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The Crystal Structure of Metal Diethyldithiophosphates. I1. Lead Diethyldithiophosphate
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_ The crystal structure of lead diethyldithiophosphate, Pb[S,P(OC,H;),]; has been determined. The final
R value was 8:6%. The crystal is triclinic, space group PT, with a=10-102 (2), b=10-366 (3), ¢=
9-702 (2) A, «=99-82 (4), =109-91 (2), y=86:17 (3)°, Z=2. The formula units exist as monomers in
the crystal. The monomers are packed three-dimensionally with van der Waals contacts. The two
diethyldithiophosphate groups are coordinated to the lead atom with the four sulphur ends in a dis-
torted tetragonal pyramidal environment. The Pb-S distances are 2:754, 2:790, 2:990 and 3-022 (0-006) A.
The molecule has an approximate twofold symmetry axis passing through the lead atom.

Introduction

The main interest of this series of crystal structure anal-
yses is the nature of heavy metal-sulphur bonds in re-
lation to the flotation of sulphide minerals. The first
paper dealt with the structure of zinc diethyldithio-
phosphate, Zn(EP), (Ito, Igarashi & Hagihara, 1969).
It was found that the coordination of sulphur atoms
about a zinc atom in Zn(EP), was similar to those in
zinc salts of other dithioacids (xanthates and dithiocar-
bamates).

The second compound investigated was lead diethyl-
dithiophosphate, Pb(EP),. The structure determination
of this compound will be useful for the understanding
of the stereochemistry of the lead atom, because a new
type of six-sulphur coordination about a lead atom was
reported by Lawton & Kokotailo (1969) in lead diiso-
propyldithiophosphate, Pb(isoPP),, a higher homo-
logue of Pb(EP),.

Experimental

Crystal data

Lead(II) bis-(0,0’-diethyldithiophosphate),
Pb[S,P(OC,Hs),],; F.W. 577+4.

Triclinic prismatic along the b axis (twinned),
a=10-102(2), b=10-366(3), c=9-702(2) A,

% =99-82(4), f=109-91(2), y=86:17(3)°,

V'=941-3(4) A2 (at 25°C).

D,,=2:0 g.cm~3 (by flotation), Z=2, D, =2-04 g.cm >,

Space group PT or P1; PT was assumed.

Powder of Pb(EP), was precipitated by combining
aqueous solutions of lead acetate and sodium diethyl-
dithiophosphate, NaEP. The NaEP used was synthe-
sized from P,S;, C,HsOH and NaOH (Bode & Arns-
wald, 1962). Colourless prismatic crystals elongated
along the b axis were obtained by recrystallization of
the powder from an ethyl ether solution. All the crystals
examined showed twinning in various ratios of the twin
components. The twin plane was (10T) with a rotation
of 180°.

The cell parameters were determined from eighteen
high-angle reflexions recorded by the Straumanis meth-

od around the g, b and ¢ axes. The wavelength used
was 1-54051 A for Cu Ku, radiation. The space group
was assumed to be the centric P1, which was subse-
quently confirmed by the solution of the structure.

Intensity measurements

Sets of multiple-film equi-inclination Weissenberg
photographs were taken by the use of an integrating
cassette around the a (0 to 1st layers), b (0 to 9th layers)
and ¢ (0 to Ist layers) axes with Ni-filtered Cu K« ra-
diation. Crystals almost free from twinning were se-
lected for the measurements. Since the ratios of the
twin components, as estimated from the intensities of
common reflexions, were less than 0-02, the effects of
twinning on the intensities were neglected. The speci-
mens mounted about the g and ¢ axes were cut out from
the prisms elongated along the b axis. The dimensions
of the specimens were 0-13 x0:13 x0-16, 0-05 x 0-05 x
0-25 and 0-11 x0-18 x0-:09 mm for the a, b and ¢ axes
respectively (the length is the third dimension indi-
cated).

The peak intensities of the integrated spots were mea-
sured with a microphotometer and altogether 3114 in-
dependent reflexions, about 72 % of those possible with
Cu Kua radiation, were collected. The intensities were
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Fig. 1. Structure of lead diethyldithiophosphate, viewed along
the ¢ axis. The broken lines indicate the intermolecular
Pb---S and Pb- - -O contacts.
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corrected for Lorentz and polarization factors and for
spot extensions. Absorption effects were corrected with
spherical (a and ¢ axes) and cylindrical (6 axis) approx-
imations. No extinction corrections were applied.

