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The photoinitiated polymerization of several metal-containing liquid crystals is described.
Four metal carboxylates bearing terminal acrylate functions were investigated as monomeric
units: a copper(II) complex derived from an aliphatic carboxylate, of formula Cu2(O2C-
(CH2)11-Acr)4, (Acr ) -OCO-CHdCH2), a zinc(II) complex with the 3,4-bis(11-acryloyloxy-
undecanoxy)benzoate ligand, of formula Zn(O2CC6H3(O-(CH2)11-Acr)2)2 and two magnesium-
(II) carboxylates, one derived from an aliphatic carboxylate, Mg(O2C-(CH2)11-Acr)2, and
one from the disubstituted benzoate, Mg(O2CC6H3(O-(CH2)11-Acr)2)2. These compounds
were shown, by DSC and X-ray diffraction studies, to exhibit a hexagonal columnar
mesophase at room temperature. The photopolymerization of the Zn(II) and Mg(II)
derivatives, either in the liquid-crystalline phase or in the isotropic phase, was performed
with high final conversion, from 50 to 80%, depending on the compound and on the
temperature, whereas the copper complex was found unreactive toward the polymerization
process. Thin films of the polymer prepared with the Zn(II) monomer were characterized
by infrared spectroscopy and elemental analysis. The data indicate that at least 80% of the
coordinating sites included in the polymer matrix are bonded to metal centers, resulting in
a polymer with a high zinc content (ca. 5% wt/wt).

Introduction

Within the vast area of liquid-crystal research, a new
class of materials is expanding very rapidly: the metal-
containing liquid crystals or metallomesogens. The
presence of metal centers in the mesogenic units has
been shown to bring about new structural properties1
as well as potentially interesting physical properties.
Much of the recent work has been focused on transition-
metal-containing liquid crystals, and most studies deal
with the design of new metallomesogens as well as their

mesomorphic properties, on a fundamental point of
view. Fewer studies have been devoted to the search
of applications based for example on electronic or optical
properties which can be enhanced by the presence of
metal atoms.2

Within this frame, we describe here an exploratory
strategy for the development of novel, self-organizing,
oriented materials with high refractive indexes and
birefringence, which could be used in active and passive
optical components. The present work is based on a
process developed recently to obtain anisotropic poly-
meric materials, by in situ photopolymerization of
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reactive low molar mass liquid crystals oriented in their
mesophase.3 It has been shown that the polymeric
materials thus obtained retain the anisotropy brought
by the monomer mesomorphic phase. The refractive
indexes and birefringence of these anisotropic polymers
are nearly constant in a much wider temperature range
than the starting liquid-crystalline monomers.4

We have extended this process to metal-containing
liquid crystals with columnar structure, with the aim
of elaborating polymers with an anisotropic columnar
structure, containing a quantitative ratio of metal
centers incorporated, to study their optical properties.
The radical nature of the photoinitiated polymerization
process has led us to the option of closed-shell metal
cations, as opposed to transition-metal centers, to avoid
possible inhibition by unpaired valence electrons. In
earlier work, we had demonstrated that dialkoxyben-
zoate complexes of Zn(II) and Mg(II) exhibit a hexagonal
columnar mesophase5 close to room temperature. In
continuation of this study, we describe here the syn-
theses of reactive monomers based on aliphatic carbox-
ylates and disubstituted benzoates of Mg(II) and Zn(II).
We also present the results of the photopolymerization
of these metallomonomers, as well as some physico-
chemical properties of the metallopolymers thus ob-
tained.

Experimental Section

Physicochemical Studies. Differential scanning calorim-
etry (DSC) measurements were performed using a Perkin-
Elmer DSC-7. The samples were prepared in sealed alumi-
num pans. The thermograms were recorded in the temperature
range 220-400 K with a scanning rate of 5 K/min and under
a flow of nitrogen.
For the X-ray diffraction experiments, the powdered samples

were contained in Lindemann capillaries. X-ray diffraction
patterns were recorded photographically using monochromatic
Cu KR1 radiation and a Guinier focusing camera equipped with
a bent quartz monochromator.
The photopolymerization process was studied with a Perkin-

Elmer DSC-7 modified to allow UV irradiation of the sample.3b,c
The monomeric sample was mixed in its molten state with a
photoinitiator (concentration in weight ca. 2%): R,R-dimethox-
ydeoxybenzoin (Irgacure 651 Ciba Geigy). The reference
compartment containing an empty pan and the sample pan
filled with 1-2 mg of sample were irradiated with a 10 W
fluorescent mercury lamp, with an intensity of 0.8 mW/cm2 at
365 nm. The sample chamber was purged with nitrogen 5 min
before exposure to the UV lamp, and the nitrogen purge was
continued during the photopolymerization process. The sample
was maintained at constant temperature by the DSC during
the photopolymerization.
Syntheses. All starting materials were commercial prod-

ucts of high purity (>99%). The NMR spectra were recorded
on a Bruker AC 200 spectrometer, by dissolution of the sample
into deuterated chloroform. The infrared spectra were re-
corded on a FTIR Perkin-Elmer 1650 spectrometer, from
pressed KBr pellets.
Free Carboxylic Acids. (i) 12-Acryloyloxydodecanoic Acid

(HO2C(CH2)11OCOCHdCH2, 4). Dicopper tetraacetate dihy-
drate (1.2 mmol, 0.5 g) was dissolved in 50 mL of ethanol at

