable assumption in general, al-
though the discussion in § 4 shows that caution must
be exercised in combining bonds between carbon atoms
having hydrogen substituents on one hand and carbon
or nitrogen subsituents on the other. In calculating the
standard deviations on the averaged maps, the original
standard deviation was divided by the square root of
the number of regions averaged. It must be emphasized
that this measure of accuracy covers only random error
and that if there are overall systematic errors in the
map due to factors such as extinction or incorrect
scale, these will not be eliminated by the averaging
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procedure, and their effect will not be allowed for in
the standard deviations.

4. A theoretical calculation
of the electron density in benzene

The results obtained for the residual bond densities
are among the most accurate available at present and
it therefore seemed worth while to compare these with
theoretical predictions. Two methods of approach have
been used for such calculations. The first is the deri-
vation of atomic scattering factors from the wave
functions of bonded atoms. These are used to calculate
structure factors and then a difference map which
should, in principle, contain no significant features.
Scattering factors of this type have been developed by
McWeeny (1951, 1952, 1953, 1954) and Dawson
(1964b). Rae & Maslen (1965) have made some neces-
sary corrections to McWeeny’s results and have ap-
plied them to the structure of diphenylbenzene. The
alternative approach which has been favoured by
March (1952), Cochran (1956) and Mason (1960) has
been to examine directly the electron density derived
from molecular wave functions and the difference den-
sity obtained by subtracting the electron density of an
isolated atom model from this. This theoretical dif-
ference synthesis is then compared with one obtained
experimentally.

As the structures discussed above contain a number
of different bonded atom types, the scattering factor
approach was considered impracticable. The greater
part of the information obtained was related to the
residual density in the aromatic carbon-carbon bond.
It was therefore thought that a theoretical analysis of
the difference density for the benzene molecule would
provide a useful model for comparison with experimen-
tal results. Two calculations of this type have been
carried out (Cochran 1956, Mason 1960), but both are
confined to an analysis of a projection onto the mo-
lecular plane. It was therefore decided to extend the
calculations to the three-dimensional case and, in par-
ticular, to examine the perpendicular planes of the
bonds.

Although the results of Mason (1960) are based on
wave functions which allow for g-orbital contraction,
the final results correspond less well to experimental
cbservations than those of Cochran (1956), which are
based on simple Slater wave functions. In particular,
the residual density obtained from Mason’s calcu-
lations consists basically of a ridge of density surround-
ing each carbon atom rather than a peak in the carbon—
carbon bond. This calculation does lead to a hollow
within the benzene ring which corresponds to experi-
ment better than Cochran’s prediction of zero inner
ring density. However, thermal motion has not been
allowed for and the low temperature results on cyan-
uric acid (Verschoor, 1964) combined with the quali-
tative theoretical approach of Dawson (1965) indicate
that, at 0°K, the centre of the ring would contain not
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one negative region, but six nearly resolved hollows
antisymmetric to the C-H bond peaks. A similar indi-
cation is obtained from an examination of the mean
molecular plane difference synthesis of TATNB [Fig.
4(a)]. It was therefore decided to proceed using Slater
wave functions and the probable errors arising from
this approximation are discussed below.

The procedure of Cochran (1956) was followed
except that his accurate formula (1) was used in pref-
erence to the approximate formula (2) in the calcula-
tion of ¢° and the approximation to ¢* was similarly
eliminated. At each stage the syntheses were evaluated
in three dimensions. This involved Fourier transfor-
mation of the whole molecule when the temperature
factor was applied. In the transformation from recip-
rocal space back to real space, the data outside what
would correspond to the Cu Kua sphere of X-ray dif-
fraction was neglected.

The section of the difference synthesis in the plane
of the molecule, with an isotropic temperature factor
coefficient of 3-0 A2 applied, is given in Fig.9(a). This
corresponds to the projection shown in Fig.4(a) of
Cochran (1956). The densities in the C-C and C-H
perpendicular planes are shown in Fig.9(c) and (e).

