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ABSTRACT 

I n r e c e n t years there has been considerable i n t e r e s t i n media which 
d i s p l a y s i g n i f i c a n t n o n - l i n e a r o p t i c a l p r o p e r t i e s ; the 
telecommunications i n d u s t r y may e x p l o i t chin f i l m s of such m a t e r i a l s f o r 
s i g n a l p r o c e s s i n g a p p l i c a t i o n s . The Langrauir-Blodgett (LB) technique 
provides a means of d e p o s i t i n g organic l a y e r s of a p r e c i s e l y defined 
t h i c k n e s s . Moreover, by a l t e r n a t i n g l a y e r s of d i f f e r e n t m a t e r i a l s , 
supermolecular a r r a y s may be f a b r i c a t e d i n which there i s no 
centrosymmetry, and t h e r e f o r e the second-order n o n - l i n e a r i t y of the 
c o n s t i t u e n t molecules may be e x p l o i t e d . 

An i n v e s t i g a t i o n of the p r o p e r t i e s of water-surface monolayers of a 
number of novel m a t e r i a l s with p o t e n t i a l l y l a r g e n o n - l i n e a r i t i e s i s 
de s c r i b e d . S e v e r a l of these compounds are shown to form high q u a l i t y 
homogeneous or heterogeneous LB f i l m s . The o p t i c a l and e l e c t r i c a l 
p r o p e r t i e s of the l a y e r s a r e c h a r a c t e r i z e d by o p t i c a l absorption 
spectroscopy, s u r f a c e plasmon resonance, and measurements of 
c a p a c i t a n c e , w h i l s t t h e i r s t r u c t u r e i s examined by e l e c t r o n d i f f r a c t i o n . 
Monolayers of a n l t r o s t i l b e n e dye are shown to e x h i b i t en e x c e p t i o n a l l y 
high degree of c r y s t a l l i n e order. Data are a l s o given for t h e o r e t i c a l 
c a l c u l a t i o n s of non - l i n e a r c o e f f i c i e n t s and f o r the r e l a t i v e e f f i c i e n c y 
of second harmonic generation from bulk, samples of v a r i o u s m a t e r i a l s . 

S t u d i e s of second harmonic generation from monolayer and a l t e r n a t e 
m u l t i l a y e r f i l m s are reported. O p t i c a l n o n - l i n e a r i t y i n an a l t e r n a t i n g 
donor-acceptor: i n v e r t e d donor-acceptor dye system i s demonstrated f o r 
the f i r s t time; the r e s u l t s are analysed i n terms of second harmonic 
s u r f a c e s u s c e p t i b i l i t i e s , and the value of the second-order 
h y p e r p o l a r i z a b l l i t y determined f o r the f i r s t b i l a y e r i s found to be much 
s u p e r i o r to that expected by the simple a d d i t i o n of the 
h y p e r p o l a r i z a b i l i t i e s of the separate l a y e r s . Monolayers containing a 
mixture of hemlcyanine and cadmium ara c h l d a t e are found to give r i s e to 
second harmonic generation which i s enhanced r e l a t i v e to that obtained 
from a pure monolayer of the dye. Corresponding changes i n the 
absorption s p e c t r a of the l a y e r s can be observed. Thtse f i n d i n g s may 
have Important i m p l i c a t i o n s f o r improving the e f f i c i e n c i e s of any 
n o n - l i n e a r o p t i c a l device which u t i l i s e s I B f i l m s , 
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CHAPTER 1 

INTRODUCTION 

Non-linear o p t i c a l phenomena, i n which electromagnetic f i e l d s 

i n t e r a c t to produce new waves w i t h a d i f f e r e n t phase, frequency, 

ampilitude, or other propagation c h a r a c t e r i s t i c s , may form the b a s i s of 

high bandwidth o p t i c a l s w i t c h i n g and processing, devices f o r 

telecommunications systems^'^^ Intense I n t e r e s t i s being focussed onto 

the media which d i s p l a y these e f f e c t s p a r t i c u l a r l y s t r o n g l y ; not only 

are t h e i r n o n - l i n e a r o p t i c a l p r o p e r t i e s important, but other 

c h a r a c t e r i s t i c s , such as s t a b i l i t y , ease of p r e p a r a t i o n , and 

c o m p a t i b i l i t y with m i c r o e l e c t r o n i c p r o c e s s i n g techniques, w i l l 

u l t i m a t e l y d e f i n e the extent of t h e i r a p p l i c a t i o n i n u s e f u l d e v i c e s . 

A great d e a l of the work on new n o n - l i n e a r m a t e r i a l s has centred on 

bulk m a t e r i a l s coupled to high-power l a s e r s . However, Jn order to make 

the t r a n s i t i o n from the mere observation of n o n - l i n e a r e f f e c t s to t h e i r 

a c t u a l u t i l i z a t i o n i n r e l a t i v e l y low-power semiconductor l a s e r - d r i v e n 

systems, f u l l y optimized s t r u c t u r e s must be developed^ such as those 
(2) 

employing waveguldlng i n t h i n f i l m s or f i b r e s . One p a r t i c u l a r l y 

ele:gant technique, pioneered by Langmuir and B l o d g e t t ^ ^ \ enables 

a m p h l p h i l i c organic molecules to be assembled i n t o l a y e r s of a very 

p r e c i s e l y defined symmetry and t h i c k n e s s . Moreover, by a l t e r n a t e l y 

d e p o s i t i n g monomolecular l a y e r s of two d i f f e r e n t m a t e r i a l s , 

supermolecular a r r a y s may be f a b r i c a t e d possessing the 

non-centrosymmetrlc c r y s t a l s t r u c t u r e r e q u i s i t e f o r a madiura to e x h i b i t 

second-order o p t i c a l n o n - l i n e a r i t y ^ I n t h i s t h e s i s the production and 

subsequent c h a r a c t e r i z a t i o n of Langmuir-Blodgett (LB) f i l m s of some 

nov e l m a t e r i a l s , whose molecular s t r u c t u r e s were engineered to g i v e 

l a r g e n o n - l i n e a r e f f e c t s , i s d e s c r i b e d . 



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

c l a s s i f i c a t i o n , and a p p l i c a t i o n s , i s given i n chapter 2. Furthermore, a 

comparison of m a t e r i a l s which e x h i b i t s i g n i f i c a n t second-order 

n o n - l i n e a r i t i e s i s presented, together with some g u i d e l i n e s for the 

s y n t h e s i s of h i g h l y e f f i c i e n t organic m a t e r i a l s . LB f i l m technology i s 

reviewed i n chapter 3; t h i s I n c l u d e s a d e s c r i p t i o n of the m a t e r i a l s , 

experimental methods, b a s i c c h a r a c t e r i z a t i o n techniques, and equipment 

a s s o c i a t e d w i t h the p r o c e s s . A d i s c u s s i o n of the p o s s i b l e a p p l i c a t i o n s 

of the deposited f i l m s , p a r t i c u l a r l y I n . n o n - l i n e a r o p t i c a l d e v i c e s , i s 

a l s o given. Other experimental techniques, such as those employed i n 

the study of the optical', d i e l e c t r i c , s t r u c t u r a l , or no n - l i n e a r o p t i c a l 

p r o p e r t i e s of the l a y e r s , are d e t a i l e d i n chapter 4. 

Most of the experimental r e s u l t s appear i n chapters 5-8. The f i r s t 

of these d e a l s w i t h the screen i n g of new m a t e r i a l s f o r LB f i l m formation 

and the o p t i m i z a t i o n of d e p o s i t i o n c o n d i t i o n s , w h i l s t the next i s 

concerned w i t h the i n i t i a l c h a r a c t e r i z a t i o n of these f i l m s and the bulk 

m a t e r i a l s from which they were derived. D e t a i l s of the s t r u c t u r a l 

c h a r a c t e r i s t i c s of monolayer and m u l t i l a y e r a r r a y s of v a r i o u s m a t e r i a l s , 

as r e v e a l e d by e l e c t r o n d i f f r a c t i o n s t u d i e s , are given i n chapter 7. 

Data obtained from the i n v e s t i g a t i o n of second harmonic generation from 

d i f f e r e n t a c e n t r i c LB f i l m s t r u c t u r e s are compared and discussed i n 

chapter 8. F i n a l l y , the c l o s i n g chapter contains a summary of the 

co n c l u s i o n s of t h i s t h e s i s , and some suggestions f o r f u r t h e r work. 
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CHAPTER 2 

NON-LINEAR OPTICAL EFFECTS 

2.0 I n t r o d u c t i o n 

T h i s chapter i s concerned with a general d i s c u s s i o n of non-linear 

o p t i c a l e f f e c t s and m a t e r i a l s . Following a b r i e f i n t r o d u c t i o n , i n which 

the r o o t s of n o n - l i n e a r behaviour i n electromagnetic theory are 

examined, together w i t h the t e c h n o l o g i c a l progress which has made such 

e f f e c t s s i g n i f i c a n t , the p h y s i c a l o r i g i n s of n o n - l i n e a r i t y are 

d i s c u s s e d . The v a r i o u s n o n - l i n e a r o p t i c a l phenomena are then c l a s s i f i e d 

according to the order of the p o l a r i z a t i o n f i e l d a s s o c i a t e d with them. 

A comparison of the organic and i n o r g a n i c m a t e r i a l s i n current use i s 

given i n s e c t i o n 2.2, w h i l s t s e c t i o n 2.3 d e t a i l s the- molecular and 

s t r u c t u r a l f e a t u r e s r e q u i r e d f o r an organic m a t e r i a l to d i s p l a y h i g h l y 

n o n - l i n e a r behaviour, and how they can be obtained i n p r a c t i c e . 

F i n a l l y , s e c t i o n 2.4 d e a l s w i t h the a p p l i c a t i o n s of non-linear o p t i c a l 

phenomena. 

2.1 O r i g i n and C l a s s i f i c a t i o n of Non-Linear O p t i c a l E f f e c t s 

2.1.0 Background 

Advances i n n o n - l i n e a r o p t i c s have r e l i e d h e a v i l y on the 

(4) 
development of Q-spoiled l a s e r s . Such l a s e r s nave outputs c o n s i s t i n g 

of a s e r i e s of i n t e n s e coherent p u l s e s , t y p i c a l l y 30-100 ns long, i n 
-2 

which the power density i s a few MW cm . For a power density of 1 MW 
-2 -1 cm , the peak e l e c t r i c f i e l d s t r e n g t h i n a pulse i s Ê ^ = 30 kV cm , a 

f i g u r e which i s s t i l l v e r y s m a l l when compared to t y p i c a l atomic f i e l d 

s t r e n g t h s : Ea 'v, 3 x 10^ kV cm ^. However, under i d e a l conditions the 

c h a r a c t e r i s t i c length for s i g n i f i c a n t second harmonic generation (SHG) 
(4) -4 or parametric a m p l i f i c a t i o n i s L X Ea/E^ where \ % 10 cm i s the 
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-2 wavelength of the l i g h t . Thus L 1cm f o r a power den s i t y of 1 MW cm , 
and s i n c e imich higher power d e n s i t i e s than t h i s can be achieved e i t h e r 
by f o c u s s i n g the pulse w i t h a l e n s system or by amplifying i t with a 
l a s e r a m p l i f i e r i t i s now p o s s i b l e to achieve s i g n i f i c a n t n o n - l i n e a r 
o p t i c a l e f f e c t s i n samples of s u i t a b l e m a t e r i a l s w i t h dimensions sm a l l e r 
than a centimetre. 

2.1.1 P h y s i c a l O r i g i n s 

Maxwell's equations are a s e t of p e r f e c t l y l i n e a r equations which, 

when taken w i t h a , s e t of " c o n s t i t u t i v e " r e l a t i o n s , form the b a s i s of 

electromagnetic theory. The c o n s t i t u t i v e r e l a t i o n s connect the moment 

of the charge and c u r r e n t d i s t r i b u t i o n s i n the medium to the e l e c t r i c 

and magnetic f i e l d s i n order to d e s c r i b e the response of the medium to 

an e l e c t r o m a g n e t i c wave, and they are not linear ^ ' ' " ^ However, i n 

c o n v e n t i o n a l o p t i c s the r e l a t i o n s are l i n e a r i z e d and, f o r example, the 

s u p e r p o s i t i b n p r i n c i p l e can be a p p l i e d . I n l i n e a r o p t i c s , waves do not 

I n t e r a c t and change t h e i r f r e q u e n c i e s . A l t e r n a t i v e l y , when the 

c o n s t i t u t i v e r e l a t i o n s are r e t a i n e d i n t h e i r f u l l form, the o r i g i n s of 

n o n - l i n e a r o p t i c a l p rocesses become apparent. A rigorous t h e o r e t i c a l 

treatmetit w i l l not be given here; I n s t e a d a more s i m p l i s t i c approach 

w i l l be taken which y i e l d s the same important equations for d e s c r i b i n g 

the e f f e c t s . 

The propagation of electromagnetic r a d i a t i o n through l i n e a r media 

produces a p o l a r i z a t i o n , P, which i s p r o p o r t i o n a l to the e l e c t r i c f i e l d , 

E, t h a t induces i t ( f i g u r e 2.1a). However, t h i s l i n e a r p o l a r i z a t i o n i s 
(2) 

r e a l l y only the f i r s t term i n the power s e r i e s given i n equation 2.1: 

P_P = e x^^^E + e x^^^ E E + e x^^^ E E E + (2.1) 
o o o o 



Optical ^ 
Polarization 

( a ) Linear dielectric 

Optical f 
Polarization 

( b ) Nonlinear dielectric 

Optical Electric Field 

Optical Electric Field 

F i g u r e 2.1 R e l a t i o n between induced p o l a r i z a t i o n and the e l e c t r i c 
f i e l d causing i t . 
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where P^ i s the p o l a r i z a t i o n w i t h zero applied f i e l d , i s the 

p e r m i t t i v i t y of f r e e space, x^^^ i s the l i n e a r s u s c e p t i b i l i t y , and x^"^ 

i s the n^^ order s u s c e p t i b i l i t y tensor of the medium. The higher order 

terms i n t h i s equation are only s i g n i f i c a n t i n m a t e r i a l s with l a r g e 

n o n - l i n e a r s u s c e p t i b i l i t i e s and at high o p t i c a l f i e l d s . Figure 2.1b 

I l l u s t r a t e s the r e l a t i o n s h i p between the p o l a r i z a t i o n and the o p t i c a l 

f i e l d i n a n o n - l i n e a r medium. The o s c i l l a t i o n s i n the p o l a r i z a t i o n of 

l i n e a r and n o n - l i n e a r d i e l e c t r i c s as a r e s u l t of an a p p l i e d s i n u s o i d a l 

e l e c t r i c f i e l d are i l l u s t r a t e d i n f i g u r e 2.2. 

The o p t i c a l p o l a r i z a t i o n of d i e l e c t r i c c r y s t a l s i s due mostly to 

the outer, l o o s e l y bound valence electronf; that are d i s p l a c e d by the 

(3) 

o p t i c a l f i e l d . T h i s displacement i s governed by the r e s t o r i n g force 

a c t i n g on the e l e c t r o n s , which i n turn i s determined by t h e i r p o t e n t i a l 

energy. Using a one-dimensional analogue, the p o t e n t i a l energy (V) c f 

an e l e c t r o n i n a d i e l e c t r i c c r y s t a l may be w r i t t e n as a power s e r i e s i n 

terms of displacement(x) of the e l e c t r o n from i t s e q u i l i b r i u m p o s i t i o n , 

and i t i s the higher order terms i n t h i s s e r i e s which give r i s e to the 

n o n - l i n e a r s u s c e p t i b i l i t i e s . Terms i n V(x) which contain even powers of 

X give r i s e to the odd-order s u s c e p t i b i l i t i e s (such as l i n e a r and cubic) 

w h i l s t those c o n t a i n i n g odd powers of x give r i s e to the even-order 

s u s c e p t i b i l i t i e s (such as q u a d r a t i c ) . I n symmetric c r y s t a l s the 

p o t e n t i a l energy of an e l e c t r o n must r e f l e c t the c r y s t a l symmetry i . e . 

V(x) = V(-x) , t h e r e f o r e V(x) contains only even powers of x and the 

c r y s t a l has zero even-order s u s c e p t i b l l i t l i i s . t h i s i s not the case i n 

noncentrosymmetric c r y s t a l s where V(x) V (->.) and the even-order 

s u s c e p t i b i l i t i e s are f i n i t e . 

I n s e c t i o n s 2.1.2 - 2.1.4 a v a r i e t y of e f f e c t s a r i s i n g from each 

term i n equation 2.1 are introduced i n turn. For the moment^the v e c t o r 
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c h a r a c t e r of the e l e c t r i c f i e l d and the p o l a r i z a t i o n , and the tensor 

c h a r a c t e r and frequency dependence of the s u s c e p t i b i l i t i e s j w i l l be 

ignored. Most of the more u s e f u l and p r a c t i c a l l y r e a l i s a b l e e f f e c t s 

i n v o l v e the q u a d r a t i c p o l a r i z a t i o n ( s e c t i o n 2.1.3) and therefore the 

bulk of l a t e r d i s c u s s i o n s are r e s t r i c t e d to t h i s term. 

2.1.2 L i n e a r P o l a r i z a t i o n : P̂ -""̂  = ^o'^^^^^ 

The l i n e a r p o l a r i z a t i o n i s r e s p o n s i b l e f o r r e f r a c t i o n and 

a t t e n u a t i o n . When the a p p l i e d o p t i c a l f i e l d i s a wave with a frequency 

(i), the l i n e a r p o l a r i z a t i o n a l s o has frequency co, r a d i a t i n g into the 

medium and modifying the way i n which the wave propagates. 

The e l e c t r i c f l u x d e n s i t y , D, i s given by 

D = e E + P^^^ = e e E o o r 

where i s the d i e l e c t r i c constant. I t th e r e f o r e follows that 

= 1 + X̂ '''̂ . Now, the r e f r a c t i v e index, n, i s given by 

- ' ^ ' = ( ^ r ^ r ) 
V \ e M \ o o 

where v, c are the v e l o c i t i e s of l i g h t i n the medium and i n vacuum, 

r e s p e c t i v e l y . I f a r e l a t i v e p e r m e a b i l i t y (^J^) of u n i t y i s assumed then 

the r e f r a c t i v e index w i l l be (1+x^"''^)^ and the propagation constant, k, 

i s (1+x*'"'"^)^ w/c. I n p r a c t i c e x̂ ''"̂  i s a complex quantity and the 

component of P̂ ''"̂  i n quadrature w i t h the f i e l d r e s u l t s i n l o s s e s and 

hence a t t e n u a t i o n . 

When the o p t i c a l f i e l d c o n tains s e v e r a l waves at d i f f e r e n t 

f r e q u e n c i e s they propagate independently of one another i n the l i n e a r 

regime. 
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(2) (2) 
2.1.3 Quadratic P o l a r i z a t i o n : = e^x EE 

The e f f e c t s a r i s i n g from the quadratic p o l a r i z a t i o n are b a s i c a l l y 

a l l mixing phenomena, i n v o l v i n g the generation of sum and d i f f e r e n c e 

f r e q u e n c i e s , but they take a v a r i e t y of d i f f e r e n t forms. 

( i ) When the ap p l i e d o p t i c a l f i e l d contains only one frequency, 

such as i n f i g u r e 2.2b, a F o u r i e r a n a l y s i s of the non - l i n e a r 

p o l a r i z a t i o n wave shows that i t contains an average (d.c.) 

term and a term o s c i l l a t i n g at twice the applied frequency 

(see f i g u r e 2.3). T h i s can r e a d i l y be seen for a l i g h t wave 

of the form E = E^ sinoit, g i v i n g a qua d r a t i c p o l a r i z a t i o n of 

the form 

p(2) ^ ^ ^ ( 2 ) g 2 ^^^2^^ 
o o 

which can be r e w r i t t e n as 

,(2) _ e„X (2) P^^^ = ^o^ E" (1 - cos 2tot) o 

The d.c. p o l a r i z a t i o n produces a d.c. e l e c t r i c f i e l d i n the 

medium ( o p t i c a l r e c t i f i c a t i o n ) , and the p o l a r i z a t i o n a t twice 

the a p p l i e d frequency r a d i a t e s i n t o the medium (second 

harmonic g e n e r a t i o n ) . > 

( i i ) When the o p t i c a l f i e l d c o n tains two fve-ouericies a new range of 

e f f e c t s occur. 



(a) The s i m p l e s t case i s where one of the frequencies i s zero 

(monochromatic wave propagated through the medium i n the 
(2) 

presence of a d.c. e l e c t r i c f i e l d ) . P then contains a 

term which i s p r o p o r t i o n a l to the product of the d.c. and 

o p t i c a l f i e l d s , leading to an e x t r a term i n the t o t a l 

p o l a r i z a t i o n which i s l i n e a r i n the o p t i c a l f i e l d and 

whose magnitude i s pr o p o r t i o n a l to the d.c. f i e l d . The 

e f f e c t of t h i s e x t r a term on the o p t i c a l wave I s 

equ i v a l e n t to changing x^^^ ^n amount pro p o r t i o n a l to 

the d.c. f i e l d . The r e f r a c t i v e index at the o p t i c a l 

frequency i s thus dependent on the d.c. f i e l d ; t h i s i s 

the l i n e a r e l e c t r o o p t i c or Pockels e f f e c t . 

(b) I f a s m a l l o p t i c a l s i g n a l (frequency w ) i s propagated 
s 

through the medium i n the presence of a powerful "pump" 
o p t i c a l f i e l d (at a higher frequency u^) the phenomenon 

of parametric a m p l i f i c a t i o n occurs.. The pump and s i g n a l 

beat together to produce an " i d l e r f i e l d " p r o p o r t i o n a l to 

the product of the pump and s i g n a l f i e l d s and having the 

d i f f e r e n c e frequency oj^ = tUp - u^. A f u r t h e r beating 

a c t i o n then takes place between the i d l e r and pump to 

produce a term i n the p o l a r i z a t i o n ( a t the d i f f e r e n c e 

frequency - oj^ = tij^) which i s pr o p o r t i o n a l to the 

product of the s i g n a l f i e l d and the pump I n t e n s i t y . 

Thus, as a r e s u l t of t h i s double beating a c t i o n , there i s 

an e x t r a term i n the t o t a l p o l a r i z a t i o n which i s l i n e a r 

i n the s i g n a l f i e l d and whose e f f e c t on the l a t t e r i s 

equ i v a l e n t to changing x^^^ a-* amount p r o p o r t i o n a l to 

the pump i n t e n s i t y . Hence the propagation constant a t 
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the s i g n a l frequency depends on the pump i n t e n s i t y . T h i s 

e f f e c t i s c a l l e d parametric i n t e r a c t i o n because the pump 

f i e l d may be regarded as modulating the parameter x̂ ^̂  

at the pump frequency. The phenomenon i s maximised when 

the l i n e a r propagation constants k^, k^ and k^ at the 

fre q u e n c i e s OJ . to. and oj , r e s p e c t i v e l y , s a t i s f y the s i p 
"phase-matching" c o n d i t i o n given i n equation ( 2 . 2 ) . 

k + k = k (2.2) s i p 

The concept of phase-matching a r i s e s i n connection with a range of 

o p t i c a l mixing phenomena, and a more d e t a i l e d d i s c u s s i o n i s given i n 

s e c t i o n 2.3.3 with second harmonic generation being taken as an example. 

2.1.4 Cubic P o l a r i z a t i o n : P̂ "̂ ^ = e^X^^^ EEE 

For a monochromatic wave of the form E = s i n u t we have 

o 

(3) 
; E (3 sinojt - s i n 3ajt) 
4 o 

Thus the cubic p o l a r i z a t i o n g i v e s r i s e to t h i r d harmonic generation and 

r e l a t e d mixing phenomena. An example of such a phenomenon i s the change 

i n r e f r a c t i v e index which occurs when a monochromatic wave propagates 

through the medium i n the presence of a d.c. f i e l d . T h i s change i s 

p r o p o r t i o n a l to the square of the d.c. f i e l d and i s the qua d r a t i c 
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e l e c t r o o p t i c or Kerr e f f e c t f r e q u e n t l y used i n the e l e c t r o n i c s h u t t e r i n 

Q-spolled l a s e r s . 

As w e l l as the low frequency, e s s e n t i a l l y c l a s s i c a l , mixing 
(3) 

phenomena, P a l s o g i v e s r i s e to some quantal e f f e c t s which a r i s e f o r 

c e r t a i n frequency combinations when a small s i g n a l wave of frequency u 
s 

propagates, through the medium i n the presence of a strong pump wave at 
frequency o) . I f (D and o) are s e l e c t e d such that o) + 0 ) = o) , where ^ _ p s p p s t 

0)^ i s some t r a n s i t i o n frequency of the medium, then the t r a n s i t i o n can 

take place through the simultaneous absorption of a pump and a s i g n a l 

photon. T h i s process of two-photon absorption produces s i g n a l 

a t t e n u a t i o n even though the s i g n a l frequency i t s e l f i s not equal to a 

t r a n s i t i o n frequency of the medium, u n l i k e one-photon absorption 

p r o c e s s e s which a r i s e from x^^^ and which disappear when o) <f . 
s c 

Conversely, i f OJ and (o are chosen such that u - o) = o)^, then the s p p s t 

t r a n s i t i o n can take p l a c e by the simultaneous absorption of a pump 

photon and emission of a s i g n a l photon, r e s u l t i n g i n s i g n a l 

a m p l i f i c a t i o n . I n t h i s s t i m u l a t e d Raman e f f e c t the s i g n a l f i e l d 

s t i m u l a t e s the emission of s i g n a l photons, u n l i k e the incoherent Raman 

e f f e c t where the t r a n s i t i o n s are spontaneous. The two-photon e f f e c t s 
(3) 

both a r i s e from the term i n P which i s p r o p o r t i o n a l to the product of 

the s i g n a l f i e l d and the pump i n t e n s i t y . The e f f e c t of t h i s term on the 

s i g n a l wave i s equ i v a l e n t to changing x^^^ hy an amount pr o p o r t i o n a l to 

the pump i n t e n s i t y , the propagation constant at the s i g n a l frequency 

being s i m i l a r l y modified. 

2.2 A Comparison of A v a i l a b l e M a t e r i a l s 

Most of the n o n - l i n e a r o p t i c a l m a t e r i a l s i n current use are 

i n o r g a n i c s o l i d s , such as l i t h i u m niobate and potassium dihydrogen 
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phosphate (KDP). T h e i r use has p r i m a r i l y stemmed from e a r l i e r work on 

the p i e z o e l e c t r i c , f e r r o e l e c t r i c , and semiconductor trans p o r t p r o p e r t i e s 

of i n o r g a n i c d i e l e c t r i c i n s u l a t o r s and semiconductors. However, much 

i n t e r e s t has r e c e n t l y been d i r e c t e d to organic molecular and polymeric 

s o l i d s d u e to t h e i r e x c e p t i o n a l l y l a r g e second-order s u s c e p t i b i l i t i e s 

and the p o t e n t i a l l y wide range of c r y s t a l s t r u c t u r e s which they could 

adopt (see s e c t i o n 2.3.4). A comparison of n o n - l i n e a r o p t i c a l f i g u r e s 

of merit f o r organic and i n o r g a n i c s o l i d s i s given i n f i g u r e 2.4. The 

q u a n t i t i e s compared are M i l l e r ' s d e l t a (6) f o r second harmonic 

generation and the p o l a r i z a t i o n o p t i c c o e f f i c i e n t ( f ) f o r the l i n e a r 

e l e c t r o o p t i c e f f e c t . M i l l e r ' s d e l t a i s defined^^^ by equation 2.3: 

= ̂  4f 4" 
where terms such as are the l i n e a r s u s c e p t i b i l i t y components, and 

the second harmonic c o e f f i c i e n t , d , i s defined through equation 2.4. 

X^f^^ (-20); 03, 0)) = 2 d^^^ (-2(0; w. O)) (2.4) 

(2) 
The g e n e r a l no t a t i o n used when d e s c r i b i n g x c o e f f i c i e n t s f o r 

p a r t i c u l a r n o n - l i n e a r o p t i c a l e f f e c t s can be summarized as f o l l o w s ^ ^ ^ : 
(2) 

i f the c o e f f i c i e n t i s w r i t t e n as X^t^ (-ŵ ; o)^. u-ĵ ) , then i , j , k r e f e r 

to the p r i n c i p a l axes of the medium and i n d i c a t e the t e n s o r i a i 

(2) 

c h a r a c t e r i s t i c s of x » the frequency arguments r e f e r to the production 

of a f i e l d of frequency o)^ from input frequencies o)^ and m^; the minus 

s i g n i s i n c l u d e d by. convention to I n d i c a t e that momentum I s conserved 

i . e . k^ + ^2 -1 " ^ where the wave v e c t o r s point I n ĥ.e d i r e c t i o n of 

propagation of the wave. The p o l a r i z a t i o n o p t i c c o e f f i c i e n t i s defined 

by equation 2.5 : 
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e l e c t r o - o p t i c e f f e c t ( f ) . ( A f t e r reference 5) 



12 

where e, i s the d i e l e c t r i c constant, and the l i n e a r e l e c t r o o p t i c 

c o e f f i c i e n t , r , , i s defined by equation 2.6 : 
i j k 

x{^^ (-0,; 0,, 0) = i n^^2 „_^^2 ^^^^ (_^. Q) (2.6) 

where n^^ i s the r e f r a c t i v e index. Although, d i s p e r s i o n and the p o s s i b l e 

c o n t r i b u t i o n of atomic and molecular d i s t o r t i o n s to the e l e c t r o - o p t i c 

(2) 
X tensor means that i n p r i n c i p l e i t i s not equal to the second 

(2) 

harmonic generation x tensor, i n p r a c t i c e the predominance of 

e l e c t r o n i c c o n t r i b u t i o n s i n organic m a t e r i a l s causes them to be n e a r l y 

the same. 
Organic m a t e r i a l s have been found to have the h i g h l y d e s i r a b l e 

property of high o p t i c a l damage thre s h o l d s at the high o p t i c a l power 
( 8 ) 

d e n s i t i e s employed i n n o n - l i n e a r o p t i c a l devices 

S e c t i o n 2.3 w i l l d e a l e x c l u s i v e l y with the optimization of the 

molecular and c r y s t a l s t r u c t u r e s of organic m a t e r i a l s , i n view of t h e i r 

e x c e p t i o n a l advantages over the conventional i n o r g a n i c s f o r non-linear 

o p t i c a l a p p l i c a t i o n s . P a r t i c u l a r emphasis w i l l be given to second-order 

n o n - l i n e a r e f f e c t s , e s p e c i a l l y second harmonic generation, for which the 

c r y s t a l s t r u c t u r e requirements are p a r t i c u l a r l y demanding. 

2.3 O p t i m i z a t i o n of Organic M a t e r i a l s 

2.3.1 General 

The molecules w i t h i n a molecular c r y s t a l are l o c a t e d a t 

g e o m e t r i c a l l y e q u i v a l e n t s i t e s and the i n t e r m o l e c u l a r f o r c e s between 
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them are v e r y weak (one or two orders of magnitude s m a l l e r ) compared to 

the i n t r a m o l e c u l a r covalent bonds which bind the atoms w i t h i n each 

molecule. T h i s s c a l i n g ' of f o r c e s a l l o w s each molecule w i t h i n the 

c r y s t a l , to a f i r s t approximation, to be t r e a t e d as an i n d i v i d u a l c e n t r e 

of n o n - i n t e r a c t i n g p o l a r i z a t i o n . The molecular dipole can then be 

d e s c r i b e d by equation ( 2 . 7 ) , and c l e a r correspondence can be seen 

between terms i n t h i s equation and terms i n equation ( 2 . 1 ) d e s c r i b i n g 

the bulk p o l a r i z a t i o n of the c r y s t a l . 

AM = - = 0( Ej^ + B Ej^ E ^ + Y + ( 2 . 7 ) 

( p and p are the ground and e x c i t e d s t a t e dipole moments, 
^ g e 

r e s p e c t i v e l y ; E ^ i s the l o c a l f i e l d , a i s the l i n e a r p o l a r i z a b i l i t y , and 

6, Y are molecular h y p e r p o l a r i z a b i l i t i e s 

Taking the example of the second harmonic generation c o e f f i c i e n t , 

d .p̂ , one can make use of the f a c t that n o n - l i n e a r processes are 
U K 

b a s i c a l l y i n t r a m o l e c u l a r i n nature i n order to r e l a t e corresponding 

terms i n the macroscopic and microscopic d i p o l e s expansions v i a 

t e n s o r i a l summations'^ such as that given i n equation 2.8*. 

where N i s the number of molecules per u n i t volume (packing d e n s i t y 

f a c t o r ) ; the Lorentz l o c a l f i e l d c o r r e c t i o n appropriate f o r c r y s t a l a x i s 

L a t frequ««cy V i s f^ = [ ( n ^ ) ^ + 2 ] ; and the c r y s t a l l i n e n o n - l i n e a r i t y 

pe r molecule, b^^^, can be r e l a t e d to the second-order molecular 
I J K 

h y p e r p o l a r i z a b i l i t y , ^ ^ j i ^ . * equation 2.9: 
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h - — ^ ^ C^^^ C^"^ C^^^ R f2 9) ^ J K - n(g) ^ ^ ^ l i ^Kk ^ i j k ^^-^^ 

where I J K ( i j k ) are a x i s denominations of the c r y s t a l l i n e (molecular) 

r e f e r e n c e frames; n(g) i s the number of equivalent p o s i t i o n s i n the u n i t 
( s ) 

c e l l f o r the c r y s t a l point symmetry group g; and the Ĉ ^̂ ^ c o e f f i c i e n t s 

are the s c a l a r products L. l ( s ) of u n i t v e c t o r s along the c r y s t a l a x i s L 
r\ 

and molecular a x i s l ( s ) . The tensor b i s a u s e f u l quantity, being 
i j K. 

independent of the a c t u a l number of molecules w i t h i n the u n i t c e l l , 

which could be a (sub) m u l t i p l e of n ( g ) . 

The combined i n f l u e n c e s of molecular and c r y s t a l l i n e s t r u c t u r e on 

the enhancement of the macroscopic o p t i c a l n o n - l i n e a r i t y are evidenced 

by equation 2.9. The molecules should be designed to contain s p e c i f i c 

f e a t u r e s which w i l l maximize SJ-,,* but the p r o j e c t i o n f a c t o r s of 

equation 2.9 imply t h a t the molecules must a l s o be arranged i n .a 

c r y s t a l l i n e s t r u c t u r e which can promote the optimum responses of the 

i n d i v i d u a l molecules on a macroscopic l e v e l . 

2.3.2 Optimization of molecular s t r u c t u r e 

T h i s s e c t i o n i s devoted to the molecular engineering required to 

optimize 0 f o r a molecule and n e g l e c t s any a d d i t i o n a l c o n s t r a i n t s 

a r i s i n g from c r y s t a l s t r u c t u r e c o n s i d e r a t i o n s . 
The d i p o l e moment of a molecule i s defined by equation 2.10 : 

£ = e 1 (2.10) 

where e i s the magnitude of the charge separated by the v e c t o r i a l 

d i s t a n c e 1. Equation 2.7 shows that a large value of Â i i s d e s i r a b l e 

f o r n o n - l i n e a r e f f e c t s , and s i n c e molecules with large ground s t a t e 
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d i p o l e moments tend to have correspondingly l a r g e e x c i t e d s t a t e dipole 

moments, the treatment of ground s t a t e d i p o l e s i s u s u a l l y s u f f i c i e n t . 

I n a l i p h a t i c systems the dipole moments are u s u a l l y small and the B 

v a l u e s correspondingly low. However, l a r g e dipole moments can r e s u l t 

from the p a r t i a l charge t r a n s f e r between donor and acceptor groups 

te r m i n a t i n g a conjugated c h a i n , and molecules p o s s e s s i n g these f e a t u r e s 

e x h i b i t v e r y l a r g e o p t i c a l n o n - l i n e a r i t i e s . The major p o l a r i s a b l e 

medium i n these m a t e r i a l s i s the i r - e l e c t r o n system, and the o r i g i n of 

the n o n - l i n e a r behaviour l i e s i n the e x c i t e d i r - e l e c t r o n s t a t e s , 

p a r t i c u l a r l y those p o s s e s s i n g l a r g e charge c o r r e l a t i o n s 

I t i s often convenient to s p l i t the c o n t r i b u t i o n s to the molecular 

(hyper) p o l a r i z a b i l i t i e s i n t o those made by the length, L, of the 

conjugated system, and those a r i s i n g from the s u b s t i t u e n t p e r t u r b a t i o n s 

. (12) 
on i t . I t i s w e l l known th a t a L^, and theory p r e d i c t s t h a t 6 = 

and Y L^. More q u a l i t a t i v e r e l a t i o n s h i p s between conjugation 

length and 6 have been found; f o r example, the B v a l u e s for s u b s t i t u t e d 

s t i l b e n e s are c o n s i s t e n t l y an order of magnitude l a r g e r than those f o r 

comparably s u b s t i t u t e d benzene analogues. I t i s i n t e r e s t i n g to note 

that conjugated systems can be e i t h e r one dimensional (as i n the case of 

polyenes) or two dimensional (as formed by benzene-type hexagonal r i n g s ) 

but not t h r e e dimensional, s i n c e the conjugation a r i s e s from the 

e l e c t r o n s i n p - o r b i t a l s which are not p a r t i c i p a t i n g i n sp h y b r i d i z a t i o n 

to form the s k e l e t o n of the s a t u r a t e d bonds and so cannot be present i f 

a l l of the four e l e c t r o n s are in v o l v e d i n four d i f f e r e n t bonding 

d i r e c t i o n s . The o p t i c a l p r o p e r t i e s of two dimensional conjugated 

systems w i l l be very d i f f e r e n t a c r o s s the plane compared to p a r a l l e l to 

i t . 

There have been s e v e r a l models proposed to e x p l a i n the enhanced 

o p t i c a l n o n - l i n e a r i t i e s of p o l a r i z e d conjugated molecules. I n one such 
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model Oudar and Chemla r e l a t e the g of a molecule to an equivalent 

e l e c t r i c f i e l d due to the s u b s t i t u e n t s which b i a s e s the 

(13) 

h y p e r p o l a r i z a b i l i t i e s . The dominance of the tr-electron c o n t r i b u t i o n 

to g can be i l l u s t r a t e d by c o n s i d e r i n g a s e r i e s of monosubstituted 

aromatic, molecules such as those given i n f i g u r e 2.5, which c l e a r l y 

demonstrates the r e l a t i o n s h i p between a component of B and the 

i r - e l e c t r o n dipole moment. When both donor and acceptor groups are 

present simultaneously and are spaced by a conjugated system, t h e i r 

e f f e c t s are s u p e r a d d i t i v e due to the phenomenon of charge t r a n s f e r which 

i n v o l v e s the e n t i r e d i s u b s t i t u t e d molecule. The c o n t r i b u t i o n of t h i s 
(14) 

e f f e c t to the o p t i c a l n o n - l i n e a r i t y can be q u a n t i f i e d , and f i g u r e 
2.6 demonstrates i t s o r i g i n s . Quantum mechanical models for B have been 

(11) 

d e s c r i b e d by v a r i o u s authors 

I n order f o r a m a t e r i a l to be of p r a c t i c a l use for second harmonic 

generation i t must be c l o s e l y matched to the l a s e r i t i s to double; the 

absorption edge should be near the wavelength of the second harmonic but 
(12) 

must not i n c l u d e i t . Now, as the length of conjugation i s i n c r e a s e d 

there i s a gradual bathochromlc s h i f t i n the absorption edge (from 200nm 

i n ethylene to a maximum i n the range of 600-700 nm for an i n f i n i t e 

s e r i e s of double bonds), and the a d d i t i o n of donor and acceptor 

s u b s t i t u e n t s produces a f u r t h e r dramatic bathochromic s h i f t as a r e s u l t 

of s t a b i l i z a t i o n due to the mixing of nonbonded and c h a r g e - t r a n s f e r 

s t a t e s Thus there has to be a t r a d e - o f f between transparency and 

e f f i c i e n c y when s e l e c t i n g the appropriate donor and acceptor groups and 

conjugated systems f o r a m a t e r i a l destined to be used as a frequency 

doubler. ' 

I n order to s e l e c t the best combinations of donors and acceptors 

one must c o n s i d e r the r e l a t i v e s t r engths of the range of a v a i l a b l e 



(10 esu.) 
I donor 

N(CH,)j 

acceptor 

F i g u r e 2.5 N o n - l i n e a r i t y of some monosubstituted aromatic molecules 
i n terms of dipole moments (ir e l e c t r o n c o n t r i b u t i o n s ) . 
( A f t e r r e f e r e n c e 11) 

ground state excited state 
0 23 •07 :07 

A D 
W 

e 

I n m 

Mulliken resonnant states (limits) 

time 

state I <r 
weak 

IT electron polarizatnn 
M-Mo 

state in 
enhanced 

F i g u r e 2.6 O r i g i n of the n o n - l i n e a r i t y of c h a r g e - t r a n s f e r molecules 
f o r a t w o - l e v e l - l i k e d i s u b s t i t u t e d aromatic molecule. 
The donor (D) and acceptor (A) cooperate to d i s t o r t the 
l i n e a r response (dotted l i n e s ) of a nonsubstituted 
benzene r i n g . ( A f t e r r e f e r e n c e 11) 
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groups. An approximate measure of donor strength i s given by the f i r s t 

i o n i z a t i o n p o t e n t i a l of a simple, nonconjugated molecule containing the 

r e l e v a n t group, s i n c e t h i s r e p r e s e n t s the ease w i t h which i t r e l e a s e s 

e l e c t r o n s . Any atom p o s s e s s i n g lone p a i r e l e c t r o n s i n a high energy 

o r b i t a l , such as oxygen, n i t r o g e n and sulphur, can a c t as an e l e c t r o n 

donor, provided that t h i s lone p a i r i s a v a i l a b l e for e f f i c i e n t overlap 

w i t h the i r - e l e c t r o n system of the chromophore. Table 2.1 gives the 

i o n i z a t i o n p o t e n t i a l s of the most frequently encountered n e u t r a l 

groupings c o n t a i n i n g these atoms''''^\ From t h i s t a b l e i t can be seen 

t h a t e l e c t r o n donating a b i l i t y depends not only on the heteroatom 

concerned, but a l s o on the nature of the s u b s t i t u e n t s attached to i t 

( f o r example e l e c t r o n withdrawing groups w i l l decrease the o v e r a l l 

s t r e n g t h of the donor). Imparting a negative charge to the atom, as i n 

^0 , -S , and -NR , f o r example by deprotonation, can g r e a t l y enhance 

the donor s t r e n g t h of a p a r t i c u l a r group. 

