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a-Zr(SO,), gives rise to a planar network in which each
zirconium atom is situated at the intersection of three
chains of dimeric rings (Fig.3), similar to the network
found in a layer of p-monohydrate (Bear & Mumme,
(1970a). Thus the structure of a-Zr(SO,), may be
visualized as being built up from layers of a-mono-
hydrate, lying normal to the [010] direction in
o-Zr(SO,),, which are cross-linked in the [010] direc-
tion so that the chains of dimeric rings in the layers of
monohydrate are joined to form the planar network
of rings in the anhydrate structure. Alternatively the
a-Zr(SQ,), structure may be viewed as being derived
from layers of the y-monohydrate, lying normal to the
[001] direction in a-Zr(SO,),, which are cross-linked in
the [001] direction to give the three dimensional net-
work of the anhydrate structure.

It can be seen therefore, that although the structure
of a-Zr(SQO,), can be described as being made up of
sheets of dimeric rings held together by Zr-O-S cross-
linkages, it is in effect an intermeshing of the two
distinct forms of layers found in the y and a-mono-
hydrates. In the removal of the water molecules from
either one of these two monohydrates and the subse-
quent linking up of the layers, the anhydrate retains in
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its structure the characteristic form of the layers already
present in the parent monohydrate and gains through
the cross-linking the characteristic form of the layers
of the other monohydrate. This effect is shown dia-
grammatically in Fig.4 and supports the argument put
forward above that both these transformations proceed
with little breaking of the bonds within the layers of the
parent compound.

Throughout this investigation we were fortunate to
have the support and guidance of the late Dr A. D.
Wadsley. His great enthusiasm for all aspects of the
solid state was a continuing source of encouragement
to us.
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The Crystal Structure of Quinone—Resorcinol Molecular Complex
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The crystal structure of p-benzoquinone-resorcinol molecular complex CsH4O2.CsH4(OH), has been
determined from three-dimensional X-ray diffraction data. The crystal is orthorhombic, space group

Pnca, with a=14-653, b=5-976, c=11-529 A

, Z=4. Quinone and resorcinol molecules are alternatively

linked side by side by hydrogen bonds (O---O=2-747 A) to form infinite molecular chains. These
chains are packed plane-to-plane by the charge transfer force to form a molecular sheet. The molecular
planes of quinone and resorcinol in a sheet are almost parallel, the perpendicular distance between the
molecular planes being about 3-1 A. Overlap of the six-membered carbon rings of quinone and resor-
cinol is very small. This pattern of molecular arrangement is very similar to those of quinhydrones re-

ported thus far.

Introduction

This is the third report of a series of crystal structure
analyses of the charge transfer complexes between
p-benzoquinone (electron acceptor) and hydroxyben-
zenes (electron donors); the structure of triclinic quin-
hydrone (f-form) and the refinement of the structures

* Present address: Sumitomo Chemical Co. Ltd., Central
Research Laboratory, Tsukahara, Takatsukishi, Osaka, Japan.

A C26B-7

of phenoquinone and monoclinic quinhydrone (a-form)
have already been reported (Sakurai, 1965, 1968).
Hydroquinone, the donor component of quinhy-
drones, is a para isomer, whereas resorcinol is a metp
isomer, of dihydroxybenzenes. It will be interesting to
see the effect of this isomerism on the molecular ar-
rangements in these complexes. Preparation of crystals
of quinone-resorcinol complex was reported by Mi-
chaelis & Granick (1944). Charge transfer absorption
bands of this complex were observed by Amano (1969).
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Crystal data

p-Benzoquinone-resorcinol,
C5H402.C5H4(0H)2, F.W. 218-21
Orthorhombic prismatic along the a or b axes,
a =14-653 (0-005),* b=5-976 (0-002),

¢ =11-529 (0-003) A,

V' =1009-6 (0-6) A3

D,;=1-43 g.cm™3 by flotation, Z=4,

Dy =1-44 g.cm3,

Space group Pnca from systematic absences.

Table 1. Atomic coordinates with standard deviations

(x 10%)
The coordinates without standard deviations are special posi-
tions.

