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ABSTRACT: Liquid-crystalline (LC) thermosets were prepared by the thermal cyclotrimerization of di- 
cyanate compounds of ring-substituted bis(4-hydroxyphenyl) terephthalates. The resulting triazine networks 
formed a mesophase as the curing reaction proceeded, thereby enabling alignment in applied fields. Alignment 
of the LC phase during the curing process under the influence of a magnetic field produced oriented triazine 
networks with a smecticlike molecular organization. The effect of this anisotropy on the properties of these 
networks was investigated by both wide-angle X-ray diffraction and by measuring the coefficient of thermal 
expansion parallel and perpendicular to the direction of alignment. Remarkably well-oriented triazine networks 
were obtained cf - 0.50) with low values of the coefficient of thermal expansion observed (17 ppm/"C) in 
the direction of the applied field. The triazine networks have glass transition temperatures of -190 OC and 
show little decomposition until -440 "C. The alignment of the LC triazine networks induced by curing in 
magnetic fields was found to be thermally stable until at least 100 "C above the glass transition temperature. 

Introduction 
Recently there has been a growing interest in the 

preparation and characterization of rigid-rod thermosets.lg 
The rigid-rod nature of the molecules used to prepare such 
networks has resulted in some of these networks having 
a liquid crystalline (LC) molecular ~rganization.~ The 
main impetus for this research has been the growing 
interest in both the theoretical aspects and the technical 
applications of rigid-rod networks. If both the rigid-rod 
segment and the cross-linking functions possess high 
thermal stability, then such materials will have potential 
applications ranging from matrix materials for advanced 
composites to thin-film, low-dielectric materials in elec- 
tronics packaging. The use of thermally stable, oriented 
networks is also being explored in recent studies of 
thermosets designed for nonlinear optical  application^.^ 

Some of the first liquid crystalline polymers were 
thermosets prepared by thermally polymerizing diacry- 
late Schiff base monomers to give a cross-linked network.6 
Further work on the polymerization of similar diacrylate 
Schiff bases from the nematic state in a 4.5-kG magnetic 
field resulted in a well-oriented cross-linked network, as 
shown by X-ray diffraction.' Polymeric networks prepared 
from liquid crystalline diacrylate precursors have also been 
extensively described in the patent literature."12 The use 
of liquid crystalline diglycidyl compounds and diisocy- 
anate compounds in the preparation of structured net- 
works has also been reported.13J4 The polyaddition or 
polycondensation process described in these patents was 
claimed as having been carried out within the mesophase 
temperature range of the polyfunctional unit possessing 
a liquid crystalline character. 

Rigid-rod molecules end-capped with maleimide, nadim- 
ide, and methyladimide groups have been recently used 
to prepare liquid crystalline thermosets.4J5 However, a 
variety of cross-link sites are formed during the curing 
reaction of these reactive groups. The resulting networks 
have a characteristic LC texture upon cross-linking when 
examined by polarized-light microscopy which leads to 
the conclusion that the molecular organization of the LC 
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state appears to be "frozen" into the cross-linked network. 
In our studies of LC networks, we have also investigated 
the formation, characterization, and alignment of networks 
prepared from glycidyl end-capped thermotropic oli- 
goethers.16 

The formation of networks via the cyclotrimerization 
of the cyanate group to the 1,3,btriazine cross-link site is 
unique, because the reaction forming the triazine ring 
undergoes very few side rea~ti0ns.l~ Triazine networks 
should therefore prove to be good model systems for the 
investigation of rigid-rod networks, since only one cross- 
link structure is possible. I t  has also been claimed that 
triazine systems based on 2,4,6-tris[4-[(4-aminophenyl)- 
alkoxy]benzylidenel-1,3,5-triazines form a discotic liquid 
crystalline phase.18 This report made the investigation of 
such networks of even more interest. 

The work reported here describes the preparation of 
new liquid crystalline 1,3,btriazine networks from dicy- 
anate compounds of substituted bis(4-hydroxyphenyl) 
terephthalate, a preliminary report of which was described 
e1~ewhere.l~ The thermal and mechanical properties of 
these networks are also reported. Furthermore, we have 
prepared novel, highly anisotropic triazine networks 
resulting from the magnetic field induced alignment of 
the liquid crystalline phase during the curing reaction. In 
view of the potential use of these thermosets in thin-film 
applications, the effect of anisotropy was measured by 
determining the coefficient of thermal expansion (CTE) 
of these networks parallel and perpendicular to the 
direction of alignment and by studying their wide-angle 
X-ray diffraction (WAXD) behavior. 

