This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

New liquid crystalline di- and tetra-acrylates for network formation
Gerold Schmitt*; Hans-Werner Schmidt®; Reiner Giesa®

* Macromolecular Chemistry I, Bayreuth Institute for Macromolecular Research and Laboratory for
Polymer Processing, Universita t Bayreuth, D-95440 Bayreuth, Germany,

Online publication date: 06 August 2010

To cite this Article Schmitt, Gerold , Schmidt, Hans-Werner and Giesa, Reiner(2001) ‘New liquid crystalline di- and tetra-
acrylates for network formation', Liquid Crystals, 28: 11, 1611 — 1621

To link to this Article: DOI: 10.1080/02678290110078793
URL: http://dx.doi.org/10.1080/02678290110078793

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678290110078793
http://www.informaworld.com/terms-and-conditions-of-access.pdf

17:57 25 January 2011

Downl oaded At:

LiQuip CrystaLs, 2001, VoL. 28, No. 11, 1611-1621

New liquid crystalline di- and tetra-acrylates for network

formation
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New liquid crystalline diacrylates and tetra-acrylates containing four to six aromatic rings
were synthesized and characterized, and their mesophase behaviour was investigated. They
are designed to be used in combination with chiral molecules to form cholesteric mesophases
which can be crosslinked by photopolymerization The acrylates presented exhibit broad
mesophase ranges since mesogenic moieties longer than three are employed. Most diacrylates
show no isotropization, due to premature thermal polymerization above 180°C. Additionally,
liquid crystalline dipropionates were synthesized as reference compounds which cannot be
crosslinked, and selected examples of these exhibit isotropization temperatures as high as
238°C prior to thermal degradation. Substituents at the mesogenic moiety have a great
influence on the mesophase characteristics. Bulky substituents such as the tert-butyl group,
induce a nematic mesophase, whereas compounds with small substituents (e.g. ~OCH3) or
unsubstituted molecules also exhibit smectic phases. Tetra-acrylates with unsubstituted and
substituted mesogenic units feature nematic mesophases only as a result of the additional
spacers attached. Here isotropization was observed without polymerization at temperatures
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around 120-160°C.

1. Introduction

In recent years liquid crystalline acrylates have
attracted a great deal of interest. They can easily be
oriented, e.g. by shear, and the orientation can be fixed
by photopolymerization thus forming anisotropic, highly
crosslinked networks. Due to the liquid crystalline nature
of the monomers and their shear orientation, aniso-
tropic mechanical, electrical, optical and also thermal
properties are obtained [1-4]. In the presence of a
chiral centre directly linked in the molecular structure
or simply by addition of a chiral molecule (dopant), the
mixture arranges in a helicoidal structure resulting in a
cholesteric mesophase [ 57]. By photopolymerization, the
pendant acrylate groups are crosslinked, the orientation
is permanently fixed and a cholesteric network is obtained.
These networks exhibit special optical properties, caused
by the selective reflection of light and the angular depend-
ence of the reflected wavelength resulting in the so-called
‘colour flop’ [6-8]. The materials are typically used
for effect inks and pigments [9] or polarizers [10]. So
far, diacrylates with mesogenic units of three or four
aromatic rings have been employed for cholesteric
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mixtures [1, 11-147. Another system investigated is
based on nematic twin mesogen diacrylates [15, 16].
Furthermore, the acrylate functionality can be replaced
by 1,5-hexadiene groups yielding photopolymerizable
nematic liquid crystals [17].

In contrast to the liquid crystalline diacrylates
possessing three aromatic rings at most, the mesophase
can be broadened by the extension of the mesogenic
unit to four and more aromatic rings. A broad nematic
phase to start with is important, since the addition of
the chiral dopant and/or reactive solvents will decrease
the mesophase range of the final cholesteric mixture and
hence the processing region. Such long and relatively
stiff mesogenic units however suffer from high transition
temperatures coupled with decreased solubity. Therefore
this paper reports the properties of liquid crystalline
acrylates featuring long rigid mesogenic units in com-
bination with bulky or polar substituents, and non-
coplanar moieties which will in return lower transition
temperatures but enhance solubility in reactive solvents.

The present work investigates a series of liquid crystal-
line diacrylates, tetra-acrylates and dipropionates con-
sisting of mesogenic units containing four to six aromatic
rings. The mesophase behaviour of the diacrylates is studied
and compared with the behaviour of the dipropionates,
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which represent reference compounds since they cannot
be polymerized. The introduction of an additional two
acrylate groups at the mesogenic unit will increase the
density of a cholesteric network which might be advan-
tageous for systems diluted by, for example, reactive
solvents. Therefore the mesophase characteristics of the
liquid crystalline tetra-acrylates are also examined.

The liquid crystalline compounds presented here
exhibit a larger aspect ratio and therefore should be
useful also for the preparation of lyotropic liquid crystal-
line systems. Based on the theory of Flory [18, 197,
compounds featuring a large aspect ratio can be used
for the preparation of lyotropic mesophases at a lower
concentration, since the axial ratio is a function of the
amount of solvent that can be added to a system of rod-
like molecules yielding a lyotropic solution. Lyotropic
systems can indeed be prepared with compounds pre-
sented here; the characterization of the lyotropic mix-
tures, their network formation and their cholesteric film
properties are the topics of another publication [20].

