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Ferrocene-containing thermotropic side-chain liquid-crystalline 
polymethacrylates 
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The synthesis and mesomorphic properties of the title 
compounds, prepared by free-radical polymerization (or 
copolymerization) of a ferrocene-containing methacrylate 
monomer (with methylmethacrylate), are reported. 

Metallomesogenic polymers represent an important field of 
current interest:1 the combination of the properties of metals 
(polarisability, colour, magnetism) with those of polymers 
(processability) is expected to lead to anisotropic materials 
possessing unique characteristics which would be of particular 
interest for the design of new electro-optical devices.1 

Recently we reported the first ferrocene-containing side-
chain liquid-crystalline polymers which were synthesized by 
grafting vinyl-containing ferrocene momomers onto commer­
cially available polyhydrosiloxanes.2 The latter structures, 
which constituted the first liquid-crystalline polymers with 
appended organometallic units, showed high thermal stability, 
good solubility in organic solvents and broad enantiotropic 
mesophases. The observed results clearly demonstrated the 
great potential of ferrocene for elaborating polymeric archi­
tectures with essential properties.1 

Obviously, better understanding and rationalization of the 
structure-mesomorphic properties relationship for ferrocene-
containing liquid-crystalline polymers, and for metallo­
mesogenic polymers in general, require the design and study of 
new systems. 

Here we report the synthesis and thermal properties of the 
methacrylate-containing monomer 1 and of side-chain poly­
methacrylates 2a-f, which were prepared by polymerization of 
1 (-• 2a) or by copolymerization of 1 with methylmethacrylate 
(MMA) (-» 2b-f). 

Monomer 1 was prepared following a step-wise procedure we 
developed for synthesizing unsymmetrically disubstituted 
ferrocene derivatives3 (Scheme 1). Treatment of ferrocene-1,1'-
dicarboxylic acid chloride 3,4 with phenol intermediate 45 gave 
the mono-acid 5a [purified by column chromatography (silica-
gel, CH2Cl2ZAcOEt 10:1 and then CH2Cl2ZAcOEtZAcOH 
100:10:1) and crystallization (EtOHZCH2Cl2); mp = 
176-1780C], which was subsequently converted into the 
carboxylic acid chloride 5b [purified by extraction of the solid 
residue with hot light petroleum (bp 90-1200C); mp = 

104-105 0C]. Esterification of 5b with the methacrylate deriva­
tive 66 furnished the targeted monomer 1 [purified by column 
chromatography (silicagel, CH2Cl2) and crystallization (EtOHZ 
CH2Cl2)]. The structure and purity of compounds 1 and 3-6 
were confirmed by elemental analysis and 1H NMR spectro­
scopy. 

Homopolymer 2a and statistical copolymers 2b-f were 
prepared by free radical polymerization of the appropriate 
monomer(s) [degassed THF, AIBN (1 mol% with respect to the 
overall monomeric concentration), 50 °C, 60 h, Ar], and were 
purified by column chromatography7 (silicagel, CH2Cl2), 
precipitated by adding the concentrated CH2Cl2 solution to 

Scheme 1 Reagents and conditions: i, pyridine, benzene, reflux, 48%; 
ii. oxalyl chloride, pyridine, CH2Cl2, reflux, 98%; iii, Et3N, CH2Cl2, reflux, 
60% 
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MeOH and finally recovered by centrifugation (60% yield). 
Removal of unreacted monomers and oligomers was confirmed 
by gel permeation chromatography (GPC) (see note c in 
Table 1). 

The thermal and liquid crystal properties of monomer 1 and 
polymers 2a-f were investigated by polarized optical micro­
scopy, differential scanning calorimetry (DSC) and X-ray 
diffraction studies. The molecular weight and molecular 
weights distribution of 2a-f were determined by GPC (see note 
c in Table 1). The data are listed in Table 1. 

The ferrocene derivative 1 exhibited an enantiotropic smectic 
A phase (C-I 17-SA-130-1) which was identified by polarized 
optical microscopy from the formation of a focal-conic fan 
texture and homeotropic areas. This was confirmed by X-ray 
diffraction analysis which revealed two sharp reflections (in a 
2:1 ratio) in the small angle region and a diffuse band in the 
wide angle region. 

Polymers characterized by a narrow molecular weights 
distribution (Mw/M„ ranged from 1.3 to 1.5) were obtained after 
purification. This is of particular interest in view of developing 
processable materials. All of the polymers showed good 
solubility in organic solvents such as CHCl3, CH2CI2, THF and 
toluene. The monomer content: within the copolymers, analysed 
by 1H NMR spectroscopy, was in agreement with the initial 
monomeric ratio in solution. 

With the exception of 2f, all of the polymers showed 
mesomorphic behaviour when examined by polarized optical 
microscopy. However, no typical textures were observed, either 
on heating or on cooling from the isotropic state. This is often 
the case for polymers due to their high viscosity.8 

By DSC, the isotropization temperature could be determined 
for 2a-e; reversible transitions were obtained from successive 
heating-cooling cycles. However, during the first heating run, 
the temperature at which the mesomorphic state formed (TLC) 
was not apparent from the thermograms and, therefore, required 
X-ray diffraction investigations. 

Tabic 1 Phase transition temperatures" and analytical data of polymers 2 

X-Ray diffraction studies confirmed: (i) the liquid-crystalline 
character of polymers 2a-e, (ii) the non-mesomorphic behavior 
of 2f and (iii) revealed an amorphous character of 2a-e below 
the liquid crystalline state during the first heating run. 

In the case of 2a-e, X-ray diffraction patterns gave two sharp 
peaks in the low-angle region (in a 2:1 ratio) and a diffuse peak 
in the wide-angle one. These data were consistent with the 
formation of disordered smectic phases (smectic C or smectic A 
phases). In order to gain further information about the nature of 
the mesophase(s), the rf-layer spacing was determined as a 
function of temperature for 2a: the d-layer spacing remained 
constant from 120 to 1700C with an average value of 84.1 Â 
and then increased up to 89.5 Â near the clearing point. This 
behavior is an indication that 2a might exhibit a smectic C 
phase. When cooled from the mesomorphic state to room 
temperature, 2a-e solidified retaining the layered structure of 
the smectic phase. Therefore, the glass transition temperatures 
(7g), which could be determined during the second heating run, 
corresponded to the transition between the glassy state and the 
liquid-crystalline phase. 

The data reported in Table 1 emphasizes the role played by 
the MMA content in the polymeric structures. At low 
concentration, the MMA did not markedly influence the thermal 
properties of the polymers (compare 2a and 2b). An increase of 
the MMA concentration had no influence on the Tg and TLc 
(compare 2b and 2c-€) but reduced the isotropization transition, 
the consequence of which was a reduction of the liquid-
crystalline domain. This result was in agreement with the fact 
that 2f, which contains 90% of MMA monomer, i.e. the highest 
percent of MMA of the described polymers, was found to be 
non-mesomorphic. Finally, polymers 2a-e showed good ther­
mal stability; no decomposition was observed in the liquid-
crystalline state under the applied measurement conditions. 

R. D. acknowledges the Swiss National Science Foundation 
(grant 20-39'485.93) for financial support and for a fellowship 
to F. T. and la Commission Fédérale des Bourses pour Etudiants 
Etrangers for a fellowship to V. I. 

Polymer A* mh Mn
c ML MW/M„ 7yrc rLC'/°c Tfrc 

2a 
b 
c 
d 
e 
f 

1.00 
0.90 
0.80 
0.60 
0.40 
0.10 

1.00 
0.88 
0.78 
0.58 
0.38 
0.12 

74800 
63400 
47 500 
57000 
42000 
64300 

111300 
81700 
60500 
75 800 
53000 
99500 

1.5 
1.3 
1.3 
1.3 
1.3 
1.5 

30 
40 
40 
40 
40 
80 

100 
105 
105 
105 
105 
101/ 

210 
201 
192 
176 
143 

" Tg = glass transition temperature; TLC = liquid-crystalline state 
formation; T-, = isotropization temperature. * x and m = molar fraction of 
monomer 1 in the feed and in the copolymers, respectively. r GPC data 
(THF, Ultrastyragel IO3—104 Â, polystyrene standards).d DSC data (Mettler 
DSC 30 connected to a Mettler-TA 4000 processor; rate: 5 0C min -1; under 
N2; second heating run). e X-Ray data (transition obtained from the 
diffraction pattern registered with a curved counter 'Inel CPS 120' equipped 
with a bent quartz monochromator [Cu-Kct|]; first heating run; approximate 
values)./Melting point (see text), determined by DSC from the first heating 
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ABSTRACT: The synthesis and mesomorphic properties of a methacrylate-containing ferrocene monomer 
bearing two flexible chains at the !,!/-positions and the corresponding side-chain homopolymer are 
described. Both polymer and monomer showed enantiotropic smectic C and smectic A phases. The liquid-
crystalline phases were fully characterized by means of X-ray diffraction experiments. Dilatometrie 
measurements pointed to a head-to-tail molecular arrangement of the monomeric units within the smectic 
A phase. The results described in this report confirm that ferrocene-containing thermotropic side-chain 
liquid-crystalline polymethacrylates respresent a valuable family of metallomesogenic polymers. 

Introduction 

Ferrocene-containing thermotropic side-chain liquid-
crystalline polysiloxanes1 and polymethacrylates2 ob­
tained from either 1,1'- or 1,3-disubstituted ferrocene 
derivatives form a valuable class of metallomesogenic 
polymers (metal-containing liquid-crystalline poly­
mers):3 both structures showed good thermal stability, 
good solubility in common organic solvents, and pro­
nounced mesomorphic character (enantiotropic smectic 
C and/or smectic A phases). The above polysiloxanes 
represented the first metallomesogenic polymers with 
appended mesogenic organometallic units. The corre­
sponding mesomorphic vinyl (—polysiloxanes) and meth-
acrylate (—"polymethacrylates) ferrocene monomers, 
comprising two aromatic rings at each substitution 
position, were synthesized following a stepwise proce­
dure we developed for preparing unsymmetrically di-
substituted low molar mass liquid-crystalline ferrocene 
derivatives.4 Grafting of the vinyl-containing monomer 
onto commercially available polyhydrosiloxanes and 
free-radical polymerization of the methacrylate-contain­
ing monomer were performed following conventional, 
well-established, literature procedures.1,2 

Liquid-crystalline behavior has also been observed for 
polyacrylates prepared from monosubstituted ferrocene 
monomers containing a biphenyl system as a rigid rod.5 

Direct comparison with our own compounds is not 
straightforward because very different structures have 
been investigated in these studies. However, narrower 
mesomorphic ranges were observed for homopolymers 
prepared from the monosubstituted ferrocene mono­
mers.5 This behavior is in agreement with results 
obtained with low-molar-mass compounds which showed 
that large organic rods are required for generating 
favorable intermolecular interactions to thwart the 
steric repulsions resulting from the presence of the 
bulky ferrocene core.6 

Owing to its unique electrochemical properties,7 fer­
rocene represents a unit of choice for developing elec-
troactive mesomorphic polymers. Interestingly, we have 

8 Abstract published in Advance ACS Abstracts, June 1,1997. 

recently shown that electron transfer can be used to 
induce mesomorphism in the ferrocene—ferrocenium 
redox system.8 

The three-dimensional structure9 of ferrocene offers 
multiple possibilities for forming monomeric derivatives. 
Structural modifications of the ferrocene core could be 
used for tuning the liquid-crystalline properties of the 
polymers. To reach this goal, a better undestanding of 
the structure (of monomers and polymers)—mesomorphic 
behavior relationship has to be provided. In other 
words, further structures should be prepared and 
studied. 

The purpose of this report is to present the synthesis 
and characterization of a new methacrylate-based liquid-
crystalline ferrocene monomer 1 and the corresponding 
homopolymer I (Chart 1). The 1,1',3-substitution pat­
tern was selected to explore the influence of polysub-
stitution on the thermal and mesomorphic properties 
of side-chain polymers. Compounds 1 and I represent 
the first trisubstituted ferrocene-containing monomer 
and polymer reported so far. 

