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~I~V[MARY 
Liquid crystalline copolyethers were prepared from monomer pairs selected 

from biphenol (BP), dihydroxy-a-methylstilbene (DHMS), and 2,2'-dimethyl- 
4,4'-dihydroxyazoxybenzene (DMAz) which were copolymerized with either 
dibromononane or dibromodecane spacers by phase transfer catalysis. 
Nematic LC mesophases were observed for most copolymers, but some 
exhibited dual mesophases. Smectic to nematic transitions were found in 
polymers with intermediate ratios of DMAz and DHMS with the 
nonamethylene spacer. These polymers showed excellent solubility in THF 
and CHC13. The longest mesophase range which consisted of two mesophases 
was found in a polymer composed of a 4:1 ratio of DHMS to BP and a nonane 
spacer. 

INTRODUCTION 
Thermotropic polymers have recently achieved commercialization and at  

the same time continue to attract interest in the basic research community. 
While many papers and reviews have been published concerning the 
combination of both mesogenic and non-mesogenic units in copolyesters (1-4) 
and cepolyethers (5), studies of mixed mesogenic cores in liquid crystal 
polymers have been virtually restricted to aromatic liquid crystalline (LC) 
copolyesters. Little research has been performed on linear polymers with 
mixed mesogenic groups of well-defined structure. 

Yoo and Kim (6) have introduced mixed mesogenic units to produce 
polyesters with two mesophases by reacting selected bisphenols with 
terepthaloyl chloride. It should be noted that  while the authors reported that  
these copolymers contained only two mesogenic groups, their polymers in fact 
contained three mesogenic structures due to the manner of copolymerization 
used. It is interesting that  despite the irregularities in their structures these 
copolymers should possess a smectic to nematic transition. 

Several recent studies have demonstrated the rapidity with which such LC 
polyesters can rearrange in the melt state due to transesterification (7). This 
property is of special concern with LC polyesters where transesterification can 
lead to inconclusive measurements caused by exchange between labelled and 
unlabelled chains (8). Liquid crystalline polymers which resist rearrangement 
in the melt are therefore of significant interest as model systems. Recently a 
great deal of research, particularly on the part of Percec and coworkers, has 
concentrated on the synthesis of new, readily soluble LC polyethers - polymers 
which are not subject to such rearrangement (9,10). 
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The goals of the research reported here were to synthesize structurally 
stable LC copolyethers with mixed mesogenic groups and to determine the 
composition of mesogenic cores which afford both liquid crystallinity and good 
solubility. An additional objective of this research was to explore the effects of 
mixed mesogenic groups on the types and numbers of mesophases found in 
these copolymers. Mesogenic comonomer pairs were selected from 4,4'- 
biphenol (BP), dihydroxy-c~-methylstilbene (DHMS), and 2,2'-dimethyl-4,4'- 
dihydroxyazoxybenzene (DMAz) and copolymerized with either dibromononane 
or dibromodecane spacers by phase transfer catalysis. Biphenol has been 
observed to produce smectic polyethers (11) whereas DHMS and DMAz produce 
nematic polyethers (10, 12). By combining both types of mesogenic groups it 
was hoped to produce soluble copolyethers which exhibit a smectic to nematic 
transition. 

DHMS 

E X P E R ~ ~  

H N'/N O OH 

DMAz 

1. Synthesis of Monomers The procedure used to prepare dihydroxy-~-methyl 
stilbene (DHMS) was similar to that  reported earlier by Percec and coworkers 
(10,11). The synthesis of 2,2'-dimethyl-4,4'-dihydroxyazoxybenzene (DMAz) was 
made from the appropriate nitrosophenol (13) using a newer procedure (14) 
which afforded higher yields in the synthesis of nitroso-m-cresol. Dry reaction 
conditions in the synthesis of DMAz improved yield by an additional 17%. 

To a mixture of 12.17 g (112.5 mmol) m-cresol in 85 ml of 95% ethanol under 
nitrogen at 0~ 85 ml of concentrated HC1 was added slowly dropwise, and 
then 14.51 g (170.4 mmol) potassium nitrite was added every five minutes in one 
gram aliquots. The mixture was poured into 1.5 liters of cold water, resulting 
in a yellow precipitate. The product was filtered, washed with 250 ml cold 
water, and dried in  vacuo .  TLC in 50% EtOAc/petroleum ether showed one 
spot, and the yield was 12.37 g (80.2%) yellow powder. 