2. Synthesis

This article describes the synthesis of calamitic
liquid crystals functionalized with two or four acrylic
groups, so enabling formation of highly crosslinked
networks. In contrast to other systems investigated so
far [1, 11, 13, 14], the objective of the synthetic efforts
presented here is the design of mesogenic units consisting
of four to six aromatic rings. As mentioned before, the
mesophase can be broadened by such extensions of
the mesogenic unit. An optimal broad mesophase range
is characterized by a low crystal-nematic transition
and isotropization at high temperatures, preferably after
crosslinking occurs. For example, the structure of a
tetra-acrylate with six aromatic rings synthesized in the
course of this work is depicted in figure 1.

The target liquid crystalline compounds consist of a
mesogenic core with three to six aromatic rings, a flexible
C6 spacer unit and acrylate end-groups, enabling photo-
crosslinking. In addition non-polymerizabl e dipropionate s
were synthesized for comparison. The synthesis of the
liquid crystalline systems is accomplished in three steps:
(1) the synthesis of new diols, (ii) the design of the spacer
unit with crosslinkable groups, and (iii) the combination

of two spacer units with the diols. In this way, to the
number of aromatic rings in the diol unit two more are
added in the final condensation step. This synthetic
strategy is outlined in greater detail in the following
paragraphs. The numbering of the liquid crystalline
compounds is based on the diols in table 1, completed
by a suffix a for diacrylates, b for dipropionates and ¢
for tetra-acrylates.

2.1. Synthesis of diols

All diols used for the synthesis of the liquid crystal-
line compounds are listed in table 1. Diols 1-3 are
commercially available.

Diol 4 was synthesized according to a modified literature
procedure [ 21, 227]. The mesogenic diols possessing three
or more aromatic rings are accessible by two synthetic
routes. The synthetic pathway depends on the sub-
stitution pattern at the aromatic rings. The mesogenic
diols 5, 6, 7, 11 and 12, which are unsubstituted or have
only small substituents at the aromatic core, could easily
be synthesized via an azeotropic esterification reaction
[17,23] in p-xylene catalysed with p-toluenesulphonic
acid. The synthesis is illustrated for 5-7 in scheme 1.
This procedure is also suitable for scale-up and after
purification 60-80% yields are obtained.

Diols featuring more bulky tert-butyl or phenyl groups
as substituents are not accessible by the azeotropic
esterification reaction. Probably due to steric hindrance,
no complete conversion was achieved. Therefore the
synthesis of diols 8—10 was accomplished via a protection
group strategy which is outlined for 8 and 9 in scheme 2.

In the first step, the hydroxy group of the 4-hydroxy-
benzoic acid (13) or vanillic acid (15) was protected
using benzyl chloroformate (16). The protected acid was
then converted into the acid chloride by thionyl chloride.
The protected acid chlorides 17 and 18 were reacted
with tert-butylhydroquinone (19) using triethylamine
as base. Finally deprotection was accomplished with
hydrogen and palladium [24] as catalyst, giving the
diols 8 and 9.

2.2. Synthesis of functionalized spacer units
The spacer units were synthesized according to literature
procedures [ 1,25-27] in a three step procedure which

o]
\/u\
O(CH2)gO CHg (o]
Q Q Q Q
/\n/O(CHg)eO G-0 c-0 O O 0-C 0-GC O(CHy)gO
o} H3C O(CHy)s0
3 (CHa)s \Tf/§§

[e]

' Cross- [Spacer |
linker

Mesogenic Core

ISpacerI Cross- |
linker

Figure 1. Example for a tetra-acrylate structure, consisting of a mesogenic core, symmetrically attached spacer, and crosslinker.
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Table 1. Diols used for the synthesis of the liquid crystalline
diacrylates, tetra-acrylates, and dipropionates.

HO Aryl OH
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: o y-on
3 o))"
CHy
CHy
Q Q
S I VoW
CHy
Q Q
6 HO ¢-o o-C OH
CHs
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0

11 HO‘©—8—OO—E OH
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is shown in scheme 3 for 22¢. 6-Chlorohexanol, as
the hydroxy-functionalized C6 spacer, is attached to
the protected (esterified) hydroxy benzoic acid (20) in
2-butanone as solvent. Deprotection with potassium
hydroxide in methanol yields 21, and finally the acrylate
moiety is introduced by condensation with acryloyl
chloride. Hence, the synthesis of the di- and tetra-
acrylates, indicated by the suffix a or ¢, respectively,
is completely analogous except for the starting com-

R' R?
Q
2 HO—@—C—OH + HO OH
RS
13 1,2,14
-TSA
g-xylene H:0
R' R?
Q Q
o Ot
RS
5-7
| R R? R®
1,5 H H H
2,6 CHg H H

14,7 CHy CHy  CHs

Scheme 1.
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Scheme 2.

1613

pounds. The non-polymerizable dipropionates (b) were
synthesized in the same manner using propionyl chloride.

Yields were in the range 50-80%.
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Scheme 3.

2.3. Synthesis of liquid crystalline diacrylates,
tetra-acrylates, and dipropionates

Diacrylates 1a—3a have been synthesized before, and
the literature references are included in table 2. All other
compounds were synthesized by coupling the diols 4-12
(see table 1) with a two-fold amount of the appropriate
spacer unit as outlined in scheme 4. The acids 22a—c
were converted into the acid chlorides 23a—c employing
oxalyl chloride. These were condensed with the different
diols forming the functionalized liquid crystalline com-
pounds in yields in the range 40-80%, depending on
the substituents in the diols. The mesogenic core of the
resulting liquid crystalline compounds finally consists of
the aromatic ring of the spacer units 22a—c plus the
aromatic rings of the diols. Hence, the longest mesogenic
units synthesized in the course of this work are realized
in 12a, 11¢, and 12¢ with six aromatic rings total. All
liquid crystalline compounds and their most charac-
teristic data are listed in table 2, other analytical data
are included in the Experimental section.

