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The new epoxy resins, EPD-CAA10 and EPTB-CAA10, were synthesized by reacting stoichiometrically 
the diepoxides, 4,4'-bis(2,3-epoxypropoxy)bisphenol A (EPB) and 4,4'-bis-2,3-epoxypropoxy)-3,3',5,5'- 
tetramethylbiphenol (EPTB), respectively, with a mesogenic hardening compound, 4,4~-bis(~v - 
carboxydecanoxy)azoxybenzene (CAA10), using tri-n-butylamine as a catalyst. The reaction procedures 
and the mesogenic phase transitions for the two epoxy resins were studied by the use of infra-red (i.r.), 
spectroscopy, differential scanning calorimetry (d.s.c.) polarizing microscopy and X-ray diffraction 
spectroscopy. It was found that both of the differential EPB-CAA10 and EPTB-CAA10 systems had 
a mesophase which was functionalized by the mesogenic hardening compound; EPB-CAA10 showed a 
smectic-like mesophase between 70 and 90°C when the polymer was not gelated but had no mesophase when 
gelated, while EPTB-CAA10 also had a smectic-like mesophase when not gelated, but showed a nematic 
phase when gelated. Copyright © 1996 Published by Elsevier Science Ltd. 
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I N T R O D U C T I O N  

Recently, scientific and industrial interest in liquid 
crystalline thermosetting resins (LCTs) has been 
increasing1 13, due to the fact that these materials can 
offer characteristic properties which can be modified by 
the outstanding properties of liquid crystalline (LC) 
polymers. As is well known, epoxy resins are one of  the 
most important classes of thermosetting engineering 
plastics and have been widely used because of their 
characteristic properties such as strong bonding 
strength, high insulation resistance, and good thermal, 
oil and chemical resistances 14. Recently, a number of LC 
epoxy resins have been synthesized and their physical 
and mesomorphic properties studied~13; the LC di- 
epoxides were synthesized and then polymerized by using 
commercial organic amines as hardening agents. Some of 
the epoxy resins produced showed mesomorphic states, 
and their mesophases were sometimes locked in the 
network matrix, when the resins were fully crosslinked by 
hardening. Other work has been devoted to the 
photoinitiated polymerization of LC diepoxides with 
organic amines. In such studies a mixture of LC 
diepoxide monomer and organic amine was uniformly 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be a d d r e s s e d  

oriented on a glass plate and then polymerized under u.v. 
light. The polymer sheets that were obtained generally 
retained an oriented arrangement of  the monomer 
mixture in the network structure and so were aniso- 
tropic. In this previous work, mesogenic diepoxide 
monomers have been used as key compounds for 
obtaining LC epoxy resins, but mesogenic hardening 
compounds have not been used to our knowledge. We 
believe that the use of  mesogenic hardening compounds 
provides a new way to obtain useful LC epoxy resins, 
because it is possible to design a characteristic LC epoxy 
resin by choosing an appropriate hardening compound 
whose properties, e.g. acidity/basicity, reactivity with 
epoxide, and mesogenicity, should be associated with the 
chemical structure. Very recently, we have preliminarily 
reported a new type of LC epoxy resin cured by the 
mesogenic hardening compound, 4,4'-bis(~v-carboxyde- 
canoxy)azoxybenzene (CAA10) 13. This preliminary 
work has stimulated us to carry out further studies on 
LC epoxy resins cured with various other mesogenic 
hardening compounds. This present work has been 
undertaken in order to develop a new class of LC 
epoxy resins cured by the use of mesogenic hardening 
compounds. The chemical structures of  the monomers 
used here are listed in Figure 1. The reaction mecha- 
nisms, mesomorphic phase transitions and physical 
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Figure 1 Chemical structures of the two diepoxides and the mesogenic 
hardening monomers: (1) 4,4'-bis(2,3-epoxypropoxy)bisphenol A 
(EPB); (2) 4,41-bis(2,3-epoxypropoxy)-3,3t5J-tetramethylbiphenol 
(EPTB); (3) 4,4t-bis(w-carboxyalkoxy)azoxybenzenes (CAAn), where 
n is the number of  CH 2 units in the alkoxy group 

properties have been investigated for the new LC epoxy 
resins that have been obtained. 