For the preparation of DMAz, tosyl chloride was used as obtained (Aldrich 
99+%); pyridine was refluxed under nitrogen with barium oxide for two hours, 
then distilled and dried over 3,& molecular seives. Under nitrogen, 100 ml 
pyridine was added dropwise by double-ended needle to separate flasks 
containing 12.3 g (89.7 retool) of nitroso-m-cresol and 13.15 g (68.9 mmol) tosyl 
chloride. The tosylate solution was transferred dropwise while cooling in an 
ice-water bath. Stirring under nitrogen was maintained for 15 hours, and the 
ice bath was allowed to reach room temperature. The reaction mixture was 
then heated to 100~ until an exothermic reaction occurred. A dark, red-black 
mixture was cooled to room temperature, placed in an ice water bath, and 
slowly neutralized dropwise with 150 ml of 25 volume-% sulfuric acid. This 
mixture was divided into three parts, extracted three times with equal amounts 
of anhydrous diethyl ether, dried over magnesium sulfate, filtered, and the 
solvent evaporated. The black viscous mass remaining in the reaction flask 
was also extracted with ether. The yellow-orange crude product was 
recrystallized from 25% EtOH/water. Product was then stirred in chloroform 
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overnight, filtered, and recrystallized, yielding 4.47 g (38%) orange-yellow 
powder. 

2. Svnthesis ofPolvmers Nitrobenzene was used as obtained (Aldrich 99+%), 
as was biphenol (BP) and tetrabutylammonium hydrogen sulfate (TBAH). A 
typical synthesis of a mixed mesogen copolyether is as follows. Under 
nitrogen, 0.22 g (0.97 mmol) DHMS, 0.25 g (0.97 mmol) DMAz, and 0.12 g (0.34 
mmol) TBAH were added to a room temperature 25 ml solution of 50% by wt. 
sodium hydroxide in a flask equipped with a mechanical stirrer. A solution of 
0.55 g (1.94 retool) 1,9-dibromononane in 30 ml nitrobenzene was then added to 
the above mixture and stirring maintained 15 hours at 85-95~ The reaction 
was allowed to cool, and the aqueous layer was neutralized with 5N HC1 and 
decanted off. The organic layer was precipitated in methanol, and the polymer 
washed with methanol and water. Polymer was precipitated by dissolving into 
a minimal amount  of chloroform and pouring into methanol. 

3, Charaq~erization Thermal transition temperatures were obtained on a 
Perkin Elmer DSC-2C at heating and cooling rates of 20~ Liquid crystal 
mesophases were examined by Leitz polarizing optical microscope at 200X 
magnification equipped with a Mettler FP-52 hot stage and a Canon AE-1 35 
mm camera. Compositions of the monomers and polymers were determined 
by Varian XL-200 1H NMR on eight polymers soluble in chloroform-d6. 
Inherent  viscosities were measured in a 1:1 mixture of phenol/o- 
dichlorobenzene. Number and weight average molecular weights were 
determined for THF soluble polymers by GPC using RI and UV detectors with 
Ultrastyragel TM columns of 500, 103, 104, and 106 A pore sizes calibrated with 
monodisperse polystyrene standards. 

RESULTS AND DISCUSSION 
Liquid crystalline polyethers are a relatively recent addition to the growing 

number of polymers which exhibit liquid crystallinity. In our work, a series of 
LC copolyethers combining pairs of these mesogenic groups were synthesized 
and the properties of these polymers are described below. 

DHMS, DMAz and BP have been used extensively in LC polyesters and 
polycarbonates (1). In the case of polyethers, copolymerizations have been 
performed with DHMS using mixed spacers to produce nematic polymers with 
very broad liquid crystalline phases, and good solubilities (5, 15, 16). DHMS- 
nonane and DHMS-decane homopolymers synthesized in our laboratory 
possessed nematic mesophases and only partial solubility in THF. Biphenol 
has been employed in copolyethers with mixed spacers, and reportedly 
produced smectic polymers with limited solubility (17) in agreement with our 
results. Interestingly, neither the BP-decane nor the DHMS-decane homopol- 
ymers produced for this study have to the best of our knowledge been previously 
repor ted .  