3. Thermal characterization and mesophase behaviour
3.1. Thermal stability of the diols 1-12

All diols were examined by thermogravimetric analysis
combined with simultaneous DSC measurements. Melting
points were additionally determined by polarizing optical
microscopy (POM) using a hot stage. All data are
included in the Experimental section. Only the simple
diols 1, 2, 4 and highly substituted diol 9 exhibit melting
points, at 172, 127, 137 and 116°C, respectively. The other
diols do not exhibit a melting point prior to thermal
degradation. For diols 5-10 with three aromatic rings,
decomposition starts between 276 and 294°C in a nitrogen

RG

o)
R50-(CH2)5—O—® E-oH

22a-c

l C205Cly / CHeCly

RS

0
RSO-(CHg)e-OOé—CI

23a-c

in THF/NEtgl 05 HoO—{_Anl }-oH

H6
Q 8
R50-(CH,)g-O c- o o-C 0-(CH,)s-OR®
RG

(see Table 2)
22,23 RS R®
o]
a A R
o
b Jo oH
Jo
c N
=
0
Scheme4.

atmosphere. The most thermostable compound is 11
with commencement of degradation at 320°C, whereas
the dimethyl substituted diol 12 starts to decompose
at 242°C.

3.2. Mesophase behaviour

The mesophase behaviour of the liquid crystalline
compounds was investigated by DSC, POM, and in
some cases with temperature dependent SAXS. All
results are summarized in table 2. To avoid thermal
polymerization during the measurements, 2 wt% of
sulphur was added as an inhibitor to diacrylates and
tetra-acrylates.

3.2.1. Diacrylates

The mesophase behaviour of 1a—3a is described in the
literature [ 11, 147] and all three systems exhibit a clearing
point in the range 111-151°C. All other compounds,
except 4a and 9a, show no clearing point up to 175°C.
Measurements above 175°C always lead to thermal
polymerization despite the inhibitor. Compound 4a
exhibits a melting point at 81°C; above this temperature
the compound shows a nematic mesophase which turns
isotropic at 122°C. Diacrylate 3a, as the non-methyl
substituted analogue of 4a, exhibits a melting point at
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Table 2. Mesophase behaviour of all the liquid crystalline compounds investigated. Enthalpies (kJ mol™ ') in parentheses.

Diol
Compound (see table 1) Thermal mesophase characterization/°C
Diacrylate
la 1 Cr 108 (SmC 88) N 1551 [11]
2a 2 Cr86 N 116 1[11]
3a 3 Cr 83 SmX 107 SmC 111 1 [14]
4a 4 Cr 81 (53.4) N 122 (2.00) I
5a 5 Cr 102 (41.0) (1st heating) X 146 (3.04) X 156 (14.1) SmA
6a 6 Cr 107 (19.0) X 115 (0.21) N
Ta 7 Cr 125 (27.8) N
8a 8 Cr 109 (32.6) N
9a 9 g 7(0.15)" N 148 (2.48) I,
1st heating: Cr 112 (53.9) N 148 1
10a 10 Cr91 (212) N
12a 12 Cr 129 (42.6) N
Dipropionate
1b 1 Cr 118 (77.3) (SmC 96) N 149 (0.83) I
SmC: 34.8 A (90°C)°
Taec = 260°
5b 5 Cr 108 (40.9) X 137 (1.40) X 161 (16.6)
SmA 204 (2.00) N
SmA: 33.5A (170°C)
Taec =330
6b 6 Cr 119 (31.2) SmA 125 (0.98) N;
SmA: 32.7 A (115°C)
Taec =330
8b 8 Cr 103 (31.2) N 238 (3.11) I
T4ec =300
Tetra-acrylate
5¢ 5 Cr 121 (79.6) N 127 (0.61) I
6¢c 6 Cr 107 (58.0) N 122 (0.79) I
11c 11 Cr 123 (77.0) N 155 (3.88) I
12¢ 12 Cr 132 (52.0) N 143° 1
*Ac, inkJ K™ ' mol™ .
®Small angle X-ray characterization at the temperature specified.
¢ Onset of the decomposition temperature determined at 10 K min™".
¢ Detectable only on cooling or by polarization microscopy.
83°C, a highly ordered phase SmX and a SmC phase 5 oA
above 107°C; the clearing point is at 111°C [14]. The 2 N X x />
introduction of the two methyl groups in 4a simplifies =
the mesophase behaviour, since now only a nematic « 2nd cooling \f—‘
phase is observed. This pronounced influence of the 6a N

substituents on the mesophase behaviour is also evident
for the diacrylates with five aromatic rings, Sa, 6a and
8a; this influence is demonstrated with the help of the
DSC runs, see figure 2.

Compound 5a, which is unsubstituted at the meso-
genic unit, has a melting point at 102°C, but this is only
visible during the first heating run. In the range up to
175°C two additional transitions at 146 and 156°C were
determined, as depicted in figure 2. The mesophase above
156°C was identified by X-ray measurements as a SmA
phase with a d-spacing of 33.0A. The two other meso-
phases in the range 102—156°C (marked with X in table 2
and figure 2) are probably mesophases of higher order.

