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Glasses of new 2,3,9,10,16,17,23,24-octasubstituted

phthalocyanines forming thermotropic and

lyotropic discotic mesophases

by H. EICHHORN*² , D. WOÈ HRLE

Institut f. Organ. u. Makromolekulare Chemie, UniversitaÈ t Bremen,
Postfach 330440, 28334 Bremen, Germany

and D. PRESSNER

Max-Planck-Institut fuÈ r Polymerforschung, Ackermannweg 10,
55021 Mainz, Germany

(Received 15 August 1996; in ® nal form 4 November 1996; accepted 3 December 1996 )

The synthesis and mesogenic properties of a new class of liquid crystalline metal-free and
metalated phthalocyanines with di� erent numbers of alkylthio side chains are presented. The
e� ect of the substitution pattern in a series of di� erently octasubstituted phthalocyanines on
the width and order of the thermotropic mesophase is investigated. The exchange of the
alkylthio groups from chlorine atoms alters the mesophase width and the melting behaviour.
Glassy phthalocyanines, without any tendency to crystallize, can be synthesized in this way.
Furthermore, mixtures of di� erently 4,5-disubstituted benzenedicarbonitriles are tetramerized
statistically to the corresponding mixtures of substituted phthalocyanines. The e� ect of
decreasing symmetry at the molecular level on the properties of the liquid crystalline materials
has been investigated. Highly oriented columnar systems can be obtained with these mixtures.
For all compounds containing less than eight alkylthio groups, lyotropic mesomorphism in
hexadecane solution is also found.

1. Introduction turbances, as well as by an increasing dynamic disorder
Discotic liquid crystals are of great interest in the ® eld within the mesomorphic phase [4]. Therefore it is

of self-assembling supramolecular systems, because the favourable to realize a glass-like, low temperature phase
columnar arrangement of the mesogens is a promising while maintaining the mesophase structure, but with
architecture for anisotropic materials and their possible frozen dynamics of the molecules. One possibility is the
applications as conducting devices (i.e. optical, electrical, incorporation of the disc-shaped mesogens into a poly-
photo- and semi-conducting materials) [1 ± 6]. Meso- mer environment [7± 11]. Other approaches include
morphic materials also have the advantages of good deviation from planarity of the disc or the use of bulky
solubility and outstanding processability in the bulk or groups in the vicinity of the disc-shaped core [12± 15].
as thin ® lms. However, these methods will not work in all cases and

Even if highly oriented domains of macroscopic are not free from disadvantages concerning the possibil-
dimensions have been obtained by the use of an external ity of orienting the mesophase in di� erent ways or the
electrical or magnetic ® eld at high temperatures, a degree of intracolumnar order.
problem may arise at the liquid crystal to crystal trans- Our aim therefore was to synthesize columnar liquid
ition if the packing situation in the solid phase di� ers crystalline, glass-forming, low molecular mass materials
from that in the mesomorphic phase, e.g. for phthalocy- based on a new approach, using a speci® c or statistical
anines, a drastic decrease of the orientation is obtained reduction in the number of alkyl side chains in substi-
and grain boundaries among the microcrystals appear. tuted phthalocyanines in order to suppress recrystall-
However, an optimal intrinsic conductivity in the case ization and control the structure of the columnar meso-
of polycrystalline phases is prevented by structural dis- phase. Phthalocyanines were selected as a disc-shaped

moiety as they are one of the most promising classes of² Present address: University of Exeter, Department of
compounds for low dimensional conductive devicesChemistry, Lab. M10, Stocker Road, Exeter EX4 4QD, U.K.

*Author for correspondence. [1, 4, 16], although recent success has been obtained

0267 ± 8292/97 $12 0́0 Ñ 1997 Taylor & Francis Ltd.
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644 H. Eichhorn et al.

with discotic triphenylenes [17, 18] and mesogenic per- derivatives of drastically diminished symmetry display
less ordered mesophases [34].ylene derivatives [19, 20].

However, it is di� cult to isolate the in¯ uence of theVarious uniformly substituted mesogenic phthalocy-
symmetry on the mesophase behaviour in all theseanines consisting of one pure isomer and related macro-
examples, as this is also a� ected by steric e� ects and/orcycles have previously been investigated. Although the
new strong molecular interaction forces. At present,central metal ion, the position of substitution and the
the liquid crystalline behaviour of di� erent isomer mix-nature of the side chains were varied, no glassy materials
tures of phthalocyanines containing less than eighthave been reported [1]. For esters of octacarboxy
alkyl groups, but no other side chains, has not beensubstituted phthalocyanines only a suppressed crystal-
investigated.lization behaviour has been reported, but no glass trans-