Results and Discussion 

Monomer Synthesis. The synthesis of monomer 1 
is outlined in Scheme 1. The key intermediate, the 
trisubstituted ferrocene derivative 5, was prepared in 
three steps from ferrocene (2). Acylation of 2 with 
octanoyl chloride gave diacyl 3, the reduction of which 
led to dialkyl 4. Treatment of the latter with POCI3 and 
DMF furnished aldehyde 5, which was transformed into 
the carboxylic acid derivative 6 by reaction with malonic 
acid. Esterification of 6 with hydroquinone monobenzyl 
ether gave ester 7. Hydrogénation of the latter under 
standard conditions led to phenol intermediate 8, which 
was condensed with 4-(benzyloxy)benzoic acid to give 
benzyl derivative 9. Removal of the benzyl protective 
group under standard hydrogénation conditions yielded 
phenol 10. Finally, esterification of 10 with methacry-
late derivative l l 1 0 gave the targeted monomer 1. The 
latter was purified by column chromatography (silica 
gel; eluent, CHaCVAcOEt 50:1). Its purity and struc­
ture were confirmed by 1H NMR spectroscopy, mass 
spectrometry, and elemental analysis. 

S0024-9297(97)00025-9 CCC: $14.00 © 1997 American Chemical Society 



3760 Deschenaux et al. Macromolecules, Vol. 30, No. 13,1997 

Chart I 

JfH3 

CO 2 - ( C H d t f - O - ^ ^ - C O î - ^ ^ - C O î - ^ ^ - O î C 

CH3 

—(CHa-è^: 
CO2- • (CH2)(T 0 - ^ j > - C 0 2 - < ^ - C 0 2 -

I 

During the preparation of 5, the 1,1',2-trisubstituted 
derivative (see Chart 2) also formed in ca. 10% yield. 
The two isomers could be easily separated by column 
chromatography (silica gel; eluent, CH2Cl2ZAcOEt 100: 
1): the 1,1',2-trisubstituted ferrocene derivative eluted 
first followed by 5. Their structures were identified by 
1H NMR spectroscopy (see Experimental Section) by 
analyzing the resonances of the three protons located 
on the disubstituted Cp ring. In the case of the 1,1',3-
isomer, protons H2,4, which are ortho to the aldehyde 
function, are deshielded with respect to the one in the 
meta position (HLB). For the 1,1',2-isomer, proton H3, 
which is ortho to the aldehyde function, is deshielded 
with respect to the ones in meta positions (!!4,5). Ad­
ditional proof was provided from NOESY experiments. 
For the 1,1',2-isomer, a spatial coupling was observed 
between the proton of the aldehyde function and one 
proton of the CH2 group connected to the Cp ring in 
position 1; as expected, this coupling was absent in the 
case of the 1,1',3-isomer. 

Polymer Synthesis. Polymer I was prepared in 61% 
yield by free-radical polymerization (THF, AIBN, 50 0C, 
40 h, under argon) of monomer 1. The polymer was 
purified by column chromatography (silica gel; eluent, 
CH2CI2), as already described for other systems,11 and 
precipitation in MeOH. The purity of I was confirmed 
by gel permeation chromatography (GPC), which re­
vealed that unreacted monomer and oligomers were 
eliminated during the purification process. Polymer I 
was found to be soluble in common organic solvents such 
as THF, CHCl3, and CH2Cl2. After purification, a 
polydispersity of 1.6 was obtained (Table 1). 

Liquid-Crystalline Properties. The mesomorphic 
properties were investigated by a combination of polar­
ized optical microscopy (POM), differential scanning 
calorimetry (DSC), and X-ray diffraction studies. The 
thermal and liquid-crystalline data of monomer 1 and 
polymer I are listed in Table 1. 

Monomer. By DSC (second heating run), a Tg was 
obtained at - 3 2 0C followed by an exotherm at 20 0C 
(AH = 22.9 kJ mol -1), indicating that cold crystallization 
occurred. Two endothermic peaks, indicative of meso­
morphic behavior, were obtained at 32 and 88 0C. 

Polarized optical miscroscopy supported the DSC 
data. Melting of the sample at 32 °C led to the 
formation of a smectic C phase, which transformed into 
a smectic A one a t 55 0C. The transition a t 88 0C 
corresponded to the isotropization temperature. No 
endotherm was detected by DSC at 55 °C, indicating a 
second-order character of the smectic C-to-smectic A 
transition. The mesophases were identified from then-
optical textures: the smectic C phase gave broken focal-
conic and schlieren textures, and the smectic A phase 
presented a focal-conic texture and homeotropic areas. 

The nature of the smectic C and smectic A phases was 
confirmed by X-ray diffraction analysis. Diffraction 
patterns typical of disordered smectic phases were 
recorded over the entire liquid-crystalline domain: a 
sharp diffraction peak was obtained at the small-angle 
region, and a diffuse one was detected at the wide-angle 
region. 

Figure 1 shows the variation of the d-layer spacing 
as a function of temperature recorded on cooling the 
sample from the isotropic liquid. The d-layer spacing 
slightly increased from 52.0 (70 0C) to 52.5 À (56 0C) 
and then decreased to 49.1 A (30 0C). This behavior 
was in agreement with smectic A and smectic C phases. 

From CPK molecular models, a molecular length L 
of ca. 49 Â was measured for 1 in the fully extended 
conformation. This value was significantly smaller than 
the tf-layer spacing obtained within the smectic A phase 
(52.3 ± 0.2 A at 60 0C). 

To explain the discrepancy between the two values 
(49 and 52.3 Â), high resolution dilatometrie measure­
ments12 were carried out, and the molecular area S, 
which represents the ratio between the molecular 
volume and the d-layer spacing, was determined (Figure 
2): a value of 28.0 Ä2 was obtained at 60 0C. 

Within the smectic A phase, the molecular area S is 
equal to a (average molecular area in a plane perpen­
dicular to the director) and corresponds to the bulkiness 
of the rigid core. A reasonable assumption for the 
molecular organization within the smectic A phase is 
to consider an aleniate up and down packing (Figure 
3). Thus, the area occupied by two aromatic cores 
should be the same as the one occupied by three 
aliphatic chains. Therefore, the experimentally deter­
mined a value has to be compared to the transverse area 
of 1.5 fully stretched molten aliphatic chains leading to 
a a value of 1.5 x 21.9 = 32.9 Â2 (the value a = 21.9 A2 

was obtained a t 60 0C from specific volume measure­
ments in liquid paraffins12-14 and verified for tereph-
thal-bis(4-n-decylaniline)16). The discrepancy between 
the two areas (28.0 and 32.9 À2) means that the actual 
aliphatic sublayer thickness is larger than the length 
of the stretched chains, which implies that the position 
of neighboring rigid cores is shifted along the director. 
Such an organization leads to a calculated overall layer 
thickness of 53.2 À,16 which is in good agreement with 
the experimental value (see above). 

The presence in the X-ray patterns of a diffuse 
reflection centered at ca. 10.0—10.5 A, in addition to the 
one centered at ca. 4.5—5.0 Ä, indicated the presence of 
a repetition distance which corresponded to two molec­
ular rows within the layers; this result confirms the 
alternate up and down packing presented in Figure 3. 

X-ray patterns (Figure 4) of a sample which could be 
oriented by crossing the isotropic-to-smectic A transition 
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Scheme 1° 

Fe 
<^> 65% 
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11 

Fe 

^ ^ - C B H 1 7 

8 

75% 

96% 

10 

79% 

0 (a) Octanoyl chloride, AlCl3, CH2Cl2, reflux, 2 h. (b) LiAlH4, AlCl3, diethyl ether, O 0C, 15 min. (c) DMF, POCl3, CH2Cl2, reflux, 
18 h. (d) Malonic acid, piperidine, pyridine, heat, 5.5 h. (e) Hydroquinone monobenzyl ether, iV^-dicyclohexyl<Ärbodümide (DCC), 
4-pyrrolidinopyridine (4-ppy), CH2Cl2, rt, 3 h. (f) H2, Pd/C, CH2Cl2, rt, 10 h. (g) 4-(Benzyloxy)benzoic acid, DCC, 4-ppy, CH2Cl2, rt, 
3 h. (h) H2, Pd/C, CH2Cl2, rt, 20 h. (i) DCC, 4-ppy, CH2Cl2, rt, 3 h. 

in a magnetic field of 1.4 T confirmed that both diffuse 
reflections corresponded to repetition distances within 
the layers (the arcs and circles being respectively the 
4.5—5.0 and 10.0—10.5 Â reflections described above). 
By crossing the smectic A-to-smectic C transition, the 
director remained aligned in the field direction and the 
layer normal tilted from it. The tilt angles (xf>) could be 
determined from the X-ray pattern of the oriented 
sample; the values obtained were in agreement with 
those determined through the relation cos V = dcld&., 
dc and d\ being the layer spacings in the smectic C and 

smectic A phases obtained from a powder sample. The 
variation of ip as a function of temperature is given in 
Figure 5. 

Polymer. By DSC (second heating run), two endot-
herms were detected at 154 and 185 0C. On cooling, 
reversible transitions were obtained. 

Observation of I by POM supported the DSC data. 
A biréfringent and viscous melt appeared above ca. 100 
0C, the optical texture of which transformed at 154 °C, 
leading to homeotropic areas. The transition at 185 °C 
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Table 1. Properties of the Investigated Monomer and 
Polymer 

Monomer 1 

Tt 

-32 

phase transitions" ("C) 

K/Sc 

32 (22.6) 

Polyme 

analytical data0 

M„ Mn MJMn 

S^SA6 

55 

r i 

phase transi 

Tg S0ZSA 

SA// 

88 (3.6) 

äons" ("C) 

SA// 

100 000 63 000 1.6 154 (2.9) 185 (1.2) 
" Tg — glass transition temperature, K = crystalline state, Sc = 

smectic C phase, SA = smectic A phase, I — isotropic liquid; onset 
values taken from the second heating run; enthalpy changes of 
the monomer (in kJ mol-1) and the polymer in J g_l) are given in 
parentheses. * Determined by polarized optical microscopy. c De­
termined by gel permeation chromatography. d Not detected. 

Figure 1. Variation of the d-layer spacing as a function of 
the temperature of monomer 1. 

50 
T (0C) 

Figure 2. Variation of the molecular area as a function of 
the temperature of monomer 1. 

corresponded to the clearing point. Therefore, POM 
indicated the formation of two liquid-crystalline phases 
(referred to as low- and high-temperature liquid-crystal­
line phase). When the sample was slowly cooled from 
the isotropic fluid, homeotropic and focal-conic textures 
were observed for the high-temperature liquid-crystal­
line phase, which was identified as a smectic A phase. 
Modification of the focal-conic texture was noticed on 
further cooling. However, the exact nature of the low-
temperature liquid-crystalline phase could not be iden­
tified on the basis of POM examinations. This is often 
the case for viscous materials which do not allow typical 
liquid-crystalline textures to form.17 

X-ray diffraction studies revealed a disordered smectic 
character for both mesophases: diffractograms consist-

Figure 3. Schematic representation of the head-to-tail orga­
nization of monomer 1 within the smectic A phase. 

>A B 

B 

Figure 4. Schematics of the X-ray patterns obtained with an 
oriented .sample of monomer 1 in the smectic A and smectic C 
phases (B is the direction of the magnetic field); see text for 
details. 

20-

50 
T (0C) 

Figure 5. Variation of the tilt angle as a function of the 
temperature of monomer 1. 

ing of two sharp peaks in the low-angle region and a 
diffuse one in the wide-angle region were recorded from 
180 0C to room temperature. Therefore, the polymer 
retained the layered smectic organization at room 
temperature. 

The variation of the d-layer spacing as a function of 
temperature was recorded on cooling the sample from 
the isotropic liquid (Figure 6). Two distinct regions were 
observed: the first one from the isotropic fluid to ca. 
160 0C, in which the d-layer spacing increased to reach 
a maximum value of 67.5 A, and a second one from 160 
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Figure 6. Variation of the d-layer spacing as a function of 
the temperature of polymer I. 

Fibre axis 

2\|/ 

Figure 7. X-ray diffraction pattern of the smectic C phase of 
an oriented fiber polymer sample. 

0C (59 Â) to 30 0C (57.5 À), in which the d-layer spacing 
slightly decreased. The variation of the d-layer spacing 
indicated the presence of two smectic phases and 
confirmed the POM observations. Two d-values were 
obtained between 160 and 165 0C, revealing the coexist­
ence of the two mesophases. 