Cr

endo ——

8a \//_’_’_’_’N—//

cr

T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160
temperature [°C

Figure 2. DSC curves of diacrylates Sa, 6a and 8a (2nd heating
and 2nd cooling heating rate 10 K min~" with 2 wt %
sulphur as inhibitor).
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These mesophases were not identified in detail since
their nature is not important for the final application
of the acrylates as components in cholesteric mixtures.
Compound 6a contains one methyl group at the inner
aromatic ring and exhibits a transition into a nematic
phase at 115°C. Compound 7a, substituted with three
methyl groups at the inner aromatic ring, is characterized
by a melting point into a nematic phase at 125°C. The
tert-butyl substituted diacrylate 8a exhibits a melting
transition into a nematic mesophase at 109°C. In 10a,
with a pendant phenyl group, this transition is further
lowered to 91°C. For 9a, which consists of a mesogenic
unit of five aromatic rings that are substituted with a
tert-butyl and two methoxy groups, crystallization is
suppressed on first cooling; in the second heating run at
the glass transition of 7°C a nematic glass is formed.
Compound 9a is the only diacrylate with five aromatic
rings showing an isotropization transition (at 148°C);
this process is usually impeded by thermal polymerization.
Thus, the mesophase behaviour of the diacrylates in this
series is simplified by the introduction of more bulky sub-
stituents or more than one substituent in the mesogenic
core. The only diacrylate synthesized with six aromatic
rings, 12a, exhibits a crystalline—nematic transition at
129°C.

3.2.2. Dipropionates

The liquid crystalline dipropionates 1b, Sb, 6b and 8b
were synthesized as reference compounds. The meso-
phase behaviour of these materials, in particular their
isotropization, can be examined until thermal decom-
position sets in. 1b was prepared for comparison with
diacrylate 1a, which is well-known in the literature
[1, 117]. 1a, with a mesogenic unit of three aromatic
rings, has a melting point of 108°C, giving then a
nematic mesophase up to the isotropization temperature
at 155°C. Furthermore, on cooling a monotropic SmC
phase with a transition temperature of 88°C is observed.
1b, possessing the same mesogenic unit, melts at 118°C
to form a nematic mesophase which becomes isotropic
at 149°C. On cooling, a monotropic SmC phase is
formed below 96°C with a d-spacing of 34.8 A. Thermal
decomposition of 1b in a nitrogen atmosphere starts at
260°C. Now comparing the mesophase behaviours of
1a and 1b, the same kinds of mesophase occur, but the
phase transition temperatures are shifted resulting in a
narrower liquid crystalline region for 1b.

The liquid crystalline behaviours of 5b, 6b and 8b,
containing a mesogenic unit of five aromatic rings, are
compared with those of the corresponding diacrylates
5a, 6a, 8a. As mentioned before, the diacrylates suffered
from thermal polymerizatio n at temperature s above 175°C,
but the dipropionates could be examined up to their

decomposition temperatures. Thermal decomposition
of the unsubstituted 5b and the methyl substituted 6b
starts at 330°C, and the tert-butyl substituted 8b is
thermally stable up to 300°C. 5b melts at 108°C, exhibits
an additional phase transition between ordered X phases
at 137°C, and forms a SmA phase at 161°C; then at
204°C a nematic phase is formed. A phase transition
into the isotropic state could not be detected up to
300°C. Figure 3 shows a polarizing photomicrograph of
5b at 150°C in the higher temperature of the two X
phases for which the textures in the polarizing micro-
scope are similar; a mosaic texture and arcs can be
observed.

The mesophases of dipropionate Sb were examined
by temperature dependent X-ray measurements starting
in the nematic phase at 220°C. The diffractograms of
the different mesophases are shown in figure 4.

Cooling to 170°C reveals an additional 100 peak
indicating, with support from microscopy observations,
a SmA phase with a d-spacing of 33.5A. At lower
temperatures additional peaks are observed suggesting
the presence of other highly ordered phases; however
these were not characterized further.

Compound 6a melts at 119°C to a SmA phase followed
by a transition into a nematic phase at 125°C. A
transition into the isotropic state could not be observed
up to 300°C. The SmA phase of 6b was also examined
by X-ray, and a d-spacing of 32.7 A was calculated. The
tert-butyl substituted dipropionate 8b melts at 103°C to
form only a nematic mesophase which turns isotropic
at 238°C; 8b is the only dipropionate with a mesogenic
unit of five aromatic rings that exhibits an isotropization
transition prior to thermal decomposition. In this case
a broad nematic phase of about 130°C was observed.

Ve

Figure 3. Polarizing photomicrograph of dipropionate 5b
(T =150°C; magnification 1:200).
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5b

T=220°C

T=170°C

2 O T=150°C
100
T=105°C
200

eJ°
Figure 4. Temperature dependent X-ray diffractogram of

dipropionate Sbh showing the formation of the SmA
(d-spacing: 33.5A) phase at 170°C.

With increasing size of the substituents at the meso-
genic unit, the phase behaviour of the dipropionates is
simplified and the transition into the nematic phase is
shifted to lower temperatures. Comparing the mesophase
behaviours of 5a, 6a and 8a with 5b, 6b and 8b it can
be concluded that diacrylates and dipropionates with
the same substituent at the mesogenic unit behave very
similarly; the transition temperatures are shifted relative
to one another, but not in any systematic way.

3.2.3. Tetra-acrylates

The mesophase behaviours of tetra-acrylates Se, 6c,
11c and 12¢ were investigated in the same manner; their
DSC curves are shown in figures 5(a) and 5 (b).