The e f f e c t i v e n e s s of acceptor groups tends to be more v a r i a b l e than 

i s the case w i t h donor groups, and the nature of the r e s t of the 

chromophore can have an important i n f l u e n c e . Simple acceptor groups, 

c o n t a i n at l e a s t two m u l t i p l e bonded atoms, and the terminal atoms of 

such groupings are always more e l e c t r o n e g a t i v e than carbon. The Hammett 

para a- constant f o r a group g i v e s an i n d i c a t i o n of acceptor s t r e n g t h , 

and v a l u e s of t h i s q u a n t i t y for some t y p i c a l acceptors are given i n 

t a b l e 2.2'^^\ 

2.3.3 C r y s t a l s t r u c t u r e c o n s i d e r a t i o n s 

I n s e c t i o n 2.1.1 i t was pointed out that only noncentrosymmetric 

c r y s t a l s have f i n i t e second-order s u s c e p t i b i l i t i e s ; t h i s i s because the 

B t e n s o r s of the c o n s t i t u e n t molecules are o r i e n t a t i o n a l l y averaged to 
media 

zero i n random, or centrosymmetric c r y s t a l s . Even noncentrosymmetric A 



TABLE 2.1 

R e l a t i v e e f f e c t i v e n e s s and i o n i z a t i o n p o t e n t i a l s of some t y p i c a l 
e l e c t r o n donor groups (taken from r e f e r e n c e 1 6 ) . 

Donor group, X I o n i z a t i o n P o t e n t i a l 
of CH^X (eV) 

R e l a t i v e 
E f f e c t i v e n e s s 

-OAc 11.0 Least e f f e c t i v e 

-OH 10.8 

-NHAc 10.2 

-OMe 10.0 

-SH 9.4 

-NH^ 9.0 

-SMe 8.7 

-NHM 
e 

8.2 

-NMe^ 7.9 Most e f f e c t i v e 



TABLE 2.2 

R e l a t i v e e f f e c t i v e n e s s and Hammett para o-constants of some t y p i c a l 
e l e c t r o n acceptor groups (taken from r e f e r e n c e 1 6 ) . 

Acceptor Group a-para R e l a t i v e E f f e c t i v e n e s s 

-CO^ 0.0 Lea s t e f f e c t i v e 

-NO 0.12 

-CHO 0.36 

-CONH^ 0.36 

-CO^Me 0.39 

-CO^H 0.41 

-SOMe 0.49 

-COMe 0.50 

-CN 0.66 

-SOCF^ 0.69 

-SO^Me 0.72 

-NO^ 0.78 

-SO2CF3 0.93 Most E f f e c t i v e 
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c r y s t a l s u s u a l l y do not take f u l l advantage of the i n t r i n s i c 

n o n - l i n e a r i t i e s of t h e i r c o n s t i t u e n t molecules, due to non-ideal packing 

arrangements. The molecular parameters which determine c r y s t a l 

s t r u c t u r e are very s u b t l e and mutually i n t e r a c t i v e , which makes them 

extremely d i f f i c u l t to separate. Thus i t i s very d i f f i c u l t to p r e d i c t 

the c r y s t a l s t r u c t u r e s o l e l y from the molecular s t r u c t u r e , and 

apparently v e r y s l i g h t changes to a molecule can- r e s u l t i n d r a s t i c 

changes i n the bulk packing and consequently i n huge d i f f e r e n c e s i n 

no n - l i n e a r e f f i c i e n c i e s . 

The c r y s t a l s t r u c t u r e of organic m a t e r i a l s i s Influenced by a 

v a r i e t y of f a c t o r s , such as molecular shape (close-packing p r i n c i p l e ) . 

Van der Waal's f o r c e s , hydrogen bonding ( i f present) and m u l t i p o l a r 

i n t e r a c t i o n s . These f o r c e s are a l l a s s o c i a t e d w i t h much smal l e r 

e n e r g i e s than those involved i n i n t r a m o l e c u l a r bonding. Dipolar 

i n t e r a c t i o n e n e r g i e s are p r o p o r t i o n a l to the square of the ground s t a t e 

dipole moment and are dependent on the c r y s t a l space group. The dipole 

energy c o n t r i b u t i o n to the t o t a l i n t e r m o l e c u l a r binding energy i n a 

c r y s t a l v a r i e s s l o w l y with s t r u c t u r a l parameters and, i n general, w i l l 

not b r i n g s t r u c t u r e s out of a p o s i t i o n of minimum energy r e s u l t i n g from 

Van der Waal's i n t e r a c t i o n i n a close-packed s i t u a t i o n H o w e v e r , 

molecules designed to have large & tensors are a t y p i c a l i n that they 

o f t e n have v e r y l a r g e ground s t a t e dipole moments so that d i p o l a r 

i n t e r a c t i o n s tend to favour centrosymmetric c r y s t a l s t r u c t u r e s i n which 

the d i p o l e s are opposed or at l e a s t brought out of net alignment. One 

p o s s i b l e way of overcoming t h i s u n d e s i r a b l e i n f l u e n c e i s by the 

i n c o r p o r a t i o n of hydrogen bonding groups i n t o the molecules. The 

ene r g i e s a s s o c i a t e d w i t h hydrogen bonding are comparable with those of 

the d i p o l a r f o r c e s , so that the presence of such bonding could help to 

b r i n g about a favourable molecular o r i e n t a t i o n . 
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(2) 
One way of guaranteeing a f i n i t e x i s to use pure enantiomers, 

which must c r y s t a l l i z e noncentrosymmetrically. However, i n p r a c t i c e 
great d i f f e r e n c e s i n e f f i c i e n c y are found between r e l a t e d o p t i c a l l y 
a c t i v e compounds, and such complications as racemization, o p t i c a l p u r i t y 
and r e s o l u t i o n , which occur i n the s y n t h e s i s of such m a t e r i a l s , must be 
d e a l t w i t h . 

Apart from the enantiomeric ones, only 10 of the 32 c l a s s e s of 

c r y s t a l l o g r a p h i c point group which organic m a t e r i a l s can adopt are 

s u i t a b l e f o r such phenomena as second harmonic generation, and most 
(12) 

compounds adopt centrosymmetric point groups . I n a d d i t i o n , the 

choice of molecular o r i e n t a t i o n s i s f u r t h e r l i m i t e d by the f a c t that 

most of the m a t e r i a l s which do adopt u s e f u l c r y s t a l point groups belong 

to e i t h e r of only two space groups. T h i s produces a severe s t a t i s t i c a l 

c o n s t r a i n t on the number of s i n g l e c r y s t a l organic m a t e r i a l s l i k e l y to 
(2) 

have a u s e f u l x • Another f a c t to consider i s that for a c r y s t a l to 

be of use i n n o n - l i n e a r o p t i c s i t must be capable of being grown to a 

high degree of p e r f e c t i o n . 

F u r t h e r complications a r i s e when s i n g l e c r y s t a l s are used, fo r 

o p t i c a l mixing, s i n c e i t i s necessary to phase match the i n t e r a c t i n g 

waves. For example, a p r e r e q u i s i t e for e f f i c i e n t second harmonic 

generation i s t h a t k^^*^^ = 2k^"^^ or e q u i v a l e n t l y n^^*^^ = n^'^K I f t h i s 

c o n d i t i o n i s not met, then the second-harmonic power generated at some 

plane, say Z^, having propagated to soma other plane ( Z ^ ) . i s not i n 

phase w i t h the second-harmonic wave generated at , and i n t e r f e r e n c e 

w i l l r e s u l t . For normally d i s p e r s i v e m a t e r i a l s n i n c r e a s e s with oi and 

so n^^"^^ 7̂  n^'*'^ However, i n c r y s t a l s which are n a t u r a l l y b i r e f r i n g e n t 

the r e f r a c t i v e i n d i c e s i n the o r d i n a r y and e x t r a o r d i n a r y d i r e c t i o n s are 

not equal at a given o), so that by a technique known as "angle 
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phase-matching" the fundamental and second harmonic can be propagated i n 

such d i r e c t i o n s that now n̂ *̂**̂  = n^*^^. Quasi-phase-matching techniques 

can be used w i t h m a t e r i a l s which are i s o t r o p i c or which are inadequately 

b i r e f r i n g e n t ; however, i n p r a c t i c e these tend to be d i f f i c u l t to 
(18) 

implement and o f f e r only low conversion e f f i c i e n c e s 

2.3.4 Implementation of the p r i n c i p l e s for the optimization of 

n o n - l i n e a r response 

A few examples of organic n o n - l i n e a r o p t i c a l m a t e r i a l s which have 

been produced f o l l o w i n g the c o n s i d e r a t i o n of the c r i t e r i a d e t a i l e d i n 

s e c t i o n s 2.3.2 and 2.3.3 w i l l now be d e s c r i b e d . Many of these 

p r i n c i p l e s can be extended to t h i n f i l m s of organic m a t e r i a l s , and t h e i r 

f a b r i c a t i o n i n t o waveguiding s t r u c t u r e s can help to overcome such 

problems a* phase matching (see Chapter 3 ) . 

Table 2.3 summarizes most of the organic n o n - l i n e a r m a t e r i a l s which 
(12 19) 

have appeared i n the l i t e r a t u r e * . The r e l a t i v e e f f i c i e n c i e s r e f e r 

to second hairmonic generation (SHG) experiments performed on powdered 

samples u s i n g the Kurtz technique (see s e c t i o n s 4.6 and 6.4); the v a l u e s 

a r e only s e m i q u a n t i t a t i v e because powder e f f i c i e n c y i s a function of 

p a r t i c l e s i z e d i s t r i b u t i o n , amongst other f a c t o r s . Where 6 v a l u e s are 

a v a i l a b l e , they are a l s o given i n the t a b l e . Urea has been chosen as a 

r e f e r e n c e because i t has n o n - l i n e a r p r o p e r t i e s which are comparable to 

the best I n o r g a n i c m a t e r i a l s ^ ^ ^ ^ ; the d i f f i c u l t y i n growing large high 

q u a l i t y c r y s t a l s i s i t s only drawback. 

Compounds 2-6 have r e c e i v e d e x t e n s i v e treatoiant i n the p a s t . They 

a l l p ossess donor and acceptor groups l i n k e d by a conjugated system, and 

consequently have q u i t e l a r g e v a l u e s of 8; t h i s i s p a r t i c u l a r l y 

n o t i c e a b l e i n 6, i n which the conjugation length i s g r e a t e s t . However, 

6, l i k e p a r a - n i t r o a n i l i n e ( 3 ) , c r y s t a l l i z e s with a centrosymmetrfc 



TABLE 2.3. 

Organic n o n - l i n e a r m a t e r i a l s i n the l i t e r a t u r e . Bracketed e f f i c i e n c y 
f a c t o r s apply to c r y s t a l l o g r a p h i c a l l y optimal m a t e r i a l s . (After 
r e f e r e n c e 12, apart from it 8, which was taken from reference 19'and 
n o r m a l i s e d ) . 

Ref. No Structur e 6(10' 
-3„3 

•50 
-2, C^m'j ) 

E f f (x urea) 

u r e a 

o 
I) 
c 
/ \ 

H N NH 

0.17 1.0 [x2.5] 

3 - m e t h y l - 4 - n i t r o p y r i d i n e - l - o x i d e (POM) 

13[xA] 

p - n i t r o a n i l i n e (p-NA) 

13 0.0 

16 

2 - m e t h y l - 4 - n i t r o a n i l i n e (MNA) 

22[x 3.5] 

I II 
H O 

b e t h y l 2-(2',4'-dinitrophenyl)aminopropanoate 

82 

(MAP) 

10 [x6.7] 

NMe 2 
170 

4-d ime t h y l a m i n o - 4 ' - n i t r o s t i l b e n e 

0.0 



TABLE 2.3 (Continued) 

Ref. No. Structure 

Me—N 

E-l-(4'-phenoxy)-2-(4'-N-methyIpyrldinium) 
ethene (merocyanine) 

B (10-5<^ 
cVj"=^) 

370 

E f f (x urea) 

0.0 

Me—N 
NMe 

X = I 

2 B F ; 

MeSO: 
E-l-(4'-dimethylaminophenyl)-2-
(4'-N-methyIpyridinium) ethene 

( s t y r y I p y r l d i n i u m cyanine) 

0 

^250 

^13 

H H 
N,N'-bis(4'-nitrophenyl)urea (DNPU) 

8.8 

10 NMe 

0 
2-dimethylamino v i n y l - 4 - n i t r o p h e n y l ketone (DMA-NAP) 

7.5 

11 
1 1 A ^ 

F ^ ^ v ^ ^ ^ N-^9^ ^ ^ ^ 3 

H O 
me thy1-2-(2*,4'-dinltro-5'-fluorophenyl)aminopropanoate 

21 

12 

O J N y ^ C H J 

H 
2-methyl-4-nitro-methylanillne (MNMA) 

80 



TABLE 2.3 (Continued) 

Ref. No. S t r u c t u r e E f f (x urea) 

13 
N CH 

NMe 
2-N,N-dimethylamlno-5-nitroacetanilide (DAN) 

115 

14 

NO, 

0 
II 

H 3 

2 - N - p y r r o l i d i n o - 5 - n i t r o a c e t a n i l l d e (PAN) 

80 

15 
(-) 

2 - N - p r o l i n o l - 5 - n i t r o p y r i d i n e (PNP) 

160 

16 O N 
2 

H 

CH 

CH 

17 

H 

N 
CH 

CH, 
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s t r u c t u r e and thus does not d i s p l a y SHG. The a d d i t i o n of a simple 

methyl group to p a r a - n i t r o a n i l i n e to form MNÂ ^̂ ^ ( 4 ) , which has a 

s i g n i f i c a n t powder e f f i c i e n c y , i s an example of how the i n t r o d u c t i o n of 

an e x t r a s u b s t i t u e n t can a l t e r the c r y s t a l s t r u c t u r e . The asymmetrical 

a d d i t i o n of bulky s u b s t i t u e n t s r e s u l t s i n molecules which are l e s s 

g e o m e t r i c a l l y simple, and such changes can mean that the d i p o l a r f o r c e s 

which favour a n t i p a r a l l e l alignment are overcome i n order to s a t i s f y the 

general requirement f o r dense molecular packing, MAP(5) presents a 
(20 21) 

f u r t h e r example of t h i s p r i n c i p l e ' , with the i n f l u e n c e of 

c h i r a l i t y a l s o p l a y i n g a par t i n the production of a noncentrosymmetric 

c r y s t a l s t r u c t u r e . 

The l a r g e 6 v a l u e of the inerocyanine (7) demonstrates how the 

presence of charge can enhance the strengths of donors and acceptors, 

but u n f o r t u n a t e l y i t c r y s t a l l i z e s c e ntrosymmetrically. I n the s e r i e s of 

c a t i o n i c dyes ( 8 ) , the importance of the counterion i s demonstrated. 

For such m a t e r i a l s , monopolar i n t e r a c t i o n s should be dominant over the 

d e l e t e r i o u s d i p o l a r e f f e c t s i n determining the alignment of the 

3-enhanced c a t i o n s . With t h i s p a r t i c u l a r c a t i o n , medium-small, l a r g e l y 

p s e u d o - t e t r a h e d r a l anions were found to favour the production of an 
(19) 

a c e n t r i c c r y s t a l s t r u c t u r e 

I f a molecule could be produced i n which d i p o l a r i n t e r a c t i o n s are 

e l i m i n a t e d , a noncentrosymmetric c r y s t a l s t r u c t u r e i s not guaranteed but 

at l e a s t the s t r u c t u r e should be made more s e n s i t i v e to other 

i n f l u e n c e s , such as minor molecular s u b s t i t u t i o n s , which are p o t e n t i a l l y 

able to prevent centrosymmetry but which are normally overshadowed by 

str o n g e r e l e c t r o s t a t i c f o r c e s . T h i s idea has been s u c c e s s f u l l y employed 

i n 3 - m e t h y l - 4 - n i t r o p y r i d i n e - l - o x i d e (POM) (2) , x^hich has a v a n i s h i n g 

ground s t a t e d i p o l e moment and c r y s t a l l i z e s 
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(8 20,22) 

noncentrosymmetrically ' ' . There i s an apparent c o n t r a d i c t i o n i n 

the d e s i r e f o r zero dipole moment and conjugated charge t r a n s f e r , which 

normally l e a d s to a h i g h l y p o l a r s t r u c t u r e making a s i g n i f i c a n t resonant 

c o n t r i b u t i o n to the ground s t a t e of the molecule. However, i n POM t h i s 

i s not a problem because the l o c a l i z e d dipole moment of the N-oxide 

semi-polar bond opposes and c a n c e l s out that of the nitrobenzene, g i v i n g 

a n e g l i g i b l e t o t a l dipole moment. I n a h e t e r o c y c l i c molecule such as 

t h i s , the N-oxide group may a c t as a donor or an acceptor depending on 

the e l e c t r o n i c nature of the s u b s t i t u e n t para to i t ; i n POM, the n i t r o 

group i s an acceptor and so promotes the donor nature of the N-oxide. 

The methyl group does not i n t e r f e r e with the b a s i c charge t r a n s f e r 

p rocess but does help to d i c t a t e the c r y s t a l s t r u c t u r e . The reduction 

of the ground s t a t e dipole moment i s a l s o favourable for the growth of 

l a r g e , ..high q u a l i t y c r y s t a l s from s o l u t i o n , s i n c e d i s r u p t i v e molecular 

a s s o c i a t i o n s should be reduced. 
(12) 

Twieg. and J a i n have described the assessment of s e v e r a l 
d i f f e r e n t groups of m a t e r i a l s using the powder technique, and compounds 

9-17 r e p r e s e n t the be s t from each c l a s s . 

( i ) Urea d e r i v a t i v e s (e.g. 9 ) . T h i s was an attempt to combine the 

l a r g e n o n - l i n e a r i t y of n i t r o a n i l i n e molecules w i t h the 

non-centrosymmetric c r y s t a l s t r u c t u r e of urea. 

( i i ) P o l a r i z e d enones (e.g. 10). These were r e l a t e d to 

diethylaminomethylcoumarin, a m a t e r i a l studied by other 
(23) 

workers . Compounds which were i d e n t i c a l except that a 

n i t r i l e group r e p l a c e d the n i t r o group a l l showed zero 

a c t i v i t y . 

( i i i ) Analogues of MAP (e.g. 11). Both the amine donor and the 

s u b s t i t u e n t s on the aromatic r i n g were changed. A wide range 

of a c t i v i t y was observed i n the s e r i e s , i l l u s t r a t i n g the 
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Important e f f e c t s that s l i g h t changes i n molecular s t r u c t u r e 
can have on c r y s t a l s t r u c t u r e , 

( i v ) Analogues of MNA. Compound 12 was the only a c h i r a l d e r i v a t i v e 
s t u d i e d which showed any a c t i v i t y , and i t s e f f i c i e n c y was 
approximately four times that of MNA i t s e l f . The o r i g i n s of 
t h i s improvement could l i e i n i t s stronger donor or i n i t s 
d i f f e r e n t c r y s t a l space group. Hydrogen bonding between the 
amide hydrogen and the n i t r o group of an adjacent molecule i s 
important i n determining t h i s c r y s t a l s t r u c t u r e , 

(v) B i f u n c t i o n a l nitrobenzenes (e.g. 13,14). The e f f i c i e n c y of 
DNPU (9) i s l i m i t e d by the f a c t that the urea group, required 
to promote a c e n t r i c c r y s t a l l i z a t i o n v i a hydrogen bonding, i s a 
poor donor. Therefore i n t h i s s e r i e s other n i t r o a n i l i n e 
d e r i v a t i v e s were st u d i e d i n which a v a r i e t y of d i f f e r e n t 
hydrogen bonding groups were plactid at a l t e r n a t i v e l o c a t i o n s 
i n the molecule, and a wide range of e f f i c i e n c i e s were 
observed. 

( v i ) N i t r o p y r i d i n e s . Donor-acceptor s u b s t i t u t e d benzene 

d e r i v a t i v e s are only a sm a l l c l a s s i n a whole range of 

n o n - l i n e a r m a t e r i a l s , and t h i s s e c t i o n introduces the b a s i s 

f o r a whole new c l a s s of compounds which have s e v e r a l 

advantages over the benzene d e r i v a t i v e s , i n c l u d i n g c u t o f f s at 

s h o r t e r wavelengths and e a s i e r s y n t h e s i s . PNP (15) contains a 

v e r y strong donor and was found to be highly a c t i v e , w i t h 

hydrogen bonding c o n t r i b u t i n g to the production of a 

favourable molecular alignment i n the c r y s t a l . NPP, which i s 

the benzene analogue of PNP, i s even more a c t i v e , a property 

which has been a t t r i b u t e d to a s t r u c t u r e which i s optimal from 

the standpoint of phase-matching requirements^''"'^^ 
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( v l i ) T h l a z o l e s (e.g. 16) and pyrimidines (e.g. 17). These were 

s e l e c t e d f o r t h e i r favourable absorption edges and the 

a v a i l a b i l i t y of p r e c u r s o r s for s y n t h e s i s . However, the 

e f f i c i e n c i e s observed so f a r have been r e l a t i v s l y low. 

T h i s s e c t i o n has i l l u s t r a t e d the great d i f f i c u l t i e s encountered i n 

o b t a i n i n g a noncentrosymmetric c r y s t a l c ontaining h i g h l y n o n - l i n e a r 

molecules. The s u b j e c t of t h i s t h e s i s i s a novel way of circumventing 

such problems; the-Langmulr-Blodgett (LB) technique can be used to form 

t h i n f i l m s c o n t a i n i n g the n o n - l i n e a r s p e c i e s arranged i n such a manner 

as to guarantee the absence of a centre of symmetry. Such f i l m s are 

i d e a l f o r a p p l i c a t i o n s i n i n t e g r a t e d o p t i c s where s i n g l e c r y s t a l s may be 

i n a p p r o p r i a t e . 

2.4 A p p l i c a t i o n s of Non-Linear O p t i c a l Phenomena 

The l a r g e range of n o n - l i n e a r o p t i c a l phenomena described i n 

s e c t i o n 2.1 g i v e s r i s e to a wealth of p o t e n t i a l a p p l i c a t i o n s . Each 

a p p l i c a t i o n can be c l a s s i f i e d according to the p a r t i c u l a r process which 

i t e x p l o i t s , as i n the summary provided i n t a b l e 2.4. There are two 

g e n e r a l c l a s s e s of process : p a s s i v e and a c t i v e , the former g i v i n g r i s e 

to most of the p r a c t i c a l a p p l i c a t i o n s . I n p a s s i v e processes the 

n o n - l i n e a r m a t e r i a l i s e f f e c t i v e l y a c t i n g l i k e a c a t a l y s t , and the 

s u s c e p t i b i l i t i e s involved are predominantly r e a l . The Imaginary terms 

i n the s u s c e p t i b i l i t i e s s t a r t to dominate as resonances are approached, 

g i v i n g r i s e to the a c t i v e processes such as Raman s c a t t e r i n g and two 

photon abso r p t i o n 

The major i n t e r e s t i n n o n - l i n e a r o p t i c s stems from the 

telecommunications i n d u s t r y ' s need for high-bandwidth o p t i c a l switching 

and p r o c e s s i n g d e v i c e s to ser\'ice current infcrruation and data 



TABLE 2.4 

P a s s i v e Non-Linear O p t i c a l Phenomena and t h e i r uses 
(aj=0 r e f e r s to a d.c. e l e c t r i c f i e l d ) 

(1,7,20) 

S u s c e p t i b i l i t y 

,.(1) 

Process 

L i n e a r d i s p e r s i o n , r e f r a c t i o n 

A p p l i c a t i o n 

O p t i c a l f i b r e s 

.(2) 

.(2) 

.(2) 

.(2) 

.(2) 

O p t i c a l r e c t i f i c a t i o n ( i n v e r s e 
e l e c t r o - o p t i c e f f e c t ) 

- (t3^ •*• 0 

E l e c t r o - o p t i c (Pockels) e f f e c t 
(jjj^ + 0 -»• to^ 

Frequency doubling 
lOj^ + oj^ -»• 2(1)^ 

Frequency mixing 
(Dĵ  ± (jj^ -»• (D^ 

Parametric a m p l i f i c a t i o n 
0)^ (13̂  + bi^ 

Hybrid b i s t a b l e device 

Modulators, v a r i a b l e 
phase r e t a r d e r s 

Second harmonic 
generation 

O p t i c a l mixers 

O p t i c a l parametric 
o s c i l l a t o r s 

.(3) 

.(3) 

.(3) 

(3) 

.(3) 

Frequency t r i p l i n g 

Quadratic e l e c t r o - o p t i c e f f e c t 
+ 0 + 0 (ji^ 

Deep U.V. conversion 

V a r i a b l e phase 
r e t a r d a t i o n , l i q u i d -
c r y s t a l d i s p l a y s 

Intensity-dependent r e f r a c t i v e 
index 

AC e l e c t r o - o p t i c e f f e c t , AC Kerr U l t r a high speed 
e f f e c t , B r i l l o u l n s c a t t e r i n g , o p t i c a l gates 
Raman s c a t t e r i n g 

AC e l e c t r o - o p t i c e f f e c t , AC Kerr O p t i c a l b i s t a b i l i t y . 
e f f e c t , s e l f - f o c u s s i n g , 
degenerate four-wave mixing 

phase conjugation 
(image p r o c e s s i n g ) , 
r e a l - t i m e holography, 
o p t i c a l t r a n s i s t o r s , 
a m p l i f i e r s , amplitude 
choppers 
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t r a n s m i s s i o n needs. I n a d d i t i o n , the need for new methods of t a i l o r i n g 

i n d i v i d u a l l a s e r p u l s e s to perform s p e c i f i c f u n ctions or to be r e a d i l y 

detected i n complex experiments has become apparent from the use of a 

host of s o p h i s t i c a t e d l a s e r t o o l s . 

Second harmonic generation a l r e a d y f i n d s e x t e n s i v e use for doubling 

the frequency of r a d i a t i o n (see f i g u r e 2.7) to take i t from the 

i n f r a - r e d i n t o the u l t r a - v i o l e t as w e l l as for producing r a d i a t i o n of a 

s u i t a b l e wavelength f o r pumping dyes and f o r the a n a l y s i s of short 

p u l s e s . For example, there should be a v a r i e t y of a p p l i c a t i o n s i n such 

f i e l d s as electrophotography, scanning, and o p t i c a l storage for a device 
(12) 

based on a frequency doubled GaAs l a s e r . The frequency modulation 

of a l a s e r c a r r i e r beam, o p t i c a l parametric o s c i l l a t i o n and 

a m p l i f i c a t i o n f o r s o l i d s t a t e i n f r a - r e d tunable coherent devices ̂''"''"̂  

r e p r e s e n t some f u r t h e r a p p l i c a t i o n s i n the f i e l d of i n t e g r a t e d o p t i c s . 

Highly e f f i c i e n t n o n - l i n e a r m a t e r i a l s can provide such functions on a 

reduced s c a l e and without a de l a y i n g electron-photon conversion process. 

Two p o s s i b l e forms t h a t a parametric o s c i l l a t o r can take are . i l l u s t r a t e d 

i n f i g u r e 2.8. 

One o p t i c a l element of p a r t i c u l a r s i g n i f i c a n c e i s the b i s t a b l e 

o p t i c a l device . T h i s has an enormous range of o p t i c a l s i g n a l 

p r o c e s s i n g c a p a b i l i t i e s , and could become a key component i n future 

high-speed o p t i c a l communications r e p e a t e r s , terminal equipment, data 

communication systems, and systems f o r the d i r e c t o p t i c a l processing of 

v i s u a l . i m a g e s . Such a device can be switched between two or more s t a t e s 

of t r a n s m i s s i o n of l i g h t by temporary changes i n the l e v e l of l i g h t 

i n p u t , and could f i n d a p p l i c a t i o n s I n memory elements, d i f f e r e n t i a l 

a m p l i f i e r s , p u l s e shapers and l i m i t e r s , o p t i c a l t r i o d e s , and l o g i c 

elements ^ t c . There are four a t t r a c t i v e f e a t u r e s of such a device : ( i ) 



FT Non-linear 
Crystal 

Nd": YAG 
laser 

R2<.= 100V. 

»100*/. 
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used as the pump, g i v i n g r i s e to o s c i l l a t i o n s a t and 
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F i g u r e 2.8b Parametr i c up-conversion i n which a s i g n a l a t o)^ and a 
strong l a s e r beam a t uj- combine i n a non - l i n e a r c r y s t a l 
to generate a beam at tne sum frequency. 0)-, 0.̂  + 
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'13 an extremely l a r g e bandwidth ( g r e a t e r than 10 " Hz); ( i i ) an u l t r a - s h o r t 
(subpicosecond) s w i t c h i n g time; ( i l l ) c a p a b i l i t y for p a r a l l e l 
p r o c e s s i n g ; ( i v ) the a b i l i t y to process l i g h t d i r e c t l y . B i s t a b l e 
o p t i c a l d e v i c e s can be s u p e r i o r to e l e c t r o n i c or Josephson switching 
d e v i c e s i n terms of both bandwidth and s w i t c h i n g time. Figure 2.9 
i l l u s t r a t e s the form of a v e r y simple b i s t a b l e o p t i c a l device. 

I n d e v i c e s which employ waveguiding, s e v e r a l d i f f e r e n t types of 

s t r u c t u r e can be envisaged j such a s : a l i n e a r guide on a non-linear 

s u b s t r a t e ; a n o n - l i n e a r guide on a l i n e a r s u b s t r a t e ; or a non-linear 

guide on a n o n - l i n e a r s u b s t r a t e . S t r i p e waveguides f a b r i c a t e d by the 

i n d i f f u s i o n of t i t a n i u m i n t o a l i t h i u m niobaCe s u b s t r a t e have a l s o been 

produced. However, an e f f i c i e n t n o n - l i n e a r o p t i c a l device has yet to be 

r e a l i z e d u s i n g such s t r u c t u r e s , mainly due to the d i f f i c u l t y encountered 

i n m a i n t a i n i n g uniform guide dimensions over the length of the waveguide 

( i n order to maintain phase matching), as w e l l as to s c a t t e r i n g l o s s e s 

at the guide-substrate i n t e r f a c e and to o p t i c a l damage as a r e s u l t of 

r i 8 ^ 

the high o p t i c a l i n t e n s i t i e s employed. . The use of organic m a t e r i a l s 

and l i t h o g r a p h i c techniques holds great promise f o r overcoming such 

problems. 
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the r e s o n a t o r towards or away from resonance. 
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CHAPTER 3 
LB FILM TECHNOLOGY 

3.0 I n t r o d u c t i o n 

I n t h i s chapter a l l asp e c t s of Langrauir-Blodgett f i l m s are 

d i s c u s s e d , from the p r i n c i p l e s involved through to instrumentation and 

a p p l i c a t i o n s . S e c t i o n 3.1 dea l s with the b a s i c concepts behind LB f i l m 

formation, i n c l u d i n g the formation of water-surface monolayers and t h e i r 

subsequent t r a n s f e r to s o l i d s u b s t r a t e s . An i n t r o d u c t i o n to some of the 

m a t e r i a l s used i n LB f i l m s , i n c l u d i n g c l a s s i c a l m a t e r i a l s such as f a t t y 

a c i d s , and some c l a s s e s of novel chromophoric compounds encountered i n 

t h i s p r o j e c t and i n the l i t e r a t u r e , i s given i n s e c t i o n 3.2. Two type^s 

of Langmuir trough are describ e d ; one for the production of m u l t i l a y e r 

f i l m s i n which each monolayer has the same composition, and one f o r the 

production of supermolecular a r r a y s i n which two d i f f e r e n t monolayer 

compositions are employed and deposited i n an a l t e r n a t i n g sequence 

(ABABAB...). 

P r o p e r t i e s of the water s u r f a c e monolayer are dis c u s s e d i n s e c t i o n 

3.5. Aspects of the de p o s i t i o n and methods f o r the q u a l i t y assessment 

of LB f i l m s are a l s o presented. F i n a l l y , summaries of the p o s s i b l e 

a p p l i c a t i o n s f o r LB f i l m s i n n o n - l i n e a r o p t i c s and other f i e l d s are 

given i n s e c t i o n s 3.8 and 3.9. 

3.1 Basi c . Concepts 

I n order for a m a t e r i a l to be s u i t a b l e f o r deposition onto a 

s u b s t r a t e u s i n g the Langmuir-Blodgett technique i t m u s t . f i r s t be able to 

form an i n s o l u b l e monolayer at an a i r - w a t e r i n t e r f a c e . For t h i s reason, 

most LB f i l m m a t e r i a l s c o n s i s t of organic molecules with a h y d r o p h i l l c 
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"head" group and a hydrophobic " t a i l " . The m a t e r i a l i s f i r s t dissolved 

i n a v o l a t i l e organic solvent and the s o l u t i o n dispersed over the water 

surface; the solvent evaporates, leaving a layer of the m a t e r i a l one 

molecule t h i c k which doesn't dissolve i n the water, due t o the nature of 

the t a i l s . Solvation e f f e c t s favour a molecular o r i e n t a t i o n w i t h i n the 

monolayer such t h a t the polar head groups are i n the water. The 

molecules i n such a l a y e r are disorganized, but i f the layer i s spread 

i n an enclosed area which can subsequently be reduced, then as the 

surface area a v a i l a b l e to each molecule gets smaller, the arrangement 

becomes more ordered. I f the monolayer i s compressed s u f f i c i e n t l y , i t 

forms a quasi two-dimensional s o l i d , although care has to be taken t h a t 

t h i s process i s not taken too f a r , otherwise the layer w i l l buckle and 

e v e n t u a l l y c o l lapse. I f a s o l i d substrate i s nov; dipped v e r t i c a l l y 

through the a i r - w a t e r i n t e r f a c e , a monolayer of the m a t e r i a l i s 

t r a n s f e r r e d from the water surface onto the substrate. Further 

monolayers should then be deposited on each subsequent i n s e r t i o n or 

withdrawal of the substrate from the subphase (water). 

3.2 M a t e r i a l s 

The m a t e r i a l s used i n LB f i l m formation can be c l a s s i f i e d as being 

e i t h e r ' c l a s s i c a l ' or 'novel'. The c l a s s i c a l m a t e r i a l s are those such 

as the long chain f a t t y acids which formed the basis of LB f i l m 

technology; the novel m a t e r i a l s are taken to be those selected f o r study 

because they contain c e r t a i n combinations of chemical groups w i t h i n the 

molecules which are l i k e l y to impart s p e c i f i c p r o p e r t i e s to the f i l m s 

they form. I n t h i s discussion the novel m a t e r i a l s have been f u r t h e r 

subdivided i n t o those reported by other workers i n the f i e l d and three 
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categories of m a t e r i a l which were e i t h e r bought or custom synthesized at 

Durham f o r t h e i r p o t e n t i a l l y large o p t i c a l n o n l i n e a r i t i e s . A much wider 

range of m a t e r i a l s was studied than i s reported i n t h i s t h e s i s , since 

subtle v a r i a t i o n s i n the lengths of hydrocarbon chains or t h e i r 

replacement w i t h fluorocarbon chains were i n v e s t i g a t e d . However, only 

the more i n t e r e s t i n g r e s u l t s are discussed. 

3.2.1 C l a s s i c a l m a t e r i a l s . 

Section 3.1 r e f e r r e d t o the use of materials w i t h h y d r o p h i l i c head 

groups and hydrophobic t a i l s ; perhaps the most commonly encountered 

molecule of t h i s v a r i e t y i s s t e a r i c a c i d , which possesses a long 

hydrocarbon chain (hydrophobic) terminated by a carboxyl group 

( h y d r o p h i l i c ) . For a homologous series of saturated a l i p h a t i c 

c a r b o x y l i c acids, the s o l u b i l i t y of the m a t e r i a l i s dependent on the 

length of the hydrocarbon chain, approximately 20 carbon atoms being 

required f o r n e g l i g i b l e s o l u b i l i t y . I t i s hardly s u r p r i s i n g that 

s o l u b i l i t y problems are encountered i n t h i s f i e l d , i n view of the very 

large surface area to volume r a t i o o f a monomolecular f i l m . 

The, s t a b i l i t y and s o l u b i l i t y of water-surface monolayers, and the 

q u a l i t y of the deposited f i l m s , are dependent on a wide range of 

i n t e r - r e l a t e d v a r i a b l e s , such as subphase pH, temperature, and the 

presence of counterlons. For example, the s o l u b i l i t y of s t e a r i c acid i s 
2+ 

reduced by the presence of d i v a l e n t metal c a t i o n s , such as Cd , and 

c o n t r o l of pH i s important i n determining the extent of s a l t formation. 

Since such s a l t formation involves two s t e a r i c acid molecules f o r each 

cadmium i o n ( f i g u r e 3.1a), such a process improves the l a t e r a l cohesion 

of the layer^''"^ and gives r i s e to superior f i l m q u a l i t y . The t y p i c a l 

subphase conditions used f o r the deposition of cadmium stearate are a 
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-4 10 M cadmium c h l o r i d e s o l u t i o n w i t h pH = 5.6. A c l o s e l y r e l a t e d 
(2) 

m a t e r i a l to t h i s i s oj-tricosenoic acid (to-TA) , whose s t r u c t u r a l 

formula i s given i n f i g u r e 3.1b. The unsaturated terminal carbon-carbon 

bond renders the m a t e r i a l susceptible to polymerisation by such means as 

an e l e c t r o n beam, and the r e s u l t i n g c r o s s - l i n k i n g of bonds gives r i s e to 

a l i n e a r polymer. This feature had led to the proposed use of oj-TA LB 
(3) 

f i l m s as e l e c t r o n beam r e s i s t s . The m a t e r i a l has other advantages; 
i n p a r t i c u l a r , w e l l ordered f i l m s can be deposited at high speeds i f the 

( 4 ) 

subphase doesn't contain d i v a l e n t cations 

There have been a number of other m a t e r i a l s i n v e s t i g a t e d wit"h 

s t r u c t u r e s r e l a t e d to those of the simple f a t t y acids. These include a 

range of polymerisable m a t e r i a l s , the d i a c e t y l e n e s a n d some 

b i o l o g i c a l l y important m a t e r i a l s such as c h l o r o p h y l l ^ ^ \ 

p h o s p h o l i p i d s a n d c h o l e s t e r o l 

3.2.2 Novel m i i t e r l a l s from tlie l i t e r a t u r e 

The c u r r e n t trend I n LB f i l m technology i s to custom synthesize 

m a t e r i a l s i n c o r p o r a t i n g chemical groups designed to impart s p e c i f i c 

p h y s i c a l p r o p e r t i e s t o the f i l m s . I n such mat e r i a l s the ' a c t i v e ' part 

of the molecule i s u s u a l l y the h y d r o p h i l i c head group, and the 

hydrocarbon t a i l i s passive i n t h a t i t merely serves to render the 

molecule wa t e r - i n s o l u b l e (except when i t contains unsaturated bonds f o r 

p o l y m e r i s a t i o n ) . I n many cases i t i s therefore desira-jle to reduce the 

length of the hydrocarbon chain to a minimum, since i t e f f e c t i v e l y d i l u t e s 

the u s e f u l e l e c t r o n i c , o p t i c a l , p h o t o e l e c t r i c a l e t c . properties of the 

head group. This i s the o r i g i n of the i n t e r e s t i n the anthracene 

d e r i v a t i v e s described i n Chapter 5 f o r non-linear o p t i c a l a p p l i c a t i o n s . 

The parent anthracene d e r i v a t i v e , 9-butyl-10-anthi-y].proplonic a c i d , can 
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be made to form high q u a l i t y m u l t i l a y e r s p r o v i d i n g the deposition 
(Q) 

c o n d i t i o n s , p a r t i c u l a r l y subphase pH, are very c a r e f u l l y c o n t r o l l e d . 

Another range of ma t e r i a l s which have been studied extensively at 

Durham are the phthalocyanine dyes. These compounds do not require 

hydrocarbon chains f o r i n s o l u b i l i t y and have exceptional thermal and 

chemical s t a b i l i t i e s , as w e l l as p o t e n t i a l l y u s e f u l e l e c t r o n i c 

s t r u c t u r e s . Stable LB f i l m s of metal free phthalocyanine and 

t e t r a - t e r t - b u t y l s u b s t i t u t e d phthalocyanine have been prepared ̂''"̂^ which 

are of a reproducible q u a l i t y , but which are not composed of single 

monolayers. These f i l m s are p o l y c r y s t a l l i n e , w i t h no long range order; 

however, monomolucultir or blmoleculur layers of an tisymmctricfi] l y 

s u b s t i t u t e d copper phthalocyanine ( f i g u r e 3.1c) can be produced and have 

been b u i l t up i n t o m u l t i l a y e r assemblies d i s p l a y i n g i n t e r e s t i n g 
gas-sensitive properties'''''''^ A symmetrically s u b s t i t u t e d s i l i c o n 

(12) 

phthalocyanine ( f i g u r e 3.Id) has shown improved water-surface 

monolayer c h a r a c t e r i s t i c s and deposition p r o p e r t i e s ; work i s s t i l l i n 

progress on t h i s m a t e r i a l and a series of closely r e l a t e d 

phthalocyanines. 

Many d i f f e r e n t s u b s t i t u t e d dyes have been deposited i n LB f i l m s , 

some as homogeneous l a y e r s , others as layers i n which they are mixed 

w i t h an i n e r t f a t t y acid i n order to provide a mat r i x which can confer 

d e s i r a b l e f i l m - f o r m i n g p r o p e r t i e s to the dye. The l i s t of LB 
(13) 

f i l m - f o r m i n g chromophoric m a t e r i a l s includes merocyanine , 

hemlcyanine'"'•^\ squaryllum'"''^^ , anthraquinone'^^\ stilbene^''"^'"'"^^ and 

azo dyes. I n some cases the molecule contains more than one 

hydrocarbon chain i n order to b r i n g about a p a r t i c u l a r o r i e n t a t i o n o f 

the chromophore. 
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3.2,3 Novel m a t e r i a l s used I n t h i s p r o j e c t 

A wide range of novel m a t e r i a l s were i n v e s t i g a t e d i n t h i s p r o j e c t . 

Most of them were designed according to the guidelines discussed i n 

chapter 2 f o r producing molecules w i t h a high second-order 

h y p e r p o l a r i z a b i l i t y ( i . e . molecules containing donor and acceptor groups 

separated by a conjugated system), t h e i r , water s o l u b i l i t y being reduced 

by the a d d i t i o n of hydrocarbon chains, made as short as possible i n 

order to avoid d i l u t i n g the non-linear behaviour. The v a l i d i t y of these 

c r i t e r i a was tested by studying a series of mat e r i a l s which were c l o s e l y 

r e l a t e d to the t a r g e t molecules but which contained d i f f e r e n t donor and 

acceptor combinations, e.g. two acceptors and no donor, one acceptor and 

no donor; no strong acceptors or donors, etc. Such materials were also 

of i n t e r e s t f o r the observation of the e f f e c t s of subtle molecular 

changes on LB f i l m p r o p e r t i e s . 

