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(2b) with respect to [N(C,H,),]* in (1a) and [PPh,]* in
(2a), these latter cations establishing nonequivalent sets
of electrostatic and van der Waals interactions with the
respective anions. Unfortunately, beside the recogni-
tion of the different interactions between the anions and
the surrounding cations, there is no simple rationaliza-
tion of the causes of the observed shrinkage of one
triangular face with respect to the other in (la) and
(2a). Nonetheless, these observations strengthen the
idea that the inner metal-atom polyhedra have to be
regarded as the ‘soft’ cores of these species, capable of
adapting themselves to the steric and electronic de-
mands of both the ligands packed around the core and
the surrounding molecules.

Concluding remarks

We have shown that there is a clear borderline between
the knowledge of the structural parameters concerning
the ligands and those related to the metal cores in
transition-metal clusters. M—M bonds and angles can
be determined with great precision, but appear to be
related to relatively adaptable parts of the molecules,
which can be easily affected by small changes in both
ligand coverages and crystal packing. On the other
hand, the parameters related to metal—ligand (or
ligand—ligand) interactions and which contain more
‘chemical information’, are known with reduced pre-
cision and are significantly dependent on experimental
limitations and refinement strategies.

We wish to thank Dr A. Fumagalli and Professor L.
Garlaschelli for kindly supplying crystals of the species
discussed herein. Financial support by CNR is also
acknowledged.
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Deformation Density Studies of Tetramethylthiuram Disulfide and Tetraethylthiuram
Disulfide
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Abstract

Two thiuram disulfide compounds, whose room-
temperature structures have been reported previously,
were studied by X-ray diffraction at low temperature.

* To whom all correspondence should be addressed.

0108-7681/89/010065-05%03.00

Tetramethylthiuram disulfide (1), C(H,,N,S,, M,=
240-4, monoclinic, C2/c, a =9-524 (4), b=9-911 (3),
c=11.795(1) A, $=99-22 (1)°, ¥ = 1099 A3, Z = 4,
D,=1.47gcm3,  A(MoKa)=0-71069 A, u=
7-7cm~!, T= 138K, final R =0-031 for 2881 reflec-
tions. Tetraethylthiuram disulfide (2), C,,H,,N,S,,
M, =296-5, monoclinic, P2,/c, a=10-922(3), b=

© 1989 International Union of Crystallography
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15946 (4), c=8-444(1)A, B=91.92(1)°, V=
1469-8 (8) A3, Z=4, D, =1.34gcm~, A(Mo Ka) =
0-71069 A, y=6-0cm~!, T= 105K, final R = 0-029
for 5772 reflections. Both compounds contain a
disulfide bridge connecting two identical thiuram
moieties. The S—S bonds, with lengths 2-0041 (6) and
2.0057 (6) A for (1) and (2) respectively, are essentially
single bonds. The tetramethyl derivative undergoes a
phase transition at 133 K, the high-temperature molec-
ular structure has C, symmetry. There are C=S double
and C-S single bonds in both molecules. The
accumulations of electron density along the C—N and
C—S bonds in the experimental deformation density
maps are as expected. The lone pair around S is also
observed. The unusual deformation density along the
S—S bond is comparable with other recent work on
compounds containing S—S bonds; it can be reason-
ably explained by theoretical density calculations.

Introduction

Tetramethylthiuram disulfide (1) was considered to be
an ideal system for a deformation density study for the
following reasons: first, the molecule contains various
C—N, C-S§, S-S bonds; second, the molecular sym-
metry is C,, and the total number of parameters is
small; therefore, the accuracy of the atomic parameters
will be improved. Unfortunately, there is a phase
transition below 133 K., and the low-temperature phase
can not be easily determined. Although a set of data
was collected at 138 K, and a deformation density
study was made, the results were not as good as we
would wish. In order to obtain better results, tetra-
ethylthiuram disulfide (2) was studied at 105 K. There
is no C, symmetry in the molecule; however, the two
halves of the molecule are chemically equivalent. The
room-temperature structures of both compounds have
been investigated previously (Wang, Liao & Ueng,
1986; Karle, Estlin & Britts, 1967).