All tetra-acrylates studied exhibit a nematic meso-
phase after melting. The unsubstituted compound Sec,
having five aromatic rings in the mesogenic unit, melts
at 121°C followed by isotropization at 127°C. The inset
in figure 5(¢) magnifies the nematic region of Sc¢ and
the corresponding transition for the heating and cooling
curves. Compound 6¢ melts at 107°C and the transition
into the isotropic state is at 122°C. Two tetra-acrylates
11c and 12¢, featuring six aromatic rings, were also

examined. 11c¢ which has no substituent has a melt-
ing point at 123°C followed by the nematic—isotropic
transition at 155°C. In 12¢ the biphenyl unit is not
coplanar due to substitution by two methyl groups. This
compound melts at 132°C and at 143°C isotropization
is observed. The phase transitions of 5S¢, 6¢c and 1lc
could be determined by DSC measurements without
problems. However, in the 2nd heating run of 12c the
nematic phase is not observed, but it is detectable in the
cooling run, figure 5(b), and by POM.

Comparing the mesophase behaviour of the tetra-
acrylates and diacrylates, the two additional spacer units
induce on the one hand smaller range mesophases, but
on the other hand simplify the mesophase behaviour, as
only nematic mesophases are observed, followed in all
cases by isotropization at relatively low temperatures in
the range 122-155°C.

4. Conclusions

The synthesis and mesophase characterization of
liquid crystalline acrylates with up to six aromatic rings
in the mesogenic unit is described. These materials are
designed for the development of cholesteric mixtures
which can be processed into pigment particles. Besides
a variety of diacrylates, tetra-acrylates were synthesized
permitting a higher crosslink density. To investigate the
possible phase behaviour of diacrylates at higher temper-
atures, dipropionates as non-polymerizable reference
compounds were also synthesized and investigated.

Liquid crystalline diacrylates with long mesogenic
units consisting of three aromatic rings exhibit meso-
phases with a range of around 40°C. However, on
increasing the number of aromatic rings, and depending
on the substituents at the mesogenic unit, the mesophase
range is further broadend and no transition into the
isotropic state can be detected before thermal poly-
merization. As these materials exhibit broad mesophases
and a high axial ratio, they seem good candidates to form
lyotropic nematic and cholesteric liquid crystalline
systems.

Liquid crystalline dipropionates possessing the same
mesogenic core as the corresponding diacrylates, exhibit
a similar mesophase behaviour to the diacrylates. With
bulky substituents at the mesogenic unit, the dipro-
pionates exhibit a clearing point, whereas small sub-
stituents or the unsubstituted compounds exhibit no
clearing point due to thermal degradation. However, the
lack of thermal polymerization permitted mesophase
characterization by X-ray scattering at elevated temper-
atures and the d-spacings of the smectic phases were
determined.

Liquid crystalline tetra-acrylates with mesogenic units
of five or six aromatic rings exhibit only nematic meso-
phase behaviour. The mesophase behaviour is influenced
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Figure 5. DSC curves of tetra-
acrylates 5c and 6c¢ (a), and 11¢
and 12¢ (b). The inset in (a)
magnifies the narrow nematic
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and 2nd cooling heating rate 20 40 60 80 100 120 140 160
10 K min™ " with 2 wt % sulphur .
as inhibitor). temperature/ °C

by the two additional spacers and the acrylate units,
as indicated by a smaller mesophase ranges and lower
transition temperatures compared with the diacrylates.

5. Experimental
5.1. Characterization

The mesophase behaviour was studied using a Perkin
Elmer DSC 7 (at 10 K min™ ') and a Nikon Diaphot
300 polarizing microscope with a Mettler FP 82 hot
stage. For DSC investigations of acrylic compounds,
polymerization was inhibited with 2 wt % sulphur. Small
angle X-ray investigations (SAXS) were carried out with
a Huber Guinier Goniometer 600 with a Huber Quartz
Monochromator 611, using CuK,, radiation and a
screen system, beam catcher and oven developed at the
University of Bayreuth. Thermal stabilities and selected
melting points were determined with a Netzsch STA 409
simultaneous TGA/DSC apparatus using a nitrogen
atmosphere (75 ml min~ ') and heating rates of 10 K min™ .
FTIR spectra were measured with a Bio-Rad Digilab
FTS-40; IR vibrations of the compounds synthesized

[28] are not very characteristic and are therefore omitted
in this article. "H NMR and "’C NMR spectra were
recorded with a Bruker AC 250. CHN-elemental analysis
results for new compounds were found to be satisfactory
in all cases in relation to the proposed structures.

5.2. Materials

5.2.1. Chemicals

Tetrahydrofuran (THF) and 1,4-dioxan were heated
under reflux over potassium and distilled. Methylene
chloride was heated over calcium hydride and distilled.
Acryoyl chloride was distilled twice and stabilized
with 2,6-bis(z-butyl)-p-cresol (BHT). 2,2'-Dimethyl-4,4'-
dihydroxybiphenyl (4) was synthesized according to
[21,22] in 60% yield. 4-(6-Hydroxyhexyloxy)benzoic
acid, 4-(6-acryloyloxyhexyloxy )benzoic acid (22a) and
4-(6-propanoyloxyhexyloxy )benzoic acid (22b) were syn-
thesized according to literature procedures [1, 25,26].
All other chemicals were commercially available and
used as received.
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5.2.2. General procedure for the preparation of
compounds 5, 6, 7, 11 and 12 (scheme 1, table 1)

8.29g (60mmol) of 4-hydroxybenzoic acid (13) and
0.03 mol of the corresponding aromatic diol, 0.42g
(3mmol) of p-toluene sulphonic acid and 150ml of
p-xylene were placed in a flask equipped with a Dean—
Stark trap. The reaction mixture was heated at reflux
for 24 h, when the crude product was filtered off and
purified as specified below. The melting point was deter-
mined by the onset of the DSC melting peak. Also listed
are 'H NMR data obtained in DMSO-ds.