Q]

Fig.9. Theoretical residual electron densities for benzene. (a)
Molecular plane before refinement; (b) molecular plane after
refinement; (¢) C-C perpendicular plane before refinement;
(d) C-C perpendicular plane after refinement; (¢) C-H per-
pendicular plane before refinement; (f) C-H perpendicular
plane after refinement. Contour interval 0-025e.A-3. Negative
contours broken, zero contours chain-dotted.

(e)
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Comparison of Fig.9(c) with the experimental results
in Fig.5 reveals quite a close similarity. The height of
the bond peak is 0-15 e.A-3, which is similar to that
of the more reliable experimental measurements, and
the extension at half height (0-75 A) is very close to
that found in these cases. The comparison in the mol-
ecular plane is, however, not as encouraging. The hol-
low in the benzene ring is too low and the peak in the
carbon—carbon bond is more extended than the experi-
mental results would indicate. Moreover, there are hol-
lows of depth —0-20 e.A-3 at the carbon positions in
the theoretical picture whereas the best experimental
results show these atoms on regions of practically zero
density.

There is still, however, a further effect to be con-
sidered. If Fig.9(a), (c) and (e) represents a true picture
of the electron density, then it is clear that, on refine-
ment, the atomic parameters will converge to values
different from their true values so as to compensate
for the residual features. To test this hypothesis, the
theoretical model was ‘refined’ by the following pro-
cedure. The Fourier transform of the aspherical elec-
tron density was sampled at points corresponding to
the reciprocal lattice of a cell of dimensions 6 A x 6 A x
3 A where the origin of this cell is taken at the centre
of the benzene ring, the ¢ axis is perpendicular to the
molecular plane, the b axis intersects the centre of the
C-C bond and the a axis lies along a C-H bond. The
symmetry is then Pmmm with one-eighth of the mol-
ecule in the asymmetric unit. The temperature factor
coefficient of 3:0 A2 was applied to this data and
spherical scattering factors were obtained by taking
the Fourier transform of the electron density of carbon
in the prepared valence state and hydrogen in the
ground state.

Structure factors calculated from true positions and
temperature factors yielded an R value of 3-61%; and
a difference synthesis evaluated on these structure fac-
tors was, as expected, identical with that shown in
Fig.9(a) and (c¢). The atomic parameters were then
refined by block-diagonal least squares, care being
taken to preserve the symmetry of the molecule*. After
three rounds, the refinement had converged to an R
value of 3-16%;. The following effects were then ob-
served.

(i) The carbon and hydrogen atoms were shifted
radially towards the ring centre by 0-0075 A and 0-032
A respectively.

(i) The temperature factor coefficient of the carbon
increased by 0-15 A2 and that of the hydrogen decreased
by 1-28 A2,

(iii) Fig.9(b), (d) and (f) shows sections of the dif-
ference synthesis, evaluated on the final structure fac-

* The procedure described was used in preference to refine-
ment in a hexagonal cell only because of the limitations of the
programs available. In fact, the ratios between the changes in
the coordinates were very close to those expected and correc-
tions were applied at each round of refinement to keep the
molecular symmetry exact.
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tors, through the molecular plane and the C-C and
C-H perpendicular planes. The shape of the synthesis
has changed quite radically. The carbon and hydrogen
atoms now lie on regions of practically zero electron
density, but the C-H bond peak has almost disappeared
and the C-C bond peak has vanished completely in the
molecular plane, although it still reaches a maximum
of 0-035 e.A-3 at a distance of 0-75 A above the bond
centre. The shape of this peak is now quite different
from the experimental results shown in Fig.4.

What appears to be an alarming discrepancy between
theory and experiment is, however, largely resolved by
a closer examination of the results. The shift in the
carbon atom, which causes the near elimination of the
C-C bond peak, is a direct result of its asymmetric
environment. Clearly, there would be no shift if the
carbon atom had complete trigonal symmetry - as, for
example, in graphite. One would therefore expect a
much smaller shift and much less reduction in the
electron density if the hydrogen substituent were re-
placed by an atom, such as nitrogen or oxygen, which
had bonding properties close to those of carbon.

