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PYROELECTRIC AN0 DIELECTRIC BEHAVIOUR OF THE CRYSTALS 
OF THE BIS-TOLUENE SULPHONATE DIACETYLENE MONOMER AND 
POLYMER 

X I A O  D ING QUAN*, DAVID JOHN AND0 AND DAVID BLOOR 
Department o f  Physics, Queen Mary College. 
M i l e  End Road, London E l  4NS, ENGLAND. 

Abst ract  The p y r o e l e c t r i c  and d i e l e c t r i c  p roper t i es  
o f  t h e  monomer and p a r t i a l l y  and f u l l y  polymerized 
c r y s t a l s  o f  t h e  b i s lp - to luene  sulphonate) o f  2,4- 
hexadiyne-1,6-diol [ T S I  were measured a long t h e i r  
b-axes from 100 - 300 K. The t r a n s i t i o n  temperatures 
of t he  c r y s t a l s  determined from p y r o e l e c t r i c  anomalies 
are s i m i l a r  t o  those from X-ray and heat capaci ty  
determination. The ageing e f f e c t  of polymer TS c r y s t a l s  
has been observed. I t  i s  concluded t h a t  these c r y s t a l s  
l a c k  a Centre o f  Syrmetry. 

INTRODUCTION 

The presence o f  p y r o e l e c t r i c i t y  i n  non-polarised c r y s t a l s  

i nd i ca tes  the  presence o f  spontaneous p o l a r i s a t i o n  w i t h i n  

t h e  ma te r ia l s  and i t s  v a r i a t i o n  w i t h  temperature. Therefore, 

t h e  observat ion o f  p y r o e l e c t r i c i t y  i n  the  to luene sulphonate 

d iacety lene [ T S I  i s  apparently i n  c o n f l i c t  w i t h  the  centm-  

symmetric s t r u c t u r e  determined by X-ray d i f f r a c t i o n .  

We have made f u r t h e r  measurements o f  t he  p y r o e l e c t r i c  

e f f e c t  i n  monomer, and p a r t i a l l y  and f u l l y  polymerised 

c r y s t a l s  o f  t h i s  mater ia l ,  i n  o rder  t o  conf i rm t h e  r e s u l t s  

o f  Kiess and C lark  , and t o  determine i f  the  monomer and 

p a r t i a l l y  and f u l l y  polymerised c r y s t a l s  are non-centro- 

‘Present Address: Department o f  Physics, Sichuan Un ive rs i t y ,  
Chengdu, The People’s Republic o f  China. 
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202 D. Q. XIAO, D. J. AND0 and D. BLOOR 

symmetric. Our r e s u l t s  revea l  a p y r o e l e c t r i c  e f f e c t  a long 

the  b-axes o f  a l l  the  monomer, p a r t i a l l y  and f u l l y  po l ymer  

i s e d  TS c r y s t a l s  s tud ied  over t h e  temperature range 100 - 
300 K, and enables us t o  make comparisons w i t h  recent obser- 

vat ions o f  phase t r a n s i t i o n s  i n  s i m i l a r  samples. 

Nine months a f t e r  t h e  f i r s t  measurements, t h e  s i g n  and 

magnitude o f  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  o f  t he  polymer TS 

c rys ta l s  remain almost unchanged. There are, however, 

s i g n i f i c a n t  changes near t h e  phase t r a n s i t i o n  reg ion  and i n  

the  temperature a t  which t h e  p y r o e l e c t r i c  cur ren t  changes i t s  

s i g n  as described be l tx .  

We have a lso  measured the  d i e l e c t r i c  p roper t i es  o f  t he  

monomer and polymer TS c rys ta l s ,  No d i e l e c t r i c  anomaly has 

been found along e i t h e r  t h e i r  b-axes o r  a-axes over  the  same 

temperature range. 