5: 81% (m.p. 294°C), washing with ethanol. § (ppm):
10.54 (s, 2H), 8.00 (d, 4H), 7.31 (s, 4H), 6.94 (d, 4H).
6: 85% (m.p. 276°C), washing with diethyl ether. é (ppm):
10.53 (s, 2H), 8.00 (t, 4H), 7.17 (m, 3H), 6.94 (dd, 4H),
2.15 (s, 3H). 7: 57%, (m.p. 298°C), recrystallization from
methanol. 6 (ppm): 10.54 (s, 2H), 8.01 (t, 4H), 6.98
(s, 1H), 6.94 (dd, 4H), 2.06 (s, 3H), 2.03 (s, 3H), 2.02
(s, 3H). 11: 77%, (m.p. 320°C), recrystallization from
cyclohexanone. ¢ (ppm): 10.52 (s, 2H), 8.00 (d, 4H), 7.74
(d, 4H), 7.32 (d, 4H), 6.93 (d, 4H). 12: 74%, (m.p. 242°C),
recrystallization from dioxane. é (ppm): 10.52 (s, 2H),
7.99 (d, 4H), 7.15 (m, 6H), 6.93 (d, 4H), 2.04 (s, 6H).

5.2.3. Diols 8—10 (scheme 2, table 1)

0.143 mol of 13 or 15 was dissolved in 300ml of
aq. NaOH (1M) and 29.6 g (0.173 mol) of benzyl chloro-
formate (16) were added slowly at 0°C. The reaction
mixture was stirred for 2h and poured into 500ml of
ag. HC1 (2M); the precipitate was filtered off and recrys-
tallized from acetone/water. The acid chloride was made
by dissolving 0.13 mol of the protected hydroxybenzoic
acid in 150 ml of 1,2-dichloroethane; 12 ml (0.17 mol) of
thionyl chloride was then added and the solution heated
at reflux for 2h. The solvent and excess of thionyl
chloride were removed by distillation. The crude acid
chloride 17 or 18 was dissolved in 100 ml of 1,2-dichloro-
ethane and added to a mixture of 9.72g (0.06 mol)
of 19, 37ml (0.26 mol) of triethylamine and 100ml of
1,2-dichloroethane. For 10, phenylhydroquinone was
used instead of 19. The reaction mixture was heated at
reflux for 2 h, cooled to room temperature, filtered, and
the 1,2-dichloroethane removed under vacuum. The
residue was dissolved in chloroform, washed with water,
the organic phase dried with Na,SO,, the solvent
removed by rotatory evaporation and the crude pro-
duct recrystallized from cyclohexane (R=H and 10)
or reprecipitated from a THF solution into ice water
(R =-0OCH,;). Finally the benzyl formate group was
removed by adding 0.033 mol of the protected mesogenic
diol and 2.5g of palladium (5%) on activated charcoal
to 200ml of THF. The reaction mixture was saturated
continuously with hydrogen and stirred at 40°C for 12 h.

After filtration the solvent was partly removed and the
diols precipitated into ice water.

8: 89% (dec. 288°C). 'H NMR (DMSO) 6 (ppm):
10.54 (s, 2H), 8.00 (dd, 4H), 7.19 (d, 2H), 6.94, (t, SH),
1.30 (s, 9H). 9: 63% (m.p. 116°C). '"H NMR (CDCl;) &
(ppm): 7.85 (m, 2H), 7.70 (dd, 1H), 7.13 (m, 4 H), 6.17,
(d, 2H), 3.99 (s, 6H), 1.39 (s, 9H). 10: 54% (dec. 290°C).
'"H NMR (CDCl,) é (ppm): 8.24 (dd, 2H), 8.04 (dd, 2H),
7.34 (m, 23H), 5.29 (s, 2H), 5.27 (s, 2H).

— — o~

b}

5.2.4. 3,4-Di-[6-hydroxyhexylox y) ]benzoic acid (21)
(scheme 3)

10.93g (0.06 mol) of 3,4-dihydroxybenzoic acetate
(20), 5.3g (0.133mol) of NaOH, 19.9g (0.133 mol) of
Nal and 17.74ml (0.133 mol) of 6-chlorohexanol were
added to 200ml of 2-butanone. After stirring for 20 h at
60°C, the 2-butanone was removed under vacuum. The
residue was dissolved in 300ml of aqg. NaOH (0.4M)
and shaken with 400 ml diethyl ether. The organic layer
was separated and the solvent removed by distillation;
the residue was dissolved in 200ml of methanol, and
after adding 60 ml of aq. KOH (4.5M) the mixture was
heated under reflux for 20 h. Methanol was removed by
distillation and the residue dissolved in 200ml of
aq. NaOH (0.4M). The solution was washed with 100 ml
of diethyl ether and the aqueous phase acidified with
conc. aq. HCL. The precipitate of 21 was collected and
recrystallized from water.

21: 67% (m.p. 133-135°C). 'H NMR (DMSO) §
(ppm): 12.59 (s, 1H), 7.51 (dd, 1H), 7.41 (d, 1H), 7.01
(d, 1H), 4.33 (s, 2H), 3.97 (m, 4H), 3.40 (m, 4H), 1.71
(m, 4H), 1.38 (m, 12H).