The m a t e r i a l s f a l l i n t o three d i s t i n c t categories: (1) commercially 

a v a i l a b l e chromophores modified by the a d d i t i o n of a hydrophobic, t a l l ; 

(11) anthracene d e r i v a t i v e s based on 9-butyi-lO-anthrylproplonic 
(9) 

acid ; (111) d i p o l a r chomophores, such as the merocyanlne described by 
(19) 

Gaines . These classes w i l l be discussed i n more d e t a i l i n chapter 

5. 
3.3 The Conventional Langmulr Trough 

There have been many m o d i f i c a t i o n s made to the o r i g i n a l trough used 

by Langmuir and Blodgett I n c l u d i n g v a r i a t i o n s w i t h a si n g l e movable 
(21) (22) b a r r i e r or c i r c u l a r troughs w i t h a r a d i a l compression b a r r i e r 

(23) 

A f u r t h e r v a r i e t y , employing a constant perimeter b a r r i e r , i s i n use 

at Durham and i s described below. 
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3.3.1 Mechanical c o n s t r u c t i o n 

A conventional Langmulr trough of the type used at Durham i s 

i l l u s t r a t e d schematically i n f i g u r e 3.2 and a photograph i s shown i n 

f i g u r e 3.3. The tank i t s e l f i s made of glass supported by a metal 

framework, and can be raise d or lowered i n order t o adjust the depth of 

the water r e l a t i v e to the b a r r i e r s or to f a c i l i t a t e i t s removal f o r 

cleaning. The b a r r i e r employed to enclose an area of the water surface 

i s of the constant perimeter type and consists of a PTFE-coated glass 

f i b r e b e l t , held taut by r o l l e r s . One p a i r of these r o l l e r s i s attached 

to a r i g i d cross-member, whereas the other two p a i r s are f i x e d to two 

cross-members which can be p u l l e d on grooved r o l l e r s along s t e e l runners 

by toothed rubber b e l t s d r i v e n by a si n g l e motor. The l i m i t s of b a r r i e r 

motion are defined by microswltches, and the in s e t i n f i g u r e 3.2 

i l l u s t r a t e s the corresponding extremes of surface area. 

The d e p o s i t i o n mechanism, or dipping head, consists of a micrometer 

screw mounted above the water on a movable crossbeam. The screw can be 

dri v e n by a motor at a constant, but v a r i a b l e , speed i n a v e r t i c a l 

d i r e c t i o n , and the substrates are held i n a metal screw clamp a f f i x e d t o 

i t . The surface pressure i s monitored using a Wilhelmy p l a t e c o n s i s t i n g 

of a 1 cm wide s t r i p of f i l t e r paper; t h i s i s suspended l / i the water by 

a thread from a microbalance head above the trough. Changes i n surface 

pressure r e s u l t i n corresponding changes i n the e f f e c t i v e weight of the 

p l a t e , which i s monitored by the microbalance. The complete s t r u c t u r e 

i s housed i n a glass-doored cabinet mounted upon a Newport XJ-A 

pneumatic a n t i - v i b r a t i o n t a b l e . Solvent evaporation i s aided by an 

e x t r a c t o r fan located i n the w a l l of the cabinet and leading to a fume 

cupboard. Where p o s s i b l e , the s t r u c t u r e i s made from PTFE, s t a i n l e s s 
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F i g u r e 3.3 Photograph of a conventional Langntulr trough. 

F i g u r e 3.4 Photograph of the Instrumentation a s s o c i a t e d w i t h a 
conventional Langmuir trough. 



s t e e l or anodised aluminium, f o r both ease of cleaning and reduction of 

the r i s k of contamination. 

3.3.2 Instrumentation 

A photograph of the Instrumentation associated w i t h the trough i s 

shown i n f i g u r e 3.4. The c o n t r o l box enables the user to d i c t a t e a l l of 

the movements of the b a r r i e r and dipping head, and several of the trough 

f u n c t i o n s are automated. There are four possible modes of b a r r i e r 

o peration; forward, reverse, c o n t r o l , and auto. I n forward and reverse 

modes the b a r r i e r w i l l compress or expand at a speed which can be 

preselected. I n the c o n t r o l mode, which i s normally used during 

d e p o s i t i o n , a d i f f e r e n t i a l feedback systetj i s used lo compress the 

b a r r i e r u n t i l the f i l m reaches a preselected surface pressure. A 

Beckman LM600 mlcrobalance monitors the force a c t i n g upon the Wilhelmy 

p l a t e and an e l e c t r i c a l s i g n a l representing the difrerence i n pressure 

from t h a t preset on the mlcrobalance i s passed to the c o n t r o l u n i t v i a a 

feedback system w i t h adjustable gain. The auto mode i s used e x c l u s i v e l y 

f o r the d e p o s i t i o n of Z-type LB f i l m s (see s e c t i o t i 3-6). I n t h i s mode 

the substrate i s r a p i d l y lowered through the uncompressed mcuolayer; the 

monolayer i s then compressed and the f i l m allowed to s t a b i l i s e f o r a 

preset time of up to s i x minutes before deposition commences w i t h the 

withdrawal of the substrate at p r i o r - s e l e c t e d ppeed. A yurther delay of 

up to t h i r t y minutes may be programmed i n order to allo's- the f i l m to 

s t a b i l i s e i n a i r before the next dipping cy-^le i s conm&nced. The speed 

and the upper and lower l i m i t s of the dipping head r.\ovement can be 

p r e s e t , as can be the required number of dipping cycles. 

H i g h - r e s o l u t i o n l i n e a r potentiometers attached to the b a r r i e r 
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cross-members and the dipping head allow precise monitoring of f i l m area 

and substrate p o s i t i o n . 

P l o t s of surface pressure (microbalance output) or substrate 

p o s i t i o n ( f o r monitoring f i l m deposition) against surface area can be 

obtained on the Bryans 29000 X-Y chart recorder. Area and pressure may 

also be p l o t t e d against time on a Bryans 312 two-channel Y-t chart 

recorder. A Pye-Unicam PW9409 pH-meter i s used to continuously monitor 

the subphase pH, the electrodes f o r t h i s being mounted at one end of the 

trough along w i t h a mercury thermometer. 

3.3.3 Reduction of contamination 

A d u s t - f r e e environment i s e s s e n t i a l . f o r the production of good 

q u a l i t y LB f i l m s , and consequently a l l the troughs are housed i n a class 

10000 m i c r o e l e c t r o n i c s clean room. The water used as a subphase, and i n 

any cleaning operations, undergoes reverse osmosis, double d e l o n l s a t i o n , 

a c t i v a t e d charcoal organic removal and 0.2j.ini f i l t r a t i o n before being 

d e l i v e r e d to the troughs v i a high p u r i t y polypropylene tubing. High 

p u r i t y subphase water i s v i t a l , since impure water can be a major source 

of i o n i c and organic contaminants, r e s u l t i n g i n excessive monolayer 

d i s s o l u t i o n and poor d e p o s i t i o n . The u l t r a p u r e water produced has a 

r e s i s t i v i t y which i s i n i t i a l l y close to i t s t h e o r e t i c a l maximum of 18 

MQcm, but t h i s value i s l i k e l y to decrease w i t h the time t h a t the 

subphase resides i n the trough, since ions are l i k e l y to be leached out 

of the glass. I n a d d i t i o n , the measurement of r e s i s t i v i t y gives no 

measure of the q u a n t i t y of unionized organic species present i n the 

water. A l l of the solvents and other chemicals used i n the preparation 

of spreading s o l u t i o n s , or as a d d i t i v e s to the subphase, are of the 

highest commercially a v a i l a b l e grade of p u r i t y . 
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A rigorous cleaning procedure i s r e g u l a r l y undertaken i n which the 

glass trough i s cleaned w i t h chloroform, propan-2-ol, and water. The 

b e l t and r o l l e r s are cleaned by r i n s i n g i n chloroform then r e f l u x i n g f o r 

several hours i n propan-2-ol l i q u i d and vapour i n a Soxhlet r e f l u x u n i t . 

On reassembly, the subphase and Wilhelmy p l a t e are renewed, and the 

trough instrumentation r e c a l i b r a t e d . Before spreading the f i l m s , the 

subphase surface i s cleaned by sweeping i t w i t h a f i n e nozzled glass 

pipe connected to a water d r i v e n pump. 

3.4 The A l t e r n a t e Layer Langmuir Trough 

The production of a l t e r n a t e layers i s important f o r a p p l i c a t i o n s 

employing non-linear o p t i c a l , p i e z o e l e c t r l c a l , or p y r o e l e c t r i c a l 

e f f e c t s , since such f i l m s w i l l have the noncentrosynarietric s t r u c t u r e s 

r e q u i s i t e f o r these phenomena. The a l t e r n a t e l a y e r trough uses a 

r o t a t i n g c y l i n d e r passing through two independencly compressed 

monolayers t o achieve the desired 'ABAB' sequence of layers i n a r a p i d 

and easy fashion. . I n order to perform the same f u n c t i o n on a 

conventional trough one would have to clean the subphase surface and 

spread a fresh monolayer p r i o r to the deposition of each I n d i v i d u a l 

l a y e r , a tedious and lengthy task. 

3.4.1 Mechanical c o n s t r u c t i o n 

The mechanical c o n s t r u c t i o n of the a l t e r n a t e layer trough i s very 

s i m i l a r to that of the conventional trough described i n section 3.3.1. 

The b a r r i e r assembly i s modified so that separate r e v e r s i b l e motors 

d r i v e the b a r r i e r elements and allow tha independ-^nt c o n t r o l l e d 

compression of two d i f f e r e n t monolayers. Schematic diagrams of the 

system as a whole and of the b a r r i e r assembly are shown i n f i g u r e s 3.5 
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F i g u r e 3.5 Schematic diagram of the a l t e r n a t e l a y e r Langmuir trough. 
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F i g u r e 3.6 Schematic diagram of the b a r r i e r assembly f o r the 
a l t e r n a t e l a y e r trough (from below). 
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and 3.6 r e s p e c t i v e l y . There i s a separate Wilhelmy p l a t e and 

microbalance f o r each arm of the trough, so tha t the two d i f f e r e n t 

m a t e r i a l s can be deposited at t h e i r optimum surface pressures, even i f 

they are widely d i f f e r i n g . The f i x e d c e n t r a l b a r r i e r i s divided to 

accommodate a c y l i n d e r which can r o t a t e or o s c i l l a t e about a c e n t r a l 

a x i s , and t o which the substrates can be clamped. When the c y l i n d e r i s 

r o t a t e d the substrate i s immersed through a monolayer of the f i r s t 

m a t e r i a l and withdrawn through a monolayer of the second; when i t i s 

o s c i l l a t e d i t merely deposits the same m a t e r i a l on i n s e r t i o n and 

withdrawal, as a conventional trough would do. PTFE I n s e r t s extend 

between the c y l i n d e r and the ends of the c e n t r a l b a r r i e r i n order to 

prevent leakage of monolayers between the compartments. The o s c i l l a t o r y 

or r o t a r y motion i s t r a n s m i t t e d from a motor and gearbox through a 

detachable coupling to a c o - a x i a l spindle on the c y l i n d e r . The whole 

assembly i s mounted on a g r a n i t e slab cushioned w i t h a i r - f i l l e d 

polyethylene bubbles. 

3.4.2 Instrumentation 

The c o n t r o l of the b a r r i e r movements i s exactly the same as w i t h 

the conventional trough except t h a t now there i s a separate set of 

c o n t r o l s f o r each compartment. The dipping speed and d i r e c t i o n of 

r o t a t i o n can be selected by the operator, but the c o n t r o l u n i t doesn't 

yet f e a t u r e a counter f o r programming a set number of r o t a t i o n s . 

However, i t i s envisaged that i n the near f u t u r e t h i s omission w i l l be 

r e c t i f i e d , and a f u r t h e r m o d i f i c a t i o n may be made so that the speed of 

r o t a t i o n a u t o m a t i c a l l y increases during the period of time t h a t the 

substrate i s not a c t u a l l y t r a v e r s i n g an air - w a t e r i n t e r f a c e . Surface 

pressure can be p l o t t e d against surface area f o r e i t h e r compartment 
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using a Bryans 29000 X-Y chart recorder, w h i l s t two Bryans 27000 Y-t 

chart recorders can be used to monitor the surface areas as a f u n c t i o n 

of time. 

3.4.3 Cross-contamination 

There are two possible sources of cross-contamination of the f i l m s , 

a r i s i n g from the t r a n s f e r of m a t e r i a l from one compartment to another by 

e i t h e r (1) the r o t a t i n g c y l i n d e r or (11) the substrate. This e f f e c t has 

been i n v e s t i g a t e d by H o l c r o f t et a l ^ ' ' ' ^ ^ using a h i g h l y absorbing 

squarylium dye and oj-tricosenoic a c i d . I t was found that n e g l i g i b l e 

contamination arose from 20 r e v o l u t i o n s of the c y l i n d e r . However, when 

d i f f e r e n t monolayer combinations were used i n which the pick up r a t i o 

was poor, contamination was observed. 

3.5 P r o p e r t i e s of the Water-Surface Monolayer 

The most fundamental requirement f o r a m a t e r i a l to be of use i n LB 

f i l m formation i s that i t should be p r a c t i c a l l y i n s o l u b l e i n the water 

subphase. However, the conventional concept of bulk s o l u b i l i t y i s not 

r e a l l y meaningful i n t h i s context, and f i g u r e s f o r such a q u a n t i t y could 

only give at best a rough estimate of whether or not a monolayer of the 

m a t e r i a l i s l i k e l y to be stable at the air-water i n t e r f a c e . The two 

most valuable p r o p e r t i e s of the water-surface monolayer which can be 

studied are i t s pressure-area r e l a t i o n s h i p and the change i n surface 

area w i t h time at constant pressure. 

3.5.1 Pressure-area isotherms 

I f a m a t e r i a l forms an i n s o l u b l e monolayer at the air-water 

i n t e r f a c e , then as the surface area of the trough i s reduced the surface 

pressure w i l l Increase. By p l o t t i n g the c a l i b r a t e d output from the 
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microbalance against t h a t from the b a r r i e r potentiometer, a 

pressure-area (TT-A) curve, or isotherm, can be obtained. The area axis 

may be converted from trough surface area to surface area per molecule 

i f the number of molecules spread on the surface i s known ( t h i s can be 

deduced from the molecular weight of the m a t e r i a l and the volume and 

concentration of the spreading s o l u t i o n ) . A t y p i c a l isotherm f o r 

s t e a r i c acid i s shown i n f i g u r e 3.7. This isotherm represents the 

' i d e a l ' s i t u a t i o n i n which there are three d i s t i n c t regions, 

corresponding to two-dimensional "gas", " l i q u i d " , and " s o l i d " phases. 

The steep, l i n e a r " s o l i d " p o r t i o n of the curve can be extrapolated down 

to the area axis i n order to determine the zero pressure l i m i t of the 

molecular area i n the s o l i d phase. This value may then be compared to 

those obtained from p h y s i c a l r e p r e s e n t a t i o n s , such as Ealing CPK 

molecular models, or computer-generated simulations. Such comparisons 

can help to i n d i c a t e the o r i e n t a t i o n of molecules i n the f i l m , along 
(24) 

w i t h the possible i n t e r m o l e c u l a r I n t e r a c t i o n s . Indeed, Langmuir 

found that f i l m s of long c h a i n . f a t t y acids gave the same cro s s - s e c t i o n a l 

area per molecule, i r r e s p e c t i v e of chain length. He concluded that the 

f i l m s were one molecule t h i c k and t h a t the molecules were or i e n t e d 

n e a r l y v e r t i c a l l y on the water surface, the f i l m thickness being the 

chain l e n g t h . Few m a t e r i a l s d i s p l a y the three d i s t i n c t "phases" shown 

by s t e a r i c a c i d , but the shapes o f t h e i r isotherms help to elucidate the 

behaviour of the molecules as the f i l m i s compressed. Many compounds 

e x h i b i t " s o l i d " regions, but o f t e n only a f t e r a series of other phase 

changes. The curvature of such isotherms, and changes i n curvature upon 

recompression, can be i n t e r p r e t e d i n terms of molecular rearrangement 

and i n t e r a c t i o n . 
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3.5.2 Decay i n surface area w i t h time 

An I d e a l Langmulr f i l m would d i s p l a y no decrease i n surface area 

w i t h time when held at a constant surface pressure i n i t s q u a s i - s o l i d 

phase. However, i n p r a c t i c e a l l monolayer f i l m s show some decay i n area 

w i t h time due to some or a l l of the f o l l o w i n g e f f e c t s : (a) collapse 

( b u c k l i n g of the f i l m ) ; (b) rearrangement; (c) d i s s o l u t i o n of m a t e r i a l 

i n t o the subphase; (d) evaporation. Normally one can prevent a 

monolayer from c o l l a p s i n g by keeping the surface pressure below that at 

which the f i l m becomes unstable; however, i n some cases t h i s pressure i s 

too low f o r e f f i c i e n t t r a n s f e r to a substrate. The rat e of d i s s o l u t i o n 

may depend on several f a c t o r s , i n c l u d i n g temperature, pH, and the 

c o n c e n t r a t i o n of various ions i n the subphase. With most of the 

c l a s s i c a l f a t t y acid m a t e r i a l s t h i s process can be rendered 

I n s i g n i f i c a n t by p a r t i a l s a l t formation, but d i s s o l u t i o n can be q u i t e 

r a p i d , and thus a major problem, w i t h many of the more novel m a t e r i a l s . 

The optimum con d i t i o n s f o r slowing f i l m collapse must therefore be 

found. Gaines^''"^ has studied Langmuir f i l m s which dissolve at an 

appreciable r a t e and has found that they show an i n i t i a l r a p i d 

d e s o r p t i o n , followed by a process obeying equation 3.1; 

ln(N) = - k t + C (3.1) 

where N i s the number of molecules remaining on the surface at time t , 

and k, C are constants. The optimum conditions f o r reduced s o l u b i l i t y 

can be found by measuring the area of a c o l l a p s i n g f i l m as a f u n c t i o n of 

time f o r a range of d i f f e r e n t subphase parameters and noting which gives 

the smallest value of k. 
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3.5.3 Monolayer m o b i l i t y 

Although I t i s de s i r a b l e that a monolayer should be well-ordered 

and close-packed, i t i s important t h a t i t should also remain mobile on 

the water surface i f i t i s to be deposited onto a substrate. I f a f i l m 

i s too r i g i d , then as a substrate i s drawn up through i t , i t w i l l 

f r a c t u r e and de p o s i t i o n w i l l take the form of the t r a n s f e r of f i l m 

fragments, w i t h large cracks and holes between them. 

The 'suction t e s t ' provides a simple check on monolayer m o b i l i t y ; 

the f i l m i s held at constant pressure, w i t h the feedback to the b a r r i e r 

d r i v e at maximum gain, and a small amount of m a t e r i a l removed using the 

vacuum nozzle described i n section 3.3.3. An adequately mobile f i l m 

should collapse immediately to maintain the preset surface pressure. 

Very r i g i d monolayers can o f t e n be made more f l u i d by mixing the 

m a t e r i a l w i t h a f a t t y acid or by using a slow-evaporating solvent. I n 

some cases r i g i d i t y sets i n slowly w i t h time and so the problem can be 

circumvented by always d e p o s i t i n g from a f r e s h l y spread monolayer, 

although t h i s can be ra t h e r tedious. 

3.6 Experimental Techniques , 

Having established a m a t e r i a l as a v i a b l e Langmuir f i l m , the 

formation of LB f i l m s by de p o s i t i o n onto substrates may be i n v e s t i g a t e d . 

The surface of the subphase i s f i r s t cleaned by compressing the b a r r i e r s 

to minimum area, sweeping the surface w i t h the vacuum nozzle, then 

expanding back to maximum area. This process i s repeated several times. 

The d e p o s i t i o n process then proceeds w i t h monolayer spreading, 

compression, and f i n a l l y d e p o s i t i o n I t s e l f . 
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3.6.1 Monolayer spreading 

The most commonly used solvent f o r the production of spreading 

s o l u t i o n s was ARISTAR grade chloroform. T y p i c a l l y , concentrations of 

approximately 1 gdm were used, the mass of materia] used i n forming 

the s o l u t i o n being accurately determined using an O e r t l i n g R52 balance. 

The s o l u t i o n was dispensed a drop at a time onto the water surface from 

a height of approximately 2 mm using an Agla m i c r o l i t r e syringe. A 

micrometer d r i v e on the plunger enabled the volume de l i v e r e d ( t y p i c a l l y 

0.1 ml) to be measured p r e c i s e l y i n order to f a c i l i t a t e molecular area 

c a l c u l a t i o n s . I n most cases the s o l u t i o n was deposited near the centre 

of the trough to lessen the e f f e c t of any r e s i d u a l contaminant i o n , but i n 

the s i t u a t i o n s where very concentrated or slow-spreading s o l u t i o n s had 

to be used the drops were placed at regular i n t e r v a l s a l l over the water 

surface. Complete solvent evaporation was ensured by running the 

e x t r a c t o r fan f o r about f i v e minutes a f t e r spreading. 

3.6.2 Monolayer compression 

Pressure-area isotherms were p l o t t e d as a matter of course f o r each 

new spreading s o l u t i o n and from time to time f o r older s o l u t i o n s to 

check t h a t they s t i l l gave good q u a l i t y water-surface monolayers. This 

was done by compressing the f i l m at a f i x e d r a t e i n the forward mode. 

Having established t h i s , f r e s h monolayers were spread and compressed i n 

c o n t r o l mode to a pressure close to the centre of the s o l i d phase, where 

the f i l m s t r u c t u r e should change very l i t t l e f o r r e l a t i v e l y large 

f l u c t u a t i o n s i n surface pressure. At t h i s stage the decay i n surface 

area w i t h time ( s e c t i o n 3.5.2) was studied, or else the f i l m was l e f t 

f o r a few minutes to s t a b i l i s e before commencing d e p o s i t i o n . 
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3.6.3 LB Film d e p o s i t i o n 
(25) Three possible modes of LB f i l m deposition have been recogxiized 

and are i l l u s t r a t e d I n f i g u r e 3.8. With most materials deposition i s 

Y-type, w i t h p i c k up occurring on both i n s e r t i o n and withdrawal of the 

substrate from the subphase. With t h i s mode the f i r s t monolayer i s 

deposited on the f i r s t upstroke of a h y d r o p h i l l c m a t e r i a l ( g i v i n g an odd 

t o t a l number of layers) or on the f i r s t downstroke of a hydrophobic 

m a t e r i a l ( g i v i n g an even t o t a l number of l a y e r s ) o Y-type deposition 

produces a h i g h l y symmetrical packing arrangement unless d i f f e r e n t 

m a t e r i a l s are used f o r successive layers (as w i t h the a l t e r n a t e layer 

trough described i n sec t i o n 3.4). At high subphase pH, f a t t y acids w i l l 

sometimes deposit only on the downstroke, thus forming X-type fllms^'''^ 

This mode of deposition i s generally e n e r g e t i c a l l y unfavourable compared 

to Y-type depos i t i o n and there i s X-ray evidence f o r molecular 

rearrangement during t r a n s f e r r a l to give f i l m s which are e s s e n t i a l l y 

Y-type i n nature. Z-type d e p o s i t i o n . I n which p i c k up occurs only on 

the upstroke, has been observed i n a l i g h t l y s u b s t i t u t e d anthracene 
(9) 

d e r i v a t i v e and i n asymmetrically s u b s t i t u t e d copper 

phthalocyanine '̂'"•'"̂  

An important parameter used to characterize LB f i l m deposition I s 

the d e p o s i t i o n (or t r a n s f e r ) r a t i o . This is defined as the r a t i o of the 

area of f i l m removed from the water surface to the area of the substrate 

moved through the air - w a t e r I n t e r f a c e , and has a value of u n i t y f o r 

i d e a l d e p o s i t i o n . 

The success of dep o s i t i o n and the q u a l i t y of m u l t i l a y e r f i l m s 

depend c r i t i c a l l y on the s t r u c t u r e of the f i r s t monolayer, since any 

f a u l t s i n i t might be propagated i n t o subsequent l a y e r s . I n a d d i t i o n , 

the f i r s t l a y e r i s unique i n t h a t i t i s the only one d i r e c t l y bonded t o 
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the substrate. Thus, there w i l l be a fundamental d i f f e r e n c e between the 

forces involved i n t h i s process and those involved I n bonding succeeding 

layers to each other. P a r t i c u l a r care was therefore taken when 

dep o s i t i n g the f i r s t l a y e r , dipping being commenced immediately a f t e r 

the f i n a l surface treatment of the substrate, at low speeds ("v* 2 mm 

mln ^ ) , and a drainage time of at l e a s t 30 minutes was allowed before 

d e p o s i t i n g any f u r t h e r l a y e r s . 

I n the cases where Z-type deposition was attempted, the 

water^surface monolayer was expanded before the downstroke i n order to 

reduce the r i s k of any p a r t i a l p i c k up during t h i s h a l f of the dipping 

cycle ( i n an i d e a l s i t u a t i o n there would be no f i l m on the water surface 

at a l l ) . The trough c o n t r o l u n i t permits t l i l u procedure to be done 

a u t o m a t i c a l l y ( s e c t i o n 3.3.2). 

3.7 Q u a l i t y Assessment 

At l e a s t three major aspects can be I d e n t i f i e d which p e r t a i n to the 

q u a l i t y of LB f i l m s . F i r s t l y , i t i s important to know whether the same 

amount of m a t e r i a l i s being deposited i n each monolayer. Although t h i s 

i n f o r m a t i o n can be deduced from the deposition r a t i o s c a lculated f o r 

each layer from the dipping record ( p l o t of area against t i m e ) , the 

accuracy given by t h i s technique i s very low ( p a r t i c u l a r l y w i t h small 

samples whose areas are almost i n s i g n i f i c a n t compared to the trough area 

and/or water-surface monolayers which collapse or dissolve at an 

appreciable r a t e ) . Further problems w i t h t h i s method arise when mixed 

(heterogeneous)monolayers are being deposited, since the pick ups of the 

d i f f e r e n t components cannot be d i s t i n g u i s h e d . The second major p o i n t i n 

assessing f i l m q u a l i t y i s the determination of the degree of c r y s t a l l i n e 
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order i n the f i l m s . A f u r t h e r consideration concerns the nature and 

number of any defects i n the f i l m ; f o r instance, pinholes might occur 

between c r y s t a l l i n e regions and lead to undesirable e f f e c t s such as the 

short c i r c u i t i n g of any e l e c t r i c a l . c o n t a c t s made t o the f i l m . 

Most o f the molecules i n v e s t i g a t e d i n t h i s p r o j e c t had the common 

s t r u c t u r a l f e a t u r e of a p o l a r i s e d conjugated system, designed i n order 

to produce large non-linear o p t i c a l e f f e c t s but having the a d d i t i o n a l 

property of rendering the ma t e r i a l s highly coloured. This strong 

absorption i n the v i s i b l e gives r i s e to a u s e f u l technique f o r checking 

t h a t the pickup i s uniform from one layer to the next; the o p t i c a l 

absorption can be measured as a f u n c t i o n of f i l m thickness (at a f i x e d 

wavelength - u s u a l l y the absorption maximum of the dye) artd a l i n e a r 

c h a r a c t e r i s t i c should be obtained, provided t h a t i n t e r f e r e n c e e f f e c t s 

are small. The technique i s p a r t i c u l a r l y u s e f u l when looking at mixed 

layers since the absorption maximxim of any one of the components at a 

time can be stu d i e d . Analogous l i n e a r p l o t s can be made using data from 

i n f r a - r e d r e f l e c t a n c e spectra or from the att e n u a t i o n of the X-ray 
(27) 

photoemission s i g n a l from a metal substrate onto which the LB f i l m 
has been deposited. Another technique i n t h i s class i s to l a b e l the 

14 
molecules of the f i l m w i t h C and examine t h e i r autoradiographs so tha t 

(28) • 

a p l o t can be made of count r a t e versus number of monolayers 

Various d i f f r a c t i o n techniques can be used t o determine the degree 

o f c r y s t a l l i n e order i n an LB f i l m . For a complete s t r u c t u r a l 
(29 30) (31 32) assessment, transmission e l e c t r o n ' , X-ray ' , or neutron 

(33) 

d i f f r a c t i o n can be employed, but f o r a ra p i d i d e n t i f i c a t i o n of the 

f i l m s t r u c t u r e r e f l e c t i o n high energy e l e c t r o n d i f f r a c t i o n (RHEED) i s 
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(34) adequate . RHEED i s a very convenient technique i n that i t i s 

non-destructive, and requires minimal sample preparation. 

A widely p r a c t i c e d method f o r checking the consistency of 

depo s i t i o n and f o r f i n d i n g any major defects I s to p l o t r e c i p r o c a l 

capacitance against number of layers I n a metal-lnsulator-metal 

s t r u c t u r e . A l i n e a r p l o t would demonstrate the r e p e a t a b i l i t y of 
(35) 

d i e l e c t r i c thickness of each monolayer (see section 4.2), but i f the 

f i l m i s badly pinholed then a l l the devices w i l l be short c i r c u i t e d and 

no meaningful values of capacitance w i l l be obtained. Another method 

which i s u s e f u l f o r observing large defects or p a r t i c u l a t e contamination 

i s to view the f i l m i n r e f l e c t i o n between crossed p o l a r i z e r s I n an 

o p t i c a l microscope; t h i s technique can be extended to the observation of 

large c r y s t a l l i t e s i n t h i c k ( i . e . 500nm) LB f i l m s of an e p i t a x i a l 
^ (36) nature 

3.8 Possible A p p l i c a t i o n s f o r LB Films 

The, o r i g i n a l proposed a p p l i c a t i o n s f o r LB f i l m s were very simple i n 

nature, such as a n t i - r e f l e c t i o n coatings, step-thickness gauges, and 

s o f t X-ray g r a t i n g s . More r e c e n t l y researchers have been examining the 

p o t e n t i a l of m u l t i l a y e r assemblies f o r much more subtle, and complex 

uses. The range of such a p p l i c a t i o n s has been g r e a t l y enlarged by the 

i n t r o d u c t i o n of the concept of a l t e r n a t e layer systems; such asymmetric 

s t r u c t u r e s may be employed as a c t i v e layers i n p y r o e l e c t r l c devices as 

w e l l as the non-linear o p t i c a l ones discussed i n t h i s t b e s l s . 

Passive a p p l i c a t i o n s of LB f i l m s include the opportunity to form an 

I n s u l a t i n g l a y e r of c o n t r o l l a b l e thickness on semlcondut:tors such as InP 

which, u n l i k e s i l i c o n , do not have a na t i v e oxide w i t h good i n s u l a t i n g 
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p r o p e r t i e s . This i s of great i n t e r e s t i n the formation of 
(37) 

metal-insulator-semiconductor (MIS) s t r u c t u r e s f o r ap p l i c a t i o n s i n 

i n t e g r a t e d c i r c u i t s and planar e l e c t r o n i c devices. S i m i l a r l y , LB f i l m s 

of (o-tricosenolc acid can be used to improve the breakdown strength of 
f38) 

s i l i c o n - s i l i c o n dioxide s t r u c t u r e s . The same m a t e r i a l has p o t e n t i a l 

as an e l e c t r o n beam r e s i s t f o r microlithography i n integrated c i r c u i t 

f a b r i c a t i o n , the f i l m s being polymerisable and g i v i n g a r e s o l u t i o n f a r 
(39) 

greater than t h a t of conventional spun photoresists . LB f i l m s can 

be used as overlays on conventional waveguide s t r u c t u r e s t h e 

a t t r a c t i o n being the precise c o n t r o l over f i l m thickness and r e f r a c t i v e 

index and hence over guided wave v e l o c i t y . 

Electroluminescent and photoconductive p r o p e r t i e s have been 
observed from s t r u c t u r e s i n c o r p o r a t i n g a l i g h t l y s u b s t i t u t e d 

(41) 

anthracene . Phthalocyanines have i n t e r e s t i n g semiconducting 

p r o p e r t i e s and by making appropriate s u b s t i t u t i o n s i t should be possible 

to o b t a i n f i l m s e x h i b i t i n g p- or n-type c o n d u c t i v i t y . The e l e c t r i c a l 

c o n d u c t i v i t i e s of some phthalocyanines are s e n s i t i v e to gas 

ambients^''''''^ suggesting a p p l i c a t i o n s as gas sensors. Further sensor 

a p p l i c a t i o n s are envisaged i n the b i o l o g i c a l f i e l d , where an FET device 

i n c o r p o r a t i n g an LB f i l m made s e l e c t i v e to c e r t a i n ions or enzymes may 

be produced and used to monitor the l e v e l s of such species, f o r example 

potassium ions i n the blood. An a l t e r n a t i v e approach uses the 

b i o l o g i c a l species to a l t e r the o p t i c a l p r o p e r t i e s of LB f i l m s . 

LB f i l m s may also be used as model systems i n fundamental research, 
(42) 

such as i n the spectroscopy of complex monolayers , the modelling of 
(43) 

b i o l o g i c a l membranes , and f o r the m o d i f i c a t i o n of the p r o p e r t i e s of 

s o l i d surfaces. A much more d e t a i l e d account nf the possible 
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a p p l i c a t i o n s of LB f i l m s can be found i n reference 44 and i n the next 

s e c t i o n , which deals w i t h t h e i r p o t e n t i a l uses i n non-linear o p t i c a l 

devices. 

3.9 Non-Linear O p t i c a l E f f e c t s i n LB Films 

I n chapter 1 i t was stressed t h a t I n order f o r non-linear e f f e c t s 

to be u t i l i z e d i n low-power semiconductor l a s e r - d r i v e n systems, f u l l y 

optimized s t r u c t u r e s are r e q u i r e d , such as those employing waveguiding 

i n t h i n f i l m s or f i b r e s . Not only does the LB technique provide a means 

of d e p o s i t i n g organic f i l m s of a p r e c i s e l y defined thickness, but i t 

also enables the d i f f i c u l t i e s encountered i n obta i n i n g a 

noncentrosymmetrlc c r y s t a l containing h i g h l y non-linear molecules 

( s e c t i o n 2.3) to be overcome by using a l t e r n a t e layer systems. As a 

consequence there has been considerable recent I n t e r e s t i n the study of 

non-linear o p t i c a l e f f e c t s i n LB f i l m s . 

One advantage of the use of waveguiding f o r o p t i c a l SHG and mixing 

l i e s i n the f a c t t h a t phase-matching can be achieved using waveguide 
(45) 

d i s p e r s i o n , a phenomenon a r i s i n g from the dependence of the phase 

v e l o c i t y of a given frequency of l i g h t on the guiding region dimensions, 

the r e f r a c t i v e index d i f f e r e n c e between the guiding region and the 

subs t r a t e , and the mode of propagation. I n p r a c t i c e the phase matching 

f o r the I n t e r a c t i n g modes can be achieved by t a i l o r i n g the dimensions of 

the guiding region (e.g. by lith o g r a p h y ) and/or the r e f r a c t i v e index 

d i f f e r e n c e (e.g. by changing the length of the hydrocarbon t a l l , or the 

I n c l u s i o n of m e t a l l i c counter ions i n the LB f i l m m a t e r i a l ̂ '̂̂ ;̂ 

a l t e r n a t i v e l y a d i f f e r e n t substrate m a t e r i a l could be used). An 

a d d i t i o n a l advantage arises from the dimensions of the guiding region 

being only of the order of microns f o r o p t i c a l wavelengths, so t h a t i t 
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I s possible t o have the large o p t i c a l i n t e n s i t i e s , r e q u i s i t e f o r 

non-linear i n t e r a c t i o n s , w i t h modest o p t i c a l powers. Long i n t e r a c t i o n 

lengths are also possible since the o p t i c a l energy i s guided. 

I t can be shown^^^^ t h a t the r a t i o of second harmonic conversion 

rates f o r planar waveguide and bulk samples i s of the order of L/X, 

where the i n t e r a c t i o n l e n g t h , L, i s t y p i c a l l y 1 cm and the wavelength, 

A, i s approximately 1 pm. This r a t i o , i n theory 10^, i s c l e a r l y 

h i g h l y i n favour of the waveguide c o n f i g u r a t i o n ; i n p r a c t i c e the r a t i o 
2 

i s closer to 10 due to pump d e p l e t i o n . One f u r t h e r parameter has to be 

de a l t w i t h when o p t i m i z i n g the conversion e f f i c i e n c y i n a waveguide 

s t r u c t u r e ; the i n t e r a c t i n g guided modes at the fundamental and harmonic 

wavelengths may have weakly overlapping transverse energy d i s t r i b u t i o n s , 

and t h e r e f o r e the corresponding overlap I n t e g r a l should be optimized as 

f a r as possible ̂ ^^^. This may be achieved, to a c e r t a i n extent, by 

topping a non-linear waveguide by a l i n e a r one of high r e f r a c t i v e index, 

or by growing a l i n e a r , p u r e l y g u i d i n g , l a y e r over a non-linear 

substrate.. References 40 and 47-49 provide examples of i n v e s t i g a t i o n s 

I n t o the use of LB f i l m s as ( l i n e a r ) waveguides or as claddings on 

p r e f a b r i c a t e d waveguides. 

Third-order non-linear e f f e c t s do not require a non-centrosymmetric 

s t r u c t u r e and can the r e f o r e be observed i n conventional Y-type f i l m s . 
r s ) 

The r e l e v a n t s u s c e p t i b i l i t y , X' . i s large i n polydiacetylenes and 

there have been extensive i n v e s t i g a t i o n s of the non-linear o p t i c a l 

p r o p e r t i e s of m u l t i l a y e r s of t h i s m a t e r i a l . These include studies of 

t h i r d harmonic generation which has been enhanced, e i t h e r by varying the 

fundamental wavelength ̂ ^^^ t o match a resonance i n X^'^\ or by 

e x p l o i t i n g the i n t e r f e r e n c e between the r a d i a t i o n generated from 
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m u l t i l a y e r s deposited on the f r o n t and back faces of a quartz 

substrate ̂ ''̂ '̂̂ •'"̂  Furthermore, Carter et a l ^ ^ ^ * ^ " ^ ^ have reported an 

intensity-dependent r e f r a c t i v e index, n2 10 ̂  I (where I I s the 
_2 

i n t e n s i t y i n MW cm ) f o r polydlacetylene m u l t i l a y e r s i n a planar 

waveguide s t r u c t u r e ( f a b r i c a t e d by depositing the f i l m onto a m e t a l l i z e d 

g r a t i n g ) . This was measured by var y i n g the o p t i c a l i n t e n s i t y and 

observing the r e s u l t a n t changes i n the coupling angle between the input 

l a s e r beam and a waveguide mode. 

There have been several reports of second harmonic generation from 

a c e n t r i c LB f i l m s t r u c t u r e s ; those made by t h i s author may be found i n 

the appendices and w i l l be discussed i n l a t e r chapters. G i r l i n g et a l 
(54) 

have obseirved SHG from monolayers of a merocyanine dye and from 

layers of the merocyanine^^^^ and a hemicyanine^^^^ dye alternated w i t h 

a f a t t y a c i d m a t e r i a l . The f i r s t r e p o r t of t h i s kind was made by 

Ak t s l p e t r o v et a l ^ ^ ^ ^ who used a monolayer of an azo dye; subsequent 

papers describe the increase i n the second harmonic sig n a l strength on 

increa s i n g the number of layers of the same dye i n a non-centrosjrmmetric 

LB f i l m s t r u c t u r e and the analysis of r e f l e c t e d second harmonic 

signals t o determine the mutual o r i e n t a t i o n of neighbouring monolayers 

i n m u l t i l a y e r arrays, the p r e f e r r e d o r i e n t a t i o n of the 
(58) 

m i c r o c r y s t a l l i t e s , and the molecular alignment i n the f i l m " . SHG has 
also been observed from a monolayer of arachldlc acid on a s i l v e r 

(59) 

surface (as a r e s u l t of surface plasmon enhancement) and from a 

water-surface monolayer^^^^; i n the l a t t e r case the data were used to 

determine the average o r i e n t a t i o n of the molecules at the air-water 

i n t e r f a c e . 
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Chollet et a l ^ ^ ^ ^ have studied e l e c t r i c f i e l d induced second 

harmonic generation (EFISH) from m u l t i l a y e r s of polydiacetylenes. I n 

these experiments the e x t e r n a l d.c. f i e l d served to break the 

centrosymmetry of the f i l m ; f o r such a case the observed second harmonic 
(2) 

does not a r i s e from x > but r a t h e r i t s i n t e n s i t y i s p r o p o r t i o n a l to 
(3) 2 2 ( x (-2a);aj,(jj,0)E^ E^} , where E^ i s the l o c a l d.c. f i e l d experienced by 

the polymer and E^ i s the f i e l d of the laser beam. 

The a p p l i c a t i o n of large e l e c t r i c f i e l d s can produce changes i n the 

o p t i c a l p r o p e r t i e s of organic m a t e r i a l s . These e f f e c t s give r i s e to the 

technique of e l e c t r o a b s o r p t l o n , which can be used to measure the 

o r i e n t a t i o n a l order parameter of m u l t i l a y e r films^^^ 

E l e c t r o a b s o r p t i o n i s a p a r t i c u l a r branch of the group of experimental 

methods known as modulation spectroscopy, and involves monitoring the 

small changes i n a sample's o p t i c a l transmission r e s u l t i n g from the 

a p p l i c a t i o n of an e x t e r n a l f i e l d . I n molecular s o l i d s these changes are 

u s u a l l y the r e s u l t of the Stark e f f e c t . For a molecule of dipole moment 

M and p o l a r i z a b i l i t y tensor a, the change i n p o t e n t i a l energy, AU, on 

p l a c i n g i t i n an e l e c t r i c f i e l d (which makes an angle 6 to p) i s given 

by: 

" 2 
AU = -M E cose + ~ E + (3.2) 

The term i n E i n equation 3.2 represents the l i n e a r Stark e f f e c t , and 
2 

t h a t i n E the quadratic Stark e f f e c t . These phenomena could be c a l l e d 

"pseudo" n o n - l i n e a r , since they do not involve the molecular 
y 

h y p e r p o l a r i z a b i l i t i e s (3, Y> e t c . ) . ^ 
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Only c r y s t a l s w i t h polar space groups can e x h i b i t a f i r s t - o r d e r 

Stark e f f e c t , and I n such m a t e r i a l s i t w i l l g enerally dominate the 

second-order e f f e c t . I n e l e c t r o a b s o r p t i o n spectra, the f i r s t - o r d e r 

Stark e f f e c t can u s u a l l y be recognised as the f i r s t d e r i v a t i v e of the 

z e r o - f i e l d absorption curve. Blinov et ai^^2.63) ^xave performed an 

i n v e s t i g a t i o n of the l i n e a r Stark e f f e c t i n LB f i l m s of an amphiphilic 

azo compound. This m a t e r i a l could be f a b r i c a t e d i n t o X-, Y-, or Z-type 

m u l t i l a y e r s , depending on the deposition conditions employed. As 

a n t i c i p a t e d , the l i n e a r Stark spectra e x h i b i t e d a change i n sign on 

going from X- to Z-type l a y e r s , and a r a d i c a l (by a f a c t o r of 50) 

decrease i n amplitude on changing to Y-type deposition. This provides 

d i r e c t evidence f o r the p o l a r nature of X- and Z-type f i l m s . 

C r y s t a l s t r u c t u r e s having non-polar apace groups may s t i l l e x h i b i t 

a second-order Stark e f f e c t , g i v i n g r i s e to electroabsorption spectra 

which can be recognised as the second d e r i v a t i v e of the z e r o - f i e l d 
(41) 

absorption curve. Roberts et a l have reported observing t h i s 

phenomenon i n Y-type LB f i l m s of a s u b s t i t u t e d anthracene. 

A more d e t a i l e d discussion of second harmonic generation from LB 

f i l m s may be found i n chapter 8. 