This paper describes the synthesis of 4,5-dioctylthio-ition was observed [21]. Pure isomers of non-uniformly
(2 ) and 4-octylthio-5-chlorobenzene-1,2-dicarbonitrilessubstituted phthalocyanines are much more di� cult to
(3 ) from 4,5-dichlorobenzene-1,2-dicarbonitrile (1 ) andprepare. Only a few papers have been presented, based
their cyclization to the analogous octa- or tetra-alkylon three di� erent approaches. One possibility utilizes
substituted phthalocyanines. In order to control thethe reaction of a mixture of di� erently substituted
mesogenic properties in an alternative way, physicalbenzenedicarbonitriles followed by chromatographic
mixtures of the aforementioned phthalocyanines wereseparation of the di� erent phthalocyanines [16, 22 ± 25].
also investigated, but without success. The most promis-A second method deals with the reaction of polymer-
ing results were obtained by employing a mixture of thebound benzenedicarbonitriles with other unbound
three dinitriles 1, 2, 3 in the cyclization step. The mixturesbenzenedicarbonitriles in homogeneous or heterogen-
obtained of di� erently substituted phthalocyanines 6a± ceous solution, followed by cleavage of the polymer
are named c̀hemical mixtures’. It will be shown thatbound phthalocyanines formed [16, 26, 27]. As a
the copper(II) and metal-free derivatives 6b ,c assemblethird method, the ring-enlargement reaction of sub-
in a highly oriented columnar structure over a broadphthalocyanines with suitably substituted benzenedicar-
temperature range.bonitriles has been investigated [28, 29]. In contrast to

the laborious synthesis of pure isomers of non-uniformly
2. Results

substituted phthalocyanines, the easy standard type cyc-
2.1. Synthesis of the substituted phthalocyanin es

lization of benzene-1,2-dicarbonitriles, di� erently substi-
Phthalocyanines 4 ± 6 were prepared by the route

tuted in positions 4 and 5, leads to a mixture of four
shown in the scheme. Commercially available 4,5-

phthalocyanine constitutional isomers in good yield
dichlorophthalic acid was employed as the starting mat-

[30]. erial for the synthesis of the phthalocyanines. This was
However, the e� ects on the mesophase structure and converted into 4,5-dichlorobenzene-1,2-dicarbonitrile (1 )

behaviour of non-uniformly functionalized mesogenic as described previously [35]. Compounds 2 and 3 were
phthalocyanines, as well as of mixtures of these isomers, statistically synthesized by the reaction of 1 with
have still been only scantily investigated. A series of 1-octanthiol and separated by preparative HPLC. The
peripherally octasubstituted phthalocyanines containing selective substitution of one chlorine atom by
alkoxy and immiscible methoxy-tri (ethyleneoxy) or 1-octanethiol for the synthesis of 3 was not practicable
-polyoxyethylene side chains [23, 24, 31], as well as non- without forming 2, the disubstituted side product.
peripherally octasubstituted phthalocyanines containing For the following cyclotetramerization of 2, 3 or a
a mixture of alkyl and one or two alkoxy or hydroxyalkyl mixture of 1, 2 and 3 to the corresponding di� erently
side chains [32] have also been investigated. Signi® cant substituted phthalocyanines, the lithium pentoxide cata-
e� ects of the substitution pattern on the columnar lysed reaction [36] was found to give the highest yields
mesophase width and structure were observed, e.g. poly- of the most pure materials. The metal free phthalocyanines
morphism of the columnar mesophase. The cyclotetra- 4a , 5a, 6a were synthesized in yields of c. 50 per cent, and
merization of di� erent mixtures of 4,5-bis(hexadecyl )- subsequent metalations of the metal-free substances by
and 4-[3,5-di-t-butyl-4-(1,3,6-trioxaheptyl )phenyl]-phtha zinc or copper ions led to the phthalocyanines 4b,c, 5b ,c,
lonitriles in some cases led to glassy mesogens, explained 6b ,c in almost quantitative yields. In the case of 2, the
by the bulky nature of the phenyl substituent and the cyclotetramerization led to the phthalocyanines 4a± c,
presence of regioisomeric mixtures [25]. The same whereas mixtures of four constitutional isomers 5a± c were
explanations were used for the formation of stable glasses obtained by the cyclization of 3. The structures of the
of regioisomeric mixtures of a phthalocyanine containing substances 2 ± 5 were veri® ed by standard analytical
four 14,14,14-triphenyl-1,4,7,10,13-pentaoxatetradecyl methods, e.g. UV-VIS, FTIR, and NMR spectroscopies,

MS and elemental analysis (see experimental section). Ingroups [33]. Closely related tetrabenzotriazaporphyrin
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645Glassy octasubstituted phthalocyanin es

Substance M R1,2 R3,4 R5,6 R7,8

4a 2H 2 Ö SC8H17 2 Ö SC8H17 2 Ö SC8H17 2 Ö SC8H17

4b Zn 2 Ö SC8H17 2 Ö SC8H17 2 Ö SC8H17 2 Ö SC8H17

4c Cu 2 Ö SC8H17 2 Ö SC8H17 2 Ö SC8H17 2 Ö SC8H17

5a* 2H SC8H17 , Cl SC8H17 , Cl SC8H17 , Cl SC8H17 , Cl
5b* Zn SC8H17 , Cl SC8H17 , Cl SC8H17 , Cl SC8H17 , Cl
5c* Cu SC8H17 , Cl SC8H17 , Cl SC8H17 , Cl SC8H17 , Cl
6a 2H mixture of derivatives with R1 ± 8=8-n SC8H17+n Cl, n=1± 7
6b Zn mixture of derivatives with R1 ± 8=8-n SC8H17+n Cl, n=1± 7
6c Cu mixture of derivatives with R1 ± 8=8-n SC8H17+n Cl, n=1± 7

Scheme. Synthetic pathways for the substances 2, 3, 4a,b,c, 5a,b,c and 6a,b,c; *mixture of the four possible isomers.

the case of 4 the results are in agreement with published compounds in the c̀hemical mixture’ approximately
determined from the mass spectra. It should be men-data for octahexylthio substituted phthalocyanines [37].

