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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

© 1989 International Union of Crystallography



70 PERYLENE-3,4:9,10-BIS(DICARBOXIMIDE) PIGMENTS

and related to crystal packing. An empirical correlation
between crystal-packing parameters and absorption
properties is found. Reliable prediction of crystal
packing and thus pigment colour from the topology and
structure of an isolated dye molecule could not be
achieved.

Introduction

The colouring of organic dyes is mainly determined by
the electronic properties of the individual molecules
which compose the dyestuff. However, in the solid state
the absorption characteristics of the isolated molecular
chromophore could be dramatically influenced and
modified by the electronic interactions of the close-
packed molecules. This effect of solid-state ‘crystal-
lochromy’ is clearly indicated and well established
for a series of substituted perylene-3,4:9,10-bis-
(dicarboximide) pigments (1)-(18) (Graser & Hidicke,
1980, 1984; Hadicke & Graser, 1986a,b).

R R
-CHg (1 [9a) —CHz—@ (12 [11a)
~CH,-CHy (@ [2)

-CH OCH:; 13)  [10a)
~CHy ~CHy~CHy @ ol ROLY (s peal
- CHz - CHp-CH; -CHy 4 [8a) -CHZ-CH2-© (14)  [6a]
~CHz = CHp - CH,- CH, - CHy 6 %l s

_CHj - 5 [sa
~CHa ~CH - CHa-CH ® (7a) oz -1 <O oo

CH3
CH3
H. 16)
— CHy ~CHa - OCzHs M pa @002 s
—GH - CHz= CHa- OCH; ®  feal <O)-n=n<O) on
~CHp -CHa—-CH,-OCHg 9 [4a] HAC

o

~CHp - CHp- CHy~ CHp- OH (10
iz - CHa- CHy -~ CHy 08 [30]

~CHp - CHz— CHy — CHp~CHz -CHp=OH (1)

HyC

The numbering scheme in square brackets refers to the numbering in the previous
papers: [1a to 11a] Héadicke & Graser (1986a). [1b to 3b| Hadicke & Graser
(1986b).

In a molecular dispersion of these pigments. e.g. in
polystyrene, where any short-range interactions of two
perylene chromophores might be excluded, all in-
vestigated compounds show rather closely related
absorption spectra composed of three major absorp-
tions at approximately 530, 490 and 460 nm. In the
crystalline phase the absorption maxima of the same
series of compounds spread over a range of more than
170 nm. Furthermore the overall shape of the absorp-
tion bands is appreciably different.

This crystallochromic solid-state effect is related to
differences in the packing of the individual dye
molecules in the different pigments. In order to correlate
the crystallographic packing parameters with the colour
of the particular pigment, we embarked on a systematic
study of the crystal structures of differently substituted
perylenes. Up to now, 24 different packing patterns
have been detected in the solid state. All the investigated
compounds, (1)-(18), have a planar perylenetetra-

Table 1. Crystal data and experimental details for (10),
(11), (16) and (17)

(10) an (16) an

Formula CoHy N0, CH N0, C,H,N.0,  C,H,NO,
Solvent for Nitrobenzene  Nitrobenzene  Nitrobenzene  Nitrobenzene
crystallization
Elementary Calc. Obs. Calc.  Obs. Calc. Obs. Calc. Obs.
analysis (%) C71.9C72:2 C73-2C72:8 C76-2 C753 CT76-8C759

H 49H 49 H 58H 59 H 4.1H 43 H 35H 3.7

N §$2N 53 N 47N 4.7 N 44N 4.4 NIL-2NI11-1

01800179 016-30169 01520156 O 850 9-2
a(A) 4.705 (1) 4.739 (3) 4-934 (1) 5-291 (1)
b(A) 15-002 (4) 17-412 (14) 15-915 (4) 11-865 (2)
ctA) 18-591 (4) 18-991 (11) 18-849 (9) 13.972 (2)
() 109-72 (2) 65-24 (5) 100-17 (3) 102-35(1)
fB°) 95.74 (2) 88-42 (5) 95.89(3) 97.32(1)
(0 92-82(2) 85.82(7) 93-50(2) 92.71 (1)
Absorption 7-84 7.25 7.58 7-3%
cocfficient (cm '}
Density (gem %) 1.450 1.382 1.450 1.471
V4 2 2 2 1
V(AY 1224.3 1419.2 1444.4 847.3

carboxylic diimide moiety in common. At the two N
atoms they bear differently bent side chains which can
be grouped into linear and branched alkyl [(1)}-(6)I,
alkyl ether [(7)-(9)] and alkyl alcohol [(10), (11)]
groups, alkyl aromatics bound through an aliphatic C
atom to the perylene system [(12)-(15)] and aromatic
groups directly connected to the chromophore [(16)-
(18)]. The mutual arrangement of the neighbouring
molecules (mainly in stacks) in the crystal is determined
by these substituents. As a consequence, the geo-
metrical overlap of the perylene systems of neigh-
bouring molecules varies within the series and the
intermolecular interactions between the vicinal
chromophores which affect the colour of the pigment
are modified.