Quinone Xla yib ze
o(1) 704 (3) —3494 (7) 1108 (4)
C(1) 390 (4) —1871 (10) 584 (5)
C(2) —-874) —88 (11) 1237 (5)
C@3) —466 (4) 1668 (10) 677 (5)
H(1) —100 (60) —140 (170) 2210 (80)
HQ) —940 (50) 2750 (140) 1180 (70)
Resorcinol
0(2) 1596 (3) 3260 (7) —147 (4)
C(4) 2500 0 2299 (8)
C(5) 2046 (4) 1721 (12) 1711 (6)
C(6) 2039 (4) 1685 (10) 516 (5)
C() 2500 0 —121 (8)
H@A3) 2500 0 3280 (110)
H®4) 1580 (50) 2610 (150) 2110 (70)
H(5) 1290 (60) 4280 (140) 270 (70)
H(6) 2500 0 —980 (100)

* Throughout this paper, the figures in parentheses are the
estimated standard deviations.

STRUCTURE OF QUINONE-RESORCINOL MOLECULAR COMPLEX

Experimental

Deep-red crystals of quinone-resorcinol molecular
complex were obtained from equi-molar ether solu-
tions of p-benzoquinone and resorcinol. Prisms elon-
gated along the a axis were obtained by slow evapora-
tion (for a few days) of a dilute solution, whereas those
elongated along the b axis were obtained by rapid
evaporation (for a few hours) of a saturated solution,
both at room temperature. The unit-cell dimensions
were determined from twenty high-angle reflexions on
rotation photographs recorded by Straumanis’ method
around the ¢ and b axes. The wavelengths used
were 1:54051 and 1-54433 A for Cu Ka; and a,
radiations respectively.

Sets of multiple-film Weissenberg photographs were
obtained by the use of an integrating cassette up to the
13th layer around the a axis, and up to the Sth layer
around the b axis with Ni-filtered Cu K« radiation. The
cross sections of the crystals used for the intensity meas-
urements were about 0:30x0-35 and 0-15x0-25 mm
for the a and b axes respectively. Since the crystals
gradually decompose on exposure to air, they were
sealed into thin-walled glass capillaries. The peak den-
sities of the integrated spots were measured with a
Narumi Co. Ltd. microphotometer. The observed in-
tensities were corrected for ordinary Lorentz and po-
larization factors and for spot extensions. Absorption
and extinction corrections were not applied. A total of
786 independent reflexions, about 68 % of those pos-
sible with Cu K« radiation, were collected.

Structure determination

Symmetry considerations

The quinone and resorcinol molecules are confined
to the special positions of the unit cell, because Z=4

Table 2. Thermal parameters with standard deviations

The thermal parameters refer to the expressions:*

exp {— B(sin 8/A)2} or exp {—10~4.(Buh2+..

.+2Bphk+...)}.

The B;3 and B>3 values of C(4) and C(7) are zero because these atoms are in special positions.

Quinone B By By,
O(1) 2:4 38(2) 126 (13)
CcQ) 1-7 21 (3) 109 (17)
C(2) 1-8 29 (3) 119 (16)
C@3) 1-9 27 (3) 121 (18)
H(1) 40 (2-2)

HQ) 6-9 (2:0)
Resorcinol
02 23 25 (2) 108 (12)
C4) 25 28 (4) 242 (32)-
C(5) 23 24 (3) 186 (21)
C(6) 1-7 18 (2) 104 (17)
C(7) 1-9 23 (4) 103 (23)
H®) 3-8 (2-8)
H(4) 37 (2:1)
H(5) 51 (2:1)
H(6) 2:5(2:8)

* The B values of the non-

B33 By B3 By
43 (4) 26 (5) 6 (3) 25 (6)
31 (4) 5(6) 0@3) 13 (7)
26 (4) 9 (6) 203 —4(8)
29 (4) 6 (6) 13) —5(7)
57 @ 9 (5 -1Q) 26 (6)
29 (6) 14 (11) 0 0

40 (5) 11 (D) 33 —-1509)
39 (5) 4 (6) 33 10 (8)
41 (D) 9 (8) 0 0

hydrogen atoms are the equivalent isotropic temperature factors proposed by Hamilton (1959).
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is half the number of the general positions of the space
group Pnca. According to the possible point group
symmetries of the molecules, quinone and resorcinol
should be located on inversion centres and twofold
axes respectively.

