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LIDUID CRYSTALLINE ORCERING IN MELT5 6F THERMOTROPIC 
POLYMERS i4ITt-i MALONIC ACID FRAGMENT I N  SPACER. 

1 

A L i A  PUREINCS AND BORIS UOLCHEK 
ins-titi;te o f  Macromolecular Compounds or' Russian 
Academy of Sciences, Buisfsoi pr.St.Fetersburg, R u s s s a  

fiGz&k_a&f ijith object to evaiGate the effect of  
spacet- c hem ica i composition on chain 
c0nfot-matioi-i o f  thermotrapic polymers in l i q u i d  
crystal 1 ine i L C )  state, 1 inear and combined 
(main chai,n/side chain) polymers, containing 
fragment o i  ma lonic acid I FMA > in 

methylene spacer were studied. It 1s shown 
that owing to piesence o f  F H A  chain conformations o f  
the studied polymers difFer substantially from those 

lc melt the main chain o f  polymers investigated has 
"haivpin"- like conformation w i t h  para1 lel 
a1 f ignrrient o f  neighbouring nesugens. In the 
case oi: combined po1ymer-j t h e  side chain is 
located inside the hairpin, and mesogens o f  both 

o f  F:F-poly-mers with simple methylene spacer. Tn 

i n a i f i  and side chains are round to be m t u a l  ly 
para; lei Liescribed polymer structure in LC 
melt provides t h e  explanation for experimentaily 
observed similarities between pr-oper-ties of LC melts 
o f  studied polymet-s and those o-F low molecular weignt 
liquid crystal 1s. 

12 iarge volume o f  expet-imental data h a s  been o u t a i n e d  

demonstrating that polymers in l i q u i d  crysrailine CLCi 

state significantly differ from their law molrcl-ilar 

weight analcqs in such main chaiacter-istics. as order  

parameters ano thermodynamic characterirtics C erithalpy 

and entropy i during t h e  transition f r o m  isotropic to iC 

melt. T heor-et i ca i t reat ment s4' exp I a i n t he clbser uie Fi 

differences by stiffening o f  macromol2cuie-~ resultirii3 

f r o m  changes m a  lecu i at- +ragments siritctur-e at- molecular 

structure as a whole which accompariy this transition. 
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The e x t e n t  o-F s t i f f e n i n g  d e p e n d s  o n  t h e  mechanism 

e n s u r i n g  c h a i n  f l e x i b i l i t y ,  i n  o t h e r  words.  o n  c h e m i c a l  

s t r u c t u r e  o f  m a c r o m o l e c u l e s .  Fot- a s p e c i f i c  c lass  o f  

50 c a l l e d  i?F-poiymet-s ( p o l y m e r s  w i t h  r i g i d  mesogen a n d  

f i e x i b i e  s p a c e r  i n  t h e  backbone j  c o n f o r m a t i o n a l  c h a n g e s  

can be d e t e r m i n e d  both b y  asymmetry  o f  r e p e a t i n g  u n i t  a n d  
5, I 5  by e n e r g y  d i f f e t - enc -e  o f  t-otat i u n a i  i s o m e r s  o f  s p a c e r .  

To e s t a b l i s h  the effect of c h e m i c a l  s t r u c t u r e  of 

mact -omoiecules  on  mechanism o f  L C  s t a t e  + o r m a t i o n  

a n d  p e c u l i a r i t i e s  o f  LC o r -de r ing  main-cha in  a n d  combined  

Imain- c h a i n i s i d e  c h a i n  i t h e r m o t r o p i c  polymer-, w i t h  

f r a q m e n t  o f  mai5nic acid ( F M A j  i n  a p a c e r  w e r e  

i n v e s t i g a t e d .  The g e n e t - a i  f o r m u l a  0-F t h a t  poiymet-c  15: 