In the present contribution the crystal structures of
four perylenes, (10), (11), (16), (17), are discussed and
compared. The solid-state colour of all 18 pigments is
correlated with the geometrical packing parameters by
means of an empirically derived equation. An attempt is
made to predict crystal packing from the molecular
conformation of the individual molecules.

Experimental

The spectroscopic measurements. sample preparation
and crystal growth of (10) and (11) were performed as
described by Graser & Haidicke (1980). Crystals of
(16) and (17) were obtained from solution at approxi-
mately 463 K within a small temperature gradient over
several days. The 4,,. values were derived from the
spectroscopic data as depicted earlier (Graser &
Hadicke, 1984). The solvent used for crystallization, the
elementary analyses and further physical properties are
given in Table 1. To exclude any differences in
solid-state modifications between the single crystals
(structure determination) and the powder samples
(spectroscopy, crystal growth) Debye-Scherrer
diagrams were recorded.
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Nicolet P2, diffractometer with monochromated
Cu Ka radiation, crystal sizes: (10) 0-45 x 0-20 x
0-13mm, (11) 0-45 x 0-05 x 0-01 mm, (16) 0-54 x
0-09 x 0-07mm, (17) 0-48 x 0-12 x 0-06 mm. The
lattice parameters (Table 1) were refined from the
angular settings of 25 strong reflections up to 28 = 35°.
In all four cases a triclinic unit cell was found and
intensity statistics (Wilson, 1949) indicated the centro-
symmetric space group PI. Data were collected at
room temperature up to 26 = 115° in 6/26 scan mode
(scan width 1-10-1.75°), resulting in (10) 3126, (11)
3568, (16) 3711 and (17) 2143 reflections. Range of hk{
in all cases #+k+/. A standard reflection was recorded
every 100 min, no significant fluctuations, no correc-
tion for absorption, correction for Lorentz and
polarization effects. After background correction accor-
ding to an algorithm of Lehmann & Larsen (1974) (see
also Blessing, Coppens & Becker, 1974) by the
program LAUSANNE (Schwarzenbach, 1977) and
averaging over symmetry equivalent reflections,
sets of (10) 3102, (11) 3568, (16) 3711 and (17) 2143
unique reflections were used for structure determina-
tion of which (10) 542, (11) 1980, (16) 1443 and (17)
427 reflections were flagged as unobserved [criterion
4a6(F); in (10) 20(F)].

All structures were solved by direct methods using
the SHELXTL package (Sheldrick, 1978) on a Data
General Eclipse S/200. In (17) the asymmetric unit is
half a molecule, and the complete moiety is generated
by inversion at the centroid of the central benzene ring.
In (10), (11) and (16) two independent halves are
present in the asymmetric unit and possess slightly
different conformations. As in (17) they are completed
by inversion symmetry. Structure refinement was per-
formed with a least-squares block-cascade algorithm
(Sheldrick, 1978). H-atom positions were found by
difference Fourier synthesis. They were included in the
structure model in idealized geometry and constrained
to give C—H 0.96 A, H—-C—H 109-5°, rigid CH,
groups, riding CH, and CH groups with equal C—C—H
angles. Anisotropic temperature factors were applied
for C, N and O atoms; the H atoms were treated with
isotropic thermal parameters. In all cases the function
minimized was > w(|F, — F.|)? where the weights w are
calculated based on counting statistics with a term g
included for random errors: w = [¢*(F) + gF*|~', with g
for (10) 0-0035, (11) 0-0017, (16) 0-0022 and (17)
0-0011.

Convergence was achieved and a weighting scheme
was applied to obtain a flat variance in terms of sin6/4
and the magnitude of F,. Scattering factors were taken
from International Tables for X-ray Crystallography
(1974). (10) R(F)=0-078, wR(F) = 0-086 for 2578
reflections, (11) R(F) =0-107, wR(F) = 0-106 for 1588
reflections, (16) R(F) = 0-070, wR(F) = 0-076 for 2268
reflections and (17) R(F) =0-046, wR(F) =0-054 for
1716 reflections. 4/6,,,, for (10) 0-06, (11) 0-08, (16)

Table 2. Aromic coordinates (x 10%) and equivalent
isotropic temperature factors (A’ x 10%) of (10)

U, = }(trace of the orthogonalized U, tensor).

