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Molecular Complexes Exhibiting Polarization Bonding.
VIII. The Crystal Structures of the 1:1 Complexes formed by p-Chlorophenol
and p-Bromophenol with p-Benzoquinone.

By G.G.SuipLEY* AND S.C. WALLWORK

Department of Chemistry, University of Nottingham, England

(Received 11 June 1966)

The isomorphous structures of the 1:1 complexes formed by p-chlorophenol and p-bromophenol with
p-benzoquinone were determined by Patterson and electron-density projections of the bromo-complex.
The structure of the chloro-complex was then refined by anisotropic structure-factor least-squares
methods. The crystals are triclinic, space group PI, with two molecules of the complex in each unit
cell. The phenol and quinone molecules are stacked alternately, plane-to-plane, in infinite columns
and the columns are linked in pairs by hydrogen bonds between the phenol and quinone molecules.
The structural relationships between the 1:1 and 2:1 complexes are discussed.

Introduction

Although phenol forms only a 2:1 complex with p-
benzoquinone (Harding & Wallwork, 1953), p-halo-
genophenols form both 2:1 and 1:1 complexes. The
isomorphous structures of the 2:1 complexes of p-
chlorophenol (PCP) and p-bromophenol (PBP) with
p-benzoquinone (Q) have already been described in
part VII (Shipley & Wallwork, 1967) and the present
paper describes the isomorphous structures of the cor-
responding 1:1 complexes (QmonoPCP and Qmono-
PBP). The reason for the existence of both 2:1 and
1:1 complexes is discussed in terms of the roles of
charge-transfer interaction and hydrogen bonding.

Experimental

Orange needle-shaped crystals of the QmonoPCP and
QmonoPBP complexes were deposited when warm con-
centrated solutions of the appropriate components in
light petroleum were mixed in a 1:1 molecular ratio
and allowed to cool. In plane-polarized light the crys-
tals exhibited pleochroism, the colour being deeper
when the electric vector was parallel to the needle ()
axis, suggesting that the molecules are probably stacked
in columns parallel to this axis. Crystals were sealed
into thin-walled glass capillary tubes for X-ray photo-
graphy and Weissenberg photographs with the crystals
oscillating about each of the three crystallographic axes
showed that the crystals belong to the triclinic system
and permitted the determination of the unit-cell dimen-
sions for each of the complexes. Exposures for inten-
sity estimation were made with Cu K« radiation by
the multiple-film, equi-inclination Weissenberg tech-
nique. The 0k/ and 40/ reflexions were recorded in the
case of the QmonoPBP complex, and 0k/ to 3k/ and
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hOl to h4l reflexions in the case of the QmonoPCP
complex. The intensities for the QmonoPBP structure
were measured by a photometer method (Wallwork &
Standley, 1954) and those for QmonoPCP were esti-
mated visually by comparison with a series of timed
exposures of a selected reflexion. The intensities were
converted into F2 values in the usual way and no cor-
rections were made for absorption or extinction effects.
For the QmonoPCP complex the number of inde-
pendent FZ values was 1127.

Crystal data

(a) QmOHOPBP, C6H402.p-BrC6H4OH, M=281-1
a=6-84, b=7-86, c=12-49, all +0-03 A

o=105-8°, #=104-4°, y=58-7°, all £0-5°

U=548 A3; F(000)=280

Dp=1-71 g.cm=3, Z=2, Dy=1-70 g.cm3,

Space group P1 (indicated k:z pyroelectric and statisti-
cal tests); Cu Ko (A=1-542 A).

(b) QmOHOPCP, C6H402.p-ClC6H4OH, M=2366
a=680, b=7-90, c=12:25, all +0-03 A

o«=106-9°, =106-5°, y=158-0°, all +0-5°

U=527 A3; F(000)=244

D, =148 g.cm=3, Z=2, D,=1-49 g.cm3,

Space group P1 (indicated by statistical tests); Cu K«
(A=1-542 A).

