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A series of copolyimines from terephthalaldehyde and 1,8-diaminooctane and 1,10-diaminodecane is 
synthesized. X-ray diffraction and cross-polarized microscopic studies reveal that all the copolyimines 
exhibit a liquid crystalline smectic phase as does one of the parent homopolyimines, PIt0. The transition 
temperatures and the associated enthalpy and entropy change continuously as functions of copolymer 
composition. The crystalline and liquid crystalline phases of the copolyimine series are isomorphic. The 
copolyimines are soluble in chloroform and tetrahydrofuran. 
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INTRODUCTION 

In the previous papers 1-4 the synthesis and characterization 
of series of liquid crystalline polyimines 1'2 and copolyimines 
with odd-even 3 and odd-odd 4 combinations of methylene 
units on the flexible spacers in the main chain have been 
reported. Both melting and isotropization temperatures 
of the copolyimines with odd-even combinations of the 
number of methylene units in the flexible spacer 
are depressed and the liquid crystalline temperature 
ranges are narrowed compared to the corresponding 
homopolyimes. The copolyimines having approximately 
the same molar amounts of the even and odd spacers 
do not exhibit liquid crystalline phases and they 
have the lowest melting transition temperatures. Both 
the crystalline and liquid crystalline phases of these 
copolyimines have isodimorphic character. The co- 
polyimines with an odd-odd combination of methylene 
units in the flexible spacer exhibit a wider liquid 
crystalline temperature range. This is mainly the 
consequence of the significant depression of the melting 
transition temperatures upon copolymerization. Both the 
crystalline and liquid crystalline phase of these odd-odd 
copolyimines exhibit isodimorphic character. 

It has been reported 5-7 that odd-odd, even-even and 
odd-even combinations of the number of methylene units 
in the flexible spacer tend to produce different changes 
in the transition temperatures and liquid crystalline 
temperature ranges for some liquid crystalline polyesters. 
Various combinations of different spacers have also been 
investigated for some liquid crystalline copolyethers a-a2. 
This paper presents the synthesis of a series of 
copolyimines with an even-even combination of the 
numbers of methylene units in the flexible spacer. The 
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dependence of the transition temperatures and the 
associated enthalpy and entropy changes on copolyimine 
composition is also discussed. 

The copolyimines prepared are statistical copolymers 
with general formulas as follows: 

- [-N=CH~_~CH=N- (CH2) 8] A-- 

R-8 

-- [-N=CH~CH=N- (CH2) 10] B- 

R-10 

All the copolyimines have the same mesogenic unit but 
different flexible spacers. R-8 and R-10 are used to name 
the different structural (repeating) units, where 8 or 10 is 
the number of the methylene units in the flexible chain. 
Therefore the series of copolyimines is represented as 
COPI-8-10 (A/B). The ratio of the molar percentages 
(A/B) is varied by increments of 10 from A/B = 10/90 to 
90/10. 

EXPERIMENTAL 

Materials 
Terephthalaldehyde, hexamethylphosphoramide and 

all the aliphatic diamines were used as received from 
Aldrich. Lithium chloride (BDH) and all the solvents 
(BDH) were used without further purification. 

Copolymerization and characterization 
Copolymerization was carried out according to the 

procedure described in detail in previous papers 1'3. 
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Puri f ica t ion was per formed by  reprec ip i ta t ion  in a 
ch lo ro fo rm/e thano l  system as descr ibed in a preceding 
paper  3. C o p o l y m e r  compos i t ions  were de te rmined  by  
so lu t ion  n.m.r, and  react ivi ty ra t ios  were ca lcula ted  
accord ing  to the me thod  used previous ly  3. I.r. spect ra  
were ob ta ined  on a Bomem Michelson spec t rophotometer  
using K B r  pellets. Solu t ion  n.m.r, spect ra  were ob ta ined  
on a Bruker  A C - F  200 M H z  n.m.r, spec t rometer  using 
ch lo roform-d  as solvent. 

Molecu la r  weights were de te rmined  in t e t r ahydro fu ran  
by gel pe rmea t ion  c h r o m a t o g r a p h y  (g.p.c.) on a Wate r s  
Associates  mode l  400 ins t rument  equ ipped  with three 
columns,  #-Styragel  10 4, 103 and  102 ,~ in series. The 
polys tyrene  ca l ib ra t ion  curve was used. 