The temperature dependence of the d-layer spacing 
as a function of temperature strongly suggested that the 
low-temperature phase was smectic C in nature and the 
high-temperature phase was smectic A in nature. 
Contrary to monomer 1, polymer I gave a first-order 
smectic C-to-smectic A transition. 

The tilted nature of the low-temperature phase was 
confirmed from X-ray diffraction patterns recorded at 
room temperature for fibers pulled from the isotropic 
melt (near the clearing temperature) (Figure 7). The 
preferential stretching direction is parallel to the fiber 
axis and the layer normal perpendicular to the fiber 
axis. Consequently, the layer stacking reflections lie 
on a line perpendicular to the fiber axis and the diffuse 
reflections at ca. 4.5 À lie on two lines tilted with respect 
to the fiber axis by the tilt angle between the director 
and the layer normal. Unfortunately, because of dis­
orientation phenomena, no fiber patterns could be 
obtained above 80 0C. 

Finally, the thermal stability of I was investigated 
by thermogravimetry. No decomposition was detected 
up to ca. 300 0C. Weight loss of 1, 5, and 10% was 
determined at 325, 345, and 352 0C, respectively. 

The results described in the present report are of 
particular interest considering the current attention 
devoted to metallomesogenic polymers3 and, in a more 
general sense, metallomesogens.6-18 Firstly, a simple 
and efficient synthetic route was developed to synthesize 

1,1',3-trisubstituted ferrocene-containing liquid-crystal­
line monomers. Owing to the numerous substituents 
which can be used to derivatize the ferrocene unit,6 such 
a substitution pattern leads the way to novel and most 
promising structures. Secondly, as compared to a 
previously published l,l '-disubstituted methacrylate-
containing ferrocene monomer (UKSA. 117 0C; SA// , 130 
0C),2 compound 1 shows mesomorphic behavior near 
room temperature and a broad anisotropic range. This 
interesting combination of thermal and liquid-crytalline 
behavior is a consequence of the association of two 
flexible alkyl chains, which decrease the crystallization 
tendency, with a large organic rod, the presence of which 
is indispensable to thwart the steric repulsions of the 
bulky, three-dimensional, ferrocene core. Depression of 
transition temperatures consequent to the attachment 
of an alkyl chain to a ferrocene nucleus bearing a rigid 
organic rod was already observed (compare the thermal 
properties of monosubstituted ferrocene derivative 32 
with those of corresponding alkyl derivatives 33 and 34 
in ref 19) and is therefore in agreement with our own 
observations. 

Polymer I has essential properties (good solubility in 
common organic media, good thermal stability, pro­
nounced mesomorphic tendency) and makes such a 
structure an interesting material. The incorporation of 
1 into a polymeric stucture strongly stabilized the liquid-
crystalline phases (compare the clearing points of 1 and 
I). This result is in agreement with literature data.20 

The results obtained for monomer 1 and polymer I 
and those we already reported2 clearly prove that 
structural engineering can be used for tuning thermal 
and mesomorphic properties of ferrocene-containing 
monomers and related polymers. Finally, taking into 
account that the redox behavior of substituted ferrocene 
derivatives strongly depends on the nature and number 
of substitutents,7 structural modifications can also be 
used to design mesomorphic polymers with tailor-made 
electroactive properties. 

Conclusions 

A trisubstituted methacrylate-containing mesogenic 
ferrocene monomer and the related side-chain liquid-
crystalline homopolymer have been synthesized and 
their thermal and mesomorphic properties investigated 
by a combination of differential scanning calorimetry, 
polarized optical microscopy, thermogravimetry, and 
X-ray diffraction studies. Both monomer and polymer 
showed enantiotropic smectic C and smectic A phases. 
Owing to its three-dimensional structure, which offers 
multiple possibilities for forming derivatives by chang­
ing the nature, number, and position of the substituents, 
ferrocene is a promising organometallic unit for design­
ing metallomesogenic polymers with tailor-made meso­
morphic properties. 

Experimental Section 

Materials. Diethyl ether (LiAlBU, under N2), CH2Cl2 (P2O5, 
under N2), and THF (sodium, benzophenone, under N2) were 
distilled prior to use. Hydroquinone monobenzyl ether (Fluka, 
99%), malonic acid (Fluka, 98%), N,iV-dicyclohexylcarbodiim-
ide (Fluka, 99%), 4-pyrrolidinopyridine (Aldrich, 98%), anhy­
drous AlCl3 (Fluka, 99%, puriss p.a.), LiAlH4 (Fluka, 97%), 
DMF (SDS, analytical grade, 99.8%), POCl3 (Fluka, 98%), 
octanoyl chloride (Fluka, 99%), and ferrocene (Chemische 
Betriebe Pluto/Veba OeI) were used as received. Pyridine 
(Fluka, 99.8%) and piperidine (Fluka, 99%) were stored on 4 
A molecular sieves. o^a'-Azoisobutyronitrile (Fluka, 98%) was 
crystallized from CH3OH prior to use. 4-(Benzyloxy)benzoic 
acid was synthesized in two steps from methyl 4-hydroxyben-
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zoate and benzyl bromide [(1) K2CO3, DMF, 120 0C for 3 h; 
crystallization from EtOH/THF. (2) Treatment in alkaline 
solution (KOH, EtOHZH2OZTHF), reflux, cooled to room tem­
perature, acidified with HCl (5 N); crystallization from EtOH/ 
hexane]. Methacrylate derivative 11 was synthesized follow­
ing a literature procedure.10 

Techniques. Column chromatography: silica gel 60 (0.060-
0.200 mm, SDS). Transition temperatures (onset point) and 
enthalpies were determined with a differential scanning 
Mettler DSC 30 calorimeter connected to a Mettler TA 4000 
processor, under N2, at a rate of 10 0C min-1; data treatment 
used Mettler TA72.2/.5 GRAPHWARE; for 1 and I, second 
heating run; for 3, 7, 9, and 10, first heating run. Thermo-
gravimetry analyses were performed with a Mettler TG 50 
thermobalance connected to a Mettler TA 4000 processor at a 
rate of 10 "C min -1 . Optical studies were conducted using a 
Zeiss-Axioscop polarizing microscope equipped with a Linkam-
THMS-600 variable-temperature stage, under N2. Gel per­
meation chromatography (GPC) was performed with a WA­
TERS 510 instrument connected to a WATERS 410 differential 
refractometer (Ultraslyragel IO3—IO* columns calibrated with 
polystyrene standards; eluent, THF, 1 mL min -1; T = 35 0C; 
treatment of data used Baseline 510 software). 1H NMR 
spectra were recorded on a Varian GEMINI 200 spectrometer 
or a Bruker AMX 400 spectrometer, with the solvent as an 
internal standard. Mass spectra (chemical ionization, NH3) 
were recorded on a Nermag R 30.10 spectrometer. Elemental 
analyses were done by Mikroelementaranalytisches Labora­
torium ETH-Zurich or Ciba (Marly, Switzerland). Polymeri­
zation reactions were performed using Schlenk techniques 
under an inert Ar atmosphere. 

X-ray Diffraction Studies, (a) Powder Samples. The 
crude powder was placed in Lindemann capillaries, and a 
linear monochromatic Cu-Ka beam obtained with a sealed-
tube generator and a bent quartz monochromator was used. 
The diffraction patterns were registered either with a curved 
proportional detector "Inel CPS 120" or photographically. In 
general, the position of the second-order reflection in the small-
angle region was used to determine the layer spacing. The 
temperature was controlled within ±0.05 0C. 

(b) Oriented Samples. Fibers of the molten polymer were 
drawn (at a temperature close to the clearing point), bundled, 
and placed in a Lindemann capillary. For the monomer, the 
filled capillary was introduced into a magnetic field of 1.4 T 
and the sample was oriented by crossing many times the 
isotropic liquid-to-smectic A transition. The samples were 
illuminated by a pinhole Cu-Ka beam passing through a Ni-
filter from a GX-20 Eliott rotating anode X-ray generator. The 
patterns were registered photographically, and the tempera­
ture was controlled within ±0.3 0C. Dilatometrie measure­
ments were performed with a high-precision home-made 
apparatus with an automatic computer-controlled operation, 
including data acquisition and temperature control within 
±0.03 0C; relative variations of the specific volume could be 
detected with a resolution of 10_2%, and its absolute value 
could be determined with an accuracy of 10-1%. 

Abbreviations. Ar,AT-Dicyclohexylcarbodiimide = DCC; 
4-pyrrolidinopyridine = 4-ppy; dimethylformamide = DMF; 
a,a'-azoisobutyronitrile = AIBN. 

Synthesis. l ,l'-Dioctanoy!ferrocene (3). A mixture of 
AlCl3 (53.2 g, 0.40 mol) and octanoyl chloride (63.5 g, 0.39 mol) 
in CH2Cl2 (500 mL) was added to a stirred solution of ferrocene 
(2) (37.2 g, 0.20 mol) in CH2Cl2 (750 mL). The mixture was 
stirred under reflux for 2 h, cooled to room temperature, and 
poured onto ice. The organic layer was separated, dried 
(MgSO4), and evaporated to dryness. Purification of the 
residue by column chromatography (hexane/AcOEt 10:1) and 
crystallization from hexane gave pure 3 (57.0 g, 65%). Mp = 
60 0C. 1H NMR (200 MHz, CDCl3) ô 4.77 (t, 4 H, HCp), 4.48 
(t, 4 H, HCp), 2.65 (t, 4 H, CH2CO), 1.73-1.65 (m, 4 H, CZZ2-
CH2CO), 1.59-1.31 (m, 16 H, aliphatic CH2), 0.90 (t, 6 H, CH3). 
Anal. Calcd for C26H38O2Fe (438.43): C, 71.23; H, 8.74. 
Found: C, 70.96; H, 8.62. 

l,l'-Dioctylferrocene (4). To a suspension OfLiAM4 (5.8 
g, 0.15 mol) and diethyl ether (400 mL) cooled to 0 0C and 
kept under N2 was added portionwise AlCl3 (20.4 g, 0.15 mol). 
A solution of 3 (30.0 g, 0.068 mol) in diethyl ether (200 mL) 
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was added. The mixture was stirred for 15 min and cautiously 
poured onto ice. The organic layer was separated and the 
aqueous phase extracted with diethyl ether. The organic 
layers were combined, washed successively with a saturated 
aqueous NaHCO3 solution and a saturated aqueous NaCl 
solution, dried (MgSO4), and evaporated to dryness. Purifica­
tion of the residue by column chromatography (hexane) gave 
pure 4 (27.0 g, 97%, oü). 1H NMR (200 MHz, acetone^e) d 
3.97 (s, 8 H, HCp), 2.35 (t, 4 H, CH2Cp), 1.55-1.47 (m, 4 H, 
CH2CH2Cp), 1.30 (br s, 20 H, aliphatic CH2), 0.89 (t, 6 H, CH3). 

l,l'-Dioctylferrocene-3-carboxaldehyde (5). To a solu­
tion of 4 (22.0 g, 0.054 mol) in CH2Cl2 (150 mL) heated under 
reflux was added dropwise a solution of POCl3 (20.5 g, 0.134 
mol) and DMF (17.4 g, 0.238 mol) in CH2Cl2 (50 mL). The 
solution was stirred under reflux for 18 h, cooled to room 
temperature, and poured onto ice. K2CO3 (80 g) was added 
portionwise, and the mixture was stirred for 1 h. Diethyl ether 
(100 mL) was added and the organic layer separated. The 
aqueous phase was extracted with diethyl ether (2 x 50 mL). 
The organic layers were combined, washed with water, dried 
(Na2SO4), filtered, and evaporated to dryness. Purification of 
the residue by column chromatography (CH2Cl2ZAcOEt 100: 
1) gave pure 5 (15.0 g, 63%, oil). 1H NMR (400 MHz, CDCl3) 
Ó 9.87 (s, 1 H, CHO), 4.61 (dd, J 0 = 2.6 Hz, Jm = 1.3 Hz, 1 H, 
H4), 4.58 (t, Jm = 1.3 Hz, 1 H, H2), 4.42 (dd, J„ = 2.5 Hz, Jm = 
1.5 Hz, 1H, H6), 4.09-4.04 (m, 4 H, HCp), 2.42-2.30 (m, 2 H, 
CZf2Cp(CHO)), 2.23 (m, 2 H, CH2Cp), 1.56-1.48 (m, 2 H, CH2-
CH2Cp(CHO)), 1.45-1.39 (m, 2 H, CZf2CH2Cp), 1.37-1.25 (m, 
20 H, aliphatic CH2), 0.89 (t, 3 H, CH3), 0.88 (t, 3 H, CH3). 
MS: 439(MH+). 