40 °C and then was slowly added to a solution of 5 mmol (1.08
g) of 12-ol-dodecanoic acid (1) in 50 mL of ethanol at room
temperature. A vigorous stirring was maintained during 72
h at room temperature. The blue precipitate of the complex
dicopper tetrakis(12-ol-dodecanoate) (2) was filtered and dried
under vacuum at 80 °C for 20 h. Yield: 1.04 g, 88%.
The next step was carried out in a glovebox under argon

and with deoxygenated solvents. A heterogeneous mixture
was prepared with 0.25 mmol (0.247 g) of 2 and 0.3 g of
triethylamine in 100 mL of THF. The flask was wrapped up
with aluminum foil in order to exclude direct light, and 1 mmol
(0.12 mL) of acryloyl chloride was added to this mixture. After
5 days of stirring, THF was removed by vacuum evaporation
and the residue was washed with 50 mL of diethyl ether which
was then removed under vacuum. The powder thus obtained
was recrystallized in an acetone/water mixture at 2 °C, and
the final blue compound dicopper tetrakis(12-acryloyloxydo-
decanoate) (3) which precipitated was filtered and dried under
vacuum at 50 °C during several hours. Yield: 0.240 g, 78%.
3 (0.2 mmol) was dissolved in a minimum amount of a THF/

water mixture (70:30), and a solution of THF/H2SO4 (two
droplets of concentrated H2SO4 in 200 mL of THF) was slowly
added to the blue solution of complex 3 (pH ) 5-6), resulting
in a complete fading of the solution. THF was removed under
vacuum, and the free acid was extracted from the water
solution by several fractions of 25 mL of diethyl ether.
Evaporation of the solvent yielded the 12-acryloyloxydodeca-
noic acid (4) which was purified by several recrystallizations
in heptane at -4 °C. Yield: 0.120 g, 55%.
Elemental analysis experimental (calculated): C 66.34

(66.64); H 9.59 (9.69); O, 22.84 (23.67). IR ν(COO)Acr 1725
cm-1; ν(COO)as 1704 cm-1; ν(CdC)Acr 1635 cm-1. 1H NMR δ
(ppm) CH2 1.26-1.64 (18H, M); CH2COOH 2.32 (2H, T); CH2-
OCOCHdCH2 4.13 (2H, T); OCOCHdCH2 5.79, 6.09, 6.37 (3H,
ABX). 13C NMR δ (ppm) CH2 34.31-24.58 (9C); CH2OAcr
64.62; OCOCHdCH2 128.57, 130.27, 171.46; COOH 178.91.
(ii) 3,4-Bis(11-acryloyloxyundecanoxy)benzoic Acid (HO2CC6H3-

(OC11OCOCHdCH2)2, 8). 3,4-Dihydroxybenzoic acid (39.7
mmol, 6.12 g) was dissolved in 75 mL of methanol with 11.6
mmol (2 g) of p-toluenesulfonic acid. This solution was
maintained at 80 °C during 12 h, and then ca. 65 mL of solvent
was removed under vacuum. NaOH (23.6 mmol) dissolved in
25 mL of water was slowly added to the resulting solution (pH
) 8). The methyl 3,4-dihydroxybenzoate ester 5was extracted
from the water phase by washing with diethyl ether. Yield:
4.71 g; 70%.
A mixture was prepared with 3 mmol (0.5 g) of the methyl

3,4-dihydroxybenzoate ester 5, 6 mmol (1.5 g) of 1-bromo-11-
undecanol, and 5 g of K2CO3 in 50 mL of DMF. This
suspension was heated at 80 °C during 3 h, and the solvent
was then removed under vacuum. Acetone (100 mL) was
added to the residue, and the K2CO3 precipitate was eliminated
by filtration. The methyl 3,4-bis(11-ol-undecanoxy)benzoate
ester 6 was then recrystallized from the acetone solution by
cooling to -4 °C. Yield: 1.145 g, 75%.
6 (2.2 mmol, 1.120 g) and NaOH (25 mmol, 1 g) in 50 mL of

ethanol were heated under reflux for 4 h. At room tempera-
ture, the solution was neutralized with an aqueous solution
of hydrochloric acid, and the precipitated 3,4-bis(11-ol-undec-
anoxy)benzoic acid 7 was filtered. Yield: 0.750 g, 69%.
The next step was carried out in a glovebox under argon,

and with deoxygenated solvents. A suspension was prepared
with 1 mmol (0.495 g) of the 3,4-bis(11-ol-undecanoxy)benzoic
acid 7 and 3 mmol (0.3 g) of triethylamine in 10 mL of THF.
Acryloyl chloride (3 mmol, 0.24 mL) was added to this mixture.
The flask was wrapped up with aluminum foil. After 28 h of
stirring, THF was removed under vacuum, and 50 mL of water
was added to the residue. The final 3,4-bis(11-acryloyloxyun-
decanoxy)benzoic acid 8 was extracted from the water phase
with chloroform, and after drying on Na2SO4, the organic
solvent was evaporated under vacuum. Compound 8 was
finally purified by column chromatography on silica with
dichloromethane as eluent. Yield: 0.345 g, 57%. Elemental
analysis experimental (calculated): C 69.52 (69.74); H 9.05
(9.03); O 21.12 (21.23). Mass spectra: M+ ) 602. Melting
point: 79 °C. IR: ν(CH2) 3000-2800 cm-1; ν(COO)Acr 1728

(3) (a) Broer, D. J.; Finkelmann, H.; Kondo, K. Makromol. Chem.
1988, 189, 185. (b) Broer, D. J.; Mol G. N.; Challa, G.Makromol. Chem.
1989, 190, 1. (c) Broer, D. J.; Mol, G. N.; Challa, G.Makromol. Chem.
1989, 190, 19.