- fOC-CHK-COO (CH,) .O 1C H 1 ?O iCH?) ,U j  , where  
L 6 4 L  L O  

F = H  is polymer  I 

a n d  R = (Cii,! ZCtH J Z  k-i -N=k-T: h CN is poiymer  11 
- &  3 & 4  6 4  

it is v d ~ t l l  b n t . w n  that  c o n f o r m a t i o n  of- FIClk d e p e n d s  on  

d i p o l e - d i p o l e  interact i o n s  be tween  C=O g r o u p s .  So one car1 

s u g g e s t  t h a t  dut-inq t h e  p h a s e  t r a f i ~ i t i u ~ ~  c h a n g e s  i n  FHA 

confa:rna;ion at-e p o s s i o l ~  aiid as a res l ; ; t  c h a n g e s  i n  

i G O ~ 3 ~ - % T s d k i 3 n  ,?7 c h a l n  as a W h o ? € .  i n  t h e  case a f  cowbrned  

pcriyrnet-s Ipolymet- i I t  p r e s e n c e  o f  side c h a i n  may ef fec t  

at3 50th  c u n f o r m a t i a f i  s f  FilQ a n d  asymmetry o f  r e p e a t i n g  

U r ; l  t. 

- 
/ 

P o l y m e r s  1 a n d  1 1  w e r e  5 y f i t h e s l i e d  u s i n g  t h e  enown 

m€ t ti0 d 1 c 5 I e .  9 
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L I Q U I D  CRYSTALLINE ORDERING [2777]/211 

spacings d e t e r m i n e d  by X-ray d i f f r a c t  i o n  tec n n i  qiie .  

A c c o r d i n g  t o  d a t a  o i  poiarized mict-nscopy a t  13% 

poly-met- is in smectic A p h a s e ,  but combined  . shape  o f  DSC 

c u r v e  p r o v e s  e:i i s t e n c e  o f  a n o t h e r  smectic p h a s e s  

(unknown) I S e v e r a l  t y p e s  o f  smect ic  p h a s e s  w e r e  observed 

1i-i polymer-r; w i t h  s i m i l a r -  c h e m i c a l  s t r u c t u r e .  
i <f 

TABLE I P h a s e  t r a n s i t i o n s  t e m p e r a t u r e s  ( T ,  ‘ C j  

and v a l u e s  o f  l a y e r  s p a c i n g s  ?:L, c l i .  

Method o f  Temp. o f  p h a s e  

d e t e r m i n a -  t r a n s i t  iclns, C 

t i o n  

Ci 

- 

L, a 

C o n f o r m a t i o n a i  a n o  o t - i e n t a t  i o n a l  cl-,at-acterist i c s  oC 

‘ z - i ~ ~ ~ i i e d  p o l y m e r s  W e r e  d e t e r m i n e d  oy 1 2  spec t ro5 . zopy .  

Gr - , en tac ion  o i  s a m F l e s  w a s  e f + e c t e d  b y  t w o  me thods .  The 

F l i  s t  o n e  corresponos tfi spontaneous  tKim€?o-:r-DplL 

ih+ i e n t a t i o n  a q i c n  ~ c c u r s  at m e l t i n g  a+ pt . ;y -mrr  +;in1 orti 

surfs-re. The secaild methoil  c3nSistS i n  smnotning o f  

,L m e i t  QZ t G r -  s u r f a c e  w i r r h  s u o s e q u e n t  c-aoi ing o f  s a m p i E .  

e o r d e r  p a r a m e t e r s  o f  ,nTles;ogen i 3 m )  and f l e x i b l e  .S+i 

f r - agmen t s  GF po lymer  chain w e r e  c a l c u l a t e d  f r - c m  i n e  

z q u a i i u n s  (12, ifor the first m e t w d  o f  o t - l s n t a t i o n )  a n 0  

<Zlq ( for  trie s e c o n o  o n e )  i i s i n g  valbes o f  d i c h r c - i s m  nf 

ro t -k-esponding  I2 bands. 

7 - _  

’unot- A’Dunor B 
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212/[2778] A.PURKINA A N D  B.VOLCHEK 

where D 1 5  vazus o+ Gpt i ca l  densi ty o f  chosen 

ua nd in spectrum OC homeatropic o r i en ted  zample, 

r/ is t he  densi ty  o f  t h e  same band in 

spectrum o f  i s o t o p i c  sample, S is order parameter value. 