Structure determination and refinement

The 40! Patterson projection for the QmonoPBP struc-
ture revealed the positions of the bromine atoms, and
a Fourier electron density projection based on signs
calculated for the contributions of the bromine atoms
only to the structure factors showed the general ar-
rangement ‘of the whole structure, with phenol and
quinone molecules almost exactly overlapping in this
projection. Successive structure-factor calculations,
with a constant overall temperature factor B=3:5 A2,
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Table 1. Fractional atomic coordinates for QmonoPBP o asinY .
7
x/a ylb z/c
Br 0-868 0319 0-080
o) 0-365 0-312 0-410
0(2) 0-811 0-870 0123
0(3) 0-376 0-831 0-406
C(1) 0-714 0-338 0185
C(2) 0472 0-379 0-156
C(3) 0-360 0372 0-229
C(4) 0-447 0-317 0-339
C(5) 0-716 0-271 0367
C(6) 0-828 0-279 0-295
C(7) 0-714 0-786 0185
C(8) 0-472 0-905 0-156
C(9) 0-360 0-900 0-229
C(10) 0477 0-840 0-338 Ssina A
C(11) 0716 0-797 0-367
C(12) 0-828 0-804 0-295
z

Fig.1. QmonoPBP, 40! electron density projection. Contours
at equal arbitrary intervals. The position of a p-bromophenol
molecule is indicated and a p-benzoquinone overlaps it
almost exactly in this projection.

Table 2. Observed structure amplitudes and final calculated structure factors for QmonoPBP (3 absolute scale)
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and Fourier syntheses reduced the agreement index,
R=ZX ||Fo|—|Fc|/|Z | Fol, to 0-21 and gave the electron
density map shown in Fig.1. The 40! projection of the
isomorphous QmonoPCP structure was solved and
refined similarly to the point where R was 0-25.
Attempts were made to derive the 0k/ projection for
QmonoPBP in the same way, but the Patterson map
could not be interpreted unambiguously even when
compared with the corresponding projection of the
QmonoPCP structure. A solution was obtained even-
tually after calculation of a three-dimensional Patter-
son function for the QmonoPCP structure, and the

csin T
JA,

z

Fig.2. The QmonoPCP structure projected along the a axis
showing principal intermolecular contacts:

d) C(2)...02) 3374 (e) C(1)...0(2) 324 A
(f) C(3)...C8) 331 &) C(3)...C(7N 3-38
(h) C4)...C(7) 3-36 (@) C4)...C(12) 340
() C(5)...C(12) 3-31 (k) O(1)...C(10) 3-36
@) C9)...C2) 345 (m) C10)..C(1) 3-36
(n) C(11)..C(6) 3-42 (o) 0(3)...C4) 3-44

(p) 0(1)...0(3) 2:70 (H-bond).

595

0k! projection for the QmonoPBP complex was refined
to an R value of 0-24 with the use of temperature fac-
tors B=1-5 A2 for bromine and 3-5 A2 for all other
atoms. Table 1 gives the final, approximate, atomic
coordinates for QmonoPBP (o~0-005), and the final
calculated structure factors are compared with the ob-
served structure amplitudes in Table 2.

The approximate coordinates for the QmonoPCP
structure, derived from the 40/ projection and the three-
dimensional Patterson function, were refined by the
block-diagonal structure-factor least-squares method
with the program written by Dr J.S. Rollett (Pepinsky,
Robertson & Speakman, 1961) for the Oxford MER-
CURY computer and a modification of the same pro-
gram written by Dr R.D.Diamand for the ATLAS
computer. Atomic positions and anisotropic tempera-
ture factors for all atoms other than hydrogen were
refined, together with an overall scale factor (a total
of 145 parameters), 1127 independent observations
being used. In the early stages of the refinement the
F, values were all given unit weights, but later the
terms larger than a selected value F* were down-
weighted according to the scheme | w=F*/F, with F*
equal to 600 (on the scale of Table 4). The refinement
converged with R=0-18, probably owing to the use of
rather restricted visual data of only moderate quality.
In view of this, it is felt that little significance can be
attached to the anisotropy of the atomic vibrations and
only spherically averaged values are quoted in Table 3.
The final atomic positions and their standard devia-
tions obtained by inversion of the normal equations
matrix are also given in Table 3. The observed struc-
ture factors are compared with the final calculated
values in Table 4.