Patterson function

The existence of an exceptionally large peak at (4,0,
%) on a three-dimensional Patterson map, together
with the largest F, value being that of the 410 reflex-
ion, suggests that the six-membered carbon rings of
quinone and resorcinol molecules are almost parallel
to one another and lie approximately on the {410}
planes with 4z=_5. On the basis of assumed geom-
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etries of quinone and resorcinol molecules, three pos-
sible models of crystal structure compatible with these
requirements were obtained. Two of them, however,
were at once discarded on examination of a {410} sec-
tion of the Patterson map, and from their large R
values, 31 and 39 %, compared with the value 21 % for
the third model, which was adopted. In the calculation
of these R values, the overall temperature factor was
assumed to be B=2-0 A2, and only the one hundred
strongest reflexions were taken into account.

Least-squares refinement

Full-matrix least-squares refinement was started from
the above mentioned model, using all the observed

Table 3. Observed and calculated structure factors

The three columns give 4, F, and Fe (x 10). The strongest two reflexions, 410 and 002, were not used for the least-squares refine-
ment because they seem to be seriously affected by the extinction effect.
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reflexions. Unit weights were given to all reflexions.
Atomic scattering factors used were those listed in
International Tables for X-ray Crystallography (1962).
After two cycles of isotropic refinement, the R value
for the observed reflexions was 19-6 %. It was evident
at this stage that the strongest two reflexions, 410 and
002, were seriously affected by the extinction effect;
these two were not used for later refinement. Aniso-
tropy was then introduced except for hydrogen atoms.
An additional three cycles reduced the R value to
10-9 %.

At the final two cycles of the refinement, the aspher-
ical atomic scattering factors of Freeman (1959) were
introduced for the oxygen atoms by the method de-
scribed in previous papers (Sakurai & Ito, 1968, 1969).
Only the thermal parameters of the oxygen atoms
were appreciably affected by this aspherical treatment.
The final R value was 10-5%. The final atomic coor-
dinates and thermal parameters are given in Tables 1
and 2 respectively. The observed and calculated struc-
ture factors are compared in Table 3.

Discussion of the structure

Description of the crystal structure

Molecular arrangements in the crystal of quinone-
resorcinol are shown in Figs. 1(a) and 2. In spite of
the difference in the configurations of hydroxyl groups,
the general pattern of the molecular arrangements in
quinone-resorcinol is very similar to those in «- and
B-quinhydrones, especially to that in the former [Fig.
1(5)].

" Quinone and resorcinol molecules are alternately
linked by O-H-:--O hydrogen bonds to form an in-
finite molecular chain along the {140 direction. These
chains are packed plane-to-plane by the charge trans-
fer force to form a molecular sheet parallel to the (001)
plane. The hydrogen bond distance is 2:747 (0-006) A,
in agreement with the corresponding distances, 2:738
and 2-739 A, found in «- and f-quinhydrones respec-
tively. The best-fit molecular planes are

0-8625x+40-4953y +0-1044z=0
and 0-8302x 4 0-5575y =3-041
for quinone and resorcinol respectively. The angle be-
tween the two molecular planes is 7-:3°; the correspond-
ing angles in «- and f-quinhydrones are 3-5 and 2-0°
respectively.

Table 4. Densities of molecular complexes and
of the component molecules

Density (Dz)
1-436 g.cm~3 Present work

Crystal Reference

Quinone-rescreinol

«-Quinhydrone 1-444 Sakurai (1968)
F-Quinhydrone 1-483 Sakurai (1965)
p-Benzoquinone 1-325 Trotter (1960)
a-Resorcinol 1:28g Bacon & Curry (1956)
y-Hydroquinone 1-38p Maartmann-Moe (1966)

STRUCTURE OF QUINONE-RESORCINOL MOLECULAR COMPLEX

The density of a molecular crystal is a useful meas-
ure of the overall molecular packing. The densities of
relevant crystals are compared in Table 4. It is evident
from the Table that the densities of the charge trans-
fer complexes are considerably larger than those of the
component molecules, i.e. the molecular packing is
much denser in the complexes. The density of quinone-
resorcinol is in better agreement with that of a-quin-

(]

Fig.1. Molecular arrangements in crystals of (a) quinone-
resorcinol; projection along the ¢ axis; () monoclinic quin-
hydrone; projection along the [101] axis.
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hydrone than that of S-quinhydrone, probably corre-
sponding to the higher similarity between the mole-
cular arrangements mentioned above.

