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STRUCTURAL CHANGES OF DIACETYLENE / FATTY ACID HETERO-CYCLIC 

LANGMUIR-BLODGETT FILMS BY POLYMERIZATION STUDIED BY X-RAY 

DIFFRACTION 

SHUNICHI ARISAWA, SHIGEKI HAM AND RYOICHI YAMAMOTO 

I n s t i t u t e  of I n d u s t r i a l  Science,  Universi ty  of Tokyo, 

7-22-1 Roppingi, Minato-ku, Tokyo 106, Japan 

Abstract  Hetero-structured Langmuir-Blodgett (LB) f i l m s  of 
stearic a c i d  (CIS) and unpolymerized 10-12 pentacosadiynoic 
a c i d  (CH3(CH2) l l C ~ C - C r C ( C H & C O O H  : PD) were prepared and 
t h e  s t r u c t u r e  of unpolymerized and photopolymerized f i lms  
were inves t iga ted  by X-ray d i f f r a c t i o n .  
changes by photopolymerization were discussed.  
depos i t ion  was var ied  sys temat ica l ly .  It  i s  found t h a t  t h e  
i n t e r p l a n a r  spacings and molecular alignments of t h e  
he te ro-s t ruc tured  f i lms  s t rongly  depend on t h e  order  of 
depos i t ion .  For t h e  3 and 4 layer cycle  f i l m s ,  " p a r t i a l l y  
overturned" s t r u c t u r e  was observed i n  some unpolymerized 
f i lms ,  which means t h a t  some molecules t u r n s  i n t o  2 o r  X 
f i l m s  from Y type .  
Y type  s t r u c t u r e .  
p e r i o d i c i t y  as long as about 200 A ,  satel l i te  r e f l e c t i o n s  
were observed suggesting t h a t  high order  can be achieved 
over large d is tances  and t h e  macroscopic molecular 
o r i e n t a t i o n s  are highly ordered i n  s p i t e  of t h e  microscopic 
inhomogeneity. 

The s t r u c t u r a l  
The order  of 

Moreover, polymerized films re turned  t o  
From t h e  f i lms with r a t h e r  t h i c k  

INTRODUCTION 

Recent ly ,  f a b r i c a t i o n  of po lar  LB' f i lms has been inves t iga ted  with 

p a r t i c u l a r  emphasis on t h e i r  physical  p r o p e r t i e s  such as 

p i e z o e l e c t r i c i t y ,  pyroe lec t r ic i ty '  and even-order nonl inear  o p t i c a l  

effect3. 

i n v e s t i g a t e  s t r u c t u r e  and molecular o r i e n t a t i o n s  of t h e  

he te ro-s t ruc tured  LB mult i layers4.  

condi t ions  of  f a b r i c a t i n g  films and t h e  s t r u c t u r e s  of t h e  f i lms, more 

For such appl ica t ions ,  it is of g r e a t  importance t o  

The r e l a t i o n s h i p  between t h e  
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30 S. ARISAWA, S. HARA AND R.  YAMAMOTO 

p r e c i s e l y ,  t h e  o r i e n t a t i o n  of t h e  molecules i n  t h e  films is s t r o n g l y  

needed. 

O f  a l l  t h e  classes of mater ia l s  inves t iga ted  f o r  polymerizat ion,  most 

a t t e n t i o n  has  been paid t o  d iace ty lene  d e r i v a t i v e s  which have t h e  

genera l  formula R1-CX-C=C-R2 and can be r e a d i l y  polymerized by 

y r a y  o r  UV i r r a d i a t i o n .  Photopolymerized PD, so c a l l e d  

polydiacetylene (PDA), can provide l a r g e  nonl inear  o p t i c a l  

c o e f f i c i e n t .  

technique by which asymmetric c r y s t a l  s t r u c t u r e  can be b u i l t .  

o p t i c a l  behavior of t h e  polymerized f i l m s  s t rongly  depends on t h e  

conformation of t h e  polymer. 

nonl inear  o p t i c a l  a c t i v i t y  of polymerized d iace ty lene  depends on t h e  

d e n s i t y  of monomer5. 

unpolymerized d iace ty lene  is of great importance. 