E XPE R I  MENTAL 

MATERIAL - TS 

TS monomer c r y s t a l s  gmwn from acetone so lu t i ons  were 

cu t  p a r a l l e l  t o  the 10101 plane, 1.e. the  polymer chains are 

perpendicu lar  t o  the  contact  area, and the samples were 

thermal ly  polymerized i n  the  s o l i d  s t a t e  a t  333 K. The 

polymer izat ion time, ranging from 5 t o  170 hours, depends on 

the  requirements. S i l v e r  paste e lect rodes were spread on 

opposing (0101 surfaces. F o r  p y r o e l e c t r i c  measurements t h e  

e lec t rode area was t y p i c a l l y  0.03 t o  0.1 em', and f o r  
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PYROELECTRIC AND DIELECTRIC BEHAVIOUR OF TS 203 

z d i e l e c t r i c  measurements. 0.2 - 0.3 cm . The th ickness of 

a l l  t h e  samples was about 0.05 cm. 

PY ROELECTRIC MEASUREMENT 

The p y r o e l e c t r i c  e f f e c t  was i nves t i ga ted  by us ing  the  pyro- 

e l e c t r i c  cur ren t  met hod 

I = dQ/dt = pA dT/dt, (11  

and the  current  was measured w i t h  t w o  Ke i th ley  Model 610C 

electrometers. The experimental apparatus i s  shown schem- 

a t i c a l l y  i n  F ig .  1. The magnitude o f  t he  p y r o e l e c t r i c s i g n a l  

1 r - --------- 
I I CRY OST AT 

I 
I RE CORDER 

I 
COPPE R PLATE ' I 4 I 

COPPER BLOCK , 
L,,, 

COPPEWCONSTANT AN 
TERMOCO UPLE 

FIGURE 1. Schematic o f  experimental apparatus. 
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204 

- 13 was o f  t h e  order  of 10 A, w e l l  above the  maximum back- 

ground current, which was less  than 2 x A. 

D. Q. XIAO. D. J. AND0 and D. BLOOR 

The c rys ta l s  were cooled and heated a t  a quasi-constant 

ra te,  and t h e  temperature and i t s  r a t e  o f  change were 

monitored by a DTC-2 d i g i t a l  temperature c o n t r o l l e r .  The 

system was c a r e f u l l y  c a l i b r a t e d  by us ing  a copper Versus 

constantan thermocouple t o  co r rec t  f o r  a sma l l  temperature 

gradient  between t h e  DTC-2 sensor and the  sample, 

The experimental cond i t ions  were: 

Temperature range 100 - 300 K, 

Temperature change r a t e  0.6 - 0.15 K/s, 
Vacuum pressure o f  c r y o s t a t  <2 x t o w ,  

E l e c t r i c  f i e l d  i n  the  c r y s t a l s  <1 V/cm. 

DIELECTRIC PEASURERENT 

The capacitance C and conductance G were measured a t  1 KHz 

w i t h  an autobalance u n i v e r s a l  b r i d g e  [WAYNE KERR 86421. 

The sample ho lder  and measuring cond i t ions  were s i m i l a r  t o  

t h a t  used i n  p y r o e l e c t r i c  measurements. 

The system f o r  t he  measurements o f  p y r o e l e c t r i c  and 

d i e l e c t r i c  p roper t ies  were t e s t e d  by us ing  a BaTi03 c r y s t a l  

sample. 

RESULTS AND DISCUSSION 

A l l .  t he  monomer, p a r t i a l l y  and f u l l y  polymerized TS c r y s t a l s  

under i n v e s t i g a t i o n  show a p y r o e l e c t r i c  e f f e c t  along t h e i r  

b-axes over  t h e  temperature range 100 - 300 K. The s i g n  o f  

t h e  cur ren t  f o r  heat ing  i s  exac t l y  t h e  reverse o f  t h a t  f o r  

cool ing. An example o f  the recorded currents  ( f o r  monomer 

T S I  i s  shown i n  Fig. 2. The p y r o e l e c t r i c  behaviour o f  

polymer TS c r y s t a l  i s  very s i m i l a r  t o  t h e  r e s u l t s  o f  Kiess 

and Clarke. 1 
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PYROELECTRIC AND DIELECTRIC BEHAVIOLJR OF TS 

’ 

,609 

b - (1 5 1.0) 

205 

monomer TS crys ta ls  i n  t h e i r  b-axes upon a1 cooling and 

b l  heating. The f igures  i n  parentheses are t h e  

corresponding temperatures . 
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206 D. Q. XIAO. D. J .  ANDO and D. BLOOR 

The p y r o e l e c t r i c  c o e f f i c i e n t  ca l cu la ted  from the  

recorded currents  f o r  monomer, p a r t i a l l y  and f u l l y  p o l y m e r  

i z e d  TS c r y s t a l s  i n  t h e i r  b-axes are  s h w n  i n  Figs. 3 and 4. 

