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The tetrones represent an interesting new mesogenic building block. The results of this study 
show that they can be incorporated into a variety of mesophases. A smectic phase was observed 
in the polycatenar compound with four terminal chains as expected. The phase exhibits a tilted 
structure (SC phase) to prevent void formation. The compound with six pendant chains forms 
a columnar phase. In spite of their structural similarity, the tetrones studied tended not to be 
completely miscible. However, complete miscibility with a semi-discoid phenylhydrazone was 
observed. When this hydrazone, which forms a columnar ‘Dho phase’, was mixed with tetrone 
which forms a columnar ‘Dhd phase’ a columnar hexagonal phase was produced with enhanced 
stability. We believe that the stability enhancement derives from a charge transfer interaction 
between the tetrone and the phenylhydrazone. 

1. Introduction 
The structures of liquid crystalline phases are essen- 

tially determined by the shapes of the molecules [l,2]. 
Thus rod-like molecules produce calamatic smectic 
mesophases (SA, Sc, ...) [3] whereas flat, disc-like 
molecules form mesophases with columnar structures, 
like ND, D,, Dd [4,5] and board-like molecules form 
sanidic mesophases [6]. 

Polycatenarcompounds [7,8] represent a class of liquid 
crystal materials between the calamitics and discotics. 
They consist of two different parts: a rod-like rigid core 
and one or two half-disc shaped moieties at the end of the 
core. Depending on the number and the position of 
the alkyl chains, which are linked directly to the half-disc 
like moieties, such compounds exhibit nematic andor 
smectic and/or columnar mesophases 19, 121. Often 
intermolecular hydrogen bonds and/or charge transfer 
interactions play an important role in the formation and 
stabilization of these columnar mesophases [ 13,141. 

Different rod-like cores, including biphenyl, terphenyl 
and so on, have been used in polycatenar compounds. 
In the compounds under discussion, tetrones are used as 
the central core in the polycatenar compounds. 

It is known, that the tetrone moiety is not completely 
flat, but tilted [ 15,161. To study the influence of this group 

* Author for correspondence. 

on the formation of liquid crystalline phases, the three 
tetrone derivatives (1-111) shown in figure 1 were 
synthesized. 

2. Synthesis and characterization of substituted 
tetrone derivatives 

The synthesis of the tetrone has been achieved by a 
condensation of dimethyl malonate and absolute hy- 
drazine. The synthesis of the tetrone-containing dyes is 
shown in the figure 1. A wide range of amphiphilic 
tetrones is accessible by condensation of substituted 
aldehydes and tetrone. For the alkoxy- and amino-substi- 
tuted derivatives, the alkylated aldehyde was first prepared 
and then the condensation reaction was done. The 
synthesis of the substituted aldehydes will be described 
elsewhere. All the .compounds were characterized by 
NMR spectroscopy using a 400 MHz NMR spectrometer 
(Aspect 3000, Bruker). 

3. Results and discussion 
3.1. Mesomorphic behaviour of the tetrone derivatives 

The phase behaviour of the three tetrones (1-111) is 
summarized in figure 1. The tetrone I shows only 
crystalline behaviour, but increasing the number of the 
methylene groups (compound 11) leads to formation of a 
smectic mesophase. The diffraction pattern of a non- 
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Figure 1 Synthesis and transition scheme for the tetrone 
derivatives. 

oriented sample of I1 (see figure 2 )  exhibits four sharp 
reflections in the small angle range and one diffuse 
scattering region in the wide angle range. The reflections 
which are marked B to D are higher orders of the first 
reflection ( A )  and are indicative of a layer structure. 

7001 600 ! 
500 

4 0 0 1  ~ i i 
300 

E 

0 1 2 3 4  5 6 7- 8 9 10 I 1  12 13 14 

Thetaideg. 

Figure 2 Diffraction pattern 11 at 125°C. 

The large difference between the molecular length 
estimated by space filling models ( L  = 6.2 nm) and that 
measured (d = 4.2 nm) implies a tilted alignment of 
the molecules within the layers. This, together with the 
schlieren texture observed, is consistent with the phase 
assignment as Sc. The change from four N alkyl chains in 
I1 to six alkoxy chains in I11 anchored directly to the 
phenyl ring, yields a change from a smectic to a columnar 
phase. 