The l,l',2-i8omeric compound (first fraction) was isolated 
in ca. 10% yield (oil). 1H NMR (400 MHz, CDCl3) Ó 10.03 (s, 
1 H, CHO), 4.63 (m, 1 H, H3), 4.42 (m, 1 H, H4), 4.40 (m, 1 H, 
H5), 4.08-4.05 (m, 4 H, HCp), 2.76-2.68 (m, 1 H, CHZfCp-
(CHO)), 2.51-2.44 (m, 1H, CZZHCp(CHO)), 2.21 (m, 2 H, CH2-
Cp), 1.54-1.26 (m, 24 H, aliphatic CH2), 0.88 (t, 6 H, CH3). 
MS: 439(MH+). 

Chart 2 

1,1',2-isomer 

l,l'/3-isomer 

l,r-Dioctylferrocene-3-fran«-propenoic acid (6). A 
solution of 5 (12.0 g, 0.027 mol), malonic acid (4.2 g, 0.04 mol), 
and piperidine (25 drops) in pyridine (25 mL) was stirred at 
55 0C for 4 h and at 110-120 0C for 1.5 h. The solution was 
poured onto a mixture of ice and water, and acidified with HCl 
(2 N). AcOEt was added and the organic layer separated, 
washed with H2O, dried (MgSO4), and evaporated to dryness. 
Purification of the residue by column chromatography (AcOEt) 
gave pure 6 (8.0 g, 62%, oil). 1H NMR (200 MHz, CDCl3) Ò 
7.62 (d, 1 H, vinylic proton), 5.96 (d, 1H, vinylic proton), 4.32 
(m, 2 H, HCp), 4.29 (m, 1 H, HCp), 4.01-3.94 (m, 4 H, HCp)1 

2.34 (m, 2 H, CH2Cp(substituted by the vinylic function)), 2.22 
(m, 2 H, CH2Cp), 1.51-1.27 (m and br s, 24 H, aliphatic CH2), 
0.89 (t, 3 H, CH3), 0.88 (t, 3 H, CH3). MS: 481 (MH+). Anal. 
Calcd for C29H44O2Fe (480.51): C, 72.49; H, 9.23. Found: C, 
72.46; H, 9.40. 

4-(Benzyloxy)phenyl l,l'-Dioctylferrocene-3-frtmg-
propenoate (7). A solution of 6 (4.0 g, 8.3 mmol), hydro-
quinone monobenzyl ether (2.0 g, 10 mmol), DCC (1.85 g, 8.96 
mmol), and 4-ppy (0.13 g, 0.88 mmol) in CH2Cl2 (35 mL) was 
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stirred at room temperature for 3 h. The mixture was filtered 
and evaporated to dryness. Purification of the residue by 
column chromatography (CH2CI2) gave pure 7 (5.0 g, 91%). An 
analytically pure sample was obtained by crystallization from 
hexane. Afp = 63 0C. 1H NMR (200 MHz, ace tone^) ò 7.67 
(d, 1 H, vinylic proton), 7.53—7.33 (m, 5 H, aromatic protons, 
benzyl), 7.07 (m, 4 H, aromatic protons), 6.20 (d, 1 H, vinylic 
proton), 5.14 (s, 2 H, CH2Ph), 4.56 (m, 2 H, HCp), 4.40 (m, 1 
H, HCp), 4.09-3.98 (m, 4 H1 HCp), 2.43 (m, 2 H, CH2Cp-
(substituted by the vinylic function)), 2.29 (m, 2 H, CH2Cp), 
1.61-1.30 (m and br s, 24 H, aliphatic CH2), 0.89 (t, 3 H, CH3), 
0.87 (t, 3 H, CH3). MS: 663(MH+). Anal. Calcd for C42H54O3-
Fe (662.73): C, 76.12; H, 8.21. Found: C, 76.28; H, 8.17. 

4-Hydroxyphenyl l , l ' -Dioctylferrocene-3-propanoate 
(8). A mixture of 7 (4.8 g, 7.24 mmol), Pd(10%)/C (0.5 g), and 
CH2Cl2 (200 mL) was stirred at room temperature under 4.8 
bar of H2 for 10 h. The mixture was filtered and the solvent 
evaporated to dryness. Purification of the residue by column 
chromatography (AcOEt) gave pure 8 (4.0 g, 96%, oil). 1H 
NMR (200 MHz, acetone-d6) ô 8.40 (s, 1 H, OH), 6.94-6.80 
(m, 4 H, aromatic protons), 3.99-3.94 (m, 7 H, HCp), 2.73 (m, 
4 H1 CH2CH2CO2), 2.36 (t, 2 H, CH2Cp), 2.32 (t, 2 H, CH2Cp)1 

1.55-1.30 (m and br s, 24 H, aliphatic CH2), 0.89 (t, 6 H1 CH3). 
MS: 575 (MH+). Anal. Calcd for C35H50O3Fe (574.62): C1 

73.16; H1 8.77. Found: C1 73.17; H, 8.85. 
4-((4-(Benzyloxy)benzoyl)oxy)phenyl l,l '-Dioctylfer-

rocene-3-propanoate (9). A solution of 8 (4.0 g, 7.0 mmol), 
4-(benzyloxy)benzoic acid (1.7 g, 7.4 mmol), DCC (1.54 g, 7.46 
mmol), and 4-ppy (0.11 g, 0.74 mmol) in CH2Cl2 (100 mL) was 
stirred at room temperature for 3 h. The mixture was filtered 
and evaporated to dryness. Purification of the residue by 
column chromatography (CH2Cl2) and crystallization from CH2-
Cl2ZEtOH gave pure 9 (4.1 g, 75%). Mp = 73 0C. 1H NMR 
(200 MHz, acetone-cW <5 8.15 (d, 2 H, aromatic protons), 7.55— 
7.17 (series of m, 11 H, aromatic protons), 5.29 (s, 2 H, CH2-
Ph), 4.02-3.94 (m, 7 H1 HCp)1 2.78-2.72 (m, 4 H1 CH2CH2-
CO2), 2.38 (t, 2 H1 CH2Cp), 2.37 (t, 2 H, CH2Cp), 1.55-1.31 (m 
and br s, 24 H1 aliphatic CH2), 0.88 (t, 6 H1 CH3). MS: 785 
(MH+). Anal. Calcd for C49H60O5Fe (784.86): C1 74.99; H1 

7.71. Found: C, 75.02; H, 7.63. 
4-((4-Hydroxybenzoyl)oxy)phenyll,l'-dioclylferrocene-

3-propanoate (10). A mixture of 9 (4.0 g, 5.1 mmol) and Pd-
(10%)/C (0.4 g) in CH2Cl2 (150 mL) was stirred at room 
temperature under 4.8 bar of H2 for 20 h. The mixture was 
filtered and evaporated to dryness. Purification of the residue 
by column chromatography (CH2Cl2ZAcOEt 10:1) and crystal­
lization from hexaneZEtOH gave pure 10 (3.4 g, 96%). Mp = 
55 °C. 1H NMR (200 MHz, acetone-d6) ô 8.06 (d, 2 H, aromatic 
protons), 7.30 (d, 2 H, aromatic protons), 7.19 (d, 2 H1 aromatic 
protons), 7.01 (d, 2 H1 aromatic protons), 4.02-3.94 (m, 7 H, 
HCp), 2.90-2.72 (m, 4 H, CH2CH2CO2), 2.38 (t, 2 H1 CH2Cp)1 

2.34 (t, 2 H1 CH2Cp), 1.55-1.31 (m and br s, 24 H, aliphatic 
CH2), 0.88 (t, 6 H, CH3). MS: 694 (M+). Anal. Calcd for 
C42H54O5Fe (694.73): C, 72.61; H, 7.83. Found: C, 72.58; H, 
7.82. 

4-[[4-[[4-[[6-[(2-methyl-l-oxo-2-propenyl)oxy]hexyl]oxy]-
benzoy 1] oxy]benzoyl] oxy] phenyl 1,1 '-Diocty Iferrocene-
3-propanoate (1). A solution of 10 (3.1 g, 4.5 mmol), 11(1.5 
g, 4.9 mmol), DCC (1.03 g, 5.0 mmol), and 4-ppy (75 mg, 0.5 
mmol) in CH2Cl2 (40 mL) was stirred at room temperature for 
3 h. The mixture was filtered and evaporated to dryness. 
Purification of the residue by column chromatography (CH2-
Cl2ZAcOEt 50:1) gave pure 1 (3.5 g, 79%). 1H NMR (200 MHz, 
acetone-d6) ô 8.29 (d, 2 H, aromatic protons), 8.16 (d, 2 H1 

aromatic protons), 7.53 (d, 2 H, aromatic protons), 7.38 (d, 2 
H, aromatic protons), 7.22 (d, 2 H1 aromatic protons), 7.14 (d, 
2 H, aromatic protons), 6.07 (m, 1H, vinylic proton), 5.61 (m, 
1 H, vinylic proton), 4.18 (t, 2 H, CH2O2C or CH2OPh)14.16 (t, 
2 H1 CH2O2C or CH2OPh), 4.02-3.94 (m, 7 H1 HCp), 2 .81-
2.73 (m, 4 H, CH2CH2CO2), 2.38 (t, 2 H, CH2Cp), 2.34 (t, 2 H1 

CH2Cp), 1.92 (m, 3 H, CH3C=C), 1.91-1.71 (2 m, 4 H1 CH2-
CH2OPh and CH2CH2O2C), 1.59-1.31 (m and br s, 28 H, 
aliphatic CH2), 0.89 (t, 6 H, CH3). MS: 982 (M+), 983 (MH+). 
Anal. Calcd for C59H74O9Fe (983.07): C, 72.08; H1 7.59. 
Found: C, 71.98; H, 7.51. 

Preparation of Polymer L A solution of monomer 1 
(0.983 g, 1.0 mmol) and AIBN (1.64 mg, 0.01 mmol) in THF (5 
mL) was stirred for 40 h at 50 CC in a thermostated bath. The 
solution was evaporated to dryness. Purification of the residue 
by column chromatography (CH2Cl2) and by precipitation from 
MeOH gave pure I (0.60 g, 61%), as a yellow solid. Anal. 
Calcd for (C59H74O9Fe)n: C, 72.08; H, 7.59. Found: C, 72.07; 
H, 7.59. 
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ABSTRACT: The synthesis, purification, characterization, and liquid-crystalline properties of side-chain 
polysiloxanes bearing mesomorphic 1,1'- or 1,3-disubstituted ferrocene units are reported. The polymers 
were prepared by grafting the appropriate vinyl-containing ferrocene monomer onto commercially available 
poly(hydrosiloxane)s following a standard procedure. The monomers gave smectic A or smectic A and 
smectic C phases depending on the length of the flexible chains connected to the ferrocene unit. X-ray 
diffraction indicated that the polysiloxanes exhibited disordered smectic phases. Variation of the d-layer 
spacing determined for the polymers containing either 100% or 15—18% of the l,l'-disubstituted ferrocene 
monomer (with the longest terminal alkyl chain) revealed the presence of smectic A and smectic C phases. 
Thermogravimetry showed a good thermal stability for the polymers. 

Introduction Chart 1 

Side-chain liquid-crystalline polysiloxanes represent 
a class of interesting materials1 which have found 
important applications in modern technology such as 
in the construction of information storage and ferro­
electric devices1,2 and in nonlinear optics.3 These stud­
ies were made using organic homo- or copolymers. New 
developments may be expected by the introduction of a 
metal center into side-chain liquid-crystalline polysi­
loxanes. The combination of the properties of metals 
(color, polarizability, redox properties) with those of 
mesomorphic polymers (anisotropy, organization) seems 
particularly attractive for elaborating novel electroop-
tical devices. 