Determination of the structure

From a three-dimensional Patterson map, approximate
coordinates of the lead atom were readily found. All
the nineteen non-hydrogen atoms were located by
usual procedures of the heavy-atom method.

The structure was then refined by a block-diagonal
least-squares method. Unit weights were given to all
reflexions. The hydrogen atoms were neglected. After
five cycles of isotropic refinement the R value was
12-1%. An additional five cycles of anisotropic refine-
ment reduced R to a final value of 8:6 %, based on the
observed reflexions only.

The final atomic coordinates and thermal parameters
are given in Tables 1 and 2. The observed and calculated
structure factors are compared in Table 3. A correction
for anomalous dispersion was applied to the lead, sul-
phur and phosphorus atoms (imaginary parts ignored).
The atomic scattering factors and the dispersion and
absorption correction factors were taken from Inter-
national Tables for X-ray Crystallography (1962).

Results and discussion

Crystal structure

The atomic arrangements in the unit cell of Pb(EP),,
as seen along the ¢ and b axes are shown in Figs. 1 and
2. Two diethyldithiophosphate groups coordinate to a
lead atom with the sulphur end atoms; the sulphur
coordination about the lead atom is a distorted tetra-
gonal pyramid. Thus, the Pb(EP), molecule exists as a
monomeric unit in the crystal. These molecules are

1035

packed three-dimensionally with van der Waals con-
tacts.

Table 1. Atomic coordinates with standard deviations

(x 10“)
xla yib z/c
Pb 4707 (1) 2546 (1) 5268 (1)
S(1) 5088 (7) 3999 (5) 8027 (6)
S(2) 3112 (6) 5077 (5) 4890 (6)
S(3) 2046 (6) 1678 (6) 4944 (8)
S4) 5017 (5) 346 (5) 7040 (6)
P(1) 3953 (6) 5455 (5) 7067 (6)
P(2) 2961 (5) 243 (5) 6080 (6)
o(1) 4875 (15) 6739 (14) 7468 (16)
0(2) 2797 (17) 5968 (14) 7852 (18)
0Q@3) 2684 (14) —1168 (13) 5052 (18)
04) 2115 (18) 239 (14) 7198 (19)
C(1) 5774 (29) 7173 (26) 8977 (29)
C(2) 7290 (31) 7140 (31) 8949 (34)
C(@3) 1697 (36) 5057 (33) 7679 (47)
C4) 749 (44) 5751 (38) 8464 (54)
C(5) 1254 (25) —1577 (27) 4157 (36)
C(6) 1241 (38) —2092 (33) 2592 (37)
C() 2495 (40) —760 (31) 8196 (45)
C(8) 1466 (41) —669 (31) 8982 (37)

The monomeric structure of Pb(EP), is definitely
different from the linear chain structure in Zn(EP),
(Ito et al., 1969); instead, it is similar to those found in
lead diethyldithiocarbamate, Pb(EC), (Iwasaki & Ha-
gihara, 1972) and lead xanthates (Hagihara & Yama-
shita, 1966; Hagihara, Watanabe & Yamashita, 1968;
Hagihara, Yoshida & Watanabe, 1969).

It should be noted that the structure of Pb(EP), is
significantly different from that in lead diisopropyldi-
thiophosphate, Pb(isoPP), (Lawton & Kokotailo,
1969). In Pb(isoPP), each lead atom is coordinated
with six sulphur atoms; i.e., in addition to the four
within the molecule, two other sulphur atoms from dif-

Table 2. Thermal parameters with standard deviations

The thermal parameters refer to the expression

T=exp {— 1073, 272(Un1h2a*2+ ... +2U zhk a*b*...)} .
The Beq valucs are the equivalent isotropic temperature factors proposed by Hamilton (1959).

