
CHAPTER I 
INTRODUCTION

1.1 Problem  Statem ent

P o ly im id e  is  w e ll  k n o w n  a s  h ig h  te m p e r a tu r e  e n g in e e r in g  p o ly m e r s .  
W h e n  c o m p a r e d  to  m o s t  o th e r  o r g a n ic  o r  p o ly m e r ic  m a te r ia l s ,  p o ly im id e  
e x h ib i t s  a n  e x c e p t io n a l  c o m b in a t io n  o f  th e r m a l  s ta b i l i ty  ( > 5 0 0 ° C ) ,  
m e c h a n ic a l  to u g h n e s s  a n d  c h e m ic a l  r e s is ta n c e .  In  a d d i t io n ,  it h a s  e x c e l le n c e  
d ie le c t r ic  p r o p e r t ie s .  B e c a u s e  o f  its  in h e re n t ly  lo w  th e r m a l  e x p a n s io n  
c o e f f ic ie n t  ( C T E ) ,  p o ly im id e  c a n  b e  r e a d i ly  im p le m e n te d  in to  a  v a r ie ty  o f  
m ic r o e le c t r o n ic  a p p l ic a t io n s .  T h in  f i lm  a p p l ic a t io n  o n  la r g e  s i l i c o n  s u b s t r a te  
c a n  b e  a c h ie v e d .  In  th e  p a s t  d e c a d e ,  th e  d e v e lo p m e n t  o f  m ic r o m a c h in e  
s i l i c o n - b a s e d  d e v ic e s ,  s u c h  a s  s o l id  s ta te  g a s  s e n s o r ,  h a v e  b e e n  r a p id ly  
g r o w in g  b e c a u s e  o f  th e i r  lo w e r  m a n u f a c tu r in g  c o s t ,  lo w e r  e n e r g y  
c o n s u m p t io n  a n d  f a s te r  r e s p o n s e .  T h e  s e n s o r  c a n  b e  u s e d  to  m o n i to r  th e  
p u r i ty  o f  m ic r o e le c t r o n ic  p r o c e s s in g  g a s e s ,  e n v i r o n m e n ta l  a n d  a u to m o t iv e  
e x h a u s t  g a s e s .  T h e  c h e m ic a l  v a p o r  d e p o s i t io n  ( C V D )  te c h n iq u e  is  u s e d  fo r  
p r e p a r in g  e l e c t r ic a l  c o n d u c t in g  m e ta l  f i lm  c o a t in g  o n  s e n s o r  u n i ts .  T h e  
b a c k s id e  o f  th e  s e n s o r  is  u s u a l ly  g e t t in g  h o t  c a u s in g  m e ta l  f i lm s  to  b e  
s h o r te n e d  o u t  d u r in g  th e  C V D  p r o c e s s .  P o ly im id e  is  a n  a p p r o p r ia te  
p r o te c t iv e  m a te r ia l  fo r  b a c k s id e  o f  th e  s e n s o r  b e c a u s e  it  c a n  fu lf i l l  a lm o s t  a ll 
o f  th e  s p e c i f ic  r e q u i r e m e n ts  w h ic h  a re  h ig h  th e r m a l  s ta b i l i ty ,  lo w  C T E , 
e le c t r ic a l  in s u la to r ,  g o o d  a d h e s io n ,  a n d  lo w  g a s  p e r m e a b i l i ty .

N o w a d a y s ,  it is d i f f ic u l t  fo r  th e  o n ly  s in g le  p o ly im id e  to  m e e t  a ll  o f  
r e q u i r e m e n ts .  T h e r e f o r e ,  its  p r o p e r t ie s  c a n  b e  f u r th e r  im p r o v e d  b y  a d d in g  
in o r g a n ic  f i l le r  to  p r o d u c e  a  n a n o c o m p o s i te  m a te r ia l .
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1.2 Background