x » z Uy
C(n 6579 (8) 9705 (3) 5576 (2) 40t
Cc2) 6761 (8) 9232(2) 4777 (2) 41 (1)
C) 5209 (8) 9507 (3) 4194 (2) 43¢
C4) 5441 (9) 9001 (3) 3428 (2) 524
C(5) 7173 (9) 8256 (3) 3221 (2) 53
Cl6) 8692 (8) 7981 (3) 3766 (2) 43¢l
c(mn 8518 (8) 8462 (2) 4552 (2) 41 (1)
CR) 10061 (8) 8184 (3) S117(2) 47(2)
C©9) 9814 (9) 8643 (3) 5880 (2) S542)
C(to) 8119 (9) 9397(3) 6107 (2) 522y
can 11896 (9) 7387(3) 4891 (2) S142)
C12) 10466 (9) 7170 (3) 3532(2) 50(2)
N 119777 6928 (2) 4108 (2) 46 (1)
o 13267 (7) 7120(2) 5358(2) 721
0(2) 10585 (7) 6714 (2) 2857 (2) 67(1)
cad 13719 (9 6109 (3) 3881 (3 55¢2)
C(t4) 12013 (9) 5171(3) 3778 (%) 58(2)
C(15) 13765 (10) 4332(3) 3538(3) 61(2)
C(l6) 12059 (1) 3409 (3) 3432 (3) 74 (2)
03} 13611 (10) 2601 (3) 3156 (2) 100 (2)
cn 1826 (8) 5319(2) 729 (2) 38¢1)
cQ 2048 (7 4405 (2) 168 (2) 36 ()
[§PX}] 268 (8) 4072(2) 551(2) 8N
C(24) 622 (8) 3171 (3) - 1070 (2) 43(2)
Cc2s 2621 (8) 2607 (3) 898 (2) 45 ()
C(26) 4352 (8) 2911(2) 208 (2) 421
Cca@2n 4080 (8) 3812(2) 341(2) 39(h
C(28) 5840 (8) 4134 (2) 1052 (2) 40 (1)
C(29) 5614 (8) 5012 (3) 1579(2) 46 (2)
cm 3631 (8) 5601 (3) 1417 (2) 44 (1)
can 7971 (9) 3524 (3) 1232 (2) 48 (2)
C(32) 6459 (9) 2292(3) -30(2) 46 (2)
N(21) 8114 (7) 2632(2) 678 (2) 46 (1)
o2 9537(7) 3778(2) 1838 (2) 64(1)
0(22) 6707 (6) 1500 (2) =484 (2) 5841
C(33) 10135 (8) 2003 (3) 876 (3) 512y
C(34) 8744 (9) 1366 (3) 1243 (2) 52(2)
C(35) 10834 (9) 732(3) 1452 (3) 5542)
C(36) 9456 (9) 424(3) 1763 (3) 57¢2)
0(23) 11387 (7) 565 (2) 1955 (2} 66 (1)

0-11 and (17) 0-06; max. heights in final difference
Fourier synthesis (10) 0-33, (11) 0-46, (16) 0-24, and
(17)0-18 e A-3,

Discussion of the crystal structures

Final atomic positions and U,_’s for the non-H atoms
are given in Tables 2-5 using the labelling scheme
indicated in Figs. 1-4.* In (10), (11) and (16) two
independent halves of the molecules, located on an
inversion centre, form the asymmetric unit. They give
rise to two different stacking patterns in the crystal. A
slight deviation in conformation between the two
independent halves arises from differences in the torsion
angles of the substituents. In (10) and (11) the
(CH,),OH (n=4, 6) group possesses an all-trans
conformation. The packing in the unit cell (Figs. 5-7)
for (10) and (11) is related. The mutual orientation of

* Lists of structure factors, anisotropic thermal parameters,
H-atom parameters, and bond distances and angles of the four
compounds have been deposited with the British Library Document
Supply Centre as Supplementary Publication No. SUP 51267 (71
pp.). Copies may be obtained through The Executive Secretary,
International Union of Crystallography, 5 Abbey Square, Chester
CH!1 2HU, England.
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Table 3. Atomic coordinates (x10%) and equivalent
isotropic temperature factors (A2 x 103 of (11)

C(

C(2)

Cc@3)

C(4)

C(5)

C(6)

c(

C(8)

C(9)

C(10)
c(n
Cc(12)
N(1)

ol

0

C(13)
C(14)
C(15)
C(16)
c1n
C(18)
0(3)

c(@2n
CQ22)
C(23)
C(24)
C(25)
C(26)
C(@27
C(28)
c(29)
C(30)
c@3n
C(32)
N(21)
oQn
0(22)
C(33)
C(34)
C(35)
C(36)
C@3n
C(38)
0(23)