Experimental Section 
Materials. Methylhydroquinone (99 % ), hydroquinone 

(99+ %), terephthaloyl chloride (99+ % ), 4-butoxybenzoyl chlo- 
ride (99%),cyanogen bromide (97%), andphosphoruspentachlo- 
ride were used as obtained (Aldrich). Chlorohydroquinone 
(technical grade; Aldrich) was recrystallized twice from chloro- 
form prior to use. Triethylamine and pyridine were distilled 
from barium oxide; tetrahydrofuran (THF) was distilled from a 
mixture of Na metal and benzophenone; acetone was distilled 
from Drierite, and carbon tetrachloride was distilled from 
phosphorus pentoxide prior to use. Zinc(I1) stearate, copper(I1) 
acetate, and cobalt(II1) acetylacetonate (AcAc) catalysts were 
supplied by IBM, Systems Technology Division, Endicott NY. 
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Table I 
Thermal Behavior of Dicyanate Precursors 

(1) (2a) R = CH3 

(2b) R = C1 

BrCN 1 0-5°C 

(3a) R = CH3 

(3b) R = C 1  

I 

(4a) R = CH3 

(4b) R =  C1 

Preparation of Bis(4-hydroxymethylphenyl) Terephtha- 
late (3a). The general procedure for the preparation of the 
bisphenols and dicyanates is shown in Scheme I. Methylhyd- 
roquinone (2a; 15.27 g, 0.123 mol) was dissolved in 25 mL of 
pyridine and 75 mL of THF under nitrogen. This solution was 
then cooled to 5 "C in an ice bath, and a solution of terephthaloyl 
chloride (1; 5.00 g, 0.025 mol) in 25 mL of THF was added drop- 
wise over 4 h at  5 "C. The reaction mixture was stirred at  room 
temperature overnight. The mixture was washed with 2 N HCl 
(NaCl added to aid separation) and water. The THF phase was 
precipitated into 3500 mL of water at 65-70 OC, and the resulting 
solid was filtered. The crude product was dissolved in a minimum 
amount of warm acetone, filtered, and reprecipitated in water at 
65-70 OC. The purified yellow precipitate was dried in a vacuum 
oven at 50 "C overnight, yield 6.88 g (73%). Thin-layer chro- 
matography on silica gel, using ethyl acetate as eluent, showed 
onespot ( R f =  0.55). DSC (lO°C/min) showedtwomeltingpoints 
a t  192 and 209 OC due to a mixture of isomers. lH NMR 
(acetone-de): 6 2.15, 2.22, and 2.30 (6 H, 8, CH3, a mixture of 
isomers depending upon the position of the methyl group on the 
phenyl ring); 2.89 (2 H, br 8, OH); 6.70-7.09 (6 H, complex m, 
aromatic); 8.32,8.35, and 8.38 (4 H, 8, aromatic). IR (KBr disk, 
cm-1): 3424 (OH stretch); 2961, 2949, and 2928 (CH stretch); 
1736 and 1713 ( C 4  stretch); 1510 (C=C aromatic stretch). 

Preparation of Bis(4-hydroxychlorophenyl) Terephtha- 
late (3b). Using the experimental procedure described in the 
example above, bis(4-hydroxychlorophenyl) terephthalate (3b) 
was prepared using the following reactants: chlorohydroquinone 
(2b; 14.24 g, 0.310 mol), terephthaloyl chloride (1; 4.00 g, 0.020 
mol), pyridine (25 mL), and anhydrous THF (100 mL) as solvent. 
After purification, thin-layer chromatography on silica gel, using 
ethyl acetate as eluent showed one spot (Rj = 0.691, yield 5.59 
g (69%). DSC (10 "C/min) showed two melting endotherms at 
216 and 231 OC due to the mixture of isomers. lH NMR 
(acetone-de): 6 6.86-7.60 (6 H, complex m, aromatic, a mixture 
of isomers depending upon the position of the chlorine on the 
phenyl ring); 8.34,8.36, and 8.40 (4 H, s, aromatic); 9.00 (2 H, br 
s, OH). IR (KBr disk, cm-l): 3401 (OH stretch); 1738 and 1713 
(C=O stretch); 1499 (C=C aromatic stretch). 

Preparation of the  Dicyanate of Bis(4-hydroxymeth- 
ylphenyl) Terephthalate (4a). Bis(4-hydroxymethylphenyl) 
terephthalate (3a; 3.00 g, 0.0079 mol) and cyanogen bromide 

dicvanate T,." O C  Tn.* "C Tn..' "C TCAtsd "C 
4a 151,162,181 230 323 180 
4b 165,187 206 275 179 

* Polymorphic melting behavior due to mixture of isomers. Tem- 
perature at which nematic droplets appear due to the cyclotrimer- 
ization reaction as shown by hot-stage optical microscopy at a heating 
rate of 10 OC/min. Uncatalyzed cyclotrimerization reaction exo- 
therm. Zinc stearate catalyzed cyclotrimerization reaction temper- 
ature. 