1 .2 .1  P o ly im id e s - S y n th e s i s  a n d  P ro p e r t ie s
P o ly im id e s  h a y e  f o u n d  w id e s p r e a d  a p p l ic a t io n  a s  

m ic r o e le c t r o n ic  c o a t in g  m a te r ia ls  d u e  to  th e i r  e x c e l le n t  m e c h a n ic a l  
p r o p e r t i e s  a n d  c h e m ic a l  r e s is ta n c e  in  a d d i t io n  to  th e  e x c e p t io n a l ly  h ig h  
th e r m a l  s ta b i l i ty  u p  to  4 5 0  ° c  a n d  e le c t r ic a l  r e s is ta n c e .  P o ly im id e s  c a n  b e  
s y n th e s iz e d  b y  a  tw o - s ta g e  c la s s ic a l  m e th o d  a s  d e s c r ib e d  b y  W i ls o n  e t al. 
(1 9 9 0 ) .  T h e  f i r s t  s ta g e  s ta r ts  w i th  a  p o ly ( a m ic  a c id )  w h ic h  is  o b ta in e d  f ro m  
th e  p o ly c o n d e n s a t io n  o f  d ia m in e  a n d  d ia n h y d r id e  in  a  p o la r  a p r o t ic  s o lv e n t ,  
s u c h  a s  N ,N - d im e th y f o r m a m id e  (D M F ) ,  N ,N - d im e th y la c e ta m id e  ( D M A C ) ,  
a n d  N - m e th y l - 2 - p y r o l id o n e  ( N M P )  a t  15 to  75  ° c .  T h e  p o ly ( a m ic  a c id )  is 
th e n  c y c lo d e h y d r a te d  to  th e  c o r r e s p o n d in g  p o ly im id e  b y  h e a t in g  a t  e le v a te d  
t e m p e r a tu r e s .  A  ty p ic a l  m o le c u la r  s t r u c tu r e  o f  p o ly im id e  w i th  a  p o ly ( a m ic  
a c id )  c o u n te r p a r t  is  s h o w n  in  F ig u r e  1 .1 . S in c e  th e  p o ly im id e  is  o f te n  
in s o lu b le  a n d  in fu s ib le ,  it is  u s u a l ly  p r o c e s s e d  in  th e  f o r m  o f  th e  p o ly ( a m ic  
a c id ) ,  w h ic h  is  th e r m a l ly  im id iz e d  in  p la c e .

F u r th e r m o r e ,  p o ly im id e  c a n  b e  s y n th e s iz e d  b y  o n e - s te p  
s y n th e s i s  m e th o d .  In  p a r t ic u la r ,  th e  d ia m in e  a n d  d ia n h y d r id e  a r e  m ix e d  
to g e th e r  a n d  s t i r r e d  w ith  a  h ig h - b o i l in g  p o in t  o r g a n ic  s o lv e n t  a t  1 8 0  to  2 2 0  
๐c .  C h a in  g r o w th  a n d  im id iz a t io n  e s s e n t ia l ly  o c c u r  s p o n ta n e o u s ly  u n d e r  
th e s e  c o n d i t io n s .  T h e  w a te r  g e n e r a te d  in  im id iz a t io n  s te p  is  u s u a l ly  a l lo w e d  

to  d is t i l l  f ro m  th e  r e a c t io n  m ix tu re .  N i t r o b e n z e n e ,  a - c h lo r o n a p h th a l e n e  a n d  
/n - c r e s o l  c o n ta in in g  i s o q u in o l in e  a re  th e  m o s t  w id e ly  u s e d  s o lv e n ts .  T h e  
o n e - s te p  m e th o d  is  e s p e c ia l ly  u s e f u l  fo r  th e  p o ly m e r iz a t io n  o f  u n r e a c t iv e  
d ia n h y d r id e  a n d  d ia m in e .  F o r  e x a m p le ,  p h e n y la te d  d ia n h y d r id e  c a n n o t  b e  
u s e d  to  p r e p a r e  a  h ig h  m o le c u la r  w e ig h t  p o ly ( a m ic  a c id )  in v o lv in g  th e  
c la s s ic a l  m e th o d .  B u t  th e s e  s te r ic  h in d e r e d  m o n o m e r s  c a n  r e a c t  r a p id ly
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w ith  d ia m in e  a t e le v a te d  te m p e r a tu r e s  to  g iv e  a  h ig h  m o le c u la r  w e ig h t  
p o ly im id e .

P o ly (a m ic  acid )

A  1-2 H 2 0  

P o ly im id e  (B P D A -P D A )

Figure 1.1 T h e  tw o - s ta g e  s y n th e s is  o f  p o ly im id e  f ro m  2 ,2 - b is [ 4 - ( 3 ,4 -
d ic a r b o x y p h e n o x y ) p h e n y l ] p r o p a n e  d ia n h y d r id e  ( B P D A )  a n d  
j f - p h e n y le n e d ia m in e  (P D A ).