The c̀hemical mixtures’ 6a± c were synthesized by tioned that the relative intensities of the high mass
derivatives are too low in comparison with the calculatedcyclotetramerization of a mixture of 1, 2 and 3 in a

molar ratio of 2%533%565%. A chromatographic sep- distribution (see ® gure 1). Such a deviation was observed
for three di� erent ionisation methods: MALDI (matrixaration of these mixtures of di� erently substituted

phthalocyanines was not successful. However, the assisted laser desorption ionisation), FD ( ® eld desorp-
tion) and DCI (direct chemical ionisation). However, theemployed ratio of the dinitriles in the cyclotetrameriz-

ation led to the same statistical incorporation into the spectra with intensity distributions closest to the calcu-
lated distribution were found by the MALDI method,phthalocyanines. This is indicated by a good agreement

between calculated and found values from elemental and all MS are useful as a ®̀ nger print’ of the investigated
c̀hemical mixture’.analysis, as well as with the distribution of the di� erent
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646 H. Eichhorn et al.

Figure 1. Diagram showing the calculated distributions of
the derivatives of the c̀hemical mixture’ 6a and the
distributions measured by di� erent MS methods.
Fragmentation in the case of the DCI measurement is
taken into consideration.

Figure 2. UV-VIS spectra of 4b, 5b and 6b in chloroform
solution (10 Õ 6 mol dm Õ 3 ).

2.2. U V- VIS investigations of the phthalocyanin es in
solution

For substances 4 ± 6, typical absorption spectra of number of alkylthio substituents, as shown for the zinc-
containing substances in ® gure 2. In each case aphthalocyanines were observed [38], showing absorp-

tion bands in the Soret-band region at 300± 400 nm and broadening and a blue-shift of the Q-bands were
observed, which is characteristic of exciton couplingfor the Q-band transitions at 600± 700 nm (see table 1 ).

As expected, the Q-bands are split in the case of the between cofacial aggregates (H-aggregates) [39]. Thus,
the substances 5 and 6 show a stronger tendency tometal-free substances due to the lowered symmetry

compared with the metalated phthalocyanines. Both the aggregate into columnar stacks than the derivatives 4.
Spectra of non-aggregated 4 ± 6 were observed for solu-absorption coe� cient and wavelength of the maximum

of the Q-band are increased with a large number of tions in a mixture of chlorobenzene, containing 0 5́
volume percent DMF, at 80 ß C and at a concentrationelectron-donating thioether substituents, whereas the

position of the Soret-band is una� ected. of 10 Õ 6 mol dmÕ 3 .
For phthalocyanines, the aggregation behaviour in

solution is a good indication of interaction between the 2.3. The mesogenic properties of the phthalocyanin es
The mesomorphic behaviour of the phthalocyaninesaromatic macrocycles. Aggregation, even at a low con-

centration of 10 Õ 6 mol dmÕ 3 , was found for di� erent 4 ± 6 have been investigated by optical polarizing micro-
scopy, DSC and X-ray di� raction.solvents (CHCl3 , CH2Cl2 , THF and toluene). The extent

of aggregation is stronger for substances bearing a low In polarizing microscopy, birefringent and shearable

Table 1. Absorbance data of the substances 4 ± 6 in a mixture of chlorobenzene and 0 5́ volume per cent of DMF at 80 ß C under
inert gas.

lmax/nm (e/103 dm3 mol Õ 1 cm Õ 1 )

Substance Soret-band region Q-band region

4a 334 (58 4́) 366 (77 5́ ) 450 (28 9́) 637 (28 7́) 670 (38 9́) 703 (133) 734 (151)
4b 370 (90 2́) 440a 637 (53 9́) 678 (41 5́) 709 (317)
4c 328 (64 1́) 355a 442 (22 5́) 639 (38 1́) 685a 714 (215)
5a 309 (45 4́) 357 (47 5́ ) 434 (25 6́) 627 (25 5́) 657 (36 3́) 688 (84 4́) 721 (90 1́)
5b 303 (46 6́) 366 (77 5́ ) 430a 627 (36 9́) 667 (35 3́) 697 (226)
5c 308 (54 9́) 349 (43 4́) 420 (16 8́) 631 (32 1́) 668 (34 4́) 701 (113)
6a 313 (48 4́) 351 (58 9́ ) 437 (26 3́) 630 (31 9́) 658 (45 4́) 689 (89 9́) 720 (95 3́)
6b 303 (48 2́) 366 (74 4́) 435a 628 (31 5́) 665a 697 (172 1́)
6c 309 (76 5́) 350 (77 9́) 425 (33 6́) 630 (51 7́) 665a 699 (161 9́)

a Shoulder.
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647Glassy octasubstituted phthalocyanin es

phases were observed between 10 and ~320 ß C, indicat- at room temperature, with an extraordinary phase range
of more than 300ß C.ing a thermotropic liquid crystalline phase for all the