The maximum p y r o e l e c t r i c  c o e f f i c i e n t s  f o r  polymer TS is 
2 (3-41 x C/cm K, s i m i l a r  t o  t h a t  o f  t h e  p o l a r i z e d  

p o l y v i n y l  ch lo r i de  (3 x C/cm K1, b u t  about 2 orders 

o f  magnitude smal le r  than t h a t  o f  p o l y v i n y l i d e  f l u o r i d e  
2 (1.0 - 2.41 x lo-’ C/cm K. 

2 

The phase t r a n s i t i o n s  obta ined from t h e  anomalies o f  

p y r o e l e c t r i c  behaviour (see F ig.  51 are i n  reasonable agree- 

ment w i t h  X-ray d i f f r a c t i o n  and s p e c i f i c  heat  capaci ty  

measurements. The two peaks i n  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  

o f  t he  c r y s t a l s  polymerised f o r  l ess  than 15 hours a t  33 K 

correspond t o  the  two phase t r a n s i t i o n s ,  i.e. t h e  h igh  

temperature commensurate phase t o  an incomnensurate phase, 

and 

The 

a r e  

156 

our  

the  incommensurate t o  l o w  temperature commensurate phase. 

values o f  t he  t r a n s i t i o n  temperatures f o r  TS monomer 

206 and 163 K ( f rom X-ray data I ,  193 and 157 o r  192 and 

K ( f rom heat capaci ty  data3.’41 and 192 and 151 K [ f rom 

p y r o e l e c t r i c  data 1. The apparent discrepancies probably  

2 

5 

occur due t o  t h e  s e n s i t i v i t y  o f  t h e  t r a n s i t i o n  temperatures 

t o  t races o f  polymer o r  t h e  ageing e f f e c t s .  Our r e s u l t s  

suggest a lower l i m i t i n g  va lue f o r  t h e  t r a n s i t i o n  temperature, 

195 K, than t h a t  observed by P a t i l l o n  Bt 21, 205 K, 

The o s c i l l a t i o n  o f  t h e  p y r o e l e c t r i c  cur ren t  near the  

phase t r a n s i t i o n  (two extrerna e x i s t  i n  t h i s  temperature 

reg ion ]  suggests t h a t  two t r a n s i t i o n s  occur, i.e. t h a t  an 

incomnensurate phase e x i s t s  w i t h i n  4 K o f  t h e  phase t rans-  

i t i o n  temperature repor ted prev ious ly .  

By consider ing t h e  experimental condi t ions,  a l l  t h e  

mechanisms, such as i n j e c t i o n  of charge, p re fe r red  o r i e n t -  

a t i o n  o f  d ipo les by e x t e r n a l  f i e l d ,  d i e l e c t r i c  absorpt ion 
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PYROELECTRIC AND DIELECTRIC BEHAVIOUR OF TS 207 

9 -  

- 

7 -  

- 

5 -  

- 

3 -  

t t  

-3  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 

120 160 200 2 40 280 300 
Temperature  (K) 

FIGURE 3. T h e  t e m p e r a t u r e  dependence o f  t h e  component 

Pb of  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  a l o n g  t h e  b -ax is ,  f o r  

TS monomer c r y s t a l s  [@,-I, 5 hours p a r t i a l l y  poly- 

merized TS crystals (4,---.-1 and 10 hours p a r t i a l l y  

polymerized TS crystals  (m,---l ( a l l  measured upon 

h e a t i n g ) .  
North Holland P u b l i s h i n g  Company. I 

(Reproduced w i t h  t h e  kind pe rmis s ion  o f  t h e  
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D. Q. XIAO, D. J. AND0 and D. BUXIR 

l l l l l r l  I l l  I l l 1  
0 160 280 

Temperature ( K 1  

FIGURE 4. 