(2.00 g, 0.019 mol) were dissolved in anhydrous acetone. Then 
under nitrogen at 0-5 "C, triethylamine (1.92 g, 0.019 mol) 
dissolved in acetone was added dropwise with stirring. The 
reaction mixture was stirred for a further 40 min at  0-5 OC. The 
mixture was then poured into ice/water and the resultant 
precipitate filtered off, washed with water, and dried in vacuo. 
Thin-layer chromatography on silica gel with chloroform as eluent 
showed the crude reaction product to consist of a major product 
(Rj = 0.57) and a minor product (Rj = 0.19). The product was 
purified twice by fractional reprecipitation from chloroform into 
hexanes, the latter fraction being kept and dried in vacuo. The 
precipitate consisted of solely the major product, yield 2.04 g 
(65%). DSC showed polymorphic melting behavior due to the 
mixed isomers; see Table I. lH NMR (chloroform-d): 6 2.31 and 
2.37 (6 H, 2 a, CH2, a mixture of isomers depending upon the 
position of the methyl group on the phenyl ring); 7.15-7.30 (4 H, 
complex m, aromatic); 7.50-7.54 (2 H, complex m, aromatic); 
8.31 and 8.34 (4 H, 2 8, aromatic). IR (KBr disk, cm-l): 2266 (CN 
stretch); 1738 (C=O stretch); 1491 (C=C aromatic stretch). 13C 
NMR (chloroform-d, selected peaks): 6 15.51 and 16.50 (CH3); 
108.78 (OCN); 163.90 and 163.53 (C=O, ester). 

Preparation of the  Dicyanate of Bis(4-hydroxychlorophe- 
nyl) Terephthalate (4b). Using the experimental procedure 
described in the example above, the dicyanate of bis(4-hydrox- 
ychlorophenyl) terephthalate (3b) was prepared using the 
following reactants bis(4-hydroxychlorophenyl) terephthalate 
(3.00 g, 0.0072 mol), cyanogen bromide (1.83 g, 0.0173 mol), tri- 
ethylamine (1.75g, 0.0173mol), and anhydrous acetone assolvent. 
The crude product was fractionally precipitated twice from ethyl 
acetate into hexanes, the latter fraction being kept, yield 1.59 g 
(47 % ). Thin-layer chromatography on silica gel with chloroform 
as eluent showed one spot (R, = 0.81). DSC showed polymorphic 
melting behavior due to the formation of mixed isomers; see 
Table I. lH NMR (DMSO-de): 6 7.53-7.92 (complexm,aromatic); 
8.14 (d, aromatic); 8.32,8.35, and 8.38 (3 s, aromatic). IR (KBr 
disk, cm-l): 2260 and 2245 (CN stretch); 1740 ( C 4  stretch); 
1480 (C=C aromatic stretch). l3C NMR (chloroform-d, selected 
peaks): 6 107.83 (OCN); 162.83 and 164.57 (C=O, ester). 

Preparation of 1,3,5-Triazine Networks (5a and 5b). The 
catalytic thermal cyclotrimerization of dicyanates of 4a and 4b 
was carried out using 2 mol % of the transition metal in the form 
of zinc(I1) stearate, copper(I1) acetate, or cobalt(II1) acetylac- 
etonate. The general reaction is given in Scheme 11. The catalyst 
and dicyanate were mixed in acetone, and then the acetone was 
removed under high vacuum. Samples of the thermoset were 
prepared by placing the powdered mixture of the dicyanate and 
catalyst into an aluminum mould (25 mm X 7 mm X 1 mm) 
between PTFE sheets. The mould was placed into a hot press 
at the appropriate temperature (175 "C for the methyl-substituted 
dicyanate (4a) and at 190 "C for the chloro-substituted dicy- 
anate (4b)). A pressure of 2000 psi was then applied and the 
curing reaction allowed to proceed under these conditions for 1 
h. The temperature was increased to 230 "C after which the 
sample was allowed to cool to room temperature. The extent of 
the cyclotrimerization reaction was followed by infrared spec- 
troscopy. Using the above curing cycle, infrared spectroscopy 
indicated the removal of the nitrile stretching absorption at 2260 
cm-1 of the dicyanate compound and the appearance of triazine 
stretching absorptions at  1560 and 1370 cm-l. 

Preparation of the  Cyanate of 4-Hydroxyphenyl 4-Bu- 
toxybenzoate (9). The reaction used for the preparation of the 
triazine model compound is given in Scheme 111. 4-Hydrox- 
yphenyl 4-butoxybenzoate was prepared as described in the 
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Scheme I1 
(4s or 4b) 
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dropwise with stirring. The reaction mixture was further stirred 
for 1 h at 0-5 "C. The mixture was poured into ice/water and 
the resultant precipitate filtered off, washed with water, and 
dried in vacuo. Thin-layer chromatography (TLC) on silica gel 
with chloroform as eluent showed the crude reaction product to 
consist of a major product (Rf = 0.73) and a minor product (Rf 
= 0.20). The product was purified by recrystallization twice from 
ethanol/water. The purified product consisted solely of the cy- 
anate @), yield 0.38 g (70% of theory). Mp (uncorrected): 82 
"C. 1H NMR (chloroform-d): S 1.00 (3 H, t, CH3); 1.50 (2 H, 
sextet, CH,); 1.8 (2 H, quintet, CH2); 4.05 (2 H, CH2); 6.95 (2 H, 
d, aromatic); 7.32 (4 H, d, aromatic); 8.10 (2 H, d, aromatic). IR 
(KBr disk, cm-l): 2220 and 2180 (CN stretch); 1730 (C=O 
stretch); 1610, 1520, and 1500 (C=C aromatic stretch). 