3.10 Summary 

This chapter has reviewed the concepts, technology, and materials 

associated w i t h the production of LB f i l m s . Some methods of analysis of 

the p r o p e r t i e s of water-surface monolayers and the deposited m u l t i l a y e r 

f i l m s have been describe'd, along w i t h a s e l e c t i o n out of the vast range 

of possible passive and a c t i v e a p p l i c a t i o n s of LB f i l m s . 
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CHAPTER 4 

EXPERIMENTAL TECHNIQUES 

4.0 I n t r o d u c t i o n 

This chapter describes the general techniques used to f a b r i c a t e LB 

f i l m devices and to characterize these s t r u c t u r e s and the materials of 

which they are comprised. The preparation of substrates and the 

dep o s i t i o n of electrodes i s described i n section 4.1, w h i l s t i n 4.2 the 

measurement of d i e l e c t r i c thickness f o r metal-insulator-metal, s t r u c t u r e s 

i s discussed. Section 4.3 deals w i t h spectrophotometric measurements on 

LB f i l m s and s o l u t i o n s , and the o p t i c a l theme continues i n 4.4 w i t h the 

i n t r o d u c t i o n of the surface plasmon resonance technique f o r studying 

m u l t i l a y e r assemblies on s i l v e r substrates. The el e c t r o n d i f f r a c t i o n 

techniques employed f o r s t r u c t u r a l c h a r a c t e r i z a t i o n of LB f i l m s are 

presented i n section 4.5. F i n a l l y t e c h n i q u e s f o r c h a r a c t e r i z i n g the 

non-linear o p t i c a l p r o p e r t i e s of bulk powders (4.6) and LB f i l m s (4.7) 

are d e t a i l e d . 

4.1 Device F a b r i c a t i o n 

4.1.1 Substrate p r e p a r a t i o n 

(a) Glass 

I n the cases where the LB f i l m s were to be deposited d i r e c t l y onto 

glass substrates. Corning 7059 glass or S p e c t r o s i l B v i t r e o u s s i l i c a 

s l i d e s were used. The Corning s l i d e s were found to be acceptable f o r 

o p t i c a l absorption measurements down to wavelengths of around 340 nm, 

but below t h i s t h e i r transmittance became too small; however, the more , 
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expensive S p e c t r o s i l s l i d e s could be used as f a r i n t o the u l t r a - v i o l e t 

as 180 nm. When the f i l m s were to be deposited on a t h i n layer of 

metal, t h i s was evaporated onto the surface of an ordinary Chance Select 

microscope s l i d e . 

I d e n t i c a l techniques f o r surface preparation were employed f o r a l l 

three types of glass. P a r t i c u l a t e matter was removed by u l t r a s o n i c 

a g i t a t i o n , f i r s t l y i n chloroform (followed by rinses i n de-ionised 

w a t e r ) , then i n a 20% Decon 90 a l k a l i n e soap s o l u t i o n , and subsequently 

i n several batches of f r e s h de-ionised water as r i n s e s . The s l i d e s were 

then degreased i n hot propan-2-ol l i q u i d and vapour f o r several hours i n 

a Soxhlet r e f l u x u n i t . This treatment leaves a h y d r o p h i l i c glass 

surface, and when t h i s was required the s l i d e s were used immediately 

a f t e r c o o l i n g . However, i n cases .where a hydrophobic surface was needed 

the s l i d e s had to be r e f l u x e d i n a Soxhlet system containing 0.5% 

d i c h l o r o d i m e t h y l s i l a n e i n 1,1,1-trichloroethane. Any residue from t h i s 

treatment was removed by r i n s i n g , f i r s t l y i n methanol and then i n 

de-ionised water. 

(b) S i l i c o n 

Two types of s i l i c o n wafer were used: ( i ) p-type, (lOO} 

o r i e n t a t i o n , r e s i s t i v i t y 14-21 ficm (Wacker-Chemitronic QIBH), and ( i i ) 

n-type, { i l l } o r i e n t a t i o n , r e s i s t i v i t y 10.5-17.5 ficm (Dynainit Nobel). 

Both v a r i e t i e s were cleaned i n hot 1;1,1-trichloroethane l i q u i d and 

vapour i n a Soxhlet r e f l u x u n i t to give h y d r o p h i l i c surfaces. 

Hydrophobic surfaces could be obtained by subsequent treatment w i t h 

d i c h l o r o d i m e t h y l s i l a n e vapour, as i n ( a ) . 

(c) Aluminium 

Aluminium f i l m s were evaporated at a pressure of less than 10 ^ 

t o r r onto Chance Select glass s l i d e s which had been previously cleaned 



as described i n ( a ) . T y p i c a l l y the range of thickness employed, as 

measured by a quartz c r y s t a l o s c i l l a t o r , was 10-100 nm. LB f i l m 

d e p o s i t i o n was commenced immediately a f t e r removing the s l i d e s from the 

evaporator; a l t e r n a t i v e l y a f t e r r e f l u x i n g them i n propan-2-ol. 

(d) S i l v e r 

Glass s l i d e s were prepared as described i n ( a ) . As s i l v e r adheres 

p o o r l y to glass, i t was necessary to f i r s t evaporate a layer of chromium 

onto which the s i l v e r could be deposited. These evaporations were 

performed s e q u e n t i a l l y at a pressure below 10 ^ t o r r without l e t t i n g the 

sample up t o a i r between stages. As the f i l m s were required to be 

semi-transparent, the layers of s i l v e r and chromium were made less than 

55 nm and 1 nm t h i c k , r e s p e c t i v e l y . The f i r s t monolayer was always 

deposited immediately a f t e r removing the substrates from the evaporator. 

(e) Anodized aluminium 

To grow an anodic oxide l a y e r , a s l i d e onto which a 300 nra t h i c k 

aluminium l a y e r had p r e v i o u s l y been evaporated (as i n ( c ) ) was placed i n 

an e l e c t r o l y t i c c e l l c o ntaining a s o l u t i o n of diammonium hydrogen 

c i t r a t e (approximately 3% by weight) w i t h a s t a i n l e s s s t e e l counter 

electrode. A lOV D.C. voltage was then applied across the c e l l ; when 

the c u r r e n t had f a l l e n nearly to zero (around 5 minuteu l a t e r ) the s l i d e 

was removed, rinsed i n water, and f i n a l l y r e f l u x e d i n IPA f o r several 

hours p r i o r t o LB f i l m d e p o s i t i o n . 

A.1.2 Electrode d e p o s i t i o n 

The evaporation of top contacts onto an LB f i l m i s a process which 

r e q u i r e s great care, since conventional LB f i l m m a terials generally have 

low m e l t i n g p o i n t s and t h e r e f o r e excessive heating has to be avoided. 

I t has been found^"'"^ t h a t the mis-match between the thermal expansion 

c o e f f i c i e n t s of the f i l m , electrodes and substrate generates problems i f 
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the substrate i s cooled to low temperatures throughout the evaporation, 

and so t h i s technique was avoided. The procedure adopted was to perform 

the evaporation very s l o w l y and i n stages of approximately 1 nm w i t h a 

30 minute time delay between steps, u n t i l the desired t o t a l thickness 

had been achieved ( t y p i c a l l y 15 nm). Between stages a shutter was 

op erated t o screen the substrate from thermal r a d i a t i o n from the source. 

Throughout the evaporation the pressure was maintained below 10 ^ t o r r . 

Two d i f f e r e n t top contact m a t e r i a l s were i n v e s t i g a t e d ; gold, and 

aluminium/gold (formed by evaporating the two metals s e q u e n t i a l l y , no 

a i r being admitted u n t i l a f t e r the f i n a l stage). The l a t t e r combination 

was chosen because the mel t i n g p o i n t of aluminium i s lower than that of 

gol d , thus i f t h i s i s the f i r s t l ayer then the thermal damage to the 

f i l m i s reduced; the f u n c t i o n of the gold overlayer was to prevent 

problems of o x i d a t i o n on exposure to the atmosphere. 

4.2 Measurement of the Relative P e r m i t t i v i t y of LB Films 

The concept of the use of p l o t s of r e c i p r o c a l capacitance against 

number of monolayers to assess the q u a l i t y of an LB f i l m was introduced 

i n s e c t i o n 3.7; such p l o t s also r e a d i l y y i e l d a value f o r the d i e l e c t r i c 

thickness of the f i l m at the frequency of measurement. This i s an 

ex c e l l e n t method f o r e v a l u a t i n g the parameter, since th?. presence of an 

i n t e r f a c i a l oxide l a y e r of capacitance comparable to tha t of the LB f i l m 

precludes the use of many of the techniques used to measure the 

p e r m i t t i v i t y of more conventional m a t e r i a l s . 

4.2.1 Experimental technique 

The samples f a b r i c a t e d f o r these I n v e s t i g a t i o n s consisted of an LB 

f i l m o f stepped thickness deposited onto an aluminlzed glass s l i d e . 

Approximately 20 c i r c u l a r gold or aluminium/gold top contacts were 
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evaporated onto each step s e c t i o n , the mean value of capacitance being 

used i n the f i n a l p l o t s w i t h the standard d e v i a t i o n g i v i n g an estimate 

of the e r r o r . A i r - d r y i n g s i l v e r paste was employed to form an 

e l e c t r i c a l contact to the aluminium base electrode, w h i l s t a gold b a l l , 

p o s i t i o n e d by a micromanipulator probe, made a pressure contact to the 

gold dots. A Boonton 72BD capacitance meter was used to measure the 

capacitance at 1 MHz. The samples were desiccated under a low pressure 

of n i t r o g e n f o r several hours p r i o r to the measurements, which were 

performed i n a scalable brass sample chamber i n order to eliminate l i g h t 

and e l e c t r i c a l i n t e r f e r e n c e . 

4.2.2 I n t e r p r e t a t i o n of r e s u l t s 

The t o t a l capacitance, Ĉ , of an LB f i l m MIM s t r u c t u r e i s expressed 

i n equation 4.1 i n terms of a series combination of the LB f i l m 

capacitance, C^^, and the i n t e r f a c i a l aluminium oxide capacitance, Ĉ .̂ 

I l l 
_ = + (4.1) 

^T ^LB ÔX 

However, the LB f i l m can be viewed as a p a r a l l e l p l a t e capacitor of 

area A, d i e l e c t r i c constant e^, and thickness Nd, where N i s the number 

of layers and d I s the monolayer thickness. Thus 4.1 can be expanded t o 

give 

1 Nd _̂  1 
_ = + (4.2) 
S ^o ^ ^ S x 

Equation 4.2 p r e d i c t s t h a t a p l o t of C versus N w i l l be a 

s t r a i g h t l i n e of gradient d(e^e^A) and i n t e r c e p t c"-""̂ ^ . Since and A 
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are known, the gradient can be used to give a value f o r the d i e l e c t r i c 

thickness, d/c^. 

4.3 Measurement of O p t i c a l Absorption Spectra 

A l l of the o p t i c a l c h a r a c t e r i z a t i o n s were performed using a Cary 

2300 UV-VIS-NIR spectrophotometer. Where s o l u t i o n spectra were required^ 

the s o l u t i o n s were contained i n quartz cuvettes. LB f i l m samples were 

deposited onto e i t h e r S p e c t r o s i l B v i t r e o u s s i l i c a ( f o r measurements on 

weakly absorbing f i l m s down to 180 nm) or Corning 7059 glass (where 

measurements below 340 nm were not requ i r e d , or down as f a r as 250 nm 

f o r f i l m s w i t h absorbance > 0.1) s l i d e s , as described i n 4.1.1. The 

o p t i c a l absorption spectra of a l l of the LB f i l m specimens were recorded 

i n transmission, so t h a t layers on both sides of the glass s l i d e s 

c o n t r i b u t e d to the absorption. 

4.4 Surface Plasmon Resonance 

Surface plasma o s c i l l a t i o n s (SPO's) are c o l l e c t i v e o s c i l l a t i o n s of 

the free charges at a metal boundary which propagate along the 

i n t e r f a c e . The electromagnetic f i e l d associated w i t h the motion of the 

charge i s a maximum at the boundary and decays exponentially on both 

sides, hence SPO's are s e n s i t i v e to any m o d i f i c a t i o n occurring at the 
(2) 

i n t e r f a c e . By coating the metal surface w i t h an LB f i l m , and 
observing the e f f e c t s on the SPO's, the o p t i c a l constants (thickness and 

(2 3) 

r e f r a c t i v e index) 'of the f i l m can, i n p r i n c i p l e , be determined^ ' . An 

extensive review of .SPO's and t h e i r a p p l i c a t i o n s can be found i n 

reference 4. 

The LB f i l m samples used i n these i n v e s t i g a t i o n s were deposited 

onto s i l v e r surfaces prepared by evaporating a t h i n layer of s i l v e r onto 
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a glass s l i d e ( s e c t i o n 4.1.1). SPO's can be excited o p t i c a l l y by using 

evanescent waves i n a g r a t i n g or prism arrangement; prism coupling i n 

the Kretschman c o n f i g u r a t i o n ( i l l u s t r a t e d i n f i g u r e 4.1 f o r a s i l v e r 

surface w i t h no LB overlayer) was employed i n these experiments. The 

ex t e r n a l angle of incidence, 6 »̂ of the p-polarised l i g h t from a ImW 

He Ne la s e r (^ = 632.8 nm) could be v a r i e d by r o t a t i n g the laser about 

an axis centred on the substrate, thus changing the component of the 

wavevector of the i n c i d e n t l i g h t p a r a l l e l to the prism base. SPO's at 

the metal surface opposite to the prism were excite d by the evanescent 

f i e l d i n s i d e the metal when t h i s component matched the r e a l part of the 

SPO wavevector; t h i s phenomenon was detected by a pronounced minimum i n 

the r e f l e c t e d i n t e n s i t y caused by the strong, resonantly enhanced 

absorption i n the s i l v e r f i l m (see i n s e t i n f i g u r e 4.1). The p o s i t i o n 

and shape of t h i s minimum depends s t r o n g l y on the o p t i c a l properties of 

any overlayer deposited on the s i l v e r surface. LB fil^ n s of transparent 

m a t e r i a l s such as u-tricosenoic acid display sharp surface plasmon 

resonance (SPR) minima whose depth i s i n v a r i a n t but whose angular 

p o s i t i o n changes progr e s s i v e l y w i t h thickness. Highly absorbing or 

s c a t t e r i n g f i l m s d i s p l a y broader SPR minima whose angular p o s i t i o n also 

changes p r o g r e s s i v e l y but whose depth decreases and width increases w i t h 

i n c r e a s i n g f i l m thickness. 

Before commencing each SPR study, the ext e r n a l angle scale of the 

laser was c a l i b r a t e d by f i n d i n g rhe c r i t i c a l angle of a glass s l i d e and 

a d j u s t i n g the scale to read the corre c t value cf ext e r n a l angle 

corresponding t o the t h e o r e t i c a l i n t e r n a l angle of incidence. A 

computer program was a v a i l a b l e to convert between e x t e r n a l (9 ) and 

i n t e r n a l (6. ) angles of incidence, t a k i n g i n t o accov;nr the r e f r a c t i v e i n t 
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indices of the prism, index matching f l u i d , and glass s l i d e . The glass 

s l i d e was then replaced by the sample and the v a r i a t i o n i n r e f l e c t e d 

i n t e n s i t y (measured by a photodiode) observed as a f u n c t i o n of 9 f o r 
ext 

a region of s i l v e r f r e e of LB f i l m . A second computer program was used 

to p l o t out a normalised SPR curve of r e f l e c t a n c e against 9̂ ^̂  from the 

measured values of 9^^^ and photodiode voltage. The sample was then 

t r a n s l a t e d r e l a t i v e to the prism base i n order to b r i n g an LB 

film-covered region i n t o the beam. Subsequently the process was 

repeated to generate a new SPR curve f o r the s i l v e r plus Lfe f i l m , the 

s h i f t i n resonance due to the f i l m being given by ' ^ ^ ^ j ^ j . ^ i n t ^ ^ ^ ^ ~ 

9^^^ ( S i l v e r ) . I f the LB f i l m s t r u c t u r e was stepped i n thickness, then 

a s e r i e s of resonance curves could be obtained and a p l o t made of A9^ 
^ i n t 

versus number of monolayers. Work i s c u r r e n t l y underway to develop a 

computer program to c u r v e - f i t the experimental SPR curves to t h e o r e t i c a l 

ones i n order t o obtain values of thickness and r e f r a c t i v e index f o r the 

f i l m s ; such measurements are expected to be comparable i n accuracy to 

e l l i p s o m e t r i c techniques, w h i l s t being easier and cheaper to perform. 

At the moment, however, the r e s u l t s are more q u a l i t a t i v e i n nature, 

although a method by which the r e f r a c t i v e index may be estimated i s 

described i n section 6.3. 

4.5 Electron D i f f r a c t i o n 

Transmission e l e c t r o n d i f f r a c t i o n (TED; and r e f l e c t i o n high energy 

e l e c t r o n d i f f r a c t i o n (RHEED) studies were performed i n a JEM 120 

transmission e l e c t r o n microscope operated at a beam voltage of e i t h e r 80 

kV or 100 kV. For both the TED and RHEED i n v e s t i g a t i o n s the samples 

were held i n a goniometer p o s i t i o n e d below the p r o j e c t o r lens; i n t h i s 

p o s i t i o n the region of sample c o n t r i b u t i n g to TED was about 200 jjm i n 
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diameter. LB f i l m s f o r RHEED i n v e s t i g a t i o n were simply deposited on 

s i l i c o n dioxide substrates ( s i l i c o n wafer fragments possessing a native 

la y e r of o x i d e ) , w h i l s t the preparation of TED specimens was more 

complex and i s described below. 

The most basic requirement f o r a sample to be s u i t a b l e f o r 

examination by TED i s t h a t i t must be t h i n enough to allow transmission 

of the e l e c t r o n beam; obviously, t h i s i s no problem w i t h the LB f i l m 

i t s e l f , but the f i l m must be supported and i t i s t h i s substrate which 

creates d i f f i c u l t i e s . The method used to overcome t h i s problem was the 

Walkenhorst-Zingshelm t e c h n i q u e T h i s involved the deposition of 

the LB f i l m s onto an anodlzed aluminium s l i d e ( s e c t i o n 4.1.1), and the 

subsequent t r a n s f e r of the f i l m plus the t h i n anodic oxide support to an 

e l e c t r o n microscope copper g r i d . I n order to separate the f i l m and 

support from the glass-slide, the sample was placed i n a P e t r i dish which 

was then f i l l e d w i t h a s o l u t i o n of mercuric c h l o r i d e and acetic acid to 

a l e v e l s l i g h t l y higher than the s l i d e surface, but not so high as t o 

completely immerse the s l i d e . The aluminium layer would then be slowly 

etched away, leaving the LB f i l m w i t h i t s alumina support f l o a t i n g on 

the water surface, ready to be l i f t e d from below onto a copper g r i d and 

drained on f i l t e r paper. 

4.6 Kurtz Powder Technique 
(7 8) 

The Kurtz powder technique ' i s a convenient ^method f o r 

screening large numbers of powdered materials f o r second-order 

no n - l i n e a r o p t i c a l a c t i v i t y without needing to grow large s i n g l e 

c r y s t a l s or optimize LB f i l m deposition c o n d i t i o n s . One major drawback 

f o r i t s use i n screening .LB f i l m m a t e r i a l s i s that i f the m a t e r i a l packs 

centrosymmetrlcally (as a l o t of long chain d i p o l a r materials w i l l do) , 
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then even i f the molecules do have large g values, no a c t i v i t y w i l l be 

observed. Thus the technique can only be used as a p r e l i m i n a r y check to 

look f o r m a t e r i a l s w i t h obvious n o n - l i n e a r i t i e s so that they can be 

given Immediate a t t e n t i o n , and those showing no a c t i v i t y should not be 

abandoned on t h i s evidence alone (since i n a c e n t r i c L3 f i l m form they 

may be h i g h l y n o n - l i n e a r ) . 

I n the powder technique a NdrYAG laser i s d i r e c t e d onto a t h i n 

l a y e r of powdered m a t e r i a l compacted i n t o a c e l l , and the frequency 

doubled l i g h t emitted from the sample over 4Tr radians i s c o l l e c t e d , 

f i l t e r e d t o remove the fundamental, and detected w i t h a f a s t photodiode 

( f i g u r e 4.2). The s i g n a l produced i s then compared w i t h t h a t obtained 

from a standard powdered sample, such as urea or l i t h i u m niobate. The 

technique i s crude i n t h a t i t detects a convolution of a l l the tensor 
(2) 

components of x and makes l i t t l e attempt t o account f o r the 

propagation c h a r a c t e r i s t i c s of the beams. Nevertheless, general trends 

can be observed and I t has been used extensively by workers i n the area 
(9) 

of s i n g l e c r y s t a l s . Great care must be exercised i n applying t h i s 

technique q u a n t i t a t i v e l y , since the r e s u l t s are p a r t i c l e - s i z e dependent 

(see s e c t i o n 6.4). 

4.7 Second Harmonic Generation from LB Films 

The measurements described i n t h i s section were performed at GEC 

H i r s t Research Laboratories w i t h the c o l l a b o r a t i o n of Drs. I . R. G i r l i n g 

and P. V. Kolinsky. An i l l u s t r a t i o n of the equipment U9ed f o r the study 

of second harmonic generation from LB monolayer and m u l t i l a y e r 

s t r u c t u r e s i s given i n f i g u r e 4.3; minor v a r i a t i o n s are d e t a i l e d i n the 

appropriate r e s u l t s sections (Chapter 0 ) . .Mi of the IB f i l r i samples 

used i n t h i s i n v e s t i g a t i o n were deposited onto h y d r o p h i l i c glass s l i d e s 
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(sometimes Chance Select, but us u a l l y Coming 7059 since the use of the 

l a t t e r seemed to promote b e t t e r f i l m d e p o s i t i o n ) . L i n e a r l y polarized 

l i g h t (Q-switched NdrYAG, 1.064 pm, 25 ns FWHM), pol a r i z e d e i t h e r 

p a r a l l e l (p) or perpendicular, (s) to the plane of incidence, was 

d i r e c t e d at a 45° angle of incidence onto the v e r t i c a l l y mounted sample. 

The second harmonic r a d i a t i o n (532 nm) resolved i n t o s- and p-polarized 

components was detected i n both r e f l e c t i o n (R) and transmission (1) 

geometries using p h o t o m u l t i p l i e r tubes at 90° and 180° re s p e c t i v e l y to 

the pumping d i r e c t i o n . The t o t a l energy of each fundamental pulse was 

measured using a transmission type energy meter (GEC TF s e r i e s ) . I n 

a d d i t i o n , the v a r i a t i o n i n peak power was monitored using a photodiode. 

The outputs from the p h o t o m u l t i p l i e r tubes and photodiode were a l l 

displayed on f a s t d i g i t a l o scilloscopes. I n f r a r e d blocking f i l t e r s and 

532 nm i n t e r f e r e n c e f i l t e r s were used to ensure th a t only second 

harmonic r a d i a t i o n was detected. Pulse energies of up to 2mJ w i t h a beam 

diameter of approximately 200 pm were used f o r a l l the measurements on 

the LB f i l m s . • . 

Results were obtained by averaging over several pulses at a number 

of d i f f e r e n t p o s i t i o n s on each area of the sample. Absolute values of 

the e l e c t r i c f i e l d at 532 nm (E(2a))) were obtained by c a l i b r a t i n g the 

system against a y-cut quartz wedge and r e l a t i n g both the second 

harmonic s i g n a l s and i n c i d e n t energy to the d̂ ^̂ ^ non-linear c o e f f i c i e n t 

of quartz^'''*^^ (see section 8.1). Some va r i a t i o r . s on the basic 

experiment described above were performed i n which the e f l e c t s of 

changing the angle of incidence or of r o t a t i n g the sample about an axis 

perpendicular to i t s surface were i n v e s t i g a t e d . 
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CHAPTER 5 

MONOLAYER CHARACTERIZATION 

5.0 I n t r o d u c t i o n 

I n chapter 3 the three categories of mate r i a l s which were 

i n v e s t i g a t e d i n t h i s p r o j e c t were introduced; section 5.1 describes the 

molecules w i t h i n each class and the reasoning behind t h e i r s e l e c t i o n . 

The Importance of pressure-area Isotherms and monolayer s t a b i l i t y 

studies i n the screening of new ma t e r i a l s f o r LB f i l m formation i s 

discussed, and r e s u l t s are presented f o r each of the new compounds. 

F i n a l l y , the optimum dipping conditions f o r the most promising materials 

are given i n section 5.4. 

5.1 M a t e r i a l s 

Since the aim of t h i s p r o j e c t was to develop LB f i l m s d i s p l a y i n g 

large o p t i c a l n o n - l i n e a r i t i e s , the emphasis of the work described i n 

t h i s chapter was placed on those m a t e r i a l s f u l f i l l i n g the c r i t e r i a 

d e t a i l e d i n chapter 2 f o r the production of a large second-order 

molecular h y p e r p o l a r i z a b i l i t y (B). The basic s t r u c t u r e of these 

molecules t h e r e f o r e comprised of donor and acceptor f u n c t i o n a l i t i e s 

separated by a conjugated system, w i t h the a d d i t i o n of hydrophobic 

groups to Improve the s t a b i l i t y of the water-surface monolayer. I n 

order to gain an i n s i g h t i n t o what chemical groups confer good 

f i l m - f o r m i n g p r o p e r t i e s to the molecules, several materials were studied 

which were subtle v a r i a t i o n s on the " i d e a l " ones. . I t was hoped that a 

comparison of the non-linear behaviour of LB f i l m s of these compounds 

w i t h those of the ta r g e t m a t e r i a l s could be used to check the v a l i d i t y 

of the gu i d e l i n e s f o r o b t a i n i n g molecules w i t h large values of 6. 
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The three categories of m a t e r i a l ara discussed i n separate 

sub-sections: modified commercially a v a i l a b l e m a t e r i a l s ; anthracene 

d e r i v a t i v e s ; and d i p o l a r chromophores. 

5.1.1 Modified commercially a v a i l a b l e m a t e r i a l s 

This s e c t i o n covers a series of chromophores which were purchased 

from commercial o u t l e t s and subsequently modified i n the Department of 

Chemistry at Durham. The m o d i f i c a t i o n usually took the form of the 

a d d i t i o n of a hydrocarbon t a i l to the molecule i n order to reduce i t s 

s o l u b i l i t y i n water. 

2,6-Dichloroindophenol was modified to give Ml and M2 ( f i g u r e 5.1) 

which contain the same h i g h l y conjugated chromophore, but Ml has a 

hydrocarbon t a i l whereas M2 has a shorter fluorocarbon t a i l . S i m i l a r l y , 

compound M3 ( f i g u r e 5.1) was synthesized from P r i m u l i n , a biochemical 

s t a i n reagent. 

5.]. 2 Anthracene d e r i v a t i v e s 

The anthracene d e r i v a t i v e s described i n t h i s section were a l l 

synthesized i n the Department of Chemistry at Durham ( w i t h the exception 

of A l , which was purchased from I C I ) and are summarised i n f i g u r e 5.2. 

Compound A l i s known to form LB f i l m s . The very short hydrocarbon 

chains of A l ensure t h a t the i n t e r e s t i n g e l e c t r o n i c p roperties of the 

d e l o c a l i z e d aromatic ir-e l e c t r o n system are not g r e a t l y d i l u t e d ; however, 

t h e i r l ength does give r i s e to some s o l u b i l i t y problems which require 

c a r e f u l c o n t r o l of both the subphase pH and the type and concentration 

of the counterions i n order f o r them to be overcome. A f u r t h e r problem 

of the molecule i s t h a t i t i s prone to o x i d a t i v e degradation. 

Nevertheless, high q u a l i t y m u l t i l a y e r s of A l have been assembled from 

which electroluminescence has been observed and which display a marked 



Figure 5.1 Modified commercially a v a i l a b l e materials 
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Figure 5.2 Anthracene d e r i v a t i v e s 
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anisotropy i n t h e i r c o n d u c t i v i t y t h e in-plane value exceeding that 

8 

i n a d i r e c t i o n p e r p e n d i c u l a r to the l a y e r s by a f a c t o r of 10 . 

The conjugated system of the anthracene nucleus could prove 

v a l u a b l e i n enhancing the n o n - l i n e a r e f f e c t s of any substituenfc groups 

attached to i t . The other d e r i v a t i v e s CA2-9) were synthesized w i t h t h i s 

i n mind, as w e l l as the other advantages of A l over conventional LB f i l m 

m a t e r i a l s d i s c u s s e d above. I n p r a c t i c e , the l i m i t a t i o n of most of these 

m a t e r i a l s was found to be s o l u b i l i t y (see l a t e r s e c t i o n s ) . 

The group i n compounds A l and A3-9 w i l l be a very weak donor; i n 

A2 i t i s an acceptor. A much g r e a t e r range of groups was used for 

i n A9 i t i s a weak donor, whereas i n A l , A2, A4, A6 and A7 i t i s a weak 

acceptor, and i n A3, A5 and A8 i t i s a much stronger acceptor. Thus 

there i s a range of d i f f e r e n t types of molecule, f a l l i n g i n t o the 

fo l l o w i n g c a t e g o r i e s : 

( i ) Weak donor, weak acceptor ( A l , A4, A6, A7) 

( i i ) Weak donor, strong acceptor (A3, A5, A8) 

( i i i ) Weak acceptor, strong acceptor (A2) 

( i v ) Two weak donors (A9) 

5.1.3 D i p o l a r chromophores 

T h i s s e r i e s of compounds c l e a r l y i l l u s t r a t e s the use of donor and 

acceptor groups separated by a conjugated system In order to produce 

molecules w i t h large g's. Unlike the anthracene d e r i v a t i v e s , a l l of 

these molecules possessed long hydrocarbon t a i l s i n order to render them 

w a t e r - i n s o l u b l e . 

Samples of the merocyanlne dye Dl ( f i g u r e 5.3) were obtained from 

two d i f f e r e n t sources (DIA from G. L. Gainas, Jr„, General E l e c t r i c 

Corporate Research and Development, and DIB from I . R. G i r l i n g , GEC 

Research) , whereas the s t y r y l p y r i d i n i u m dyes (D2-4) and two of the 



Figure 5.3 D i p o l a r chromophores 

(D1) 

B r 

X = - N 
\ 

(D2) 
C K 

X = 

X = 

NO. 

COOH 

(D3) 

(D4) 

Y = C „ H 3 5 - C - N ~ (D5) 
O H 

H 

Y = C , 3 H 3 ^ N - (D7) 

GHo 

(D8) 



- 67-

s t i l b e n e dyes (D5 and D6) were s y n t h e s i z e d at Durham, Compound D7 was 

provided by M. F. D a n i e l (R.S.R.E., Malvern) and the azo dye D8 was 

s y n t h e s i z e d at H u l l U n i v e r s i t y . 

I n compounds D2-4, the pyridinium group should a c t as an acceptor; 

the dimethylamino group of D2 i s a donor and therefore D2 has the 

d e s i r e d donor/acceptor p r o p e r t i e s . However, n i t r o groups are e l e c t r o n 

a c c e p t o r s and so D3 has two acceptors and no donor; t h i s should make i t 

a u s e f u l compound for demonstrating the need for c h a r g e - t r a n s f e r i n the 

molecule, s i n c e D3 should, i n theory, e x h i b i t only weak non-linear 

o p t i c a l a c t i v i t y . S i m i l a r l y , a c a r b o x y l i c a c i d group i s a weak acceptor 

(although i t becomes even poorer on i o n i z a t i o n ) and so l i t t l e a c t i v i t y 

should be expected from D4; however, t h i s f u n c t i o n a l i t y might enable the 

m a t e r i a l to form b e t t e r q u a l i t y LB f i l m s . The s t i l b e n e dyes D5-7 a l l 

have n i t r o acceptor groups; the donor i n D5 i s an amide group, whereas 

dyes D6 and D7 have the s l i g h t l y stronger amine donors. Compound DR 

r e p r e s e n t s the azo analogue of D6 and should thus provide a gop.d 

comparison of the r e l a t i v e m e r i t s of s t i l b e n e and azobenzene u n i t s as 

conjugated systems. 

I n summary, D l , D2 and D5-8 are a l l donor/acceptor chromogens, 

whereas D3 and D4 have two acceptor groups and no donor. 

5.2 The I n t e r p r e t a t i o n of Pressure-Area Isotherms and Monolayer 

S t a b i l i t y S t u dies 

5.2.1 P r e s s u r e - a r e a isotherms 

The p r e s s u r e - a r e a (ir-A) isotherm of an " i d e a l " LB f i l m m a t e r i a l , 

s t e a r i c a c i d , was given i n f i g u r e 3.7. T h i s isotherm d i s p l a y e d d i s t i n c t 

phases i n i t s s t r u c t u r e ; the presence or ubaeo.ce of any or a l l of such 

phases i n the isotherms of the novel m a t e r i a l s should give c l u e s as to 
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how t h e i r monolayers are behaving as compared to the i d e a l m a t e r i a l s . 

M a t e r i a l s which r e g i s t e r a f i n i t e s u r f a c e pressure at very large 

molecular a r e a s and whose isotherms have very gentle, slopes with 

i n c r e a s i n g p r e s s u r e are l i k e l y to have t h e i r molecules l y i n g n e a r l y f l a t 
(2) 

on the water s u r f a c e when uncompressed , the act of compression only 

g r a d u a l l y a l t e r i n g t h e i r o r i e n t a t i o n such that the hydrocarbon chains 

point v e r t i c a l l y . The most promising isotherms d i s p l a y only a small 

s u r f a c e p r e s s u r e p r i o r to the " s o l i d " or condensed phase, which should 

be q u i t e steep (but not so steep that i t becomes impossiljle to maintain 

the s u r f a c e p r e s s u r e a t a constant v a l u e w i t h i n t h i s region, as i s the 

case with some p a r t i c u l a r l y r i g i d monolayers). 

The isotherms are p l o t t e d with area per molecule (a^) as the 

a b s c i s s a ; t h i s a x i s i s o r i g i n a l l y recorded as the a r e a . A, of the water 

s u r f a c e enclosed by the trough b a r r i e r s , and i s subsequently converted 
to the a s c a l e using equation 5.1. T h i s r e l a t i o n uses the known m 

c o n c e n t r a t i o n of the spreading s o l u t i o n (c) and the volume 'of s o l u t i o n 

spread (V) to f i n d the mass of m a t e r i a l on the water s u r f a c e , and hence 

the number of molecules present ( v i a the molecular weight, M, of the 

m a t e r i a l , and Avogadro's number, N^) • 

M 
a = A (5.1) 

A 

The e r r o r s i n c and V are q u i t e s m a l l ; i n the case of c these 

i n a c c u r a c i e s a r i s e out of the process of weighing the s o l i d and amount 

to ± 0.5%, whereas the e r r o r i n V depends l a r g e l y on the method used to 

dispense the s o l u t i o n . I f an Agla p r e c i s i o n microsyringe i s used, then 

the e r r o r i n V should be approximately + 0.3%, but i f a Hamilton f i x e d 

needle microsyringe i s used then t h i s f i g u r e i s l i k e l y to be c l o s e r to 
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±1%. There w i l l only be a s m a l l e r r o r (± 0.5%) i n the measurement of A 

for mobile monolayers; however, w i t h r i g i d monolayers the "arms" of the 

trough (see f i g u r e 3.2 i n chapter 3) do net become f u l l y covered with 

f i l m and t h i s leads to a much l a r g e r e r r o r i n A(± 7% at maximum trough 

a r e a ) . The t o t a l e r r o r i n a ^ i s thus approximately + 1.5% for f l u i d 

monolayers but much g r e a t e r f o r r i g i d ones. 

I t i s important to note that the accuracy of the a^ s c a l e i s not 

always as high as one might expect from the p r e c i s i o n with which A, c 

and V are known, s i n c e the presence of s o l u b l e i m p u r i t i e s i n the bulk 

m a t e r i a l or any d i s s o l u t i o n of the monolayer i t s e l f p r i o r to completion 

of the isotherm w i l l give r i s e to v a l u e s of a which are too sma l l . I t 
m 

i s a l s o important to note that f o r a^ to be the s u r f a c e area occupied by 

one molecule, the spread f i l m must be only one molecule t h i c k ; indeed, 

s m a l l v a l u e s of a can oft e n be used as a good i n d i c a t i o n t h a t 
m 

monomolecular l a y e r s are not being formed. I n view of these 

c o n s i d e r a t i o n s , a^ i s u s u a l l y r e f e r r e d to as the "apparent" area per 

molecule. 

There are two v a l u e s of a^ which are p a r t i c u l a r l y u s e f u l i n 

c h a r a c t e r i z i n g a monolayer. The f i r s t of these i s a^, the area per 

molecule at the onset of c o l l a p s e ; the corresponding value of surface 

p r e s s u r e , TT^ , i s a l s o of great i n t e r e s t . E x t r a p o l a t i n g the steep, 

l i n e a r , h igh-pressure region of the isotherm to zero pressure y i e l d s the 

l i m i t i n g a r e a per molecule i n the s o l i d phase, a^ (acc u r a t e to ± 3.5%, 

i n view of the e r r o r s i n e x t r a p o l a t i o n on top of those of the a^ s c a l e 

i t s e l f ) . 

I t i s o f t e n i n t e r e s t i n g to compress a monolayer to a s u r f a c e 

p r e s s u r e j u s t below i t s c o l l a p s e p o i n t , then allow i t to r e l a x back to 

i t s o r i g i n a l a r e a before recompressing i t ; any changes can be observed 
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i n the form of the isotherm. I n c a s e s where a monolayer e x h i b i t s 

s i g n i f i c a n t d i s s o l u t i o n , t h i s process w i l l dominate the changes i n the 

isotherm; however, i n some s i t u a t i o n s where s o l u b i l i t y i s not a problem^ 

changes can be seen i n the slope of the TT-A curve, due to molecular 

r e o r g a n i z a t i o n , w h i l s t a^ remains unchanged. 

The onset of c o l l a p s e of a Langmuir f i l m at high surface p r e s s u r e s 

can be observed i n two d i f f e r e n t ways. F i r s t l y , the slope of the 

isotherm reduces markedly a t the c o l l a p s e p o i n t , and secondly, 

s t r i a t i o n s p a r a l l e l to the moving edges of the b a r r i e r become v i s i b l e i n 

the f i l m ( p a r t i c u l a r l y n o t i c e a b l e with I n t e n s e l y coloured dye 

m a t e r i a l s ) . The c o l l a p s e of a Langmuir f i l m i s viewed as being the 

c a t a s t r o p h i c f a i l u r e of the f i l m s t r u c t u r e i n which the molecules s t a r t 

to p i l e up on top of each other. With some m a t e r i a l s only a s m a l l 

s u r f a c e p r e s s u r e can be developed before the onset of c o l l a p s e , w h i l s t 

o t h e r s may form m u l t i l a y e r s on the water s u r f a c e spontaneously upon 

spreading. C a r e f u l observation of the water surface p r i o r to 

compression can sometimes l e a d to the i d e n t i f i c a t i o n of m a t e r i a l s 

belonging to the l a t t e r category, owing to t h e i r tendency to form 

coloured i s l a n d s v i s i b l e to the naked eye. A s u i t a b l y steep isotherm, 

but one which d i s p l a y s a low a^, may o c c a s i o n a l l y be produced as such a 

m u l t i l a y e r f i l m i s compressed. Such m a t e r i a l s are of no use i n t h i s 

form, but f r e q u e n t l y they can be d i l u t e d to form a mixed monolayer with 

s t e a r i c or a r a c h i d i c a c i d i n order to produce good q u a l i t y LB f i l m s 

The molar r a t i o of a c i d : dye i n such mixtures i s commonly 3:1, but may 

be as low as 1:1 or as high as 10:1, depending on how poorly the 

m a t e r i a l behaves. I n s e c t i o n 3.5.3 the need f o r m o b i l i t y i n the 

monolayer was d e s c r i b e d ; the formation of mixed m.onolayers, often w i t h 

r e l a t i v e l y low percentages of f a t t y a c i d , provides a means of imparting 
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the d e s i r e d f l u i d i t y . The use of slow-evaporating s o l v e n t s i s another 

way of circumventing monolayer r i g i d i t y , although t h i s approach i s 

h i g h l y e m p i r i c a l and i s not always s u c c e s s f u l . 

5.2.i2 Monolayer s t a b i l i t y s t u d i e s 

I n order f o r a m a t e r i a l to be of p r a c t i c a l use for LB f i l m 

formation, the r a t e of d i s s o l u t i o n / c o l l a p s e of the water-surface 

monolayer at the de p o s i t i o n s u r f a c e pressure should not be too great 

( i d e a l l y i t should be z e r o ) . Some r e p r e s e n t a t i v e monolayer area decay 

curves are included i n s e c t i o n 5.3. For some m a t e r i a l s t h i s decay can 

be reduced by the c a r e f u l o p t i m i z a t i o n of subphase conditions such as 

temperature, pH, and i o n i c content, although temperature cannot be 

con v e n i e n t l y v a r i e d w i t h the Langmuir trough used f o r t h i s work. I n 

t h i s chapter the process of subphase op t i m i z a t i o n i s exemplified by the 

a m i d o n i t r o s t i l b e n e D5, although i t s r a t e of c o l l a p s e under most 

co n d i t i o n s was not considered f a s t enough to be a l i m i t i n g f a c t o r to i t s 

u s e f u l n e s s . 

The procedures adopted and the co n d i t i o n s used when monitoring the 

change i n f i l m area w i t h time or i n p l o t t i n g an isotherm were 

s t a n d a r d i s e d as f a r as p o s s i b l e (constant temperature, compression r a t e , 

period of s o l v e n t evaporation, e t c . ) s i n c e any of these f a c t o r s may have 

a s i g n i f i c a n t e f f e c t on the r e s u l t . Wherever p o s s i b l e , the su r f a c e 

p r e s s u r e a t which the decay i n area was studied was s e l e c t e d to be i n 

the c e n t r e of the condensed phase i n the isotherm, 

5.3 Monolayer C h a r a c t e r i z a t i o n ; R e s u l t s 

Some t y p i c a l p r e s s u r e - a r e a isotherms and racnclayer s t a b i l i t y 

s t u d i e s f o r the v a r i o u s c l a s s e s of m a t e r i a l I n v e s t i g a t e d are i l l u s t r a t e d 

i n f i g u r e s 5.4 - 5.14. The e s s e n t i a l f e a t u r e s of these isotherms have 
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been e x t r a c t e d and appear i n t a b l e 5.1, together with some general 

comments. The c o l o u r s r e f e r r e d to are those of the spreading s o l u t i o n s . 

o c 
Where the f i l m s are obviously not monomolecular, the va l u e s of a , a , 

m m 

and TT^ are bracketed as they are not r e a l l y meaningful. I n some cases 

two f i g u r e s are given f o r these q u a n t i t i e s ; t h i s i s where the isotherm 

p o s s e s s e s two steep r e g i o n s , e i t h e r of which could represent a condensed 

phase (although u s u a l l y the one at higher molecular area w i l l be the 

true s o l i d phase, the subsequent shallow region r e p r e s e n t i n g c o l l a p s e 

and the second steep region a r i s i n g from the compression of a b i l a y e r ) . 

Where " d i s s o l u t i o n " i s r e f e r r e d to i n t a b l e 5.1, the term i s being used 

f o r convenience, s i n c e s t r i c t l y speaking the mechanism by which 

molecular a r e a decreases w i t h time could be d i s s o l u t i o n , c o l l a p s e , 

evaporation or rearrangement, or any combination of these phenomena. 