P o ly im id e s  h a v e  b e e n  p r e p a r e d  w ith  v a r io u s  ty p e s  o f  
s t r u c tu r e s  d u r in g  th e  p a s t  d e c a d e .  T h e  p h y s ic a l  p r o p e r t ie s  o f  th e  p o ly m e r s  
a r e  u s u a l ly  v a r i e d  w ith  th e  m o le c u la r  s t ru c tu re .  T h e  e f f e c ts  o f  s t r u c tu r a l  
c h a n g e s  in  th e  p o ly im id e  b a c k b o n e  u p o n  th e  p r o p e r t ie s  h a v e  b e e n  
e x te n s iv e ly  in v e s t ig a te d .  F o r  e x a m p le ,  th e  g la s s  t r a n s i t io n  te m p e r a tu r e  (T g) 
w a s  a f f e c te d  b y  i s o m e r ic  a t ta c h m e n ts  a lo n g  th e  c h a in  w i th  m e ta  c a te n a t io n
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im p a r in g  th e  g r e a te s t  lo w e r in g  o v e r  th e  m o re  c o m m o n  p a r a  c a te n a t io n .  
O rth o  c a te n a t io n  w a s  n o t  fo u n d  to  b e  e f f e c t iv e  in  lo w e r in g  Tg. T h e r m o -  
o x id a t iv e  s ta b i l i ty  in  p o ly im id e s  c a n  b e  r e la te d  to  th e  o x id a t io n  s ta te  o f  th e  
c o n s t i tu e n t  d ia m in e  a n d  d ia n h y d r id e  m o ie t ie s ,  w i th  th e  d ia m in e  b e in g  m o r e  
im p o r ta n t  th a n  th e  d ia n h y d r id e .  P r e f e r r e d  u n i ts  in  th e  d ia m in e  w o u ld  b e  
b r id g in g  g r o u p s  s u c h  a s  c a r b o n y ls ,  s u lp h o n e s  o r  h ig h ly  f lu o r in a te d  a lk y ls .  
T h e  s o lu b i l i ty  o f  p o ly im id e s  is  r e la te d  to  th e i r  c h e m ic a l  s t r u c tu r e s .  T h e  m eta  
a n d  o r th o  c a te n a t io n  a lo n g  th e  m a in  c h a in  c a n  e n h a n c e  th e  s o lu b i l i ty  o f  e v e n  
h ig h ly  a r o m a t ic  s y s te m s .  C o lo r  in  p o ly im id e s  is  c a u s e d  b y  c h r o m o p h o r ic  
u n i t s  o r  im p u r i t ie s  in  s ta r t in g  m a te r ia ls .  T h e  lo w e r in g  o f  e le c t r o n ic  
in te r a c t io n s  h a v e  b e e n  s h o w n  to  g iv e  h ig h ly  c o lo r e d  to  c o lo r le s s  p o ly m e r s .

P o ly im id e  is u s e fu l  a s  a  v e r y  h ig h  p e r f o r m a n c e  c o a t in g  
m a te r ia l  in  s e m ic o n d u c to r  d e v ic e s .  T h e  m a jo r  c o n c e rn  fo r  th e s e  a p p l ic a t io n s  
is  th e  m is m a tc h  b e tw e e n  c o a t in g  m a te r ia l  a n d  th e  s u b s tr a te .  I t  is  s u g g e s te d  
th a t  a  s im i la r  th e r m a l  e x p a n s io n  c o e f f ic ie n t  (C T E )  c a n  m in im iz e  th is  th e r m a l  
m is m a tc h .  T h e  p o ly im id e  s t r u c tu r e  is  r e la te d  to  th e  C T E . T h e  f le x ib le  
p o ly im id e  c o n ta in in g  m a n y  o x y g e n  o r  s u lp h u r  l in k a g e s  u s u a l ly  h a s  h ig h e r  
C T E  a s  r e p o r te d  b y  N u m a ta  e t al. ( 1 9 8 6 ) .  T h e  te n s i le  s t r e n g th  a n d  m o d u lu s  
a t  23 °c a re  o th e r  p r o p e r t ie s  th a t  c a n  b e  r e la te d  to  th e  p o ly im id e  s t r u c tu r e .  
T h e  r ig id - r o d  p o ly im id e  u s u a l ly  h a s  a  h ig h e r  t e n s i le  s t r e n g th  a n d  m o d u lu s  
b u t  it  e x h ib i t s  a  lo w e r  p e r c e n t  e lo n g a t io n .  T h is  r e s u l t  r e v e a ls  th a t  th e  r ig id -  
ro d  p o ly im id e  is  m o r e  b r i t t le  th a n  th e  f le x ib le  o n e .