If specific properties are to be exploited, the choice of 
the metal, and how it is connected to the polymeric 
structure, are of prime importance. Our interest in the 
search for new metallomesogens4 based on organome-
tallic frameworks5-7 motivated us to consider ferrocene 
as a unit of choice for designing new metallomesogenic 
polymers.8 Indeed, ferrocene-containing liquid crystals 
show good thermal stability, good solubility in common 
organic solvents, and, if appropriately substituted, high 
liquid-crystalline tendency.5 Furthermore, the study of 
new metallomesogenic polymers will lead to important 
fundamental information to further explore and better 
understand the structure—mesomorphic properties re­
lationship for such materials which are still in their 
infancy. 

The successful development of unsymmetrically 1,1'-
and 1,3-disubstituted mesomorphic ferrocene deriva­
tives9 provided an access to the synthesis of vinyl-
containing ferrocene monomers. Grafting of these onto 
poly(hydrosiloxane)s following conventional and well-
established procedures was expected to lead to the 
targeted polymers. 

We report, herein, the synthesis, characterization and 
mesomorphic properties of vinyl-containing ferrocene 
monomers 1 and 2 (Chart 1) and of their corresponding 
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Fe 

side-chain polysiloxanes I and H (Chart 2). Preliminary 
results have already been communicated.10 Prior to this 
report,10 no side-chain liquid-crystalline polymers with 
appended mesomorphic organometallic units had been 
described.8 Ferrocene derivative Ic was selected to 
functionalize the poly(hydrosiloxane)s as it showed the 
highest liquid-crystalline tendency among the investi­
gated monomers 1 (see below). As for monomer 2, which 
led to higher melting and clearing points compared to 
the l,l'-isomeric structure (see below), only a copolymer 
with a low ferrocene monomer content (15—18%) was 
synthesized; polymers with higher contents of the 
ferrocene moieties may exhibit too high clearing points 
and, consequently, decompose before reaching the iso­
tropic liquid. 

Results and Discussion 

Monomer Synthesis. Monomers la—c were pre­
pared following the synthetic strategy described in 
Scheme 1. Ferrocene-l,l'-dicarboxylic acid chloride (3) 
was reacted with benzyl alcohol to give monoester 4. 
Treatment of the latter with oxalyl chloride (—5) fol­
lowed by condensation with phenol derivatives 6 (n = 
12, 18) led to 7 (re = 12, 18). Removal of the benzyl 
protective group under standard hydrogénation condi­
tions gave acids 8 (n = 12,18), which were transformed 
with oxalyl chloride into the corresponding acid chlo-

)0 © 1998 American Chemical Society 
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1a-c 
a Key: (a) benzyl alcohol, triethylamine, CH2Cl2, rt, 42%; (b) oxalyl chloride, pyridine, CH2Cl2, reflux, 100%; (c) Et3N, CH2Cl2, 

reflux, 88% (for n = 18); (d) H2, Pd/C, CH2Cl2ZEtOH, rt, 87% (for n = 18); (e) oxalyl chloride, pyridine, CH2Cl2, reflux, 87% (for n 
= 18); (f) triethylamine, CH2Cl2, reflux, 70% (for le, m = 9, n = 18). 

rides 9 (n = 12,18). Finally, esterification of 9 (n = 12, 
18) with phenol derivatives 10 (m = 6, 9), containing 
the vinylic function, gave the targeted monomers 
l a - c . 

Monomer 2 was prepared following the alternate 
procedure outlined in Scheme 2. Ferrocene-l,3-dicar-
boxylic acid chloride (11) was treated with phenol 
derivative 6(/1 = 18) to give acid intermediate 12, which 
was converted with oxalyl chloride to the corresponding 

acid chloride 13. Condensation of the latter with 10 
(m = 9) furnished the desired monomer 2. 

Polymer Synthesis. Polymers I a - d and II were 
prepared by grafting either monomer Ic (—Ia-d) or 2 
(—II) onto the appropriate poly(hydrosiloxane) (14a— 
d) adapting a literature procedure11 (Scheme 3). The 
progress of the reaction was monitored by following the 
decrease of the S i - H bond peaks by 1H NMR (4.7 ppm, 
CDCI3) and IR (2160 cm -1) spectroscopy. Dissolution 
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Scheme 2° 
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H O 2 C - ^ Q > - C O 2 - ^ ^ - C O 2 - ^ _ ^ - O C 
18^37 

Fe 

12 

cicx;-^^>-<02-4_^co2-^A--ocieHs 
Fe 

13 
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" Key: (a) benzene, 6 (n = 18, see Scheme 1), pyridine, 
reflux, 26%; (b) oxalyl chloride, pyridine, CH2Cl2, reflux, 84%; 
(c) CH2Cl2, 10 (m = 9, see Scheme 1), triethylamine, reflux, 
62%. 

Scheme 3" 
a (X = 1.0), b (x =0.50-0.55) 
C (X = 0.30-0.35). d (x = 0.15-0.18) 

I 

Ic 

CH3 CH3 

(CH3J3SiO-f-SiO-)- /-{-^iO-)-Si(CH3J3 

CH, 1"X H * 

14 a (X= 1.0), b (X=0.50-0.55) 
e (x = 0.300.35), d (x = 0.15-0.18) 

Il (X = 0.15-0.18) 

- Key: (a) toluene, PtCl2(I^-C8Hi2), 70 0C, 32% (for Ia). 

of the crude material in CH2CI2, precipitation with 
MeOH, and recovery by centrifugation led to pure 
polymers: Gel permeation chromatography (GPC) re­
vealed that unreacted monomers and low-molecular 
weight oligomers were removed during the purification 
process. 

The molecular weights (Table 1) of polymers I and II 
were determined, on one hand, by GPC and, on the other 
hand, by 1H NMR spectroscopy taking into account the 
percent of substitution present in the starting polymer12 

(calculated by comparing the signal intensity of the 
methyl groups anchored onto the polymer backbone with 

Table 1. Molecular Weights and Molecular Weight 
Distributions of Investigated Polymers 

polymer 

Ia 
Ib 

Ic 

Id 

II 

molecular 
weight 

of starting 
polysiloxanes' 

2270 
900-1000 

2000-2100 

2000-2500 

2000-2500 

cal cd 
molecular 

weight 

37 500 
max: 8800 
min: 6400 
max: 13 100 
min: 10 800 
max: 9100 
min: 6400 
max: 9100 
min: 6400 

% 
grafting* 

90 
100 

100 

100 

100 

MJ M / 

31 300 23 100 
26 100 18 600 

29 700 20 400 

24 800 17 900 

33 300 22 900 

MJMn 

1.4 
1.4 

1.5 

1.4 

1.6 

° Given by the supplier. 6 By 1H NMR spectroscopy (see main 
text).c Data obtained by gel permeation chromatography. 

Table 2. Phase Transition Temperatures and Enthalpy 
Changes of Investigated Monomers 

monomer 

l a 

l b 

I c 

2 

transition" 

K - I 
( I - S A ) C 

K - S A 
( S C - S A ) " 
S A - I 
K - S C 
S C - S A * 
S A - I 
K - S A 
( S C - S A ) " 
S A - I 

71CC)6 

144 
137 
135 
117 
145 
124 
134 
149 
164 
161 
198 

Atf(kJ/mol) 

57.3 
d 
55.0 

10.8 
44.3 

12.6 
38.8 

11.0 
0 K = crystalline state, Sc = smectic C phase, SA = smectic A 

phase, I = isotropic liquid. * Note that the transition temperatures 
reported in our preliminary communication10 (i.e. for Ic and 2) 
were determined on a Mettler DSC 30 calorimeter connected to a 
Mettler TA 3000 processor and corresponded to the peak transi­
tions (see Experimental Section: Techniques).c Monotropic transi­
tion. d Not determined (peak overlap with the crystallization 
transition).e Determined by polarized optical microscopy. 

that of the terminal CH3 in the ferrocene-containing 
monomelic units) and the number of methylhydrosilox-
ane units (CH3SiH). 

The percentage of monomer grafting determined 
revealed that the reaction occurred with a good yield 
(90%) for homolymer Ia and quantitatively for copoly­
mers Ib-d and U. With the exception of homopolymer 
Ia, the molecular weights calculated by NMR are 
smaller than those determined by GPC. This discrep­
ancy arises from the fact that polystyrene standards 
were used to calibrate the GPC columns. The molecular 
weights obtained from both techniques cannot be com­
pared. 

Molecular weights distribution (M1JMn) (Table 1) 
ranging from 1.4 to 1.6 were obtained after purification. 

Mesomorphic Properties. The mesomorphic prop­
erties were investigated by a combination of polarized 
optical microscopy (POM), differential scanning calo-
rimetry (DSC), and X-ray diffraction (XRD). The ther­
mal and liquid-crystalline data of the monomers (1 and 
2) and polymers (I and II) are listed in Tables 2 and 3, 
respectively. 

Monomers. Ferrocene derivative l a having the 
shortest flexible chains gave a monotropic smectic A 
phase. Monomer l b led to an enantiotropic smectic A 
phase and a monotropic smectic C one. As for Ic, 
bearing the longest alkyl chains, it showed enantiotropic 
smectic C and smectic A phases. Ferrocene derivative 
2 gave an enantiotropic smectic A phase and a mono­
tropic smectic C one. Higher melting and clearing 
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Table 3. Phase Transition Temperatures of Investigated 
Polymers 

polymer 

Ia 

Ib 

Ic 

Id 

II 

transition" 

rm 
Tc 
Tm 

Tc 
Tn, 
Tc 
Tn, 
Tc 

Tn, 
Tc 

T(0C)6 

136 
183 
127 
173 
118 
163 
120 
159 

139 
200 

AHU/g) 

11.0 
9.7 
9.4 
8.4 
7.3 
7.4 

14.4 
1.4 

6.9 
1.2 

liq-crystalline behavior0 

S 0 - S A : 140 0C 
(by X-ray diffr) 

smectic A phase (by X-ray 
diffr) 

smectic A phase (by X-ray 
difir) 

S C - S A : 151 °C (1.4 J/g) 
(by DSC, polarized optical 
microscopy and X-ray 
diffr) 

smectic A and/or smectic C 
phase(s) (by X-ray 
diffr) 

0 Tn, = melting point, T0 = clearing point, Sc = smectic C phase, 
SA = smectic A phase. 6 Note that the transition temperatures 
reported in our preliminary communication10 (i.e. for Ia and II) 
were determined on a Mettler DSC 30 calorimeter connected to a 
Mettler TA 3000 processor (see Experimental Section: Tech­
niques). 

points were observed for 2 than for its isomeric analogue 
Ic . The influence of the substitution pattern on the 
thermal properties can be explained from the X-ray 
crystal structure obtained for a 1,3-disubstituted fer­
rocene derivative,13 which revealed that such a substi­
tution pattern leads to a highly anisotropic structure 
compared to the "step" structure of ferrocene derivatives 
substituted in the l,l'-positions.14 

The liquid-crystalline phases were identified by POM. 
On cooling of the samples from the isotropic melt, 
textures typical of smectic A (focal conic fan texture and 
homeotropic areas) (for la—c and 2) and smectic C 
(broken focal conic fan and schlieren textures) (for lb ,c 
and 2) phases were observed. 