A dark mosaic texture can be observed by polarizing 
microscopy at 65°C. A lightening of this mosaic texture 
with small structural changes was observed at about 
112°C. This process is reversible, and DSC measurements 
(see table 1)  show a clear transition at this temperature. 
The transition enthalpy (AHtr) is considerably higher than 
that at the clearing point (AHcL). X-ray measurements 
using the film method confirmed the transition at about 
112°C. The patterns taken in the low temperature phase 
exhibit two strong and seven very weak reflections in the 
small angle range and one diffuse scattering region in the 
wide angle range. This pattern is maintained up to about 
110°C. 

The reflections observed in the low temperature 
mesophase (see table 2) can be explained by a rectan- 
gular lattice. The extinction rule of reflections (hO) 
and (Ok) with h, k = 2n + 1 proves the existence of a 
rectangular D r ( ~ ~ , / a )  lattice with a = 5.88 nm and 
b = 3.44 nm. 

At the transition into the high temperature phase 
(1 10-1 12”C), the weak reflections disappear and the 
remaining pattern is consistent with a columnar hexagonal 
mesophase. The ratio of the small angle reflections in this 
columnar phase is 1 : d 3 : 2 .  The hexagonal lattice 
parameter corresponds at 120°C to ahex  = 3.38 nm and at 
95°C to ahex  = 3.49 nm. The difference between the 
molecular length ( L  = 4.7 nm) and the hexagonal lattice 
parameter indicates a disordered arrangement and an 
interdigitatim of the alkyl chains. 

The volume increment method [ 171 has been used to 
estimate the volume of the molecule ( Vmol). Calculation 
of the packing coefficient, Vmol/Vcell, with two molecules 
pcr column disc in both phases, yields a value 0 1  0.7. 
This leads to a proposed formation of the columns by 
the hexacatenar tetrone as shown in figure 3 .  A wrapping 
of aliphatic chains around the rod-like rigid corc 
assembly, as already known from discotics [18], can be 
built up by the alkyl chains. Detailed X-ray measurements 
of the position of the inner reflection (a very strong 
reflection) as a function of temperature are shown in 
figure 4. The d-values of the inner reflection within the 
hexagonal mesophase increase with decreasing tempera- 
ture, the evident change shown corresponding to the 
transition into the rectangular phase (93.S”C in the 
cooling mode). 
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Liquid crystalline properties of tetrones 701 

Table 1. DSC results for compound 111 (1  3 first heating mode, 2 = cooling mode, 3 = second 
heating mode, heatinglcooling rate; 10 K min - I) .  AH,, melting enthalpy; A&, transition 
enthalpy; AH,,, clearing enthalpy in Jg - '; T,, melting temperature; T,, transition 
temperature; T,,, clearing temperature in "C. 

1 54.1 (46.0) 112.6(10.4) 13 1.4 (2.5) 0 

3 36.5(62.3) 0 112.7(8.8) 130.9 (1.8) 0 
2 43.6(-41.4) 93.5(-88-1) 125.5( - 1-8) 

3.2. Results and discussion of the mixtures investigated 
To study further the phase behaviour of these interesting 

tetrone mesogens, mixtures of tetrone I11 with the 
2,4-dinitrophenylhydrazone IV were prepared and 
studied. (see figure 5 )  This mesogen, as a donor (D)/accep- 
tor (A) system, contains electron-rich as well as electron- 
poor units and forms a columnar hexagonal mesophase, 
where the packing of the molecules in the columns is 
stabilized by charge transfer interactions [ 141. Other 
examples of the stabilizing and destabilizing of liquid 
crystalline mesophases via charge transfer interactions are 
known from the literature [ 191. 