Table 4. Atomic coordinates (x 10*) and equivalent
isotropic temperature factors (A% x 103) of (16)

c(
C(2)
C(3)
C(4)
C(5)
C(6)
C(M
C(8)
C(9)
C(10)
c(1n)
Cc(12)
N(1)
o(1)
0(2)
C(13)
C(14)
C(15)
C(16)
can
C(18)
N(2)
N(3)
c(19)
C(20)
c@2n
C(22)
c23)
C(24)

X
1523 (20)
1843 (22)
406 (21)
832(22)
2626 (23)
4042 (22)
3127(22)
5103 (19)
4721 (21)
2892 (21)
7072 (21)
5986 (21)
7289 (17)
8376 (15)
6210 (16)
9088 (24)
7388 (24)
9097 (24)
7370 (23)
8998 (25)
7253 (27)
8761 (20)
8597 (20)
8163 (21)
9470 (21)
8999 (21)
7169 (23)
5882 (22)
6276 (21)
4893 (21)
5401 (23)
7240 (23)
2860 (22)
3926 (20)
2574 (16)
1721 (16)
3579 (16)
870 (23)
2548 (22)
819 (24)
2592 (25)
965 (27)
2770 (30)
1222 (28)

X
3066 (4)
4265 (4)
6184 (4)
7231 (5)
6567 (5)
4768 (4)
3576 (4)
1658 (4)

510 (5)
1203 (5)
879 (5)
4171 (4)
2367 (4)
—934 (4)
5158 (3)
1952 (5)
3798 (5)
3417 (5)
1224 (5)
—619 (5)
~241(5)
1022 (4)
—859 (4)
—1048 (5)
805 (5)
392(5)
—1826 (6)
—3636 (5)
—3259(5)
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y

107 (6)
655 (6)
587 (6)
1147(7)
1804 (7)
1897 (7)
1330 (7)
1444 (6)
904 (6)
254 (6)
2139 (6)
2609 (6)
2686 (S)
2235 (5)
3121 (5)
3413 (6)
4155 (6)
4925 (6)
5702(7)
6497 (6)
7278 (1)
8031 (5)
—666 (6)
—500(6)
173 (6)
294 (1)
—189(7)
-832(7)
—1003 (7
—1650 (6)
—-1799 (7)
—1327(7)
-2133(7)
—1348 (6)
—1973 (5)
—2722(5)
—1245 (5)
—~2534 (6)
—3304 (6)
—-3882(7)
—4619 (7)
—5148 (D)
—5789 (8)
—6276 (7)

Y
4338 (2)
3818 (2)
4449 (2)
3893 (2)
2733 (2)
2101 (2)
2639 (2)
2008 (2)
2530(2)
3682 (2)

794 (2)
869 (2)
266 (1)
248 (1)
373(1)
-975(2)
—1663 (2)
—2849(2)
—3330(2)
—2624 (2)
—1447 (2)
—4567 (2)
—4974 (2)
—6211(2)
—6908 (2)
—-8096 (2)
—8584 (2)
—7892(2)
—6706 (2)

Ueq = ${trace of the orthogonalized U; tensor).

z

601 (6)
—183(7)
—805 (6)
—1570 (6)
—1741 (6)
—1155(7)
-3715(7)
206 (6)
964 (6)
1167 (6)
=3(7)
—1385(6)
—1782 (6)
505 (5)
—2037 (4)
=969 (1)
—954(7)
—1125(6)
—1208 (7)
—1441(7)
—1624 (8)
—1862 (4)
5597 (6)
4821 (6)
4189 (6)
3429 (6)
3261 (7)
3863 (8)
4635 (8)
5255(7)
5992 (1)
6177 (6)
5038 (6)
3632 (5)
4270 (5)
5539 (4)
2974 (4)
4072 (7)
4075 (7)
3872(7)
3819 (7)
3508 (8)
3397 (10)
3123 (6)

Uk, = (trace of the orthogonalized U, ; tensor).

z
10342 (2)
9521 (2)
9155 (2)
8345 (2)
7893 (2)
8241 (2)
9048 (2)
9380 (2)
10167 (2)
10643 (2)
8877 (2)
7771 (2)
8170 (1)
9064 (1)
7076 (1)
71785 (2)
8071 (2)
7717(2)
7089 (2)
6812 (2)
7161 (2)
6780 (2)
6147 (2)
5847(2)
6136 (2)
S812(2)
5207 (2)
4918 (2)
5232(2)