Preparation of 2,4,6-Tris[4-[ (4-butoxybenzoy1)oxyIphe- 
noxy]-l,3,5-triazine (10). 4-[(4-Butoxybenzoyl)oxy]phenylcy- 
anate 9; 0.100 g, 0.32 mmol) was dissolved in 10 mL of anhydrous 
carbon tetrachloride. To this solution was added a catalytic 
quantity of phosphorus pentachloride (0.005 g, 0.024 mmol). The 
reaction mixture was then stirred overnight at room tempera- 
ture under N2. The resulting white precipitate was filtered off, 
washed sequentially with carbon tetrachloride and distilled water, 
and then dried in vacuo. The crude product was recrystallized 
from pyridine, yield 0.09 g (90% of theory). Mp (uncorrected): 
241 "C. lH NMR (pyridine-& at  80 "C): 6 1.00 (3 H, t, CH3); 
1.50 (2 H, sextet, CH2); 1.8 (2 H, quintet, CH2); 4.06 (2 H, t, CH2); 
7.10 (2 H, d, aromatic); 7.45 (4 H, dd, aromatic); 8.28 (2 H, d, 
aromatic). IR (KBrdisk, cm-l): 1730 (C=O stretch); 1610 (C=C 
aromatic stretch); 1575 (C=N stretch triazine); 1520 and 1505 
(C=C aromatic stretch); 1385 and 1370 (C=N stretch triazine). 

NMR (pyridine-& at  80 "C): 6 13.87 (CH3); 19.53 (CH2); 

(aromatic carbons; note some aromatic carbons are obscured by 
pyridine signals); 164.32 and 164.89 (C=O); 174.55 (triazine). 
MS: m/e 934 (M+); sixmost intense peaks 307,155,154,138,137, 
and 136. 

Preparation of Anisotropic 1,3,5-Triazine Rigid-Rod 
Networks. Orientation induced during the curing process was 
carried out a t  the MIT Bitter Magnet Laboratory using an In- 
termagnetics General Corp. superconducting magnet, a t  a field 
of 13.5 T. The mixture of the dicyanate of bis(4-hydroxyme- 
thylphenyl) terephthalate (4a) and the appropriate catalyst (2 
mol % of transition metal in the form of zinc(II), stearate, copper- 
(11) acetate, or cobalt(II1) acetylacetonate) was packed into a 
thin-walled quartz vial (10 mm in length and 3 mm in diameter). 
The sample was then placed in a cylindrical graphite heater 
preheated at  175 "C in the magnetic bore under nitrogen. The 
sample was held at  this temperature for 1 h. The temperature 
was then increased to 230 "C, after which the sample was allowed 
to cool to 30 "C before removal from the magnetic field. 

Physical Characterization. Product compositions were 
determined using a Varian XL-200 lH and 13C NMR. Infrared 
spectroscopy was performed using a Mattaon 2020 Galaxy Series 
FT/IR. Thermal transition temperatures were obtained on a Du 
Pont 9900 thermal analyzer a t  a heating rate of 20 "C/min. Liquid 
crystalline mesophases were examined using a Leitz polarizing 
optical microscope at 200X magnification equipped with a Met- 
tler FP-52 hot stage heating at  10 "C/min and a Canon AE-1 
35-mm camera. Wide-angle X-ray diffraction (WAXD) exposures 
were taken using a wavelength of 1.54 A at  the Cornel1 High 
Energy Synchrotron Source (CHESS). The coefficient of thermal 
expansion (CTE) was measured at  10 OC/min using a Du Pont 
943 thermomechanical analyzer calibrated with aluminum stan- 
dards. Thermal decomposition was measured at 10 "C/minusing 
a Du Pont 951 thermogravimetric analyzer under a nitrogen 
atmosphere (flow rate 80 cm3/min) and under an air atmosphere 
(flow rate 80 cm3/min). Dynamic mechanical analysis was 
performed using a Polymer Laboratories DMTA at 1-Hz fre- 
quency (strain X4 instrument setting) and heating rate of 5 "C/ 
min. Computer modeling was performed using Alchemy I1 
(Tripos Associates). 