Most of the C-C bonds in the structures examined
above have non-hydrogen substituents and would
therefore be expected to have residual bond densities
nearer to that in the unrefined theoretical maps. An
exception is AMBA where an examination of the mo-
lecular plane [Fig. 6(b)] and the individual perpendicular
planes (Fig.2) shows that the bonds between hydrogen
substituted carbons [C(4), C(5), C(6)] have densities
generally less than the other C-C bonds and in some
cases [notably C(5)-C(6)] the hydrogen substituted
bonds have an approximately dumbell shape similar
to the theoretical density in Fig.9(d). The theoretical
results are confirmed even more strongly by a recent
analysis of diphenyl (Mason & Robertson, 1965). In
this structure, the inter-ring C-C bond has a high
residual density whereas the hydrogen substituted
bonds have very little density in the molecular plane,
but possess small peaks above and below the bond
centres. A similar, but less accurate result has been
obtained for diphenylbenzene (Rietveld & Maslen,
1966) and the structure of orthanilic acid (Hall & Mas-
len, 1966) provides confirmation similar to that ob-
tained from AMBA. The absence of significant bond
peaks in benzene (Cox, Cruickshank & Smith, 1958)
can also be attributed to the effects discussed above.

Still further confirmation is obtained by comparing
the results of X-ray measurements of bond lengths
between hydrogen substituted carbons and values ob-
tained by other methods. The mean C-C bond in ben-
zene, for example, is measured by X-ray methods (Cox,
Cruickshank & Smith, 1958) as 1:392 A while the values
obtained by Raman spectroscopy (Stoicheff, 1954),
electron diffraction (Almenningen, Bastiansen & Fern-
holt, 1958) and neutron diffraction (Bacon, Curry &
Wilson, 1964) are 1397, 1-397 and 1-398 A respectively.
Although there is a considerable spread in the indi-
vidual values, it is probably significant that the means
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of the hydrogen substituted bonds in naphthalene and
anthracene are found by X-ray diffraction measure-
ments to be 0-003 A and 0-002 1{ respectively less than
the corresponding values obtained by electron diffrac-
tion (Coulson & Golebiewski, 1961).

Individually these results have limited significance
in comparison with the corresponding estimated stand-
ard deviations, but when taken together, their con-
sistency provides strong qualitative confirmation of the
theoretical results. It seems probable, however, that
the shift in the carbon atom is somewhat smaller and
the elimination of the residual bond density less com-
plete than predicted theoretically.

The shortening of the C~H bond length when meas-
ured by X-ray diffraction has been known for some
time but the present theoretical estimate of 0-03 A is
considerably less than that generally observed. The low
thermal parameters obtained for bonded hydrogen
have also been reported (Jensen & Sundaralingam,
1965, Mason, Phillips & Robertson, 1965) although,
in this case also, the change predicted here (1-28 iz)
is less than that measured experimentally (2-5A2).

Verification of the changes in carbon temperature
factors would require accurate X-ray and neutron anal-
yses of the same compounds conducted under similar
conditions, but unfortunately, no such investigation
has been conducted on a suitable aromatic compound.
However, projection neutron analyses of both pg-
sulphanilamide (O’Connell & Maslen, 1966) and p-
diphenylbenzene (Rietveld & Maslen, 1966) provide
carbon temperature factors which are almost invariably
lower than those obtained from the X-ray analyses
while the hydrogen temperature factors are consistently
higher.

Despite the general agreement between theory and
experiment discussed above, one major discrepancy re-
mains. This is the failure of the theoretical analysis
to predict the hollows antisymmetric to the bond peaks,
particularly as displayed in the negative area almost
always found at the centre of the benzene ring. This
anomaly can probably be attributed to the neglect of
the effect of g-orbital contraction and electron corre-
lation on the molecular wave functions. Although, as
indicated above, the results of Mason (1960) agree less
well with experiment than the present calculations, the
former indicate that an accurate correction for g-orbital
contraction might well lead to a greater concentration
of electrons in the bonds. This, in turn, would cause
sharper features in the difference maps, probably ac-
companied by the correct distribution of negative re-
gions, The errors in the carbon positions would be
smaller and the hydrogen shifts larger. The effects of
electron correlation cannot be predicted qualitatively
and only a thorough quantitative analysis would show
whether these are important.

There can, however, be little doubt that the general
features of the present calculations are correct and that
the effects of bonding introduce errors in the atomic
positional and thermal parameters which are not con-
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fined solely to terminal atoms and which are significant
when compared with the accuracy of modern structure
analyses.