Some m a t e r i a l s were not s u f f i c i e n t l y s o l u b l e i n chloroform (CHCl^), 

or other commonly used v o l a t i l e organic s o l v e n t s , to form s u i t a b l e 

spreading s o l u t i o n s . I n these cases the m a t e r i a l was f i r s t d i s s o l v e d i n 

dimethyl formamide (DMF), a very powerful s o l v e n t , and then d i l u t e d with 

approximately nine times t h i s volume of chloroform. I n view of the 

m l s c i b i l i t y of DMF wi t h water, i t was feared that the use of such a 

s o l v e n t would lead to m a t e r i a l being taken down i n t o the subphase w i t h i n 

d r o p l e t s of s o l u t i o n during the spreading process, r e s u l t i n g i n the 

measured area per molecule vr.lues being coo s m a l l . However, when a 

spreading s o l u t i o n of a r a c h i d i c a c i d was prepared using an even higher 

percentage of DMF, i t was found to give an isotherm i d e n t i c a l i n both 

shape and a° to that obtained when pure chloroform was used as a 

s o l v e n t . 
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5.3.1 Modified commercially a v a i l a b l e m a t e r i a l s 

Compound Ml, a long hydrocarbon c h a i n d e r i v a t i v e of 

2,6-dichloroindophenol, proved to be w a t e r - s o l u b l e , v/hereas M2, the 

analogue w i t h a s h o r t e r fluorocarbon t a i l , was much more i n s o l u b l e . 

Isotherms of M2 were found to be almost i d e n t i c a l throughout the pH 

range 4.5 - 9.0, and a t y p i c a l one i s shown i n f i g u r e 5.4. Although 

t h i s does not d i s p l a y the d i s t i n c t phase changes of s t e a r i c a c i d , i t i s 

s u f f i c i e n t l y steep at high s u r f a c e p r e s s u r e s to be of i n t e r e s t for 

f u r t h e r study. The i n s e t to f i g u r e 5.4 i l l u s t r a t e s the high s t a b i l i t y 

of a w a t e r - s u r f a c e monolayer of M2. 

I t seems h i g h l y probable that the Langmuir f i l m s of M2 are not 

t r u l y monomolecular, s i n c e thea° value of 0.21 nm^ i s much c l o s e r to the 
m ••' 

c r o s s - s e c t i o n a l area of a hydrocarbon chain than to that of the more 

bulky fluorocarbon chain or the chromophore. T h i s problem a r i s e s again 

w i t h the P r i m u l i n d e r i v a t i v e M3, whose s u i t a b l y steep isotherm i s a l s o 

shown i n f i g u r e 5.4 and whose a ° of 0.23 nm^ seems very small for such 
m 

a bulky chromophore. Since the f i l m s e x h i b i t no s i g n of d i s s o l u t i o n , 

the only p o s s i b l e explanation f o r the low v a l u e s of area per molecule, 

other than b i l a y e r formation, i s that the bulk s o l i d contained a high 

percentaige of s o l u b l e i m p u r i t i e s . 

5.3.2 Anthracene d e r i v a t i v e s 

The p r e p a r a t i o n of LB f i l m s of compound A l , 

9 - b u t y l - l O - a n t h r y l p r o p i o n i c a c i d (or C4 anthracene) has been e x t e n s i v e l y 
(A) 

d i s c u s s e d by V l n c e t t et a l , but s i n c e i t forms the b a s i s of t h i s 

group of m a t e r i a l s i t warrants a b r i e f d e s c r i p t i o n here. F i g u r e 5.5. 

shows the p r e s s u r e - a r e a isotherms f o r A l at three d i f f e r e n t v a l u e s of 

subphase pH; i t can e a s i l y be seen that lowering the pH I n c r e a s e s the 

c o l l a p s e s u r f a c e p r e s s u r e and renders the m a t e r i a l l a s s w a t e r - s o l u b l e . 
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thereby g i v i n g r i s e to a value of a° not i n c o n s i s t e n t with the 

dimensions of the molecule (at high pH r a p i d d i s s o l u t i o n gives r i s e to 

v e r y s m a l l v a l u e s of the apparent a°). The i n s e t to f i g u r e 5.5 r e v e a l s 

that even at a pH of 4.5 there i s a considerable s o l u b i l i t y problem, 

although the m a t e r i a l i s s t i l l u s e f u l i f a l a r g e area of monolayer i s 

spread i n i t i a l l y . I t i s not b e n e f i c i a l to have a pH of l e s s than 4.5, 

s i n c e below t h i s f i g u r e most of the c a r b o x y l i c a c i d groups w i l l remain 

uni o n i z e d whereas f i l m cohesion i s improved by s a l t formation. 

Compound A2 r e p r e s e n t s the f i r s t v a r i a t i o n on C4 anthracene, with 

the b u t y l group being r e p l a c e d by the even s h o r t e r COCF^. Although the 

r e s u l t a n t isotherm appears to have a steep region and a very high 

c o l l a p s e s u r f a c e p r e s s u r e ( f i g u r e 5.6a), the value of of Q.l^ nm^ i s 

f a r too s m a l l f o r the f i l m to be monomolecular; t h i s f i g u r e cannot be 

accounted f o r by d i s s o l u t i o n , s i n c e t h i s i s slow even at 40 mN m 

( t a b l e 5 . 1 ) . However, i t was found that by making a mixed monolayer of 

A2 w i t h a r a c h i d i c a c i d i n a r a t i o of one A2 molecule to 2.65 molecules 

of a r a c h i d i c a c i d (present as cadmium a r i c h i d a t e under the subphase 

c o n d i t i o n s employed) an isotherm could be obtained which ciisplayed three 

d i s t i n c t phase changes and a steep condensed phase l i n e . The a b s c i s s a 

f o r t h i s curve i s c a l i b r a t e d i n terms of the area per "average" molecule 

i n the mixture; thus a° (mixture) = a° (A2) + 2,65 a° ( a r a c h . a c i d ) 
m ni m 

3.65 
Rearranging t h i s equation and s u b s t i t u t i n g i n the known va l u e , 

( a r a c h . a c i d ) = 0.20 nm^, and the value measured from f i g u r e 5.6b, a° 
m 

(mixture) •= 0.26 nm^, g i v e s a° (A2) = 0.42 nm^. T h i s i s remarkably 

c l o s e to the value of a f o r C4 anthracene (0.43 nm^) , suggesting that 
m 

1 ° f o r C4 anthracene (0.43 nm^' m 

the A2 molecules are not aggregated w i t h i n the f i l m , i . e . that the 

mixing process has been s u c c e s s f u l i n preventing spontaneous c o l l a p s e . 
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pH=5.8, no i o n s ) . 
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Compound A3 i s complementary to A2 i n that i n t h i s m a t e r i a l the COCF^ 

group r e p l a c e s the pr o p i o n i c a c i d group of A l i n s t e a d of the b u t y l 

group. Since A3 was found to be hi g h l y s o l u b l e i n the subphase t h i s 

i m p l i e s t h a t the COCF^ group of A3 i s more h y d r o p h i l i c than the 

pro p i o n i c a c i d group of A l , and hence that A2 possesses two h y d r o p h i l i c 

groups and no hydrophobic group. I f t h i s i s the case, then A2 would be 

expected to be the most s o l u b l e of the three m a t e r i a l s , which i t c l e a r l y 

i s not. One p o s s i b l e e x p l a n a t i o n f o r t h i s behaviour i s that the 

p o t e n t i a l l y high s o l u b i l i t y of A2 i s reduced by the formation of 

m u l t i l a y e r s or aggregates of molecules i n f i l m s of pure A2, and by the 

cadmium a r a c h i d a t e matrix i n the case of mixed monolayers. An 

a l t e r n a t i v e e x p l a n a t i o n i s that compound A3 has been o x i d i s e d to the 

more s o l u b l e anthraquinone, g i v i n g r i s e to misleading r e s u l t s . 

Although the isotherms of A4 and A6 are quit e s i m i l a r i n t h e i r form 

( f i g u r e 5 . 7 ) , the va l u e s of a° (0.38 nm^ f o r the former and 0.10 nm^ f o r 

the l a t t e r - see t a b l e 5.1) i n d i c a t e that they represent t o t a l l y 

d i f f e r e n t p r o c e s s e s . The p o r t i o n of the u-A curve of A4 f o r a^ = 0.36 -

0.32 nm^ probably corresponds to a monolayer s o l i d phase; J:he true a^ 

v a l u e s are l i k e l y to be somewhat l a r g e r than these measured ones, the 

disc r e p a n c y a r i s i n g from the r a p i d d i s s o l u t i o n of the l a y e r (see i n s e t , 

f i g u r e 5 .7). Conversely, the p o r t i o n of curve of corresponding shape 

f o r A6 i s bounded by a = 0.09 nm^ and a = 0.07 nm^, and s i n c e the f i l m 
m m 

i s only moderately s o l u b l e i n the subphase, these v a l u e s are not 

c o n s i s t e n t w i t h the f i l m being monomolecular. Unfortunately, even A4 i s 

u n l i k e l y to be of use as an LB f i l m m a t e r i a l due to i t s low c o l l a p s e 

p r e s s u r e and high s o l u b i l i t y . 

The problem of e x c e s s i v e w a t e r - s o l u b i l i t y arose again with compound 

A5, which showed no si g n of forming an i n s o l u b l e monolayer throughout 
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the pH range 4.5-9.0. This m a t e r i a l possesses an extended conjugated 

system and a powerful p y r i d i n i u m acceptor group, which could have given 

r i s e to i n t e r e s t i n g non-linear o p t i c a l e f f e c t s . S i m i l a r l y , compound A7 

was found t o be h i g h l y soluble i n the subphase. I t i s rather s u r p r i s i n g 

t h a t A7 should be even more soluble than A6, since t h e i r molecular 

formulae are i d e n t i c a l apart from the presence of an extra benzene r i n g 

i n the former. 

The tr-A curves of compounds A8 and A9 are very s i m i l a r ( f i g u r e 

5.8), both d i s p l a y i n g two steep regions separated by one which i s more 

shallow. S i m i l a r isotherms were obtained throughout the pH range 4.0 t o 

9.5. The a° values obtained by e x t r a p o l a t i n g the two steep regions down 

to zero pressure ( t a b l e 5.1) i n d i c a t e t h a t f o r both materials the f i r s t 

region (high a°) arises from monolayer compression whereas the second 

region (low a°) arises from m u l t i l a y e r compression, the intermediate 

stage being monolayer collapse. Monolayer d i s s o l u t i o n cannot be used as 

an explanation f o r the low a° values i n the second region, since f i l m 

area was found t o decay only very slowly w i t h time when the pressure was 

held constant w i t h i n any of the steep regions. The low values of f o r 

the tru e monolayers implies t h a t these m a t e r i a l s are u n l i k e l y to form 

good q u a l i t y LB f i l m s . 

The molecular formulae of A7, AS and A9 are very s i m i l a r , a l l three 

m a t e r i a l s having the same conjugated system and hydrophobic b u t y l group; 

i n f a c t t h i s series was designed to i l l u s t r a t e the e f f e c t on the 

non-linear behaviour of changing j u s t the polar head group p o r t i o n of 

(see molecular formulae i n f i g u r e 5.2). Tae COOH, NO^, and OH groups 

were selected f o r t h e i r widely d i f f e r i n g e l e c t r o n i c p r o p e r t i e s (see 

s e c t i o n 5^1.2). However, the poor behaviour of these m a t e r i a l s as 

Langmuir f i l m s has rendered such a study impossible. 



40 

•6 
z 
1 25 

20 

I 
w 15 o 

5? 10 

' 1 1 1 

1 
\ 
\1 
\1 

— 

\J 

\ \ 
\ \ 

- \ \ 
\ \ -
\ \ 
\ \ 
\ \ 

— \ \ _ 
\ \ 

\ \ 
\ \ \ \ 

\ \ — 

\\ N\ 
— vs. 

\ ^ \ 
\ \ 
\ \ — 

\ \ 
\ > 
\ 

_ l _ _ . . 1 v t 

Figure 5.8 

0-K) 0-20 030 0 ^ 050 

Pressure-area isotherms f o r A8 (-
2x10" M CdCl^ subphase, pH=5.5. 

-) and A9 ( ) , on a 

u 15 

Figure 5.9 Pressure-area Isotherms f o r Dl (1) DlA (pH=7.6, 10 M 
(NH^) SO^) ( ) , (11) DIB (pH=7.4, no Ions) under slow 
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5.3.3 Dipolar chromophores 

The two d i f f e r e n t samples of the merocyanine Dl were found to give 

s i m i l a r Isotherms ( f i g u r e 5.9). T\i±s dye was of great i n t e r e s t I n view 

of i t s p a r t i c u l a r l y large second-order h j r p e r p o l a r i z a b i l i t y i n low 

p o l a r i t y s o l v e n t s , as determined by e l e c t r i c f i e l d induced second 

harmonic g e n e r a t l o n ^ ^ a n d i t s a b i l i t y to form in s o l u b l e 

m o n o l a y e r s a n d a l t e r n a t e layer LB f i l m s ^ ^ \ This m a t e r i a l provides a 

good I l l u s t r a t i o n of the Importance of c o n t r o l l i n g as many fa c t o r s as 

possible when o b t a i n i n g an isotherm: there are d i s t i n c t changes I n the 

ir-A curve of DIB i n f i g u r e 5.9 when the ra t e of compression i s a l t e r e d . 

There are two steep regions I n the isotherm (three i n the case of very 

slow compression); i n i t i a l l y i t was assumed t h a t the one at lower. 

surface pressure corresponded to a monomdlecular condensed phase, w h i l s t 

t h a t at high pressure was the r e s u l t of the compression of a m u l t i l a y e r 

f i l m . However, the a° measurements were not inconsistent w i t h the high 
m 

pressure region being the s o l i d monolayer phase and the lower pressure 

region being due to some other phase. I n the event, both regions were 

i n v e s t i g a t e d f o r monolayer s t a b i l i t y . 

The subphase conditions selected depended on the u l t i m a t e goal : 

(1) I n i t i a l experiments were aimed at producing low pressure merocyanine 

monolayers, and a l t e r n a t i n g layers w i t h a long chain amine; since the 
amine re q u i r e d the presence of sulphate ions, the subphase used was 
_3 

10 M (NH^)^ SÔ  ( a q ) , pH '\, 7.5; ( i l ) subsequent i n v e s t i g a t i o n s were 

made of high pressure merocyanine monolayers, and a l t e r n a t i n g layers 

w i t h oj-tricosenoic a c i d ; the subphase employed here had pK > 7.0 w i t h no 

added ions. I t was found t h a t monolayers of Dl ex h i b i t e d n e g l i g i b l e 

d i s s o l u t i o n at a surface pressure of 28 mN a ^ ( t a b l e :'<.!), but at 41 mN 

tn"''" d i s s o l u t i o n was r a p i d , only 10% of the i n i t i a l monolayer area 
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remaining a f t e r a period of one hour at a pH of 7.5, although increasing 

the pH to 8.5 g r e a t l y improved s t a b i l i t y (70% remaining a f t e r an hour). 

The reasonably high pressures to which the monolayers can be taken, and 

the lack of major s o l u b i l i t y problems, makes Che production of LB f i l m s 

from e i t h e r " s o l i d " regime of Dl worthwhile pursuing. 

The hemicyanine dye, D2, provides another example of the extreme 

caution needed when i n t e r p r e t i n g isotherms. The three curves shown i n 

f i g u r e 5.10 were a l l performed under i d e n t i c a l subphase conditions and 

compression r a t e s , and indeed they do coincide over the small pressure 

range 36-42 mN m yet at lower pressures there are vast d i f f e r e n c e s i n 

t h e i r slopes. Only one f a c t o r was changed from one isotherm to the next 

- the p e r i o d of time f o r which the solvent was evaporated. Better 

(steeper) isotherms were obtained w i t h short evaporation times, 

suggesting t h a t perhaps the r e t e n t i o n of some solvent i n the monolayer 

i s improving i t s p h y s i c a l c h a r a c t e r i s t i c s , or else that the molecules 

undergo some k i n d of rearrangement on the water surfacfe p r i o r t o 

compression. There appears to be some kind of phase change i n 
-1 

mono layers of D2 at ir 'V' 10 mN m , a 'v̂  0.9 nm^. V a r i a t i o n s i n subphase 
m 

pH or ion content had very l i t t l e e f f e c t on the isotherms. The Cj^^H^^ 

and Ĉ F̂ ĈO analogues of D2 gave r i s e to very expanded isotherms, w i t h 

no steep region p r i o r t o collapse a t 'v- 35 mN m w h i l s t the iodide s a l t 

of the C.F „C„H, analogue b a r e l y r e g i s t e r e d a surface pressure at a l l 
0 i j / H 

before i t collapsed. However, w i t h respect to monolayers of D2 i t s e l f , 

t h e i r h i g h collapse surface pressure and low rat e of d i s s o l u t i o n ( i n s e t , 

f i g u r e 5.10), coupled w i t h a measured l i m i t i n g area per molecule ( t a b l e 

5.1) which i s consistent w i t h the f i l m being monomolecular, render D2 a 

s u i t a b l e candidate f o r the formation of LB m u l t i l a y e r s . 
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Figure 5.10 Pressure-area Isotherms f o r D2, 2x10 M CdCl^ subphase, 
pH=5.7, f o r d i f f e r e n t periods, t , of solvent evaporation. 
(1) t-2 mins ( ) , (11) t=4 mlns ( ) , ( i l l ) t=10 
mins ( . . . . ) . I n s e t : Change i n f r a c t i o n a l area of D2 
monolayer w i t h time (ir=40 mN m" , pH=5.8, 2 x l o " M CdCl^). 
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Figure 5.11 Pressure-area Isotherms f o r (a) D3, pH=9.1 (no i o n s ) , and 
(b) D4, pH=5.8 (no I o n s ) . 
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Compounds D3 and D4 were c l o s e l y r e l a t e d to D2, the only 

d i f f e r e n c e s being i n the head group. Of t h i s set, D2 should be the most 

promising from the non-linear o p t i c a l point of view (as discussed i n 

se c t i o n 5.1.3), and was the r e f o r e studied i n the greatest depth, but D3 

and D4 do serve to i l l u s t r a t e how subtle changes to a mplecule can 

g r e a t l y a f f e c t monolayer behaviour. The isotherm of D3 was shallow but 

not expanded ( f i g u r e 5.11), w i t h a high collapse surface pressure and 

area per molecule values consistent w i t h a true monolayer; the C^^H^„ 
lb J J 

analogue of D3 gave a very expanded isotherm e x h i b i t i n g collapse at -̂ 30 

mN m I n c o n t r a s t , D4 gave a very steep isotherm which was unaffected 

by the presence or absence of CdCl^ i n the subphase and which displayed 

sharp phase changes ( f i g u r e 5.11). These f i l m s e x h i b i t e d n e g l i g i b l e 

d i s s o l u t i o n at 30 mN m ( t a b l e 5.1). I n s p i t e of these observations, 

the area per molecule values were less than h a l f those expected f o r a 

true monolayer. I n t e r e s t i n g l y , the C „H„ analogue of D4 gave an 

isotherm more c-losely resembling that of D3 and w i t h area per molecule 

values consistent w i t h a monolayer; t h i s might i n d i c a t e t h a t the sample 

of D4 i t s e l f contained a high percentage of soluble i m p u r i t i e s , g i v i n g 

r i s e to erroneous a values. 
m 

Of a l l the m a t e r i a l s s t u d i e d , D5 gave probably the most promising 

Isotherm, i t being steep, w i t h a high collapse pressure and an area per 

molecule scale consistent w i t h a monomolecular la y e r ( f i g u r e 5.12a). 

The TT-A curve was found t o be l a r g e l y independent of pH, being only 

s l i g h t l y shallower at pH > 8 and unchanged at pH = 4.4. Monolayers of 

D5 e x h i b i t e d a f a i r l y slow decay i n area w i t h time at 32 mN m ( i n s e t , 

f i g u r e 5.12), but the onset of r i g i d i t y i n the layer (as revealed by the 

s u c t i o n t e s t of section 3.5.3) l i m i t e d t h e i r u s e f u l l i f e t i m e to 

approximately 100 minutes. The yellow colour of a spreading s o l u t i o n 
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of D5 was n o t i c e a b l y bleached over a period of several weeks, and a two 

month o l d s o l u t i o n gave r i s e to a much shallower isotherm ( f i g u r e 5.12b) 

than does a f r e s h s o l u t i o n , although the area per molecule i s 

approximately the same at very high surface pressure. Care was 

th e r e f o r e taken to ensure t h a t a l l f u t u r e studies were performed using 

s o l u t i o n s l ess than two weeks o l d . Molecules of D5 possess a n i t r o 

acceptor and an amide donor separated by a s t i l b e n e conjugated system of 

bonds, and should therefore d i s p l a y a s i g n i f i c a n t n o n - l i n e a r i t y . 

The r a t e of decay of the surface area of D5 monolayers w i t h time 

was studied as a f u n c t i o n of subphase conditions ( f i g u r e 5.14). The 

decay process i n each case can be seen to commence w i t h r e l a t i v e l y r a p i d 

d i s s o l u t i o n , followed by a process obeying equation 3.1, i . e . ln(N) = 

- k t + C. Since the i n i t i a l area of f i l m spread was not i d e n t i c a l i n 

each case, and since the t=0 p o s i t i o n was d i f f i c u l t to defin e , the most 

important aspect of t h i s study was to f i n d the optimum conditions f o r 

reducing the slope of the I n ( f i l m area) versue time p l o t ( i . e . f o r 

reducing k) , r a t h e r than t r y i n g to reduce the i n i t i a l d i s s o l u t i o n . I t 

can be seen from f i g u r e 5.14 t h a t w i t h no ions added to the subphase a 

pH of 4.0 or 5.6 gives approximately the same value of k, w h i l s t that 

f o r pH = 9.3 i s s l i g h t l y l a r g e r . S u r p r i s i n g l y , the a d d i t i o n of CdCl^ t o 

the subphase seems to reduce k, e s p e c i a l l y at pH 5.7. 

Another p a r t i c u l a r l y i n t e r e s t i n g compound i s D6, i n which the 

s l i g h t l y stronger amine donor replaces the amide group of D5. Once 

again the Isotherm i s steep, the collapse surface pressure high, and the 

measured area per molecule consistent w i t h monolayer formation ( f i g u r e 

5.13). At 30 mN m the area was found to decay only very slowly w i t h 

time, but r i g i d i t y set i n q u i t e r a p i d l y and to a much greater extent 
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d i f f e r e n t subphase conditi o n s . (a) pH=5.6 (no i o n s ) , (b) 
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than with.D5, rendering the monolayer unsuitable f o r LB f i l m deposition 

less than one hour a f t e r spreading. 

The next m a t e r i a l i n the s e r i e s , D7, has a t e r t i a r y amine rep l a c i n g 

the secondary amine donor group of D6. Although t h i s m a t e r i a l has a 

steep isotherm ( f i g u r e 5.13) and e x h i b i t s l i t t l e d i s s o l u t i o n , the a° 
m 

value of 0.08 nm^ c l e a r l y i n d i c a t e s t h a t the f i l m i s not monomolecular. 

Indeed, c a r e f u l observation of the water surface immediately a f t e r 

spreading revealed the presence of o i l y patches approximately 0.5 cm i n 

diameter, a r i s i n g from a strong tendency f o r the dye molecules to 

aggregate i n an a n t i p a r a l l e l fashion. However.satisfactory isotherms 

were obtained f o r a mixed monolayer containing f i v e molecules of 

a r a c h i d i c acid to one of D7. S i m i l a r l y D8, the azo analogue of D6, 

formed islands of m a t e r i a l p r i o r to compression, and although steep 

isotherms were obtained at pH values of 4.7 ( f i g u r e 5.13) and 9.0, the 

f i l m s collapsed r a p i d l y when held at a surface pressure of 30 mN m 

Once again a mixture of 5 moles of arachidic acid to one of dye was 

found to give a good isotherm and stable monolayer. 

5.4 Film Transfer 

Having studied the p r o p e r t i e s of the water-surface monolayers of 

each compound, the next stage was to attempt to t r a n s f e r these layers to 

s o l i d substrates and b u i l d up m u l t i l a y e r s t r u c t u r e s . ^he^ techniques 

described i n t h i s s e c t i o n f o r the assessment of the q u a l i t y of deposited 

f i l m s are very simple; more s o p h i s t i c a t e d methods can be found i n 

chapter 6. I n section 3.6.3 the concept of d e p o s i t i o n r a t i o was 

introduced; t h i s q u a n t i t y was estimated from the p l o t s of f i l m area 

against time obtained f o r each d i p , and was the primary i n d i c a t i o n of 

whether the same amount of m a t e r i a l was being deposited i n each 
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monolayer. Where deposition was p a r t i c u l a r l y poor, v i s u a l observation 

of the substrate would o f t e n reveal regions where islands of collapsed 

f i l m had been picked up; i n cases where the deposition was of a b e t t e r 

q u a l i t y , the same technique could be used to check that the colour of 

reasonably t h i c k ("̂  20 layers) f i l m s was uniform over the whole sample. 

A f i n a l t e s t which could be employed was to breathe on the f i l m , which 

would take up the moisture; the r e s u l t a n t clouding of the layer then 

helped to show up any regions i n which the deposition was non-uniform. 

I n view of the r e s u l t s of e a r l i e r sections, not a l l of the 

ma t e r i a l s were deemed to be s u i t a b l e f o r depo s i t i o n . Compounds Ml, A3, 

A5 and A7 were a l l too soluble I n the subphase, w h i l s t A4 r a p i d l y 

collapsed and layers of A6 were not monomolecular. A2, D7 and D8 were 

only studied as mixtures w i t h a r a c h i d i c a c i d . Shortage of time 

precluded f u r t h e r i n v e s t i g a t i o n of D3 and D4, which seemed u n l i k e l y to 

show i n t e r e s t i n g non-linear o p t i c a l e f f e c t s . 

Table 5.2 summarises the dipping conditions employed f o r materials 

which were found to give LB f i l m s of poor or moderate q u a l i t y , w h i l s t 

t a b l e 5.3 d e t a i l s the same q u a n t i t i e s f o r those compounds g i v i n g high 

q u a l i t y (Y-type) f i l m s . I n the s i t u a t i o n s where a m a t e r i a l gave rat h e r 

patchy coverage, v a r i a t i o n s i n subphase.conditions, deposition surface 

pressure, d i p p i n g speed, and substrate preparation were i n v e s t i g a t e d , 

and only the most successful combination i s given i n the ta b l e s . 

Several m a t e r i a l s would deposit as monolayers on h y d r o p h i l i c 

s u b s t r a t e s , but these layers would come o f f again on subsequent 

Immersions of the substrate i n the subphase, being replaced by a fr e s h 

monolayer on withdrawal. Z-type deposition wat> attempted w i t h a l l these 

m a t e r i a l s , but without success. Unusual mat e r i a l s i n t h i s respect were 

M3 and D2, which would t r a n s f e r a layer to a substrate on each 
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withdrawal but not on i n s e r t i o n , w h i l s t pre-deposited layers would 

remain f i r m l y bonded. Although t h i s might appear to c o n s t i t u t e Z-type 

d e p o s i t i o n , when t h i s was attempted using the automated feature of the 

trough, the f i l m q u a l i t y was much poorer than usual. This might suggest 

t h a t M3 and D2 do i n f a c t deposit i n a Y-type mode, w i t h the molecules 

undergoing some form of r e o r i e n t a t i o n immediately p r i o r to t r a n s f e r to 

the s u b s t r a t e . 

Conventional Y-type LB f i l m s are of no i n t e r e s t f o r second-order 

non-linear o p t i c a l processes, owing to t h e i r inherent centrosymmetry; 

however, t h i s l i m i t a t i o n can be overcome by the use of a l t e r n a t e layer 

systems, as discussed elsewhere i n t h i s t h e s i s . Since the subphase i s 

common t o both of the components of such a system, i t s contents cannot 

be optimized f o r each of them simultaneously. Frequently one of the 

ma t e r i a l s w i l l be more t o l e r a n t to non-ideal dipping conditions than the 

ot h e r , i n which case they can be s u i t e d to the most "demanding" 

compound. Table 5.4 summarises the deposition features of the several 

d i f f e r e n t a l t e r n a t e l a y e r systems i n v e s t i g a t e d ; the surface pressures 

employed f o r each m a t e r i a l were the same as f o r s i n g l e component Y-type 

f i l m s . 

5.5 Summary 

This chapter has reviewed the techniques a v a i l a b l e f o r 

c h a r a c t e r i z i n g water-surface monolayers i n order to f i n d the optimum 

conditions f o r LB f i l m d e p o s i t i o n . The novel m a t e r i a l s in v e s t i g a t e d "in 

t h i s p r o j e c t have been introduced, and the reasoning behind t h e i r 

s e l e c t i o n discussed. Results have been presented f o r 20 d i f f e r e n t 

compounds, out of which f o u r ( A l , D l , D5 and D6) gave r i s e to h i g h l y 

uniform Y-type m u l t i l a y e r s , a f i f t h (D2) formed moderately good f i l m s . 
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and three others (A2, D7 and D8) could be deposited as mixed monolayers. 

The optimum dipping conditions f o r these m a t e r i a l s have been given, 

along w i t h those f o r several a l t e r n a t e layer systems of i n t e r e s t f o r 

t h e i r p o t e n t i a l l y large o p t i c a l n o n - l i n e a r i t i e s . 

Considering a generalised molecule, R-Ĝ -̂C-Ĝ , where R i s the 

hydrocarbon t a i l , C i s the conjugated system, and Ĝ , Ĝ  are donor (D) 

or acceptor (A) groups, then these r e s u l t s can be summarized as fo l l o w s : 

M a t e r i a l R ^2 

A l \\ D (weak) A (weak) 

Highly uniform m u l t i l a y e r s D l '22^5 
D A 

D5 ^17^35 D A 

D6 ^2^45 D A 

Moderately good f i l m s D2 ^22^45 A D 

A2 CF̂ CO A A (weak) 

Mixed monolayers D7 ^18^37 D A 

D8 ^18^37 D A 

I n the next chapter some physica 1 characte r i s t i c s of these f i l m s 

are described, w h i l s t chapter 7 i s concerned w i t h t h e i r s t r u c t u r a l 

assessment. F i n a l l y , chapter 8 deals w i t h studies of secoW harmonic 

generation from LB monolayers and m u l t i l a y e r s of these novel m a t e r i a l s . 
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CHAPTER 6 

SOME TECHNIQUES FOR THE CHARACTERIZATION OF LB FILMS 

AND MATERIALS : RESULTS AND DISCUSSIONS 

6.0 I n t r o d u c t i o n 

Although the primary o b j e c t i v e of t h i s p r o j e c t was to produce LB 

f i l m s d i s p l a y i n g l a r g e o p t i c a l n o n - l i n e a r i t i e s , the l i n e a r o p t i c a l 

p r o p e r t i e s of the f i l m s are a l s o very Important i n determining which 

a p p l i c a t i o n s they may be appropriate t o . The r e a l component of the 

l i n e a r s u s c e p t i b i l i t y i s r e s p o n s i b l e for the r e f r a c t i o n of l i g h t , w h i l s t 

the Imaginary pa r t accounts f o r absorption (see Chapter 2) ^ O p t i c a l 

absorption measurements performed on s o l u t i o n s and LB f i l m s of the 

v a r i o u s dyes described i n Chapter 5 as forming good q u a l i t y m u l t i l a y e r s 

are d e s c r i b e d i n s e c t i o n 6.1. Such data i s u s e f u l for determining the 

range of fundamental wavelength over which r a d i a t i o n can be 

frequency-doubled by the f i l m ; i n a d d i t i o n , s t u d i e s of absorbance ( a t a 

f i x e d frequency) as a f u n c t i o n of f i l m t h i c k n e s s can be employed to 

a s s e s s the u n i f o r m i t y of d e p o s i t i o n from one l a y e r to the next (see 

s e c t i o n 3 . 7 ) . The r e s u l t s of s u r f a c e plasmon resonance s t u d i e s are 

presented i n s e c t i o n 6.3; these can be used to estimate the r e f r a c t i v e 

Index of the f i l m , and the shape of the resonance curves can y i e l d 

q u a l i t a t i v e Information concerning the f i l m q u a l i t y ( i . e . i f i t s c a t t e r s 

the i n c i d e n t r a d i a t i o n v e r y b a d l y ) . 

Many, p o t e n t i a l a p p l i c a t i o n s f o r LB films: i n n o n - l i n e a r o p t i c s (e.g. 

e l e c t r o - o p t i c modulation) r e q u i r e the a p p l i c a t i o n of an e l e c t r i c f i e l d 

a c r o s s the d e v i c e ; i t i s t h e r e f o r e important to be able to make 

e l e c t r i c a l c o n t a c t s to the f i l m s . I n s e c t i o n 6.2 the measurement of 

c a p a c i t a n c e as a f u n c t i o n of f i l m t h i c k n e s s I s described; such 
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experiments are u s e f u l f o r a s s e s s i n g the q u a l i t y of m u l t i l a y e r s (see 

Chapter 3) as w e l l as i n determining the s u c c e s s of top contact 

d e p o s i t i o n . 

The K u r t z powder technique i s a widely p r a c t i c e d simple method f o r 

s c r e e n i n g l a r g e numbers of compounds fo r second-order non-linear o p t i c a l 
(1 2) 

a c t i v i t y ' . I t i s normally used to i d e n t i f y s u i t a b l e candidates for 

s i n g l e - c r y s t a l s t u d i e s , but i n s e c t i o n 6.4 the advantages and 

disadvantages of i t s a p p l i c a t i o n to powdered samples of LB f i l m m a t e r i a l 

are d i s c u s s e d and some r e s u l t s presented. One way of a s s e s s i n g the 

p o t e n t i a l of a new m a t e r i a l at the e a r l i e s t p o s s i b l e stage i s to 

c a l c u l a t e a t h e o r e t i c a l v a l u e for I t s second-order molecular 

h y p e r p o l a r i z a b i l i t y . The r e s u l t s of a few such computations are given 

i n s e c t i o n 6.5. 

6.1 O p t i c a l Absorption 

6.1.0 Background 

The o p t i c a l absorption spectrum i s an important c h a r a c t e r i s t i c f o r 

any LB f i l m d e s t i n e d f o r an a p p l i c a t i o n i n the f i e l d of o p t i c s , s i n c e i t 

determines what wavelengths of l i g h t can propagate through the f i l m 

without being h e a v i l y attenuated by absorption l o s s e s . I n p a r t i c u l a r , 

e f f i c i e n t frequency doubling r e q u i r e s the c a r e f u l matching of the 

n o n - l i n e a r m a t e r i a l to the fundamental wavelength; i d e a l l y the 

absorption edge should be near to the second harmonic wavelength but 

must not i n c l u d e i t (see s e c t i o n 2.3.2). 

S t u d i e s of absorbance (at a f i x e d wavelength, u s u a l l y an absorption 

maximum) as a f u n c t i o n of f i l m t h i c k n e s s can be used to check that the 

d e p o s i t i o n of m a t e r i a l i s uniform from one monolayer to the next (see 

s e c t i o n 3.7). The Beer-Lambert law f o r dye s o l u t i o n s i s : A = e cd. 
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where A i s the absorbance, e the molar e x t i n c t i o n c o e f f i c i e n t , c the 

co n c e n t r a t i o n , and d the path length- For an LB f i l m , cd i s equivalent 

to Na, where N i s the number of monolayers and a is the surface d e n s i t y 

of dye molecules. Assuming that the m a t e r i a l obeys t h i s law, and th a t 

i n t e r f e r e n c e e f f e c t s can be neglected, a l i n e a r p l o t of absorbance 

v e r s u s number of monolayers would be i n d i c a t i v e of c o n s i s t e n t monolayer 

pick-up. T h i s technique i s a l s o used i n s e c t i o n 6.1.4 to demonstrate 

th a t the same proportion of dye i s picked up i n s u c c e s s i v e l a y e r s 

deposited from a mixed wate r - s u r f a c e monolayer. 

I n s e c t i o n 6.1.1 the d i f f e r e n c e s i n the o p t i c a l absorption 

c h a r a c t e r i s t i c s of two resonance forms of a merocyanine dye 'are used to 

monitor the progress of i t s protonation r e a c t i o n . Thi-s i s an Important 

p r o c e s s , s i n c e the second-order h y p e r p o l a r i z a b i l i t y of one resonance 

form i s much l a r g e r than that of the other. 

C o n t r a s t i n g the absorption s p a c t r a obtaintid f o r s o l u t i o n s of a 

given m a t e r i a l i n d i f f e r e n t s o l v e n t s with that given by an LB f i l m can 

ofte n y i e l d i n t e r e s t i n g information concerning the l o c a l environment of 

the molecules i n the f i l m . Changes i n solvent p o l a r i t y can produce 

l a r g e s p e c t r a l s h i f t s , a phenomenon fr e q u e n t l y r e f e r r e d to as 

solvatochromism. Such e f f e c t s can be p a r t i c u l a r l y large f o r 

chromophores e x h i b i t i n g e x t e n s i v e i n t r a m o l e c u l a r charge t r a n s f e r , as i n 

the case of the conjugated donor-acceptor systems studied i n t h i s 

p r o j e c t . Solvatochromic e f f e c t s depend l a r g e l y on there being a change 

i n the d i p o l a r c h a r a c t e r i s t i c s of a molecule when i t promoted to the 

e x c i t e d s t a t e . 

The arguments used to e x p l a i n the observed s p e c t r a l s h i f t s of 

s o l u t i o n s and LB f i l m s w i l l be v e r y s i m i l a r f o r each material'.-

T herefore, i n order to avoid subsequent r e p e t i t i o n , a general d i s c u s s i o n 
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w i l l now be given i n which the merocyanine-type compounds are taken as 

an example. Merocyanines (defined . as chromogens based on a 

donor-usually an amino group - and a carbonyl acceptor) f a l l i n t o three 

(3) 

d i s t i n c t c l a s s e s , according to the p o l a r i t y of the ground s t a t e : 

(1) Weakly p o l a r compounds. I n the ground s t a t e these m a t e r i a l s 

have a low degree of charge se p a r a t i o n ( u s u a l l y because of the 

I n c l u s i o n of weak e l e c t r o n donors and acceptors) and show a 

high degree of bond a l t e r n a t i o n ( i . e . the bonds i n the 

conjugated system are a l t e r n a t e l y double and s i n g l e i n t h e i r 

o r d e r ) . The e x c i t e d s t a t e of such compounds g e n e r a l l y 

e x h i b i t s a high degree of charge t r a n s f e r from donor to 

acceptor, and thus has a l a r g e dipole moment. Thi s w i l l be 

accompanied by a s i g n i f i c a n t tendency towards bond 

e q u a l i s a t i o n ( i . e . to s u c c e s s i v e bonds having the same 

s t r e n g t h ) . P o l a r s o l v e n t s w i l l s t a b i l i s e the e x c i t e d s t a t e 

more than the ground s t a t e , and thus such m a t e r i a l s d i s p l a y a 

bathochromic (towards longer wavelength) s h i f t of. the f i r s r t 

a b s orption band when the s o l v e n t p o l a r i t y i s Increased. 

(11) Highly p o l a r compounds. These a r i s e from the combination of a 

powerful donor and acceptor, r e p i i l t l n g I k ground s t a t e of 

high p o l a r i t y . The ground state, a l s o slicvrs strong bond 

a l t e r n a t i o n , due to the unequal c o n t r i b u t i o n s of the n e u t r a l 

and charge separated resonance forms. I n the e x c i t e d s t a t e , 

the p o l a r i t y i s reduced, due to charge • migration from the 

n e g a t i v e end of the d i p o l e to ^ the p o s i t i v e end. Bond 

e q u a l i s a t i o n thus occurs. P o l a r s o l v e n t s w i l l s t a b i l i s e the 

ground s t a t e of such dyes more than the e x c i t e d s t a t e , and 

w i l l thus produce a hypsochromic (towards shorter wavelength) 

s h i f t of the absorption barid. 
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( i l l ) Moderately p o l a r compounds. I n these dyes there i s a strong 

tendency towards bond e q u a l i s a t i o n i n the ground s t a t e , 

implying that the c o n t r i b u t i o n s of the n e u t r a l and charge 

separated forms are almost equal. There i s l i t t l e change i n 

p o l a r i t y i n the f i r s t e x c i t e d s t a t e , and thus such compounds 

show only s m a l l s o l v e n t s h i f t s . 

The s p e c t r a l s h i f t s d i s p l a y e d by c h a r g e - t r a n s f e r dyes i n LB f i l m 

form can l a r g e l y be a t t r i b u t e d to the c l o s e l y r e l a t e d phenomenon of 

d l p o l e - d i p o l e I n t e r a c t i o n s . P a r a l l e l alignment of di p o l e s w i t h i n the 

f i l m w i l l r e s u l t i n the r e l a t i v e s t a b i l i s a t i o n of the e l e c t r o n i c s t a t e 

of lowest p o l a r i t y , whereas a n t i p a r a l l e l alignment v i l l favour the s t a t e 

of h i g h e s t p o l a r i t y ; the o r i e n t a t i o n of d i p o l e s at angles to each other 

w i l l r e s u l t i n the s p l i t t i n g of the band, one h a l f being blue s h i f t e d , 
(i.) 

the other red s h i f t e d w i t h r e s p e c t to the o r i g i n a l band ' . I n a d d i t i o n 

to d l p o l e - d l p o l e i n t e r a c t i o n s , there are c r y s t a l f i e l d e f f e c t s which 

give r i s e to a f u r t h e r s p e c t r a l s h i f t coupled with a broadening of the 

absorption bands r e l a t i v e to those e x h i b i t e d by s o l u t i o n s . The 

v i b r a t i o n a l f i n e s t r u c t u r e a s s o c i a t e d w i t h e l e c t r o n i c t r a n s i t i o n s and 

of t e n observed i n the absorption s p e c t r a of s o l u t i o n s i s u s u a l l y l o s t i n 

the s p e c t r a of LB f i l m s . 

A phenomenon which sometimes a r i s e s i n LB f i l m s of dye m a t e r i a l s i s 

the formation of what are commonly termed J aggregates ( a f t e r J e l l e y ) . 

These aggregates e x h i b i t i n t e n s e narrow-band absorption s p e c t r a , 

b a thochromically s h i f t e d from the molecular absorptlon^^^; such f e a t u r e s 

were not observed i n any of the LB f i l m s p e c t r a reported i n t h i s 

s e c t i o n , and t h e r e f o r e aggregate formation i s not r e f e r r e d to i n 

subsequent d i s c u s s i o n s . 
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I n s e c t i o n s 6.1.1-6.1.7, the o p t i c a l absorption c h a r a c t e r i s t i c s of 

the most promising m a t e r i a l s described i n Chapter 5 w i l l be presented. 