Results and discussion

In both complexes the phenol and quinone molecules
are stacked alternately along the b axis but with their
plane normals tilted approximately 30° away from this
axis. This tilt brings the C-O or the C=0 groups of

Table 3. Final fractional atomic coordinates and their standard deviations
and spherically averaged thermal parameters for QmonoPCP

x/a a(x/a) ylb
Cl 0-8515 0-0006 0-3359
o(l) 0-3808 0-0019 0-3023
0(2) 0-8141 0-0021 0-8693
0(@3) 0-3711 0-0018 0-8133
C) 0-7096 0-0023 0-3349
C(2) 0-4826 0-0024 0-3779
C(3) 0-3712 0-0025 0-3691
C4) 0-4952 0-0025 0-3196
C(5) 0:7195 0-0027 0-2832
C(6) 0-8328 0-:0027 0-2940
C(7) 0-7123 0-0026 0-8598
C(®) 0:4703 0-0025 0-8977
C(9) 0-3628 0-0025 0-8736
C(10) 0-4783 0:0026 0-8239
C11) 0-7148 0-0025 0-7869
C(12) 0-8328 0-0029 0-8066

o(y/b) z/c o(z/c) Bav
0-0006 0-0918 0-0002 30
0-0017 0-4310 0-0009 40
0-0018 0-1183 0-0010 49
0-0016 0-3816 0-0008 35
0-0019 0-1924 0-0009 2:5
0-0020 0-1601 0-0012 32
0-0021 0-2353 0-0011 31
0-0020 0-3441 0-0011 30
0-0021 0-3752 0-0011 31
0-0022 0-3013 0-0012 33
0-0021 0-1768 0-0012 34
0-0020 0-1395 0-0012 33
0-0020 0-2055 0-0011 29
0-0022 0-3206 0-0011 30
0-0023 0-3572 0-0013 3-6
0-0023 0-2949 0-0014 39
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successive molecules approximately over the centres of
the rings of the adjacent molecules as shown in Fig.3,
indicating a specific interaction involving these groups
(Prout & Wallwork, 1966). Such a staggered arrange-
ment of molecules in an infinite stack inevitably brings

the C-halogen bond in each phenol molecule into a
position adjacent to a quinone ring on one side, and
this causes the average molecular separation to be
larger in this direction (3:35 A in QmonoPCP, com-
pared with 3-27 A in the opposite direction) as well as

Table 4. Comparison of observed and final calculated structure factors on 50 times the absolute scale for QmonoPCP
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Table 4 (cont.)
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causing a dihedral angle of about 3° between the two
molecular planes. In this way the closest C - - -Cl dis-
tance is 3-61 A, to C(7), whereas the C - * *O interaction
distances are of the order of 3-3 A, as shown in Fig.2.
There are no close approaches between molecules in
adjacent stacks apart from the OH ‘- *O=C hydrogen
bond of length 2:70 A between the phenol molecule in
one stack and a quinone molecule approximately co-
planar with it in an adjacent stack. Because of the 1:1
stoichiometry of the complex only one of the two C=0
groups in each quinone molecule is hydrogen-bonded
in this way and the centrosymmetric repetition of this
hydrogen bond causes the stacks of molecules to be
linked in pairs in the z direction. The pairs of stacks
are then held together in the x and z directions by
van der Waals forces.

The dimensions of the two component molecules in
QmonoPCP are shown in Fig.4. The standard devia-
tions of the bond distances are all approximately 0-02 A,
apart from that of the C-Cl bond, which is 0-013 A.
The bond angles have standard deviations of about
1-5°. The dimensions appear normal within the rather
wide limits of accuracy, and, as in the case of the 2:1
complex of p-chlorophenol, the irregularity of bond
angles at the point of attachment of the OH group to
the ring of the phenol molecule can be explained in
terms of repulsion between the OH group and the
C(5)-H group adjacent to it in the ring. In both the
2:1 and 1:1 complexes there is a tendency for the pair
of ring C-C bonds parallel to the C-Cl and C-OH
bonds to be larger than the other four bonds. The
difference is not statistically significant in either struc-

ture, but its appearance in both structures suggests that
it is probably real. The lengths of these two types of
bonds, averaged between the two structures, are 1-41
and 1-38 A. The corresponding bonds in the quinone
molecules (which are formally C=C and C-C respec-
tively) have lengths 1:34 and 1-46 A when averaged
between the two structures. The other bond lengths,
similarly averaged, are C-Cl 1-76, C-OH 1-38, C=0
1:21 A, and these all compare reasonably well with
expected dimensions (cf. 1-322, 1-477, 1-222 A found
for the lengths of C=C, C-C and C=0O in p-benzo-
quinone; Trotter, 1960).