In comparison with the analogous oxygen derivativesphthalocyanines. Clearing of the mesophases was not
of 4 [42], the alkylthio substitution results in decreasingseen until the substances started to decompose at 320ß C,
melting points and therefore in a broadening of theas additionally veri® ed by thermogravimetric analysis.
mesophase range. Substances 5, containing chlorine inObtaining obvious textures, for a ® rst classi® cation of
addition to alkylthio substituents, are the ® rst examplesthe type of mesophase, proved to be di� cult; improved
of liquid crystalline phthalocyanines surrounded by onlypreparation techniques for the samples failed due to the
four alkyl chains, but mesogenic phthalocyanines con-very high viscosity and the decomposition at clearing.
taining four oligo(oxyethylene) chains have been previ-However, areas of fan-like textures were seen for all
ously described [40]. As expected, recrystallization iscompounds, and these are characteristic of columnar
suppressed in the case of the phthalocyanine mixtures 5mesophases [1, 40].
and 6. It should be noted here, that binary physicalIn the case of compounds 5 and 6, better results could
mixtures of substances 4 and 5 do not behave as such.be obtained by ¯ owing concentrated isotropic solutions
The thermograms of these mixtures show separately thein hexadecane between a microscope slide and coverslip
thermal transitions of both substances, indicating thatand evaporating the solvent at temperatures between
the substances do not produce a mixed mesophase.50 and 260ß C. In this way a concentration gradient was
In the case of the mixture of 4c and 5c, which surely® rst created, and lyotropic mesophases could be
consist of the same mesophase as determined by X-rayobserved before the thermotropic mesophase was
measurements (see below), we have a further exampleobtained. A schlieren texture, indicative of the formation
of behaviour contrary to the l̀aw of miscibility’ [43].of a lyotropic columnar nematic (NC ) arrangement [41],

The structure of the mesophases was investigated bywas formed at the boundary between the isotropic
X-ray di� raction, which clearly proves the liquid crystal-solution and a mesophase with fan-like texture if the
line character of the substances 4 ± 6 (see table 3). Powdersolvent was evaporated at 180ß C, see ® gure 3 (a). The
di� raction patterns of 4b ,c and 5b ,c contain the typicalfan-like texture presented a probable second lyotropic
re¯ ections of a columnar mesophase of substitutedmesophase, since a transition to a di� erent kind of fan-
phthalocyanines [1]: an intercolumnar peak in the smalllike texture (pseudo broken focal-conic) was observed
angle region (between 20± 24 AÊ ), a broad halo of the

for the thermotropic mesophase, see ® gure 3 (b). Rapid
alkyl chains at c. 4 6́ AÊ and a more or less intense

cooling from 180 to 35 ß C (10 ß C min Õ 1 ) of an isotropic
re¯ ection relating to the intracolumnar stacking at c.

solution gave the characteristic dendritic texture of a
3 5́ AÊ . However, re¯ ections of higher order (1,1 and 2,0),

hexagonal columnar arrangement [33], but in this case proving a hexagonal columnar arrangement, were
of a lyotropic mesophase, see ® gure 3 (c). Evaporation observed only for the compounds 4b ,c and 5c, and a
of the solvent at a temperature of 250ß C led to a second halo of low intensity was found for substances
thermotropic mesophase with a schlieren texture, see

5b ,c at 6 5́ or 6 9́ AÊ , respectively. The reason for this
® gure 3 (d ), which was stable even when annealed at additional halo and also for the slight splitting of the
280ß C for two days. This sample provided an impressive (1,0) re¯ ection of 4b (see ® gure 4), presuming a biaxial
example of the very high viscosity of the mesophases of phase, must be clari® ed by further experiments. The
these compounds. A more detailed investigation of the intercolumnar distances of the octa-alkylated derivatives
lyotropic mesomorphism of these materials is in progress 4b ,c of c. 27 AÊ calculated from the (1,0) re¯ ections (see
and will be presented in a separate paper. table 3), are much smaller than the value of 30 5́ observed

The phase transition temperatures were determined for the analogous oxoether derivatives [42]. This is in
by DSC (see table 2). Melting points between 70± 80 ß C contrast to the larger diameter theoretically calculated
and recrystallisation below Õ 10 ß C were observed for for the thioether derivatives. This di� erence cannot be
the symmetrically octa-alkyl substituted derivatives 4, explained by di� erent conformations of the alkyl chains,
whereas the unsymmetrically substituted substances 5, 6 but perhaps by a more e� ective inter- or intracolumnar
do not recrystallize from the mesophase, and only for interlacing of the alkyl chains [1]. As expected, the
the zinc-derivatives 5b and 6b was a broad melting intercolumnar distance of the tetra-alkylated deriva-
transition observed in the ® rst heating run. Instead of tives 5b ,c of c. 24 AÊ is smaller in comparison with the
recrystallization, glass transitions were found between octa-alkylated derivatives 4b ,c.
Õ 2 to Õ 12 ß C, indicating a f̀reezing in’ of the meso- The quality of the molecular order can be estimated
phases. Further transitions could not be detected by analysis of the intensity and the sharpness of the
between Õ 100 and 320ß C. Therefore, it is concluded re¯ ections. Comparing 4 and 5, it is obvious that the

intensity (and the values) of the intercolumnar re¯ ectionthat the phthalocyanines 4 ± 6 are liquid crystalline, even
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648 H. Eichhorn et al.