1 .2 .2  C la y  F i l le r
C la y  o r  la y e re d  s i l ic a te  is  a  s p e c i f ic  m a te r ia l  in  s o i l  w h ic h  

c o n s i s t s  o f  m a n y  k in d s  o f  m in e ra ls .  T h e  s t r u c tu r e  o f  s m e c t i t e  c la y  is 
c o m p o s e d  o f  la y e r  la t t ic e  s t r u c tu r e  o f  o x y a n io n s  a n d  h y d r a te d  c a t io n  la y e r . 
O x y g e n  a to m s  re v e a l  th e  la y e r  e d g e  o f  t e t r a h e d r a l  s i te  a n d  o c ta h e d r a l  s i te .
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T h e  tw o -d im e n s io n a l m o d e l illu s tra tin g  th e  a rra n g e m e n t o f  e a ch  c o m p o n e n t
in  a  u n it  o f  c lay  m in era l is sh o w n  in F ig u re  1.2

4 Si
4  A1 
4  Si

6 0
4 0  +  2 O H  
4 0  +  2 0 H

6  o

T  e tra h e d ra l
O c ta h e d ra l

T e tra h e d ra l

O x y g e n

H y d ro x y l

•  =  S ilico n

0  =  A lu m in u m

F ig u r e  1 .2  T h e  tw o -d im e n s io n a l m o d el i llu s tra tin g  th e  a rra n g e m e n t 
o f  each  c o m p o n e n t in a u n it o f  c lay  m in era l.

T h e re  are  m an y  sp e c ie s  o f  c lay s  in a g ro u p  o f  s m e c tite  c lay  
m in e ra ls  w h ic h  c o n s is t o f  m an y  lay e rs  o f  o c ta h e d ra l a lu m in a te  sh ee ts  
s a n d w ic h e d  b e tw e e n  te tra h e d ra l s ilic a te  lay e rs  as list in T a b le  1.1.

T a b le  1 .1  T h e  sp e c ie s  in sm e c tite  c lay  g roup .

S u b g ro u p S p ec ies Ideal F o rm u la
S ap o n ite s S ap o n ite N ao.6[M g6(Alo.6Si7.4)0 2 o (O H )4]

H ec to rite Li().6[Li 1.6M g 4.4) ร i8O 20(O H )4]
F lu o ro h e c to rite Li().6[Li| (,M g4 4)S i80 2()F4]

M o n tm o ri 1 Io n ites M o n tm o rillo n ite N a 0.6[(Mgo 6A l3 4)S i80 2o(O H )4]
B e id e llite N a 0 9[A14( A looSi7.4) 0 2o(O H )4]
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M o n tm o rillo n ite  is o n e  in sm e c tite  g ro u p  w h ic h  h a s  a low  
th e rm a l e x p a n s io n  c o e ff ic ie n t and  a h ig h  gas b a rr ie r  p ro p e rty . S ta c k in g  o f  
th is  s tru c tu re  lead s  to  a re g u la r  w eak  d ip o la r  o r v an  d e r  W a a ls  in te ra c tio n  
b e tw e e n  th e  lay er. Iso m o rp h ic  su b s titu tio n  in each  lay e r g e n e ra te s  n eg a tiv e  
c h a rg e s  th a t a re  c o u n te rb a la n c e d  by  h y d ra ted  so d iu m  o r p o ta ss iu m  ions 
re s id in g  in th e  in te rla y e r sp aces . D u e  to  th is  sp ec ia l c h a ra c te r is tic , 
m o n tm o rillo n ite  can  be ea sily  d isp e rse d  in w a te r  re su ltin g  in a s ta b le  co llo id . 
T y p ic a lly , th e  n a tu ra l m o n tm o rillo n ite  is to o  h y d ro p h ilic  to  d isp e rse  in an 
o rg a n ic  m a trix . Its  d isp e rs ib ility  can  be im p ro v e d  to  m a k e  it u se fu l b y  ion 
e x c h a n g e s  w ith  an  o rg an ic  ca tio n  m o lecu le , su ch  as c a tio n ic  su rfa c ta n t, o n to  
th e  f ille r 's  su rfa c e . T h e  a rra n g e m e n t o f  sm e c tite -c la y  s tru c tu re  b y  ca tio n  
e x c h a n g e s  w ith  c a tio n ic  su rfa c tan t is sh o w n  in F ig u re  1.3.