However, it is r a t h e r  d i f f i c u l t  t o  cont ro l  t h e  o r i e n t a t i o n  of t h e  

molecules.  

perpendicular  t o  t h e  s u b s t r a t e .  

example, which is a promising candidate of material f o r  organic  

nonl inear  o p t i c s .  

o r i e n t a t i o n  of t h e  LB films is  d i f f e r e n t  between t h e  first l a y e r  and 

t h e  subsequent l a y e r s  using IR6 and RHEED'. 

I n  t h i s  paper ,  w e  repor t  X-ray ana lys i s  of he te ro  s t r u c t u r e d  LB fi lms 

of CIS and PD i n  var ious and systematic deposi t ion order .  

t h e  s t r u c t u r a l  changes of t h e  a l t e r n a t i n g  films st imulated by t h e  

photopolymerization i s  shown. 

The monomer is s u i t a b l e  f o r  making t h i n  f i lms  by t h e  LB 

The 

I t  i s  a l s o  reported t h a t  t h e  t h i r d  

Thus t h e  inves t iga t ion  of t h e  s t r u c t u r e  of 

Packed molecules of  t h e  LB films are not always 

The polydiacetylene LB f i l m  i s  an 

I t  was a l s o  reported t h a t  t h e  molecular 

Fur ther ,  

EXPERIMENTAL DETAILS 

Sample prepara t ion  

The t rough we used was t h e  KSV-5000 a l t e r n a t e  l a y e r  system 

manufactured by KSV corporat ion (Finland).  

subphase is  separated by b a r r i e r s  i n t o  t h r e e  compartments. One is 

f o r  m a t e r i a l  A ,  one f o r  t h e  mater ia l  B and t h e  o t h e r  i s  a pure water 

s u r f a c e .  The sur face  pressures  are measured with Pt  Whilhelmy plates 
and t h e  subpahse f o r  t v o  f i l m  mater ia l s  was common. A s u b s t r a t e  

could be moved through any of t h e  compartments i n  any d i r e c t i o n .  

The s u r f a c e  of t h e  
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STRUCTURE OF DIACETYLENE / FA'ITY ACID HETERO LB FILMS 31 

Monolayers of PD cadmium sal t  and cadmium s t e a r a t e  were formed by 
spreading CHC13 s o l u t i o n s  of PD (Tokyo Kasei Co.,Ltd.)  

a c i d  (Tokyo Kasei Co.,Ltd) a t  a concentrat ion of 1 x 

an aqueous subphase containing 4 x 

[mol/l] KHCU3. The reagents  were used without f u r t h e r  p u r i f i c a t i o n .  
The subphase temperature was maintained a t  18.0 'C. 

was then  t r a n s f e r r e d  onto a s u b s t r a t e  a t  a constant  s u r f a c e  pressure  

of 25.0 [mN/m] by t h e  v e r t i c a l  dipping method. 

t h e  CIS and PD were 10 [mm/min] and 5 [mm/min] r e s p e c t i v e l y .  The 

t r a n s f e r  r a t i o s  (T,) of both mater ia l s  were 0.8<T,<l.i. Glass s l i d e s  

were used as s u b s t r a t e s .  The s u b s t r a t e s  were cleaned with EXTRAN MA 

n e u t r a l  de te rgent  f o r  p r e c i s e  c leaning as a f i r s t  s t e p  of c leaning .  

Then they were soaked i n  a sa tura ted  so lu t ion  of KOH d isso lved  i n  

methanol. 

Co.,Ltd.  The s u b s t r a t e s  were then washed i n  water deionized t o  

b e t t e r  than  10 [MR/crn]. After drying,  they were bathed i n  

hexamethyldisilazane vapor f o r  two days t o  make t h e  s u r f a c e  

completely hydrophobic. 