(a) (c)

(d)(b)

Figure 3. Photomicrographs of typical textures of lyotropic and thermotropic mesophases of 5a and 5c obtained by evaporation
of the solvent from concentrated solutions in hexadecane. (a) Lyotropic mesophase of 5c at 180 ß C. A schlieren texture has
formed at the boundary between the isotropic solution (bottom) and a fan-like texture (92x, crossed polarizers) ; (b) thermotropic
mesophase of 5a after evaporation of hexadecane at 180ß C (184x, crossed polarizers) ; (c) dendritic texture of a nucleating
lyotropic mesophase of 5c, obtained by cooling a concentrated solution of the compound in hexadecane from 180± 35 ß C (92x,
crossed polarizers) ; (d ) schlieren texture of a thermotropic mesophase of 5c at 35 ß C, obtained by evaporation of the hexadecane
at 250 ß C (184x, crossed polarizers) .

(in AÊ ) decreases with a lower number of octylthio groups, with the change from eight to four alkyl side chains.
This is explainable in terms of the known packingwhereas the intensity of the intracolumnar re¯ ection

increases (see table 3 and ® gure 4). The decreasing problem of the alkyl chains within the columns [44],
which is less e� ective in the case of only four alkylintensity is also accompanied by a broadening of the

re¯ ection, indicating a decrease in long range order of side chains.
The c̀hemical mixtures’ 6a ± c now combine high inter-the molecules. Therefore, the intercolumnar distance and

the intracolumnar order can be controlled by varying and intra-columnar order. The material behaviour of
these substances is quite di� erent from the brittle consist-the number of alkyl side chains. Reducing the number

of octylthio groups results in a smaller inter-columnar ency of the glassy states and mesophases of 4 and 5,
because 6a ± c are ductile, waxy materials. Therefore, itdistance and a loss of long range order of the packing

of the columns, due to the diminished symmetry. In was easy to produce small sticks of the c̀hemical mix-
tures’ (c. 10 mm long and 2 mm in diameter) by rolling,contrast, the intracolumnar long range order increases
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649Glassy octasubstituted phthalocyanin es

Table 2. Transition temperatures and enthalpies for the octasubstituted phthalocyanines 4 ± 6 determined by DSC (heating rate
10 ß C min Õ 1 , heating range Õ 100 to 320 ß C).

1. Heating run 1. Cooling run 2. Heating run
TCr � Col/ ß C TCol � Cr/ ß C TCr � Col / ß C

Substance (DH/kJ mol Õ 1 ) (DH/kJ mol Õ 1 ) (DH/kJ mol Õ 1 )

4a 70 (59) Õ 21 (Õ 12) Õ 9 (14)b

4b 76 (66) Õ 11 (Õ 21) 5 (Õ 62)c,b , 79 (88)b

4c 75 (73) Õ 24 (Õ 14) Õ 12 (11)b

5a Õ 7a Õ 10a Õ 7a

5b 62 (26)d Õ 12a Õ 8a

5c Õ 5a Õ 11a Õ 8a

6a Õ 6a Ð Õ 4a

6b 66 (31)d Õ 11a Õ 5a

6c Õ 2a Õ 2a Õ 2a

a Glass transition.
b Heating rate 2 ß C min Õ 1 .
c Cold crystallization.
d Very broad.

Table 3. Bragg-spacings (in AÊ ) of the mesophases of substances 4 ± 6 at 125 ß C and their assignment in terms of a two-dimensional
hexagonal lattice. Column diameters D (in AÊ ) were calculated from the (1,0)-re¯ ection, assuming a hexagonal lattice;
intracolumnar distances h (in AÊ ) were calculated from the re¯ ection at angles of approx. 26 (in 2H ). s=strong, m=medium,
w=weak, b=broad.

Substance 1,0 1,1 2,0 halo 1 halo 2 h D

4b 23 1́6 s+22 0́6 s 13 5́6 w 11 2́3 w 4 6́0 3 5́3 w, b c 2́7
4c 23 5́0 s 13 8́6 w 11 8́8 w 4 6́6 3 5́1 w, b 27 1́4
5b 20 5́3 s 6 5́ 4 4́8 3 4́0 m, b 23 7́1
5c 20 9́6 s 12 4́1 w 10 8́1 w 6 9́ 4 7́0 3 4́0 w, b 24 2́0
6a 21 0́1 s 6 8́ 4 0́4 3 4́0 m 24 2́6
6b 21 0́1 s 6 8́ 4 6́7 3 4́9 m 24 2́6
6c 21 0́1 s 6 8́ 4 0́4 3 4́1 m 24 4́6

and to investigate them by X-ray di� raction in the 3. Conclusion

It has been shown that phthalocyanines substituted bytransmission mode. For all three substances, sharp and
relatively intense re¯ ections for the inter- and intra- fewer than eight alkyl side chains melt into a thermotropic

columnar mesophase. The inter- and intra-columnar dis-columnar stacking periodicity as well as two halos, as
described before for 5, were observed (see table 3). tances, as well as long range orders are controllable by

varying the number of alkyl chains. Crystallization orRe¯ ections of higher order, however, were not seen, but
surprisingly compounds 6a and 6c show typical di� rac- recrystallization from the mesophase is suppressible by