2 0 0 0 Â

' บ ..... Ü
~Q Q~
~Q Q~

r ?  rz?  rz?  .

N M P  
---------- ►

F ig u r e  1 .3  D isp e rs io n  b e h a v io r  o f  m o n tm o rillo n ite .

T h e  fu n c tio n s  o f  o rg an ic  ca tio n  m o le c u le s  in o rg a n o p h ilic -  
c lay  a re  to  lo w e r th e  su rface  free  en e rg y  o f  th e  s ilic a te  la y e rs  and  to  im p ro v e
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th e  w e tib il i ty  b e h a v io r  o f  h y d ro p h o b ic  p o ly m e r m a trix . In  a d d itio n , th e  
o rg a n ic  c a tio n  m a y  c o n ta in  v a rio u s  fu n c tio n a l g ro u p s  th a t c a n  re a c t w ith  the  
p o ly m e r  m o le c u le  to  im p ro v e  th e  a d h e s io n  s tre n g th  b e tw e e n  th e  in o rg a n ic  
p h a s e  a n d  th e  m a tr ix  as re p o rte d  b y  G ia n n e lis  (1 9 9 6 ).

1 .2 .3  N a n o c o m p o s ite
C o m p o s ite s  th a t e x h ib it a  ch a n g e  in  c o m p o s itio n  and  

s tru c tu re  o v e r  a n a n o m e te r  len g th , n a n o c o m p o site s , h a v e  b e e n  sh o w n  o v e r 
th e  la s t 10 y e a rs  to  a ffo rd  re m a rk a b le  p ro p e rty  e n h a n c e m e n ts  re la tiv e  to  
c o n v e n tio n a lly -s c a le d  c o m p o site s . L a y e re d  s ilic a te s  d isp e rse d  as a 
re in fo rc in g  p h a se  in  an  e n g in e e rin g  p o ly m e r m a trix  a re  o n e  o f  th e  m o s t 
im p o r ta n t fo rm s  o f  su ch  “ h y b rid  o rg a n ic - in o rg a n ic  n a n o c o m p o s ite s” .

D isp e rs io n  o f  c lay  m in era ls  in  a p o ly m e r m a tr ix  w as 
re c e n tly  d e s c r ib e d  b y  P in n a v a ia  et al. (1 9 9 6 ). A  conventional composite 
c o n ta in s  th e  e x is tin g  c lay  ta c to id s  in  th e ir  o rig in a l a g g re g a te d  s ta te  w ith  an 
u n in te rc a la te d  p o ly m e r c h a in  a lo n g  th e  s ilic a te  lay ers. T h e  c la y  ta c to id s  are  
s im p ly  d isp e rse d  as a  se g re g a te d  p h ase . A n  intercalated nanocom posite  is 
fo rm e d  b y  th e  in se r tio n  o f  o n e  o r m o re  p o ly m e r c h a in s  in to  th e  c lay  g a lle r ie s  
re s u l tin g  in  a w e ll o rd e red  m u ltila y e r  w ith  a lte rn a tin g  p o ly m e r  c h a in s  and  
n a n o sc a le  in o rg a n ic  lay ers. O w in g  to  th e  sp a tia l c o n fin e m e n t o f  th e  p o ly m e r 
b e tw e e n  th e  d e n se d  c lay  lay e rs , in te rc a la ted  p o ly m e r-c la y  n a n o c o m p o s ite s  
can  e x h ib it im p re ss io n  co n d u c tiv ity . A n  exfoliated nanocom posite  can  be 
o b ta in e d  b y  se p a ra tio n  o f  a  s in g le  s ilic a te  lay e r in  th e  p o ly m e r m a tr ix  w ith  
th e  a v e ra g e  d is ta n c e  o f  each  lay e r d e p e n d in g  on  th e  c lay  c o n ten t. T h e  c lay  
c o n te n ts  o f  an  e x fo lia te d  n a n o c o m p o s ite  are  u su a lly  m u c h  lo w e r  th a n  in 
in te rc a la te d  n a n o c o m p o site s . In  a d d itio n , th e  u n d isp e rse d  h y b rid  
c o rre sp o n d s  to  a c o n v e n tio n a l c o m p o s ite  w h e re a s  th e  fin e  d isp e rse d  h y b rid  
c o rre sp o n d s  to  e ith e r  an  in te rc a la ted  o r an  e x fo lia te d  n a n o c o m p o s ite . T h e
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s c h e m a tic  illu s tra tio n s  o f  th e  th ree  p o ss ib le  ty p e s  o f  p o ly m e r-c la y
c o m p o s ite s  a re  sh o w n  in F ig u re  1.4.