The diffraction pattern of compound IV in the 
mesophase (see figure 6) shows two Bragg peaks in the 
small angle region with a Bragg angle ratio of 1 : d 3  (A-B 
ratio) and three diffuse outer scattering maxima (C-E). 
The disordered state of the alkyl chains yields the diffuse 
scattering indicated as D in figure 6. The packing within 
the columns corresponds with the diffuse scattering E. 
A fit to the diffuse scattering maxima in the wide angle 
range is shown in the figure 7. The positions of the diffuse 
scattering at C and E (taken from the fit) have nearly a 1 : 2 
Bragg angle ratio. That is, the scattering at E is twice the 
period of C, which is additional evidence for an alternating 
arrangement of the molecules within the columns through 
charge transfer interactions and intermolecular hydrogen 
bonds as assumed in [141. 

Miscibility experiments with the tetrone 111 and the 
phenylhydrazone IV were carried out by the contact 
method, as well as with mixtures with specific concentra- 

Table 2. Bragg angles (O,,,), measured (dexp.) and calculated 
(dcalc.) d-values of 111 at 70°C (film method). 

O,,ddegree dex&m Intensity Indices d&nm 

1.50 2.94 Very strong (20),(11) - 

3 .oo 1.47 Weak (40),(22) 1.48 
2.55 1.72 Strong (02) 

3.94 1-12 Very weak (13) 1.12 

- 

3.44 1-30 Very weak (32) 1.29 

4.44 0.99 Very weak (33) 0.99 
4-88 0-90 Very weak (43) 0.90 
5.38 0.82 Very weak (24) 0.82 
5.94 0-74 Very weak (44) 0.74 

tions. The contact method proved the complete miscibility 
between the two liquid crystalline hexagonal columnar 
phases. The mosaic texture of the columnar hexagonal 
phase was observed in the whole contact zone. The binary 
system (see figure 8) was investigated by DSC, X-ray and 
optical methods. Mixtures in the middle concentration 

Figure 3. Assumed arrangement of the molecules of 111 within 
a column. 
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Figure 4. Temperature dependence of the innner reflection 
(very strong intensity) on the Coolong mode. 
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D ~- - A  

Figure 5. Phenylhydrazone IV (Cr 97°C Dh 137°C I); 
D = donor, A = acceptor moiety. 
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Figure 6. Diffraction pattern of IV at 120°C. 

range showed an enhanced stability of the liquid crystal- 
line phase. The temperature range of the phase was 
extended from room temperature up to 180°C. The mosaic 
texture of M50 (concentration 50 mol%) at room tempera- 
ture is shown in figure 9. Preliminary IR measurements 
have shown that the spectrum of the mixture is quite 
different from the spectra of the pure compounds. The 
intensities of the CO- as well as those of the NH-vibrations 
are essentially reduced in the mixture. This leads one to 
suppose that the molecules of both compounds I11 and IV 
are statistically incorporated in one and the same column. 
Further investigations of this special feature are under way 
and shall be reported elsewhere. 

The diffraction patterns at room temperature and at 
100°C of M50 are shown in figure 10. Both diffraction 
patterns show two sharp reflections in the small angle 
range. Two diffuse scattering regions can be observed in 
the wide angle range at room temperature, whereas only 
one region of diffuse scattering exists above 100°C. The 
reflections ( 1  00) and (1 10) again relate as 1 : d 3 ,  proving 
the columnar hexagonal lattice. 

Monodomains of different orientations were obtained 
by slowly cooling samples of mixtures in glass capillaries. 
The X-ray beam can be directed perpendicular to the 
column axes (see figure 11 (a)) or in such a way that 
the column axes are parallel to the beam (see figure 1 1 (h)). 

120 
110 
100 
90 

g 80 
.. 70 .- 3 
F a  s 
L 50 

40 

30 
20 

Figure 7. Fit of the diffuse wide angle scatterings of compound 
IV at 120°C. 

; 120 t -I 
4 

Dho 

" ' " ' " '  
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Mol percent of 111 

Figure 8. Phase diagram for mixtures of compounds 111 
and IV. 

The latter measurements clearly show the six-fold symme- 
try of the lattice. The oriented samples produce four inner 
reflections at the equator and different diffuse scatterings 
(see table 3). The two outer scattering correspond to the 
alkyl chains and to the intracolumnar scattering. An 
explanation of the 4 maxima of additional scattering 
observed around 0 = 5.9" between equator and meridian, 
cannot be given at present. The increased temperature 
range of the columnar hexagonal phase in M50 offers the 
opportunity of studying the scattering related to the 
intracolumnar periodicity, which disappears at higher 
temperatures. The loss of scattering intensity in this peak 
occurs gradually over the range of temperature studied. 
Evaluation of the scattering profile via a peak-fit program 
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Figure 9. Mosaic texture of M50 observed by optical 
microxopy at room temperature. 