5.2.5. 3,4-Di-(6-acryloyloxyhexylox y)benzoic acid (22¢)

13.6 g (0.04 mol) of 3,4-di-(6-hydroxyhexy loxy)benzoic
acid (21), 9.6ml (0.06 mol) of N,N-diethylaniline and
100mg of BHT (inhibitor) were added to 150ml of
1,4-dioxan and heated to 60°C. 6.9ml (0.085 mol) of
acryloyl chloride were added slowly and the mixture
was stirred at 60°C for 2.5 h. After cooling to room
temperature, the mixture was poured into stirred ice
water, and the crude product filtered and recrystallized
from isopropanol.

22¢: 71% (no melting prior to polymerization). 'H
NMR (DMSO) ¢ (ppm): 12.55 (s, 1H), 7.51 (dd, 1H),
7.51 (dd, 1H), 7.41 (d, 1H), 7.01 (d, 1H), 6.29 (dd, 2H),
6.14 (dd, 2H), 5.90 (dd, 2H), 4.03 (m, 8H), 1.72 (m, 4H),
1.61 (m, 4H), 1.41 (m, 8H).

5.2.6. Synthesis of the diacrylates (a), dipropionates (b)
and tetra-acrylates (¢) (scheme 4, table 2)
15mmol of the required substituted benzoic acid
22a—c was dispersed in 40 ml of methylene chloride and
cooled with ice. An 8—10 molar excess of oxalyl chloride
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(I2ml or 0.15mol) was added slowly. The reaction
mixture was stirred at room temperature until no further
gas generation was observed. Methylene chloride and
the excess of oxalyl chloride were removed by distillation
in vacuum. The remaining acid chloride was dried under
high vacuum at room temperature.

7mmol of diols 1-12, 3.5ml (25mmol) of triethyl-
amine and 100mg of BHT were added to 100ml of
THF. The appropriate acid chloride 22a—c was also
dissolved in THF and slowly added, maintaining the
temperature at 0°C, and the mixture stirred for 24h
at room temperature. Triethylamine hydrochloride was
removed by filtration and the THF under vacuum. The
residue was dissolved in chloroform, shaken with water
and the organic phase removed by distillation; the crude
product was purified by recrystallization (solvent) or
column chromatography (solvent mixture). All '"H NMR
spectra were recorded in CDCl;.

4a: 54% (ethanol). 6 (ppm): 8.14 (d, 4H), 7.12 (m, 6H),
6.96 (d, 4H), 6.39 (dd, 2H), 6.10 (dd), 5.80 (dd, 2H),
417 (t, 4H), 4.04 (t, 4H), 2.09 (s, 6H), 1.83 (m, 4H),
1.72 (m, 4H), 149 (m, 8H). DSC: Cr 81 N 122 1
(2nd heating, 2 wt % sulphur). Sa: 60% (first toluene,
then chloroform/ethyl acetate 40/1). 6 (ppm): 8.30
(d, 4H), 8.15 (d, 4H), 7.40 (d, 4H), 7.30 (s, 4H), 6.95
(d, 4H), 6.40 (dd, 2H), 6.10 (dd, 2H), 5.80 (dd, 2H), 4.20
(t, 4H), 4.05 (t, 4H), 1.85 (m, 4H), 1.72 (m, 4H), 1.50
(m, 8H). DSC: Cr 102 (1st heating only) X 146 X 156
SmA (2nd heating, 2 wt % sulphur), X-ray: d-spacing
SmA =33.0A (T =165°C). 6a: 56% (first toluene, then
cyclohexane/ethyl acetate 2/1). 6 (ppm): 8.27 (m, 4H),
8.14 (d, 4H), 7.36 (dd, 4H), 7.17 (m, 3H), 6.97 (d, 4H),
6.39 (dd, 2H), 6.10 (dd, 2H), 5.80 (dd, 2H), 4.14 (t, 4H),
4.05 (t,4H), 2.26 (s, 3H), 1.85 (m, 4H), 1.73 (m, 4H), 1.51
(m, 8H). DSC: Cr 107 X 115 N (2nd heating, 2wt %
sulphur). 7a: 60% (isopropanol). ¢ (ppm): 8.30 (m, 4H),
8.14 (d, 4H), 7.36 (m, 4H), 6.97 (m, 5H,), 6.39 (dd, 2H),
6.11 (dd, 2H), 5.80 (dd, 2H), 4.17 (t, 4H), 4.04 (t, 4H),
218 (s, 3H), 2.13 (s, 6H), 1.84 (m, 4H), 1.71 (m, 4H),
1.50 (m, 8H). DSC: Cr 125 N (2nd heating, 2wt %
sulphur). 8a: 79% (isopropanol). ¢ (ppm): 8.30 (m, 4H),
8.14 (d, 4H), 7.37 (m, 4H), 7.26 (d, 1H), 7.14 (s, 2H),
6.97 (d, 4H), 6.40 (dd, 2H), 6.11 (dd, 2H), 5.80 (dd, 2H),
417 (t, 4H), 4.05 (t, 4H), 1.82 (m, 4H), 1.70 (m, 4H),
1.52 (m, 8H), 1.38 (s, 9H). DSC: Cr 109 N (2nd heating,
2wt % sulphur). 9a: 59% (cyclohexane/ethyl acetate 2/1).
0 (ppm): 8.10 (d, 4H), 7.82 (m, 4H), 7.16 (m, 3H), 7.10
(s, 2H), 6.91 (d, 4H), 6.34 (dd, 2H), 6.05 (dd, 2H), 5.75
(dd, 2H), 4.12 (t, 4H), 3.99 (t, 4H), 3.84 (s, 6H), 1.78
(m, 4H), 1.66 (m, 4H), 1.44 (m, 8H), 1.34 (s, 9H). DSC:
g 7 N 148 1 (2nd heating, 2wt % sulphur). 10a: 47%
(isopropanol). ¢ (ppm): 8.32 (d, 2H), 8.16 (m, 6H), 7.40
(m, 12H), 7.00 (d, 4H), 6.44 (dd, 2H), 6.14 (dd, 2H, 5.84