Experimental

The title compounds were synthesized according to the
literature (Cummings & Simmons, 1928). Suitable
light-yellow crystals were obtained by slow evapora-
tion from C,H;OH/CHCI, solution. The crystal data
and some details of the experimental conditions are
given in Table 1. Low-temperature data were measured
on a CAD-4 diffractometer equipped with a liquid N,
gas-flow set up. Unique sets of reflections were
measured up to =42, 36° for compounds (1) and (2)
respectively. Seven measurements of y values from —45
to 45° with a step of 15° were also collected for each
reflection up to =20 and 16° for (1) and (2)
respectively; beyond these angles, only one additional
measurement with = 15° was collected. The stan-
dard deviation of the intensity is defined as o*(J)

Table 1. Crystal data of compound (1) ar 138 K and of

compound (2) at 105 K

(n

()

Space group C2rc P2,c
a(A) 9.524 (4) 10-922(3)
b(A) 9:911(3) 15.956 (4)
c(A) 11795 (1) 8444 (D
B 99-22 (1) 91-92(1)
O range (°) for cell-parameter 11-38 10- 30
determination

(A 1099 (2) 1469-8 (8)
D (gem Y} 1.47 134
V4 4 4
T(K) 138 108
Crystal size (mm) 0-40x0-47%0-47 0-26 x0-33%0-52
(Mo Ka) (A) 0-7107 0-7107
ulem ") 7.7 6-0
Transmission range 0.73-0-83 0-82-0-87
Bz (O 42 26
No. of measurements 19016 29759
No. of unique reflections 33585 6861

0-021 0-016

int
No. of observed reflections
No. of parameters

2881 (>40). 1085*
79,55

5772 (>2-50). 2704
226. 145

R 0-031.0-032* 0-029.0-024*
wR 0-040,0-031* 0-023.0-023*

S 4.32.1.34 5.55.1-69*
hklrange -17-160-~180-21 -19+190 +270-14
(1/0),,0 0-16 0-06

dppn (€AY 0.44 0.58

* High-order refinement: sin6/4 > 0-75 A~ for (1). > 0-65 A~* for (2).

= oXI) + (fT,.,)*, where f'is 0-01 and 0-02 for (1) and
(2) respectively, and o¢(F,)) values are calculated
accordingly. Normal least-squares refinements were
performed; the final agreement indices are given in
Table 1. Additional high-order refinements were carried
out on data with sin/A > 0-75, >0.65 A" ! for (1) and
(2) respectively, in order to obtain all the non-H atomic
parameters for use in promolecule model density
calculations. The deformation density distributions
were all calculated up to maximum sind/A of 0-75 A-".

Results

Atomic fractional coordinates of (1) and (2) are given
in Tables 2 and 3* respectively. The coordinates include
one set (top line) from the full data refinements and one
set (bottom line) from the high-order refinements. The
bond lengths and the atomic numbering schemes are
given in Fig. 1. The corresponding distances for both
compounds at room temperature are essentially the
same (Wang, Liao & Ueng, 1986). At low tempera-
ture, however, the differences are more than those at
room temperature, although it has to be remembered
that the two compounds were studied at slightly
different temperatures. S—S bonds are the same within
standard deviations. The C=S bond is shorter in

* Lists of anisotropic temperature factors of non-H atoms,
positional and isotropic thermal parameters of H atoms. and
structure factors for both compounds have been deposited with the
British Library Document Supply Centre as Supplementary
Publication No. SUP 51264 (67 pp.). Copies may be obtained
through The Executive Secretary, International Union of Crystal-
lography, 5 Abbey Square, Chester CH1 2HU, England.
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Table 2. Atomic fractional coordinates and equivalent
isotropic thermal parameters of compound (1)

a Full data refinement at 138 K, b high-order refinement at 138 K

(sind/A > 0-75 A-Y).