6.1.1 Merocyanine (compound Dl) 

Having s t a t e d i n s e c t i o n 6.1.0 that a merocyanine dye can be placed 

i n t o one of three c a t e g o r i e s according to the p o l a r i t y of the ground 

s t a t e , compound Dl r e p r e s e n t s a c u r i o s i t y i n that the p o l a r i t y of the 

s o l v e n t can change i t from a moderately polar dye i n t o a h i g h l y p o l a r 

one by strong s t a b i l i s a t i o n of the charge separated form i n the ground 

s t a t e T h e r e s u l t a n t solvatochromism has been reported by Gaines 

f o r the n-hexadecyl analogue of D l , whose s o l u t i o n s range i n colour from 

blue i n c h l o r i n a t e d hydrocarbons to red i n ethanol, according to the 

r e l a t i v e c o n t r i b u t i o n s made I n the ground s t a t e by the resonance forms I 

and I I (below). 

R-N 

(I) (n) 
The second-order h y p e r p o l a r i z a b i l i t y , B, i s s e n s i t i v e to charge 

t r a n s f e r s t r u c t u r a l changes; thus the value of g, as determined 

by e l e c t r i c f i e l d induced second harmonic generation, would be expected 

to v a r y w i t h s o l v e n t p o l a r i t y , and t h i s has, i n f a c t , been v e r i f i e d by 

L e v i n e et Duldic^^^ r e p o r t s the value of S ("v- 4 x 10~^^ C^ m̂  
-2 

J ) f o r the methyl homologue of Dl ( i n dimethyl sulphoxide) as being 

the l a r g e s t measured for molecules of the same length. 
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The e n o l i c oxygen of compound Di r e a c t s r e a d i l y with a c i d 

(protonation) to form I I I (below), which i s yellow^^^. T h i s ^ r e a c t i o n i s 

(m) 
h i g h l y u n d e s i r a b l e from the n o n - l i n e a r o p t i c a l viewpoint, s i n c e the 

donor i n molecule I I I i s the OH group, which performs the function only 

v e r y weakly. T h i s i s i n c o n t r a s t to the much stronger donor and 

acceptor groups i n I ; thus the second-order h y p e r p o l a r i z a b i l i t y of I i s 

much s u p e r i o r to that of I I I . 

The main disadvantage of Dl as an LB f i l m m a t e r i a l for p o t e n t i a l 

n o n - l i n e a r o p t i c a l a p p l i c a t i o n s l i e s i n i t s r e a c t i v i t y towards a c i d s . 

LB f i l m s of D l , as deposited from an a l k a l i n e subphase, were red-orange 

i n c o l our; however, i f allowed to stand i n a i r they turned yellow w i t h i n 

an hour, due to protonation. I t was found to be p o s s i b l e to e f f e c t 

p a r t i a l deprotonation of the f i l m s by exposing them to ammonia vapour 6r 

10 M sodium hydroxide s o l u t i o n ; however, the f i l m s q u i c k l y r e v e r t e d to 

the protonated form when removed from the b a s i c environment. The 

progress of the protonation r e a c t i o n could be monitored by recording the 

o p t i c a l a b s o r p t i o n spectrum of a f i l m at r e g u l a r time i n t e r v a l s a f t e r 

deprotonation ( f i g u r e 6.1). An i s o s b e s t l c point was observed a t A42nm; 

the presence of such a point i s c o n s i s t e n t with a simple p r o t o l y t l c 

e q u i l i b r i u m I n v o l v i n g only two forms, Dl (red) and Dl H^ ( y e l l o w ) . 

+ ^^^^ + .-
l . e D I + H .̂^ DIH 

base 
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Repeated c y c l i n g of the m u l t i l a y e r s between the yellow and red 
forms did not produce any v i s i b l e degradation of the f i l m q u a l i t y . The 
wavelengths of the absorption peaks due to Dl and DIH are d i f f i c u l t to 
determine p r e c i s e l y : the former i s taken to be 522 nm, but s i n c e i t only 
appears as a shoulder on the DIH^ peak, t h i s f i g u r e i s only approximate; 
the l a t t e r l i e s between 380 nm and 392 nm, there being some very s l i g h t 
s p e c t r a l s h i f t as a f u n c t i o n of the molar r a t i o of one s p e c i e s to the 
other i n the f i l m . 

I n view of the f i n i t e scan r a t e used to obtain the s p e c t r a , the 

'^390 nm peak i n f i g u r e 6.1 w i l l have been recorded some two minutes 

a f t e r the 522 nm one; thus, i n order to get a more accurate estimate of 

the absorbance v a l u e s at the two peaks simultaneously, f i g u r e 6.2 was 

produced. T h i s p l o t was obtained by monitoring the absorbance at 392 nm 

f o r a period of one minute, then that at 522 nm f o r a f u r t h e r one 

minute, before r e t u r n i n g to 392 nm and repeating the c y c l e again, many 

times over. The graph c l e a r l y demonstrates the growth of the DIH^ peak 

at the expense of the Dl peak, and could i n turn be used to c o n s t r u c t 

f i g u r e 6.3, i n which the change i n absorbance at 392 nm i s p l o t t e d 

a g a i n s t the change i n absorbance a t 522 nm ( r e l a t i v e to the absorbance 

f i g u r e s immediately a f t e r treatment with a l k a l i ) . The s l i g h t d e v i a t i o n 
(9) 

of f i g u r e 6.3 from the expected l i n e a r c h a r a c t e r i s t i c could probably 

be explained by i n a c c u r a c i e s i n d e f i n i n g the wavelength of the 

absorption maxima, e s p e c i a l l y i n view of the s l i g h t s p e c t r a l s h i f t s 

(noted above) which seem to occur during the conversion process. 

Davidson and Jencks^^^ have obtained an analogous p l o t for s o l u t i o n s of 
T t 

the methyl homologue of Dl (Dl ) , i n which one, peak i s due to Dl and 
t 

the other to a complex of D l with a component of a s a l t added to the 
r 

s o l u t i o n ; the changes i n molar r a t i o of complex to Dl (and hence i n the 
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r a t i o of the absorption peaks) were achieved by var y i n g the 
con c e n t r a t i o n of the s a l t i n the s o l u t i o n . 

S t u d i e s by D a n i e l and Smith^''"'^^ of the r e l a t i v e i n t e n s i t i e s of the 

phenolic 0-H in-plane deformation mode (DIH^) and the qu i n o i d a l C=0 

s t r e t c h i n g v i b r a t i o n ( Dl) i n the i n f r a r e d spectrum of an LB f i l m of D l , 

before and a f t e r exposure to ammonia vapour, have confirmed the 

e x i s t e n c e of the p r o t o l y t i c e q u i l i b r i u m . 

A p l o t of absorbance v e r s u s number of monolayers i s shown i n f i g u r e 

6.4 f o r a merocyanine LB f i l m of stepped t h i c k n e s s ; i t r e v e a l s that the 

m a t e r i a l obeys the Beer-Lambert law quite w e l l , confirming the 

d e p o s i t i o n to be uniform. The dye was l e f t i n i t s protonated form i n 

order to prevent changes i n the p r o f i l e of the s p e c t r a o c c u r r i n g during 

the measurements. 

6.1.2 Am i d o n i t r o s t i l b e n e (compound D5) 

The o p t i c a l absorption s p e c t r a of s o l u t i o n s of amidonitrostilbene 

(compound D5) i n chloroform and i n cyclohexane, and of a 60-layer LB 

f i l m of the m a t e r i a l , are showri in- f i g u r e 6.5. I t i s i n t e r e s t i n g to 

note t h a t i n chloroform there i s a s l i g h t bathochromic s h i f t of the 

f i r s t a b s o r p t i o n band ( i . e . of the lowest energy e l e c t r o n i c t r a n s i t i o n ) 

r e l a t i v e to i t s p o s i t i o n when nonpolar cyclohexane i s the s o l v e n t . T h i s 

i s i n d i c a t i v e of a higher degree of charge t r a n s f e r i n the f i r s t e x c i t e d 

s t a t e than i n the ground s t a t e . Another e f f e c t which can r e a d i l y be 

seen on examination of f i g u r e 6.5 i s that i n cyclohexane s o l u t i o n the 

peak absorbance of the second absorption band ( I . e . the one at s h o r t e r 

wavelength) i s much g r e a t e r than that of the f i r s t absorption band, 

whereas the r e v e r s e i s true i n chloroform s o l u t i o n . I t should be noted 

th a t the v i b r a t i o n a l f i n e s t r u c t u r e was only observed f o r the case of 

the second absorption band of the cyclohexatie s o l u t i o n . The spectrum of 



6 
en 
6 

(M 
6 

E c 

c 

> 

(0 01 
^ c 

CO 
• • W 
0) V 

<u o 
r H 

r H O 
• H > , 
W O 
(0 
O p 

2 ^ 
5 a 
CO o 

c o 
O . 

• H O B 
+J r H 
P - ' C - H 
M O «H 
O 
(0 B m • H 

B M 
r H O <U 
CO - H > . 
U 4J CO 

• H 3 r H 
•U r H I 
P . O O 

O 00 VO 

0 < N 

(sj iunqje) suoun|OS p dDUpqjosqv 



- 94 -

the LB f i l m e x h i b i t s a s p l i t t i n g of the f i r s t absorption band, 
i n d i c a t i v e of an angular d i s t r i b u t i o n of dipoles w i t h i n the l a y e r s ; i n 
a d d i t i o n , t h i s band i s s i g n i f i c a n t l y broadened and s h i f t e d i n wavelength 
by c r y s t a l f i e l d e f f e c t s . 

A p l o t of absorbance at 370 nm a g a i n s t number of monolayers gave an 

e x c e l l e n t s t r a i g h t l i n e f i t ( f i g u r e 6.6), i n d i c a t i v e of h i g h l y uniform 

LB m u l t i l a y e r d e p o s i t i o n . The f a c t that the points derived from f i l m s 

deposited on h y d r o p h i l i c and hydrophobic s u b s t r a t e s l i e on the same l i n e 

i n d i c a t e s t h a t the m a t e r i a l has wide a p p l i c a b i l i t y . A s o l u t i o n of D5 i n 

chloroform becomes bleached w i t h i n a period of a few weeks; i n c o n t r a s t , 

the absorption spectrum of a sample c o n t a i n i n g 6 0 - l a y e r s of D5 decreased 

i n i n t e n s i t y by only "x* 20% and was unchanged in p r o f i l e over a period of 

s e v e r a l months. T h i s i n c r e a s e d s t a b i l i t y of the m u l t i l a y e r s r e l a t i v e to 

s o l u t i o n s i s complementary to the observations of Mooney et al^''"''^^, who 

found a s i g n i f i c a n t l y lower photolsomerlzation y i e l d i n LB f i l m s of a 

long chain t r a n s - s t l l b e n e compared to that i n most organic s o l v e n t s . 

Monolayers c o n t a i n i n g D5 mixed w i t h cadmium a r a c h i d a t e were found to 

give a b s o r p t i o n s p e c t r a of i d e n t i c a l p r o f i l e to those of the undiluted 

m a t e r i a l , the i n t e n s i t i e s of the absorptions simply being reduced i n 

proportion to the f r a c t i o n a l area of the l a y e r occupied by cadmium 

a r a c h i d a t e . 

6.1.3 A m i n o n l t r o s t l l b e n e (compound D6/ 

A m i n o n i t r o s t i l b e n e (compound D6) I s a c l o s e l y r e l a t e d m a t e r i a l to 

D5, the e s s e n t i a l d i f f e r e n c e l y i n g i n the replacement of the amide 

f u n c t i o n a l i t y i n the l a t t e r w i t h an amine group, which should be a 

r a t h e r s t r o n g e r donor. F i g u r e 6.7 shows the o p t i c a l absorption s p e c t r a 

of D6 i n chloroform s o l u t i o n , cyclohexane s o l u t i o n , and LB f i l m form. 
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These s p e c t r a d i s p l a y the same f e a t u r e s as were observed with D5, 

namely: 

( i ) a s l i g h t bathochromic s h i f t of the f i r s t absorption band i n 

chloroform r e l a t i v e to cyclohexane; 

(11) I n cyclohexane s o l u t i o n the peak absorbance of the second 

a b s o r p t i o n band i s g r e a t e r than that of the f i r s t absorption 

band, whereas the r e v e r s e i s true i n chloroform s o l u t i o n ; 

( i i i ) the spectrum of the LB f i l m e x h i b i t s a s p l i t t i n g and 

broadening of the f i r s t absorption band (although the lower 

wavelength h a l f e x h i b i t s a c l e a r maximum i n the case of D6 but 

not w i t h D5). 

In a d d i t i o n , the s o l u t i o n absorption peaks are both at longer wovelength 

i n D6 compared to D5 ( f o r a given s o l v e n t ) ; f o r the f i r s t absorption 

band, t h i s d i f f e r e n c e i s approximately 50 nm i n e i t h e r s o l v e n t . Such a 

change i s probably due to. the g r e a t e r donor s t r e n g t h i n D6 b r i n g i n g 

about a h i g h e r degree of charge t r a n s f e r i n the ground s t a t e and thereby 

reducing the d i f f e r e n c e i n energy between that and the f i r s t e x c i t e d 

s t a t e . 

A p l o t of peak (376 nm) absorbance a g a i n s t t h i c k n e s s for an LB f i l m 

of D6 y i e l d e d a good s t r a i g h t l i n e , i n d i c a t i n g a uniform pick-up of 

m a t e r i a l from one monolayer to the next, ( f i g u r e 6.8), 

6.1.4 T e r t i a r y a m i n o n i t r o s t i l b e n e (compound D7) 

U n l i k e D5 and D6, the t e r t i a r y aminostilbene (compound D7) could 

not be deposited i n s i n g l e component m u l t i l a y e r s ; however, good f i l m 

q u a l i l t y could be obtained by d i l u t i n g the i n d i v i d u a l monolayers w i t h 

a r a c h i d i c a c i d (1 mole of dye to 5 moles of a c i d ) , present as cadmium 

a r a c h i d a t e under the subphase con d i t i o n s used. Figure 6.9 shows the 

o p t i c a l a b s o r p t i o n s p e c t r a obtained f o r three d i f f e r e n t m u l t i l a y e r 
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t h i c k n e s s e s , deposited onto a s u b s t r a t e c o n s i s t i n g of a Coming 7059 
g l a s s s l i d e w i t h cadmium a r a c h i d a t e o v e r l a y e r s . The peaks i n these 
s p e c t r a are p a r t i c u l a r l y sharp f o r an LB f i l m , probably as a consequence 
of the dye molecules being d i s p e r s e d i n an " i n e r t " f a t t y a c i d matrix and 
t h e r e f o r e behaving more l i k e " f r e e " molecules. The c o n t r a s t i n t h i s 
behaviour compared to that reported i n s e c t i o n 6.1.2 f o r D5, where the 
production of a mixed l a y e r d i d not i n c r e a s e the sharpness of the peaks, 
i s probably due to the s m a l l e r molar r a t i o of a c i d Co dye i n the l a t t e r 
c a s e . As expected, the peak of the f i r s t absorption band (394 nm) l i e s 
c l o s e to th a t observed for the secondary aminonitrostilbene (D6) i n 
cyclohexane (397 nm), s i n c e the molecules are vary s i m i l a r i n nature and 
t h e i r environments are e f f e c t i v e l y nonpolar i n both c a s e s . 

The s p e c t r a given i n f i g u r e 6.9 were used to construct p l o t s of 

peak absorbance, for the f i r s t and second absorption bands, against the 

number of mixed l a y e r s deposited ( f i g u r e 6.10). Both of these graphs 

were l i n e a r , i n d i c a t i n g that the same amount of absorbing m a t e r i a l was 

being pi c k e d up i n each monolayer; the f a c t that these l i n e s passed 

through the o r i g i n confirmed that D7 was indeed the absorbing s p e c i e s 

r e s p o n s i b l e f o r each peak i n the s p e c t n m (see note below). 

NB. I f e i t h e r peak had been due to cadmium a r a c h i d a t e , then the 

absorbance. A, would have been given by A = ka, where k i s a constant 

and a i s the e f f e c t i v e number of cadmium ar a c h i d a t e l a y e r s . Now, i f F 

i s the f r a c t i o n a l area of D7 present i n each mixed l a y e r , and there are 

m mixed l a y e r s (deposited on top of 12 l a y e r s of pure cadmium 

a r a c h i d a t e ) i n the region of f i l m being considered, then a = 12 + 

ni d - F ) .Thus A = 12k + mk ( 1 - F ) , and the i n t e r c e p t on the m-axis ( i . e . 

when A=0) would be at m = - 1 2 / ( 1 - F ) ; s i n c e 0<1-F<1, t h i s gives m<-12. 

However, i f the peak under c o n s i d e r a t i o n i s due to D7, then A <^ m and 

the l i n e w i l l pass through the o r i g i n . 
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6.1.5 Hemlcyanine (compound D2) 

A comparison of the o p t i c a l absorption s p e c t r a of an LB f i l m of 

hemicyanine (compound D2) and i t s s o l u t i o n I n chloroform i s shown i n 

f i g u r e 6.11. The f i r s t absorption band i s broadened and 

h ypsochromically s h i f t e d i n the LB f i l m r e l a t i v e to the s o l u t i o n . I f 

the d i p o l e s are assumed to have a p a r a l l e l alignment w i t h i n the f i l m , 

then the e l e c t r o n i c s t a t e of lowest p o l a r i t y w i l l be e n e r g e t i c a l l y 

favoured (due to dipole - dipole r e p u l s i o n s ) ; a blue s h i f t of the f i r s t 

a b s o r p t i o n band i m p l i e s that the ground s t a t e has been s t a b i l i z e d 

r e l a t i v e to the f i r s t e x c i t e d s t a t e , and thus that the f i r s t e l e c t r o n i c 

t r a n s i t i o n i s accompanied by an i n c r e a s e i n the degree of charge 

t r a n s f e r . V i b r a t i o n a l f i n e s t r u c t u r e was observed i n the second 

abso r p t i o n band of the s o l u t i o n , but not i n any other regions of the 

s p e c t r a . A c c u r a t e l y l i n e a r p l o t s of absorbance a t 264 nm and 376 nm 

v e r s u s number of monolayers were obtained ( f i g u r e 6.12), c h a r a c t e r i s t i c 

of uniform d e p o s i t i o n . 

The second-order n o n - l i n e a r o p t i c a l p r o p e r t i e d of a mixed monolayer 

system i n c o r p o r a t i n g hemicyanine and cadmium ar a c h i d a t e have been 

i n v e s t i g a t e d (see Chapter 8 ) , and the complementary o p t i c a l 

c h a r a c t e r i z a t i o n i s given i n s e c t i o n 6.1.7. 

6.1.6 The a l t e r n a t e l a y e r hemicyanine/amidonitrostilbene system 

A l t e r n a t e l a y e r s of hemicyanine (B2) and a m i d o n i t r o s t i l b e n e (D5) 

c o n s t i t u t e a donor-acceptor: i n v e r t e d donor-acceptor system, and are 

t h e r e f o r e l i k e l y to d i s p l a y l a r g e n o n - l i n e a r o p t i c a l e f f e c t s (see 

Chapter 8) . I t was thus of i n t e r e s t to c h a r a c t e r i s e the o p t i c a l 

a b s o r p t i o n p r o p e r t i e s of such a r r a y s . The o p t i c a l at/rorption spectrum 

of a sample c o n s i s t i n g of 1 1 - l a y e r s of hemicyanina a l t e r n a t e d w i t h 

1 0 - l a y e r s of a m i d o n i t r o s t i l b e n e I s given i n f i g u r e 6,13. A plot of peak 
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(393 nm) absorbance a g a i n s t the number of b i l a y e r s deposited i s shown i n 
the i n s e t , and g i v e s a reasonable f i t to a s t r a i g h t l i n e . As expected, 
t h i s l i n e does not pass through the o r i g i n , due to the a d d i t i o n a l f i r s t 
l a y e r of hemicyanine. 

The spectrum shown i n f i g u r e 6.13 i s c l e a r l y not the r e s u l t of a 

simple weighted a d d i t i o n of the s p e c t r a of Y-type m u l t i l a y e r s of 

hemicyanine ( f i g u r e 6.11) and amidonit.-ostilbeiie ( f i g ^ j r e 6.5). T h i s can 

be seen from the f a c t that the f i r s t absorption band of hemicyanine 

g i v e s an absorbance peak at 376nm, w h i l s t the broad f i r s t and second 

absorption bands of a m i d o n i t r o s t i l b e n e give r i s e to an absorbance which 

i n c r e a s e s with decreasing wavelength over the '^vitire range 250-500 nm; 

thus any l i n e a r combination of the two w i l l give a f i r s t absorption peak 

below 376 nm, whereas the a l t e r n a t e l a y e r system d i s p l a y s a d i s t i n c t 

peak a t 393 nm. A p o s s i b l e explanation f o r t h i s phenomenon may l a y i n 

the opposite d i r e c t i o n of the f i r s t e x c i t e d s t a t e d i p o l e s , with r e s p e c t 

to the hydrocarbon t a i l s , of D2 compared to D5. Although the d i r e c t i o n 

of charge t r a n s f e r i s unchanged i n going from the grnuad to the f i r s t 

e x c i t e d s t a t e i n e i t h e r molecule, the degree of t h i s t r a n s f e r i s much 

g r e a t e r i n the e x c i t e d s t a t e . Now, when the molecules are placed head 

to head i n the m u l t i l a y e r s t r u c t u r e , the p o s i t i v e end of the hamicyanine 

di p o l e w i l l be adjacent to the negative end of the amidonitrostilbene 

d i p o l e and i n t h i s s i t u a t i o n the e x c i t e d s t a t e of e i t h e r molecule w i l l 

be more s t a b l e than i n conventional Y-type m u l t i l a y e r s (where the ends 

of a d j a c e n t d i p o l e s have the same s i g n ) . I T i i s s t a b i l i z a t i o n of the 

e x c i t e d s t a t e s i s l i k e l y to produce a bathochromic s h i f t i n the f i r s t 

a b s orption bands of both molecules, i n accordance w i t h the observed peak 

at 393 nm f o r the a l t e r n a t e l a y e r system. 



- 99 -

6.1.7 The hemicyanine/cadmium a r a c h i d a t e system of mixed 
monolayers 

Mixed monolayers are f r e q u e n t l y used to improve the deposition 
(12) 

c h a r a c t e r i s t i c s of dye m a t e r i a l s , aiid i n Chapter 8 the 

hemicyanine/cadmium a r a c h i d a t e system i s . u s e d as a model to i n v e s t i g a t e 

the e f f e c t s of d i l u t i o n on the n o n - l i n e a r o p t i c a l p r o p e r t i e s of LB 

f i l m s . T h i s s e c t i o n d e s c r i b e s the o p t i c a l absorption c h a r a c t e r i s t i c s of 

such monolayers. 

O p t i c a l absorption s p e c t r a for a pure hemicyanine monolayer and a 

mixed monolayer of hemicyanine and cadmium a r a c h i d a t e ( c o n t a i n i n g 56% 

dye, by area ) are shown i n f i g u r e 6.14. There are s i g n i f i c a n t 

d i f f e r e n c e s i n the s p e c t r a of hemicyanine monolayers ( f i g u r e 6.14) and 

m u l t i l a y e r s ( f i g u r e 6.11); these w i l l be d i s c u s s e d l a t e r i n t h i s 

s e c t i o n . The s i g n a l - t o - n o i s e r a t i o s encountered i n t h i s part of the 

study were r a t h e r low, as a r e s u l t of the extremely small absorbances of 

such t h i n f i l m s , and s l i g h t b a s e l i n e s h i f t s were observed between 

samples, due to s m a l l d i f f e r e n c e s i n the absorbar.ce of d i f f e r e n t 

s u b s t r a t e s ( S p e c t r o s i l B v i t r e o u s s i l i c a s l i d e s ) ; a c c u r a t e l y 

q u a n t i t a t i v e measurements of peak absorbance as a fu n c t i o n of dye 

c o n c e n t r a t i o n were t h e r e f o r e not p o s s i b l e . However, over the range &f 

c o n c e n t r a t i o n s studied (15-100% dye, by a r e a ) , there was a d e f i n i t e 

trend towards i n c r e a s i n g peak absorbance i n the f i r s t absorption band 

(normalized by d i v i d i n g the measured absorbance by the f r a c t i o n a l area 

of dye i n the f i l m ) w i t h decreasing dye c o n c e n t r a t i o n . T h i s p a t t e r n was 

not r e f l e c t e d i n the second absorption band, whose i n t e n s i t y was simply 

p r o p o r t i o n a l to the hemicyanine c o n c e n t r a t i o n . S i m i l a r l y , the f i r s t 

a b s orption band e x h i b i t e d a bathochromic s h i f t on d i l u t i o n (from 419 

nm f o r 100% dye to 470 nm f o r 15% dye) whereas the s h i f t i n the second 

abso r p t i o n band was n e g l i g i b l e . 
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The g e n e r a l observations of the e f f e c t s of d i l u t i o n are t y p i f i e d by 

the s p e c t r a shown i n f i g u r e 6.14; the f i r s t absorption band of the dye 

i s s h i f t e d from % 419 nm i n the pure monolayer to 467 nm i n the mixed 

l a y e r , and t h i s change i s accompanied by an i n c r e a s e i n peak absprbance 

(even before normallzationitro allow f o r the lower dye c o n c e n t r a t i o n ) . I n 

c o n t r a s t , the second absorption band of the dye i n the mixed l a y e r i s 

b a r e l y s h i f t e d (265 nm c f . 269 nm i n the homogeneous l a y e r ) , and the 

peak absorbance i s very c l o s e to 56% of that of the pure dye monolayer. 

A p o s s i b l e e x p l a n a t i o n f o r these r e s u l t s l i e s i n the e f f e c t s of dipole -

d i p o l e i n t e r a c t i o n s on the s t a b i l i t y of the f i r s t e x c i t e d s t a t e . I n 

s e c t i o n 6.1.5 the hypsochromlc s h i f t of the f i r s t absorption band of a 

m u l t i l a y e r LB f i l m of hemicyanine r e l a t i v e to a s o l u t i o n was i n t e r p r e t e d 

as being due to the i n f l u e n c e of p a r a l l e l d ipole alignment on the 

s t a b i l i t y of the h i g h l y p o l a r f i r s t e x c i t e d s t a t e . By forming a mixed 

monolayer the dye molecules are being placed i n an environment morie 

c l o s e l y resembling that of the s o l u t i o n , hence the s h i f t of absorption 

back towards longer wavelengths; i n a d d i t i o n , the more favourable 

c o n d i t i o n s f o r charge t r a n s f e r are l i k e l y to give r i s e to an i n c r e a s e i n 

the i n t e n s i t y of the peak. A s i m i l a r argument may hold i n order to 

e x p l a i n the d i f f e r e n c e i n behaviour between hemicyanine monolayer and 

m u l t i l a y e r s t r u c t u r e s . I n Y-type f i l m s , the d i p o l e s are oriented with 

t h e i r p o s i t i v e ends a d j a c e n t , which i s unfavourable f o r the i n c r e a s e d 

degree of charge t r a n s f e r which accompanies the f i r s t e l e c t r o n i c 

t r a n s i t i o n . A monolayer doesn't have an opposing l a y e r of dipoles next 

to i t , and hence i s l i k e l y to d i s p l a y a bathochromic s h i f t of the f i r s t 

a b s orption band r e l a t i v e to the m u l t i l a y e r s , as was observed (the 

absor p t i o n maximum of the 36-layer f i l m i n f i g u r e 6.11 was at % 376 nm 

c f 419 nm i n the monolayer;. Presumably the second e l e c t r o n i c 
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t r a n s i t i o n does not i n v o l v e such a.great change i n the p o l a r i t y of the 
molecules as the f i r s t , s i n c e i t was largely unaffected by monolayer 
d i l u t i o n or m u l t i l a y e r formation. 

The s h i f t of the f i r s t absorption peak towards 470 nm i n the mixed 

monolayers b r i n g s i t c l o s e r to the second harmonic of the 1.064 pm 

r a d i a t i o n used i n the n o n - l i n e a r o p t i c a l c h a r a c t e r i z a t i o n described i n 

Chapter 8, without s i g n i f i c a n t l y i n c r e a s i n g the absorbance of the f i l m 

at t h a t wavelength. I n view of the d e s i r a b i l i t y of an absorption edge 

c l o s e to the second harmonic ( s e c t i o n 2.3.2), as w e l l as the s e n s i t i v i t y 

of B to charge t r a n s f e r s t r u c t u r a l changes, t h i s phenomenon i s l i k e l y to 

be manifested again i n the s t u d i e s of second harmonic generation. 

6.2 Determination of the R e l a t i v e P e r m i t t i v i t y 

P l o t s of r e c i p r o c a l capacitance a g a i n s t the number of l a y e r s i n a 

metal-LB film-metal s t r u c t u r e can be used to demonstrate the 

r e p e a t a b i l i t y of d i e l e c t r i c t h i c k n e s s of each monolayer (see s e c t i o n s 

3.7 and 4 . 2 ) . F i g u r e 6.15 shows such a graph fo r an LB f i l m of the 

a m i d o n i t r o s t i l b e n e D5 of stepped t h i c k n e s s 9-33 l a y e r s sandwiched 

between an aluminized g l a s s s u b s t r a t e and gold top e l e c t r o d e s . Although 

t h i s graph g i v e s a very good f i t to a s t r a i g h t l i n e > the i n t e r c e p t on 

the 1/C a x i s i s negative; however, equation 4.2 p r e d i c t s a p o s i t i v e 

i n t e r c e p t r e l a t e d to the capacitance of the i n t e r f a c i a l oxide l a y e r . 

T h i s f e a t u r e can be explained by assuming that, when the top c o ntacts 

are deposited, they penetrate a s m a l l number of l a y e r s due to the 

thermal energy of the atoms i n the metal vapour. Thus, i f N' l a y e r s of 

f i l m were deposited and a s m a l l number, B , w e r e penetrated, then the 

r e a l number of l a y e r s (N) which should be used ivi equation 4.2 i s 
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F i g u r e 6.15 I n v e r s e c a p a c i t a n c e v e r s u s number of l a y e r s for a step 
s t r u c t u r e of a m i d o n i t r o s t i l b e n e (D5). 
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N •= N' - B. The equation can then be r e w r i t t e i ! a s : 

1 1 Bd N'd 
— = — - — + (6.1) 
C^ . C e e A e e A T ox o r o r 

Bd 1 
Thus, i f > then the i n t e r c e p t w i l l be negative. Now, the 

e e A C o r ox 

capa c i t a n c e of a gold-Al20^ - aluminium device was measured d i r e c t l y (by 

making contact to a gold dot on a region of the sample free of f i l m ) . 

T h i s gave l / C ^ ^ = 0.49 ± 0.02 nF~^, which can now be used to estimate 

the v a l u e of B. The point on the graph i n f i g u r e 6.15 where 

— = w i l l correspond to N' = B; i n t h i s manner S was found by 
^T ^ox 

i n t e r p o l a t i o n to be approximately 7 l a y e r s . 

Attempts to reduce the e f f e c t s of the burning through of top 

c o n t a c t s by u s i n g d i f f e r e n t top contact m a t e r i a l s (see s e c t i o n 4.1.2) 

proved to be u n s u c c e s s f u l . When aluminium/gold e l e c t r o d e s were 

deposited onto an otherwise i d e n t i c a l sample to that used above, the 

c a p a c i t a n c e v a l u e s obtained were extremely low, which i s c o n s i s t e n t with 

the formation of a d d i t i o n a l l a y e r s of oxide on the top c o n t a c t s . 

The g r a d i e n t of the graph i n f i g u r e 6.15 g i v e s d/(e^e^A) = 0.159 

nF the diameter of the dots was measured to be 0,9 t 0.1 mm, and 

t a k i n g the dominant e r r o r to be i n t h i s f i g u r e , a value f o r the 

d i e l e c t r i c t h i c k n e s s of d/e^ = 0.90 ± 0.20 nm i s obtained. The length 

of an a m i d o n i t r o s t i l b e n e molecule was estimated to be 3.8 nm from 

measurements performed on an E a l i n g CPK molecular model. On the 

assumption t h a t the molecules have an ' average t i l t of 54 ± 1° w i t h 

r e s p e c t to the s u b s t r a t e normal (see s e c t i o n 7.3.5), a monolayer 

t h i c k n e s s of 2.2 nm i s obtained; thus = 2.4 ± 0.5. 
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The problem of p e n e t r a t i o n of the top electrode metal through the 
surface of the LB f i l m might be accounted f o r by the wide spaclngs 
between adjacent hydrocarbon t a i l s w i t h i n each monolayer, a r i s i n g from 
the mismatch between the c r o s s - s e c t i o n a l areas of the t a i l s and the 
chromophores i n the molecules (see section 7.3). A s i m i l a r phenomenon 
was observed w i t h many of the other materials studied i n t h i s p r o j e c t ; 
f o r example, LB f i l m s of the merocyanine Dl always gave r i s e to MIM 
s t r u c t u r e s which were s h o r t - c i r c u i t e d . One possible way of avoiding 
such d i f f i c u l t i e s might be t o deposit a few layers of a m a t e r i a l such as 
a r a c h i d i c a c i d ( i n which the e n t i r e length of the molecules can pack 
c l o s e l y together) on top of the dye l a y e r s . 

6.3 Surface Plasmon Resonance Studies of Amidonitrostilbene M u l t i l a y e r s 

The techniques and a p p l i c a t i o n s of surface plasmon resonance (SPR) 

spectroscopy were b r i e f l y reviewed i n Chapter 4. Tn t h i s section some 

r e s u l t s are described f o r m u l t i l a y e r s o?. the amidonitrostilbene 

(compound D5). 

A m i d o n i t r o s t i l b e n e formed poor q u a l i t y m u l t i l a y e r s when deposited 

d i r e c t l y onto a s i l v e r coated glass s l i d e ; however, uniform f i l i r s could 

be obtained by f i r s t d e p o s i t i n g f i v e layers of oj-tricosenoic acid (oi-TA) 

onto the s i l v e r , and then b u i l d i n g up the dye layers on top of the a c i d . 

A s t r u c t u r e was produced consiscin?; of the f o l l o w i n g steps: bare s i l v e r ; 

s i l v e r plus 5-layers of u-TA; s i l v e r , 5-layers of co-TA, plus 2, 4, 6, 8, 

10 layers of dye. SPR curves were obtained f o r each of these regions, 

and f i g u r e 6.16 shows the r e s u l t s f o r areas whose uppermost coatings are 

s i l v e r , oj-TA, and 2, 6, 10 dye l a y e r s . The constant depth of the 

resonance and reasonably minor increase i n i t s width on increasing the 

f i l m thickness provide evidence t h a t the f i l m is not h i g h l y s c a t t e r i n g 

or absorbing at the wavelength of the laser (632.8 nm); t h i s was to be 
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covering of N layers of D5, where N=2 ( c ) , 6 ( d ) , 10(e). 
I n s e t : s t r u c t u r e of sample. 
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expected i n view of the absorption c u t - o f f displayed by the f i l m s above 

^ 500 nm ( f i g u r e 6.5). 

A computer program was a v a i l a b l e to c a l c u l a t e t h e o r e t i c a l SPR 

curves from input data comprised of the thickness and the r e f r a c t i v e 

i n dices of the metal and d i e l e c t r i c l a y e r s . Tlie values of the s i l v e r 

f i l m t h ickness, t ( A g ) , and r e f r a c t i v e index, n(Ag),were adjusted to give 

a curvie which c l o s e l y f i t t e d the experimental one ( i n terms of resonance 

angle and depth of the r e f l e c t a n c e minimum). These parameters were 

f i x e d i n subsequent c a l c u l a t i o n s at the optimum values thus determined 

of t(Ag) = 61.7 nm and n(Ag) = 0.068 + 63.096 i . Next, the SPR curve 

from the 5 layers of oj-TA was t r e a t e d i n a s i m i l a r manner, each 

monolayer being assumed to have a thickness of 2.8 nm ( g i v i n g t(a)-TA)=14 

nro) w h i l s t the r e f r a c t i v e index was v a r i e d to obtain the best f i t 

(assuming n e g l i g i b l e absorption i . e . no imaginary terms), which was 

found to be f o r n((D-TA) = 1.626 + 0 i . U nfortunately, the SPR curves 

obtained from the dye regions of the f i l m could not be f i t t e d so 

p r e c i s e l y , since the computer program was w r i t t e n f o r a metal f i l m w i t h 

a s i n g l e component overlayer and therefore only one value of the LB f i l m 

r e f r a c t i v e index could be used, not d i f f e r e n t ones f o r the dye and the 

(D-TA. 

Using r e f r a c t i v e i ndices of 1.626 ( i . e . t h a t obtained f o r u-TA, 

which should be less than t h a t of the dye) and 2.000 (which should be 

greater than t h a t of the dye) two t h e o r e t i c a l SPR curves were generated 

f o r each of the d i f f e r e n t f i l m thicknesses. The s h i f t i n the resonance 

angle r e l a t i v e to t h a t f o r the s i l v e r layer was then p l o t t e d as a 

f u n c t i o n of the t o t a l f i l m thickness ( c a l c u l a t e d by assuming a dye 

monolayer thickness of 2.2 nm, as used i n section 6.2) f o r the two sets 

of t h e o r e t i c a l data and ior the experimental r e s u l t s (see f i g u r e 6.17). 
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These three curves are c l e a r l y d i v e r g i n g , and since the experimental 

r e s u l t s l i e between the two t h e o r e t i c a l curves t h i s would imply that the 

r e f r a c t i v e index of the dye layers i s intermediate between 1,626 and 

2.000, as expected. Thus n(D5) = 1.8 ± 0.1 at a wavelength of 632.8 nm, 

g i v i n g a corresponding value f o r (D5) of 3.2 + 0.4, which i s not 

i n c o n s i s t e n t w i t h the value obtained i n section 6.2 from capacitance 

measurements at 1 MHz (e^ = 2.4 ± 0.5). 

SPR studies were also performed on the hemicyanlne (compound 

D2)/amidonitrostilbene a l t e r n a t e layer system. The r e s u l t s of t h i s 

i n v e s t i g a t i o n are presented i n Chapter 9, i n which a Pockels e f f e c t 

e l e c t r o - o p t i c modulator u t i l i s i n g SPR i s described. 

6.4 The Kurtz Powder Technique 

The Kurtz powder technique was Introduced i n section 4,6 as a 

convenient method f o r screening large numbers of powdered materials f o r 

second-order non-linear o p t i c a l a c t i v i t y without needing to grow large 

s i n g l e c r y s t a l s or optimize LB f i l m d e p o s i t i o n conditions. By studying 

the second harmonic i n t e n s i t y as a f u n c t i o n . o f p a r t i c l e size i t i s also 

possible to a s c e r t a i n whether the n o n - l i n e a r i t y could be phase matched 

i n a s i n g l e crystal^"*"'^^^. Although t h i s knowledge ±>i less Important 

f o r m a t e r i a l s which are to be used i n LB f i l m form, since the desired 

e f f e c t can be achieved i n such s t r u c t u r e s by making use of waveguide 

dis p e r s i o n (see Chapter 3) , the p a r t i c l e - s i z e dependence means t h a t 

great care must be used i f the technique i s to be applied 

q u a n t i t a t i v e l y . 

The o r i g i n of the e f f e c t of p a r t i c l e size on SHG i n t e n s i t y i s 

i l l u s t r a t e d i n f i g u r e 6.18. For very small p a r t i c l e S j O f radius ( r ) less 

than the average coherence length (1^,^^^ = ire/{t\[n(2(ii) - n ( o j ) I } ) , no 

serious phase e r r o r can occur and so the t o t a l i n t e g r a t e d SHG i n t e n s i t y 
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increases w i t h r as the r e s u l t of a t r a d e - o f f between increasing 

i n t e r a c t i o n e f f i c i e n c y and decreasing number of p a r t i c l e s . With 

non-phase-matchable m a t e r i a l s , once r > 1 , (so that f o r most or a l l 
coh 

o r i e n t a t i o n s phase-mismatch e f f e c t s become apparent), the SHG i n t e n s i t y 

v a r i e s i n v e r s e l y w i t h r because the amount of SHG obtained from each 

p a r t i c l e does not increase as r a p i d l y as the number of p a r t i c l e s 

decreases. Curve (a) i n f i g u r e 6.18 therefore e x h i b i t s a pronounced 

maximum. However, f o r a m a t e r i a l which i s phase matchable, once the 

p a r t i c l e size reaches the average coherence le n g t h , the gain i n SHG from 

the p a r t i c l e s t h a t are c o r r e c t l y o r i e n t e d approximately balances the 

loss due t o the decrease i n the number of p a r t i c l e s . Thus the o v e r a l l 

SHG i n t e n s i t y remains e s s e n t i a l l y constant, as i l l u s t r a t e d by curve (b) 

i n f i g u r e 6.18. 

I n c o l l a b o r a t i o n w i t h Dr. M. Goodwin of Plessey (Caswell) L t d . , 

powder e f f i c i e n c i e s were measured ( r e l a t i v e to l i t h i u m niobate) f o r a 

s e l e c t i o n of the m a t e r i a l s which appear elsewhere i n t h i s t h e s i s . The 

r e s u l t s of t h i s survey are presented i n table 6.1; i n view of the 

d i s a p p o i n t i n g l y small signals obtained, no d e t a i l e d analysis of SHG as a 

f u n c t i o n of p a r t i c l e size was performed. ' 

I t w i l l be seen i n Chapter 8 t h a t the low powder e f f i c i e n c i e s 

observed from compound D5 and the two analogues of D2 i n t h i s section 

are i n s t a r k contrast to the T s s u l t s of studies nf second harmonic 

generation from LB f i l m s . This r e f l e c t s the f a c t t h a t d i p o l a r 

chromophores w i t h long hydrocarbon chains w i l l tend to pack 

centrosymmetrically i n the b u l k phase (due t o d i p o l a r i n t e r a c t i o n s 

between the chromophores and i n t e r - c h a i n van der Waal's bonding), 

thereby g i v i n g n e g l i g i b l e powder e f f i c i e n c i e s , despite the i n h e r e n t l y 

large second-order h y p e r p o l a r i z a b i l i t i e s of the niolecuies, which could 



TABLE 6.1 

Summary of Kerr powder t e s t r e s u l t s ( r e l a t i v e to l i t h i u m niobate) 

M a t e r i a l SHG observed 
I - (sample) 

I - ( LlNbOj 

M2 No -

A2 No -
A5 Yes 

A6 Yes 10-2 

D2 (C^3H3 
analogue) No -

analogue) Yes 10-^ 

D5 Yes 10-2 
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be e x p l o i t e d i n LB f i l m s . I t i s t h e r e f o r e concluded t h a t although the 
Kurtz powder technique has proved invaluable i n assessing the p o t e n t i a l 
of new compounds f o r use as s i n g l e c r y s t a l second-order non-linear 
media, i t s a p p l i c a t i o n to m a t e r i a l s intended f o r i n c o r p o r a t i o n i n t o LB 
f i l m s i s of very l i m i t e d importance. 

6.5 T h e o r e t i c a l Values f o r 6 

One way of determining an order of p r i o r i t y f o r the study of new 

m a t e r i a l s I s t o c a l c u l a t e t h e o r e t i c a l values f o r the second-order 

molecular h y p e r p o l a r i z a b i l i t i e s , 6. Since such a procedure does not 

r e q u i r e a specimen of the compound, i t can be used at an e a r l y stage t o 

i d e n t i f y m a t e r i a l s w i t h low 6 and thus save the time and expense of 

chemical synthesis as w e l l as t h a t involved i n o p t i m i z i n g and 

c h a r a c t e r i z i n g LB f i l m d e p o s i t i o n . 