A Met t l e r  TA-3000 differential  scanning ca lor imete r  
equ ipped  with a Met t le r  TC10A da t a  processor  was used 
for the rmal  analysis.  Hea t ing  and  cool ing scan rates were 
10 K m i n -  x in all cases. Opt ica l  observa t ions  were made  
on a N i k o n  L a b o p h o t - 2  microscope  under  cross- 
po la r ized  l ight (magnif icat ion 200 x ) using a W i l d - L e i t z  
hea t ing  stage 350. Samples  for microscopic  observa t ion  
were cast  as films on  glass slides from ch lo roform 
solutions.  

X-ray  powder  diffract ion pa t te rns  were ob ta ined  using 
a C S S / S T O E  2 P / L  two-circle  d i f f rac tometer  with a high 
t empera tu re  a t tachment .  The  X-ra~¢ beam used was nickel  
fi l tered Cu rad ia t ion  (2~ = 1.5418 A). 

Table 1 Number average molecular weights (M,) and average degree 
of polymerization (DP,) of COPI-8-10 

m 

Copolymer 1~1. DP, 

coPI-8-10(10/90) 8600 23 
coPI-8-10(20/80) 9200 25 
coPI-8-10(30/70) 10 320 29 
COPI-8-10(40/60) 11 200 31 
COPI-8-10(50/50) 8060 22 
COPI-8-10(60/40) 10 700 30 
COPI-8-10(70/30) 8800 25 
COPI-8-10(80/20) 9530 27 
COPI-8-10(90/10) 7980 23 

R E S U L T S  A N D  D I S C U S S I O N  

All COPI -8 -10  samples  are soluble in ch lo roform and  
t e t r ahydro fu ran  while the homopo ly imines  PI8 and  PI10 
are  insoluble  in these solvents. The  solubi l i ty  of  the 
copoly imines  is p r o b a b l y  a consequence  of  the lower  
crysta l l in i ty  and  of  the less perfect crystal l ine phase  in 
copo lymers  3'x°'13 as c o m p a r e d  to the homopo lymers .  
The react ivi ty  ra t ios  for bo th  R-8 and  R-10 are  the 
same (r~=r2=l), as expected for a s tat is t ical  s tep 
copolymer iza t ion .  The average molecu la r  weights and  
degrees of  po lymer iza t ion  are summar ized  in Table 1. 

The thermal  charac te r iza t ion  by  d.s.c, is summar ized  
in Table 2. The d.s.c, t he rmograms  of  COPI -8 -10  samples  

Table 2 Thermal characterization of COPI-8-10 series 

COPI-8-10 
(A/B) 

Thermal transition temperature (°C) and corresponding enthalpy changes (kJ mol- 1) 
and entropy changes (J rnol-1 K-1)~ 