It is interesting to compare the crystal structures of
the 1:1 phenol-quinone complexes with those of the
2:1 complexes already reported (Shipley & Wallwork,
1967). The 2:1 stoichiometry permits each carbonyl
oxygen atom to be hydrogen bonded to a phenolic OH
group, but this is-achieved at the expense of restricting
the intermolecular charge-transfer interaction to iso-
lated groups of three molecules (one quinone sand-
wiched between two phenol molecules). The combined
effect of both types of interaction is to form bands of
molecules one unit cell wide (the limit of the charge-
transfer interaction), which extend indefinitely in the
hydrogen-bonded direction. The 1:1 complexes, on the
other hand, have infinite stacks of charge-transfer-
linked molecules with the stacks hydrogen-bonded into
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pairs so that, again, infinite bands of molecules are
formed, which are one unit cell wide (the limit of the
hydrogen-bond interaction). The fact that the 2:1 and
1:1 complexes are formed under similar conditions,
the product depending on the composition of the solu-
tion, and appear to be about equally stable, indicates
that the charge-transfer forces and the hydrogen bond-
ing are roughly similar in energy. No 1:1 complex has
been reported between unsubstituted phenol and p-
benzoquinone, so presumably the increased van der
Waals forces due to the halogen atoms are necessary
to stabilize the structure of the 1:1 complex. In quin-
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Fig.3. Projections of (a) p-chlorophenol on to the p-benzo-
quinone molecule below (smaller y coordinate) and (b)
p-benzoquinone on to the p-chlorophenol below, showing
the mode of overlap in relation to the close approaches
designated as in Fig.2.
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Fig.4. Molecular dimensions (A) of p-benzoquinone and p-
chlorophenol in QmonoPCP,
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hydrone, both charge-transfer interaction and hydro-
gen bonding are optimized in the 1:1 structure, so it
is not surprising that there is no 2:1 complex in this
case.
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A comparison of analytical and numerical methods for the evaluation of the absorption correction in crystal
structure analysis.* By P.CoPpENs, Chemistry Department, Brookhaven National Laboratory, Upton, L. 1., New York,
U.S.A. and J.pE MEULENAERT and H.TompA, Union Carbide European Research Associates, Brussels 18, Belgium.

(Received 30 June 1966)

A comparison is made between analytical evaluation of the absorption correction using Howells polyhedra
and numerical calculation with the Gaussian method. It is shown that convergence can be reached with the
numerical method, provided a sufficiently fine grid is chosen. When absorption is large (i.e.>70-80 %)
the analytical method is to be preferred as it produces the required accuracy in a much smaller amount of

computer time.

An analytical method of evaluating the absorption cor-
rection in crystal structure analysis has been described
recently (de Meulenaer & Tompa, 1965). The only com-
pletely general method available previously was introduced
by Busing & Levy (1957) and is based on a numerical
evaluation of [ exp (—uL)dV (see also Coppens, Leisero-
witz & Rabinovich, 1965). The accuracy of this method
depends evidently on the formula and the number of points
used. Busing & Levy claim specifically a precision of 0:2 %
for transmissions between 50 and 629 using Gauss’s
formula and an 8 x 8 x 8 grid and it is intuitively clear and
easy to verify that for a constant grid the accuracy decreases
with increasing absorption coefficient 4. Clearly, any desired
accuracy can be obtained by using finer grids, but it is
the purpose of this note to point out that great care must
be taken to verify that the number of points used is sufficient
for the desired accuracy, and that the computation effort
required may become prohibitive.

* Research performed in part under the auspices of the
U.S. Atomic Energy Commission.
1 Present address: 54, rue Washington, Brussels 5; Belgium.

We have recomputed, using the analytical method, the
transmission for some of the reflexions of a needle-shaped
crystal of YFeOs; (u=878-8cm-! for Cu K« radiation)
investigated recently (Coppens & Eibschiitz, 1965) and find
values differing from those obtained by the Busing & Levy
method using a 12 x 12 x 32 grid. We have, therefore, re-
peated the computation on a finer grid and have obtained
values which converge towards those of the analytical
method, as shown in Table 1.

Table 1. Transmission of some reflexions of a crystal of

YFeO; (Coppens & Eibschiitz, 1965) computed by Gaussian

integration on the grids indicated and by the analytical
method of de Meulenaer & Tompa (1965)

hkl 12x12x32 24x24x32 32x32x32 Analytical
025 0-0463 0-0378 0-0387 0-0390
025 0-0463 0-0378 0-0387 0-0390
125 0-0375 0-0335 0-0339 0-0340
125 0-0377 0-0332 0-0337 0-0339
225 0-0613 0-0583 0-0587
225 0-0541 0-0509 0-0514
325 0-0695 0-0681 0-0684