(LOO) 4ca 

o ' " " " " ' " " ' ' " ' ' " " "  
1 2  3 4 5 6 7 6 9 1 0 1 1 1 2 1 3 1 4  

Theta Ideg. 

Figure 10. Diffraction pattern of the mixture M50 at room 
temperature and 100°C. 

also shows a continuous decrease of the correlation within 
the columns (see figure 12). This continuous gradual 
change from a so-called 'Dho' to a 'Dhd pattern' implies that 
both phases belong to one and the same phase type and that 
there is only a gradually changing difference in the 
packing of the molecules within the columns. 

4. Experimental 
4.1. Experimental 

The thermal analysis of phase behaviour was carried out 
using a Perkin-Elmer DSC-7. A Leitz LUX 12 POLS 
polarizing microscope equipped with a Linkam TP 600 hot 
stage was used to observe and to characterize the textures 
of the liquid crystalline phases of the tetrone compounds 
and of the mixtures with the phenylhydrazone. The X-ray 
studies (CUK, radiation, h = 0.154 nm) of the mesophases 
were performed using a Guiner goniometer (Huber (3644, 
Germany) and a Guinier film camera for the non-oriented 
samples and a flat camera for the oriented samples. The 

(b)  
Figure 1 1. Flat camera diffraction pattern of oriented sample 

of M50 at room temperature. X-ray beam directed (a) 
perpendicular and (b) parallel to the column axes. 

Table 3. Reflections observed by flat film camera (Oexp. and 
dexp., measured Bragg angles and distances, respectively; 
Ocalc., calculated Bragg angles). 

O,,ddegree d,,dnm Indices @,,l,ldegree 

1.42 3.11 100 - 
2.42 1.82 110 2.45 
3.78 1.17 210 3.76 
4.29 1.03 300 4.26 
5.95 0.74 ? 

10.32 0.43 dAlkyl 

13-29 0.32 dintra 

- 
- 
- 

samples were molten in glass capillaries with diameters 
of 0.7 and 1 mm. The sample temperature was controlled 
by a Huber temperature device HYC9634 (Guinier- 
Goniometer/film camera) or by a home made oven (flat 
camera) in conjunction with a temperature controller 
Eurotherm-Model 9 1. IR measurements were performed 
using a Bruker 1FS25. 

4.2. Preparation of 3,7-(4,4'-di(N,N-dihexadecyl)- 
aminobenzy1idene)- I ,5-diazabicyclo[3,3,0]octan- 

2,4,6,8-tetraone 
1 g of 1,5-diazabicyclo[3,3,O]octan-2,4,6,8-tetrone and 

2.6 g of 4-N,N-dihexadecylaminobenzaldehyde were 
mixed in 100 ml of N,N-dimethylformamide and heated 
for 2 h  at 90°C. After cooling the red precipitate was 
filtered off and recrystalized twice from N,N-dimethyl- 
formamide. Yield: 2-0 g; Cr 54°C Cr 1 18°C 1. 
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2 . 0 , .  I ' I  ' I  ' Y ' ~ " " " " " " ' ]  
'H NMR of substance I: 

I A  16 t 
1 4  

. 
x 
Z 0 8  ' 0 8  
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0 0  o.2 0 2 10 20 30 40 50 60 70 ED 90 100 110 120 

Temperature / "C 

Figure 12. Temperature dependence of the full width at half 
maximum of the intracolumnar scattering of the mixture 
M50. 

4.3. Preparation of 3,7-(4,4'-di(N,N-dioctadecyl )amino- 
benzy1idene)- I ,S-diazabicyclo[3,3,O]octun-2,4,6,8- 

tetraone 
1 g of l,S-diazabicyclo[3,3,0]0ctan-2,4,6,8-tetraone 

and 2.8 g of 4-N,N-dioctadecylaminobenzaldehyde were 
mixed in 100 ml of N,N-dimethylformamide and heated 
for 2 h  at 90°C. After cooling the red precipitate was 
filtered off and recrystallized twice fromN,N-dimethylfor- 
mamide. Yield: 2.Sg; Cr 116°C SC 143°C 1. 