(4) (a) Broer, D. J.; Boven, J.; Mol, G. N.; Challa, G. Makromol.
Chem. 1989, 190, 2255. (b) Hikmet, R. A. M.; Lub, J.; Higgins, J. A.
Polymer 1993, 34, 1736. (c) Hikmet, R. A. M.; Lub, J.; Broer, D. J.
Adv. Mater. 1991, 3, 392.
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and 1712 cm-1; ν(COO)as 1671 cm-1; ν(CdC)Acr 1635 cm-1.
1H NMR δ (ppm) CH2 1.41-1.84 (18 H, M); CH2O 4.03 (4H,
M); CH2Acr 4.15 (4H, T); OOCCHdCH2 5.79-6.11-6.38 (6H,
ABX); Ar 6.87 (H, D), Ar 7.55 (H, D), Ar 7.70 (H, D-D). 13C
NMR δ (ppm) CH2 ) 25.81-29.36 (9C); CH2Acr 64.58 ppm;
CH2O 68.94-69.20; Car 111.91-114, 65-121.38-124.38-
148.48-153.85; OOCCHdCH2 128.57-130.21-162.73; COOH
171.28.
Metal Complexes. (i) Copper(II) 12-Acryloyloxydode-

canoate (Scheme 1): Cu2(O2C(CH2)11OCOCHdCH2)4. This
intermediate complex 3 was isolated during the synthesis of
the 12-acryloyloxydodecanoic acid (see above). It was then
purified by recrystallization from heptane.
(ii) Magnesium 12-Acryloyloxydodecanoate Dihydrate: Mg-

(O2C(CH2)11OCOCHdCH2)2‚2H2O. 12-Acryloyloxydodecanoic
acid (1 mmol, 0.266 g) in 50 mL of water was neutralized by
1 mmol (40 mg) of NaOH in 10 mL of water. Magnesium
chloride hexahydrate (0.5 mmol, 0.101 g) was dissolved in 25
mL of water, and this solution was slowly added to the first
solution. After 30 min of vigorous stirring, the precipitate was
filtered and washed with water. Finally, the magnesium
complex was recrystallized from 50 mL of n-heptane. Yield:
0.127 g, 43%. Elemental analysis experimental (calculated):
Mg 3.00 (4.05); C 61.00 (60.15); H 9.20 (9.09); Na 0.16 (0). 1H
NMR δ (ppm) CH2 1.24-1.63 (18 H, M); CH2COO 2.26 (2H,
M); CH2OCOCHdCH2 4.11 (2H, T); OCOCHdCH2 5.77, 6.04,
6.36 (3H, ABX). 13C NMR δ (ppm) CH2 25.87-29.59 (18 C);
CH2COO 64.53; OCOCHdCH2 128.56, 130.20, 162.37; COO
178.80.
(iii) Magnesium Bis(11-acryloyloxyundecanoxy)benzoate: Mg-

(O2CC6H3(OC11OCOCHdCH2)2)2. 3,4-Bis(11-acryloyloxyundec-
anoxy)benzoic acid (0.5 mmol, 0.301 g) in a mixture of 10 mL
of ethanol and 10 mL of water was neutralized with 0.5 mmol
(20 mg) NaOH in 2 mL of water. Magnesium chloride
hexahydrate (0.25 mmol 50 mg) dissolved in 5 mL of water
was slowly added to the first solution. After ca. 2 h of vigorous
stirring, the solvent was evaporated under vacuum. The
residue thus obtained was washed with water, then extracted

with diethyl ether, and the resulting ether solution was
evaporated to dryness under vacuum. Yield: 0.082 g, 52%.
Elemental analysis experimental (calculated): Mg 1.69 (1.98);
C 67.12 (68.47); H 8.72 (8.70); Na 620 ppm (0). 1H NMR δ
(ppm) CH2 1.26-1.61 (18H, M); CH2O 3.86 (4H, M); CH2-
OCOCHdCH2 4.10 (4H, M); OCOCHdCH2 5.77, 6.08, 6.40 (3H,
ABX). 13C NMR δ (ppm): CH2 25.87-29.48 (9 C); CH2-
OCOCHdCH2 64.61; CH2O 68.85; Car 111.80, 114.65, 121.38,
124.33, 148.48, 153.85; OCOCHdCH2 128.57, 130.25, 166.22.
(iv) Zinc Bis(11-acryloyloxyundecanoxy)benzoate: Zn(O2C-

C6H3(OC11OCOCHdCH2)2)2. 3,4-Bis(11-acryloyloxyundecan-
oxy)benzoic acid (1 mmol, 0.602 g) in a mixture of 10 mL of
water was neutralized with 1 mmol (40 mg) of NaOH dissolved
in 2 mL of water. Zinc sulfate hexahydrate (0.5 mmol, 0.129
g) dissolved in 10 mL of water was then slowly added and
under vigorous stirring. After 2 h of stirring, the final white
product was extracted with chloroform, then the organic
solvent was completely removed under vacuum. Yield: 0.507
g, 76%. Elemental analysis experimental (calculated): Zn 4.48
(5.15); C 65.27 (66.25); H 8.17 (8.42); Na 0.12 (0). 1H NMR δ
(ppm) CH2 1.27-1.80 (18H, M); CH2O 3.99 (4H, M); CH2-
OCOCHdCH2 4.12 (4H, T); OCOCHdCH2 5.77, 6.10, 6.37 (6H,
ABX); HAr 6.80 (H, D); HAr 7.64 (H, D), HAr 7.77 (H, D-D). 13C
NMR δ (ppm) CH2 25.84-29.44 (18 C); CH2OCOCHdCH2

64.56; CH2O 68.93-69.57; Car 111.80, 116.08, 125.01, 148.24,
153.25; OCOCHdCH2 128.60, 130.16, 166.17.