Results and Discussion 
Synthesis of Rigid-Rod Dicyanate Precursors. In  

order to develop a rigid-rod network, both a rigid-rod 

31.58 (CH2); 68.68 (CH2); 115.24, 122.46, 122.93, and 132.76 

A 1 cat. 

n "Y 
(5a) R = C H 3  

(5b) R=C1 
Scheme I11 

cc14 1 pc15 

literature.20 4-Hydroxyphenyl 4-butoxybenzoate (8; 0.50 g, 1.75 
mmol) and cyanogen bromide (0.22 g, 2.1 mmol) were dissolved 
in 20 mL of anhydrous acetone. Then under nitrogen at  0-5 OC, 
triethylamine (0.21 g, 2.10 mmol) dissolved in acetone was added 
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Figure 1. DSC of the methyl-substituted cyanate precursor (4a; 
scan rate 20 'C/min). 

b 
segment and a stiff cross-linking function were incorpo- 
rated into a network structure. The selected triazine cross- 
link, produced by the cyclotrimerization of cyanate 
functions, was known to be thermally stable21 and as an 
aromatic ring was assumed to be rather inflexible. The 
bisphenol bridging group, bis(4-hydroxyphenyl) tereph- 
thalate, was chosen since this type of mesogenic structure 
has been used extensively in the preparation of liquid 
crystalline polymeric materials and as such has the rigidity 
required for the target networks.22 The dicyanate com- 
pounds of bis(4-hydroxyphenyl) terephthalate (4a and 4b) 
were previously unknown. 

The synthesis of these dicyanate compounds (Scheme 
I) involved first reacting terephthaloyl chloride (1) with 
a large excess of the appropriately substituted (R = .CH3 
or C1) hydroquinone (2a or 2b) to form the bisphenols (3a 
and 3b). The unsubstituted bisphenol (R = H) was un- 
processable, and therefore the more tractable substituted 
derivatives were used. The variety of arrangements 
possible for the substituents lead to a mixture of isomers 
which depended upon the position of the substituent on 
the hydroquinone moiety of these bisphenols (3a and 3b). 
No effort was made to isolate these isomers, and they were 
therefore used in successive reaction steps. The bisphe- 
nols were reacted with cyanogen bromide, in the presence 
of triethylamine, to give the dicyanates (4a and 4b). 

Thermal Behavior of the Dicyanate Precursors. 
The thermal behavior of the resulting dicyanate monomers 
(4a and 4b) was complex due to the presence of mixed 
isomers, the thermal cyclotrimerization reaction (Scheme 
11), and the formation of a liquid crystalline phase during 
the cross-linking reaction (Table I). The mixture of 
isomers resulted in both types of dicyanate precursors (4a 
and 4b) having broad polymorphic melting transitions 
(Figure 1). After heating above the melting temperature 
(Tm), both dicyanates exhibited an exotherm for the cy- 
clotrimerization reaction. The exotherm for the C1- 
substituted precursor (4b) reached a maximum at a much 
lower temperature (275 "C) than the exotherm for the 
methyl derivative (4a; 323 OC). This observation is in 
agreement with the finding that electron-donating groups 
diminish the reactivity of the cyanate, while electron- 
withdrawing groups increase the reactivity of the cyanate 
toward cycl~trimerization.~~ 

Hot-stage polarized-light optical microscopy showed 
that these dicyanate monomers formed isotropic fluids 
just after melting. However, as the temperature was 
increased, birefringent droplets appeared (Figure 2a) which 
coalesced to form a continuous mesophase with a schlieren 
texture (Figure 2b). Initially the mesophase was mobile 

Figure 2. Cross-polarized optical microscopy of the curing 
reaction of precursor 4a: (a) birefringent droplets (230 "C); (b) 
schlieren texture of the cured network (magnification = 200X). 

and stir-opalescent and could be sheared. The appearance 
of the droplets occurred at  a lower temperature for the C1 
derivative (206 "C) than for the methyl derivative (230 
"C) due to the greater reactivity of the C1-substituted 
precursor. As thermal cross-linking took place, the me- 
sophase flowed less readily and was eventually "frozen" as 
the cross-linked network was formed. 

Cyclotrimerization. The thermal cyclotrimerization 
of these dicyanates (4a and 4b) could be carried out using 
a transition-metal catalyst (e.g., Zn, Co, or Cu) to reduce 
the temperature a t  which the cross-linking reaction 
occurred. The reactivity of the transition-metal catalyst 
depended upon the choice of the coordination metal and 
the metal c o n ~ e n t r a t i o n . ~ ~ ~ ~ ~  Transition-metal carboxy- 
lates (for example, zinc(I1) stearate) have a high catalytic 
activity, while transition-metal chelates (for example, co- 
balt(II1) acetylacetonate) are less reactive catalysts. The 
use of a catalyst facilitates the preparation of highly cross- 
linked samples at  lower, more convenient temperatures. 