4.4. Preparation of 3,7-( 3,4,5,3',4',5'-di( trido- 
derylo.xybenzylidene)- I ,5-diazabicyclo[3,3,0]octan- 

2,4,6,8-tetraone 
I g of I ,5-diazabicyclo-[3,3,O]octan-2,4,6,8-tetraone 

and 3 g of 3,4,S-triodecyloxybenzaldehyde were mixed in 
100 ml of N,N-dimethylformamide and heated for 2 h at 
90°C. After cooling, the orange precipitate was filtered off 
and twice recrystallized from N,N-dimethylformamide. 
Yield: 2.1 g; Cr 64°C D, 112°C Dh 133°C I. 

5. Analysis 
All NMR measurements were done using CDC13 and 

solvent. 

3,7-(4,4'-Di(N,N-dihexadecyl)arninobenzylidene)- I ,5- 
diazabicyclo[3,3,0]octan-2,4,6,8-tetraone ( I )  

N, 4.4; found C,79.7; H, 11-7: N, 4.5 per cent. 
Cs4H142N404, (MW 1270): calculated C, 79.3; H, 11.2; 

3,7-(4,4'- Di(N,N-dioctadecyl )aminobenzylidene)-l,5-di- 
azubicyclo[3,3,O]octan-2,4,6,8-tetraone (11) 

C92H158N404, (MW 1382): calculated C ,  79.8; H, 1 1.5; 
N ,  4-0; found C, 79.9; H, 12.3; N, 4.2 per cent. 

(a) 6.65 ppm, (b) 8-45 ppm, (c )  7.75 ppm, (4 3-35 ppm, ( e )  
1.1-1.7 ppm, ( f )  0.95 ppm. 

I3C NMR (CDCI3) of substance I: 

( 1 )  154ppm, ( 2 )  l l2ppm, (3) 140ppm, (4) 121ppm, ( 5 )  
154ppm, (6) 109ppm, (7), (8), (91, (10) 158ppm 
158ppm, 156ppm, 1S6ppm, ( 1 1 )  Slppm, (12) 27- 
32ppm, (13) 14ppm. 

'H and ''C NMR (CDC13) data for compound I1 are 
analogous to those for compound I. 

3,7-(3,4,5,3',4',5'-Di(tridodecylo~benzylidene)-l Jdi- 
azabicyrlo[3,3,0~octarz-2,4,6,8-tetruone (111) 

C92H156N2010, ( M W  1448): calculated C, 79-8; H, 1 1.5; 

' H  NMR of substance 111: 
N, 4.1; found C,79.9; HI 1.8; N ,  4.3 per cent. 

6. Summary 
The results discussed prove the known feature that 

polycatenar compounds with four terminal chains mostly 
form smectic phases. Whereas one double swallow tailed 
compound exhibits only crystalline phases, the other 
forms a smectic phase (SC); the packing in a tilted structure 
prevents the formation of gaps in the layer. By way of 
contrast the compound with six chains produces two 
columnar phases with a Dh and D, structure. In spite of the 
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Liquid crystalline properties of tetrones 705 

chemical similarities between compounds I1 and 111, 
complete miscibility between the two could not be 
observed. However complete miscibility of the two 
hexagonal columnar mesophases, with an enhanced 
stability of the phase, has been observed in mixtures of the 
hexacatenar tetrone (111) and the semi-disoid phenylhy- 
drazone (IV). Furthermore a continuous transition of 
disordered ‘Dhd phase’ at high temperature to ordered ‘Dho 
phase’ at low temperature has been proved for several 
mixtures by X-ray measurements. These results imply, 
that the Dhd and Dho phases belong to one and the same 
columnar mesophase type. 

We are grateful to the ‘Deutsche Forschungsgemein- 
schaft’ for financial support and to the ‘VW-Siftung’ for 
technical support (Huber-Goniometer). We wish to thank 
Professor A Kolbe for making the IR measurements 
possible. 
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