Results and Discussion

1. Materials and Synthesis. The metal complexes
described in the present work were formed by the
combination of zinc or magnesium with two types of
carboxylate ligands. The first one is derived from a
long-chain aliphatic carboxylate terminally substituted
by an acrylate function (noted Acr below), of formula
O2C-(CH2)11-Acr, while the second one derives from a
disubstituted benzoate, the 3,4-bis(11-acryloyloxyunde-
canoxy)benzoate of formula 3,4-O2CC6H3(O-(CH2)11-
Acr)2. For the sake of simplicity, these carboxylate
ligands will be noted respectively C11 and B2OC11. A
copper complex of the reactive aliphatic carboxylic
ligand C11 has also been prepared, to check the influ-
ence of a transition metal on the photopolymerization
process. The metallic complexes will be denoted M/C11
or M/B2OC11, whereM represents the metal center: M
) Cu(II), Mg(II), or Zn(II) (see Figure 1).
Four complexes were investigated: one copper car-

boxylate, Cu/C11, one zinc benzoate, Zn/B2OC11, and
two magnesium complexes, Mg/C11 and Mg/B2OC11.

Scheme 1

Figure 1. Formulas of the free ligands and carboxylate
complexes and abbreviated notations.
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The synthesis of the free ligands containing the reactive
acrylate function has not yet been published in the
literature to our knowledge, and we have developed new
synthetic procedures to prepare the aliphatic carboxy-
late C11 and the disubstituted benzoate ligand B2OC11.
Free Ligands. The synthesis of the 12-acryloyloxy-

dodecanoic acid was performed starting with the com-
mercial 12-hydroxydodecanoic acid. It has been neces-
sary to protect the carboxylic function during the
addition of the acrylate group, and this was conveniently
achieved by complexation with copper, because a clas-
sical protection, by esterification for example, was not
suitable, due to problems with the deprotection step.
The overall synthetic pathway is represented in Scheme
1. The first step is the complexation of 12-hydroxy-
dodecanoic acid 1 with copper(II) by a well-known
procedure,6 to give the dinuclear complex Cu2(O2C-
(CH2)11-OH)4 2, which was then reacted with acryloyl
chloride, to yield the Cu/C11 compound 3. The demeta-
lation was readily carried out in a strong acidic medium,
to give the final 12-acryloyloxydodecanoic free acid 4.
3,4 Bis(11-acryloyloxyundecanoxy)benzoic acid was

prepared from the commercially available 3,4-dihy-
droxybenzoic acid, by a procedure similar to that already
described for monosubstituted (n-acryloyloxyalkoxy)-
benzoic acids4a and represented in Scheme 2. The
carboxylic acid function is first protected by esterifica-
tion, to give the methyl ester 5, then the alkoxy groups
are attached, by reacting 5 with 11-bromoundecanol,
yielding compound 6. After deprotecting the carboxylic
function, the substituted benzoic acid 7 is then reacted
with acryloyl chloride to give the final free acid 8.
Both compounds 4 and 8 have been characterized by

elemental analysis, infrared (IR) spectroscopy, and 1H
and 13C nuclear magnetic resonance (NMR). All details
regarding the synthesis and results of the characteriza-
tions are given in the Experimental Section.
Metal Complexes. The copper carboxylate, Cu/C11,

was isolated during the synthesis of the 12-acryloyloxy-
dodecanoic acid (see Scheme 1).

The magnesium complexes were obtained by reaction
of the magnesium chloride with the sodium salt of the
corresponding carboxylic acid, according to the following
equation (O2CR ) C11 and x ) 2; O2CR ) B2OC11 and
x ) 0):

The zinc complex was prepared by reaction of zinc
sulfate with the sodium salt of the corresponding
carboxylic acid:

All compounds have been characterized by IR spec-
troscopy, 1H NMR and elemental analysis (see Experi-
mental Section) of the metal, C, H, and Na.
The IR spectra of the metal complexes were examined

in the region between 1600 and 1400 cm-1, where the
asymmetric stretching mode (νas) and the symmetric
stretching mode of the CO2 group (νs) are observed. It
is known (demonstrated precisely for acetate com-
plexes,7 and most of the time extrapolated to other
carboxylates) that for carboxylate complexes the position
of these bands, and particularly the value of the differ-
ence ∆ν ) νas - νs, may provide some information on
the coordination mode of the carboxylate group,7 i.e.,
monodentate, bidentate chelating, or bidentate bridging.
In our case, the νs and νas bands were located in the
region also displaying the CH2 bending mode (at ca.
1470 cm-1) as well as the aromatic ring stretching
frequencies, found here at 1600 and 1430 cm-1. All
these modes could be assigned by comparisons with the
IR spectra of several dialkoxybenzoic acids with differ-
ent chain lengths, homologues of the free ligands
described here. The values of the νas and νs frequencies
as well as of the separation ∆ν have been reported in
Table 1, for the four compounds described here.
The νas band of all the complexes shows a downshift,

compared to the asymmetric mode of the free ligand, of
116-144 cm-1 for M/C11 with M ) Cu and Mg (ν(COO)-
acid ) 1704 cm-1) and a shift of ca. 115 cm-1 for
M/B2OC11 with M ) Mg and Zn (ν(COO)acid ) 1671
cm-1). The difference ∆ν for both M/C11 compounds
(see Table 1), was found close to 180 cm-1, which may
be attributed to a bidentate bridging mode7 of the
carboxylate groups. This result is consistent with the
known crystallographic structures of either Cu(II) car-