The orders  of prepared samples a r e  shown i n  Table I .  
expressed as A and B ,  respec t ive ly .  

t h e  f irst  layers deposi ted during t h e  downward s t r o k e .  The prepared 

samples were i r r a d i a t e d  by an 8 W W lamp at a d i s t a n c e  of 20 mm f o r  

600 s .  

prevent photopolymerization of PD before  t h e  W i r r a d i a t i o n .  

Measurement 

The molecular o r i e n t a t i o n s  of t h e  prepared samples were measured with 

a 6-26 X-ray d i f f rac tometer  with a r o t a t i n g  Cu t a r g e t .  

wavelength of t h e  rnonochromized X-ray is I. 5405 A. The scanning range 

of 26 was 1-15 degs.  

samples were charac te r ized  with a Hitachi  330 UV-visible-IR 

spectrophotometer and ensured not t o  be polymerized by t h e  X-ray. 

and stearic 

[mo1/1] on 

[mol/l] CdClz and 5 X 

The monolayer 

The t r a n s f e r  rates of 

The KOH was an a n a l y t i c  grade reagent purchased from Merck 

c18 and PPD are 

A l l  t h e  samples were Y t y p e  u i t h  

The sample preparat ion was performed i n  a photo darkroom t o  

The 

After t h e  measurement, t h e  unpolymerized 

RESULT AND DISCUSSION 
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32 S. ARISAWA, S. HARA AND R. YAMAMOTO 

per iod  

2 

3 

Table I: Deposit ion sequence of prepared samples. ‘A’  and ‘B’ 

represent  C18 and 10-8 ADA respec t ive ly .  ‘A’  and ‘ B ’  are h a l f  of t h e  

i n t e r p l a n a r  spacings of t h e  Y type  homo-films of CIS and 10-8 ADA. A l l  

t h e  samples are Y type  films deposi ted on t h e  hydrophobic s u b s t r a t e s  

and t h e  first lavers were t r a n s f e r r e d  durinn t h e  downstroke. 
u n i t  o rder  r e p e t i t i o n  number of expected i n t e r p l a n a r  

l a y e r s  spacings 

40 A + B  
CAB] 

[BA] 

[AABl 
[ABAl A + B ,  2A 
[BAA] 

14 42 
[BBAl 
[BABl A + B ,  2B 
[ABBl 

20 

8 I [BBBBAAAA] I 4 

40 

2A, 2B 
40 ( 2 A ,  2B, 4 A + 4 B  

Table 11: 
f i l m s .  

s t e a r i c  a c i d  and PD. resnec t ive lv .  

i n t e r p l a n a r  spacings of cadmium planes of 2 l a y e r  p e r i o d i c  

[A] and [B] are t h e  half  spacing of Y type  homo films of 

d e p o s i t i o n  order  CAB] [BA] [A] [B] 

monomer (A) 53.2 51.2 25.1 28.1 

polymer (A) 53.9 51.8 25.1 28.7 

The i n t e r p l a n a r  spacings of t h e  Cd planes which can appear i n  t h e  

X-ray d i f f r a c t i o n  p a t t e r n  is  shown i n  Table I .  

t h e  Cd planes of CIS and PD are indica ted  as A and B .  

2 laver p e r i o d i c  f i l m s  

The ha l f  spacings of 

The i n t e r p l a n a r  spacings of Cd planes d of t h e  2 l a y e r  p e r i o d i c  f i l m s  

c a l c u l a t e d  from t h e  X-ray d i f f r a c t i o n  p a t t e r n s  are shown i n  Table 11. 
The c a l c u l a t i o n  i s  based on t h e  Bragg condi t ion expressed as d = &. 
I n  t h e  two l a y e r  per iodic  f i lms, t h e  spacings expected t o  appear i n  
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34 S .  ARISAWA, S. HARA AND R. YAMAMOTO 

[BAB] and [ABB] types  have subsidiary peaks, which suggest some 

d i f f e r e n t  spacings e x i s t .  