_ 82 *
B, =313, 5,U atala,a,

x y z B (A%

S(1) a 0-19841 (2) 0-39273(2) 0-20381 (2) 2:212(8)
b 0-19839 (3) 0-39286 (3) 0-20370 (3) 2.14 (1)
S(2) a -0.02877(3) 0-17177 (3) 0-16448 (3) 2.66 (1)
b —0-02884 (4) 0-17170 (4) 0-16431 (4) 2-58 (1)
N(1) a 0-06138 (9) 0-31165(9) 0-00115 (8) 2-22 (3)
b 0-0615 (1) 0-3115(1) 0-00078 (9) 2-14 (2)

C() a 0.08331(9) 030095 (9) 0.11476 (9) 1.79 (3)
b 0.08358 (9) 0-30111 (8) 0-11519 (8) 1.72 (2)

CQ2) a 0-1403 (2) 0-4084 (1) —0-0573 (1) 2-99 (4)
b 0.1408 (2) 0-4091 (2) —0-0577 (2) 2-86 (4)
C(3) a -0-0426(1) 0-2315(2) —0-0763 (1) 3-47(5)
b -0-0430(2) 0-2330(3) —0-0769 (2) 3.34 (5)

Table 3. Atomic fractional coordinates and equivalent
isotropic thermal parameters of compound (2)

a Full data refinement at 105 K, b high-order data refinement at 105 K
(sind/A > 0-65 A-Y).

— 82
By, =3§m* L, %U afa}a, a,

x y z B (A)
S(1) a 0-33884(3)  0-32932(2)  0-21376 (4) 1-58 (1)
b 0-33902(2)  0-32931(2)  0-21369 (4) 1.461 (9)
S(2) a 017114 (2) 0-45455(2)  0-04118 (3) 1177 (9)
b 017121 (2) 0.45458 (1)  0-04104 (3) 1.070 (6)
S(3) a 0-32816(2) 0-51772 (2) 0-07946 (3) 1.170 (9)
b 0-32812(2) 0-51775(1)  0-07935 (3) 1.060 (6)
S@) a 0-16524 (3) 0-57668 (2)  0-34445 (3) 1.64 (1)
b 0-16509 (2) 0-57670 (2)  0-34438(4) 1.519 (8)
N(D) a 0.10024 (7) 0-30753 (5) 0-14742 (9) 0-96 (3)
b 0-10008 (7) 0-30736 (5)  0-14707(9)  0-98(2)
N(2) a  0-40204 (8) 0-61391 (5)  0-3175 (1) 1-05 (3)
b 0-40232 (7) 0-61394 (5) 0-3179 (1) 1-08 (2)
C(l) a 0-13508 (1) 0-15661 (8)  0-0935 (2) 1-48 (5)
b 0-13503(9) 0-15642(6)  0-0930 (1) 1.42(2)
C2) a 0-1057(1) 0.22223(7)  0-2160 (1) 1-20 (4)
b 0-10587(8)  0.22234(6)  0-2162 (1) 1-20 2)
C(3) a -0-0230(1) 0-33579(7)  0-0936 (1) 113 (4)
b —0.02314(7)  0.33544(6)  0-0929 (1) 109 (2)
C@) a —0-0916 (1) 0-37720(8)  0.2257(2) 1.46 (5)
b —0.09174 (9) 0-37724 (D 0-2261 (1) 1.40 (2)
C(5) a  0-20087 (9) 0-35518(6)  0-1423(1) 1.03 (4)
b 0-20047 (7) 0-35510 (5) 0-1422 (1) 0-93(2)
C(6) a 0-30110(9) 0-57471 (6) 0-2629 (1) 1.06 (4)
b 0-30146 (7) 0-57459 (5) 0-2628 (1) 1-00 (2)
C() a 052411 0.60484 (7)  0.2484 (1) 1-23 (4)
b 0.5239 (8) 0-60513(6)  0-2478 (1) 121 (2)
C@B) a 0-59320 (1) 0-53046 (8) 0-3181(2) 1.51(4)
b 0-59326 (9) 0-53014 (6) 0-3183 (1) 145 (3)
CO a 039816 (1) 0-66519 (7) 0-4632 (1) 1-49 (4)
b 0-39824 (9) 0-66489 (6)  0-4634 (1) 1.45(2)
C(10) a  0-3549(1) 0-75361 (8)  0-4284 (2) 1.93 (5)
b 0-3547(1) 0-75369 (1) 0-4285 (2) 1-89 (3)

tetraethyl compound than in tetramethyl one. The two
halves of compound (2) at 105 K are not as similar as
those at room temperature. The thermal parameters of
compound (1) at 138 K decrease, on average, to 50%
of those at room temperature; those of compound (2) at
105 K decrease to 30% of the room-temperature
parameters.