(6) Abied, H.; Guillon, D.; Skoulios, A.; Weber, P.; Giroud-Godquin,
A. M.; Marchon, J. C. Liq. Cryst. 1987, 2, 269. (7) Deacon, G. B.; Phillips, R. J. Coord. Chem. Rev. 1980, 33, 227.

Scheme 2 Table 1. Vibration Frequencies of the Symmetrical
(ν(COO)sym) and Asymmetrical (ν(COO)asym) Stretching

Modes (cm-1) of the CO2 Group for Various Metal
Complexes, as Well as the Difference ∆ν ) ν(COO)asym -

ν(COO)sym

complex
ν(COO)asym

(cm-1)
ν(COO)sym
(cm-1)

∆ν
(cm-1)

Cu/C11 1588 (1587) 1410 (1405) 178
Mg/C11‚2H2O 1588 1410 178
Mg/C11a 1560 1412 148
Mg/B2OC11 1558 1434 124
Zn/B2OC11 1559 1433 126
a Obtained by heating Mg/C11‚2H2O for 24 h at 60 °C.

MgCl2‚6H2O + 2NaO2CR f

Mg(O2CR)2‚xH2O + 2NaCl + (6 - x)H2O (1)

ZnSO4‚6H2O +2NaB2OC11 f

Zn/B2OC11 + Na2SO4 + 6H2O (2)
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boxylates8 or Mg(II) butyrate.9 For the dialkoxyben-
zoate complexes of magnesium and zinc, the separation
∆ν is about 125 cm-1, which is indicative of a chelating
or bridging bidentate mode.7 Several typical bands of
the acrylate group3b were also observed at 1725, 1635,
970, and 810 cm-1.
The presence of acrylate functions did not seem to

influence the coordination geometry of the carboxylato
ligands, since in all cases the value of ∆ν was similar
to that found for the precursors,5 i.e., the same com-
plexes without acrylate functions.
The main information given by the 1H NMR spectra

of Cu/C11, Mg/C11, and Zn/B2OC11 was the chemical
equivalence of the two ligands in the formal molecular
unit. For Mg/B2OC11, the broad multiplet of the
aromatic protons precluded any conclusion concerning
the possible chemical equivalence of ligands.
2. Mesomorphic Properties. The mesomorphic

properties have been studied by optical microscopy
under polarized light (OM), differential scanning calo-
rimetry (DSC), and powder X-ray diffraction.
The free acids 4 and 8 were found to be nonmesomor-

phic, similarly to their precursors, i.e., the aliphatic
carboxylic acids and bis(n-alkoxy)benzoic acids.5
Mg/C11 and Cu/C11. These complexes are not

mesomorphic and their melting point was observed by
OM and DSC at 61 °C for Mg/C11 (∆HCfI ) 77 kJ/mol)
and 40 °C for Cu/C11 (∆HCfI ) 43 kJ/mol). The X-ray
diffraction spectra of both compounds show a lamellar
crystalline phase at room temperature (interlamellar
distance d ) 51 Å for Mg/C11 and d ) 48.5 Å for Cu/
C11). This result is in sharp contrast to the mesomor-
phic properties observed for the precursor analogues,
i.e., aliphatic linear carboxylates of Cu(II)6,10 and Mg-
(II)11 without acrylate functions, which were found to
give a transition from a lamellar crystalline phase to a
hexagonal columnar mesophase, at ca. 110 °C in both
cases.
In the case of Mg/C11, a broad endothermic peak

appeared at 115 °C on the first heating thermogram
only. This irreversible transition probably corresponds
to the loss of water molecules, as checked by IR
spectroscopy and a TGA experiment, and is immediately
followed by an exothermic deviation of the baseline in
the DSC trace. This latter exothermic process is most
likely related to the thermal polymerization, as checked
by an IR spectrum of the compound after heating to 300
°C, where the typical acrylate bands have completely
disappeared.
In both cases, it is clear that the introduction of an

acrylate group precludes the formation of a columnar
mesophase. The acrylate functions introduce two new
parameters, compared to the precursors, which can
affect the stability of both the mesophase and the crys-
talline phase: the steric effect and the dipole moment.
The first effect should destabilize the crystalline phase,
as it perturbs the regular packing of the paraffinic

peripheral chains. Such a phenomenon had been sug-
gested to be responsible for the decrease in the crystal-
to-mesophase transition temperatures observed for
some Cu(II) carboxylates containing unsaturations in
the middle or in the end of the peripheral chains, as
compared to the linear aliphatic homologues.12 In con-
trast, the presence of dipolar intermolecular interactions
may preclude the disordering of the aliphatic chains,
which is necessary to efficiently fill the space in a liquid-
crystalline state: this second effect could be responsible
for a destabilization of the liquid-crystalline phase.
For Cu/C11 and Mg/C11, the first effect may be