the use of mixtures. Finally, the use of easily synthesizedtion patterns for an oriented sample (see ® gure 5),
whereas 6b does not. In the case of 6a and 6c, simple and characterized c̀hemical mixtures’ of phthalocyanines,

substituted with di� erent numbers of alkyl side chainsmechanical forces generated by rolling orient the colum-
nar axis in the mesophase orthogonal to the shearing and chlorine atoms, results in mechanically oriented

columnar mesophases of high inter- and intra-columnar® eld. First investigations of copper-containing c̀hemical
mixtures’ of di� erent compositions clearly prove a rela- order. The diminution of the number of alkyl side chains

also facilitates lyotropic mesomorphism in apolar solventstionship between the average number of alkylthio groups
and the phase behaviour. Mixtures with a higher number like hexadecane. Highly oriented thin ® lms should be

obtainable from the ¯ uid lyotropic mesophase, overcom-of alkylthio groups are less oriented, and a reduction in
the number of alkylthio groups (1, 2, 3 in molar ratios ing the disadvantage of not being able to use the clearing

point of the very viscous thermotropic mesophases toof 9518573 or 2159570) results in more brittle materials
and also less oriented columnar mesophases. assist in alignment.
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650 H. Eichhorn et al.

HPLC the Merck-SepTech instrument Nova Prep 5000
with a 250-25 Merck LiChrosorb RP-18 (7 mm) column
was employed. Calorimetric studies were performed
using a Polymer Laboratories DSC or a Mettler DSC
TA 3000 and thermogravimetric analysis using a Mettler
TG50 instrument. Polarizing microscope measurements
were made with a Leitz Orthoplan equipped with a
Leitz microscope hot stage 1350. X-ray di� ractograms
in the re¯ ection mode were measured using a Siemens
Kristallo¯ ex di� ractometer with a collimator width of
0 3́ mm, using Ni-® ltered Cu K a -radiation. Scattering
patterns in the transmission mode were recorded with a
¯ at camera (2D-Xe-detector, 256 Ö 256 cells) equipped
with a hot stage, again using Ni-® ltered Cu K a -radiation
(rotating anode Rigaku RV-300).

4.2. Synthesis
4.2.1. 4,5-Dichlorobenzene-1,2-dicarbonitril e (1 )

This compound was synthesized as described previ-
ously [35].

4.2.2. 4,5-Dioctylth iobenzene-1,2-dicarboni trile (2 ) and
4-octylthio-5- chlorobenzene-1,2-dicarbonitrile (3 )

A solution of 8 3́8 g (42 8́ mmol) of 1 (see Scheme) in
Figure 4. X-ray di� raction patterns of 4b and 5b at 127 ß C.

25 ml dry DMSO was heated at 60 ß C. Then 8 7́ ml
(50 mmol ) of octanthiol and 15 g (107 mmol) of K2CO3

were added to the solution with stirring. After 24 h, theFurther investigations will have to show if the use of
mixtures of molecules containing a reduced number of resulting suspension was added to 200 ml of 0 1́ M

aqueous HCl. The precipitate was ® ltered o� , washedside chains is generally favourable or if it depends
on the special substitution pattern used here. with 200 ml of 10% aqueous Na2CO3 solution and then

with distilled water. The white product mixture wasTrialkoxytriphenylene, for example, does not display a
mesophase, whereas the tribromotrialkoxytriphenylene dissolved in a minimum of methanol and puri® ed by

preparative HPLC on LiChrosorb RP-18 (7 mm)is mesomorphic, but over a much narrower range than
the classical hexa-alkoxy derivative [45]. The exact 25 Ö 250 mm using methanol as eluant. As the ® rst

fraction, 5 7́8 g (44%) of 3 and as the second fraction,structures and, in particular, the dynamics of these
mesophases have also to be studied by further 1 2́5 g (7%) of 2 were obtained (¯ ow: 39 cm3 min Õ 1 ;

concentration: 19 5́ g dmÕ 3 ; injection volume: 39 cm3 ).investigations.
2: M.p.=58 ß C. IR (as a ® lm on KBr): n=2229 cm Õ 1

(C º N). 1H NMR (360 MHz, CDCl3 ) (for numbering see4. Experimental

4.1. Methods the scheme): d (ppm)=7 4́0 (s, 2H, c,f-H), 3 0́0 (t, 4H,
i-H), 1 7́5 (m, 4H, k-H), 1 4́8 (m, 4H, m-H), 1 3́5± 1 2́5UV-VIS absorption spectra were recorded using a

Perkin Elmer Lamda 9 spectrometer. FTIR spectra of (m, 16H, n-H), 0 8́8 (t, 6H, o-H). 13C NMR (360 MHz,
CDCl3 ) : d (ppm)=144 2́1 (d,e-C), 128 0́8 (c,f-C), 115 6́7® lms on KBr pellets were recorded with a Bio-Rad