Ue
39 (5)
41(5)
32(5)
44 (6)
48 (6)
43 (6)
47 (6)
3305
40 (5)
46 (5)
46 (6)
45 (6)
44 (5)
61 (4)
62 (4)
56 (6)
51(6)
52(6)
60 (7)
67(7)
79(7)
73 (4)
38(5)
38(4)
40 (5)
43 (6)
51(6)
49(7)
45(n
37(6)
49 (6)
48 (6)
52(6)
28 (4)
45(5)
66 (4)
61(4)
S1(S)
53 (6)
59(7)
65(7)
76 (8)

109 (1)
122(7)

Uy
34(1D)
33(D
351
42(1)
43(1)
36 (1)
34.(1)
36 (1)
42(D
41(1)
40(1)
38(D
39(D
50D
49(D)
40(1)
45
46 (1)
39(D
47D
47(D)
46 (1)
45 (1)
41 (1)
48 (1)
53(1)
554
S7(D
52(h

Table 5. Atomic coordinates (x10%) and equivalent
isotropic temperature factors (A* x 10%) of (17)

U.q = §(trace of orthogonalized U,; tensor).

x y z U,
Ccn 6798 (9) 4314 (3) -101(2) 42(2)
C(2) 4971 (8) 4454 (3) —693 (2) 39(2)
C(3) 3189 (9) 5134 (3) -607(2) 44 (2)
C4) 1529 (10) 5253(3) —1213(2) 52(2)
C(5) 1424 (10) 4714 (3) -1882(2) 51(2)
C(6) 3071 (9) 4046 (3) - 1968 (2) 45(2)
C(n 4871 (8) 3917(3) -1377(2) 40(2)
C(® 6637 (9) 3238 (3) —1474 (2) 43(2)
cO 8406 (10) 3124 (3) —898 (2) 31(2)
C(10) 8513 (9) 3652(3) -220(2) 49(2)
c(an 6530 (10) 2659 (3) ~2182(3) 52(2)
C(12) 2941 (9) 3474 (3) —2673 (2) 48 (2)
N(I) 4667 (7) 2810(2) —2743(2) 50 (D
o(1) 8011 (8) 2073 (2) -2282(2) 71(2)
0(2) 1327 (6) 3562 (2) -3190(2) 57.(D)
C(13) 4372(9) 2228 (3) —3435(Q2) 45(2)
C(14) 2286 (10) 1587 (3) —-3602 (2) SH(2)
C(15) 1905 (10) 1070 (3) 4267 (2) 48 (2)
C(16) 3613 (10) 1193 (3) 4794 (2) 48 (2)
can 5754 (10) 1806 (3) —4619 (2) 49 (2)
C(18) 6141 (10) 2328 (3) —3943 (2) 49(2)
0(3) 2945(7) 672 (2) -5453(2) 59.(N
C(19) 4557 (11) 784 (3) —6028 (2) 60 (2)
C(20) 3208 (13) 221 (4) - 6709 (3) 85(3)
caen --822 (10) 5857 (3) —4824 (2) 49 (2)
C(22) 1323 (9) 5581 (3) —4371 () 46 (2)
C@23) 2197 (9) 4745 (3) —4546 (2) 48(2)
C(24) 4428 (10) 4520 (3) ~4119(2) 532)
C(25) 5630 (11) 5088 (3) -3499 (3) 59(2)
C(26) 4714 (10) 5887 (3) —3304 (2) 53Q2)
c@n 2584 (9) 6144 (3) —3748(2) 48 (2)
C(28) 1743 (10} 6980 (3) -3575(2) 34(2)
C(29) ~241(10) 7257 (3) —4029 (3) 63 (2)
C330) -1473.(11) 6704 (3) —4646 (3) 60 (2)
c@in 2863 (11) 7559 (4) —2898 (3) 57
C@32) s912(11) 6443 (3) ~2623(3) 62 (2)
NQ1) 4839 (9) 7239 (3) —2440(Q2) 61(2)
o(21) 2198 (8) 8282 (2) -2724(2) 13(2)
0(22) 7152 (8) 6241(2) -2224 (2 90 (2)
C(33) 5606 (11) 7721 (3) -1712(Q2) 59(2)
C(34) 4228 (17 7547 (4) 1169 (3) 117(3)
C(35) 4902 (16) 7999 (4) —462 (3) 124 (4)
C(36) 6924 (11) 8615 (4) -310(3) 73(2)
C(37 8224 (14) 8836 (4) —865(3) 103 (3)
C(38) 7568 (13) 8386 (4) - 1566 (3) 92(3)
0(23) 7714 (8) 9090 (3) 362(2) 95(2)
C(39) 6249 (15) 8954 (4) 944 (3) 98 (3)
C(40) 7530 (16) 9489 (4) 1627 (3) 133