The c a l c u l a t i o n s are r a t h e r complex end are only f e a s i b l e when 

performed by computer. Since the programs have only r e c e n t l y been 

s u f f i c i e n t l y r e f i n e d , they were applied t o the m a t e r i a l s i n t h i s p r o j e c t 

a f t e r LB f i l m c h a r a c t e r i z a t i o n had been completed; however, i t i s 

envisaged t h a t i n the f u t u r e such t h e o r e t i c a l modelling of the molecules 

w i l l play an i n c r e a s i n g l y important r o l e i n the screening of new 

m a t e r i a l s at a much e a r l i e r stage. The values of 6 reported i n t h i s 

s e c t i o n were obtained by J. H i l l o f B r i t i s h Telecom Research 

Laboratories. 

The c a l c u l a t i o n of 3 c o e f f i c i e n t s was performed i n two stages. 

F i r s t l y the p o s i t i o n and s t r e n g t h of the f i r s t e l e c t r o n i c absorption 

band was determined, together w i t h the changes i n the dipole moment of 

the molecule which accompanies t h i s t r a n s i t i o n . These p r e d i c t i o n s were 

made by a v e r s i o n of a PPP-SCF-CI molecular o r b i t a l c a l c u l a t i o n program, 
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which was adapted by H i l l f o r implementation on a Hewlett Packard 9000. 
I n the second stage these data were i n s e r t e d i n t o a program to c a l c u l a t e 
the molecular h y p e r p o l a r i z a b i l i t y of the t e s t molecule. This program 
was w r i t t e n by H i l l u t i l i s i n g equation A3 i n reference 14. ' 

Table 6.2 gives the dipole moment, p o s i t i o n of the f i r s t e l e c t r o n i c 

absorption band ( i n cyclohexane), and 3 ( v e c t ) , c a lculated f o r several 

of the molecules i n v e s t i g a t e d i n t h i s p r o j e c t . The column 'B ( v e c t ) ' i s 

the value of 8 at a p a r t i c u l a r frequency vectored onto the ground state 

d i p o l e moment d i r e c t i o n . 

The p r e d i c t i o n s of the absorption band maxima are i n reasonable 

agreement w i t h those obtained experimentally i n section 6.1. For 

example, the t h e o r e t i c a l \ f o r the amidonitrostilbene (D5) was 376 nm 
max 

(cyclohexane s o l u t i o n ) ; the observed values were 368 nm ( i n chloroform), 

351 nm ( i n cyclohexane), and % 370 nm ( i n LB m u l t i l a y e r s ) . S i m i l a r l y , 

f o r compound D7 theory gave = ^27 nm ( i n cyclohexane) and a value 

of 394 nm was obtained f o r LB f i l m s containing the dye mixed w i t h 

cadmium arachidate. 

I t can be seen on examination of table 6.2 t h a t the closer the 

second harmonic wavelength gets t o X , the greater i s the value of g 

( c f . s e c t i o n 2.3.2). As a n t i c i p a t e d i n the discussions i n Chapter 5, 

the t h e o r e t i c a l values of 6 f o r compounds Dl and D2 are very high; 

although the corresponding f i g u r e s f o r D5, D7 and D8 are somewhat 

smaller, they s t i l l represent a s i g n i f i c a n t improvement on many of the 

m a t e r i a l s reported i n the l i t e r a t u r e (see table 2.3). The l a r g e r g f o r 

D7 compared to D5 i s i n accordance w i t h the stronger donor nature of the 

t e r t i a r y amine group i n the former compared to the amide f u n c t i o n a l i t y 

i n the l a t t e r . . Compound A2 has a strong acceptor but only a weak donor; 

nevertheless, the values of 3 predicted by the model are much smaller 
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than those expected from the q u a l i t a t i v e arguments put forward i n 

Chapter 5. This implies that the anthracene nucleus may perhaps be 

unsuitable f o r forming the conjugated system, and had t h i s data been 

a v a i l a b l e a t the outset of the p r o j e c t such d e r i v a t i v e s would have been 

given a lower p r i o r i t y . I t i s also very i n t e r e s t i n g to note that the 

t h e o r e t i c a l values of 6 f o r D3 and D4 are comparable w i t h those of D5. 

Since D3 and D4 both contain two acceptor groups and no donor, yet D5 

has the c l a s s i c donor-acceptor system, t h i s was r a t h e r s u r p r i s i n g . The 

o r i g i n of t h i s e f f e c t may w e l l l i e i n the conjugated system, the 

s t i l b e n e bridge perhaps being less e f f i c i e n t i n t h i s r o l e than the 

phenyl p y r l d i n i u m ethene f u n c t i o n a l i t y . 

The t h e o r e t i c a l data given i n t h i s section w l l . l be r e f e r r e d to 

again i n Chapter 8, i n which the r e s u l t s of some I n v e s t i g a t i o n s of 

second harmonic generation from IB f i l m s are reported. 

6.6 Summary 

The o p t i c a l absorption spectra of a number of LB f i l m m a t e r i a l s 

w i t h p o t e n t i a l l y large o p t i c a l n o n - l i n e a r i t i e s have been obtained; such 

c h a r a c t e r i s t i c s are important i n determining the wavelength ranges over 

which the f i l m s may be u s e f u l l y . ap p l i e d . Comparisons of the spectra 

obtained f o r a given m a t e r i a l i n solvents of d i f f e r i n g p o l a r i t y have 

been used to assess the degree of charge t r a n s f e r i n the f i r s t e xcited 

s t a t e r e l a t i v e t o the ground s t a t e , and the d i f f e r e n c e s between s o l u t i o n 

and LB f i l m spectra have been i n t e r p r e t e d i n terms nf the e f f e c t of 

d i p o l e - d i p o l e i n t e r a c t i o n s on the l e v e l of charge separation i n the 

molecules. Studies of absorbaoce (at two f i x e d wavelengths) against 

time have been used to f o l l o w the pro t o u a t i o n isacciou of a merocyanine 

dye. Estimates of deposition u n i f o r m i t y have been obtained'for several 
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d i f f e r e n t LB f i l m m a t e r i a l s by measuring absorbance as a f u n c t i o n of 

m u l t i l a y e r thickness and examining the closonass of f i t of the r e s u l t s 

t o the Beer-Lambert law. 

An a l t e r n a t i n g l a y e r s t r u c t u r e i n c o r p o r a t i n g hemicyanine and 

a m i d o n i t r o s t i l b e n e dyes was found to have an absorbance peak 

bathochromically s h i f t e d r e l a t i v e to the p o s i t i o n expected by the simple 

a d d i t i o n of the spectra of equivalent numbers of layers of the two 

m a t e r i a l s taken separately i n conventional Y-type f i l m s . Mixed 

monolayers of hemicyanine w i t h cadmium arachidate were found to d i s p l a y 

an enhanced and bathochromically s h i f t e d f i r s t absorption band r e l a t i v e 

to t h a t seen f o r a homogeneous monolayer. 

Amidonitrostilbene LB f i l m MIM s t r u c t u r e s were found to give a 

l i n e a r p l o t of r e c i p r o c a l capacitance against f i l m thickness, i n d i c a t i n g 

t h a t the d i e l e c t r i c thickness of each monolayer (measured as 0.90± 0.20 

nm) was h i g h l y reproducible. The i n t e r c e p t of t h i s p l o t was consistent 

w i t h seven l a y e r s of f i l m being penetrated on f a b r i c a t i n g the top 

e l e c t r i c a l contacts; the s i t u a t i o n w i t h other dye f i l m s was considerably 

worse, w i t h most of the samples being s h o r t - c i r c u i t e d . 

Surface plasmon resonance curves were obtained f o r Y-type LB f i l m s 

of a m i d o n i t r o s t i l b e n e and were used to estimate the r e l a t i v e 

p e r m i t t i v i t y of the l a y e r s . The s i m i l a r i t y of the depth of resonance to 

t h a t obtained w i t h bare s i l v e r , and the sharpness of the minima, 

provided evidence t h a t the f i l m s were not h i g h l y absorbing or s c a t t e r i n g 

at the frequency of measurement. 

The Kurtz powder technique f o r assessing second-order o p t i c a l 

n o n - l i n e a r i t y was applied to several of the m a t e r i a l s studied elsewhere 

i n t h i s p r o j e c t . However, no a c t i v i t y was observed i n any of the 

compounds. I t was concluded t h a t although valuable f o r screening s i n g l e 
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c r y s t a l m a t e r i a l s , there was l i t t l e p o i n t i n using the technique on the 

compounds used f o r LB f i l m f o r u i a t l o n , since they w i l l tend to adopt 

centrbsymmetric c r y s t a l s t r u c t u r e s i n the bulk phase, even though t h e i r 

molecules may s t i l l possess large S's which could be e x p l o i t e d i n 

m u l t i l a y e r a r r a y s . A more promising approach f o r i d e n t i f y i n g molecules 

w i t h p o t e n t i a l l y large o p t i c a l n o n - l i n e a r i t i e s , i n v o l v i n g the 

c a l c u l a t i o n , of t h e o r e t i c a l 6 values, was introduced and r e s u l t s were 

presented f o r several of the ma t e r i a l s used i n t h i s p r o j e c t . I t i s 

l i k e l y t h a t t h i s technique w i l l f i n d more extensive use i n the f u t u r e , 

since i t can be applied p r i o r to chemical synthesis and thus save a l o t 

of wasted time and e f f o r t by i d e n t i f y i n g m aterials w i t h small B's at the 

e a r l i e s t p o ssible stage. 
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CHAPTER 7 

ELECTRON DIFFRACTION STUDIES OF LB FILMS : RESULTS 

AND DISCUSSION 

7.0 I n t r o d u c t i o n 

This chapter i s concerned w i t h the s t r u c t u r a l c h a r a c t e r i z a t i o n of 

LB f i l m s of several of the novel m a t e r i a l s described elsewhere i n t h i s 

t h e s i s . The s t r u c t u r e of the f i r s t monolayer i s c r i t i c a l i n determining 

the success of deposi t i o n and the q u a l i t y of LB m u l t i l a y e r 

assemblies •̂'•̂; p a r t i c u l a r emphasis has therefore beer, placed on the 

study of such t h i n f i l m s . However, despite the f a c t that r e l a t i v e l y 

t h i c k (0.1-l.Ojjm) LB f i l m s can be i n v e s t i g a t e d by a v a r i e t y of 

techniques, such as o p t i c a l b i r e f r i n g e n c e ̂  , shallow angle X-ray 
(3) (4^ d i f f r a c t i o n , and i n f r a r e d spectroscopy ', there are few methods 

a v a i l a b l e w i t h s u f f i c i e n t s e n s i t i v i t y f o r the ch a r a c t e r i z a t i o n o f 

monolayers (although high r e s o l u t i o n I n f r a r e d spectroscopy can sometimes 

be used^^^). One set of techniques which i s s u i t a b l e f o r probing the 

s t r u c t u r e of such u l t r a - t h i n layers u t i l i s e s the e f f e c t of the strong 

i n t e r a c t i o n of a beam of high energy electrons w i t h matter. This has 

l e a d to the a p p l i c a t i o n of e l e c t r o n microsccpy , tra n s m i s s i o n e l e c t r o n 

d i f f r a c t i o n ( T E D ) , and r e f l e c t i o n h igh energy e l s c t r n n d l f f r a c t l o n ^ ^ ^ 

(RHEED). Although TED allows a complete i d e n t i f i c a t i o n of the molecular 

packing, i t i n v o l v e s complicated and d e l i c a t e sample preparation (see 

chapter 4 ) , which could a f f e c t the LB f i l m . I n co n t r a s t , RHEED can be 

used to study the s t r u c t u r e of LB f i l m s , i n i s i t u , on a semiconductor 

substrate. The RHEED technique has fre q u e n t l y been applied t o 

m u l t i l a y e r f i l m s ^ ' ^ ' ^ ' ^ ^ but to date i t s use w i t h monolayers has been 

l i m i t e d . 
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Figure 7.1 shows an 80kV RHEED p a t t e r n obtained from a monolayer of 
cadmium arachidate deposited on a {111} s i l i c o n substrate. I t i s 
i n t e r e s t i n g t o note t h a t t h i s p a t t e r n possesses a l l the features 
e x h i b i t e d by t h a t of the 11-layer sample of cadmium stearate shown i n 
reference 7 ( s t e a r i c acid being i d e n t i c a l to arachi d i c acid apart from 
the s l i g h t l y shorter hydrocarbon c h a i n ) . This provides good evidence 
f o r the propagation of the s t r u c t u r a l order of the f i r s t monolayer 

v 

through to subsequently deposited l a y e r s . S i m i l a r i n v e s t i g a t i o n s are 

reported f o r other m a t e r i a l s i n l a t e r sections, as are the e f f e c t s of 

changes i n deposi t i o n conditions on the c r y s t a l l i n e order of 

am i d o n i t r o s t i l b e n e (compound 05) LB f i l m s and a d e t a i l e d s t r u c t u r a l 

c h a r a c t e r i z a t i o n of m u l t i l a y e r s of C4 anthracene (compound A l ) . 

7.1 C a l i b r a t i o n of Electron D i f f r a c t i o n Patterns 

I n order to convert measured distances i n transmission or 

r e f l e c t i o n e l e c t r o n d i f f r a c t i o n patterns i n t o lengths i n r e a l space, the 

patterns must f i r s t be c a l i b r a t e d against the d i f f r a c t i o n p a t t e r n 

obtained under the same operating c o n d i t i o n s ( a c c e l e r a t i n g v o l t a g e , lens 

c u r r e n t , e t c . ) from a sample whose i n t e r p l a n a r spacings are already 

a c c u r a t e l y known. I f the distance R from the centre spot of a 

d i f f r a c t i o n p a t t e r n represents the lendth d i n r e a l space i n the 

specimen, then f o r TED: Rd = XL (7,1) 

and f o r RHEED: Rd = XL 
2 (7.2) 

where X i s the wavelength of the el e c t r o n beam, and L i s the camera 
(Q) 

l e n g t h . C l e a r l y , XL and XL/2 are constants i f the operating 

c o n d i t i o n s remain unchanged, and both these equations can be s i m p l i f i e d 

t o g ive: 
Rd = K (7.3) 
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where K I s a new constant (which w i l l have twice the value for TED 

compared to RHEED performed at the same wavelength). 

T y p i c a l c a l i b r a t i o n m a t e r i a l s used i n t h i s study were aluminium 

f o i l (TED) and evaporated aluminium on g l a s s (RHEED); both of these 

specimens gave r i s e to the c h a r a c t e r i s t i c r i n g s of aluminium. Aluminium 

has a f a c e - c e n t r e d c u b i c s t r u c t u r e ; s t r u c t u r e f a c t o r c o n s i d e r a t i o n s 

t h e r e f o r e d i c t a t e t h a t only those planes whose M i l l e r i n d i c e s ( h k l ) 

are a l l even or a l l odd w i l l give r i s e to f i n i t e d i f f r a c t e d 

i n t e n s i t y ^ ^ N o w , the i n t e r p l a n a r spacing, d, i s given by equation 

7.4. 

d = (7.4) 

where N = h^ + + 1^, and a i s the l a t t i c e parameter (a = 0.40497 nm 
0 o 

f o r aluminium^''"^^). 

Combining equations 7.3 and 7.4 f o r txra d i f f e r e n t i n t e r p l a n a r 

s p a c l n g s , dj^ and d^, of the r e f e r e n c e m a t e r i a l , g i v e s : 

1L = ^^ii = !2 

For aluminium, the s m a l l e s t allowed value of K i s 3, and t h i s w i l l 

be the r i n g c l o s e s t to the centre spot. T h i s r i n g can therefore be used 

to a s s i g n v a l u e s of N to a l l the other r i n g s i n the r e f e r e n c e 

d i f f r a c t i o n p a t t e r n (equation 7.5). 

N = 3( ^ \ (7.5) 
^ \ r ( 1 1 1 ) / 
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The outermost r i n g was s e l e c t e d , sincp. i t could be measured to the 
g r e a t e s t p r e c i s i o n , and the c a l c u l a t e d value of N s u b s t i t u t e d i n t o 
equation 7.4 to give the value of d. T h i s was then i n s e r t e d , along with 
the q u a n t i t y R obtained d i r e c t l y from the d i f f r a c t i o n p a t t e r n , i n t o 
equation 7.3, enabling K to be determined. I t i s then a simple matter 
to use t h i s v a l u e of K to convert measured v a l u e s of R f o r a t e s t sample 
i n t o i n t e r p l a n a r spacings. 

7.2 C4 Anthracene (compound A l ) 

7.2.1 Background 

The range of LB f i l m m a t e r i a l s a v a i l a b l e which do not r e q u i r e l a r g e 

s a t u r a t e d m o i e t i e s to render them s t a b l e at the a i r - w a t e r i n t e r f a c e i s 

not r e s t r i c t e d to anthracene d e r i v a t i v e s alor.^-; there has been great 

I n t e r e s t shown r e c e n t l y i n LB f i l m s of l i g h t l y s u b s t i t u t e d porphyrins 

and p hthalocyanines. However, C4 anthracene (compound A l ) i s known to 

r e t a i n i t s as-deposited l a y e r s t r u c t u r e , whereas s t r u c t u r a l s t u d i e s of 

t h i c k f i l m s of porphyrins have r e v e a l e d that r e c r y s t a l l i z a t i o n takes 

p l a c e r a p i d l y a f t e r d e p o s i t i o n of these m a t e r i a l s , l e a v i n g l i t t l e t r a c e 

of the r e q u i r e d organized a n i s o t r o p i c l a y e r structure^"'""'"''. 

Although a study of some aspects of the LB f i l m s t r u c t u r e of C4 
(3) 

anthracene has a l r e a d y been performed by V i n c e t t and Barlow , the 

techniques which they employed ( o p t i c a l absorption and X-ray 

d i f f r a c t i o n ) were not capable of determining the molecular o r i e n t a t i o n 

w i t h i n the f i l m to a high degree of p r e c i s i o n or of d i s t i n g u i s h i n g 

between d i f f e r e n t p o s s i b l e space groups. I n the model proposed by 

V i n c e t t and Barlow, the u n i t c e l l contained two molecules located i n 

a d j a c e n t monolayers and the long a x i s of the anthracene nucleus was 

t i l t e d at 55-65° to the s u b s t r a t e normal. TED and RHEED can be employed 
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to provide f u r t h e r information about the f i l m s t r u c t u r e ; they enable the 

c r y s t a l l i n e symmetry to be determined, and can be used co e s t a b l i s h the 

o r i e n t a t i o n of the r i g i d m o i e t i e s w i t h r e s p e c t to the c r y s t a l l i n e 
(12) 

axes (see Appendix 1 ) . I n t h i s s e c t i o n , RHEED and TED patterns of 

C4 anthracene LB f i l m s are presented and the u n i t c e l l parameters, 

i n c l u d i n g the number of molecules I t c o n t a i n s , are deduced. 

7.2.2 R e s u l t s 

F i g u r e 7.2(a) shows the 100 kV TED p a t t e r n recorded from a 25-layer 

LB f i l m of C4 anthracene on a t h i n alumina s u b s t r a t e , prepared as 

desc r i b e d i n s e c t i o n 4.5. T h i s d i s p l a y s w e l l - d e f i n e d spots which, i n 

view of t h e i r , r e c t a n g u l a r in-plane symmetry, may be a s c r i b e d to a s i n g l e 

c r y s t a l l i n e g r a i n . The p a t t e r n can be indexed as a r i s i n g from an 

orthorhombic s t r u c t u r e with the beam i n c i d e n t along the [100] a x i s , and 

f i g u r e 7.2(b) i l l u s t r a t e s how M i l l e r i n d i c e s can be assigned to the 

spots a c c o r d i n g l y . There appear to be systematic absences along both of 

the main axes, and the p o s i t i o n s of two of these are I n d i c a t e d by open 

c i r c l e s l a b e l l e d "S". 

The RHEED p a t t e r n of an 11-layer f i l m of C4 anthracene on a s i l i c o n 

s u b s t r a t e i s shown i n f i g u r e 7.3. The d i f f r a c t i o n spots on the c e n t r a l 

normal to the s u b s t r a t e l i e on r i n g s of lower i n t e n s i t y . P a r a l l e l to 

t h i s c e n t r a l row of spots and sjnranetrically d i s p l a c e d to e i t h e r side of 
i t i s a s e r i e s of d i f f r a c t e d s t r e a k s of I n t e n s i t y . Figure 7.3 d i f f e r s 

(5 8) 

from RHEED p a t t e r n s of other LB f i l m m a t e r i a l s ' i n that the spots 

are u n u s u a l l y w e l l defined and the c e n t r a l row of spots d i s p l a y s the 

f i n e s p l i t t i n g expected from the b i l a y e r p e r i o d i c i t y . 

7.2.3 D i s c u s s i o n and con c l u s i o n s 

On the assumption that the d i f f r a c t i o n s t r e a k s seen i n the RHEED 

p a t t e r n extend to the shadow edge of the sample, the distance of each 



Figure 7.2a lOOkV TED p a t t e r n of a 25-layer LB f i l m of C4 anthracene 
deposited on alumina. 

030(s) 

120 t-
110 \ 

F i g u r e 7.?b Assignment o f M i l l e r i n d i c e s t o the TED p a t t e r n sho^m i n 
( a ) . 



Figure 7.3 80kV RHEED pattern of an 11-layer LB film of C4 
anthracene deposited on {100} s i l i c o n . 

TABLE 7.1 

Comparison of TED and RHEED data for (hkO) d-spaclngs i n 
LB films of 04 anthracene. 

M i l l e r Indices 
d-spaclngs (nm) 
(TED pattern) 

d-spaclngs (nm) 
(RHEED pattern) 

(020) 0.775 -
(100) o.soo"*" 0.505 

(110) 0.490 0.485 

(120) 0.430 0.420 

(040) 0.385 0.390 

(130) 0.365 0.360 

(140) 0.295* 0.295 

(200) 0.250* 0.245 

+ Systematic absence - inferred value. 

# Value deduced from extrapolation. 
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s t r e a k from the centre of the p a t t e r n should correspond to the r a d i u s of 
one of the spots i n the TED p a t t e r n . I T i i s ccniparison i s given i n t a b l e 
7.1, i n which the M i l l e r i n d i c e s have been assigned on the b a s i s of the 
r e c t a n g u l a r symmetry e x h i b i t e d by the TED pattern and where the l a t t i c e 
parameters (a,b,c) are such that a < b < c. The t a b l e i n c l u d e s 
d-spacings from the TED p a t t e r n which have been i n f e r r e d for a 
s y s t e m a t i c absence or deduced by trigonometry from e x i s t i n g spacings. 
I n s p e c t i o n of t h i s t a b l e confirms the very good agreeinecit between the 
r e s u l t s obtained using the two d i f f e r e n t modes of d i f f r a c t i o n , and that 
the f i l m s t r u c t u r e i s the same on both Al^O^ and SIO^ s u b s t r a t e s . 

The u n i t c e l l l a t t i c e parameters a and b can be deduced from the 

data given i n t a b l e 7.1, w h i l s t the v a l u e of c can be found from the 

a d d i t i o n a l d-spacings corresponding to the d i f f r a c t i o n spots l y i n g on 

the c e n t r a l normal i n the RHEED p a t t e r n ( f i g u r e 7.3). As a r e s u l t i t 

was deduced that the u n i t c e l l i s orthorhombic, with the following 

l a t t i c e parameters: 

a = 0.51 nm 

b = 1.54 nm . a = 6 = y = 90° 

c = 2.45 nm 

From these f i g u r e s i t can be seen that the area per u n i t c e l l i n 

the s u b s t r a t e plane (ab) i s 0.79 nm^. Comparison w i t h the area per 

molecule of 0.39-0.43 nm^ i n the " s o l i d " phase of the water-surfsee 

monolayer (chapter 5) i n d i c a t e s t h a t tl-e u n i t c e l l contains two 

molecules i n any c r o s s - s e c t i o n and, s i n c e i i : -irxp.nd^ cvfv two l a y e r s , i t 

c o n s i s t s of a t o t a l of four molecules. 
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I n appendix 1 i t i s shown that a comparison of the RHEED pa t t e r n of 

f i g u r e 7.3 w i t h a computer-generated i n t e n s i t y d i s t r i b u t i o n of the 

d i f f r a c t i o n p a t t e r n of a s i n g l e moiety can be used to deduce the t i l t 

angle of the anthracene long a x i s to the s u b s t r a t e normal. The v a l u e 

obtained, = 60 ± 1°, r e p r e s e n t s a narrowing of the range (55 - 65") 

(3) 

reported by V i n c e t t and Barlow , and i s shown to be c o n s i s t e n t with 

s t e r e o c h e m i c a l c o n s i d e r a t i o n s . Furthermore, c o n s i d e r a t i o n of such 

f a c t o r s as the c l o s e packing of molecular c r y s t a l s , and of symmetry 

f e a t u r e s such as sys t e m a t i c absences i n the TED p a t t e r n of f i g u r e 7.2, 

are shown to le a d to the I d e n t i f i c a t i o n of the space group as Pba 2. 

7.3 A m i d o n i t r o s t i l b e n e (compound D5) 

7.3.1 Background 

I t was reported i n chapter 5 that water-surface monolayers of the 

a m i d o n i t r o s t i l b e n e D5 d i s p l a y e d e x c e l l e n t p r e s s u r e - a r e a isotherms and 

could be r e a d i l y t r a n s f e r r e d to a v a r i e t y of d i f f e r e n t s u b s t r a t e s by the 

LB technique ( a l s o see Appendix 2 ) . Since the moieciileE might a l s o be 

expected to d i s p l a y a l a r g e second-order h],'perpolari?:sbility, i t was 

important to know whether they were i n an ordered t~tate w i t h i n the 

deposited l a y e r s . Such a s t r u c t u r e i s required i i ; order to promote a 

macroscopic n o n - l i n e a r response which could approach the e f f e c t that the 

molecules would give i f op t i m a l l y a l i g n e d . 

I n t h i s s e c t i o n , an i n v e s t i g a t i o n of the ordering ^irLthin LB f i l m s 

of a m i d o n i t r o s t i l b e n e on d i f f e r e n t s u b s t r a t e s and as a function of f i l m 

t h i c k n e s s and d e p o s i t i o n c o n d i t i o n s ( i n c l u d i n g pH, age of the 

wa t e r - s u r f a c e monolayer, and o r i e n t a t i o n of the su b s t r a t e with r e s p e c t 

to the moving b a r r i e r s of the trough) i s reported. The main technique 
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employed was RHEED, due to i t s conveniencs (see s e c t i o n 7.0) and the 
d i f f i c u l t i e s i n v o lved i n preparing TED specimens l e s s than 3 1 - l a y e r s 
t h i c k . 

7.3.2 E f f e c t of f i l m t h i c k n e s s 

RHEED s t u d i e s were performed on LB f i l m s of amidonitrostilbene w i t h 

t h i c k n e s s v a r y i n g from one to f i f t e e n monolayers, deposited on s i l i c o n 

s u b s t r a t e s . A t y p i c a l 80 kV RHEED p a t t e r n obtained from an LB monolayer 

of a m i d o n i t r o s t i l b e n e , deposited with the chromophorc adjacent to the 

s i l i c o n s u b s t r a t e , i s shown i n f i g u r e 7.4. The high degree of 

s t r u c t u r a l order i s remarkable f o r an LB f i l m and s i g n i f i c a n t l y b e t t e r 

than has been observed f o r simple f a t t y - a c i d a s s e m b l i e s ' ^ ' ^ I t i s 

important to note that the p a t t e r n obtained was independent of the 

d i r e c t i o n of the i n c i d e n t electro** beam i n the plane of the f i l m . The 

l a t t e r o b s e r v a t i o n i n d i c a t e s that the l a y e r i s comprised of a mosaic 

s t r u c t u r e of g r a i n s i n which the long axes of a l l the chromophores have 

a common t i l t angle away from the s u b s t r a t e normal, but i n which the 

t i l t azimuth v a r i e s from g r a i n to g r a i n . 

The p a t t e r n of f i g u r e 7.4 contains a r e c t a n g u l a r matrix of 

r e f l e c t i o n s i n which the d i f f r a c t i o n spots l o c a t e d along the su b s t r a t e 

normal and p a r a l l e l to the shadow edge o f the s u b s t r a t a correspond to 

I n t e r p l a n a r spacings of 1.24 nm and 1.28 nm, and sub-multiples of these, 

r e s p e c t i v e l y . However, due to systematic absences, i t should be noted 

th a t the l a r g e s t d-spacing measured i n the d i r e c t i o n along the s u b s t r a t e 

normal i s 0.62 nm. The d-spacings f o r planes l y i n g p a r a l l e l to the 

s u b s t r a t e should correspond to 30u;e i n t r a m o l e c u l a r p e r i o d i c i t y , whereas 

the spacing f o r planes p e r p e n d i c u l a r to i t should correspond to 

i n t e r m o l e c u l a r d i s t a n c e s . I t seems l i k e l y thai: the monolayer s t r u c t u r e 

w i l l be s t a b l i z e d by hydrogen bonding between the hydrogens and ca r b o a y l 

oxygens of amide groups i n adja c e n t molecules. 



Figure 7.4 80kV RHEED pattern of an amldonltrostilbene monolayer 
deposited on a {111} s i l i c o n substrate. 

# 

Figure 7.5 lOOkV RHEED pattern of a 3 -layer LB film of 
amidonitrostilbene deposited on a {111} s i l i c o n substrate. 
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The d i f f r a c t i o n p a t t e r n i n f i g u r e 7.4 i n d i c a t e s that the 
chromophores are extremely well-ordered; however, the re v e r s e i s true of 
the hydrocarbon t a i l s . .RHEED p a t t e r n s from LB f i l m s of f a t t y a c i d s 
d i s p l a y c l e a r a r c s due to the ordering of the hydrocarbon c h a i n s ( s e e 
f i g u r e 7.1); i n corresponding p o s i t i o n s , d i f f r a c t i o n p a t t e r n s of 
a m i d o n i t r o s t i l b e n e show at best only f a i n t d i f f u s e r i n g s . T h i s i s to be 
expected when c o n s i d e r i n g the d i f f e r e n c e i n c r o s s - s e c t i o n between the 
chromophore and the t a i l ; even when the chromophores a r s close-packed, 
there i s s t i l l room f o r motion of the t a i l s , thereby reducing t h e i r 
order. 

From previous work on the e p i t a x i a l d e p o s i t i o n of LB l a y e r s i t 

might be expected that the e x c e p t i o n a l degree of order i n the f i r s t 

monolayer of a m i d o n i t r o s t i l b e n e would give r i s e to a very high q u a l i t y 

m u l t i l a y e r s t r u c t u r e . However, RHEED s t u d i e s on d i f f e r e n t numbers of 

l a y e r s were i n d i c a t i v e of p r o g r e s s i v e l y poorer c r y s t a l l i n e order with 

i n c r e a s i n g t h i c k n e s s . F i g u r e 7.5 shows a t y p i c a l lOOkV RĤ EED p a t t e r n 

obtained from a 3 - l a y e r f i l m ; although i t s t i l l d i s p l a y s sharp spots, 

there i s now evidence of a r c s p a s s i n g through a number of thom, and some 

complete r i n g s are a l s o p r e s e n t . When the th i c k n e s s i s taken as high as 

1 2 - l a y e r s , the RHEED p a t t e r n s ( f i g u r e 7.6) c o n s i s t e n t i r e l y of spotty 

r i n g s , w i t h no sharp i n d i v i d u a l spots a t a l l ; t h i s i s i n d i c a t i v e of a 

t o t a l l y p o l y c r y s t a l l i n e s t r u c t u r e . When the r e l a t i v e l y poor order of 

the hydrocarbon t a i l s i n the am i d o n i t r o s t i l b e n e monolayer i s considered, 

i t i s perhaps not s u r p r i s i n g that i n m u l t i l a y e r s t r u c t u r e s t h i s d i s o r d e r 

extends to the chromophore i t s e l f . 

7.3.3 E f f e c t of d i f f e r e n t s u b s t r a t e s 

I d e n t i c a l RHEED p a t t e r n s were recotrfed fro.' monolayers of 

a m i d o n i t r o s t i l b e n e deposited on {111} or {100} s i l i c o n . T h i s i s not 



Figure 7.6 lOOkV RHEED pattern of a 12-layer LB film of 
amidonitrostilbene deposited on a {100} s i l i c o n 
substrate. 

Figure 7.7 80kV TED pattern of an 11-layer LB film of 
amidonitrostilbene deposited on alumina. 
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s u r p r i s i n g when the technique used fo r s u b s t r a t e preparation i s 
considered; the s i l i c o n was not etched, i t was merely degreased - thus. 
I n both c a s e s ^ t h e LB f i l m s w i l l have been deposited on a n a t i v e l a y e r of 
oxide. 

The second type of m a t e r i a l used as a s u b s t r a t e was alumina; t h i s 

was s e l e c t e d because of i t s s u i t a b i l i t y f o r forming TED specimens 

(chapter 4 ) . An 80kV TED p a t t e r n of an l l - r l a y e r f i l m i s shown i n f i g u r e 

7.7. The only Important f e a t u r e i n t h i s p a t t e r n i s the c l o s e doublet of 

r i n g s , corresponding to i n t e r p l a n a r spacings of 0.446 nm and 0.420 nm; 

longer exposure of the photographic p l a t e to the d i f f r a c t e d e l e c t r o n 

beams r e s u l t e d i n p a t t e r n s d i s p l a y i n g a number of a d d i t i o n a l r i n g s of 

s m a l l e r d-values, but these could be a s c r i b e d to merc.urous c h l o r i d e 
(12) 

d e p o s i t s r e s u l t i n g from the sample p r e p a r a t i o n technique . The 

absence of spots i n f i g u r e 7.7 i m p l i e s that the s t r u c t u r e i s 

p o l y c r y s t a l l l n e w i t h a c h a r a c t e r i s t i c g r a i n s i z e of much l e s s than the 

200pm diameter of the e l e c t r o n beam. The d-values measured from f i g u r e 

7.7 do not c o r r e l a t e very w e l l w i t h sub-multiples of the 1.28 nm spacing 

(measured p a r a l l e l to the shadow edge of the s i l i c o n s u b s t r a t e ) i n the 

RHEED p a t t e r n s of monolayers of a m i d o n i t r o s t i l b e n e . Tlris could be due 

to the change i n c r y s t a l l i n e order with f i l m t h i c k n e s s (as observed i n 

s e c t i o n 7.3.2) or to a d i f f e r e n c e i n s t r u c t u r e a r i s i n g from the new 

s u b s t r a t e m a t e r i a l . I n order to d i f f e r e n t i a t e between tliese two 

p o s s i b i l i t i e s , a RHEED i n v e s t i g a t i o n was made of an 11-layer f i l m 

deposited on an alumina s u b s t r a t e (see f i g u r e 7.8). T h i s p a t t e r n 

d i s p l a y s broad r i n g s with s i g n i f i c a n t a r c i n g , and i s l a r g e l y i n d i c a t i v e 

of a lower degree of order than that obseirved f o r a comparable f i l m on a 

s i l i c o n s u s b t r a t e ( f i g u r e 7.6), although some of the d i f f e r e n c e could be 

due to the Al^O^ s u b s t r a t e charging up under the i n f l u e n c e of the 



Figure 7.8 80kV RHEED pattern of an 11-layer LB film of 
amidonitrostilbene deposited on an alumina substrate. 

Figure 7.9 SOkV RHEED pattern of a monolayer of amidonitrostllbene 
deposited onto a {111} s i l i c o n substrate from an aged 
Langmulr film on a water subphase at pH-9.0. 
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e l e c t r o n beam. The study by TED of a monolayer deposited on an alumina 
s u b s t r a t e would have been the i d e a l way to d i s t i n g u i s h between charging 
e f f e c t s and changes i n s t r u c t u r e as a r e s u l t of using a d i f f e r e n t 
s u b s t r a t e m a t e r i a l ; however, the preparation of a specimen for such a 
study could not be accomplished s u c c e s s f u l l y . 

7.3.4 E f f e c t of d e p o s i t i o n c o n d i t i o n s 

An e x t e n s i v e RHEED i n v e s t i g a t i o n has been performed i n t o the 

e f f e c t s of v a r i o u s changes i n the de p o s i t i o n c o n d i t i o n s on the order 

d i s p l a y e d by monolayer and m u l t i l a y e r f i l m s of amidonitrostilbene 

assembled on s i l i c o n s u b s t r a t e s . I n a d d i t i o n to f i l m t h i c k n e s s , the 

f o l l o w i n g three parameters were v a r i e d : 

( i ) Subphase pH. The v a l u e s employed were \>5.5 and ~ 9 . 0 ; these 

were the optimum v a l u e s (determined i n Chapter 5) f o r Y-type 

m u l t i l a y e r s of D5 and f o r a l t e r n a t i n g l a y e r s of D5 with D2, 

r e s p e c t i v e l y . T h i s part of the study was to check that the 

l a y e r s of a m i d o n i t r o s t i l b e n e w i t h i n any a l t e r n a t e l a y e r system 

would s t i l l be h i g h l y ordered when deposited at the higher pH 

r e q u i r e d for D2. 

( i i ) Age of the wa t e r - s u r f a c e monolayer. I n chapter 5, monolayers 

of a m i d o n i t r o s t i l b e n e were observed to become more r i g i d the 

longer the period of time that they remained compressed on the 

s u r f a c e of the subphase. I t was postulated that t h i s r i g i d i t y 

might be r e s p o n s i b l e f o r the poor order displayed by 

m u l t i l a y e r f i l m s , s i n c e the l a s t few l a y e r s would be deposited 

from a monolayer which had been compressed for over an hour. 

I n order to t e s t t h i s theory, a monolayer was deposited from 

an aged Langmuir f i l m ( A ) , i . e . one which had been compressed 

f o r a very long period of time, and a m u l t i l a y e r f i l m was 
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assembled from a f r e s h w ater-surface monolayer ( F ) , i . e . one 

which was renewed every dipping c y c l e ("v 15 minutes) . 

( l i l ) O r i e n t a t i o n of s u b s t r a t e with r e s p e c t to the trough b a r r i e r s . 

The importance of t h i s parameter a r i s e s from the flow p a t t e r n s 

of m a t e r i a l w i t h i n the water-surface monolayer during the 

(13) 

d e p o s i t i o n process . Three d i f f e r e n t o r i e n t a t i o n s were 

employed: p e r p e n d i c u l a r to the moving b a r r i e r s ( P ) ; f a c i n g the 

s h o r t e r moving b a r r i e r ( S ) ; and f a c i n g the longer moving 

b a r r i e r ( L ) . 

The RHEED p a t t e r n s given by a monolayer and a 9-layer LB f i l m 

deposited from aged w a t e r - s u r f a c e monolayers are shown i n f i g u r e s 7.9 

and 7.10, r e s p e c t i v e l y . The former d i s p l a y s the r e c t a n g u l a r matrix of 

spots seen w i t h a f r e s h monolayer and a s s o c i a t e d with e x c e l l e n t 

c r y s t a l l i n e order, but i n a d d i t i o n there are some strong a r c s , 

i n d i c a t i n g a s m a l l degree of i m p e r f e c t i o n . I n f i g u r e 7.10 the matrix of 

spots has been rep l a c e d by a s i n g l e c e n t r a l column of spots, and the 

a r c s have extended to become r i n g s ; t h i s i m p l i e s a much gr e a t e r l e v e l of 

d i s o r d e r , although i t i s s t i l l s u p e r i o r to that seen i n f i g u r e 7.6 f o r a 

12-Tlayer f i l m . The p a t t e r n s obtained from a l l of the samples i n t h i s 

study c l o s e l y resembled one of those shown i n f i g u r e s 7.4, 7.5, 7.6, 7.9 

or 7.10, and t h i s match i s given i n t a b l e 7.2, which provides a complete 

summary of the survey. 

Comparison of sample numbers 1, 5 and 6 i n t a b l e 7.2 r e v e a l s t h a t 

the o r i e n t a t i o n of the s u b s t r a t e w i t h r e s p e c t to the trough b a r r i e r s has 

had l i t t l e e f f e c t on the c r y s t a l l i n e order of an amidonitrostilbene 

monolayer deposited from the f r e s h regime. However, the s l i g h t l y b e t t e r 

order f o r 9 and 15 l a y e r f i l m s (Nos. .10 and 12) compared to a 12 l a y e r 
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f i l m (No. 11), a l l deposited from an i n i t i a l l y f r esh Langmuir f i l m which 

was not renewed (and w i l l t h e r e f o r e have been '\J 100 minutes o l d by the 

end of the l a s t l a y e r ) , might imply t h a t t h i s f a c t o r becomes more 

s i g n i f i c a n t i n o l d e r , less mobile, f i l m s . Further experiments i n v o l v i n g 

9-15 layer f i l m s deposited under s i m i l a r c o n d i t i o n s , but w i t h the 

substrate perpendicular t o the b a r r i e r s , are c l e a r l y required. 

Examination of the r e s u l t s f o r samples 2 and 5 in d i c a t e s that although 

h i g h l y ordered monolayers can be obtained at the higher subphase pH, the 

optimum value of 'v 5.5 gives s l i g h t l y • b e t t e r r e s u l t s . The superior 

order observed w i t h sample 5 r e l a t i v e t o 3 shows the Importance of 

having a mobile water-surface monolayer i n the t r a n s f e r of even a single 

monolayer to a susbtrate; s i m i l a r l y , when t h i c k e r s t r u c t u r e s are b u i l t 

up (Nos. 7 and 8 ) , the use of n o n - r i g i d monolayers promotes the 

dep o s i t i o n o f a more uniform f i l m (see "comments" colurro i n table 7.2), 

even i f t h i s e f f e c t i s not observed i n the RHEED p a t t e r n , due to other 

d i s r u p t i v e i n f l u e n c e s w i t h i n the m u l t i l a y e r s . 

7.3.5 Chromophore o r i e n t a t i o n i n monolayers 
(12) 

Earls et a l have deduced the o r i e n t a t i o n o l the chromophores i n 

LB f i l m s of hemicyanine by the comparison of an experimentally 

determined RHEED p a t t e r n w i t h a computer-generated i n t e n s i t y 

d i s t r i b u t i o n of the d i f f r a c t i o n p a t t e r n of a single moiety. A s i m i l a r 

approach has been used w i t h C4 anthracene (see appendix 1) , and i n t h i s 

s e c t i o n i t i s applied to am i d o n i t r o s t i l b e n e . 

Reasonable values f o r bond lengths, angles and atomic s c a t t e r i n g 

f a c t o r s f o r the chromophore, and also f o r the hydrocarbon t a i l , were 

chosen and used by Dr. I . R. Peterson (GEC Research) to compute the 

I n t e n s i t y d i s t r i b u t i o n s shown i n f i g u r e s 7.11a and b. Note th a t 
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v e r t i c a l . 
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although f i g u r e 7.11b i s r e a l l y f o r a chain containing 21 carbons, the 
d i s t r i b u t i o n given by a 17 carbon t a l l should be very s i m i l a r . The 
RHEED p a t t e r n obtained from a monolayer of amidonitrostilbene ( f i g u r e 
7.4) was r e p l o t t e d to the same scale as f i g u r e 7.11 to f a c i l i t a t e 
comparison. There i s only one good match between the experimental 
p a t t e r n and the computed d i s t r i b u t i o n : t h i s i s consistent w i t h both the 
chromophore and the hydrocarbon t a l l long axes having a t i l t angle ifi t o 
the substrate normal of 54 ± 1°; such a value i s very large compared to 
other LB arrays. 