E X P E R I M E N T A L  

4,4LDihydroxyazoxybenzene was prepared by stirring 
p-nitrophenol (25.,0g, 203ml) and benzene sulfonyl 
chloride (26.0g, 151 ml) in pyridine (175ml) for 12h at 
25°C, followed by a further 1 h at ~90°C. The solution 
was acidified by adding 25% H2SO 4 and the crude 
product was then extracted with ether. The crude 
crystals that were obtained were recrystallized from 50% 
ethanol after washing with benzene, giving yellow needle- 
like crystals (yield = 43.7%). 4,4LBis(a~-ethoxycarboxy- 
alkoxy)azoxybenzenes (ECAn, where n is the number of 
CH 2 units in the alkoxy group) were synthesized by a 
Williamson reaction between 4,4~-dihydroxyazoxybenzene 
and the appropriate ethyl-aJ-bromoalkanoate, while the 
4,4~-bis(a3-carboxyalkoxy)azoxybenzenes (CAAn) were 
obtained by hydrolysing the corresponding ECAn 
compound. The specific preparative procedure for 4,4L 
bis(~-carboxydecanoxy)azoxybenzene (CAA10) is given 
as follows. A solution of  4,4~-dihydroxyazoxybenzene 
(13.42g 58.3mmol) and t-butoxypotassium (19.63g, 
175mmol) in ethanol (200ml) was added dropwise to 
ethyl 11-bromodecanoate (119.65 g, 408 mmol) in ethanol 
(80 ml), and refluxed for 24 h. The crude ECA10 crystals 
were recrystallized from ethanol after washing with water, 
giving yellow needle-like crystals (yield = 69%). CAA10 
was obtained by refluxing EAA10 (26.29g, 40.20mmol) 
and NaOH (15.78 g, 281 mmol) in 75% ethanol (800ml) 
for 12h. The crude crystals that were obtained were 
recrystallized from 90% acetic acid solution, giving yellow 
crystalline needles (yield = 87.5%). The CAA10 crystals 
obtained were judged to be thoroughly pure from 
elemental analyses, and nuclear magnetic resonance 
(n.m.r.) and i.r. spectroscopy. 

I H  n.m.r.(DMSO)-d6 ~5:1.25-1.50 (m, CH2, 28H), 
1.67-1.78 (m, /3-C in decanoxy,4H), 2.18 (t, c~-C in 
carboxylate J =  7.0Hz, 4H), 4.07 4.10 (m, c~-C in 
carboxylate, 4H), 7.35 (t benzene, J = 8.6Hz, 4H), 8.19 
(t benzene, J = 9.5 Hz, 4H), and 11.8 12.3 (m, COOH). 

Elemental analysis: found; C 68.04, H 8.53, N 4.47%: 
calculated; C 68.20, H 8.42, N 4.68%. 

The diepoxide monomers used in this work were 4,4'- 
bis(2,3-epoxypropoxy) bisphenol A (Showa-Shell Co., 
EPON 925) (EPB) and 4,41-bis(2,3-epoxypropoxy) - 
3,3',5,5Ltetramethylbiphenyl (Showa-Shell Co., YX4000) 
(EPTB), with equivalent epoxide values of  172-178 and 
195 equiv. I g, respectively. 

The EPB and EPTB diepoxides were reacted, respec- 
tively, with the CAA10 hardening monomer in a Teflon 
beaker for ~10min  at 145°C, using tri-butylamine 
(TBA) as a catalyst, at an equivalent ratio of EPB/ 
EPTB to CAA10 of 1/1; the amount of TBA added was 
~3 tool% (with respect to CAA10). In these experiments, 
only CAA10 was used as the hardening monomer. The 
EPB-CAA10 and EPTB-CAA10 polymers thus obtained 
were used as 'prepolymers' in subsequent experiments. 

Infra-red spectra were recorded by using a Perkin 
Elmer FT-IR 1640 spectrometer. The prepolymer, 
sandwiched between two KBr plates, was set in an 
O M R O N  heating cell which has temperature controlled 
with an O MRO N  E5T controller. The prepolymer in the 
KBr plates was first heated to 140°C over a period of 
~15min  and the i.r. spectra were then measured as a 
function of the curing time at 140°C. 

The thermal properties were measured by the use of 
a differential scanning calorimeter (Seiko-Denshi Co., 
SSC-5000 r) operating at a heating/cooling rate of 
5°Cmin - for EPB, EPTB and CAA10, and at 
10OCmin I for the EPB-CAA10 and EPTB-CAA10 
polymers. The texture of the liquid crystalline phases was 
examined by an optical microscopy (Nikon Optiphoto- 
Pol, XTP-I 1) equipped with a Mettler FP82 hot-stage, at a 
heating/cooling rate of 5°C min- I. 