7 9  

IF; nand chosen and ~ a r r e s p u n d i q  bs ,~c l .  

or-A iB, 

u n o r A  i B ;  

1s value o f  angle between t r a n s i t i o n  moment o f  A i B )  

where R is dii lhr-aism vaiue of corresponding band. F o i -  

Sm c a l c u l a t i o n  bands a t  1600 c m  ( 1 )  C-C o f  benzene r i ng ,  

v ibraeions c+ r i n g ,  4 is eqiiai GO" w i t h  plane of 
-1 

r i n g j  were used. For 5 f  c a l c u l a t i o n  band a t  2930 cm 

t . l J  as cii 
sequence c r f  CH, groups in methylene chain1 was applied. 

-1 
<-. -1 

8 is equal f q J  w ; & h  & L  axes o f  r i ng ;  and Z2Ci cn (6 c-ii 

gfiXkp-5, 8 1- =t eqsai 75' w i t h  axe5  o f  a i l - t r a n s  2 1 1  

i'iaite t h a t  c a i c u l a t e d  value-, o f  order parameters are 

found t o  be p r a c t i c a l l y  t he  same. So t h i s  values can be 

cunsidet-sd as eqLti i i$:-ir- . L , , I  ones. 

P t  t h e  assumption o f  dnrnain o r i e n t a t i o n  and inc lud ing  

rjf both mer-ogen and f l e x i b l e  fragments in domain, 

experimentai order parameters Sm and S f  may be presented 

by t h e  equation ( 3 ) .  b 

where - 5 % ;  is t h e  average intramolecular value o f  the 

locai parameter +or mesagen ix=m) or  spacers { x . = f ;  w i t n  

respect t o  the  axes chosen +or each mesogen p a i r  along the  

chain; S is the order parameter t l i t  these ases w i t h  

respect t o  common director-  i n  L C  domain; S is t h e  order 

parameter character i z i ng t h e  macroscopic doma i n 

o r i e n t a t i o n  r e l a t i v e l y  t o  tne d i r e c t i o n  o f  mr ientat ion.  It 
is important t h a t  t h e  observed values o f  Sm and S f  are 

r e l a t e d  t o  t h e  corresponding intramolecular i:Sml:> and 

<<:Sfi> parameters by c o m m o n  c o e f f i c i e n t  S S ( 1  which does 

1 . 1  

> > 7  
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L I Q U I D  CRYSTALLINE ORDERING [2779]/213 

not depend GII x=m o r -  a=< . S i n c e  experimental Sf/Srn ratio 

is dezermined only by t h o s e  c a n f o r m a t i o n 5  o f  monomer 

r;nits which exisr i n  s t u d i e d  state. 

Fig.1 shows p j o t s  a+' S n  I 3 f  a n d  3if/5m v s  t e m p e r a t u r e .  

A s  can oe seen t h e  order- p a r a m e t e r s  at-€ r f L E r s r b i e  dGt- iTrg 

S 
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polymer with similar chemical structure of the main chain 
and was explained by authors due to transition +ram 
smectic A t o  smectic C phase. 

Variations of  Sf/Sm values during transition from 
Li: to crystalline state are correspond to changes in 
itramolecular orientation and conformation (value o f  

product: S'S'q for Sm and S f  are equal I This ratio 
decreases f r o m  0.95 (at 2 2 O )  ka 0.56 fat 124 ). At the 
same time variations xn Sf,vaiues constitute only 11% 
at this ccnditions and then' large decrease in Eif/Sm 
ratio is ir, the great part due tc change in 
orientation o+ mqsogen. Because in air case t h e  mesogens 
are rigid changes in 'their orientation can be connect 
with conformational transformations in spacer without 
large effect on S f  values ( e.g. due to changes only in 
con+oreation of  the end groups). 