The liquid-crystalline phases of I c and 2, which were 
used for preparing the side-chain polysiloxanes I and 
BE, were characterized by XRD. For both monomers, 
diffraction patterns typical of disordered smectic phases 
were recorded and showed two sharp reflection peaks 
(1:2 ratio) in the small-angle region and a diffuse band 
in the wide-angle region. The rf-layer spacing was 
calculated for both monomers in the smectic A phase 
and was found to be 59.8 À (at 135 0C) for I c and 57.1 
À (at 175 "C) for 2. From CPK molecular models, a 
molecular length L of ca. 68.5 Â was measured for I c 
and 2 in their fully extended conformation. From these 
values, d/L ratios of 0.87 and 0.83 were obtained for I c 
and 2, respectively. The discrepancy between the d and 
L values suggested a monomolecular organization of I c 
and 2 within the smectic A phase with a pronounced 
disorganization of the alkyl chains. Such an arrange­
ment is in agreement with low-molar mass ferrocene-
containing thermotropic liquid crystals we previously 
investigated.15 

Polymers. All the polymers exhibited liquid-crystal­
line properties. Their melting and clearing points were 
determined by DSC and POM. Interestingly, polymer 
Id gave an additional endotherm which was indicative 
of the presence of two liquid-crystalline phases. Crystal-
to-crystal transitions were detected for I a - c . In the 
case of Ia—c and II, the liquid-crystalline phases could 
not be identified by POM. This is often the case for 
polymers owing to their viscosity which prevents the 
development of typical textures. In some cases, a focal-
conic texture was observed and indicated a smectic 
nature of the liquid-crystalline phase(s). For Id, on 
cooling slowly the sample from the isotropic fluid, the 

100 120 140 160 180 

T (0C) 

Figure 1. Variation of the d-layer spacing of polymer Ia as a 
function of temperature.16 
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Figure 2. Variation of the d-layer spacing of polymer Id as 
a function of temperature. 

formation of bâtonnets, which then transformed into a 
focal-conic fan texture, was clearly noticed. Homeotro­
pic areas were also observed. On further cooling (i.e. 
after the second transition), a schlieren texture formed 
from the previous homeotropic areas, and the focal-conic 
fan texture transformed into a broken focal-conic fan 
texture. From these observations, the liquid-crystalline 
phases of Id were identified as smectic A (high-temper­
ature mesophase) and smectic C (low-temperature me-
sophase) phases. 

Comparison of the melting and clearing points in 
series I and between Id and II showed the influence of 
the monomer content and structural isomerism on the 
thermal properties. First, decreasing the content of the 
mesogenic ferrocene monomer lowered both the melting 
and clearing points. Second, as expected from the 
results obtained for monomers I c and 2 (see above), 
incorporation of the 1,3-disubstituted ferrocene units 
onto the polymer led to a broadening of the liquid-
crystalline domain. 

The liquid-crystalline phases exhibited by I and II 
were investigated by XRD. Diffractograms typical of 
disordered smectic A and/or smectic C phases, charac­
terized by two sharp diffraction peaks (1:2 ratio) in the 
low-angle region and a diffuse one in the wide-angle 
region, were recorded. The d-layer spacing was deter­
mined as a function of temperature for I on cooling the 
sample from the isotropic melt. For Ia (Figure 1) and 
Id (Figure 2), the variation of the layer thickness 
showed two regimes typical of smectic A (high-temper­
ature liquid-crystalline phase) and smectic C (low-
temperature liquid-crystalline phase) phases. These 
data supported the POM observations in case of Id. For 
Ib,c, the layer spacing was found to be nearly indepen­
dent of temperature (not shown here) indicating that 
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Figure 3. Variation of the d-layer spacing of polymers la—d 
as a function of the monomelic molar ratio at 150 0C. 

the mesophase observed for these two copolymers was 
smectic A in nature. 

The molecular organization of the mesomorphic units 
in the polymeric structure can be deduced by taking into 
account the above X-ray data and the structure of the 
ferrocene core. First, because of the bulkiness of the 
latter, the mesomorphic ferrocene units are, most likely, 
organized in an alternating way leading to a double 
layer (herringbone organization). Second, the ratio of 
the d-layer spacing obtained for polymer Ia (105 Â at 
140 0C)16 and the one of monomer I c (59.8 À at 135 0C) 
within the smectic A phase gives a value of dpoiyme/ 
dmonomer = 1-75, suggesting an interdigitation of the 
layers and a disorganized state (folding, curling) of the 
flexible chains. 

The influence of the monomeric ratio on the inter-
lamellar distance was investigated by determining the 
d-layer spacing of I a - d at 150 0C (Figure 3). Clearly, 
the layer thickness increased with the content of dim-
ethylsiloxane units. This behavior was in agreement 
with literature data17 obtained for other polysiloxanes 
and could be explained in terms of microphase separa­
tions: the amphipatic character between the different 
constituent parts of the polymer leads to a microsegre-
gation in space of the polysiloxane backbone, the 
aromatic units, and the aliphatic chains, respectively. 
The overall layer thickness is the sum of the siloxane 
and mesogenic sublayers; since the smectic order is kept 
with dilution (i.e., there is no significant change in the 
lateral order of the side groups), it can be assumed that 
the increase of the smectic layer thickness corresponds 
mainly to the increase of the polysiloxane sublayer, as 
already reported for other types of liquid-crystalline 
polymers.18 If such, the layer thickness should increase 
linearly as a function of (1 - x)/x, where x is the 
percentage of the ferrocene units. Thus, the slope of 
this linear variation can be estimated to be equal to 
VDMSAS, where VDMS is the volume of one dimethylsi-
loxane unit (ca. 145 A3 at 170 0C)19 and S the molecular 
area of one mesogenic unit. The value found for this 
slope in the present work is about 4 A and leads to an 
S value of about 36 À2. This value can be understood 
from the proposed stuctural model given in Figure 4. 
Indeed, due to the bulkiness of the ferrocene group (ça. 
44 Â2),20 which is about twice that of the classical 
calamitic mesogenic part (ca. 23-26 Â2), two successive 
side groups along the same side of the polymer backbone 
should be shifted along the normal to the smectic layers 
to fill the space efficiently. In such a description, the 
effective molecular area of each side group is about 33 
Â2 (see ref 21) a value which is compatible with the 

Figure 4. Proposed organization of the appended ferrocene 
units anchored onto the polymer within the smectic A phase. 

distance (6.2 À) between the corresponding two silicon 
atoms along the polymer backbone. Finally, it is worth 
noting that such a molecular organization implies that 
the aliphatic chains (spacer and terminal chains) be 
highly disorganized and thus rather spread laterally, 
which is again in agreement with the values of the layer 
spacing observed (smaller than twice the molecular 
length of the monomer in the case of the homopolymer). 

Finally, the thermal stability of polymers I a - d and 
n was examined by thermogravimetry. No decomposi­
tion was detected up to 250 0C, which indicated good 
thermal resistance of the investigated polymeric materi­
als. 

Conclusion 

The above results and those obtained for ferrocene-
containing thermotropic side-chain liquid-crystalline 
polymethacrylates22 and thermotropic liquid-crystalline 
polyferrocenylsilanes23 demonstrate that ferrocene is a 
valuable unit for designing ferrocene-based metallome-
sogenic polymers. Considering the numerous possibili­
ties for functionalizing the ferrocene core,5 the choice 
and positions of substituents may be used for tuning 
and controlling both the thermal and mesomorphic 
properties of such polymeric materials. Furthermore, 
our recent studies devoted to the design and study of 
chiral ferrocene-containing liquid crystals with planar 
chirality9a and ferrocenium-containing thermotropic 
liquid crystals24 open the doors toward the development 
of new polymeric materials presenting interesting prop­
erties. 

Experimental Section 
Materials. CH2CI2 (P2O5, under N2) and toluene (sodium, 

benzophenone, under N2) were distilled prior to use. Benzene 
(Fluka, puriss pa), benzyl alcohol (Fluka, puriss pa), pyridine 
(Fluka, puriss pa), oxalyl chloride (Fluka, purum), and tri-
ethylamine (Fluka, puriss pa) were used as received. Pyridine 
and triethylamine were stored on 4 À molecular sieves. 
Compounds 325 (from ferrocene-l,r-dicarboxylic acid), 6 (n = 
12, 18),26 10 (m = 6, 9),27 and l l2 5 2 8 (from ferrocene) were 
synthesized by following literature procedures. Polyflrydrosi-
loxane)s 14a-d [x = 1.0 (PS 120); x = 0.50-0.55 (PS.122.5); 
* = 0.30-0.35 (PS 123); x = 0.15-0.18 (PS 123.5)] were 
Hüls America Inc. products. Dichloro(l,5-cyclooctadiene)-
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platinum(II) (PtCk(I1S-CsHi2)) was purchased from Strem 
Chemicals Inc. All reactions were carried out under N2. 

Techniques. Column chromatography used silica gel 60 
(0.060-0.200 mm, SDS). Melting points (uncorrected) were 
determined on a Buchi 530 instrument. Transition temper­
atures (onset point for monomers; peak transition for poly­
mers) and enthalpies were determined with a differential 
scanning Mettler DSC 30 calorimeter connected to a Mettler 
TA 4000 processor, under N2, at a rate of 10 °C min - 1 (for lb , 
2 °C min-1) (second heating run); Mettler TA72.2/0.5 GRAPH-
WARE was used for data treatment. Thermogravimetry 
analyses were performed with a Mettler TG 50 thermobalance 
connected to a Mettler TA 4000 processor at a rate of 10 °C 
min -1 . Optical studies were made using a Zeiss-Axioscop 
polarizing microscope equipped with a Linkam-THMS-600 
variable-temperature stage, under N2. Gel permeation chro­
matography (GPC) was made with a Waters 510 instrument 
connected to a Waters 410 differential refractometer. Ul-
trastyragel IO3—IO4 columns were calibrated with polystyrene 
standards (eluent, THF, 1 mL min -1; T= 35 °C; Baseline 510 
software used for data treatment). 1H NMR spectra were 
recorded in CDCI3 on a Varian Gemini 200 spectrometer or a 
Bruker AMX 400 spectrometer, with the solvent as an internal 
standard. IR spectra were recorded on a Perkin-Elmer 1720 
FTIR spectrometer. Elemental analyses were done by Mik-
roelementaranalytisches Laboratorium ETH-Zurich or Ciba 
(Marly, Switzerland). 

X-ray Diffraction Studies. The crude powder was filled 
in Lindemann capillaries, and a linear monochromatic Cu Ka 
beam obtained with a sealed-tube generator and a bent quartz 
monochromator was used. The diffraction patterns were 
registered either with a curved proportional detector "Inel CPS 
120" or photographically. In general, the position of the 
second-order reflection in the small-angle region was used to 
determine the layer spacing. The temperature was controlled 
within ±0.05 0C. 

Synthesis. l'-[(Benzyloxy)carbonyl]ferrocene-l-car-
boxylic acid (4). A solution of benzyl alcohol (3.71 g, 34.3 
mmol) in CH2Cl2 (29 mL) was added dropwise to a stirred 
solution of 3 (10.6 g, 34.1 mmol) and triethylamine (6.89 g, 
68.1 mmol) in CH2Cl2 (1430 mL); the addition was done in 
three times: 50% first, followed by twice 25% at 15 min 
intervals. The mixture was stirred at room temperature for 
a further 4 h and evaporated to dryness. Purification of the 
residue by column chromatograpy (first with 8:2 CH2Cl2ZAcOEt 
to recover the diester and then with 8:2:0.1 CH2Cl2ZAcOEt/ 
AcOH) gave pure 4 (5.26 g, 42%). Mp = 154 °C. 1H NMR 
(200 MHz): ô 7.50-7.34 (m, 5 H, aromatic protons, benzyl), 
5.29 (s, 2 H, CH2Ph), 4.91 (t, 2 H, HCp), 4.83 (t, 2 H, HCp), 
4.47 (t, 2 H, HCp), 4.35 (t, 2 H, HCp). 

l -(Chlorocarbonyl)-l '-[(benzyloxy)carbonyl]ferro-
cene (5). A solution of 4 (2.00 g, 5.50 mmol), oxalyl chloride 
(3.36 g, 26.5 mmol), and pyridine (20 drops) in CH2Cl2 (20 mL) 
was stirred under reflux for 7 h and evaporated to dryness. 
The solid residue was extracted with hot light petroleum until 
the extracts remained colorless. Evaporation of the solvent 
gave 5 (2.10 g, 100%), which was used in the next step without 
further purification. Mp = 70 0C. 1H NMR (200 MHz): Ô 
7.50-7.38 (m, 5 H, aromatic protons, benzyl), 5.29 (s, 2 H, CiZ2-
Ph), 4.96 (t, 2 H, HCp), 4.87 (t, 2 H, HCp), 4.54 (t, 2 H, HCp), 
4.48 (s, 2 H, HCp). 

l-t(Benzyloxy)carbonyl]-l'-{p-{p'-[[(octadecyloxy)-
phenyl ]oxy]carbonyl}[ (phenyloxy)carbonyl]} ferro-
cene (7) (n = 18). A solution of 5 (2.10 g, 5.49 mmol), 6 (n = 
18) (2.65 g, 5.49 mmol), and triethylamine (0.53 g, 5.2 mmol) 
in CH2Cl2 (40 mL) was heated under reflux overnight and 
evaporated to dryness. Purification of the residue by column 
chromatography (50:1 CH2Cl2ZAcOEt) and crystallization (CH2-
Cl2ZEtOH) gave pure 7 (n = 18) (4.0 g, 88%). Mp = 91-92 0C. 
1H NMR (400 MHz): ò 8.23 (d, 2 H, aromatic protons), 7.42-
7.33 (m, 7 H, aromatic protons), 7.13 (d, 2 H, aromatic protons), 
6.94 (d, 2 H, aromatic protons), 5.25 (s, 2 H, CiZ2Ph), 4.95 (t, 
2 H, HCp), 4.91 (t, 2 H, HCp), 4.52 (t, 2 H, HCp), 4.44 (t, 2 H, 
HCp), 3.97 (t, 2 H, CH2O), 1.79 (m, 2 H, CiZ2CH2O), 1.46 (m, 
2 H, CiZ2CH2CH2O), 1.26 (m, 28 H, aliphatic protons), 0.88 (t, 
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3 H, CH3). Anal. Calcd for C50H60O7Fe (828.87): C, 72.45; H, 
7.30. Found: C, 72.48; H, 7.35. 