X-ray diffraction measurements were carried out with 
a Rigaku Denki RU200 diffractometer, using mono- 
chromatic CuKc~ radiation (50 kV, 200 mA), with the X- 
ray scattering intensities being detected by a scintillation 
counter incorporating a pulse-height analyser. Thermal 
expansion was measured at a heating rate of 
~0.5°C min ~ by the use of a glass capillary dilatometer 
(0.6ram i.d.). The sample was carefully immersed in 
liquid mercury in vacuo in order to avoid the formation 
of voids on the surface of the sample, and the volume 
change of  the sample with temperature was calculated 
from a reading of the height of mercury in the 
dilatometer capillary. 

RESULTS AND DISCUSSION 

Mesogenicity o f  the CAAn monomers 

Mesomorphic phase transitions were studied for the 
homologous series of 4,4Lbis(a~-carboxyalkozy)azoxy- 
benzenes (CAAn) and their corresponding ethyl 
esters, i.e. 4,4'-bis(w-ethylcarboxyalkoxy)azoxy benzenes 
(ECAAn), by the use of d.s.c, and polarizing optical 
microscopy. The phase transition temperatures and the 
corresponding enthalpy changes are listed in Table 1. 
The CAAn homologues have no mesophase, but the 
ECAAn homologues have a smectic C (So) phase when n 
>i 5. The ECAA5 compound shows a Sc phase between 
73 and 81 °C and a nematic phase between 81 and 89°C, 
while compounds ECAA7 and ECAA10 show only a Sc 
phase. The existence of ethylcarboxylate at the a~- 
position decreases the thermal stability of  the mesophase 

1926 POLYMER Volume 37 Number 10 1996 



LC epoxy resins cured by mesogenic hardening compounds. S. Osada et al. 

T a b l e  1 P h a s e  t r a n s i t i o n  t e m p e r a t u r e s  a n d  c o r r e s p o n d i n g  e n t h a l p y  c h a n g e s  fo r  4 , 4 ' - b i s ( ~ - c a r b o x y a l k o x y ) a z o x y b e n z e n e s  ( C A A n )  a n d  4,4~-bis(w - 
e t h y l c a r b o x y a l k o x y ) a z o x y b e n z e n e s  ( E C A A n )  a 

Class  o f  c o m p o u n d  n b K ]  K 2 Smect ic  C N e m a t i c  I s o t r o p i c  

C A A  3 • 183(10) • 235(50)  • 

4 • 180(67) - - • 

5 - • 236(81)  • 

7 - 150(23) • 216(75)  - - • 

10 • • 157(74) • 

E C A A  1 • 108(6) • 113(44) - • 

3 - • 109(55) - - • 

4 • 107(70) - • 

5 • 73(45) • 81(2) • 89(1) • 

7 • 73(2) • 83(45) • 93(9) - • 

10 - • 65(59) • 88(13) • 

a K l  a n d  K 2 r ep re sen t  c rys t a l s  1 a n d  2, respect ively ,  wi th  the  f igures  in the  tab le  be ing  the  p h a s e  t r an s i t i on  t e m p e r a t u r e s  (°C), wi th  e n t h a l p y  c h a n g e s  
(kJ  m o l  - ] )  s h o w n  in p a r e n t h e s e s  
b N u m b e r  o f  C M 2  un i t s  in a l k o x y  g r o u p  

I I I I I I I 

. ,~ EPB 

EPTB 
3 0 0 0 c m _ 1  - 170 (~ :m-1  

e- 
( '~  1 7 3 8 c m  - I  

EPB-CAA10 0 3 4 6 0 c m - 1  
~o + ~ t=l 0min ~' . .Q 

< ~ t=10h 

EPTI~-Ck0~I 0~, 
+ J~ t=4min  

I I I I I I I 

4000 3000 2000 1000 
~" / cm -1 

F i g u r e  2 I.r.  s pec t r a  o f  the  EPB,  E P T B ,  a n d  C A A 1 0  m o n o m e r s ,  a n d  
E P B - C A A 1 0  a n d  E P T B - C A A 1 0  p o l y m e r s  

much more in the ECAAn homologues, compared with 
that in ' p , p  -alkoxyazoxybenzenes, ( C ,  H z n  +lO-~k-N 
= N(O)-q~-CnHzn+l ) (PAA); for example, the n = 3 
PAA homologue shows a nematic phase between 116 
and 123°C, while the n -- 10 homologue has a nematic 
phase between 78 and 121°C and a smectic phase 
between 121 and 123°C. Consequently, this present 
work indicates that the ECAAn homologues are 
certainly mesogenic compounds,  and that the CAAn 
homologues can act as mesogenic hardening agents for 
epoxy resins [5. 