The deformation density distributions on the
N—C=S planes of (1) and (2) are shown in Fig. 2. The
two halves of compound (2) show practically the same
features. The shorter C—N bond gives greater density
accumulation (0-5e A-3) at the midpoint of the bond
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than is observed for the longer bonds (0-3 e A-3). The
C=S double bond gives 0-4 ¢ A-3 whereas the C—S
single bond is 0-2eA-% There is little density
accumulation along the S—S bond. Lone-pair electron
density is apparent around all the S atoms. The features
around bridged and terminal S atoms are different; the
residual density of S(2) (bridged) in (2) shows two peak
maxima of 0-4 e A3 [on the plane perpendicular to the
C(5)—S(2)—S(3) plane] about 0-4 A away from the S
atom, making a T, arrangement with the S(2)—C(5),
S(2)—S(3) bonds (see Fig. 3). The lone pairs at the
terminal S atom, S(4), have two maxima in the plane of
C(6)—N(2)—S(4), about 0-7 A away from the S atom
making a T shape with the C(6)—S(4) bond. There are
similar features around the other terminal S atom, S(1).
The deformation density along the ethyl C—C bond
shows density accumulations at the midpoint of the
bond as expected (Wang, Tsai, Liu & Calvert, 1985).
Fig. 4 shows the density around the S(4) atom in a
plane perpendicular to the C(6)—S(4) bond.

Discussion

The geometries of both compounds at low temperature
are the same as those at room temperature. The bond
distances are lengthened somewhat at low temperature
owing to the thermal-motion difference (Busing &
Levy, 1964; Wang, Blessing, Ross & Coppens, 1976).
The change in compound (2) is not as uniform, the two
halves differing more at low temperature than at room
temperature, e.g. C(5)—S(2), C(5)—N(1) vs C(6)—-S(3),
C(6)—N(2). The tetraethyl moieties do not change
much with temperature. The deformation density

sm(‘\

1.6623(9)
1.647(1)

C2)

1.327(1)

1.32901) S29) c3) (‘\\

1.823(1) Y
1.805(1) -
2.0041(6)
1.99711)

1.4
1.4

1829 (1)
1821(2) N2

3 1.513(2)

1.501 (4}

1516 (2)
1.513(3)

Ca)

()

Fig. 1. Molecular structures with bond lengths (A) at both
temperatures for (@) compound (1), () compound (2). Low-
temperature distances [138 K for (1), 105 K for (2)] are given
above room-temperature distances.
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distributions in the N—C=S planes (Fig. 2) are
qualitatively the same. This indicates that the electron
density distribution of thiuram disulfide is not sig-
nificantly affected by the alkyl groups on the N atoms.
Because of problems with the quality of the data for
compound (1), further discussions on deformation
density distribution are based on the results obtained
for compound (2).

The degree of the density accumulation at the
midpoint of bonded atoms follows in the order: shorter
C—N > C—-C >longer C—N,C=S > C-S > S—S. This

e AN

(7SN

i

fudd S 2
;

{39

&

Fig. 2. Deformation density maps of (@) N(1)—C(1)-S(l) of
compound (1), (b) N(2)—C(6)—S(4) of compound (2). Solid lines
positive and dashed lines zero and negative contours: contour
interval 0-1 e A-3,

order is in accord with those found for other
compounds (Dunitz & Seiler, 1983; Wang, Chen &
Wu, 1988). There are two different C—S and C—N
bond lengths in the same compound. Presumably they
represent different bond orders, e.g. a single bond for
C(6)—S(3), a double bond for C(6)—S(4) and a partial
double bond for C(6)—N(2). The residual densities of
shorter bond give greater accumulations than the longer
ones. The features around S atoms in these compounds
are similar to those observed for other sulfur-con-
taining compounds (Wang, Guo, Lin, Kao. Tsai &
Bats, 1988; Wang, Chen & Wu, 1988; Cohen-Addad,
Lehmann & Becker, 1984) which indicate a substantial
electron deficit at the center of the S atom compared
with the spherical atomic density in its ground state. In
both cases, residual peaks always appear about 0-5 A
away from the S nuclei, as expected for lone-pair
electrons (see Figs. 3 and 4). In general, such peaks are
also reproduced in theoretical calculations (Breiten-
stein, Dannohl, Meyer, Schweig, Seeger, Seeger &