the two symmetry-independent stacks in the crystal is
not parallel, best planes through the atoms of the
perylene moieties within the stacks are inclined at 26°
in (10) (Fig. 7) and only at 6-7° in (11). In the bc
projection plane the angle between the longitudinal axis
through molecules belonging to differently oriented
stacks is similar in (10) and (11) (see Figs. 5, 6). In the
first of the two crystal conformers of (16), a best plane
through the atoms of the phenyl ring is twisted by
81-7° out of a plane through the perylene system: in the
second by 84-4°. Whereas in the first the bisecting
vector through the phenyl ring deviates only 6-1° from
a corresponding vector through the perylene portion,
this inclination is more than twice as large in the latter
(13-3°). In both examples the ethoxy group is nearly
coplanar with the phenyl ring (r = 7.2, 9-4°). In the bc
projection plane the two independent stacks are
oriented nearly parallel (Fig. 8). Best planes through the
atoms of the perylene moieties are inclined at 21-3° to
each other. In (17) the asymmetric unit consists of half
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a molecule, the complete framework being generated by
inversion symmetry. The azobenzene moiety is nearly
planar (interplanar angle 1-9°), but twisted by 75-9°
out of a plane through the perylene system. A slight
inclination of the substituent relative to the perylene
moiety is indicated by an angle of 9-3° between the
bisecting vector through the perylene and azobenzene
parts of the molecule. The orientation of the stacks in
the crystal is shown in Fig. 9.

The intermolecular distances within each stack are
discussed in the following section. The bond distances
and angles in the molecules are in the range normally
observed for organic compounds.

Correlation of crystal packing with pigment colour and
molecular conformation

The colour of a pigment is not only determined by the
electronic properties of the individual molecular

chromophores but is also influenced by the electronic
interactions with the vicinal molecules in the crystal. In
molecules (1)-(18) 24 distinct packing patterns are

cie) 30 ci12a) Cl15a)
Ci231Ci24) can|cn (621=¢ 1125 | C1202)C1212)
Ci22) N(3) N2)9s P N(1a) C116alN(3a) Ci22a)
O ’-, 4 C{7a)
C(zncugflgtl:n& > C(Ba%(ﬁa)) 7N(Za) s
a4 a 17a.
CsIcia e c“eg() g:(|ga)ct24a)C(23ai
o2l Oltal

Fig. 4. Molecular structure of (17).

observed, where the central perylene moiety is embed-
ded in different environments (Fig. 10). In all cases the
molecules arrange in stacks showing a parallel orien-
tation of the flat perylene moiety. Graphite serves as a
reference compound with a stacked arrangement of
fused aromatic rings. Infinite planes of six-membered
rings stack with an interlayer distance of 3-35A. A
relative ‘longitudinal’ shift of 1-14 A between two
vicinal layers is observed; perpendicular, no ‘transverse’
shift is found. Thus, a C atom of an upper layer is
located on the centre of a ring in the lower layer. With
the exception of (18), the stacking distance (Fig. 10)
between neighbouring perylene moieties is 3.34-—
3-55 A, rather close to that in graphite.

]
LA

Fig. 5. Crystal packing in (10) projected on the bc plane.

Fig. 6. Crystal packing in (11) projected on the bc plane.



74 PERYLENE-3,4:9,10-BIS(DICARBOXIMIDE) PIGMENTS

In contrast to graphite, the flat perylene skeletons are
finite and ‘terminated’ at each end by a bulky
substituent on N. To avoid unfavourable interactions
between the stacked molecules in all compounds but
(2), a relative longitudinal and transverse shift (see
below) is observed. These mutual translations are
determined by the steric requirements and the con-
formation of the bent substituents on N and allow an
optimal interlocking of the vicinal side chains. Another

possibility of evading these close intermolecular con-
tacts is realized only in (2) where a relative twisting of
the molecules along the stacking direction is found,
resulting in a staggered arrangement of the substituents.
As a consequence of this translation or rotation
respectively, the overlap of the aromatic perylene
moieties differs in the various stacks (Fig. 10). This
effect gives rise to different electronic interactions and
thus to the spread of colours of the perylene pigments in
the crystal, whereas the absorption properties of the
‘isolated” molecules resemble each other rather closely.
Graser & Haidicke (1984) found that the transverse
shift of neighbouring molecules in the stack is an
essential factor for the differences in colour of the
pigments. To derive an empirical correlation between
absorption maxima and crystal packing various param-
eters such as the stacking distance d (Fig. 10), the
longitudinal (/) and transverse () shifts, and the relative
overlap, the squares d?, > and * and (d? + P + 1?2
were submitted, together with A, to a stepwise
regression analysis (Draper & Smith, 1981). The