Study of hardening reaction mechanism by i.r. 
spectroscopy 

Figure 2 shows i.r. spectra of  the EPB, EPTB and 
CAA10 monomers ,  and the EPB-CAA10 and EPTB- 
CAA10 polymers. The CAA10 monomer  shows two 
characteristic peaks near 1700 and 3000cm -1 which 
are attributed to the C = O  (UCOoH(C=O)) and OH 
(UcooH(OH)) stretching vibrations of  the C O O H  group, 
respectively, while the EPB and EPTB momomers  
exhibit an antisymmetric stretchin~ vibration of  C - C  
in the epoxy ring near 910cm ~ (u(C-C)).  These 

I I I I l I f I I I I I 
I 

1 ( b )  " 

4 

I I I I I 
3800 3600 3400 3200 920 910 900 

"~'/cm-1 

Figure 3 Variation of (a) u(OH) at 3460cm -] and (b) u(C C) 
at 910cm -] with curing time (t) for the EPB-CAA10 polymer: (1) 10; 
(2) 20; (3) 60; (4) 180; (5) 600 rain 

characteristic peaks significantly change by the hard- 
ening reaction of the EPB/EPTB diepoxides with 
CAA10. In the spectra of  both EPB-CAA10 and 
EPTB-CAA10, where t represents the curing time at 

o 1 140 C, the 910, 1700 and 3000 cm peaks are suI~pressed 
and new peaks appear  near 1738 and 3460cm , which 
are attributed, respectively, to the C = O vibration of  the 
ester group ( / )es ter (C = 0 ) )  and the stretching vibration of 
the OH group (u(OH)) produced by a ring opening 
reaction of the epoxy group. These i.r. data indicate that 
the hardening reaction advances considerably, even after 
only l0min  of  cure at 140°C. Figure 3 shows the 
variation of Ca) u(OH) near 3460cm -] and (b) u (C-C)  
near 910 c m - ' ,  with t for EPB-CAA10, where both of  the 
u(OH) and u(C-C)  peaks are normalized by division by 
the height of  the C = C stretching peak of benzene at 
1597cm -1. As the EPB-CAA10 and EPTB-CAA10 
prepolymers become cured, the u(OH) peak gradually 
increases, while the u (C-C)  peak decreases. Figure 4a 
shows how the Vester (C = 0 )  peak changes with t, in which 
the C = O peak is also nomalized by the C = C benzene 
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band at 1597 cm 1. Clearly, the ue~t¢~(C -- O) peak is seen 
near 1738cm 1, but the UCOoH(C=O) band still remains 
near 1700cm I. As t increases, the Uest¢r(C=O) peak 
gradually increases, while the U c o o . ( C - O  ) decreases, 
showing an isosbestic point (indicated by an arrow in the 
figure). 

The existence of an isosbestic point indicates that the 
C = O peak for the COOH dimer is gradually replaced by 
that of the ester, as the prepolymer is cured at 140°C. We 
attempted to split the two C = O  peaks by using the 
Monte Carlo method as proposed by Ivanov eta[. 16. We 
assume a function for the C = O spectrum ( f )  as follows: 

./; = I i {exp(- (u  i - Uio)2 / B2i ) / (1.O + 2.5(ui - Uio) / Bi)] (1) 

where u~, U~o, B~ and I~ are the wave number, wave 
number at the peak top, band width, and peak intensity 
for ith component,  respectively. 

We denoted i =  1 and 2 for the Ue~ter(C=O) and 
Ucoon(C = O) peaks, respectively, and chose the para- 
meters in order to minimalize the difference between the 
experimental and calculated values during repeating of  
the calculations more than 2000 times. An example of  
a split i.r. spectrum is illustrated in Figure 5 for the 

o ¢- 

o 
U) 

J3 <~ 

i 

1800 1750 

"~" / cm -1 

' i ' 

1700 

Figure 4 Variation of the C = O peak with curing time (t) for EPB- 
CAA10, showing (a) experimental data for the C = O  vibration, and 

1 (b) the split s~ectra, u~t~r(C=O) near 1738cm and ucoon(C=O)  
near 1710cm : (1) 10; (2) 20; (3) 60; (4) 180; (5) 600rain 
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Figure 5 An example of splitting of  the C - O  peak into the 
ue~ter(C=O) and ucoon(C O) components for EPB-CAA10 
( t -  10min) by use of the Monte Carlo method]6: (E) experimental 
data; (1) calculated uest~r(C-O) curve; (2) calculated Ucoon(C--O) 
curve: (C) calculated curves (the sum of  1 and 2) 

EPB-CAA10 polymer cured for 10min at 140°C. The 
calculated i.r. spectrum is well fitted to the experi- 
mental spectrum ( e r r o r - c a .  1.6%) and therefore 
the split i.r. curves are judged to be reliable. In 
Figure 4b, we demonstrate how the split /}ester(C = O )  
and uCOOH(C = O) peaks change with t. As the EPB- 
CAA10 prepolymer is cured, the UCOoH(C=O) peak 
decreases while the uoster(C = O) peak increases. 