Molecular structure

The bond distances and angles are given in Table 5
and are also shown in Fig. 2. Corrections for the rigid-
body librational motions were applied by the method
of Cruickshank (1961).*

No extraordinary bond distances or angles were
found in the molecular structures of this complex. The
difference between the two C-C-OH bond angles in
resorcinol (123-3 and 114-9°) is highly significant (/¢ =
10-0); this is consistent with the rule that the C-C-OH
bond angle on the hydrogen atom side is significantly
larger than that on the other side (Maartmann-Moe,
1966; Sakurai, 1968). The C~OH distance in resorcinol,
1-378 (0-008) A, is larger than those in a-resorcinol,
1:33, and 1-:35, A, which were determined by the
two-dimensional neutron diffraction method (Bacon &
Curry, 1956). This difference, however, cannot neces-
sarily be attributed to the effect of the charge transfer
interaction, because in y-hydroquinone, in which no
charge-transfer interaction exists, even larger C-OH
distances (1392 and 1-394 A) have been observed

¥ Now that the atomic parameters of quinone-resorcinol
have been deduced not from the electron densities, but from the
structure amplitudes, the Gaussian-breadth parameter of the
librational correction ¢2 is replaced by another one goo2 which
is free from the series-termination effect: goo2 = u72 + ue2, where
ur? is the observed mean-square amplitude of the transla-
tional motion, and w2 is the Gaussian-breadth parameter of
the electron distribution around the stationary atom. The
latter was estimated from the analytical expression for the
atomic scattering factor given by Vand, Eiland & Pepinsky
(1957): ue2=(1-54)2 . a/8n2, where a is the atomic constant
tabulated in the reference. The w2 values for carbon and
oxygen atoms are 0-012 and 0-016 A2 respectively.

1149

(Maartmann-Moe, 1966). Quinone and resorcinol mol-
ecules are planar within experimental error; the devia-
tions of the oxygen and carbon atoms from the best-fit
molecular planes are less than 0-022 A.

Charge transfer interaction

Intermolecular distances between quinone and resor-
cinol molecules in adjacent molecular chains are shown
in Fig. 3. The perpendicular distance between the mol-
ecular planes of quinone and resorcinol is about 3-1 A.*
The shortest intermolecular C---O and C- - - C distan-
ces are 3-068 (0-007) and 3-208 (0-006) A respectively,
being considerably shorter than the ordinary van der
Waals contact of about 3-4 A. Such close contact be-
tween the donor and acceptor molecules is a charac-
teristic feature of the charge transfer complex. As is
evident in Fig. 3, the overlap of the six-membered car-
bon rings of the two molecules is very small; instead,
the C-O and C=0 bonds lie above and below the ring
centres. This situation is also found in all the com-
plexes of the quinhydrone type studied thus far and
also in thymine—quinone complex (Sakurai & Okunuki,
1969).

Polarized crystal spectra of this complex have been
investigated by Amano (1969). Intense charge-transfer
bands have been observed with a-polarized light, where-
as the crystal is almost transparent to b-polarized light.
Simple microscopic observations indicate that the crys-
tal absorbs e-polarized light to some extent. Com-
parison of these spectroscopic observations with the
molecular orientations in the crystal (¢f. Fig. 1) shows
that the direction of the charge-transfer moment is
probably parallel to the line connecting the ring cen-

* The perpendicular distance cannot be defined in a strict
sense, because the two molecular planes are not parallel but
make an angle of 7-3°,

-

Fig.2. Molecular chain on the (410) plane of quinone-resorcinol. The bond distances (A) and angles are also shown.
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Table 5. Bond distances and angles with standard deviations

Librational corrections were not applied for the hydrogen atoms.
Distance after  Librational

Quinone correction correction Angle
o(1)-C(1) 1-233 (0008) A 0-001 A 0(1) -C(1)-C(3") 121-6 (0-6)°
0o(1) -C(1)-C(2) 1196 (0-6)
C(1)-C(2) 1-485 (0-009) 0-005 C(2) -C(1)-C(3) 118-8 (0-5)
C(1)-C(3) 1-468 (0-009) 0-003 C(1) -C(2)-C(3) 120-6 (0-6)
C(2) -C(3)-C(1") 120-5 (0-6)
C(2)-C(3) 1-354 (0-009) 0-003 C(1) -C(2)-H(1) 120 (5)

. C(3) -C(2)-H(1) 120 (5)
C(Q-H() 1-12 (0-09) C(2) -C(3)-H(2) 117 (4)
C(3)-H(2) 1-11 (0-08) C(1)-C(3)-H(2) 121 (4)
Resorcinol
0(2)-C(6) 1-378 (0-008) 0-002 0O(2)-C(6)-C(5) 123-3 (0-6)