Polyethers of DMAz and aliphatic spacers were soluble in 1:1 tetrachloro- 
ethane/m-cresol and have been found to be nematic (12). Monotropic nematic 
LC phases were found for lower molecular weight samples. Homopolyethers 
with nonane and decane were reported to be soluble only in a mixture of m- 
cresol and tetrachloroethane (12). We have found that  these nematic polymers 
also have solubility in THF. 
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1, Copolyethers  of BP and DHMS Table I lists the proper t ies  of the LC 

po lymers  synthes ized  us ing  biphenol  and  d ihydroxy-a -methy l  sti lbene. One of 
the  po lymers  of th is  series (described below) showed a dual  mesophase .  In  
contrast ,  po lymers  wi th  84 mol-% biphenol  showed li t t le solubili ty and  e i ther  
were  not  liquid crystal l ine (BH9d) or possessed a very  shor t  mesophase  (BH10e). 

Table 1- Properties of Copolyethers of BP and DHMS 

Sample. % BP Tm(~ T_i(~ ~ (dUg) Solubility 

* 0 130 148 . . . .  
BH9a  10 119 139 0.37 phenol /dcb 
BH9b$ 16 107 180 0.45 phenol /dcb 
BH9c 50 167 187 0.90 phenol /dcb 
BH9d 84 -- 197 -- insoluble  
* 100 190 205 . . . .  

BH10a 0 178 230 -- phenol /dcb 
BH10b 10 173 183 0.24 phenol /dcb 
BH10c 16 173 188 0.29 phenol /dcb 
BH10d 50 -- 194 -- insoluble  
BH10e 84 208 216 -- insoluble  
BH10f 100 270 305 -- insoluble  

* Data from Reference (18); $ Evidence of s~n  transition at 116~ dcb = o-dichlorobenzene 

Po lymers  wi th  increased  DHMS concent ra t ion  va r i ed  cons iderably  in 
m e s o p h a s e  behavior .  A 1:1 rat io  of DHMS:BP (BH9c) showed reproducible  
hea t ing  and  cooling curves wi th  both  colorful "oil-streak" tex tures ,  and  st i r  
opalescence.  The po lymer  wi th  the  same  mesogenic  group composi t ion and  
decane spacer  (BH10d) showed reproducible  hea t ing  and  cooling curves.  The 
sample  was ve ry  viscous and  difficult to charac te r ize  by  microscopy; however,  
the  cooling curve revea led  several  o ther  t rans i t ions  t h a t  m a y  have  been  
associa ted  wi th  a several  mesophases .  

Po lymers  wi th  16 tool-% BP showed nemat ic  t ex tu res  n e a r  clearing.  The 
po lymer  wi th  nonane  spacer  (BH9b) exhibi ted reproducible  me l t ing  and  
clearing t rans i t ions  a t  107~ and 180~ by microscopy, and  the  DSC trace  
showed a p e a k  corresponding to an  addi t ional  t rans i t ion  a t  118~ 
Conf i rmat ion  of the  second mesophase  for this  po lymer  was observed by  
microscopy,  where  a t  118~ the me l t  changed f rom thread- l ike  to "hazy" in 
appearance .  The po lymer  wi th  the decane spacer  (BH10c) showed no second 
mesophase .  

Po lymers  wi th  10 mol-% BP possessed  obvious nemat i c  mesophases  
i m m e d i a t e l y  pr ior  to crystal l izat ion.  The po lymer  wi th  the  nonane  spacer  
(BH9a) possessed  a longer  mesophase  and  lower me l t ing  t rans i t ions  t h a n  the  
po lymer  wi th  the  decane spacer  (BH10b), which is in qual i ta t ive  a g r e e m e n t  
wi th  a p r e s u m e d  odd-even effect. 