- 0  >- 

i 

in+ormation about conformational set o f  methylene 
sequences of spacer one can obtain Srom iR spectra in the 
region o f  6 Cii vibrations o f  Chi, groups 0.F methylene 

bands at 1480 and 1440 cm-' chain (1480-1440 cm 1: 

are attributed to trans and gauche isomers 0.F these 
sequences, correspond i ng 1 y . 'I According to our 
qualitative estimations fraction o f  gauche isomer in 
crystaliine state o f  polymer i is larger than in the case 
o+ RF polyhers studied by us In iC and 
isotropic melts ratios of: trandgauche isomers are 
practically the same and close to those for isolated 
mekhylene chain at the same temperature. But presence of 

order f n  spacer in L& state testifies to the different 
distribution ot' rotational isomers aiong the austhylene 
chain in Lt  state from that in isotropic melt. The l'arge 
Craction of qaitrSLirl isomers in crystaiiine state of  

pciymer i is probably the main reason decreased va l ues 
of repeating unit i engch  in comparisGn with that .For 
its fully extended chain isee fable 1;. 

L -1 

it can be assumed t h a t  the chain of polymer 1 

coiisists of t w o  branches, mutual arrangement of which 
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LIQUID CRYSTALLIIlE ORDERING [278lyZlS 

depends on conformation o f  FHA. Let us consider possible 
conformations o f  such branches. In IR spectra of  polymer 
Investigated in all phase states one can see t w o  bands 
corresponding to Y S  and vas vibrations o f  2=c) groups of 

FMA (1747 and 1733 ern-';, This means t h a t  piane 

cis-conformation of FMA is exluded from possible 
confor.matiunal sex o f  FHA, because only one band &=O 
must be present in spectrum o f  such conformation.. 

With the aid of computer program PCMODEL we can 

confirm that FHA shouid not be really in piane CJS 

conformation and several locai energy minima correspond 
to structures af FMA in which esters groups planes 
turned relative to each other Spec 1 Fit 
conformation o f  FHA depends on chemical structure o f  

chain in which i t  i 5  included. 
As can be seen from table 2 the pre+erred 

con+ormation for- systems 2-4 is so calied "hairpin" 
con+ormation witn parallel arrangment of neighbouring 
(aiong the chain) mesogens (Figure E l .  

! - *-\ 

FIGURE 2 Representation o+ model " ha i. r- p i ;t '' 

ccnformation with minimal energy, calcuiated oy 

PCMOIiEi program 
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L I Q U I D  CRYSTALLINE ORDERING [2783]/217 

IF igut -e  31.  T h e s e  c o n f o r m a t i o n s  -surpass those  w i t h  minimal  

e n e r g y  less t h a n  7 i;J ifor t h e  case when a?i C-C 
bond5 o f  m e t h y l e n e  c h a i n  are i n  t r a n s - c o n f o r m a t i o n j .  

T h i s  f a c t  means t h a t  e x p e r i m e n t a l  v a i u e s  o f  i+= c o r r e s p o n d  

t o  h a i r p i n  confarmation. I t  worth t o  n o t e  t h a t  m e n t i o n e d  

i n c r e a s e  o f  e n e r g y  of hairpin confarmat i o n  at l a r g e  v a l u e s  

o f  4s i n  r-eal polymer c h a i n  c a n  be p a r t l y  compensated by 

~ , t r e n g t h e n i n g  of i n t e r a c t i o n s  between b e n z e n e  r i n g s ,  w i t h  

decreasing d i s t a n c e  be tween  them d u e  ~ C C  a p p e a r e n z r  of 

gauche isomers i n  spacer. 

FIGURE 3 i?ep r-esent at ion o f  mode 1 I' ha  i r-p i n '' 

canfarmatian, c a l c u l a t e d  w i t h  v a r i a t i o n  is+ tors ion 

a n q l e s  i n  F!-IA. 