0O(2)-C(6)-C(7) 114-9 (0-6)
C(4)-C(5) 1402 (0-008) 0-002 C(5)-C(4)-C(5) 1221 (0-8)
C(5)-C(6) 1-381 (0-009) 0-004 C(4)-C(5)-C(6) 118-4 (0-6)
C(6)-C(7) 1-421 (0-008) 0-003 C(5)-C(6)-C(7) 121-8 (0-6)

C(6)-C(7)-C(6") 117-5 (0-7)
O(2)-H(5) 0-90 (0-08) C(6)-O(2)-H(5) 114 (5)

C(5)-C(4)-H(3) 119 (1)
C4)-H(3) 1-13 (0-13) C(4)-C(5)-H(4) 120 (5)
C(5)-H4) 0-98 (0-08) C(6)-C(5)-H®) 118 (5)
C(7y-H(6) 0-99 (0-12) C(6)-C(T)-H(6) 121 (1)

Fig. 3. Ellipsoids of thermal vibration and intermolecular distances (A) between the molecular planes.

(a) (6)

Fig.4. Axes of the rigid-body vibration. (@) Quinone. () Resorcinol. The points ¥ and G are the centres of vibration and gravity
of the molecule respectively.
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Table 6. Translational and librational tensors of the rigid-body vibration with standard deviations

(Tin 10-3 A2 and € in degrees?)
The 12 and 23 elements of resorcinol are zero because the molecule is in a special position.

Ty T2
Quinone 17 (1) 17 (1)
Resorcinol 18 (1) 22 (1)

Qy 22
Quinone 30 (6) 16 (2)
Resorcinol 15 (3) 2(2)

Ts3 Ty, T13 T23
15 (3) 0) 3D 2()
23 (2) 0 1Q) 0

233 Q2 213 Q23

6 (1) 203 203 3
11 (1) 0 7 0

Table 7. Observed and calculated vibrational tensors of the individual atoms (103 A2 units)

Un U

Quinone Obs. Calc. Obs. Calc. Obs.
o) 15 17 29 30 48
C(1) 16 17 23 21 24
C(2) 21 20 17 i8 32
C(3) 23 20 19 i8 30
Resorcinol

0(2) 18 20 39 41 29
C4) 34 32 19 22 40
C(5) 27 24 27 27 33
C(6) 18 18 26 27 21
C(D 17 20 28 22 27

tres (Anex & Parkhurst, 1963), and definitely not per-
pendicular to the molecular planes.

Thermal vibrations

The thermal ellipsoids of individual atoms in quin-
one-resorcinol are shown in Fig. 3. These were trans-
formed into the rigid-body vibration of the molecule
(Cruickshank, 1956). The z coordinate of the centre of
vibration of the resorcinol molecule was included in
the variable parameters of the least-squares treatment;
it was found to be 0-053. Axes of molecular vibration
are shown in Fig. 4. The most probable values of the
translational and librational tensors, T and Q respec-
tively, are shown in Table 6. The observed and calcu-
lated vibrational tensors U of the individual atoms
are compared in Table 7; these are in satisfactory agree-
ment, The translational motions of both quinone and
resorcinol molecules are isotropic within experimental
error. Significant anisotropies are observed in the libra-
tional motions of both molecules. The relations be-
tween these anisotropies and the nature of the force
fields around the molecules will be discussed else-
where.

The numerical calculations were performed on the
HITAC 5020 computer of the Computer Centre of the
University of Tokyo and on the OKITAC 5090H com-
puter of this Institute, with a universal crystallographic
computation program system, UNICS (Sakurai, Ito,

Us;

U Uiz Uz
Calc. Obs. Calc. Obs. Calc. Obs. Calc.
48 -2 0 4 3 -5 -5
24 2 0 1 3 -2 0
32 0 2 2 1 2 1
30 0o -2 1 2 2 2
28 8 6 2 0 -4 -4
41 0 0 -8 -8 0 0
32 -6 —6 -5 -3 0 4
23 2 0 0 1 —4 0
25 0 0 1 0 0 0

Iwasaki, Watanabe & Fukuhara, 1967). This work was
supported in part by a Scientific Research Grant of the
Ministry of Education.
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