The  re la t ionship  be tween  t h e r m a l  t rans i t ions  on hea t ing  and  po lymer  
composit ions is s u m m a r i z e d  in F igure  1. For  po lymers  wi th  e i ther  spacer  
length,  t h e r m a l  t r ans i t ions  increased  with  h igher  concent ra t ions  of biphenol ,  
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and  a monotropic  m e s o p h a s e  was  obta ined  for one po lymer  of each  series. The 
r ange  of the  m e s o p h a s e  was  l a rges t  for po lymers  conta in ing 84 mol-% DHMS 
and  decreased  wi th  h igher  concentra t ions  of this  mesogenic  group. The  da ta  
on the  homopo lymer  of D H M S  and  d ibromononane  was previous ly  repor ted  by 
Percec and  coworkers  (18). 
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Figure 1. Plot of Composition 
versus Transition Temperature 
for BP-DHMS Copolymers 
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2, CQpQlvm~rs of DMAz and  BP The proper t ies  of copolyethers  of 2,2'- 
d imethyl -4 ,4 ' -d ihydroxyazoxybenzene  and  biphenol  are  l is ted in Table  2. Only 
one of the  copolymers  in this series showed a dual  enant io t ropic  m e s o p h a s e  
(BM10d). Copolymers  wi th  20 mol-% BP showed nemat ic  textures .  The 
po lymer  wi th  the decamethy lene  spacer ,  BM10b, possessed  wider  mesophases  
wi th  h igher  mel t ing  t rans i t ions .  Po lymers  wi th  a 1:1 ra t io  of  mesogenic  
groups  had  reproducible  monotropic  nema t i c  LC phases .  The DSC cooling 
t race  of BM10c showed the  presence  of a monotropic  i n t e rmed ia t e  t rans i t ion  
be tween  c lear ing and  mel t ing  indicat ing the possibi l i ty of a second mesophase .  

Table 2 - Propert ies  o f  Copolymers  o f  DMAz and  BP 

S a m o l e  % BP Tm(~ Ti(~ M n Solubility 

BM9a 0 102 113 12 200 T H F  or CHC13 

BM9b 20 92 122 3 400* T H F  or CHC13 

BM9c 50 -- 153 9 000 T H F  or CHC13 

BM9d 80 173 183 8 800 T H F  or CHC13 

BMI 0a 0 133 146 5 000" T H F  or CHCI 3 

BM10b 20 117 153 14 400 T H F  or CHC13 

BM10c 50 -- 140 5 700* T H F  or CHC13 
BM10d$ 80 159 208 -- insoluble  

* M n of THF soluble fraction; $ Evidence of s-~n transition at 195~ 

Po lymers  wi th  a composi t ion of 80 mol-% BP showed complex m e s o p h a s e  
behav io r  wi th  no st ir  opalescence. Three  dist inct  peaks  were  obta ined  by  DSC 
for the  po lymer  wi th  the  decamethy lene  spacer  (BM10d). S imi lar  m u l t i p h a s e  
behav io r  has  been  repor ted  for DSC response  of biphenol  homopolymers  wi th  
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al iphat ic  spacers  (11). The  t h e r m a l  t rans i t ions  of both  po lymers  were  in 
a g r e e m e n t  wi th  a p r e s u m e d  odd-even effect. 

The  re la t ionsh ip  be tween  t h e r m a l  t rans i t ions  on hea t ing  and  copolymer  
composi t ion is s u m m a r i z e d  in Figure  2. T rans i t i ons  inc reased  wi th  h igher  
composi t ions of biphenol ,  and  a monotropic  m e s o p h a s e  resu l t ed  in po lymers  
wi th  a 1:1 ra t io  of  the  mesogenic  groups  in each series. The t e m p e r a t u r e  range  
of the  m e s o p h a s e  reached  a m a x i m u m  wi th  concentra t ions  of  20 mol-% BP and 
decreased  wi th  h igher  a m o u n t s  of  th is  mesogenic  group. N a r r o w  mesophases  
were  ob ta ined  wi th  composit ions of g r ea t e r  t h a n  50 mol-% BP. An a lmos t  
l inea r  r e l a t ionsh ip  be t ween  Ti and  composi t ion was  found for po lymers  
conta in ing  the  n o n a n e  spacer.  
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Figure 2. Plot of Composition 
versus Transition Temperature 
for DMAz-BP Copolymers 
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3, Copolvmers  of DMAz and DHMS The mos t  in te res t ing  po lymers  invest-  