Pb o f  the p y r o e l e c t r i c  c o e f f i c i e n t  along the  b-axis,  f o r  

TS crys ta ls  p a r t i a l l y  polymerized f o r  1 5  hours (.,-I, 

The temperature dependence o f  the  component 

20 hours [A,----- I and 72 hours (=,----) ( a l l  

measured upon heat ing) .  

mission o f  t h e  North Holland Publ ishing Company, I 
(Reproduced wi th  t h e  k ind  p e r  
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PYROELECI'RIC AND DIELECTRIC BEHAVIOUR OF TS 209 

c u r r e n t ,  p h o t o - e l e c t r i c  c u r r e n t ,  o c c u r r e n c e  o f  i o n i c  c h a r g e s  

on  c r y s t a l  b o u n d i n g  surfaces a n d  t h e i r  t e m p e r a t u r e  depend-  

e n c e ,  etc. ,  were e x c l u d e d  t o  e x p l a i n  t h e  o b s e r v e d  c u r r e n t ,  

1 240 

220 1 c 

140 
l l l l l l l t l l l I I I I  

0 4 8 12 16 20 24 28 
P o l y m e r i z a t i o n  time [hours 1 

FIGURE 5. The 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  as a 
f u n c t i o n  o f  p o l y m e r i z a t i o n  .time a t  333 K o b t a i n e d  

from t h e  p y r o e l e c t r i c  m e a s u r e m e n t s  ( u p p e r  t r a n s i t i o n ,  

*, - I lower t r a n s i t i o n ,  4 ,  --I-- I t e m p e r a t u r e s  

c o r r e s p o n d i n g  t o  Pb maxima , m, --- 7 3 [ R e p r o d u c e d  

w i t h  t h e  k i n d  p e r m i s s i o n  of N o r t h - H o l l a n d  P u b l i s h i n g  

Company. I 

From t h e  e x p e r i m e n t s  o f  v a r y i n g  t h e  t e m p e r a t u r e  c h a n g e  r a t e  

d T / d t ,  i t  is  very c l e a r  t h a t  t h e  c u r r e n t  d e p e n d s  o n  d T / d t  
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210 

[ t h i s  can a lso be seen from Fig. 21, and consequently the  

t h e r m a d e c t r i c  cur ren t  i s  a l so  excluded. Therefore we 

conclude t h a t  t he  p y r o e l e c t r i c  e f f e c t  i n  these c r y s t a l s  

i nd i ca tes  t h a t  the c rys ta l s  must lack  a cent re  o f  symmetry. 

The marked d i f f e r e n c e  i n  the  p y r o e l e c t r i c  behaviour o f  

t h e  monomer and polymer c r y s t a l s  suggests d i f f e r e n t  o r i g i n s  

f o r  t he  non-centrosymmetry , F o r  c r y s t a l s  w i t h  low polymer 

content, the  non-centrosymmetry r e s u l t s  from the  occurrence 

o f  the  incommensurate phase, which i s  thought t o  be e i t h e r  

an o r i e n t a t i o n  wave i n v o l v i n g  t o r s i o n  o f  t he  s i d e  groups o r  

a p r o b a b i l i t y  wave i n v o l v i n g  the  two d i f f e r e n t  s ide  group 

conf igurat ions6.  ' Since the  side-groups con ta in  po la r  SO2 

groups (see c r y s t a l  s t r u c t u r e  f o r  d e t a i l s  1 any pe r tu rba t i on  

o f  the s t r u c t u r e  can g i ve  r i s e  t o  a ne t  d ipo le  f o r  t he  

c rys ta l .  The occurrence o f  domains o r  t he  p inn ing  o f  t he  

incommensurate s t r u c t u r e  a t  d i s loca t i ons  are t w o  per turb-  

a t i ons  which could produce t h i s  e f f e c t .  Since t h e  upper 

phase t r a n s i t i o n  is near ly  second order' t h e  e f f e c t  o f  

per turbat ions w i l l  be weaker than t h a t  a t  the lower phase 

t r a n s i t i o n .  I n  add i t ion ,  a t  lower  t r a n s i t i o n  the  wavelength 