responsible for the lowering of the fusion temperatures,
compared to the non reactive homologues, i.e., a desta-
bilization of the crystalline phase due to the presence
of acrylate groups. The absence of a columnar phase
may be related to the dipolar interactions between
peripheral chains, as described above.
The dialkoxybenzoate complexes show a more com-

plex behavior, with the presence of mesophases, as seen
by DSC and optical microscopy. The liquid-crystalline
behavior observed, despite the acrylate functions, could
be due to the eight peripheral chains which can fill the
space more efficiently than with the aliphatic carbox-
ylates of Mg(II) or Cu(II) (see above).
Mg/B2OC11. The magnesium complex shows only

one endothermic peak at 57 °C (∆H ) 166 kJ/mol)
between room temperature and 100 °C, reproducible
after several heatings and corresponding to a transition
from a birefringent sticky powder at room temperature
to nonbirefringent viscous droplets. Recrystallization
was very slow under the microscope (several days),
whereas it was readily observed during a DSC cooling
experiment. Heating above 100 °C displays only a slow
irreversible exothermic thermogram certainly related
to the thermal polymerization, as was observed in the
case of the Mg/C11 complex (see above).
The X-ray diffraction pattern obtained at 60 °C for

Mg/B2OC11 exhibited several reflections in the low-
angle region, which could not be indexed according to
classical symmetries and could be due to a two-phase
mixture. In the wide-angle region, a broad reflection
appeared corresponding to the melting of the aliphatic
chains. These results, recorded slightly above the tran-
sition temperature, preclude any conclusion about the
nature of this viscous isotropic phase. They may be
indicative either of a mesomorphic state with a homeo-
tropic alignment under the microscope, or of the liquid
state, where some crystalline domains remain from the
solid phase, due to the high viscosity of the phase.
Zn/B2OC11. On heating between -50 and 100 °C,

two transitions were observed by DSC at -21 °C (∆H
) 6 kJ/mol) and 63 °C (∆H ) 18 kJ/mol; Scheme 3). By
optical microscopy, the sticky powder appeared at room
temperature as a noncharacteristic birefringent texture,
and the second transition, observed at 63 °C, cor-

(8) (a) De Meester, P.; Fletcher, S. R.; Skapski, A. C. J. Chem. Soc.,
Dalton Trans. 1973, 2575. (b) Simonov, Y. A.; Malinovskii, T. I. Sov.
Phys. Crystallogr. 1970, 15, 310. (c) Campbell, G. C.; Haw, J. F. Inorg.
Chem. 1988, 27, 3706.

(9) Mirnaya, T. A.; Polishchuk, A. P.; Tolochko, A. S.; Volkov, S. V.
Crystallogr. Rep. 1993, 38, 610.

(10) Ibn-Elhaj, M.; Guillon, D.; Skoulios, A.; Giroud-Godquin, A.
M.; Maldivi, P. Liq. Cryst. 1992, 11, 731.

(11) Spegt, P. A.; Skoulios, A. E. C. R. Acad. Sci. Paris 1962, 254,
4316.

(12) Maldivi, P.; Bonnet, L.; Giroud-Godquin, A. M.; Ibn-Elhaj, M.;
Guillon, D.; Skoulios, A. Adv. Mater. 1993, 5, 909.

Scheme 3
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responded to the clearing point, as confirmed by X-ray
diffraction.
Two X-ray diffraction patterns have been recorded at

24 and 40 °C. The low-angle region contained several
sharp reflections with reciprocal spacings in the ratio
1:x3:x4:x7, which was interpreted as indicative of a
hexagonal columnar structure. In the wide-angle re-
gion, a broad reflection was present, confirming the
mesomorphic nature of the phase. The intercolumnar
distance D was measured at 24 °C (D ) 39.2 Å) and at
40 °C (D ) 39.3 Å). These values were found to be very
close to that obtained for the zinc dialkoxybenzoate
precursor with 15 carbon atoms in the alkoxy peripheral
chains (D ≈ 39.3 Å at 30 °C).5 This result is consistent
with the overall number of “heavy” atoms (i.e., carbon
and oxygen) in the acrylated compound Zn/B2OC11,
which is also 15, as in the bis(pentadecyloxy)benzoate
precursor. This structural analogy could possibly indi-
cate that the molecular organization along the columns
is similar in the precursor and in the acrylated deriva-
tive.
It has not been possible to record X-ray diffraction

spectra below room temperature, and therefore the
nature of the phase below -21 °C could not been
elucidated.
3. In Situ Photopolymerization. We have studied

first the influence of the nature of the metal atom on
the photopolymerization process in the isotropic liquid
phase, and second the influence of the phase structure
(liquid crystalline and isotropic) for Zn/B2OC11, which
shows a hexagonal columnar mesophase at room tem-
perature. The details of the photopolymerization ex-
periments are described in the experimental section.
Influence of the Metal Atom on the Photopolymeriza-