Un Ux Uss
Pb 44 (1) 37Q) 54 (1)
S(1) 94 (4) 52 (3) 60 (3)
S(2) 60 (3) 46 (3) 59 (3)
S(3) 49 (3) 62 (4) 100 (5)
S(4) 52 (3) 50 (3) 70 (3)
PQ1) 58 (3) 45 (3) 57 (3)
P(2) 46 (3) 46 (3) 71 (3)
Oo(1) 57 (8) 57 (9) 60 (9)
0oQ) 79 (11) 53 (9) 83 (11)
0@3) 41 (7) 49 (8) 89 (11)
0®4) 92 (12) 48 (9) 108 (13)
(1) 89 (18) 76 (17) 75 (16)
C(2) 84 (19) 102 (23) 96 (21)
C@3) 117 (25) 102 (24) 210 (40)
C(4) 150 (34) 119 (29) 232 (47)
C(5) 48 (13) 80 (18) 136 (67)
C(6) 122 (28) 98 (24) 96 (64)
C(7) 160 (32) 88 (22) 194 (78)
C(8) 176 (34) 93 (22) 116 (66)

AC28B-4

U Uss Uz Beq
1(1) 22 (1) 13 (1) 34

14 (3) 32(3) 24 (3) 52
4(2) 17 (2) 16 (2) 4-3
91 27 (3) 37 3) 53
2Q2) 18 (2) 20 (3) 45
0(2) 26 (3) 16 (2) 4-0
2(2) 28 (2) 20 (3) 4-0
-12(7) 16 (7) 20 (7) 4-5
2(8) 48 (9) 7(8) 53
—2(6) 21 (7) —2(8) 4-8
9 (8) 72 (11) 29 (8) 5-6
—34 (14) 25 (14) 8 (13) 6-3
—-13(17) 27 (17) 2(18) 7-6
—17 (20) 122 (28) 27 (25) 9-8
7 (25) 149 (36) 10 (29) 11-6
—15(12) 32 (15) -3017) 7-0
1(21) 16 (21) 1(19) 89
49 (22) 111 (30) 99 (25) 10-0
—12 (22) 102 (26) 24 (19) 89
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Table 3 (cont.)
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ferent molecules come in the coordination sphere of
the lead atom with Pb-S distances of 2-979(9) and
3-042(9) A. In Pb(EP),, on the other hand, adjacent
molecules are far apart; the shortest Pb- - -S distances
are 3-469(6) and 3-478(6) A.

Moleculgr structure

The bond distances and angles are given in Table 4
and are also shown in Fig. 3. The four Pb-S distances
in the PbS, pyramid are 2-754(6), 2:790(6), 2-996(5) and
3-022(6) A. The shorter two distances (average 2:77 A)
lie between the single (2-:58 A) and the ionic (3:04 A)
bond distances (Pauling, 1960), whereas the longer two
(average 3-01 A) are in agreement with the latter. The
four sulphur atoms in the pyramid are not coplanar.
S(1) and S(3) deviate downward from the best-fit plane
by 0-41 A, whereas S(2) and S(4) deviate upward by
the same amount. The lead atom is 1-48 A above the
basal plane.

As was pointed out by Iwasaki & Hagihara (1972),
the coordination of the four sulphur atoms about each
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lead atom in Pb(EP), is closely related to those in
Pb(EC), and lead ethylxanthate, Pb(EX), (Hagihara &
Yamashita, 1966). Distinct differences are found only
in the intramolecular S- - - S contacts between the two
ligand groups. In Pb(EP), the two contacts are sym-
metric and the S- - - S distances are 3-744(8) and 3-767(9)
A; whereas in Pb(EC), and Pb(EX),, the two contacts
are asymmetric and one S. - .S distance, 4-027(13) and
4-164(40) A in Pb(EC), and Pb(EX), respectively, is
significantly longer than the normal van der Waals dis-
tance of 3-70 A (Pauling, 1960).

The bond distances and angles in the two diethyldi-
thiophosphate groups are very similar (see Table 4).
These values are also in fairly good agreement with the
corresponding values in Zn(EP),. The metal-sulphur
and sulphur-phosphorus distances are reasonably bal-
anced in Pb(EP),, as was also found in Zn(EP),; the
shorter the Pb-S distance, the longer the correspond-
ing S-P distance.