A + B  corresponds t h e  spacing of monolayer of PD plane.  I n  terms of 

t h e  t r a n s f e r  r a t i o ,  t h e  deposi t ion mode of t h e  f i l m s  were a l l  Y type .  

Thus it is considered t h a t  t h e  unpolymerized a l t e r n a t i n g  f i l m s  of t h e  

combination have " p a r t i a l l y  overturned s t r u c t u r e ,  'I which represent  

t h e  mixture of Y type  f i l m  and X o r  2 type f i l m  as i l l u s t r a t e d  i n  

F i g .  2 .  

when t h e  films vere polymerized and only t h e  s u p e r l a t t c e  r e f l e c t i o n s  

surv ived .  This  r e s u l t  means t h a t  t h e  overturned PD molecules 

reover turn  and r e t u r n  t o  Y type s t r u c t u r e .  

As a r e s u l t ,  some of t h e  PD molecules of t h e  a l t e r n a t i n g  f i l m s  

over turns  af ter  t h e  deposi t ion,  and t h e  films have t h e  p a r t i a l l y  

overturned s t r u c t u r e .  

t h e  PD molecules t h a t  have overturned i n  t h e  unpolymerized fi lms 

reover turn  and r e t u r n  t o  t h e  Y s t r u c t u r e .  

molecules i n  LB f i lms  can be overturn i n  a plane and most of t h e  

cases are t h e  t r a n s i t i o n  from X o r  2 type t o  Y type .  

shown t h a t  t h e  t r a n s i t i o n  of t h e  reverse  d i r e c t i o n  can occur i n  t h e  

a l t e r n a t i n g  fi lms. 

4 l a y e r  p e r i o d i c  f i l m s  

X-ray d i f f r a c t i o n  p a t t e r n s  of t h e  4 l a y e r  per iodic  f i lms  are shown i n  

F ig .  3. 

t h e  [AABB] and [BBAA] a r e  longer than t h a t  of [ABBA] sequence. 

t h i s  cases, overturning and reoverturning by photopolymerization were 

also observed. However, t h e  d i f fe rence  of t h e  X-ray d i f f r a c t i o n  

p a t t e r n s  of polymerized and unpolymerized is not so conspicuous as 3 

l a y e r  p e r i o d i c  f i l m s .  Other X-ray d i f f r a c t i o n  p a t t e r n s  are not shown 

i n  t h i s  paper,  but t h e  higher molecular o r i e n t a t i o n s  of t h e  films can 
b e  obtained with t h e  hydrophobic groups of t h e  same type  molecules 

f a c i n g  each o ther  and t h e  PD molecules tend t o  s tand u p r i g h t ,  which 

means t h a t  t h e  monomer of PD a r e  e a s i e r  t o  be polymerized5. 

Molecules i n  hetero-cycl ic  LB f i l m s  of f a t t y  acid and poly isobuty l  

methacrylate  (PIBM) were found t o  be aggregated and/or c r y s t a l l i z e d  

i n  a l a y e r  a f t e r  t h e  deposition'.  

The peaks o ther  than  t h e  major peaks of 

However, t h e  subs id ia ry  peaks were lowered o r  ext inguished 

When t h e  PD molecules were photopolymerized, 

It i s  widely accepted t h a t  

However, it is 

In t h e  order  of t h e s e  types ,  t h e  i n t e r p l a n a r  spacings of 

In  

Lvov e ta l .  reported' t h e  i n t e r l a y e r  
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STRUCTURE OF DIACETYLENE / FA'lTY ACID HETERO LB FILMS 33 

Figure 1: X-ray diffraction patterns of unpolymerized 3 layer periodic 
films. 
(C) : unpolymerized [AAB] , (D) :polymerized [AAB] . 