Compound 7 (n = 12) was prepared from 6 (n = 12) by 
following the above synthetic procedure and gave analytical 
data which were in agreement with its structure. 

l ' - {p-{p ' - [ [ (oc tadecy loxy)phenyl ]oxy]carbonyl} -
[(phenyloxy)carbonyl]}ferrocene-l-carboxylic acid (8) 
(re = 18). A mixture of 7 (n = 18) (6.04 g, 7.29 mmol), 
Pd (10%)ZC (0.6 g) and 2:3 CH2Cl2ZEtOH (500 mL) was 
stirred overnight at room temperature under 4 bar of H2. 
The mixture was filtered and the solvent evaporated to 
dryness. Purification of the residue by crystallization 
(EtOH) gave pure 8 (n = 18) (4.71 g, 87%). Mp = 176-178 
0C. 1H NMR (400 MHz): Ò 8.27 (d, 2 H, aromatic protons), 
7.39 (d, 2 H, aromatic protons), 7.12 (d, 2 H, aromatic 
protons), 6.93 (d, 2 H, aromatic protons), 5.01 (s, 2 H, 
HCp), 4.95 (s, 2 H, HCp), 4.57 (d, 4 H, HCp), 3.96 (t, 
2 H, CH2O), 1.78 (m, 2 H, CiZ2CH2O), 1.46 (m, 2 H, 
CiZ2CH2CH2O), 1.26 (m, 28 H, aliphatic protons), 0.88 (t, 
3 H, CH3). Anal. Calcd for C43H54O7Fe (738.74): C, 69.91; 
H, 7.37. Found: C, 69.89; H, 7.32. 

Compound 8 (n = 12) was prepared from 7 (n = 12) by 
following the above synthetic procedure and gave analytical 
data which were in agreement with its structure. 

l-(Chlorocarbonyl)-l'-{p-{p'-[[(octadecyloxy)phenyl]-
oxy]carbonyl}[(phenyloxy)carbonyl]}ferrocene (9) (re = 
18). A solution of 8 (n = 18) (1.57 g, 2.13 mmol), oxalyl chloride 
(1.40 g, 11.0 mmol), and pyridine (6 drops) in CH2Cl2 (90 mL) 
was heated under reflux for 7 h and evaporated to dryness. 
The solid residue was extracted with hot light petroleum until 
the extracts remained colorless. Evaporation of the solvent 
gave 9 (n = 18) (1.41 g, 87%), which was used in the next step 
without further purification. Mp = 103-105 0C. 1H NMR (400 
MHz): <5 8.27 (d, 2 H, aromatic protons), 7.38 (d, 2 H, aromatic 
protons), 7.12 (d, 2 H, aromatic protons), 6.93 (d, 2 H, aromatic 
protons), 5.10 (t, 2 H, HCp), 5.03 (t, 2 H, HCp), 4.74 (t, 2 H, 
HCp), 4.68 (t, 2 H, HCp), 3.96 (t, 2 H, CH2O), 1.79 (m, 2 H, 
CiZ2CH2O), 1.47 (m, 2 H, CZZ2CH2CH2O), 1.26 (m, 28 H, 
aliphatic protons), 0.88 (t, 3 H, CH3). 

Compound 9 (n = 12) was prepared from 8 (n = 12) by 
following the above synthetic procedure and gave analytical 
data which were in agreement with its structure. 

l-{p-{p'-[[(Undec-10-enyloxy)benzoyl]oxy]}[(phenyloxy)-
carbonyl]}-l'-{p-{p'-t[(octadecyloxy)phenyl]oxy]carbonyl}-
[(phenyloxy)carbonyl]}ferrocene (Ic). A solution of 9 (n 
= 18) (1.02 g, 1.35 mmol), 10 {m = 9) (0.57 g, 1.49 mmol), and 
triethylamine (0.14 g, 1.38 mmol) in CH2Cl2 (35 mL) was 
heated under reflux overnight and evaporated to dryness. 
Purification of the residue by column chromatography (100:1 
CH2Cl2ZAcOEt) and crystallization (CH2Cl2ZEtOH) gave pure 
I c (1.04 g, 70%). 1H NMR (400 MHz): Ò 8.22 (d, 2 H, aromatic 
protons), 8.12 (d, 2 H, aromatic protons), 7.34 (d, 2 H, aromatic 
protons), 7.22 (d, 4 H, aromatic protons), 7.11 (d, 2 H, aromatic 
protons), 6.96 (d, 2 H, aromatic protons), 6.91 (d, 2 H, aromatic 
protons), 5.82 (m, 1 H, CiZ=CH2), 5.09 (m, 4 H, HCp), 5 .03-
4.92 (m, 2 H, CH=CiZ2), 4.64 (m, 4 H, HCp), 4.04 (t, 2 H, 
CH2O), 3.95 (t, 2 H, CH2O), 2.06 (m, 2 H, CZZ2CH=CH2), 1.80 
(m, 4 H, CiZ2CH2O), 1.46 (m, 4 H, CiZ2CH2CH2O), 1.41-1.26 
(m, 38 H, aliphatic protons), 0.88 (t, 3 H, CH3). IR (KBr): 
3126, 3077, 2920, 2850, 1739, 1722, 1642, 1606, 1510, 1471, 
1454 cm"1. Anal. Calcd for C67H82Oi0Fe (1103.23): C, 72.94; 
H, 7.49. Found: C, 72.96; H, 7.55. 

Monomers l a [from 9 (n = 12) and 10 (m = 6)] and l b [from 
9 (n = 18) and 10 Xm = 6)] were prepared by following the 
above synthetic procedure and gave analytical data which were 
in agreement with their structures. 

3-{p-{p ' - [ [ (Octadecy loxy)pheny l ]oxy]carbonyl } -
[(phenyloxy)carbonyl]}ferrocene-l-carboxylic acid (12). 
A solution of 11 (0.31 g, 1.0 mmol), 6 (n = 18) (0.48 g, 1.0 
mmol), and pyridine (a few drops) in benzene (70 mL) was 
heated under reflux for 36 h and evaporated to dryness. 
Purification of the residue by column chromatography (first 
with CH2Cl2, then with 10:1 CH2Cl2ZAcOEt, and finally with 
10:1:0.1 CH2Cl2ZAcOEtZAcOH) and crystallization (CH2Cl2Z 
hexane) gave pure 12 (0.19 g, 26%). Mp = 180 0C. 1H NMR 
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(400 MHz): ô 8.29 (d, 2 H, aromatic protons), 7.33 (d, 2 H, 
aromatic protons), 7.12 (d, 2 H, aromatic protons), 6.94 (d, 2 
H, aromatic protons), 5.73 (s, 1 H, HCp), 5.34 (s, 1 H, HCp), 
5.20 (s, 1 H, HCp), 4.49 (s, 5 H, HCp), 3.97 (t, 2 H, CH2O), 
1.79 (m, 2 H, CH2CH2O), 1.46 (m, 2 H, CH2CH2CH2O), 1.26 
(m, 28 H, aliphatic protons), 0.88 (t, 3 H, CH3). Anal. Calcd 
for C43H54O7Fe (738.74): C, 69.91; H, 7.37. Found: C, 70.05; 
H, 7.22. 

l-(Chlorocarbonyl-3-{p-{p'-[[(octadecyloxy)phenyl]oxy]-
carbonyl}[(phenyloxy)carbonyl]}ferrocene (13). A solu­
tion of 12 (0.45 g, 0.61 mmol), oxalyl chloride (0.38 g, 3.0 
mmol), and pyridine (5 drops) in CH2Cl2 (15 mL) was heated 
under reflux for 7 h and evaporated to dyness. The solid 
residue was extracted with hot light petroleum until the 
extracts remained colorless. Evaporation of the solvent gave 
13 (0.39 g, 84%), which was used in the next step without 
further purification. Mp = 120-125 0C. 1H NMR (200 
MHz): <5 8.29 (d, 2 H, aromatic protons), 7.33 (d, 2 H, aromatic 
protons), 7.13 (d, 2 H, aromatic protons), 6.94 (d, 2 H, aromatic 
protons), 5.74 (t, 1 H, HCp), 5.35 (m, 1 H, HCp), 5.21 (m, 1H, 
HCp), 4.50 (s, 5 H, HCp), 3.97 (t, 2 H, CH2O), 1.79 (m, 2 H, 
CH2CH2O), 1.26 (m, 30 H, aliphatic protons), 0.88 (t, 3 H, CH3). 

l-{P'{P'-[[(Undec-10*nylosy)beiizoyl]oxy]}[(phenyloxy)-
carix>nyl]}-3-{p-{p'-[[(octadecyloxy)phenyl]oxy]carbonyl}-
[(phenyloxy)carbonyl]}ferrocene (2). A solution of 13 
(0.12 g, 0.16 mmol), 10 (m = 9) (0.080 g, 0.21 mmol), and 
triethylamine (16 mg, 0.16 mmol) in CH2Cl2 (15 mL) was 
heated under reflux overnight and evaporated to dryness. 
Purification of the residue by column chromatography (100:1 
CH2Cl2ZAcOEt) and crystallization (CH2Cl2ZEtOH) gave pure 
2 (0.11 g, 62%). 1H NMR (400 MHz): Ô 8.29 (d, 2 H, aromatic 
protons), 8.15 (d, 2 H, aromatic protons), 7.35 (d, 2 H, aromatic 
protons), 7.29 (d, 2 H, aromatic protons), 7.26 (d, 2 H, aromatic 
protons), 7.13 (d, 2 H, aromatic protons), 6.98 (d, 2 H, aromatic 
protons), 6.94 (d, 2 H, aromatic protons), 5.79 (t, 1 H, HCp), 
5.83-5.78 (m, 1H, CH=CH2), 5.28-5.25 (m, 2 H, HCp), 5.02-
4.92 (m, 2 H, CH=CH2), 4.47 (s, 5 H, HCp), 4.05 (t, 2 H, CH2O), 
3.97 (t, 2 H, CH2O), 2.05 (m, 2 H, CH2CH=CH2), 1.81 (m, 4 H, 
CH2CH2O), 1.46 (m, 4 H, CH2CH2CH2O), 1.41-1.26 (m, 38 H, 
aliphatic protons), 0.88 (t, 3 H, CH3). IR (KBr): 3131, 3079, 
2920, 2851, 1733, 1722, 1641, 1606, 1510, 1466 cm"1. Anal. 
Calcd for C6VH82Oi0Fe (1103.23): C, 72.94; H, 7.49. Found: 
C, 72.98; H, 7.20. 