The Pb(EP), molecule has an approximate twofold
symmetry axis passing through the lead atom. The mol-
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Table 4. Bond distances and angles with standard deviations (o)

Dithiophosphate (1)

Pb—S(1) 2-754 (6) A Pb—S(3)
Pb—S(2) 2:996 (5) Pb—S(4)
S(1)-P(1) 1995 (8) S(3)-P(2)
S(2)—P(1) 1969 (7) S(4)—P(2)
P(1)-0(1) 1-59 (2) P(2)-0(3)
P(1)-0(2) 1462 (2) P(2)—-O(4)
o(1)-C(1) 1-45 (3) 0(3)-C(5)
0(2)-C(3) 1-45 (4) O4)-C(7)
C(1)-C2) 1-54 (5) C(5)-C(6)
C(3)-C(4) 1-49 (7) C(7)-C(8)

S(1)-Pb—S(3) 94-1
S(1)-Pb—S(2) 71-1 (0-2)
S(1)-Pb—S(4) 80

S(2)—-Pb—S(4)
S(3)-Pb—=S(4)
S(3)-Pb—S(2)

Pb—S(1)—P(1) 89-8 (0-3) Pb—S(3)—P(2)
Pb—S(2)—P(1) 83-5 (0-2) Pb—S(4)—P(2)
S(1)=P(1)=S(2) 115-4 (0-3) S(3)—P(2)—S(4)
S()~P(1)—O(1)  110-8 (0-6) S(3)~P(2)-0(3)
S(1)-P(1)-0(2)  109-7 (0-7) S(3)—P(2)-0(4)
S@2)-P(1)=0(1)  107-6 (0-7) S(4)—P(2)—0(3)
SQ2)-P(1)-0(Q) 1122 (0-6) S(4)—P(2)-O(4)
O(1)-P(1)=0(2)  100-1 (0-8) 0(3)-P(2)-0(4)
P(1)-O()-C(1) 1207 (1-7) P(2)—0(3)-C(5)
P(1)-0(2)-C(3) 1169 (1-8) P(2)—0(4)-C(7)
O()-C(D-C(2) 1065 (2:3) 0(3)-C(5)-C(6)
0(2)-C(3-C(4) 1072 2:7) 0(4)-C(7)-C(8)

ecule rotated by 180° about the bisector of the angle,
S(1)-Pb-S(3), coincides with the original one within
the discrepancies of 0-35 A, except for the pair of the
ethyl ends, C(3)-C(4) and C(7)-C(8), which deviate by
about 2-0 A ; in particular, the discrepancies of the cen-
tral part of the molecule (the Pb, S and P atoms) are
less than 0-07 A.

It is interesting to note that this approximate sym-
metry axis coincides with the twin axis of the crystal,
a normal to (101); the angle between the two axes is
only 2:0°. Therefore, the persistent twinning found in
all the crystals examined was probably caused by mol-
ecular reorientation in the course of crystal growth.

Fig. 2. Structure of lead diethyldithiophosphate, viewed along
the b axis. The broken lines indicate the intermolecular
Pb---S and Pb- - -O contacts.

Dithiophosphate (II)
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Average Difference Ao
(4)
2-790 (6) A 2772 A 0-036 A 60
3-022 (6) 3-009 0-026 43
1-991 (9) 1-993 0-004 0-4
1-968 (7) 1-969 0-001 01
1-61 (1) 1-60 0-02 1-0
1-59 (2) 1-61 0-03 1-5
1-46 (3) 1-46 001 03
1-48 (4) 1-47 0-03 0-8
1:52 (5) 1-53 0-02 04
1-48 (7) 1-49 0-01 01
138-2 (0-2)°
70-6 (0-2) 70-9° 0-5° 2-5
81-1 (0-2) 80-9 0-4 2:0
89-1 (0-3) 89-5 07 23
83-1 (0-3) 83-3 0-4 1-3
1162 (0-4) 115-8 0-8 2:0
112-0 (0-6) 111-4 1-2 2:0
103-7 (0-6) 106-7 60 9.0
105-2 (0-6) 106-4 2:4 34
114-2 (0-6) 113-2 2:0 33
105-2 (0-9) 102-7 51 5.7
120-2 (1-4) 1205 05 03
118-2 (2:0) 117-6 1-3 07
107-8 (2:6) 107-2 1-3 05
108-0 (2-7) 1076 0-8 03

Furthermore, the relatively large temperature factors
observed for C(3), C(4), C(7) and C(8) might be at-
tributed to some disorders associated with the twin-
ning.