(A) : unpolymerized [ABBI , (B) : polymerized [ABB] , 

the X-ray diffraction pattern are the length of A + B  as shown in 
Table I. 
of [BA] one in both cases of unpolymerized and polymerized films. 
The differences between the CAB] type and [BA] one are the first 
layer and the direction of deposition. 
monolayers are deposited during the downstrokes and [BA] during the 
upstrokes. 
depend on the deposition order, a.e.the material of the film which is 
deposited as the first layer. In the 2 layer periodic films, it is 
considered that the molecular orientation of the first layer affects 
those of subsequent layers even in the hetero-structured LB films. 

3 layer periodic films 
X-ray diffraction patterns of the unpolymerized and polymerized 
3-layer periodic films are shown in Fig. 1. 
In the cases of [AAB] (as shown in Fig. l), [ABA] , and [BAA], almost 
only the superlattice reflection of averaged spacings of A + B  appear 
in the X-ray diffraction patterns. 

The spacing of the [AB] periodic sample is larger than that 

In the LAB] type film, CIS 

Thus the result means that the interplanar spacings 

On the other hand, unpolymerized 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
16

 1
8 

Fe
br

ua
ry

 2
01

3 



STRUCTURE OF DIACETYLENE J FATTY ACID HETERO LB FILMS 35 

1 substrate I 

Alternate Y type film 

(A) 

Partially overturned 
Y type film 

(B) 

Polymerized film 
(reoverturned) 

Figure 2: 
a 2 layer periodic film for simplification. 

transfer ratio, deposition is normal Y type film, (B): Partially 
overturned monomer film, (C): Return to Y type by 
photopolymerization. 

Schematic illustration of partially overturned film drawn as 

( A ) :  In terms of the 

Figure 3: X-ray diffraction patterns of 4 layer periodic [BAAB] films. 
(A) : unpolymerized, (B) : polymerized. 
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36 S .  ARISAWA, S. HARA AND R.  YAMAMOTO 

Figure 4: Xray d i f f r a c t i o n  p a t t e r n  of unpolymerized (A) and polymerized 
(B) 8 l a y e r  per iodic  f i l m  [BBBBAAAA] . 

penet ra t ion  of molecules of hetero-cycl ic  LB films of some k inds  of 

f a t t y  a c i d .  

c r y s t a l l i z a t i o n  of t h e  molecules with t h e  hydrophobic groups f a c i n g  

each o t h e r  should e a s i l y  occur. 

8 l a y e r  p e r i o d i c  f i l m s  
The X-ray d i f f r a c t i o n  p a t t e r n s  of t h e  8 l a y e r  p e r i o d i c  f i l m s  is shown 
i n  F ig .  4. I n  these cases, satel l i te  r e f l e c t i o n s  around t h e  main 

peaks a r e  c l e a r l y  observed. The s a t e l l i t e  r e f l e c t i o n  i s  t h e  peaks 

observed bes ide  t h e  main peaks and is or ig ina ted  from t h e  long cyc le  

p e r i o d i c  s t r u c t u r e  i n  mult i layered films. I n  t h e  case of mul t i layer ,  

t h e  l e n g t h  of averaged i n t e r p l a n a r  zspacings (A + B)/2 and modulation 

length  [BBBBAAAA] corresponds t o  do and A i n  t h e  eq. (1) , 
r e s p e c t i v e l y .  
are expressed as 

I n  t h e  case of CIS and PD, it i s  supposed t h a t  a 

The angles a t  which main and satel l i te  peaks appear 

(1) 
2sinB n N 

where A, A ,  n = 1 , 2 , 3 . . . ,  N = O , f l , f 2 , f 3 - ,  do are t h e  wavelength of 

X-ray, modulation length  (long per iodic  u n i t  length)  , order  of Bragg 

r e f l e c t i o n ,  order  of sa te l l i te  r e f l e c t i o n s ,  and i n t e r p l a n a r  spacings 

of c r y s t a l ,  respec t ive ly .  
corresponds t o  t h e  1st s a t e l l i t e  peak. 
by t h e  process  of e l iminat ion of do. 