Figure 3 shows the DSC trace ,of the cobalt(II1) acety- 
lacetonate catalyzed curing reaction of the methyl- 
substituted dicyanate (4a). The peak of the reaction 
exotherm for the catalyzed cyclotrimerization appeared 
at  176 "C immediately upon melting, a value much lower 
than 323 "C, the peak for the uncatalyzed reaction exo- 
therm. As in the case of the uncatalyzed systems, a mobile 
liquid crystalline phase formed as the catalyzed curing 
reaction began and this mesophase was "frozen" into the 
networks as the cross-link density increased. 
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dimeric intermediate products could occur to any great 
extent. This selectivity occurs in contrast to the atruc- 
turally analogous isocyanate group which is known to form 
dimeric species which do result in linear chain extension.25 
An alternative explanation for the formation of a liquid 
crystalline phase that also accounted for the selectivity of 
the reaction was that the disklike 2,4,6-substituted tri- 
azine cross-link site could form a discotic liquid crystal. 
The planar triazine ring can in principle act as the core 
of a molecule with 3-fold symmetry. It has been claimed 
that structurally similar triazine systems having 4- [(4- 
aminopheny1)alkoxyl benzylidene substituents formed a 
discotic liquid crystal.18 However, no data were reported 
to support this claim of LC behavior. 

Mesophase Formation during Curing. To explore 
the possibility that 2,4,6-substituted triazine systems might 
exhibit discotic behavior, a readily synthesized triazine 
model compound (10) was prepared. This model system 
consisted of 2,4,6-tris[4- [(4-butoxybenzoyl)oxylphenoxy] - 
1,3,5-triazine (10; Scheme 111). The ester, 4- [(4-butoxy- 
benzoyl)oxylphenol(8), was synthesized by the Schotten- 
Baumann reaction of a large excess of hydroquinone (6) 
with 4-butoxybenzoyl chloride (7) according to the liter- 
ature method.20 The cyanate ester (9) of the phenol (8) 
was then prepared by reaction with cyanogen bromide in 
the presence of triethylamine. The compound 4-[(4-bu- 
toxybenzoyl)oxyl phenyl cyanate (9) was then cyclotrim- 
erized in near quantitative yield in carbon tetrachloride 
using phosphorus pentachloride as catalyst to form the 
triazine model compound 2,4,6-tris[4-[(4-butoxybenzoyl)- 
oxylphenoxyl-l,3,5-triazine (10). This triazine model 
system (10) proved not to be liquid crystalline, melting to 
an isotropic liquid at 241 OC on heating and crystallizing 
at 221 "C on cooling. 

It would seem therefore that the phenoxy-substituted 
triazine system with its flexible ether linkages between 
the rodlike substituents and the triazine ring does not 
necessarily induce formation of a discotic mesophase. One 
possible feature enabling mesophase formation was that 
the ether linkages connecting the bis(Chydroxypheny1) 
terephthalate units to the 2,4,6-positions of the triazine 
cross-link site were flexible enough to accommodate the 
formation of elongated rigid-rod species during the initial 
stages of the curing process. Such rigid-rod species, as 
previously suggested,lb have a sufficiently high length- 
to-diameter ratio to form a liquid crystalline phase. In 
the triazine networks, formation of these species would 
involve the rotation of rigid segments to lie parallel to one 
another so that the mesogenic group directors could adopt 
a common orientation. Such a rotation of mesogenic 
groups has been observed in many of the main chain/side 
chain LC polymers reported recently.26 Usually, however, 
it has been assumed that a spacer is required so that the 
lateral mesogenic groups have the mobility needed to align 
with the main-chain mesogenic groups. This is not the 
case with the triazine networks, since no spacers are 
present. 

Characterization of Mesomorphic Triazine 
Networks. Despite the lack of spacers in the resulting 
polymer network, X-ray diffraction investigations support 
the idea of rotation and subsequent colinearity of the me- 
sogenic groups in the triazine networks. WAXD studies 
of these rigid-rod networks showed a diffuse ring at 5.2 A 
characteristic of a nematic mesophase (Figure 5a). A low- 
intensity inner ring at 19.6 A was also present in the 
diffraction pattern, suggesting a layered molecular orga- 
nization of the triazine network. In view of the meso- 
morphic character of these networks, the possibility of 
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Figure 3. DSC of the CoI1*AcAc catalyzed curing reaction of 
network precursor 4a (scan rate 20 OC/min). 

Figure 4. FT/IR of the uncatalyzed curing reaction of network 
precursor 4a at 230 OC. 

In order to establish optimal curing times and conditions, 
the extent of the cyclotrimerization reaction during curing 
was monitored by FT/IR. These results were compared 
with thermal data, and so by using both DSC and FT/IR 
analysis, reaction conditions were established. Figure 4 
shows FT/IR spectra versus time for the uncatalyzed curing 
reaction of the methyl-substituted precursor (4a) a t  230 
OC. The reaction was followed by measuring the reduction 
in nitrile stretching absorption a t  2260 cm-l and the 
appearance of triazine C-N stretching absorptions a t  1564 
and 1370 cm-l. The carbonyl stretching absorption of the 
ester a t  1740 cm-l and the aromatic C = C  stretching 
absorption at 1493 cm-l were used as internal references 
since they remain constant during the curing reaction. As 
can be seen from the removal of the nitrile absorption, the 
uncatalyzed reaction of the methyl-substituted precursor 
(4a) goes to completion after approximately 2.5 h. 