Synthesis of Polymer Ia. A solution of poly(methylhy-
droxysiloxane) 14a (0.024 g, 0.41 mmol of SiH units) in 
toluene (5 mL) was added to a solution of monomer I c (0.5 g, 
0.45 mmol) in toluene (13 mL). The mixture was heated to 
70 0C, and PtCl2(I1S-C8Hi2) (0.9 mg, 2.4 x 10~3 mmol) was then 
added. The solution was heated at 70 °C for 24 h and 
evaporated to dryness. Purification of the residue by dissolu­
tion in CH2Cl2 and precipitation with MeOH gave I a (0.15 g, 
32%). The purification process was repeated until no monomer 
was detected by GPC. 1H NMR (400 MHz): ô 8.21 (br s, 2 H, 
aromatic protons), 8.10 (br s, 2 H, aromatic protons), 7.31 (br 
d, 2 H, aromatic protons), 7.21 (br s, 2 H, aromatic protons), 
7.09 (br s, 2 H, aromatic protons), 6.90 (br d, 4 H, aromatic 
protons), 5.08 (br s, 4 H, HCp), 4.63 (br s, 4 H, HCp), 4.01 (br 
s, 2 H, CH2O), 3.94 (br s, 2 H, CH2O), 1.78 (br s, 4 H, CH2-
CH2O), 1.45 (br s, 4 H, CH2CH2CH2O), 1.25 (br m, 38 H, 
aliphatic protons), 0.86 (br s, 3 H, CH3), 0.51 (br s, 2 H, CH2-
Si), 0.08 (br m, 123 H, CH3Si). IR (KBr): 3126, 3078, 2921, 
2851, 1738, 1606, 1580, 1510, 1456 cm"1. 

Polymers Ib (from 14b), Ic (from 14c), Id (from 14d), and 
n (from 2 and 14d) were prepared by following the above 
synthetic procedure and gave analytical data which were in 
agreement with their structures. 
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Columnar Phases from Covalent and Hydrogen-Bonded Liquid-Crystalline 
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The synthesis and liquid-crystalline properties of tetracatenar covalent and H-bonded bis-ferrocene 
derivatives 1 and 2, respectively, are reported. Both compounds gave rise to enantiotropic columnar liquid-
crystalline behavior with a hexagonal molecular organization. To explore the possibility to obtain also calamitic 
liquid-crystalline phases from H-bonded ferrocene-containing liquid crystals, a rod-shaped ferrocene mesogen 3 
was synthesized, which gave rise to enantiotropic smectic C and smectic A phases. For the first time, a rational 
synthetic design at the ferrocene level led to ferrocene-based liquid-crystals with columnar behavior and to H-
bonded metallomesogens. 

Introduction. - Current efforts oriented towards the development of ferrocene-
based mesomorphic materials led to the synthesis of ferrocene-containing side-chain 
liquid-crystalline polymers [1], ferrocene-containing liquid-crystalline dendrimers [2], 
and a liquid-crystalline mixed [60]fullerene-ferrocene derivative [3]. These structures 
are promising candidates to construct switchable anisotropic materials. We demon­
strated that electron transfer can be used to generate mesomorphism in the ferrocene-
ferrocenium redox system [4]. 

To further explore the structure/supramolecular organization relationship in the 
case of ferrocene-containing mesomorphic molecular units, the study of novel 
structures is required. Mesomorphic ferrocenes exhibiting columnar liquid-crystalline 
phases would be of particular interest: No such examples have been reported [5-7]1) . 
Because of the bulky, three-dimensional structure of the ferrocene core, the primary 
influence of which is to reduce the intermolecular interactions (resulting in a lowering 
of the liquid-crystalline tendency in comparison with the ferrocene-free analogues) [5], 
the design of such compounds represents both a conceptual and synthetic challenge. 
Ultimately, owing to its redox activity, the incorporation of ferrocene units into 
columnar phases may open the doors to new supramolecular wires [9]. 

') A liquid-crystalline ferrocenyl-phthalocyanine derivative (the ferrocene unit is located at the end of one 
alkyl chain) showing a discotic phase was described [8]; even if the discotic phase was induced by the 
phthalocyanine core, this example is important as it shows that ferrocene can accomodate to discotic 
phases. 
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We report, herein, the synthesis and liquid-crystalline properties of the tetracatenar 
ferrocene derivatives 1 and 2. A tetracatenar system was selected to design ferrocene 
derivatives showing columnar phases in view of successful investigations made for 
organic liquid crystals [10]. Furthermore, to explore the possibility to use H-bonds 
to design ferrocene-containing thermotropic liquid crystals exhibiting calamitic liquid-
crystalline phases, the rod-like-shaped H-bonded ferrocene complex 3 was synthesized. 
Compounds 2 and 3 represent the first H-bonded metallomesogens described so far 
[5 -7] . Note that the H-bonds were elegantly used to elaborate ferrocene-based sensors 
[H]. 

Results and Discussion. - The syntheses of 1-3 are illustrated in Schemes 1-3, 
respectively2). The preparation of 1 (and of the ferrocene intermediates) required an 
esterification-deprotection sequence. The H-bonded complexes 2 and 3 were prepared 
by reacting the appropriate acid and pyridine derivatives in THF at room temperature. 
The formation of H-bonds was confirmed by FT-IR spectroscopy [13]. The structure 
and purity of all compounds were confirmed by NMR spectroscopy and elemental 
analysis. 

The liquid-crystalline properties of 1 and 2 were examined by a combination of 
differential scanning calorimetry (DSC), polarized optical microscopy (POM), and 

2) Ferrocene derivatives 4 and 5 were prepared analogously to their dioctyl homologues [Ia]. Compounds 6 
[la] and 7 [12] were synthesized as published. Benzyl 4'-hydroxy-[l,l'-biphenyl]-4-carboxylate (Step a in 
Scheme 1) was obtained from 4'-hydroxy-[l,l'-biphenyl]-4-carboxylic acid and benzyl bromide (MeCN. 
l,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 70°, 5 h; yield 78%; purification by column chromatography; 
(silica gel, CH2Cl2) and crystallization from acetone/hexane). Benzyl 4-hydroxybenzoate (Flitka. >98%). 
4,4'-bipyridyl (Fluka. >99%), and 4'-hydroxy-[l,l'-biphenyl]-4-carboxylic acid (Aldrich, 99%) were used 
as received. 
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Scheme 1 

a) 

c ° 2 _ C_yVy c°28n 
b) H25C1; 

H25C12 -

"TT^-C02-Ç^-Ç^-C02H 

C) HO—<^j>-C02-<^-O2C 

a) Benzyl 4'-hydroxy-[l,l'-biphenyl]-4-carboxylate, N,N'-dicyclohexylcarbodiimide (DCC), 4-(pyrrolidin-l-
yl)pyridine (4-ppy), CH2Cl2, r.t., 3 h; 74%; purification by column chromatography (CC; silica gel, CH2Cl2). b) 
H2,10% Pd/C, CH2Cl2, r.t., 16 h; 90%; purification by CC (silica gel, Et2O). c) DCC, 4-ppy, CH2Cl2, r.t., 3 h; 

89%; purification by CC (silica gel, CH2Cl2). 

*) 
CO2Bn O2H 

C) 

a) Benzyl 4-hydroxybenzoate, DCC, 4-(dimethylamino)pyridine (DMAP), CH2Cl2, r.t., overnight; 87%; 
purification by CC (silica gel, CH2Cl2). b) H2,10% Pd/C, CH2Cl2, r.t., 1 h; 73%; purification by dissolution in 
hexane and precipitation in MeOH. c) 4,4'-Bipyridine, THF, r.t., 0.5 h; 80%; purification by trituration with 

hexane, filtration, and washing with hexane. 

X-ray diffraction (XRD)3). The mesomorphic behavior of 3 was investigated by DSC 
and POM. The thermal and liquid-crystalline data of 1-3 are reported in Table 1. 

Both compounds 1 and 2 gave rise to biréfringent fluids as detected by POM. Slow 
cooling of 1 from the isotropic fluid revealed the formation of spherulites and linear 
biréfringent defects; a similar texture was observed for 2. From these observations, the 
mesophases displayed by 1 and 2 were identified as columnar phases. 

Compound 3 showed enantiotropic smectic C and smectic A phases which were 
identified from their textures: The smectic C phase gave rise to focal-conic and 
schlieren textures; as for the smectic A phase, a focal-conic texture and homeotropic 
areas were observed. The mesomorphic behavior of 3 is similar to that observed for an 
analogous covalent ferrocene derivative [Ia]. 

The XRD confirmed the columnar nature of the liquid-crystalline phases of 1 and 2. 
In both cases, a broad diffuse halo was observed for a scattering angle of 20°. This 
diffuse halo characterized the molten state of the alkyl chains and the lateral 

3) Instrumentation and techniques, see [14]. X-Ray diffraction experiments were performed using a 
monochromatic CUK11 beam with a section of ca. 0.25 mm2. The sample temperature was maintained 
within ±0.2 K. The imaging-plate detector was read out by a molecular-dynamic system, and the detector 
to sample distance varied between 65 and 300 mm. 
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Scheme 3 

2075 

a) 

Fe ^ - C O 2 - ^ ^)-CO2Bn 
H 17 C 8 ' 

b) 
CO2H 

C) 

a) Benzyl 4-hydroxybenzoate, DCC, 4-ppy, CH2Cl2, r.t., overnight, 95%; purification by CC (silica gel, 
CH2CI2). b) H2,10% PdIC, CH2Cl2, r.t., 2 h; 89%; purification by CC (silica gel, CH2Cl2MeOH 99:1). c) THF, 

r.t., 0.5 h; 80% ; purification by trituration with hexane, filtration, and washing with hexane. 

Table 1. Phase Transitions and Enthalpy Changes of Compounds 1-3 

Phase transition3) T[°C]h) AH [U mol-'] 

K -Colh 

Col h - I 

K-Colh 

Col h - I 

K - S c 
SC->SA

C) 
S A - I 

52 
84 

66 
72 

55 
84 
101 

65 
2.8 

91 
3.0 

64 

7.9 
a) K, crystalline state; Colh, hexagonal columnar phase; Sc, smectic C phase; SA, smectic A phase; I, isotropic 
liquid. b) Onset transition determined during the first heating run (10° min-1, under N2). c) Determined by 
polarized optical microscopy. 

organization of the rod-like cores. For compound 1, three sharp rings were seen at low 
angles corresponding to lattice spacings in l:\/3:2 ratios. These three sharp rings 
revealed a hexagonal organization with a lattice constant a = 49.8 À (Table2). The 
structure of compound 2 is very similar to the one of 1, but the mesophase growed in 
large domains so that the innermost ring was made of less than ten dinstinct spots. At 
larger angles, one could see spots corresponding to the 110 or 200 positions of a 
hexagonal lattice. However, only two or three spots of weak intensity were seen for 
each kind. Interestingly, both compounds 1 and 2 gave exactly the same lattice constant 
(Table 2). 
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Table 2. Bragg Reflections, Lattice Constant a [A] and Observed and Calculated d Spacings [A] 

Compound 1 Compound 2 

h k I a t /o h s
a) dcaic a d^) d^ 

1 0 0 49.8 43.2 43.1 49.8 42.9 42.9 
1 1 0 25.0 24.9 24.8 24.8 
2 0 0 21.4 21.5 21.5 21.5 

a) Recorded at 60°. 

As for phasmidic compounds [15], the organization of the molecules in a column 
was more like that of lyotropic molecules in a cylinder, rather than like that of disc-like 
molecules stacked one above the other. There were five to six molecules in a slice of 
column 4.5 Â thick. Finally, the large lattice constant was in agreement with the length 
of the rigid core. 

Conclusion. - The results presented in this report are of interest for three reasons. 
Firstly, ferrocene-containing thermotropic liquid crystals showing columnar phases are 
obtained. This finding, associated with data we already described [1-5] , establishes 
that structural engineering at the ferrocene level can be exploited for tuning the 
molecular organization of ferrocene-based mesomorphic molecular units within the 
liquid-crystalline state. Secondly, the elaboration of metallomesogens through H-bonds 
opens unique opportunities for exploiting the properties of metals in novel supra-
molecular liquid-crystalline materials [16]. Finally, oxidation of one ferrocene unit in 1 
or 2 will lead to mixed ferrocene-ferrocenium metallomesogens which will be sensitive 
to both oxidation and reduction processes. New properties and behavior are expected 
from such systems. 

R.D. acknowledges the Swiss National Science Foundation for financial support (grants no. 20-45588.95 and 
20-52295.97). 
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