I m l u d i n g  FMA i n  t h e  s p a c e r  a+ poiymst- I w i t h  12 

CH- gt-acrps, an t h e  one hand i n c r e a s e s  c j l s t a n c e  be tween  
mesogens ( a c c o r d i n g  to, l2 i n  EF-polymers r i i t h  b i p h e n y l  

as  a mesagen and methylene spacer iC state w a z  riot 

abserved i f  spacet- l e n g t h  w a s  l o n g e r  than 12 Cii, groups2  

and a n  the a ther  precludes f r o m  coax3ality a f  mesogens  i n  

the e x t e n d e d  c h a i n  structure, a resii;t s u c h  e x t e n d e d  

c h a i n  is rat a d v a n t a g e o u s  Fct- LI-, s t a t e  Far-wation. On t h e  

cont t -a r -y  h a i r p i n  c o n f o r m a t i o r i  sati5fiz15 ta c ~ n d i t i ~ n s  af 

i 
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21 8/[2784] A . PURKINA AND B . VOLCHEK 

iC order- o r g a n i z a t i o n :  1 j it  c o r r e s p o n d s  t o  m i n i m a l  

e n e r g y  for  i s o l a t e d  c h a i n .  2 )  m e s o g e n  f r a g m e n t s  i n  e a c h  

b r a n c h  o f  t h i s ;  s t r u c t u r e  are coaxial w i t h  s p a c e r  a n d  a t  
t h e  same t i m e  are p a r a l l e l  t o  e a c h  other. 

i3ur c o n c l u s i o n  about h a i r p i n  c o n f o r m a t i o n  o f  c h a i n  in 

p o i y m e r  I is c o n f i r m e d  a l so  by t h e  f a c t s  t h a t  o b s e r v e d  S m  

vaii-aes (a re  equal G.55 - 0.&0 a t  t e m p e r a t u r e  o f  

t r a n s i t i o n  from i s o t r o p i c  to L C  m e i t i  a re  less t h a n  t h o s e  

for e x t e n d e d  c h a i n  ( S m  = 0.7-0.8) a n d  c iose t o  S m  

v a l c r e s  iot- la5u m a l e c u i a r -  w e i g h t  campounds;. C h a n g e  of 

e n t h a l p y  d u r i n g  LC s t a t e  - i s o t r o p  t r a n s i t i o n  a re  a l so  

close Far- t h o s e  in low m o l e c u l a r  w e i g h t  compounds .  

.s5 13 

1 4  

fjglyner ;? 
Table  J lists nf  temperarures o+ p h a s e  t r a n s i t i a n = .  

rjetermnlneG by d i f f e r e n t  r e c h ? i q u e s ,  l a y e r  s p a c i n g s  

From X - r a y  d i f f r a c t i o n  data and ,slue of e n t h a l p y  

d u r - i n 5  f r o m  L C  to i s o E t - o P  t r a n s i t i o n .  
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L I Q U I D  CRYSTALLINE ORDERING [2785]/2 19 

F 

PeN 
4 

3 

2 

gut-e 4 5hows the temperature plc l ts o f  c l ichr-o ism a n d  
'S K u  
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220/[2786] A.PURKINA A N D  B.VOLCKEK 

(2 <:I 
8s. Ds 

e x p e t - .  calc .  

It is 5een t h a t  e x p e r i m e n t a l  values o f  4s are ciose 

to those -?or polymer I a n d  in L2 state correspond to es 
c a i c u l a t e d  t o r  mndel s y s t e m  i n  h a i r p i n  conformation. 

However. t h e  t-anqf G+ i+fj c h a n g e s  d u r i n g  the 

transition o f  pa lymet -  iI f r o m  r r p t a l l i n e  to LC.  state 

i 5  broader t h a n  t-hr one + s t -  polymer I. This means  t h a t  

difFerences b E t W @ e r i  c a n t o r f i a t i o n s  c l t  FMG as well as 

differences b e t w e e n  r D > r t f o i - m a t  ions J-F bcLbone i n  

r o n s i d e t - e d  s ta tes  o f  palymer 1 1  are l a r g e r  t h a n  t h o s e  in 
p*:.l yfiet- I 

T i h i i ;  c c - n c i u s i o n  is aizo c o n f i r m e d  by cztianyes o f  

opkicai densities i -at ios  crl' L-'S a . 5 ~  Y ~ S  bands o f  

groitps o f  FMA dut-ir;g crystalline - L C  state t r a n s i t i o n .  