The cyclotrimerization reaction formed new species that 
exhibited mesophase behavior over the temperature range 
in which the curing reaction was occurring. A possible 
structure capable of mesophase formation was the 
branched oligomer formed by chain extension during the 
curingreaction. This assumes that the resulting rigid rods 
have a sufficiently high axial ratio to form a liquid 
crystalline phase. Such an explanation has been put 
forward by Benicewicz and co-workers to account for the 
melting behavior of rigid-rod molecules end-capped with 
maleimide, nadimide, and methyladimide groups.l6 

The cyclotrimerization reaction of the cyanate group, 
however, is known to be highly  elective,'^^^^ resulting in 
nearly quantitative triazine ring formation under the 
conditions used in the curing step. Therefore, it is unlikely 
that linear chain extension through the formation of 
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b 

Figure 5. WAXD pictures of unaligned (a) and aligned (b) tri- 
azine networks prepared from precursor 4a. 

aligning them in applied fields existed and will be described 
subsequently. 

The resulting triazine, rigid-rod networks retained an 
extremely birefringent, liquid crystalline schlieren texture 
as shown by polarized-light microscopy (Figure 4b). If 
the triazine cross-link, due to its extremely bulky and 
planar nature, had disrupted the liquid crystalline phase 
during the final stages of curing, an isotropic polymer 
matrix would be anticipated. Hot-stage cross-polarized 
optical microscopy showed that the birefringence due to 
the molecular organization was "frozen" into the network 
until decomposition. 

Dynamic mechanical analysis (Figure 6) of the unaligned 
LC triazine networks indicated that these networks 
possessed a high glass transition temperature (185 "C; tan 
6") and a reasonable modulus (Young's modulus, 0.8 
GPa). This modulus was lower than those of epoxy-based 
LC thermosets we recently reported.16 Thermogravimet- 
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Figure 6. DMTA of unaligned triazine network 5a (scan rate 
5 "C/min). 

'5b do 460 d o  
tenprrsture t'C1 

Figure 7. TGA of triazine network 5a in NZ (a) and in air (b) 
(scan rate 10 "C/min). 

ric analysis indicated that these materials possessed good 
thermal stability, 10 % decomposition occurring at ap- 
proximately 440 "C in both air and nitrogen (Figure 7). 
Triazine thermosets are known to exhibit good thermal 
stability due to the aromatic nature of the triazine ring, 
the stability of which is close to that of benzene.25 

Magnetic Alignment. An attempt was made to 
prepare triazine rigid-rod networks with oriented struc- 
tures, that is, polymeric networks with a distinct directional 
orientation of the rigid-rod molecules within the cross- 
linked material. Highly cross-linked oriented networks 
are of interest because of the possibility of creating high 
Tg, anisotropic bulk, and thin-film specimens. The 
inherent anisotropy of these networks would be expected 
to increase the modulus and lower the CTE behavior of 
the thermoset in the direction of alignment. The process 
for orienting the molecules within these LC triazine 
thermosets involves the cross-linking of the rigid-rod 
species within the LC phase under the influence of a 
magnetic field (13.5 T). 

Orientation was achieved in the triazine networks, thus 
suggesting that the formation of the bulky triazine cross- 
link did not hinder the ability of the liquid crystalline 
phase to align during the curing process. Wide-angle X- 
ray diffraction (WAXD) was used to measure the orien- 
tation of the rigid-rod species. For the unoriented network 
the diffracted intensity was azimuthally isotropic, while 
in the oriented network the diffracted X-ray intensity was 
limited to a specific range in azimuthal angle. WAXD of 
the aligned rigid-rod networks showed a layered molec- 
ular organization indicative of an aligned smecticlike 
network (Figure 5b). As well as equatorial arcs at  5.2 A, 
meridional arcs at  19.6 A could be seen. The former arcs 
are the result of diffraction from chains parallel to the 
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Table I1 
Properties of 1,3,5-Triazine Liquid Crystalline Networks 

CTE, ppm/"C 
unaligned alignedb 

network Tg, "C I II I II N2,C "C residue: % air: "C residue: % 
5a 177a 61 70 94 17 440 35 436 3 
5b 1910 66 68 80 21 442 43 430 2 

a From DSC data. b Cured in the presence of a 13.5-T magnetic field. Temperatures at 10% decomposition. d Residue at 800 "C. 

4 c 
19.8 A 

Figure 8. Computer projection of the rigid-rod unit between 
triazine cross-link sites. 