We have determined two reaction conversions, one by 
dividing the peak area of UcooH(C -- O) with that of the 
unreacted mixture, and the other by dividing the peak 
area of u(C C) with that of the same mixture. All peak 
areas are nomalized by using the area of the C = C  
stretching peak of benzene, as before. The unreacted 
mixture was prepared in the following way. EPB/EPTB, 
CAA10 and TNB were dissolved in T H F  in the same 
mixture ratio as that of the prepolymer, and the THF  
solvent is then evaporated from the solution and the 
remaining soil dried fully in vacuo. The i.r. spectra were 
measured for the dried mixture by the use of the KBr 
method. We used the nomalized areas of the 
UcooH(C--O ) and u(C-C) peaks as the peak areas of 
the unreacted mixture, where we assume that the molar 
extinction coefficient is unchanged by the reaction. 
Figure 6 shows plots of the conversions, obtained from 
UcooH(C=O) and u(C-C),  versus curing time (t) at 
140°C for the (a) EPB-CAA10 and (b) EPTB-CAA10 
prepolymers. Both conversions increase rapidly with 
increasing t and saturate at ~200min for EPB-CAA10 
and at ~60 min for EPTB-CAA10. This saturation time 
is considered to represent the gelling time (tg) of the 
polymer. The saturated conversions from the u(C-C) 
peak (reaction of the diepoxide) and Ucoo,(C = O) peak 
(reaction of COOH) were estimated to be ~83 and 75%, 
respectively, for EPB-CAA10, and ~87 and 83%, 
respectively, for EPTB-CAA10. 

The value of the saturated conversion and its difference 
between u(C C) and u(,OoH(C=O) may be connected 
with the existence of  a side reaction of the epoxide with the 
OH group. According to Alvey's study 17 of the reaction of 
EPB with adipic acid and its reaction mechanism, the 
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Figure 6 Plots of conversion (%) versus curing time (t) at 140'C for (a) 
EPB-CAA10 and (b) EPTB-CAA10, using data calculated from: (0) 
//COoH(C = 0); (~) b,(C--C) 
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hardening reaction propagates via two routes, namely the 
main reaction of  the epoxide with COOH, and a side 
reaction, i.e. an etherification of  the epoxide and OH 
groups produced by the main reaction. The TBA catalyst 
is known to 'prefer' the main reaction to the side reaction. 
The latter reaction of  the epoxide with the OH groups 
produces interchain crosslinks and finally leads to gelation 
which would hinder the overall reaction. When t = tg, the 
degree of  branching (side reaction) was estimated to be 
~ 8 %  for EPB-CAA10 and ~ 6 %  for EPTB-CAA10, from 
the following relationship: 

degree of  branching = (binding no. of  etherification 
of  epoxide with the OH group)/ 
(binding no. of  esterification + 
bonding no. of  etherification) 

= (conversion of epoxide - 
conversion of  COOH)/  
(conversion of epoxide) (2) 

The degree of branching should correspond to the 
crosslink density. Assuming that all of  the side reactions 
are those of  the epoxide with the OH groups, producing 
interchain crosslinks, a crosslink density can be 
expressed as follows: (binding no. of  esterification)/ 
(binding no. of esterification and etherification) (see 
above). The calculated crosslink density was approxi- 
mately one interchain crosslink per 11 repeat units for 
EPB-CAA10 and per 16 repeat units for EPTB-CAA10, 
with these values suggesting that both polymers are 
gelated. 

When the polymers are gelated, the reaction may be 
very slow and finally may almost cease, thus leading to a 
conversion saturation. Therefore, the value for the 
saturated conversion should be closely associated with 
the degree of  branching. The saturated conversion of 
EPTB-CAA10 is 82-87%, being larger than 75-83% for 
EPB-CAA10, which can be explained by the difference in 
reaction rate between the two systems. In fact, the gelling 
time (tg) is ~60 min for EPTB-CAA10, and ~200 min for 
EPB-CAA10, as described above. 

Figure 7 shows plots of  the absorbance of u(OH) and 
Uester(C = O) versus curing time. Both of the absorbances 
rapidly increase and saturate at about 200 min for EPB- 

t / min 
0 40 80 120 160 

~ i ~ O~L i i i i i i i i ,-, 

=o 0. ,f I o 
¢0 ¢" 

0 0 . 1 5  

0/0 I I I 2~0 I I ' 4 ; 0  ~ I , 6~n8  200 400 600" 
t / m i n  

Figure 7 Plots of absorbance of u(OH) and U e s t e r ( C  = O) v e r s u s  curing 
time (t), where closed symbols represent EPB°CAA10 and open 
symbols represent EPTB-CAA10: (~,¢,) u(OH); (©,0)/~ester(C = 0 )  

CDA10 and at approximately 60 min for EPTB-CDA10, 
which is quite consistent with the values of gelling time 
obtained from the Ucoor~(C = O) and u(C-C) bands. 