Fig. 7. Crystal packing in (10) viewed nearly parallel to the perylene
moiety; best planes through the atoms of the perylene portions in
different stacks are inclined at 26° in (10); in (11) this angle is
only 6-7°.

relative overlap of the molecules was determined by
projecting them onto each other (along a vector
perpendicular to the perylene moiety) and calculating
the ratio between the overlapping area of two
neighbouring molecules and the size of a single
projected molecule. Compound (2) was excluded from
the analysis because of its different packing pattern.
The multiple regression analysis determines the com-
bination of the above listed variables which gives the
best prediction of A,,. The program starts with a
correlation based on one variable. Then a second is
included in the analysis and only remains in the
regression equation if a significantly better prediction is
achieved. In a consecutive process all the various
combinations of variables are tested, the following
equation giving the best determination of 4., (con-
fidence intervals in parenthesis):

Aoy = 9-718(3-03)12 — 82-009(420-74):
—21.888(+9-30)/ + 735-329

(n=22,r=0917,5s=16-242 nm, F = 31-83).

Fig. 9. Crystal packing in (17) viewed nearly parallel to the a axis.
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Fig. 10. Stacking pattern of two vicinal perylene moieties in the different pigments projected onto a best plane through the atoms of the fused
ring system. For each structure the substituent on N is indicated by its formula; the six numbers below each diagram indicate the
compound identification code, the stacking distance (d) between neighbouring molecules, the longitudinal (/) and transverse (/) shifts, the
observed solid-state absorption maximum and, in parentheses, 4, as predicted by the regression analysis. The intermolecular distances
are estimated to be correct within +0-005 A for d and +0-01 A forlandr.
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A correlation coefficient of r=0.92 indicates a
reasonably good fit of the assumed model to the
experimental data. An s of +16-2 nm includes two
thirds of the differences between observed and cal-
culated A values. F is a value used in quantitative
structure—activity relationship studies to check the
reliability of the model and to discriminate between
different parameter equations. The larger its value, the
more significant the regression analysis is assumed to
be (Fischer test). r, s and F are defined as follows:

r=1- [Z(Yobs_ Y:'al)z/z(ylyhs - Ymcun)zll/:
§= [Z(Yobs - Ycal)z/(n —k— l)l vz
F=rn—k—1)/(1-r)k

where Y, .., Y.., Ymean are the observed, calculated or
mean values of A,,, n = the number of data points, and
k the number of variables.

The empirical correlation shows that the transverse
shift has a more pronounced effect on the variation in
colour than the longitudinal shift. The degree of overlap
seems to be a minor criterion for the description of the
absorption properties since only ¢, > and / occur in the
best-correlation equation.

As a result of the different composition of the
asymmetric units and the variety of space groups
adopted by compounds (1)—(18), quite different pack-
ing arrangements for the global stacks relative to each
other are found. However, as the prediction of 4,,,, is
achieved reasonably well when only geometrical param-
eters within a particular stack are considered, it could
be concluded that any interactions between different
stacks in the crystal are of little or no importance for
the absorption properties.

Of greater interest than the empirical correlation of
crystal packing with pigment colour is the prediction of
crystal packing based on a particular substitution at N.
Already a comparison within the homologous series of
n-alkyl derivatives (1)—(5) reveals the complexity of this
relationship and any prediction appears to be hopeless.
No reason seems obvious for the different pattern of
(2). Whereas (1), (3), (4), (5) and one of the two
symmetry independent molecules of (2) possesses C,;
symmetry, the second molecule of (2) resembles C,
symmetry (Hadicke & Graser, 19864,b). In (3), two
crystallographically independent stacks are formed to
which a difference in absorption of 50 nm could be
assigned. Accordingly, quite distinct longitudinal and
transverse shifts are found. The two independent stacks
are due to (3) being in two different conformations.
Whereas in one stack the all-trans conformation of the
n-propyl group is realized, in the second stack the
substituent is gauche. Compared with the energy
difference of 3.3 kJ mol~! between the gauche and
trans conformation of n-butane, the energy difference
between the two different conformations of (3) is
assumed to be small. However, the two distinct

arrangements lead to rather different packings. Similar
findings hold for the other derivatives (10). (11) and
(16) which form symmetry-independent stacks with
deviating packing based on slight differences in con-
formation of the side chain.

Nevertheless, some systematic trends seem apparent
from the data (Fig. 11). With regard to the compounds
with a linear side chain of more than four members
observed in the extended all-rrans conformation |[i.e.
(5), (M=(11)}. the longitudinal displacement amounts to
3.06-3-23 A, whereas the transverse translation is
found to be appreciably smaller (0-68-1-31 A). Com-
pounds with a methylene group as a linear spacer
between the perylene moiety and a phenyl substituent
[(12), (13) and (14)] also reveal a larger longitudinal
than transverse shift. In all these compounds the
longitudinal shift falls in a small interval, thus for nearly
constant / the observed bathochromic shift arises from
a decrease in ¢ (see the regression equation).