A c c o r d i n g  to OCIT r -esui ts  t h i s  t-atio conneet w i t h  
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LIQUID CRYSTALLINE ORDERING [2787Jt221 

conformational changes in FMA. It was found that changes 
o f  this ratio is larger +or polvmer I1 in comparison 

(width with polymer 1. Clt the same time values of 
o f  f IR band at the half of its maximal density:, which 
can be as a measure 0.F con+ormational uniformity. +or vs 
and vas o f  C-0 groups bands in spectra of polymer I1 are 
low compare with those for polymer I. This indicates that 
conformational set of FMCI in former- case is narrower due 
t o  necessity of correlation in arrangment of mesogens o f  

both main and side chains. It worth noticing that 

Av1/2 

according t o  DSC data temperature range of isotrop - LC 

state transition is also narrower +or polymer 11. 
Confirmation of  the conclusion about "hairpin" 

conformation pf  polymer investiqatedis provided by 

analysis of characteristics of flexible fragments of  both 
chains in polymer 11. We made an estimation o+ dichroism 
(R > and order parameter of main chain spacer in LC state 
.From observed dichroism (Robs) of  was of CHZ groups band, 
using an equation (41 

m 

where RS is the value o f  dictcroism 0.F vas 
vibrations, corresponding t o  CH2 groups o f  the side 
chain, C is the fraction of  methylene groups o f  main 
chain spacer in common value of methylene groups o f  both 
chains. 

For this analysis S6 value OC side chain was supposed 

to be practically equal to Sm value of the side chain on 

the reach, that according to X-ray data side chain ui= 

polymer I f  in LC state is fully extended and axis of  

mesogen and spacer coincide ( angle between them is 
175 >. It was found with such assumption the S i  value o f  

main chain in LC state is 0.2 and ratio Sf/Sm is 0.4. 

0 
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u21[2788] A e W R K I N A  AND BeVOLCHEK 

Both of these values are less than those for polymer I 
(0.3 and 0 . 5 )  at the same conditions. This demonstrates 
substantial disordering of- polymer 11 backbone. 

It is probably that reason o f  such disordering is 
high content o f  gauche isomers in this chain, which is in 
agreement with X-ray data about significant shortening 
(by 8 A )  o f  backbone compared with the length of fully 
extended chain (32 a). Such shortening is necessary f o r  

parallel arrarqment o f  mesogens of main and side chains in 
hairpin structure. 

iJith the aid o f  PCMDDEL program we made an attempt 
to determine the preferable conformation of combined 

polymer. However, due to limited possibilities o+ this 
computer programme in searching of  "good" energy minimums 
for such complete system. structures obtained by the use 
of PCMODEL can not to form LC order,, because they do 
not. provide necessary arrangement o f  mesogen 

Nevertheless the following experimental results 
indicate that in poiymer I1 (as well as polymer I )  the 
backbone has the hairpin conformation, inside o f  which a 

side chain is located because: 1 )  experimental values 
af 6s of FMA C=O groups are close t o  those calculated for 
hairpin conformation o f  polymer I; 2) the mesogens of 
both main and side chains are mutually parallel and 3) 
coincidence in the LC state layer spacing, determined by 
X-ray diffraction with length calculated for fully 
extmded side chain this coincidence was also observed 
in a number of  other combined polymers with similar 
chemicai structurei. 

Taken as d whole, our experimental data toyether with 
resuits of model calculations permit t o  concluas t h : t  

presence of. FMA in RF-polymers ilincar as well as 
combined) promote +olding of their backbone chains and 
formation of hair-pin- like configurations. In combined 
poiymer eide chain 1s located i n s i d e  a+' h a l r p i n  

structure. Data obtained on structural organization of 
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