iga ted  in this  s tudy  were  copolymers  of d ihydroxy-a -methy l  st i lbene and  2,2'- 
d imethyl -4 ,4 ' -d ihydroxyazoxybenzene ,  the proper t ies  of which are  l is ted in 
Table  3. The mel t s  of bo th  po lymers  wi th  composit ions of 80 mol-% DHMS 
possessed  nema t i c  textures .  However ,  MH10c had  the  shor te r  mesophase  and  
h igher  t h e r m a l  t rans i t ions .  MH9c h a d  an  addi t ional  reproducible  m e s o p h a s e  
on bo th  hea t ing  and  cooling where  the me l t  became hazy  and  viscous as shown 
in Fig. 3. 

Table 3 - Propert ies  o f  Copolymers  o f  DMAz and  DHMS 

S a m p l e  % D H M S  Tm(~ T _n(~ Ti(~ M n Solubility 
- - - ~  - 7  - - 2  

M H 9 a  20 94 120 166 26 400 T H F  or CHC13 

MH9b 50 58 86 153 28 400 T H F  or CHC13 

MH9c  80 94 -- 133 14 800 T H F  or CHC13 

MH10a  20 103 -- 155 13 500 T H F  or CHC13 

MH10b 50 130 -- 158 15 200 T H F  or CHC13 
MH10c 80 160 -- 177 -- phenol /dcb* 

* dcb = o-dichlorobenzene 

Po lymers  wi th  a 1:1 rat io  o f  mesogens,  MH9b,  and  MH10b possessed 
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nemat i c  t ex tu res  and  low viscosi ty mel t s  n e a r  clearing. The po lymer  wi th  the  
decame thy lene  spacer ,  MH10b,  had  h igher  and  shor te r  t h e r m a l  t rans i t ions .  
The  po lymer  wi th  the  nonane  spacer ,  MH9b,  had  no crys ta l l iza t ion  t rans i t ion  
on cooling; however ,  th is  po lymer  showed ano the r  reproducible  phase  on 
hea t ing  and  cooling where  the  me l t  exhibi ted a t ex tu ra l  change which we 
bel ieve is a smect ic  to nema t i c  t ransi t ion.  
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Figure 4. Plot of Composition 
versus Transition Temperature 
for DMAz-DHMS Copolymers 
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Both po lymers  wi th  20 mol-% DHMS possessed  mel ts  wi th  nemat i c  thread-  
like textures ,  and  st i r  opalescence. However ,  ne i the r  po lymer  exhibi ted a 
second mesophase .  Po lymer  M H 1 0 a  had  h igher  phase  t rans i t ions ,  which was 
in a g r e e m e n t  wi th  the  odd-even effect, bu t  both  po lymers  possessed  s imi lar  
m e s o p h a s e  t e m p e r a t u r e  ranges .  

The  re la t ionship  be tween  t he rm a l  t rans i t ions  on hea t ing  and  copolymer  
composi t ion is s u m m a r i z e d  in F igure  4. For  po lymers  wi th  the  nonane  spacer,  
the r ange  of the mesophase  was g rea t e s t  wi th  a 1:1 rat io  of mesogenic  groups,  
and  the  second mesophase  t r ans i t ion  para l le led  mel t ing  t e m p e r a t u r e s .  For  
po lymers  wi th  the  decamethy lene  spacer ,  the l a rges t  m e s o p h a s e  r ange  was  
obta ined with  a composit ion of 20 mol-% DHMS. 
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CONCLUSIONS 
Incorporation of two mesogenic groups into liquid crystal polymers in some 

cases produced polymers with dual mesophase behavior. Most copolymers 
exhibited nematic mesophases, except for those copolymers with high biphenol 
contents. Both smectic and nematic transitions were obtained in certain 
copolymers. Excellent solubility in THF and chloroform was observed for most 
copolymers containing the DMAz mesogenic group. Variable temperature 
x-ray diffraction studies are underway to better understand the nature of the 
intermediate transitions observed in these copolymers. 
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