5.2 A 

19.6 A I 
Figure 9. Schematic of the aligned triazine network with a 
layered structure. 

applied field, while the latter arcs are the result of 
diffraction from layers perpendicular to the applied field. 
The dimensions derived from computer modeling of the 
rigid-rod mesogen between triazine cross-link sites (Figure 
8) were in close agreement with the X-ray data for the 
layered structure. The distance between triazine cross- 
link sites calculated from molecular modeling was 19.8 A 
which was consistent with the d-spacing measured for the 
meridional arcs (19.6 A). The flexibility of the ether 
linkages connecting the mesogens to the triazine cross- 
link site as previously suggested must accommodate this 
highly organized layered network structure (Figure 9). The 
layering of the rigid groups as shown in Figure 9 is possible 
both as demonstrated with models and by looking at  the 
strain energy computed with molecular modeling pro- 
grams. 

An orientation parameter fwas calculated for the aligned 
triazine networks to determine the orientation of the chain 
directors relative to the direction of the applied field. This 
was based on Hermann's orientation parameter, defined 
as f = (1/2) (3(cos2(8,)) - l).27 For an ideally oriented 
sample, f = 1, while for a randomly oriented sample f = 
0. It was found that the degree of orientation of these 
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Figure 10. CTE measurements of aligned triazine network 5a 
parallel (a) and perpendicular (b) to the applied field (scan rate 
10 "C/min). 
triazine networks could be influenced to some extent 
depending upon the type of catalyst used. For example, 
when highly active zinc(I1) stearate was used, an orien- 
tation parameter of 0.42 was achieved. Using the less 
effective catalysts, cobalt(II1) acetylacetonate and copper- 
(11) acetate, higher orientation parameters of 0.46 and 0.54, 
respectively, were obtained. The orientation parameters 
(f - 0.50) achieved for these aligned triazine networks are 
comparable to orientation parameters reported for the 
magnetic field alignment of main-chain un-cross-linked 
LC polyesters.28 Time-resolved, variable-temperature 
WAXD studies showed that the orientation that was 
"frozen in" during the curing process was stable to the 
highest temperature measured (280 "C) for the aligned 
network prepared from precursor 4a using copper(I1) 
acetate as catalyst. 

The inherent anisotropy of the magnetically aligned 
rigid-rod networks prepared from the dicyanate of bis- 
(4-hydroxymethylphenyl) terephthalate (4a) is readily 
apparent from measurements of the coefficient of thermal 
expansion (CTE) parallel and perpendicular to the di- 
rection of the applied field (Figure 10). For the unori- 
ented sample, the CTE values for the plane perpendicular 
to the applied field ( X / Y  directions) and the direction 
parallel to the applied field (2 direction) are comparable, 
-60-70 ppm/OC. The oriented samples showed a con- 
siderable difference in CTE measurements between the 
X /  Y and 2 directions (Table 11). In the oriented sample 
the CTE value parallel to the direction of the applied field 
(2 direction) was remarkably low (17 ppm/OC), whereas 
the CTE value perpendicular ( X / Y  directions) to the 
applied field was much greater (94 ppm/"C). Therefore, 
as suggested by these measurements and confirmed by 
X-ray diffraction, in the aligned networks the extended 
short segments are aligned parallel to the direction of the 
applied field. 

Conclusions 
Dicyanate rigid-rod compounds of ring-substituted bis- 

(4-hydroxyphenyl) terephthalate (4a and 4b) have been 
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synthesized. Novel liquid crystalline triazine rigid-rod 
networks (5a and 5b) were prepared by the thermal cy- 
clotrimerization of these dicyanate monomers. As the 
cross-linking reaction occurred, birefringent droplets 
appeared which coalesced to form a continuous mesophase 
with a schlieren texture. The model triazine compound 
2,4,6-tris[4- [ (4-butoxybenzoyl)oxyl phenoxy] -1,3,5-triaz- 
ine (10) was prepared to investigate the possibility that 
the phenoxy 2,4,6-substituted triazine ring structure might 
pass through a discotic mesophase on curing. However, 
the triazine model system proved not to be liquid crys- 
talline. 

As the cross-link density increased, the LC phase was 
frozen into the final network. The resulting triazine 
networks have glass transition temperatures of - 190 "C 
and show little decomposition until - 440 "C. Magnetic 
field alignment of the LC phase formed during the curing 
reaction resulted in highly ordered cross-linked triazine 
networks, with a characteristic smecticlike molecular 
organization. While we cannot completely rule out the 
formation of a discotic mesophase, none of the present 
evidence supports it. The growing networks can only 
exhibit liquid crystalline behavior if rotation about the 
ether group linking the mesogenic group to the triazine 
ring allows parallel placement of the rigid mesogenic 
groups. Such a structure is reminiscent of hyperbranched 
molecules. 

Remarkably well-oriented triazine networks were ob- 
tained cf - 0.50). The anisotropy of these aligned networks 
is readily apparent from the difference in the values of the 
coefficients of thermal expansion (CTE) measured parallel 
and perpendicular to the direction of alignment. As 
expected, low values of CTE were observed (17 ppm/"C) 
parallel to the direction of the applied field. The prep- 
aration of these highly anisotropic rigid-rod networks as 
well as being of scientific interest may prove to be valuable 
in the microelectronic and composite industries. 
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