On heating On cooling 

0/100 

10/90 

20/80 

30/70 

40/60 

50/50 

60/40 

70/30 

80/20 

90/10 

100/0 

k 107(8.7;22.9) s 143(13.1;31.5) i 

k 97(8.3;22.4) s 138(19.3;52.1) i 

k 92(5.7;15.7) s 141(22.5;53.3) i 

k 92(5.7;15.7) s 141(22.5;53.3) i 

k 86(6.3;17.6) s 138(21.9;53.2) i 

k 87(6.4;17.7) s 137(18.9;46.1) i 

k 81(5.0;14.1) s 137(18.2;44.4) i 

k 94(3.0;8.3) s 136(16.5;40.2) i 

k 77(1.6;4.5) s 138(18.5;45.0) i 

k 94(3.0;8.3) s 136(16.5;40.2) i 

k 90(2.1;5.6) s 139(19.1;46.3) i 

k 91(2.5;6.9) s 138(14.9;36.3) i 

k 92(3.9;10.8) s 144(18.1;43.4) i 

k 90(0.8;2.2) s 145(14.7;34.2) i 

k 92(1.8;4.9) s 145(17.8;42.5) i 

k 88(0.8;2.1) s 144(14.8;35.5) i 

k 93(1.4;3.7) s 151(18.2;42.8) i 

k 75(0.6;1.8) s 146(14.7;35.1) i 

k 81(1.1;3.1) s 157(20.6;47.9) i 

k 57(1.4;4.2) s 152(15.7;36.9) i 

k 107(9.1;23.9) k 2 162(16.5;37.9) i 

k 33(1.3;4.2) k2 155(14.6;34.1) i 

i 123(10.2;25.8) s 95(6.9;18.8) k 

i 123(16.7;48.7) s 82(10.2;28.7) k 

i 120(16.2;41.1) s 72(8.2;23.8) k 

i 120(12.4;32.4) s 64(5.6;16.7) k 

i 120(13.0;33.1) s 58(5.3;16.0) k 

i 121(11.5;29.0) s 50(3.8;11.8) k 

i 119(8.8;22.3) s 47(3.3;10.5) k 

i 126(10.1;25.3) s 51(4.1;12.6) k 

i 129(11.3;28.2) s 52(1.2;3.7) k 

i 136(12.0;29.5) s 35(0.9;2.9) k 

i 137(12.5;30.5) k2 32(0.8;2.6) k 

a The data are presented as T(AH;AS). The entropy values were not calculated by extrapolating to zero scanning rates. Data on the first lines are 
from the first heating and the first cooling scans. Data on the second lines are from the second heating scans, k and k 2 represent crystalline phases, 
s the liquid crystalline phase and i the isotropic melt 
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F igure  1 D.s.c. t h e r m o g r a m s  of COPI-8-10:  (a) first hea t ing  scan; (b) first cool ing scan; (c) second hea t ing  scan 

along with those of PI8 and PI10 are shown in 
Figure 1. For all the copolyimines, the thermograms of 
the first heating scans are different from those of the 
second heating scans. The thermograms of the second 
heating scans and the subsequent scans are similar. All 
the thermograms of the different cooling scans are the 
same. Table 2 contains thermodynamic data for the first 
heating, the second heating and the first cooling scans. 
Transition temperatures are taken at the maximum or 
minimum of the exothermic or endothermic peaks. The 
calculation of entropy values is not extrapolated to zero 
heating (cooling) rate. This means that the apparent 
values do not represent thermodynamic equilibrium and 
contain kinetic effects. It can be seen in Figure la (the 
first d.s.c, heating scans) that there are two endothermic 
transitions for each COPI-8-10 sample. This is different 
from the case of COPI-3-10 and COPI-5-10 series 3, 
which showed only one transition (the transition from 
crystalline state to isotropic liquid) at approximately 
equal amounts of odd and even numbered spacers in 
the copolyimines, such as in COPI-3-10 (50/50). The 
transition temperatures of the polyimines are not 
depressed, as compared to the transitions of the 
homopolyimines, PI8 and PI10. The transition at the 
lower temperature on each d.s.c, thermogram of the 
copolyimines is weaker than that of the homopolyimines. 
On the cooling scans (Figure lb), there are two 
corresponding exothermal transitions for each sample. 
The transition at the lower temperature shifts to even 
lower temperature and the transition at the higher 
temperature shifts to higher temperature with the increase 
of R-8 component in the copolymers. Also, the transition 
at the lower temperature becomes weaker with the 
increase of R-8. On the second heating scans, all the 
copolyimines again show two transitions. The transition 
at the lower temperature is even more depressed and is 
weaker than on the first heating scan. 

All the copolyimines exhibit a crystalline phase below 
the transition at the lower temperature and a liquid 
crystalline phase in between the two transitions. Above 
the transition at the higher temperature, all copolyimines 

from isotropic melts. The liquid crystalline textures of 
COPI-8-10 (10/90), COPI-8-10 (50/50) and COPI-8-10 
(90/10), as examples, are presented in Figures 2a-c, 
respectively. The textures of the three are alike and similar 
to the texture of PI10, which was assigned to a liquid 
crystalline smectic G phase. PI8 exhibited another 
crystalline phase in between the two transitions 2. 

To confirm the type of the liquid crystalline phase 
observed under the cross-polarizing microscope, X-ray 
powder diffraction was carried out on one of the 
copolyimines, COPI-8-10 (50/50), as a function of 
temperature. The X-ray diffraction patterns of COPI-8-10 
(50/50) in the crystalline phase at 23°C and liquid 
crystalline phase at 129°C are shown in Figure 3. 
Diffraction peaks are indexed based on our previous 
X-ray diffraction results of PI8 and PI102. Figure 3B 
shows that there are only two sharp diffraction peaks for 
COPI-8-10 (50/50) at 129°C, a temperature between the 
two transitions on heating. The peak at 20 = 5.58 ° is the 
diffraction by plane (001) which is the layer plane 2. 
Another at 20 = 20.23 ° can be indexed as (1 1 1) diffraction. 
The angle between the c axis and the layer plane is tilted 
about 60 °. This kind of diffraction pattern can be assigned 
to a liquid crystalline smectic G phase 2'14. It is reasonable 
to believe that the nature of the liquid crystalline phase 
in all the copolyimines is similar. Hence the two 
transitions on the heating scan can be obtained as 
Tk-s and T~_ i, respectively, and on cooling they are 
correspondingly T~_ k and T~_s; subscript k represents the 
crystalline phase, s the liquid crystalline phase and i the 
isotropic melt. 