The variation of residual bond dénsity with r-bond order

One of the most surprising experimental results (§ 3)
it that the amount of electron density in the bond and
the extension out of the plane are both greater for

(b)

Fig. 10. Theoretical residual electron density for C-C perpen-
dicular bond with no temperature factors applied. (@) shows
density before the n electron contribution is included while
(b) includes the 7 electrons. Contour interval 0-10 e.A-3,
negative contours broken, zero contour chain-dotted.
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bonds of lower n-bond order. The former discrepancy
between SULPH and TATNB can be partly attributed
to the reduction in density in bonds between hydrogen
substituted carbons discussed above, but the relative
extensions remain an anomaly, as do the relative
amounts of electron density in the TATNB and AMOX
bonds. A full theoretical study would require the
evaluation of the electron density for molecules con-
taining bonds of different n-bond order. However, a
rough picture can be obtained by examination of the
C-C bond density of benzene without including the
7 electrons in the calculation. The results of such an
evaluation are shown for the perpendicular C~C bond
plane in Fig.10(¢) while Fig.10(b) shows the same
situation, but with the = electrons added*. Fig.10(a)
is then complementary to Fig.3 of Cochran (1956)
which shows a section through the molecular plane.
It must be emphasized that Fig.10(a) has limited
physical significance, and must be considered as either
the difference between two five-electron atoms or the
difference between a carbon atom with three valence
electrons in ¢ orbitals with the fourth in a prepared
state and a prepared state carbon. Nevertheless, it is
probably significant that the height of the bond peak
is decreased by about one half when the = electrons
are included. The relative extensions do not, however,
agree with experiment and, although the effects of
thermal motion have not been investigated, this anom-
aly remains unexplained.

Comparison of Fig. 10(a) and (b) also illustrates why,
even when the 7 electrons are taken to be localized
above the carbon atoms, no peak is observed at this
point in the difference synthesis. The formation of the
o bonds illustrated in Fig. 10(a) leaves a large negative

* Fig. 10(b) differs from Fig. 9(c) because, firstly, the electron
density has not been subjected to Fourier tranformation and
retransformation so the very sharp peak at the carbon atom
which arises from the (1s) electrons has not been removed and,
secondly, no temperature factor has been applied and conse-
quently the height of the bond peak is greater.

(a)

(b

Fig.11. Theoretical electron density in the molecular plane of benzene calculated omitting data with sin §/1 <0-4 A-1. (@) shows
density before and (b) after refinement. Contour interval 0-025 e.A-3, negative contours broken, zero contour chain-dotted.
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area above the atom, which is then partly filled when
the contribution of the = electrons is added. In other
words the introduction of the = electrons at this point
renders the atom more nearly spherical than it was
before. This serves to emphasize the dangers of directly
identifying residual features in difference maps with the
actual disposition of bonding electrons.

5. The Bragg angular dependence
of the scattering from valence electrons

It has been generally accepted (e.g. McWeeny, 1954;
Dawson, 1964a) that the effects of the scattering from
bond electrons are largely confined to the structure
factors with low Bragg angle (sin 6/250-4 A-1). To
test this proposition, difference maps were evaluated
for the theoretical model using these data only, before
and after refinement (Fig.11) and also for TATNB
[Fig.4(b)]. If the scattering were confined to low angle,
these syntheses would be very like those calculated
using the full data. In fact, a comparison of Figs.9 and
11 shows that, although there is a general similarity,
the features of the theoretical difference synthesis have
changed quite appreciably both before and after refine-
ment. This indicates that, in fact, there is significant
scattering by the valence electrons above sin §/A=0-4.
Examination of Fig.4 shows that the experimental
synthesis on TATNB has altered even more radically.
In this case, the bond peaks have disappeared com-
pletely and the main features remaining are those as-
sociated with the charge movements discussed in § 2.
In fact, these latter features are considerably enhanced
in Fig.4(d).