To summarize, in the EPB-CAA10 and EPTB-CAA10 
systems a reaction of  the epoxide with CAA10 occurs 
mainly, with a degree of  side (branching) reaction of  the 
epoxide with the OH groups being estimated at ~ 8 %  for 
EPB-CAA10 and ~ 6 %  for EPTB-CAA10. The gelling 
time was ~200min for EPB-CAA10 and ~60min  for 
EPTB-CAA 10. 

Mesomorphic phase transition 
Figure 8 shows d.s.c, curves obtained for the EPB- 

CAA10 polymers. When t is 1 or 2 h, the polymer shows 
two peaks, at ,-~60 and 90°C during cooling to room 
temperature after curing at 140°C (lst cooling) and near 
70 and 90°C for the subsequent heating run. However, 
when the prepolymer is cured for 5h, the lower- 
temperature peak disappears and there is observed an 
abrupt change near 45°C, which may be assigned to the 
Tg, with one peak existing near 87°C. This thermal 
behaviour was observed for all of  the polymers cured for 
more than 5 h. 

Observations of the texture of EPB-CAA10 were 
performed under crossed polarizers by the use of an 
optical microscope. For  EPB-CAA10, cured for 1 and 
2 h at 140°C, as the temperature was increased, a 'sandy' 
texture, reminiscent of a smectic phase, appeared near 
70°C and disappeared near 90°C, and the polymers were 
seen to flow by pressing a cover glass of the preparation 
in the mesophase between 70 and 90°C. On the other 
hand, after curing for 5 h, the sample became slightly 
vaguely lighter below 87°C, but no sand-like texture was 
seen. These results suggest that EPB-CAA10 has a 
mesophase between 70 and 90°C, reminiscent of a 
smectic phase, for t _< 2 h, while when t > 5 h, it has a 
crystalline region, whose melting corresponds to the 
peak at ,-~87°C in the d.s.c, curve (Figure 8), but no 
mesophase. 

Figure 9 shows the temperature dependence of  the 
X-ray diffraction intensity-Bragg angle (20) curve for 
EPB-CAA10. For  the t = 2h  polymer, at room tem- 
perature, the curves show peaks at values of 20 of 3.84, 

(c) 

(b) 

(a) 

5 
"0  =- 
UJ 

I I I I I I I I I i i i 
0 50 100 

T / ' C  

Figure 8 D.s.c. curves of EPB-CAA10 obtained during the heating 
process after curing at 140°C for various times: (a) 1; (b) 2; (c) 5h 
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5.78, 20.32, and 22.84 °, corresponding to Bragg spacings 
of  22.99, 15.78, 4.34, and 3.88A, respectively. The wide- 
angle peaks at 20.32 and 22.84 ° are assigned to the 
diffraction peaks from the 110 and 200 reflections of the 
polyethylene crystalline region. The low-angle peaks at 
3.84 and 5.78 ° may be connected with a smectic layered 
structure. The molecular shapes and sizes (in the 
extended state) are shown for the EPB, EPTB and 
CAA10 monomers in Figure 10. At present, we are 
unable to understand the low-angle peaks (Bragg 
spacings of 22.99 and 15.78A) from the molecular 
length of EPB and CAA10, but we could assign the low- 
angle peaks to higher-order reflections of a layered 
structure. As the temperature increases, the wide-angle 
peaks are considerably suppressed between 50 and 75°C, 
and at 75°C only a broad peak is observed, while the 
two low-angle peaks are weakened, but still remain 
at 75°C where the Bragg spacings were 21.75 and 
14.72A for the low-angle peaks. At a temperature of 
100°C above the higher d.s.c, peak (90°C), the wide-angle 
peaks are much broader, and the low-angle peaks 
disappear. In EPB-CAA10 which has been cured for 
12h, the low-angle peaks are not observed, even at 
room temperature, and only a broad peak is seen at 
20 ~20 °. Therefore, the cured EPB-CAA10 is crystalline, 
as indicated from the d.s.c, and texture observations, 
but the degree of crystallinity may be lowered by 
gelation. 