C o n v e n tio n a l
c o m p o s ite

In te r la te d
n a n o c o m p o s ite

A lu m in o -s il ic a te  lay e rP o ly m e r ch a in

F ig u r e  1 .4  T h e  sc h em a tic  illu s tra tio n  o f  th e  th ree  p o ss ib le  ty p e s  o f  
p o ly m e r-c la y  c o m p o s ite s .

A lth o u g h  th e  h ig h  a sp ec t ra tio  o f  s ilic a te  n a n o la y e rs  is id ea l fo r 
re in fo rc e m e n t, th e  n a n o la y e rs  are  n o t e a s ily  d isp e rse d  in  m o s t p o ly m e rs  d ue  
to  th e ir  p re fe rre d  fa c e -to -fa c e  s ta c k in g  in a g g lo m e ra te d  ta c to id s . D isp e rs io n  
o f  th e  ta c to id s  in to  d isc re te  m o n o la y e rs  is fu rth e r  h in d e re d  by  th e  in trin s ic  
in c o m p a tib ility  o f  h y d ro p h ilic  lay e red  s ilic a te s  an d  h y d ro p h o b ic  e n g in e e r in g  
p la s tic s . H o w e v e r , as w as  firs t d e m o n s tra te d  by  the  T o y o ta  g ro u p  m o re  th an  
10 y e a rs  a g o . th e  re p la c e m e n t o f  th e  in o rg a n ic  e x c h a n g e  c a tio n s  in  the  
g a lle r ie s  o f  th e  n a tiv e  c lay  b y  a lk y la m m o n iu m  su rfa c ta n ts  can  c o m p a tib iliz e  
th e  su rfa c e  c h e m is try  o f  the  c lay  an d  th e  h y d ro p h o b ic  p o ly m e r  m a trix .

1 .3  O b j e c t iv e s

T h is  th e s is  w an ts  to  u se  p o ly im id e  as an a p p ro p ria te  p ro te c tiv e  
c o a tin g  fo r g as  se n so r a p p lic a tio n  by  im p ro v in g  th e  film  p ro p e r tie s  by
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p o ly m e r-c la y  n a n o te c h n o lo g y . F ro m  p re v io u s  w o rk  (L ila y u th a le r t , 1998), 
p o ly im id e -c la y  film  at 3 w t%  clay  w as the  o p tim u m  c o n te n t o f  c la y  w h ich  
w as  d e te rm in e d  fro m  T G A  and  T E M  re su lts , as w ell as C T E , w a te r 
a b so rp tio n , an d  d ie lec tr ic  s tre n g th  p ro p e rtie s . T h e  m a in  p u rp o s e s  o f  th is 
s tu d y  a re  g as  p e rm e a b ility , a d h e s io n , an d  e lec trica l re s is tiv ity . M o re o v e r, 
c o a tin g  th ic k n e ss  e ffe c t on  g as p e rm e a b ility  an d  a d h e s io n  p ro p e r ty  o f  
p o ly im id e -c la y  n a n o c o m p o s ite  film s is p ro v id e d . T h e  film  re q u ire s  lo w  gas 
p e rm e a b ili ty , g o o d  a d h e s io n  to  s ilic o n  su b s tra te , an d  e le c tr ic a l in su la tio n  
(e le c tr ic a l re s is itiv ity  10 5- 1 0 18 Q .cm ).
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