- +-p 
do 

N = 0 represents  t h e  main peak and N = f l  

h can be c a l c u l a t e d  d i r e c t l y  

(M - N)X A =  
2(sin BM - sin 9,) 

where 8M and ON are t h e  angles  of two peaks appearing i n  an X-ray 

d i f f r a c t i o n  p a t t e r n .  M and N a r e  t h e  order  of sa te l l i t e  peaks.  
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The per iod  c a l c u l a t e d  from t h e  sa te l l i t e  peaks is about 200 A and it 

agrees  w e l l  wi th  t h e  designed value of [BBBBAAAA] ( 4 A + 4 B )  l ength  of 

210 A .  
On t h e  o t h e r  hand, t h e  in tep lanar  spacings observed i n  t h e  

s u p e r l a t t i c e  r e f l e c t i o n s  is only t h e  spacings corresponding t o  t h e  

l e n g t h  of A +  B, which is t h e  averaged length  of (4A+ 4B)/4. 
Consequently, i n  t h e  cases of t h e  r a t h e r  long per iod unit s t r u c t u r e ,  

d i s t i n c t  peaks, which were i d e n t i f i e d  as satel l i te  r e f l e c t i o n s ,  were 

observed. The r e s u l t  is t h e  proof of t h e  highly ordered s tacking  of 

he te ro-s t ruc tured  f i l m s  of t h e  CIS and PD system and it is shown t h a t  

t h e  layered  s t r u c t u r e  is kept before  and after t h e  

photopolymerization. 

Microscopic aspec ts  

The r e s u l t s  s t a t e d  above a r e  based on t h e  macroscopic aspec ts  because 

t h e  information on molecular o r i e n t a t i o n s  obtained by X-ray 

d i f f r a c t i o n  is averaged over r e l a t i v e l y  l a r g e  area. 

hand, it is reported t h a t  t h e  molecular o r i e n t a t i o n s  of LB monolayers 

of PD on SiOz s u b s t r a t e s  were d i f f e r e n t  from place  t o  p l a c e  

microscopical ly  invest igated5 by t h e  atomic f o r c e  microscopy (AFM) . 
Thus it i s  considered t h a t  averaged macroscopic molecular o r i e n t a t i o n  

i s  very high i n  a l l  t h e  cases  of t h e  sequence of t h e  depos i t ion  

presented h e r e  i n  s p i t e  of t h e  microscopic inhomogeneity. 

On t h e  o t h e r  

CONCLUSION 

We have inves t iga ted  t h e  hetero-cycl ic  Lb f i lms of CIS and PD system 

i n  var ious  and systematic  deposi t ion order  and charac te r ized  by X-ray 

d i f f r a c t i o n .  The molecular o r i e n t a t i o n  of t h e  2 l a y e r  cycle f i l m s  i s  

h igher  i n  t h e  case t h a t  t h e  f irst  l a y e r  is cadmium stearate. For t h e  

3 and 4 l a y e r  cyc le  f i l m s ,  some PD molecules overturns  i n  a p lane  and 

form " p a r t i a l l y  overturned f i l m "  and f u r t h e r ,  t h e  molecules of t h e s e  

f i l m s  were reoverturned by photopolymerization. From t h e  8 l a y e r  

p e r i o d i c  f i l m ,  t h e  sa te l l i t e  peaks around s u p e r l a t t i c e  r e f l e c t i o n s  

and it is determined t h a t  r a t h e r  long per iodic  well-ordered s t r u c t u r e  

was b u i l t  i n  t h e  system f a b r i c a t e d  by LB technique.  

molecular o r i e n t a t i o n s  a r e  highly ordered i n  s p i t e  of t h e  microscopic 

The macroscopic 
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inhomogeneity 
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