These X-ray diffraction results well explain the 
mesomorphic phase transition behaviour observed in 
the texture observations. In Figure 9c, X-ray diffraction 
intensity versus 20 curves are shown for the polymer 
which has been annealed by cooling the fully gelated 
polymer ( t =  12h, Figure 9b) at a slow rate of 
l'~'Cmin I from 140°C. At room temperature, rather 
interestingly, the two low-angle peaks are seen again 
and the wide-angle peaks become somewhat sharper, 
compared with that of the fully gelated polymer 
( t =  12h), and the low-temperature peak near 70°C 
reappears in the d.s.c, curves. The variation of the 
low-angle peaks with temperature is almost the same 
as that of the t = 2h  polymer (Figure 9a), and these 
disappear at 110°C. 
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Figure 9 Temperature dependence of  the X-ray diffraction intensity 
scattering angle (20) curves for EPB-CAA10: (a) t = 2h;  (b) t - 12h; 
(c) annealed sample after curing for 12 h 

The mesomorphic phase transition behaviour of 
EPB-CAA10 appears to be closely associated with 
gelation. For  the shorter reaction time (Y3h), i.e. 
below the tg, EPB-CAA10 has a mesophase reminis- 
cent of a smectic phase between 70 and 90°C. For  a 
longer curing time, i.e. above the tg, on the other 
hand, EPB-CAA10 forms a network structure which is 
intermolecularly crosslinked, but is still crystalline. 
However, the crosslinks may disturb the intermol- 
ecular ordering and lock in any movement of the 
main chains, thus leading to the disappearance of the 
mesophase. In the EPB-CAA10 system, however, a 
mesophase could be reconstructed, even for the fully 
gelated polymers, by annealing. 

In our preceding paper 13, we gave a preliminary report 
of our mesomorphic phase transition studies of the 
EPTB-CAA10 systems. The d.s.c, curves of EPTB- 
CAA10 are shown for the heating process in Figure 11, 
where time (min) in the figure is the total holding time 
(th) at 140°C for the prepolymer in a d.s.c, pan; for 
example, the th = 25min curve represents the 2nd 
heating run for the polymer cured at 140°C for 5 min in 
the 1 st heating run (th = 20 min). The latter curve shows 
two peaks near 67 ° (P1) and 87°C (P3). As t h increases, 
the P1 peak shifts to lower temperatures and decreases in 
intensity, and the P3 peak also decreases, while a new 
peak (P2) and a Tg appear at --~80 and 45°C, respectively, 
when th > 35min. Polarizing microscopy observations 

lv.61A EP TB 

~ ~  34"43A ~   AA./0 
~ : O  

: ; :  N 

Figure 10 Molecular shapes and dimensions of the EPB, EPTB and 
CAA 10 monomers  
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under crossed polarizers were made for EPTB-CDA10. 
When t h = 20min,  a ' sandy'  texture reminiscent of  a 
smectic phase was observed at temperatures between the 
P1 and P2 peaks, but as the reaction propagates this 
mesophase is suppressed and a schlieren texture remi- 
niscent of  a nematic phase begins to appear,  for example 
from t h = 30min. The nematic-like mesophase was 
observed in the temperature range from Tg (42°C) to 
P2 (82°C) in Figure 11, when th = 50min. 

In Figure 12, the temperature dependence of the X-ray 
diffraction intensity versus 20 curves for EPTB-CAA10 
are shown. When t = 20rain below the tg, at room 
temperature, the polymer has two low-angle peaks at 20 
,~3.80 and 5.82 ° (Bragg spacings of  23.23 and 15.173 A, 
respectively) and two wide-angle peaks at 20 20 ° . These 
low-angle peaks still exist at 70°C but disappear at 
100°C, which indicates that the low-angle peaks dis- 
appear  at 88°C (see Figure 9). On the other hand, as seen 
in Figure 12b, the fully gelated EPTB-CAA10 (t = 12 h) 
shows no low or wide-angle peaks, independent of  
the temperature. These X-ray results support  the 
mesomorphic  phase transitions observed in the d.s.c. 
experiments and f rom texture observations, where the 
ungelated polymer shows a smectic-like phase between 
65 and 88°C and the gelling polymer shows a nematic- 
like phase between 45 and 85°C. Interestingly, the low- 
angle peaks are not reconstructed by cooling the gelling 
polymer at a slow rate of  l °Cmin  -1 from 140°C (see 
Figure 12c). This result is inconsistent with that of  EPB- 
CAA10, which might result f rom the shape of the 
diepoxide, i.e. the shape of the EPB molecule is bent, 
while the EPTB molecule is linear (see Figure 10). In 
EPTB-CAA10, the smectic-like mesophase is observed 
when t < 60min (tg), while when t is larger than tg, a 

nematic-like mesophase appears. It  is noted that EPB- 
CAA10 has a nematic-like mesophase, even when the 
polymer is fully cured (t >> tg). 