tion. Four pure metal complexes, Cu/C11, Mg/C11, Mg/
B2OC11, and Zn/B2OC11, were irradiated by UV light
in their isotropic phases while simultaneously checking
the DSC data, to record the exothermic enthalpy result-
ing from the photopolymerization. The utility of this
technique in monitoring photopolymerization processes
and in providing quantitative conversion rates has been
described in previous papers.3b,c The Cu(II) complex
showed a flat curve indicating an inhibition of the
photopolymerization process. This phenomenon cannot
be due to an absorption of the incident light, as the
irradiation wavelength was 365 nm, far from the
absorption band of the copper carboxylates (ca. 700 nm).
This inhibition may be due to the presence of two
unpaired electrons in the binuclear metallic core, which
can trap the radicals generated by irradiation in the
photoinitiation process. In contrast, the photopolym-
erization has been successful for the magnesium and
zinc compounds. The shapes of the DSC traces obtained
for Mg and Zn complexes (Figure 2) are very similar to
those obtained for purely organic acrylates.3b,13 Im-
mediately after the UV light is switched on, the conver-
sion rate increases sharply. The maximum rate is
reached 30-40 s after switching on the UV light. For
comparison, this maximum is reached after 5 s for
typical organic mesogenic diacrylates.3b,13 The polym-
erization rate then decreases and falls below the detec-
tion limit after a few minutes. The Mg(II) complexes
gave sharp DSC peaks, while the Zn complex exhibited

a broad peak, mostly due to the high viscosity of the
isotropic phase for this latter compound.
By integration of these curves and from the known

polymerization heat of one acrylate function (78 kJ/
mol),3b,13 we have calculated the final polymerization
conversions, which are reported in Table 2. These
conversions are about 70-80%, similar to that usually
found for the conversion of organic acrylate com-
pounds.3b,13

Photopolymerization Process of Zn/B2OC11. The in-
fluence of temperature has been investigated for this
complex, which shows a hexagonal columnar mesophase
at room temperature and the isotropic phase above 63
°C. Figure 3 shows typical DSC curves of isothermal
measurements at various temperatures during UV
irradiation of the monomer.
By integration of the DSC polymerization curves, the

ultimate conversion of the monomer was calculated.
These data are listed in Table 3, where the monomer
conversion is given for each polymerization temperature;
the final conversion reaches a maximum of ca. 80%
when the polymerization is carried out above 50 °C.
Figure 4 shows the conversion rate at time t, calcu-

lated by partial differentiation within the time range t,
t + dt (dt ) 2 s) of the DSC curves, versus the monomer
conversion at time t, calculated by partial integration
of the exothermic peak between the onset and time t.
The shape of these curves, which have been obtained
at different polymerization temperatures, shows simi-
larities to those obtained for organic liquid crystals and
non-liquid-crystal diacrylates. The conversion rate does
not adopt a steady state but increases immediately after(13) Kloosterboer, J. G. Adv. Polym. Sci. 1988, 84, 1.

Figure 2. DSC exotherms of the photopolymerization of
different metal complexes: Cu/C11 (O), Mg/C11 (0), Mg/
B2OC11 (∆), Zn/B2OC11 (b).

Table 2. Final Conversion of Metal Carboxylates upon
Photopolymerization in the Isotropic Phase, with 2.5 wt

% of Initiator and under Nitrogen Atmosphere

compound polym temp (°C) final conversiona (mol %)

Cu/C11 70 0
Mg/C11 70 70
Mg/B2OC11 60 70
Zn/B2OC11 65 70-80
a Experimental error is estimated at (10%.
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the beginning of the irradiation. This autoacceleration,
or Trommsdorff effect,14 is attributed to gelation result-
ing in a low mobility of the reacting polymer end groups.
Gelation slows the termination process and leads to high
local radical concentrations, resulting in efficient to-
pochemical processes. It is interesting to note in this
respect that photopolymerization in the isotropic phase
at 65 °C is less efficient than those carried out in the
columnar mesophase at 45 and 55 °C.

The maximum conversion rate and the conversion at
this maximum rate have been calculated from the data
represented on Figure 4, and they have been plotted in
Figure 5 as a function of temperature. Both parameters
increase steadily with temperature in the columnar
mesophase and decrease to a relatively low value in the
isotropic phase (65 °C). These observations corroborate
previous studies of polymerization in liquid-crystal
media,15 which have led to the conclusion that two basic
properties of liquid-crystalline materials may contribute
to the polymerization kinetics of liquid-crystalline mono-
mers. First, the ordering effect in a liquid-crystal
medium can provide a unique alignment of polymeriz-
able monomers, affecting both the propagation and
termination processes. Second, the anisotropic mobility
and diffusion, depending on the specific nature of the
mesophase, can also change the polymerization propa-
gation and termination kinetics. The high maximum
rate observed for polymerization in the columnar phase
could be due to the ordering effect, and the lower value
in the isotropic phase could indicate the loss of orienta-
tion of the acrylate monomer. Apparently, at 25 °C the
mobility required for polymerization rate enhancement
is attained. The increase of the maximum rate with
temperature in the range 25-55 °C could indicate that
the loss of order of the monomers is more than com-
pensated by their increase in mobility.
4. Physicochemical Properties of the Metal-

lopolymer. The metallomonomer Zn/B2OC11 was
deposited on a glass plate without any surface treat-
ment. It was heated to its liquid-crystal phase (ca. 60
°C) and then strongly pressed between two glass plates,
and it was finally irradiated by UV light. It was
observed that the initially transparent film of the
monomer remained clear during the polymerization
reaction and gave a transparent polymer film. This
result points to the absence of phase separation during
the polymerization reaction.3b
The Zn content of the polymer is equal to that of the

monomer within experimental error (4.32% vs 4.48%),

(14) Tulig, T. J.; Tirrell, M. Macromolecules 1981, 14, 1501.
(15) Hoyle, C. E.; Chawla, C. P.; Griffin, A. C.Mol. Cryst. Liq. Cryst.

Inc. Nonlinear Opt. 1988, 157, 639.