Intermolecular van der Waals contacts

The closest intermolecular contacts are summarized
in Table 5. All the distances are normal compared with
the expected values (Pauling, 1960). It should be noted
that no intramolecular van der Waals contact with the
lead atom is found above the top of the PbS, pyramid.
Instead, S(2) and S(4) of different molecules are rela-
tively close to it; the Pb. - -S distances are 3-469(6) and
3-478(6) A. This situation is common among related
lead salts of dithioacids (Iwasaki & Hagihara, 1972),
except for Pb(isoPP), mentioned before (Lawton &

Table 5. Intermolecular van der Waals contacts

The primes denote inversion at (4, %, ).

Pb ----S(2) 3-469 (6) A
Pb -+ -S4, —b) 3-478 (6)
Pb -+ O3, —b) 300 (1)
Pb ----0(1) 3:04 (2)
S(2) - S(2) 374 (1)
S() - - -S(4’, —b) 3-89 (1)
SQ1) - --C(1%, +¢) 371 (3)
SG3) -+ C(5, —a—b) 373 (3)
0Q)---C(7, +b) 3:35 (3)
0@ C(5', —a—b) 349 (2)
oW)---C(7, +b) 3-56 (4)
C(1)- - -C(7, +b) 3-75 (4)
C@)---C(8, +b) 375 (5)
C@)---C@, +a) 3-84 (6)
CQ)- - C(8', +0) 3-92 (4)
C@®)--C(6, —a—b) 395 (5)
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& Kokotailo, 1969). In Pb(EP),, two oxygen atoms of
different molecules are also relatively close to the lead
atom; the Pb- - O distances are 3-00(1) and 3-04(2) A.
The Pb- - -S and Pb- - - O contacts mentioned above are
indicated in Figs. 1 and 2.

The numerical calculations were performed on the
HITACS020E computer of the computer center of the

3767

(@

(6)

Fig. 3. (a) Interatomic distances (in A) and (6) bond angles
(in degrees) in lead diethyldithiophosphate.

Acta Cryst. (1972), B28, 1040

THE CRYSTAL STRUCTURE OF METAL DIETHYLDITHIOPHOSPHATES. II

University of Tokyo and on the FACOM270-30 com-
puter of this Institute, with a universal crystallographic
computation program system, UNICS (Sakurai, Ito,
Iwasaki, Watanabe & Fukuhara, 1967).

The author is grateful to Dr H. Hagihara for his
encouragement and valuable discussions throughout
the work.
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Structure Studies on AL, TiOs at Room Temperature and at 600°C*

By B.MoORoSIN AND R.W.LYNCH
Sandia Laboratories, Albuquerque, New Mexico 87115, U.S.A.

(Received 3 June 1971)

The room-temperature structure of Al TiOs has been re-examined and is compared with the 600°C
structure. This material is isomorphous with pseudobrookite, crystallizing in space group Bbmm with
cell dimensions a,=9-429, by=9-636, and c,=3-591 A at room temperature and ao=9-481, by=9-738,
and ¢,=3-583 A at 600°C. Our results, as well as refinement of previously published data, indicate
that there is complete disorder in the metal sites for this compound. Provided that allowances are made
concerning electrostatic interactions, the differences in the structure at the two temperatures appear
to support the suggestion that the coordination polyhedra about the metal ions tend towards more
regular configurations with increasing temperatures. The importance of cleavage planes, resulting from
edge-shared octahedra in the hysteresis of the thermal expansion of the ceramic, is pointed out.

Introduction

As part of a program in which the relationship between
the degree of anisotropy of crystal structures and their
thermal expansion behavior is being studied, several
oxide materials have been examined (Morosin &
Lynch, 1971). Of particular interest are materials
which, when heated, contract along at least one crystal-

* This work was supported by the U.S. Atomic Energy
Commission.

lographic direction. Cartz (1968) and Li & Peacor
(1969) suggested that the critical feature of crystalline
anisotropy, leading to thermal expansion anisotropy,
is the degree of distortion of the atomic coordination
polyhedra. By ‘distortion’ it is implied that the bond
lengths and angles vary markedly about the cations.

Aluminum titanate (tieilite), AL TiOs, is such a
material. As a ceramic body, it exhibits a very low
bulk thermal expansion coefficient, primarily because
of a complex system of internal stresses and fractures.
These stresses and fractures are developed upon