The percentage crystallinity obtained by X-ray 
diffraction for COPI-8-10 (50/50) is 34%, while the 
crystallinity of PI10 and PI8 as synthesized is 36% and 
42%, respectively 2. The layer distance Dog ~ at room 
temperature for COPI-8-10 (50/50) is 15.65 A, which is 
larger than Dog t = 15.48/~ for PI10 and Dog1 = 13.09/~ 
for PI8. This means that the crystalline phase of the 
copolyimine is more disordered when compared to 
that of the homopolyimines 2'3. This agrees with the 
explanation for the solubility of the copolyimines. 
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exhibits a similar trend to T~_i on heating, while T~_ k 
decreases gradually with the increase in R-8. 

It can be seen from Figures 5 and 6, respectively, that 
the enthalpy change (AH) and the entropy change (AS) 
associated with the transitions on the second heating 
scans decrease gradually with the increase in R-8 
component up to 50% then stay unchanged with further 
increase in R-8 to 100%. 

From the phase diagrams (Figure 4) and the relationship 
between AH, AS and copolyimine composition, no 
obvious minimum point of any transition temperature or 
of AH or AS is observed. Therefore the COPI-8-10 series 
has no isodimorphic character 3,15-1s of either the 
crystalline or the liquid crystalline phases. According to 
the results above, it is reasonable to believe that the 
crystalline and the liquid crystalline phases of the 
COPI-8-10 series are isomorphic a'19. In this case, 
R-8 and R-10 coexist uniformly in both the crystalline 
and liquid crystalline phases. 

The isomorphic character of the copolyimines in the 
liquid crystalline phase is also reflected by the layer 
distance (Dool) obtained by X-ray diffraction. The layer 
distance of COPI-8-10 (50/50) in the liquid crystalline 
phase at 129°C is Doo x = 15.83/~, which is approximately 
the average value, 15.93/~, of Dool = 14.80 ~ of PI8 and 

(111) 

B 

Figure 2 Liquid crystalline textures obtained on cooling from 
isotropic melt: (a) COPI-8-10(10/90) at 102°C; (b) COPI-8-10(50/50) 
at 99°C; (c) COPI-8-10(90/10) at 96°C. Magnification 140 × 

Based on the results above, the phase diagrams 
of COPI-8-10 are obtained and shown in Figures 4a 
and b, using the data from the second heating scan 
and the first cooling scan, respectively. It should be 
noted that the phase diagrams do not represent 
a thermodynamic equilibrium and contain kinetic 
effects ls'16. The transition temperature from the liquid 
crystalline phase to isotropic melt (T~_ i) stays approximately 
constant when R-8 content is below 50%. Then T~_ i 
increases slightly in the R-8 range from 60 to 100%. The 
transition temperature from the crystalline phase to the 
liquid crystalline phase, Tk-s, decreases slightly with the 
increase of R-8 component up to 70% R-8. Above 70%, 
Tk-s decreases significantly. On cooling (Figure 4b), Ti_ ~ 

A 

(oo]) 

(202 (205) 

, , ~  . . . . . . . . . . . . . . .  
4 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 

2e(o) 

Figure 3 X-ray diffraction patterns of COPI-8-10(50/50): A, in the 
crystalline phase at 23°C; B, in the liquid crystalline phase at 129°C 
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Figure 4 Phase diagrams of COPI-8-10: (a) data from the second 
heating scan (*, T,_i; m, Tk-,); (b) data from the first cooling scan (*, 
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Relationship between the enthalpy change AH obtained on 
heating and copolyimine composition (*, AH,_I; II, AH~-s) 

Dool = 17.07 A of PI10 in the corresponding phase 2. The 
layer distance of COPI-8-10 (50/50) in the crystalline 
phase is obtained on a sample as synthesized for 
comparison purposes. The actual Doo 1 is fairly close to 
the average value of Doo 1 of PI8 and PI10. 
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Figure 6 Relationship between the entropy change AS obtained on 
heating and copolyimine composition (., ASs-i; m, ASk-s) 

CONCLUSIONS 

Copolymerization of one kind of mesogenic unit with 
two kinds of flexible spacers having different lengths of 
even-numbered methylene units produces copolymers 
soluble in chloroform and tetrahydrofuran. All the 
copolyimines exhibit a liquid crystalline smectic G phase 
as PII0 does. Both transition temperatures T~_, and T,_ k 
and the associated enthalpy change (AH) and entropy 
change (AS) vary continuously with the copolymer 
composition. Both the crystalline and liquid crystalline 
phases of the copolyimines are considered to be 
isomorphic. 
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