(dd, 2H), 4.20 (t, 4H), 4.05 (t, 4H), 1.86 (m, 4H), 1.75
(m, 4H), 1.51 (m, 8H). DSC: Cr 91 N (2nd heating,
2wt % sulphur). 12a: 57% (cyclohexane/ethyl acetate
2/1). 0 (ppm): 8.28 (d, 4H), 8.15 (d, 4H), 7.36 (d, 4H),
7.14 (m, 6H), 6.97 (d, 4H), 6.39 (dd, 2H), 6.11 (dd, 2H),
5.81(dd, 2H), 4.17 (t, 4H), 4.05 (t, 4H), 2.11 (s, 6H), 1.84
(m, 4H), 1.72 (m, 4H), 1.49 (m, 8H). DSC: Cr 129 N
(2nd heating, 2 wt % sulphur).

1b: 80% (isopropanol). ¢ (ppm): 8.14 (d, 4H), 7.25
(s, 4H), 6.97 (d, 4H), 4.07 (m, 8H), 2.33 (q, 4H), 1.84
(m, 4H), 1.68 (m, 4H), 1.49 (m, 8H), 1.14 (t, 6H). DSC:
Cr 118 (SmC 96) N 149 I (2nd heating). X-ray: d-spacing
SmC =348 A (T =90°C). 5b: 69% (toluene). 6 (ppm):
8.27 (d, 4H), 8.15 (d, 4H), 7.37 (d, 4H), 7.30 (s, 4H), 6.97
(d, 4H), 4.05 (m, 8H), 2.32 (q, 4H), 1.84 (m, 4H), 1.67
(m, 4H), 1.48 (m, 8H), 1.13 (t, 6H). DSC: Cr 108 X 137
X 161 SmA 204 N (2nd heating). X-ray: d-spacing
SmA =335A (T =170°C). 6b: 70% (toluene). 6 (ppm):
8.27 (m, 4H), 8.14 (d, 4H), 7.36 (dd, 4H), 7.15 (m, 3H),
6.97 (d, 4H), 4.07 (m, 8H), 2.31 (m, 7H), 1.83 (m, 4H),
1.67 (m, 4H), 1.48 (m, 8H), 1.13 (t, 6H). DSC: Cr 119
SmA 125 N (2nd heating). X-ray: d-spacing SmA =
32.7A (T =115°C). 8b: 66% (isopropanol). é (ppm): 8.28
(m, 4H), 8.15 (d, 4H), 7.37 (m, 4H), 7.26 (m, 1H), 7.14
(s, 2H), 6.97 (d, 4H), 4.05 (m, 8H), 2.31 (q, 4H), 1.83
(m, 4H), 1.67 (m, 4H), 1.47 (m, 8H), 1.39 (s, 9H), 1.13
(t, 6H). DSC: Cr 103 N 238 I (2nd heating).

5c: 43% (chloroform/ethyl acetate 40/1). 6 (ppm): 8.23
(d, 4H), 7.78 (dd, 2H), 7.60 (d, 2H), 7.31 (d, 2H), 7.19
(s, 4H), 6.88 (d, 4H), 6.34 (dd, 4H), 6.06 (dd, 4H), 5.75
(dd, 4H), 4.08 (m, 16H), 1.84 (m, 8H), 1.66 (m, 8H), 1.45
(m, 16H). DSC: Cr 121 N 127 I (2nd heating, 2wt %
sulphur). 6c: 68% (chloroform/ethyl acetate 40/1). ¢
(ppm): 8.29 (m, 4H), 7.84 (dd, 2H), 7.67 (d, 2H), 7.38
(d, 3H), 7.20 (m, 4H), 6.95 (d, 2H), 6.40 (dd, 4H), 6.12
(dd, 4H), 5.81 (dd, 4H), 4.14 (m, 16H), 2.28 (s, 3H),
1.88 (m, 8H), 1.72 (m, 8H), 1.52 (m, 16H). DSC: Cr 107
N 122 T (2nd heating, 2wt % sulphur). 1le: 72%
(chloroform /ethyl acetate 40/1). 6 (ppm): 8.31 (d, 4H),
7.84 (dd, 2H), 7.66 (m, 6H), 7.36 (m, 6H), 6.94 (d, 4H),
6.40 (dd, 4H), 6.12 (dd, 4H), 5.81 (dd, 4H), 4.15 (m, 16H),
1.90 (m, 8H), 1.73 (m, 8H), 1.52 (m, 16H). DSC: Cr 123
N 155 T (2nd heating, 2wt % sulphur). 12¢c: 42%
(chloroform /ethyl acetate 40/1). 6 (ppm): 8.31 (d, 4H),
7.85 (dd, 2H), 7.67 (d, 2H), 7.38 (d, 4H), 7.16 (m, 6H),
6.95 (d, 2H), 6.40 (dd, 4H), 6.12 (dd, 4H), 5.83 (dd, 4H),
413 (m, 16H), 2.13 (s, 6H), 1.91 (m, 8H), 1.73 (m, 8H),
1.50 (m, 16H). Hot stage/polarizing microscope: Cr 132
N 143 L.
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