i n  the  incommensurate phase approaches i n f i n i t y  so t h a t  any 

pe r tu rba t i on  o f  the  s t r u c t u r e  would have a much l a r g e r  

e f fec t ,  as observed exper imenta l ly ,  

D. Q. XIAO, D. J. ANW and D. BLOOR 

7 

The la rge  p y r o e l e c t r i c  e f f e c t  observed over  a wide 

temperature range f o r  c r y s t a l s  w i t h  h igh  polymer content  i s  

more d i f f i c u l t  t o  expla in ,  I t  i s  probably a r e s u l t  o f  t he  

s t r a i n  which occurs i n  p a r t i a l l y  polymerised c r y s t a l s  due t o  

t h e  mis-match between the monomer and polymer. 

The ageing e f fec t  o f  t he  p y r o e l e c t r i c i t y  o f  t he  polymer 

TS c rys ta ls ,  which were s to red  i n  the  dark i n  a r e f r i g e r a t o r ,  

has been observed. A f t e r  8-9 months o f  t h e  f i r s t  measurement 

[i.e., about one year  s ince  the  c r y s t a l  growth], t h e  s ign  
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and magnitude o f  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  o f  polymer TS 

c r y s t a l s  was e s s e n t i a l l y  unchanged, b u t  t h e  o s c i l l a t i o n  o f  

t h e  p y r o e l e c t r i c  c u r r e n t  nea r  t h e  phase t r a n s i t i o n  r e g i o n  

decreases o r  even complete ly  disappears,  and t h e  tempera tu re  

a t  which t h e  p y r o e l e c t r i c  c u r r e n t  changes i t s  s i g n  is l ower .  

The t y p i c a l  p y r o e l e c t r i c  c u r r e n t  curves reco rded  on c o o l i n g  

f o r  b o t h  su r faces  o f  a polymer TS sample (po l ymer i zed  a t  

333 K f o r  72 hours and s t o r e d  f o r  9 months1 a r e  shown i n  

F ig .  6. Comparing F ig,  6 w i t h  F i g .  4 [ t h e  cu rve  f o r  72 hours 

p o l y m e r i z a t i o n l ,  one can c l e a r l y  see t h e  d i f f e r e n c e  between 

them. The l o s s  o f  t h e  two extrema suggests t h a t  t h e  t r a n s -  

i t i o n  f rom h i g h e r  temperature commensurate phase t o  l o w e r  

temperature commensurate phase occurs con t inuous ly .  

The d i e l e c t r i c  p r o p e r t i e s  o f  monomer and polymer TS 

c r y s t a l s  a long t h e i r  b-axes were measured o v e r  t h e  temper- 

a t u r e  range 100 - 300 K. The temperature dependence o f  t h e  

d i e l e c t r i c  cons tan t  i s  s h m n  i n  F i g ,  7, t o g e t h e r  w i t h  t h e  

r e s u l t s  f o r  polymer TS c r y s t a l s  a l o n g  t h e i r  a-axes which 

were conver ted f rom t h e  d a t a  of Saunders . No d i e l e c t r i c  

anomaly has been found f o r  monomer and polymer TS c r y s t a l s  

i n  e i t h e r  b-axes o r  a-axes i n  t h e  temperature range  s t u d i e d ,  

9 
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<- Cool ing 

w 

FIGURE 6. Typ ica l  recorded curves on coo l i ng  f o r  

both surfaces o f  a TS sample polymerized a t  333 K f o r  

72 hours; measurements taken after-samples had been 

s to red  for a pe r iod  o f  approximately 9 months. 
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FIGURE 7. The temperature dependence o f  the 

dielectric constant o f  t h e  monomer and polymer TS 

c r y s t a l s  along their a- and b-axes: 1, 
polymer TS c r y s t a l s ,  a-axis  [coverted from re f .  81; 

E ~ - P  ( X ,  - - -4, polymer TS c r y s t a l s ,  b-axis i  

Eb-m ( 4,------1, monomer TS c r y s t a l s ,  b-axis .  
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