Figure 3. DSC exotherms of the photopolymerization of Zn/
B2OC11 at different temperatures: 15 °C (O), 25 °C (4), 35
°C (b), 45 °C (2), 55 °C (0), 65 °C (9).

Table 3. Final Conversion to Metallopolymer at
Different Temperatures for Zn/B2OC11

temp
(°C)

final conversiona
(mol %)

temp
(°C)

final conversiona
(mol %)

15 50 45 70
25 60 55 80
35 60 65 70-80

a Experimental error is estimated at (10%.

Figure 4. Conversion rate (mol %/s) versus conversion (mol
%) calculated from the exotherms represented on Figure 3 (see
text for the method of calculation of these quantities), for the
Zn/B2OC11 complex: 15 °C (O), 25 °C (4), 35 °C (b), 45 °C
(2), 55 °C (0), 65 °C (9).

Figure 5. Maximum conversion rate (0) in mol %/s and
conversion (9) in percent at this maximum rate, deduced from
the curves of Figure 4, plotted as a function of temperature,
for the Zn/B2OC11 complex. The transition region from the
columnar phase (D) to the isotropic phase (I) is shown between
two vertical lines.
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indicating quantitative polymerization without loss of
metal. Comparison with the calculated value of 5.15%
suggests that at least 80% of the coordinating sites of
the polymer are bound to Zn(II) centers.
A DSC study of this polymeric film showed no

transition between 40 and 250 °C, pointing to the
absence of any liquid-crystalline phase and indicating
a stable and highly cross-linked polymer. Another
indication of a high mean degree of polymerization is
the complete insolubility of the polymer in chloroform,
dichloromethane, or ethanol. This lack of suitable
solvent also precludes further characterization of the
polymer by gel permeation chromatography (GPC).
Moreover, the reliability of GPC in the present case
would suffer from the absence of appropriate reference
polymers, as the polarity of our materials is very
different from those of normal standards.
The structure of the film has also been investigated

by X-ray diffraction. A set of reflections was observed
in the low-angle region, which is typical of a columnar
hexagonal structure, indicating that the mesomorphic
structure of the monomeric state had been retained
during the polymerization process. The intercolumnar
distance found for the polymer was 33.7 Å, whereas in
the monomer mesophase, the intercolumnar distance
was 39.2 Å. This contraction of the hexagonal array is
probably due to the contraction of peripheral chains
belonging to adjacent columns, upon polymerization.
Due to the very high viscosity of the Zn/B2OC11 in its
columnar mesophase, it has not been possible to orient
the monomeric compound over large distances.
The optical birefringence of the Zn/B2OC11 compound

in either its monomeric or polymeric state has been
investigated by measurements of the refractive indexes
with an Abbe refractometer, and the results are reported
in Table 4. In the case of the monomer, two sets of data
have been obtained, one on an unoriented sample (∆n
) 0.007) and another on a sample that had been parti-
ally aligned by stretching on a glass plate; the latter
resulted in a slight increase of the birefringence to ∆n
) 0.011. We believe that this marginal difference has
little physical significance and is within the limits of
experimental errors, as the birefringence given by an
Abbe refractometer is related more to molecular proper-
ties rather than to the macroscopic order parameter.
Besides, the polymeric film, which had been prepared
without any alignment of the monomer prior to the
photopolymerization, showed a very low birefringence,

and only one refractive index could be accurately
measured. This may be due to a modification of the
columnar structure, which could be related to the
shrinkage of the intercolumnar distance observed after
the polymerization. We assume that no effect due to a
signal broadening may be expected as it has never been
observed for polymers resulting from nematic and
smectic diacrylates.

Conclusion

We have prepared a new type of metal-containing
polymer in which at least 80% of the coordinating sites
are bonded to a metal center, resulting in a high metal
content (typically about 5 wt %/wt for the Zn polymer).
Our strategy of photoinitiated polymerization of liquid-
crystalline metallomonomers allows the metal concen-
tration of the monomer to be fully maintained in the
polymer. Thus, higher metal contents could be obtained
in principle if appropriate metallomonomers with less
bulky ligands could be designed.
This study has also revealed that the photopolymer-

ization process is inhibited by copper(II) centers, whereas
the closed-shell Mg(II) and Zn(II) complexes could be
polymerized as efficiently as other organic diacrylate
monomers. Moreover, we have shown that the hexago-
nal columnar structure of the mesomorphic monomer
is retained in the polymer, giving a material with a
locally anisotropic structure.
The optical birefringence of the polymeric film of Zn/

B2OC11 is rather low, compared to that of materials
based on organic liquid-crystalline monomers,4a,16 which
are typically calamitic mesogens. Some improvement
can be expected if a good alignment of the monomer in
its mesophase can be achieved before irradiation. Other
types of divalent metallomonomers might also result in
improved mean refractive index and birefringence of the
metallopolymer.
This successful approach, based on the UV irradiation

of metal-containing monomers bearing photopolymer-
izable groups, is encouraging. It offers an opportunity
to elaborate new polymeric materials containing a high
concentration of various metal centers, with potentially
interesting physical properties.
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Table 4. Refractive Indexes and Birefringence at 25 °C
for Zn/B2OC11 in Its Monomeric and Polymeric States

refractive indexes

state treatment n1 n2 birefringence

monomer
Dh oriented 1.527 1.516 0.011
Dh nonoriented 1.524 1.517 0.007

polymer
Dh 1.535 not enough

precision
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