The phenyl substituent directly bound to the perylene
moiety in (16), (17) and (18) is oriented nearly
perpendicular to the latter portion. In (16) and (17) the
longitudinal translation is appreciably smaller than the
transverse shift. With bulky orrho-substituents at the

perylene perylene
OJ\N 0] O;\NIO
oy |
-@ phenyl
v 7/
H H
R
trans - (3), (4), (5), (7)-(11). (14) (12), (13)
I >t 1>t
perylene perylene
OJ\N/LO o;\N o]
i on,
phenyl H R H

(16), (17)

<t

gauche - (3), (15)
I <t

Fig. 11. Correlation between overall shape (steric requirement) of
the substituent on N and the ratio between longitudinal (/) and
transverse (r) shift. The different compounds belonging to the
four groups (expanded aliphatic side chain: benzyl group:
directly bound phenyl group; branched side chain) are indicated.
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phenyl ring (18) the packing is so strongly perturbated
that the stacks are either extremely expanded (d
=6-65 A) or a pronounced transverse shift avoids any
overlapping of the molecules (Fig. 11). If branching of
the substituent by a methyl group [CH,—CH(CH,)—R,
(6), (15)] is present, the correlation is less clear cut. In
(15) the substituent influences the packing in a similar
way as the directly bound phenyl rings in (16) and (17).
The observed longitudinal shifts are much smaller than
the transverse displacements; accordingly, only a small
overlap between neighbouring chromophores is
achieved and A, is found at the lower end.

In (6) the isopentyl group adopts a nonextended
conformation, the final methyl group being oriented
gauche with respect to the rest of the aliphatic C chain.
Thus, the overall shape of the substituent is rather
bulky. Presumably as a result of these sterical require-
ments the perylene molecules are strongly shifted
(5-45 A) in the longitudinal direction against each
other, approximately to half of the expansion of the
perylene moiety. As a result, the entire substitutent is
intercalated between two neighbouring perylene por-
tions and any close contacts of the aliphatic
substituents on N are avoided. These findings serve to
explain why this derivative behaves differently and
cannot be classified with the related compounds.
Furthermore, there are no apparent reasons why the
C, chain in the isopentyl substituent does not adopt
an energetically favourable all-trans conformation.
However, the example shows that the molecular
conformation of the substituent on N is strongly
influenced by molecular packing, or conversely the
conformation of the substituent strongly influences
molecular packing (what determines what is certainly a
question of the mutual energy contributions and the
total energy balance).

In the light of these observations the different
translations in the two independent stacks of (3) should
be reconsidered. Whereas the stack formed by
molecules in all-trans conformation shows shifts accor-
ding to the examples with a linear side chain [(5),
(7)—(11)], the packing parameters in a stack compiled
of gauche-(3) are closer to the example with a branched
side chain, (15). This fact might be explained by the
similar spatial arrangement of the final methyl group in
the gauche-oriented n-propyl substituent (with respect
to the perylene moiety) and the orientation of the
methyl group in the branched side chain (Fig. 11).

Concluding remarks

The main goal of a systematic investigation is the
prediction of properties of new and not yet studied
compounds based on the data of known compounds. As
this study shows, we are able to describe, to group and

to correlate the packing in various crystal structures
with the absorption properties of the solid pigment.
Furthermore, we are able to relate the sterical require-
ments and molecular conformation of a substituent with
a particular packing. But rather than the description, a
reliable prediction of crystal packing from the structure
of an isolated molecule (e.g. generated by a force-field
calculation) is required. At present our knowledge of
the intermolecular interactions and packing energy in
crystals is not precise enough. Small differences in
energy between conformations of the isolated mole-
cules can add up in the crystal as a result of cooperative
effects and give totally different packing [e.g. (3)]. For
the same reason small incorrect estimations of the
different energy contributions to crystal packing could
end up in large errors. Accordingly a discussion of
packing-energy influences on the present series of
compounds was not attempted.

Nevertheless, further systematic studies of closely
related compounds and analyses of the data buried in
the crystallographic databases provide the challenge of
elucidating the mutual energy influences of packing on
molecular conformation or vice-versa and prediction of
crystal packing and thus properties of materials, from
the shape and surface (e.g. charge distribution) of
individual and isolated molecules.

We gratefully acknowledge the help and support of
Professor Dr H. Kubinyi (BASF AG) who made his
software for the regression analysis available. Further-
more, we are indebted to Mr K. H. Béhn (BASF AG)
for his help in collecting and processing the diffractom-
eter data.
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