7
\ / — ~
\
\ \ _
- T AN s~ ~ ~
) AN
7 / \
! \
~ I
0 ' ~7
3 N\ —
cis) o=
/, ”q’,lr;”’ AN o
URN LA
IR NI
-7 l\‘ N 229
-~ 7 7
/N \ p
\ \ y
I~ N ~
\ ~ ~ /
/ ® N > |
L N ) \ \
! L

Fig. 3. Deformation density map in the plane bisecting the
C(5)—S(2)-S(3) angle, with the projection of C(5) in the plane
indicated; contours as in Fig. 2.

(75
(YA
13%0,2; S4j :\‘\“}
l“‘ }‘l‘l‘||‘“\
AY
NS

NN

Fig. 4. Deformation density map around S(4) in a plane
perpendicular to C(6)—S(4), with the projection of N(2) as the
right-hand side of the horizontal axis; contours as in Fig. 2.
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Zittlau, 1983; Becker, Cohen-Addad, Delley, Hirshfeld
& Lehmann, 1986). The deformation density along the
S(2)—S(3) bond is peculiar and quite similar to the
S—S—S8 region in thiathiophthene (Wang, Chen & Wu,
1988). This may be rationalized by recent MO
calculations (Kunze & Hall, 1986, 1987) which showed
that a valence-electron-rich atom like O, S or F tends to
have little density accumulation in the bonding region, if
the spherical atomic model density is subtracted.

The authors would like to thank Mr Karl H. Claus of
the Max-Planck-Institute fiir Kohlenforschung for his
help on low-temperature data collection. Thanks are
due to the National Science Council for the support of
this work.
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Abstract

The crystal structure determination of four pigments is
described and their structures compared with those of
14 related perylenes. Crystal data: N,N'-bis(4-hydroxy-

butyl)perylene-3,4:9,10-bis(dicarboximide), C,,H,-
N,O, PI, a=4.705(1), b=15.002(4), c=
18-591 ) A, a=109-72(2), f=9574(2), y=

92.82(2)°, Z=2, D, =1.450gcm™*, R(F)=0-078
for 2578  reflections;  N,N'-bis(6-hydroxyhexyl)-
perylene-3,4:9,10-bis(dicarboximide), C,H,,N,O, PI,
a=4.739(3), b=17-412(14), c=18-991 (1D A, «
=65-24(5), f=88-42(5), y=85-82(7)°, Z=2,
D ,=1-382gcm™3, R(F)=0-107 for 1588 reflec-
tions; N,N'-bis(4-ethoxyphenyl)perylene-3,4:9,10-bis-
(dicarboximide), C,H,N,O,, PI, a=4.934(1), b
=15-915(4), c=18-849 (9 A, a=100-17 (3), f=
9589 (3), y=93-50(2)°, Z=2, D, =1.450 g cm *,

0108-7681/89/010069-09$03.00

R(F)=0-070 for 2268 reflections; N,N'-bis(4-phenyl-

azophenyl)perylene-3,4:9,10-bis(dicarboximide), C,,-
H,,NO,, PI, a=5.291(1), b=11-865(2), c=
13972 (2) A, o=102-35(1), £=97-32(1), y=

92.71(1)°, Z=1, D, =1-471 gcm=3, R(F) = 0-046
for 1716 reflections. Differently substituted perylene-
3,4:9,10-bis(dicarboximide) pigments show closely
related absorption spectra in a molecular dispersion
such as in polystyrene. In the crystalline state the
absorption maxima of the same series of compounds
spread over a range of more than 170 nm. This
crystallochromic solid-state effect is due to different
packings of the individual dye molecules in the crystal,
in which the molecules are arranged in stacks. All
molecules possess a flat perylene tetracarboxylic
diimide moiety with bent side-chain substituents. The
steric requirement, the crystal conformation and the
mutual interlocking of these substituents is classified
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