The experimental results then suggest that the scat-
tering from the valence electrons, far from being con-
fined to the region with sin 6/4 <0-4 A-1, is in fact pre-
dominantly a higher-angle effect. This result is con-
sistent with the greater sharpness of the features in the
experimental, as compared with the theoretical, results,
and is probably a property of g-orbital contraction
discussed above. The change in scattering power due
to charge movement is, however, primarily a low angle
phenomenon. Since this is not observed to the same
extent in the synthesis calculated from the full data,
it must have been partly compensated for in the refine-
ment by changes in the atomic temperature factors.

6. Conclusion

The survey of experimental results on residual electron
density has shown that it is possible to obtain useful
information on bonding electron density with the use
of modern techniques of data collection and structure
refinement. In particular, the details of the magnitude
and shape of the residual bond density can be obtained
and, in favourable cases, charge movement in the mol-
ecule can be observed. However, it has been seen that,
even in structures which have been refined to high ac-
curacy, there are often residual errors in scale which,
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along with extinction, seriously limit the usefulness of
the results. Nevertheless, significant information on
bonding electrons has been overlooked in a number
of cases. This is probably a by-product of the wide-
spread use of least-squares refinement techniques,
which has resulted in an unfortunate tendency to give
inadequate attention to the final difference synthesis.

The theoretical analysis has extended the results of
Cochran (1956) to three dimensions and has confirmed
his conclusion that the Slater wave functions give a
reliable qualitative picture of the electron density. The
neglect of g-orbital contraction and also, possibly, elec-
tron correlation gives rise to discrepancies which are
significant when compared with the experimental re-
sults. The refinement of structures with the use of
isolated atom models may yield positional and thermal
parameters which are in error by amounts which are
significant compared with the accuracy of modern X-
ray structure analysis.

It can be concluded that in order to obtain better
experimental results, accurate structure analyses should
be conducted with both neutron and X-ray diffraction
under similar conditions. The parameters obtained by
neutron diffraction could be used in the calculation
of final X-ray difference syntheses, and the latter would
then be directly comparable with theoretical difference
syntheses evaluated with the best molecular wave-
functions available.

All the calculations were performed on the Univer-
sity of Western Australia’s P.D.P.-6 computer with
programs written by one of the authors (AIMR). The
advice and assistance of the director and staff of the
University’s computing centre are gratefully acknowl-
edged. The research described in this paper was per-
formed while one of the authors (AMO’C) was in
receipt of an Australian Commonwealth Postgraduate
Award.
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The Crystal Structures of Derivatives of Tetrodotoxin.
I. Tetrodonic Acid Hydrobromide
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The structure of tetrodonic acid, one of the derivatives of the toxic substance tetrodotoxin, has been
determined by X-ray analysis of the hydrobromide. The crystals are orthorhombic with four molecules
in a unit cell of dimensions a=20-231, b=10-590, ¢=6813 A, with space group P2;2;2;. The position
of the bromine atom was determined by three-dimensional Patterson methods.

After four cycles of three-dimensional Fourier refinement, the structure of the molecule was found

to be

COOH

Atomic coordinates and anisotropic temperature factors were further refined by the block-diagonal
matrix least-squares method. The final R value decreased to 0-129. Intra- and intermolecular bond

lengths are within the range of normal values.

Introduction

Tetrodotoxin, one of the most toxic substances of low
molecular weight, was found in the ovaries and livers
of pufferfish (Tahara, 1909). Tsuda & Kawamura
(1952) obtained it in crystalline form after chromato-
graphic purification. This poisonous compound has at-
tracted the attention of chemists and biologists, and
many investigations on it have been carried out by
several authors (Yokoo, 1950; Tsuda & Kawamura,
1953; Kakisawa, Okumura & Hirata, 1959).
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Tsuda, Ikuma, Kawamura, Tachikawa, Miyadera &
Baba (1962) proved by total chemical synthesis that
an alkaline degradation compound from tetrodotoxin
is 2-amino-6-hydroxymethyl-8-hydroxyquinazoline. It
was impossible, however, to deduce uniquely the struc-
ture of tetrodotoxin from this result because some
migration might occur in the course of the vigorous
reaction. X-ray crystallographic analysis, therefore,
was attempted for the determination of the molecular
structure. The crystals of tetrodotoxin itself were not
obtained in a suitable form for X-ray work. Several