Digilab FTIR FTS7 instrument. 1H and 13C NMR (a,b-C), 111 0́2 (g,h-C), 32 7́0, 31 7́2, 29 0́6, 29 0́3, 28 8́8,
28 0́3, 22 6́1 (i,k,m,n-C), 14 0́7 (o-C). MS (EI): m/e (perspectra were measured using a Bruker WH 360

employing the deuterium signal of the solvent as the cent)=416(100) M+, 304(67) M+± C8H16 , 192(21)
M+± 2 (C8H16 ), 112(6) C8H16+. UV-VIS (ethanol ):lock and TMS as internal standard. MS investigations

were made with a Finnigan MAT 8222 (DCI), Bruker lmax/nm ( log e)=229 (4 0́ ), 250 (3 9́ ), 279 (4 5́ ), 326 (4 0́ ).
3: M.p.=89 ß C. IR (as a ® lm on KBr): n=2231 cm Õ 1TOF (MALDI) or ZAB2-SE-FDP (FD). HPLC were

recorded with a Merck-Hitachi-System (L-3000 Photo (C º N). 1H NMR (360 MHz, CDCl3 ) (for numbering see
the scheme): d (ppm)=7 7́2 (s, 1H, f-H), 7 4́6 (s, 1H,Diode Array Detector, L-6200A Intelligent Pump,

T-6300 Column Thermostat, AS 2000A Autosampler). c-H), 3 0́1 (t, 2H, i-H), 1 7́7 (m, 2H, k-H), 1 5́0 (m, 2H,
m-H), 1 3́5± 1 2́5 (m, 8H, n-H), 0 9́2 (t, 3H, o-H).As columns, a 250-4 Merck LiChrospher Si-60 (10 mm)

or LiChrospher RP-18 (5 mm) was used. For preparative 13C NMR (360 MHz, CDCl3 ): d (ppm)=147 2́9 (d-C),
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651Glassy octasubstituted phthalocyanin es

135 9́9 (e-C), 133 0́6 ( f-C), 128 6́3 (c-C), 114 8́3 (a-C), M+[3R=SC8H17 , 5R=Cl], 1009(4) M+[2R=
SC8H17 , 6R=Cl], 899(3 8́ ) M+[1R=SC8H17 , 7R=114 5́2 (b-C), 114 3́3 (g-C), 110 8́8 (h-C), 31 8́7, 31 6́6,

28 9́9, 28 9́6, 28 8́2, 27 5́9, 22 5́5 (i,k,m,n-C), 14 0́2 (o-C). Cl ]. C72´96H97´04N8S5´12Cl2´88 (1352 5́ ): statistically calcu-
lated C 65 0́1, H 7 3́1, N 8 2́1, S 12 3́0; found C 64 6́4, HMS (EI): m/e (per cent )=306(100) M+, 271(2) M+± Cl,

194(45) M+± C8H16 , 112(16) C8H16+. UV-VIS (eth- 7 1́5, N 7 7́4, S 11 6́7 per cent.
anol ): lmax/nm ( log e)=213 (4 3́ ), 251 (4 4́ ), 301 (4 2́ ) .

4.2.5. Zinc(II)- or copper(II)-2,3,9,10,16,17,23,24-octa -
octylthiophthal ocyaninato (4b or 4c respectively ),4.2.3. 2,3,9,10,16,17, 23,24-Octaoctylthiophthaloc yanine

(4a) or isomeric mixture of zinc(II)- or copper(II)-2,3,9,10,16,17,23,24-tetr a-
octylthiophthalocyaninato (5b or 5c respectively ) or2,3,9,10,16,17, 23,24-tetraoctylthio-

tetrachlorophthalocyanine s (5a) zinc(II) or copper(II) complexes of the C̀hemical
mixture’ of chloro and octylthio 2,3,9,10,16,17, -460 mg (1 5́ mmol) of 2 or 625 mg (1 5́ mmol ) of 3

were dissolved in 20 ml of dry 1-pentanol under re¯ ux 23,24-octasub stituted phthalocyanin es (6b or 6c,
respectively )conditions. Then 10 mg (1 4́4 mmol) of lithium was

added to the stirred solution under inert gas and 5 min 0 1́ mmol of metal free substance 4a , 5a or 6a was
dissolved in a solution of 0 3́ mmol of metal acetylaceton-later the dark green suspension was cooled to room

temperature. The suspension was added to 30 ml of ate in 100 ml of diethoxymethane and heated under
re¯ ux for 1 h. The crude products were puri® ed by ¯ ashacetic acid and stirred for 10 min at 50 ß C. The ® ltered

blue product was precipitated twice from diethoxyme- chromatography as described before. Metalations are
observed always to be quantitative.thane solution, ® rst by adding methanol and then by

adding acetone in the second step. This precipitate was 4b : IR (as a ® lm on KBr): n=1595 cm Õ 1 (C 5 Carom.) .
1H NMR (360 MHz, C2D2Cl4 ) : d (ppm)=7 6́5 (s, 8H,further puri® ed by ¯ ash chromatography on silica gel

using toluene/n-hexane, 852 as eluant. Yields: 1 3́5 g Harom.), 3 1́4 (t, 16H, S ± CH2 ), 1 8́2 (m, 16H,
S ± CH2 ± CH 2 ), 1 6́ ± 1 2́ (m, 80H, CH2 ) , 0 9́3 (t, 24H,(54%) for 4a and 1 1́4 g (62%) for 5a .