d 
"o 

e -  

uJ 

f 
r 

P1 

I i i i i i i ~ l  ~ i I i i I 
0 50 100 

T / ' C  

D.s.c. heating curves of EPTB-CAA l 0 for different holding 

Thermal expansion 
Figure 13 shows plots of  specific volume (v) and 

thermal expansion coefficient (c~) versus temperature for 
EPB-CAA10 and EPTB-CAA10. In EPB-CAA10 for 
t =  2h  below the tg (3.3h), two abrupt  changes are 
observed near 70 and 90°C, corresponding to the low- 
and high-temperature d.s.c, peaks, respectively. The 
gelling EPB-CAA10 polymer ( t =  12h) shows a Tg 
near 35°C and an abrupt  change near 85°C, while a 
gelling EPTB-CAA10 for t = 12h shows a Tg near 40°C, 

Figure 11 
times at 140°C, where t h is the total holding time for the prepolymer at 
140°C in a d.s.c, pan; e.g. the curve of t h = 25min is for the polymer 
sample cooled to room temperature after holding the t h = 20min 
sample at 140°C for 5 min (see text for details) 

, I i I , I , 
10 20 30 40 

2 0 / °  

Figure 12 Temperature dependence of the X-ray diffraction intensity 
scattering angle (20) curves for EPTB-CAA10: (a) t = 20min; (b) 
t = 12h (c) polymers annealed by cooling the t = 12h polymer at a 
slow rate of l°Cmin from 140°C 
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Figure 13 Plots of specific volume (©) and thermal expansion 
coefficient (ff]) v e r s u s  temperature: (a) EPB-CAAI0 ( t - 2 h ) ;  (b) 
EPB-CAA10 (t = 12h); (c) EPTB-CAA10 (t = 12h) 
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Table 2 Values of the thermal expansion coefficient (c 0 for the gelling 
EPB-CAA10 and EPTB-CAA 10 systems for a hardening time of 12 h 

Thermal expansion coefficient 
(10 4 °C i) 

Sample ~l, below Tg (~2, above Tg 

EPB-CAA10 3.4 6.9 
EPTB-CAA 10 2.1 6.0 

and an abrupt change near 80°C. This phase transition 
behaviour is also consistent with the d.s.c, data. In 
Table 2, thermal expansion coefficients are listed for the 
gelling EPB-CAA10 and EPTB-CAA10 systems. The 
values of cq (below the Tg) are  3.4 and 2.1 x 10-4~'C 1 
for the gelling EPB-CAA10 and EPTB-CAA20 poly- 
mers, respectively. These values are somewhat low, but 
fall within the normal range of thermal expansion 
coefficients for common epoxy resins above. As already 
described, the molecular shape of the monomer is 
considered to be almost linear for the EPTB monomer 
but bent for the EPB monomer. The smaller value of 4t 
for EPTB-CAA10, compared to EPB-CAA10, could be 
explained by the shape of the monomer. 

CONCLUSIONS 

Two epoxy resins, EPB-CAA10 and EPTB-CAA10, 
cured by a mesogenic hardening compound, 4,4'-bis(~- 
carboxydecanoxy)azoxybenzene (CAA10) were pre- 
pared, and their hardening procedures and mesomorphic 
phase transitions were investigated. The gelling times 
(/gS) for the prepolymers were determined to be 
--~200min for EPB-CAA10 and ~60min  for EPTB- 
CAA10 at 140°C. EPB-CAA10 shows a smectic-like 
mesophase between 70 and 90°C when the curing time (t) 
at 140°C is smaller than tg but no mesophase when t > tg, 
while EPTB-CAA10 has a smectic-like mesophase 
between 60 and 87°C when t < tg, but a nematic-like 
mesophase between Tg (50°C) and 85°C when t > tg. 
Thermal expansion measurements were made for the 
polymers. Specific volume-temperature plots showed 

abrupt changes near the phase transition temperatures 
which correspond to those observed by d.s.c. The 
thermal expansion coefficients were estimated to 
be ~3.4 x 10 4°C-1 below Tg for the gelated EPB- 
CAA10(t  = 12 h) and ~2.1 x 10 4°C I below Tg for the 
gelated EPTB-CAA10 (t = 12h). 

In this present work, we have developed a new class of  
LC epoxy resins functionalized with mesogenic com- 
pounds, namely EPB-CAA10 and EPTB-CAA10. These 
experiments suggest that it is worthwhile to develop new 
LC epoxy resins by using mesomorphic hardening 
compounds. 
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