4a : IR (as a ® lm on KBr): n=3290 cm Õ 1 (N ± H), CH3 ). C96H144N8S8Zn (1732 1́ ): calculated C 66 5́7, H
8 3́8, N 6 4́7, S 14 8́1; found C 66 7́4, H 8 4́2, N 6 3́0, S1597 cm Õ 1 (C 5 Carom.) . C96H146N8S8 (1668 8́ ): calculated

C 69 1́0, H 8 8́2, N 6 7́1, S 15 3́7; found C 69 2́0, H 8 8́7, 14 3́4 per cent.
4c: IR (as a ® lm on KBr): n=1596 cm Õ 1 (C 5 Carom.) .N 6 6́4, S 15 4́5 per cent.

5a : IR (as a ® lm on KBr): n=3291 cm Õ 1 (N ± H), C96H144N8S8Cu (1730 2́8): calculated C 66 6́4, H 8 3́9,
N 6 4́8, S 14 8́2; found C 66 5́2, H 8 5́1, N 6 3́3, S 14 5́01596 cm Õ 1 (C 5 Carom.). MS (DCI, negative, NH3 ) : m/e

(rel. intensity)=1228(100) M+, 1194(7) MH Õ ± Cl, per cent.
5b : IR (as a ® lm on KBr): n=1596 cm Õ 1 (C 5 Carom.) .1116(10) M Õ ± C8H16 , 1084(1 5́ ) M Õ ± SC8H16 . MS

(FD+ ): m/e (rel. intensity)=1228 8́ (100) M+, 615 5́(27) MS (DCI, negative, NH3 ): m/e (rel. intensity)=1292(7)
M Õ , 1258(5) MH Õ ± Cl, 1224(1 5́ ) MH Õ ± 2Cl, 1180(2)M2+. C64H78N8S4Cl4 (1229 5́ ): calculated C 62 5́3, H

6 3́9, N 9 1́1, S 10 4́3, Cl 11 5́3; found C 62 3́7, H 6 7́3, M Õ ± C8H16 , 159(100). MS (FD+ ) : m/e (rel. intensity)=
1293(100) M+, 646(27) M2+. C64H76N8S4Cl4ZnN 9 0́1, S 10 3́8, Cl 11 1́3 per cent.
(1292 8́ ): calculated C 59 4́6, H 5 9́3, N 8 6́7, S 9 9́2, Cl
10 9́7; found C 59 7́6, H 6 0́8, N 8 8́5, S 9 7́7, Cl 11 2́54.2.4. C̀hemical mixture’ of chloro and octylthio 2,3,9,-

10,16,17,23,24-octasubstitu ted phthalocyanine s (6a) per cent.
5c: IR (as a ® lm on KBr): n=1598 cm Õ 1 (C 5 Carom.) .24 mg (0 1́2 mmol ) of 1, 0 8́25 g (1 9́8 mmol) of 2 and

1 1́96 g (3 9́0 mmol ) of 3 were dissolved in 25 ml of dry MS (DCI, negative, NH3 ): m/e (rel. intensity)=1289(3)
M Õ , 1255(1) MH Õ ± Cl, 1221(0 1́ ) MH Õ ± 2Cl, 192(100).1-pentanol under re¯ ux. Then 20 mg (2 8́8 mmol) of

lithium was added to the stirred solution under inert C64H76N8S4Cl4Cu (1290 9́ ): calculated C 59 5́5, H 5 9́3,
S 9 9́3, Cl 10 9́9; found C 59 4́8, H 5 8́9, S 9 8́0, Cl 10 8́8gas and 5 min later the dark green suspension was cooled

to room temperature. The subsequent work up corre- per cent.
6b : IR (as a ® lm on KBr): n=1598 cm Õ 1 (C 5 Carom.) .sponded to that described for 4a and 5a , apart from the

use of toluene for the ¯ ash chromatography. Yield: MS (FD+ ): m/e (rel. intensity)=1511(19) M+[6R=
SC8H17 , 2R=Cl], 1400 (43) M+[5R=SC8H17 , 3R =1 4́4 g (70%).

6a : IR (as a ® lm on KBr): n=3288 cm Õ 1 (N ± H), Cl ], 1290(91) M+[4R=SC8H17 , 4R=Cl], 1180(100)
M+[3R=SC8H17 , 5R=Cl], 1070(26) M+[2R=1601 cm Õ 1 (C 5 Carom.) . MS (MALDI, DHB-matrix,

re¯ ectron, 15 kV): m/e (rel. intensity)=1559(2 5́ ) SC8H17 , 6R=Cl], 961(22) M+[1R=SC8H17 , 7R=
Cl] (Ions of fragmentation, always involving eliminationM+[7R=SC8H17 , 1R=Cl], 1449(7 8́ ) M+[6R=

SC8H17 , 2R=Cl], 1339 (15 0́) M+[5R=SC8H17 , 3R= of one chlorine atom, are not cited ). C72´96-
H97´04N8S5´12Cl2´88Zn (1429 0́ ): statistically calculated CCl], 1229(15 0́ ) M+[4R=SC8H17 , 4R=Cl], 1119 (7 0́)

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
5
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



652 H. Eichhorn et al.

Figure 5. X-ray scattering pattern (transmission mode) obtained for a small stick (10 mm Ö 2 mm) of 6c in the mesophase at
127 ß C; the stick is oriented orthogonal to the beam and vertical in space.
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