7.3.6 Conclusions 

LB monolayers of amicionitrostilbene e i : h i b l t e x c e l l e n t 

c r y s t a l l i n i t y , and i t i s l i k e l y t h a t t h e i r s t r u c t u r e i s h i g h l y 

s t a b i l i z e d by hydrogen bonding. Unfortunately, t h i s property i s not 

propagated through to m u l t i l a y e r f i l m s , the s t r u c t u r a l order becoming 

p r o g r e s s i v e l y poorer w i t h , increasing thickness. Although monolayer 

q u a l i t y was found to be q u i t e acceptable when a subphase pH of 9.0 was 

employed, s l i g h t l y b e t t e r r e s u l t s were obtained at the lower value of 

5.5. The Importance of m o b i l i t y i n the water-surface monolayer was 

r e f l e c t e d by the superior c r y s t a l l i n e order and f i l m u n i f o r m i t y 

displayed by monolayer and m u l t i l a y e r LB f i l m s deposited from f r e s h l y 

spread Langmuir f i l m s compared to the r e s u l t s given by aged layers. The 

o r i e n t a t i o n of the substrate i n the trough during deposition was found 

to be unimportant i f the water-surface monolayer i s s a f i ' l c i e n t l y f l u i d . 

Alumina substrates were found to be unsuitable f o r RHEEC studies, 

owing to t h e i r tendency to become charged by the el e c t r o n beam. The 

d i f f i c u l t i e s i nvolved i n preparing a sample less than "v* 3. layers t h i c k 

f o r TED ( f i l m s of t h i s thickness and less gave rise, Co RHEED patterns 

i n d i c a t i v e of good s t r u c t u r a l order) from which a spot p a t t e r n could be 
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expected, has made i t impossible to c o r r e l a t e RHEED and TED observations 
as was done i n the s t r u c t u r a l analysis of C4 anthracene i n section 7.2. 
Thi s , coupled w i t h the invariance of the RHEED p a t t e r n of an 
ami d o n i t r o s t i l b e n e monolayer to r o t a t i o n of the substrate about an axis 
normal to i t s surface ( i n d i c a t i n g no pre f e r r e d o r i e n t a t i o n of the 
c r y s t a l l i t e s ) , means t h a t although i n t e r p l a n a r spacings can be 
ca l c u l a t e d from the RHEED data, i n the absence of any independent 
s t r u c t u r a l data the spots cannot be indexed or the l a t t i c e parameters 
deduced. An analysis I n v o l v i n g the matching of the RHEED patterns to a 
computer generated i n t e n s i t y d i s t r i b u t i o n of the d i f f r a c t i o n p a t t e r n of 
a si n g l e moiety gave a value of the t i l t angle, ^, of the molecule, w i t h 
respect to the substrate normal, of 54+1°. 

7.4 Other M a t e r i a l s 

7.4.1 Amlnonitrostilbene (compound D6) 

A t y p i c a l 80kV RHEED p a t t e r n obtained from an LB monolayer of 

ami n o n l t r o s t i l b e n e (compound D6) deposited on a {111} s i l i c o n substrate 

i s shown I n f i g u r e 7.12. Although t h i s paCteTnj i s s i m i l a r to that of 

the a m i d o n i t r o s t i l b e n e (D5) given i n f i g u r e 7.4 ( i n d i c a t i n g the same 

basic packing arrangement), most of the d i f f r a c t i o n spots are of a 

s i g n i f i c a n t l y lower i n t e n s i t y than are the corresponding r e f l e c t i o n s 

obtained from monolayers of D5. The e s s e n t i a l d i f f e r e n c e i n the 

molecular s t r u c t u r e of D5 and D6 i s t h a t the amide group i n the former 

m a t e r i a l has been replaced by a simple amine. Thus the p o s s i b i l i t y of 

hydrogen bonding between the adjacent chromophores i n the monolayer i s 

s u b s t a n t i a l l y reduced. I t i s therefore concluded t h a t such i n t e r a c t i o n s 

play a dominant r o l e i n the in-plane ordering of the molecules i n 

monolayers of D5. 



F i g u r e 7.12 SOkV RHEED p a t t e r n of a monolayer of amlnonitrostllbene 
(D6) deposited onto a {111} s i l i c o n s u b s t r a t e . 

F i g u r e 7.13 SOkV RHEED p a t t e r n of a monolayer of hemicyanine (D2) 
deposited onto a {111} s i l i c o n s u b s t r a t e . 
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RHEED patterns from monolayers of DC display c l e a r arcs (as at A i n . 
f i g u r e 7.12) corresponding to ordering of the hydrocarbon t a i l s ; t h i s i s 
i n c o n t r a s t to the behaviour observed f o r D5 (s e c t i o n 7.3.2), which 
showed only very f a i n t d i f f u s e r i n g s i n the equivalent p o s i t i o n s . This 
suggests t h a t the removal of the carbonyl group reduces the e f f e c t i v e 
size of the chromophore and enables the closer approach of the t a i l s . 

I n summary, although the molecules may be s l i g h t l y closer packed i n 

monolayers of D6, i n D5 the order of the chromophore section of the 

molecule i s more regu l a r due t o the s t a b i l i s i n g influence of 

int e r m o l e c u i a r hydrogen bonding. 

7.4.2 Merocyanine (compound Dl) 

RHEED I n v e s t i g a t i o n s were performed on 7 and l l - l a y e r LB f i l m s o f 

the merocyanine (compound Dl) deposited onto s i l i c o n substrates. Films 

from both the high and low surface pressure dipping regimes d e t a i l e d i n 

Chapter 5 were st u d i e d , before and a f t e r performing the deprotonatlon 
-3 

procedure (immersion i n 10 M NaOH s o l u t i o n ) described i n Chapter 6. I n 

each case the patterns obtained were i d e n t i c a l , d i s p l a y i n g only a few 

very broad, d i f f u s e r i n g s . I t was concluded t h a t the merocyanine LB 

f i l m s were completely amorphous. 

7.4.3 Hemicyanine (compound D2) 

Figure 7.13 shows the SOkV RHEED p a t t e r n obtained from a monolayer 

of the hemicyanine dye (compound D2) deposited onto r- { i l l } s i l i c o n 

s u b s trate. The o r i g i n a l p a t t e r n observed on the phosphor screen 

displayed a row of three spots p a r a l l e l to the substrate shadow edge, 

and a column of spots perpendicular to i t ; although not u n l i k e the 

p a t t e r n given by am i d o n i t r o s t i l b e n e monolayers, fewer spots were 

present, i n d i c a t i n g t h a t the e t r d c t u r a l order was i-.oC quite as good. 

U n f o r t u n a t e l y , the hemicyanine f i l m r a p i d l y became charged i n the 
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e l e c t r o n beam, and the recorded p a t t e r n of f i g u r e 7.13 i s somewhat 

poorer than seen i n the f i r s t place. 

The RHEED p a t t e r n of an l l - l a y e r LB f i l m of hemicyanine e x h i b i t e d 

only a s i n g l e broad ar c , implying t h a t the high degree of c r y s t a l l i n e 

order displayed by a monolayer of the m a t e r i a l does not extend t o 

t h i c k e r f i l m s . 
(12) 

Earls e t a l have performed a d e t a i l e d s t r u c t u r a l i n v e s t i g a t i o n 

of hemicyanine, employing both TED and RHEED techniques. They conclude 

t h a t i n a d d i t i o n to c r y s t a l l i n e m u l t i l a y e r regions ( i n which the 

chromophore and a l k y l t a l l are e s s e n t i a l l y p a r a l l e l to each other and 

t i l t e d at 40° to the substrate normal), the f i l m s appear to contain at 

lea s t two other phases. I n the f i r s t of these phases the molecules l i e 

p a r a l l e l to the substrate, and i n the second the a l k y l chains are 

loose l y packed and t r a n s l a t l o n a l l y disordered. 

7.4.4 The hemlcyanlne/amidonltrostllbene a l t e r n a t e layer system 

M u l t i l a y e r LB f i l m s containing hemicyahlne (D2) a l t e r n a t i n g w i t h 

a m i d o n i t r o s t i l b e n e (D5) di s p l a y l a r g e , o p t i c a l n o n - l i n e a r i t i e s (see 

Chapter 8) and i n t h i s section t h e i r s t r u c t u r e i s i i w e s t i g a t e d by RHEED. 

I n view of the e x c e l l e n t degree of c r y s t a l l i n e order e x h i b i t e d by 

monolayers of the i n d i v i d u a l m a t e r i a l s and the poorer order observed i n 

Y-type m u l t i l a y e r s , i t was of I n t e r e s t to see i n t o vrhich category the 

a l t e r n a t e l a y e r s f e l l . 

A t y p i c a l SOkV RHEED p a t t e r n obtained from an a l t e r n a t i n g layer LB 

f i l m c o n t a i n i n g three layers o f hemicyanine and two layers of 

ami d o n i t r o s t i l b e n e i s shown i n f i g u r e 7.14. The patt e r n contains a 

strong and a weak arc on the c e n t r a l a x i s , and a p a i r of arcs 

symmetrically displaced o f f - a x i s corresponding to large d-spacing; there 

i s also evidence of a p o l y c r y s t a l l i n e r i n g close to the centre spot. 
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This represents about the same l e v e l of s t r u c t u r a l order which would 

be expected from conventional Y-type f i l m s of the same thickness of 

e i t h e r m a t e r i a l ; thus i t seems tha t the two compounds are s u f f i c i e n t l y 

compatible t o form high q u a l i t y supermole.cular arrays. The RWEED 

pa t t e r n obtained from two layers of hemicyanine and one of 

a m i d o n i t r o s t i l b e n e was s i m i l a r to t h a t obtained from a monolayer of 

hemicyanine ( s e c t i o n 7.4.3), except t h a t the spots were a l i t t l e more 

obvious i n the case of the a l t e r n a t e layer system. This was to be 

expected, i n view of the exceptional degree of ordering shown by very 

t h i n a m i d o n i t r o s t i l b e n e l a y e r s . 

7.5 Summary 

High energy e l e c t r o n d i f f r a c t i o n studies (mainly i n r e f l e c t i o n , but 

w i t h some transmission data t o support them) have been performed on a 

v a r i e t y of LB f i l m s of m a t e r i a l s used elsewhere i n t h i s p r o j e c t . C4 

anthracene, the molecule on which the whole series of anthracene 

d e r i v a t i v e s was based, was found to form LB f i l m s w i t h an orthorhombic 

u n i t c e l l c o n t a i n i n g four molecules, and the l a t t i c e parameters of t h i s 

c e l l were determined. 

Monolayers of the a m i d c n i t r o s t i l b e n e , D5, were found to e x h i b i t 

e x c e l l e n t c r y s t a l l l n i t y ; however, i n the case of m u l t i l a y e r s the 

s t r u c t u r a l order was ,found to become progressively poorer w i t h 

i n c r e a s i n g f i l m thickness. The e f f e c t s of subphin^e pH, substrate 

o r i e n t a t i o n during the deposition process, and age of the water-surface 

monolayer on the q u a l i t y of LB f i l m s of D5 were i n v e s t i g a t e d , and the 

most important f a c t o r was found to be the need f o r a mobile (t h e r e f o r e 

f r e s h l y spread) Langmuir f i l m from which to deposit the l a y e r s . I t was 

p o s t u l a t e d t h a t the monolayer s t r u c t u r e of D5 i s s i g n i f i c a n t l y 

s t a b i l i z e d by hydrogen bonding, i n view of the ra t h e r poorer order shown 
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by monolayers of D6, a m a t e r i a l which has e s s e n t i a l l y the same molecular 

s t r u c t u r e as D5, only w i t h the amide f u n c t i o n a l i t y replaced by an amine 

group.. The molecules i n monolayers of D5 were found to have an average 

t i l t angle of 54+1° w i t h respect to the substrate normal. 

LB f i l m s of the merocyanine, D l , were found t o i^e amorphous, w h i l s t 

hemicyanine (D2) monolayers displayed s i g n i f i c a n t l y b e t t e r order, 

although not as good as D5. F i n a l l y , the hemlcyanine/amidonitrostilbene 

a l t e r n a t e l a y e r system was i n v e s t i g a t e d and the s t r u c t u r e found to be 

well-ordered. 

Studies of second harmonic generation from several monolayer and 

m u l t i l a y e r systems, i n c l u d i n g the ones described i n sections 7.3 and 

7.4, are presented i n the next Chapter. 
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CHAPTER 8 

SECOND HARMONIC GENERATION FROM LB FILMS ; RESULTS 

AND DISCUSSION 

8.0 I n t r o d u c t i o n 

This chapter i s concerned w i t h the observation of second harmonic 

generation (SHG) from Langmuir-Blodgett monomolecular and m u l t i l a y e r 

arrays. Following an explanation of how absolute values f o r the 

e l e c t r i c f i e l d s at 2a) were obtained, the discussion i s s p l i t i n t o 

sections according to the type of LB f i l m under I n v e s t i g a t i o n . Sections 

8.2 and 8.5 deal w i t h SHG from homogeneous and heterogeneous'monolayers, 

r e s p e c t i v e l y . I n section 8.3 m u l t i l a y e r s are studied i n which the 

ac t i v e layers are a l t e r n a t e d w i t h an i n e r t spacer m a t e r i a l i n order to 

produce the desired noncentrosymmetric s t r u c t u r e . S i m i l a r l y , section 

8.4 describes the use of two d i f f e r e n t a c t i v e m a t e r i a l s , g i v i n g r i s e to 

a supermolecular array i n which the n o n - l i n e a r i t i e s of the i n d i v i d u a l 

layers should be a d d i t i v e . 

With a l l the samples studied i n t h i s work, regions of the 

substrates f r e e of f i l m gave no detectable s i g n a l , confirming that any 

r a d i a t i o n observed'during the subsequent i n v e s t i g a t i o n s was a property 

of the organic l a y e r . I n a d d i t i o n , the r a d i a t i o n was c l e a r l y I d e n t i f i e d 

as second harmonic by i t s narrow bandwidth (using i n t e r f e r e n c e f i l t e r s 

a t 520 nm and 540 nm) and i t s narrow temporal p r o f i l e . The second 

harmonic s i g n a l s , being quadratic i n i n c i d e n t laser energy, were 

normalised by d i v i d i n g by the square of the in c i d e n t laser energy; t h i s 

process i s described i n greater d e t a i l i n the next section. 
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8.1 C a l i b r a t i o n of Experimental System 

The experimental system used i n these i n v e s t i g a t i o n s was described 

i n s e c t i o n 4.7. Three d i f f e r e n t techniques were employed i n order to 

o b t a i n absolute values of the e l e c t r i c f i e l d at 532 nm ( E ^ ^ ) , although 

a l l of them involved c a l i b r a t i n g the system against a y-cut quartz wedge 

and r e l a t i n g both the second harmonic signals and i n c i d e n t energy to the 

d^^ non-linear c o e f f i c i e n t of quartz. These methods are described 

separately i n sections 8,1.1 - 8.1.3. 

The c a l i b r a t i o n procedure consisted of t r a n s l a t i n g a 2° wedge of 

y-cut quartz i n a d i r e c t i o n perpendicular to the laser beam and 

determining the p o s i t i o n s of the minima of second harmonic s i g n a l i n the 

r e s u l t a n t p a t t e r n of Maker f r i n g e s . These; r e s u l t s were used to estimate 

( t o a greater degree of accuracy than was possible by d i r e c t 

observation) the wedge p o s i t i o n s f o r maximum s i g n a l i n t e n s i t y . A series 

of readings of i n c i d e n t energy and second harmonic s i g n a l (and peak 

i n c i d e n t power, i n the case of the experimental c o n f i g u r a t i o n shown i n 

f i g u r e 4.3) were then taken f o r each of four maxima, and the r e s u l t s 

averaged. The manner i n which these c a l i b r a t i o n f i g u r e s were used was 

dependent on the method of n o r m a l i s a t i o n to be employed. 

8.1.1 Signals normalis'ed w i t h respect to photodiode response 

With the experimental system arranged as shown i n f i g u r e 4.3, there 

were two methods a v a i l a b l e f o r normalising the second harmonic signals 

obtained from the t e s t samples and the quart:: c a l i b r a t i o n specimen; 

e i t h e r w i t h respect to the peak power measured by the photodiode (as 

described i n t h i s s e c t i o n ) , or w i t h respect to the t o t a l pulse energy 

recorded by the transmission type energy meter (as d e t a i l e d i n section 

8.1.2). The methods have many common elements, and give very s i m i l a r 

r e s u l t s . 
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I n order t o be able to i n t e r p r e t the c n l i b r a t i o n data, the power of 

the I n c i d e n t l i g h t , I ^ ^ j , must f i r s t be ca l c u l a t e d . Assuming the in c i d e n t 

beam has a Gaussian temporal p r o f i l e w i t h a peak power I ^ , then I ^ = I ^ 

exp (-t^/CT^), where cj i s a constant. I f the i n c i d e n t power i s at h a l f 

i t s peak value at time T, then 

o = T (-In 0.5) - i (8.1) 

and hence o can be ca l c u l a t e d from the value of 2T, the measured f u l l 

wftWiffthalf maximum (FWHM) . The t o t a l energy of the pulse. E, i s given by 

I dt = cr 1 /ir 
Oi o 

However, the true energy reaching the sample was r e a l l y E'.F, where 

E' i s the recorded i n c i d e n t energy but where a f i l t e r t r a n s m i t t i n g a 

f r a c t i o n F of the l i g h t i s located between the energy meter and the 

sample. The peak i n c i d e n t power i s then given by: 

I = E'F/a/ir (8.2) 

The p e r i o d i c o s c i l l a t i o n s i n second harmonic power as a f u n c t i o n of 

thickness ( r e f e r r e d to e a r l i e r as "Maker f r i n g e s " ) a r i s e from dispersion 

i n the quartz. I f the wavevector mismatch between the bound and f r e e 

harmonic waves i n the c r y s t a l i s Ak (where Ak = 2k^-k2^), then the 

period of these o s c i l l a t i o n s i s 1^^^^ = tr/Ak. The q u a n t i t y 1^^^^ i s known 
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as the "coherence l e n g t h " and f o r normal incidence i t i s given by (1) 

1 , = A, /4 ( n . - n ) coh 1 2(0 0 ) 
(8.3) 

where Â^ i s the free-space wavelength of the fundamental wave (1.064 jjm 

f o r the l a s e r used i n t h i s i n v e s t i g a t i o n ) . Since, i n an a n i s o t r o p i c 

medium, n and n„ depend upon the e l e c t r i c p o l a r i z a t i o n d i r e c t i o n of 

the fundamental and second harmonic waves r e s p e c t i v e l y , i t f o l l o w s from 

equation 8.3 t h a t each non-linear o p t i c a l c o e f f i c i e n t has a coherence 

length associated w i t h i t . For p-polarized. i n c i d e n t and s i g n a l 

r a d i a t i o n w i t h a y-cut quartz wedge the p e r t i n e n t q u a n t i t i e s are^"*"^: d^^ 

= (0.364 ± 0.040) X lO""""^ mV"-""; n = 1.5341; n„ = 1.5468. 
' u) 2uj 

Rewriting equation 8.3 i n terms of the wavevector mismatch: 

Ak = 4n- (n„ - n )/A, 
2(0 0 ) 1 (8.4) 

The t h e o r e t i c a l second harmonic power, I ^ ^ , generated by a s i n g l e 

mode Gaussian beam of angular frequency o), i n c i d e n t along a p r i n c i p a l 

axis of a plane p a r a l l e l slab of thickness L of a nonabsorbing 
( 1 ) 

non-linear c r y s t a l i s given by 

2 i,f^' o r ^ d ^ / ( I ^ ^ L ^ 
^2(0 ,,2 , s2 

IT W n„ (n ) 
0 2(1) (1) 

s i n (LAk/2) 

(LAk/2) 
(8.5) 

where W i s the spot radius of the fundamental beam (2W = 207 nm i n o o 

these i n v e s t i g a t i o n s ) , d^^ i s the relevant SHG c o e f f i c i e n t , and i J ^ . ^ ^ 

are the p e r m e a b i l i t y and p e r m i t t i v i t y of f r e e space, r e s p e c t i v e l y . 
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At the maxima i n the Maker f r i n g e p a t t e r n , s i n (LAk/2)=l, and with 
the experimental c o n d i t i o n s employed, equation 8.5 reduces to: 

l„ = x X 7^ ( 0 . 6 ; 
TT W n„ (n ) (Ak) o 2a) 0) 

S u b s t i t u t i n g the appropriate v a l u e s of and Ak (obtained from 

equations 8.2 and 8.4) i n t o equation 8.6 gives the peak second harmonic 

power emerging from the wedge. I f t h i s s i g n a l g i v e s r i s e to a voltage 

V ( q u a r t z ) from the p h o t o m u l t i p l i e r d e t e c t o r , and the r e l a t i o n s h i p s 
between the d e t e c t o r v o l t a g e and s i g n a l power i s 

I„ = a V (8.7) 
2(1) s 

then the v a l u e of the constant, a, can be c a l c u l a t e d using 

a = I ^ ^ ( q u a r t z ) / V ^ ( q u a r t z ) (8.8) 

Corresponding r e l a t i o n s h i p s hold f o r the i n c i d e n t power and 

photodiode d e t e c t o r v o l t a g e ( V ^ ) : 

I = b V, (8.9) 0) L 

where the value of b i s given by 

b = . ( q u a r t z ) / V ^ ( q u a r t z ) ( 8 . 1 0 ) 

V̂ . ( q u a r t z ) i s the measured value of V corresponding to the value of I 

( q u a r t z ) c a l c i i J a t u d f r o m f q n a t i o n R.I'. 
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Having e s t a b l i s h e d the r e l a t i o n s h i p s between the detector voltages 
and the i n c i d e n t and s i g n a l powers, the v o l t a g e s (or powers) measured i n 
the i n v e s t i g a t i o n of LB f i l m s t r u c t u r e s must be converted i n t o the 
e l e c t r i c f i e l d r a t i o s of the fundamental and second harmonic. The 
second harmonic s i g n a l s , being q u a d r a t i c i n i n c i d e n t l a s e r energy, have 
to be normalised by d i v i d i n g by the square of i n c i d e n t power (or 
energy). I f and E^^ are the i n c i d e n t and s i g n a l f i e l d s t r e n g t h s , 
r e s p e c t i v e l y , , then the d e s i r e d normalised s i g n a l , S, i s 

I n l a t e r s e c t i o n s t h i s n o t a t i o n i s modified to take i n t o account the 

p o l a r i z a t i o n s of the beams (s or p) and the d e t e c t i o n geometry 

( r e f l e c t i o n , R, or t r a n s m i s s i o n , T ) . Thus T^"^ = I E ^ ^ / I E ^ I ^ 
• 2a) 0)' 

r e p r e s e n t s , p - p o l a r i s e d s i g n a l i n t e n s i t y from s - p o l a r i s e d i n c i d e n t 

r a d i a t i o n i n the t r a n s m i s s i o n geometry; a corresponding n o t a t i o n i s used 

f o r the other p o l a r i s a t i o n s and geometry. 

I n g e n e r a l , the power ( I ) of a beam of r a d i a t i o n can be w r i t t e n i n 

terms of i t s . a v e r a g e Poynting v e c t o r (N) and the area of the beam (A): 

I = A N (8.12) 

(2) 
where N i s given by 

N = n | E l ^ (2 n c)'-^ 
' o 
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Hence 

I = n A (2 p c)"-*-' o (8.13) 

Applying equation 8.13 to the fundamental and second harmonic waves 

g i v e s : 

^2a) ^2 (1) — .= 2 p^c . 1(1) ' Z O ) ' 

( I ) 
2 • 2 

(n r (A r |E r 
(8.14) 

I f the beams have a Gaussian s p a t i a l p r o f i l e of the form N(r) = N 

2 2 
exp (-r /p ) then 

N(r) d^r = up^ (8.15) 

and comparison of equations 8.12 and 8.15 y i e l d s : 

u) = irp 
(8.16). 

For the fundamental beam, p = W / /2 and th e r e f o r e 
(D o 

A, = TT W / 2 w o (8.17) 

The second harmonic has a narrower s p a t i a l (and temporal) p r o f i l e than 

the fundamental, and p„ = p //2. Hence: 

A„ = ir W /4 2a) o (8.18) 
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Assuming that n^^ IJ; n^ ;̂  1 f o r r a d i a t i o n i n a i r , s u b s t i t u t i o n of 8.17 

and 8.18 i n t o equation 8.14 g i v e s : 

E , P TT W 2 T 
S = = . ^ (8.19) 

I ^ J ' 2 . ^ c a j ^ 

F u r t h e r s u b s t i t u t i o n from equations 8.7 and 8.9 leads to an 

e x p r e s s i o n i n v o l v i n g the experimentally determined q u a n t i t i e s : 

E_ P TT W 2 a V 
2'̂  = — ^ • (8.20) 

E 1̂  2*j cb^ V 2 
0)' o L 

Equation 8.20 enables absolute v a l u e s of the e l e c t r i c f i e l d of the 

second harmonic to -be c a l c u l a t e d from a value of the s i g n a l voltage from 

the p h o t o m u l t i p l i e r (normalised by the square of the output voltage from 

the photodiode monitoring the i n c i d e n t beam) obtained by averaging over 

s e v e r a l p u l s e s and d i f f e r e n t areas of the sample. 

8.1.2 S i g n a l s normalised with r e s p e c t to t o t a l I n c i d e n t energy 

I t i s p o s s i b l e to o b t a i n absolute values c f E, by using an 

experimental arrangement without a photodiode to monitor the peak energy 

of each p u l s e , but otherwise i d e n t i c a l to the one shown i n f i g u r e 4.3. 

I n t h i s case the measured s i g n a l v o l t a g e s have to be normalised with 

r e s p e c t to the t o t a l energy of each p u l s e . 

Taking equation (8.19) and s u b s t i t u t i n g for I ^ ^ ^ from 8.7 and f o r I ^ 

from 8.2 g i v e s : 

I E ^ (2 ' T T ^ „ 2 3(J2 V 
S = = 2 . (8.21) 

E r 2p c ( E ' ) ^ 
(0 o 
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The v a l u e of a i n t h i s e x p r e s s i o n can be c a l c u l a t e d from a quartz 

c a l i b r a t i o n experiment e x a c t l y as described i n s e c t i o n 8.1.1. 

8.1.3 S i g n a l s normalised with r e s p e c t to quartz 

A t h i r d type of n o r m a l i s a t i o n procedure was employed fo r some of 

the s t u d i e s ; t h i s involved the use of a v a r i a t i o n on the experimental 

set-up shown i n f i g u r e 4.3. I n t h i s new c o n f i g u r a t i o n the d i f f u s e r and 

photodiode were r e p l a c e d with a second ( r e f e r e n c e ) quartz wedge, a 

system of f i l t e r s , and a p h o t o m u l t i p l i e r . The wedge was positioned to 

correspond to a maximum i n the Maker f r i n g e p a t t e r n , and for each shot 

of the l a s e r the second harmonic s i g n a l s obtained from both t h i s 

r e f e r e n c e and the sample were fed to a boxcar averager. 

Denoting the power i n c i d e n t on the reference quartz as I ( r e f ) , 
0) 

and the r e s u l t a n t s i g n a l power as I„ ( r e f ) , with corresponding detector 
2a) 

v o l t a g e V ( r e f ) , i t f o l l o w s from equation 8.6 that I ( r e f ) a [ I - , 
a) 2a) 

( r e f ) ] ^ . Now, as the power i n c i d e n t on the sample, I , i s p r o p o r t i o n a l 
ai 

to that i n c i d e n t on the r e f e r e n c e quartz, and s i n c e V ( r e f ) al^ ( r e f ) , 
2(1) 

i t can be seen t h a t : 

I = z [ V ( r e f ) ] ^ (8.22) 
0) 

where z i s a constant. Using equation 8.19 and s u b s t i t u t i n g f o r I 
^0) 

from 8.7 and f o r I from 8.22 g i v e s : 
a) 

E. M TT W/a . 
' 2 ( 1 ) ' o s . 

= : . (8.23a) 
E ^ 2 ^ c z^ V ( r e f ) 
10 o . . 
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Quartz c a l i b r a t i o n experiments (one each f o r s - and p-polarized 
i n c i d e n t r a d i a t i o n ) can be employed i n order to c a l c u l a t e the value of 
a/z^. I f the power i n c i d e n t on the quartz wedge i n the sample arm of 
the system i s I ^ ( c a l . ) , and i t produces a s i g n a l voltage (quartz) 
r e l a t e d to a second harmonic power I ^ ^ ( q u a r t z ) , w h i l s t the 
corresponding detector v o l t a g e i n the reference arm i s V ( r e f , c a l . ) , 
then equations 8.8 and 8.22 y i e l d : 

a 1^^ (quartz) V ( r e f , c a l . ) 

z^ (quartz) I^= ( c a l . ) 

S u b s t i t u t i o n f o r 1^^ ( q u a r t z ) from equation 8.6 then gi v e s : 

a 8 (^ ) ^ ^ ^ (e ) ^ (1)2 d, 2 V ( r e f , c a l . ) _ o o 11 
z^ TT W 2 n„ (n ) 2 ( A k ) 2 V (quartz) 

O ZO) 0) s 

(8.23b) 

Equations 8.23 can then be used together i n order to compute c a l i b r a t e d 

s i g n a l s t r e n g t h s from measured s i g n a l v o l t a g e s normalised by the s i g n a l 

obtained from a r e f e r e n c e sample. 

I n p r a c t i c e the methods d e t a i l e d . i n s e c t i o n s 8.1.1 and 8.1.2 gave 

very s i m i l a r r e s u l t s , whereas the technique described I n t h i s s e c t i o n 

was s u b j e c t to d r i f t of the boxcar averager. Most of the measurements 

were t h e r e f o r e performed using e i t h e r of the f i r s t two approaches. 

8.2 Second Harmonic Generation from Homogeneous Monolayers 

8.2.1 A comparison of m a t e r i a l s 

A comparison of the c a l i b r a t e d second harmonic s i g n a l s t r e n g t h s , 

f o r d i f f e r e n t p o l a r i z a t i o n s and d e t e c t i o n geometries, obtained from 
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homogeneous ( i . e . s i n g l e component) monolayers of v a r i o u s m a t e r i a l s i s 

given i n t a b l e 8.1. I n each case the angle of incidence was 45**. 

Compounds A8 and A9 (deposited under both the high and low surface 

p r e s s u r e c o n d i t i o n s d e t a i l e d i n t a b l e 5.2) were a l s o i n v e s t i g a t e d i n 

t h i s manner, but gave no measurable s i g n a l s at a l l . I n view of the low 

t h e o r e t i c a l value of 6 p r e d i c t e d f o r A2 (a c l o s e l y r e l a t e d m a t e r i a l ) i n 

chapter 6, t h i s o b s e r v a t i o n provides f u r t h e r evidence that the 

anthracene nucleus i s a poorer conjugated system than, say, a s t i l b e n e 

bridge. 

The merocyanine, D l , was not studied s i n c e i t !iad already been 
'3) 

e x t e n s i v e l y c h a r a c t e r i z e d by G i r l i n g et a l , and t h e i r r e s u l t s have 

simply been quoted i n the t a b l e . I t i s i n t e r e s t i n g to note that they 

found, as expected, that the a d d i t i o n of a second l a y e r to form a 

sjnmnetrical b i l a y e r r e s u l t e d i n the SHG being extinguished. 

Furthermore, protonation of the dye was found to suppress SHG (as 

a n t i c i p a t e d from the d i s c u s s i o n i n s e c t i o n 6.1.1) and the experiments 

had to be performed i n an enclosed c e l l c o n t a i n i n g ammonia vapour. 

G i r l i n g et a l deposited monolayers from both the high and low pressure 

regimes d e s c r i b e d i n chapter 5, and the s i g n a l strength was 

s i g n i f i c a n t l y g r e a t e r from the former. T h i s was due to i t s higher 

s u r f a c e d e n s i t y of molecules and a probably s m a l l e r spread of the 

d i s t r i b u t i o n of ip, the angle of i n c l i n a t i o n of the molecular axes of the 

dye to the s u b s t r a t e normal. For the high s u r f a c e d e n s i t y monolayers, 

the average v a l u e of ij; was c a l c u l a t e d to be 13.4° and g was found to be 
-50 3 3 -2 

(350 ± 100) X 10 C m J ( i n reasonable agreement with the 

t h e o r e t i c a l v a l u e given i n t a b l e 6.2). The 532 nm wavelength of the 

second harmonic i s c l o s e to an e x c i t a t i o n peak i n the deprofcnated form 

of the dye, and t h i s r e s o n a n t l y enhances p. However, there i s a 
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corresponding enhancement i n the d i e l e c t r i c constant, wl.i.ich r e s u l t s i n a 

reduced c o u p l i n g of the near ' v e r t i c a l ' p o l a r i s a t i o n f i e l d to the near 

' h o r i z o n t a l ' f i e l d of the second harmonic r a d i a t i o n . 

The a m i d o n i t r o s t i l b e n e , D5, gave second harmonic s i g n a l strengths 

which were comparable with those obtained from the .merocyanine under the 

same c o n d i t i o n s of p o l a r i s a t i o n and d e t e c t i o n geometry; however, by f a r 

the l a r g e s t s i g n a l s were given by the hemlcyanine, D2. Although the 

value of S f o r the hemicyanine (calculated^*^^ as (116 ± 20) x 10~^° C"̂  
3 -2 

m J , which i s somewhat s m a l l e r than the t h e o r e t i c a l value given i n 

t a b l e 6.2) i s l e s s than that f o r the merocyanine, i t a l s o has a much 

s m a l l e r d i e l e c t r i c constant, and s i n c e the SHG e f f i c i e n c y depends on the 

r a t i o 3/e» the o v e r a l l e f f i c i e n c y of the hemicyanine i s the greater of 

the two m a t e r i a l s . Furthermore, the b e t t e r average alignment of the 

hemicyanine dye with r e s p e c t to the i n c i d e n t f i e l d (tj; = 24°)^'^^ r e s u l t s 

i n a s t r o n g e r s i g n a l than that given by the merocyanine. 

I t was r a t h e r s u r p r i s i n g that the a m i n o n i t r o s t i l b e n e , D6, gave 

s l i g h t l y s m a l l e r s i g n a l s than those obtained from D5. The amine group 

i n D6 should be a r a t h e r stronger donor than the amide f u n c t i o n a l i t y i n 

D5; however, the b e t t e r f i l m q u a l i t y observed f o r monolayers of D5 (see 

chapter 7) might have had a stronger i n f l u e n c e on the o v e r a l l SHG 

e f f i c i e n c y than did a s m a l l change i n the degree of Intramolecular 

c h a r g e - t r a n s f e r . I n s p e c t i o n of t a b l e 6.2 r e v e a l s that the r a t i o of the 

second harmonic s i g n a l s obtained from D2 and D5 monolayers i s 

approximately as expected from a comparison of uhe r.heoretlcal g v a l u e s 

f o r the c o n s t i t u e n t molecules. 

The s i g n a l s observed from a monolayer of the P r i w u l i n d e r i v a t i v e , 

M3, were very weak, the only measurable ones being f o r the p - p o l a r i s e d 

second harmonic. These s i g n a l s were s m a l l e r than those observed from 
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symmetrical b i l a y e r s of m e r o c y a n i n e o r h e m i c y a n i n e , and t h e i r low 
va l u e s could be due to e i t h e r the m a t e r i a l having a r e l a t i v e l y small g, 
or e l s e to the f i l m s a c t u a l l y being b i l a y e r s r a t h e r than true 
monolayers. I n f a c t the l a t t e r p o s s i b i l i t y was postulated i n s e c t i o n 
5.3.1 to account f o r the r a t h e r low v a l u e s of the area per molecule 
observed i n the p r e s s u r e - a r e a isotherms of M3. , 

8.2.2 E f f e c t of In-plane anisotropy on SHG from amidonitrostilbene 

monolayers 

T h i s s e c t i o n i s concerned with the i n v e s t i g a t i o n of any in-plane 

a n i s o t r o p y of a f i l m , such as a p a r t i a l alignment of the molecules with 

dipping d i r e c t i o n . A g l a s s s u b s t r a t e ^ onto which a monolayer of 

a m i d o n i t r o s t i l b e n e had been deposited, was mounted i n the v e r t i c a l plane 

with the l a s e r beam i n c i d e n t a t 45° i n the h o r i z o n t a l plane; the sample 

was then r o t a t e d about an a x i s perpendicular to the s u b s t r a t e , and the 

e f f e c t on the T^^'' s i g n a l s t u d i e d . Although a l a r g e range of values 
-27 2 -2 

were observed (0.3-0.9 x 10 m V ) , there was no obvious c o r r e l a t i o n 

with the angle through which the s u b s t r a t e was turned. Since the centre 

of r o t a t i o n of the specimen was not c o i n c i d e n t with the point of 

inc i d e n c e of the l a s e r beam, t h i s s c a t t e r of the s i g n a l strength was 

assumed to be caused predominantly by v a r i a t i o n s i n SHG e f f i c i e n c y from 

one a r e a of the sample to the next (the v a l u e s used i n table 8.1 

rep r e s e n t an average taken over s e v e r a l d i f f e r e n t regions of the sample 

but with the longest dimension of the s u b s t r a t e always v e r t i c a l ) . The 

e f f e c t s of any in-plane anisotropy are thus c o n s i d e r a b l y s m a l l e r than 

those a r i s i n g from t r a n s l a t i o n a l non-uniformity i n the f i l m . 
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8.3 SHG From A l t e r n a t i n g .Layer S t r u c t u r e s Containing A c t i v e and P a s s i v e 
Components 

The importance of having a non-centrosymmetric c r y s t a l l i n e 

s t r u c t u r e to the observation of second-order o p t i c a l n o n - l i n e a r i t y i n 

the s o l i d s t a t e was d i s c u s s e d i n chapter 2. Conventional, s i n g l e 

component,Y-type LB f i l m s are centrosjnmnetrical; however, by depositing 

two d i f f e r e n t m a t e r i a l s i n s u c c e s s i v e l a y e r s , a l t e r n a t i n g m u l t i l a y e r 

systems can be b u i l t up (as described i n chapter 3) which are a c e n t r i c . 

The i n v e s t i g a t i o n of one such a r r a y i s d e t a i l e d i n t h i s s e c t i o n . The 

f i r s t of the m a t e r i a l s ( a m i d o n i t r o s t i l b e n e ) was chosen i n view of the 

SHG e f f i c i e n c y i t d i s p l a y e d i n monolayer form, w h i l s t the second 

compound was a r e l a t i v e l y i n a c t i v e m a t e r i a l (cadmium a r a c h i d a t e ) , which 

served simply as a "spacer" f o r the a c t i v e l a y e r s . G i r l i n g et a l have 

demonstrated SHG from s i m i l a r s t r u c t u r e s i n v o l v i n g the merocyanine, 

T)l^^\ or the hemicyanine, D2^^\ a l t e r n a t e d with co-tricosenoic a c i d . 

8.3.1 E f f e c t of t h i c k n e s s 

A l t e r n a t i n g l a y e r s of a m i d o n i t r o s t i l b e n e and cadmium ara c h i d a t e 

were deposited onto one s i d e of a g l a s s s u b s t r a t e (the dye on the 

u p s t r o k e ) , and the second harmonic s i g n a l studied as a f u n c t i o n of the 

f i l m t h i c k n e s s f o r a f i x e d (45°) angle of i n c i d e n c e . The transmitted 

p - p o l a r i s e d s i g n a l r e s u l t i n g from a p - p o l a r i s e d i n c i d e n t beam was 

c o n s i d e r a b l y l a r g e r than any of the other s i g n a l s , and i t ^ vrariation 

with the number of b i l a y e r s i s i l l u s t r a t e d i n f i g u r e 8.1. I d e a l l y the 

T̂ "*̂ ^ s i g n a l should i n c r e a s e q u a d r a t i c a l l y with the number of b i l a y e r s , 

s i n c e the f i l m s are t h i n compared to the wavelength of the i n c i d e n t 

l i g h t and t h e r e f o r e coherent a d d i t i o n i s expected. Figure 8.1 does 

r e v e a l an apparently s u p e r l i n e a r response, although the optimum 

1:4:9:100 r a t i o was not achieved; the observed r a t i o was i n f a c t 

1:1.5:2.9:15. The d e v i a t i o n of the r a t i o s from those t h e o r e t i c a l l y 
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Figure 8.2 
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T̂ "*"̂  second harmonic s i g n a l s t r e n g t h as a function of 
angle of i n c i d e n c e ( e ^ . measured r e l a t i v e to the 
s u b s t r a t e normal), f o r an LB f i l m c o n t a i n i n g 10 l a y e r s of 
a m i d o n i t r o s t i l b e n e a l t e r n a t e d with cadmium a r a c h i d a t e . 
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p r e d i c t e d may be due to a degradation i n f i l m q u a l i t y with i n c r e a s i n g 
t h i c k n e s s , or to the f i g u r e f o r the f i r s t " b i l a y e r " being anomalous 
s i n c e i t was r e a l l y due to a monolayer of the dye with the chromophore 
adjacent to the s u b s t r a t e ( i n s t e a d of being next to a l a y e r of 
c a r b o x y l a t e groups as i n a l l the other b i l a y e r s ) . 

The T ^ ^ s i g n a l obtained from the monolayer of D5 (equivalent to a 

s i n g l e b i l a y e r ) i n t h i s i n v e s t i g a t i o n was s i g n i f i c a n t l y smaller than 

that reported f o r a s i m i l a r s t r u c t u r e i n s e c t i o n 8.2. T h i s phenomenon 

was a t t r i b u t e d to the samples studied i n t h i s s e c t i o n being at l e a s t two 

months ol d , and. indeed a two week old monolayer was found to give a very 

s i m i l a r s i g n a l to t h a t given i n table- 8.1 when placed i n the 

experimental system immediately a f t e r the c h a r a c t e r i z a t i o n of the 

alternate layers had been completed. No such degradation was observed 

i n the case of hemicyanine monolayers or the 

hemicyanine/amidonitrostilbene a l t e r n a t e l a y e r s d i s c u s s e d i n s e c t i o n 

8.4; t h i s i s an important c o n s i d e r a t i o n , s i n c e i t w i l l determine the. 

l i f e t i m e of any future device i n c o r p o r a t i n g these f i l m s . 

8.3.2 E f f e c t of angle of i n c i d e n c e 

An a l t e r n a t i n g l a y e r system of a m i d o n i t r o s t i l b e n e . and cadmium 

a r a c h i d a t e , c o n t a i n i n g ten l a y e r s of the dye, was deposited onto one 

s i d e of a g l a s s s u b s t r a t e . The sample was mounted i n a v e r t i c a l plane, 

and could be r o t a t e d about a v e r t i c a l a x i s ( p a r a l l e l to the dipping 

d i r e c t i o n ) i n order to study the v a r i a t i o n i n the T * s i g n a l as a 

f u n c t i o n of 6^, the angle of i n c i d e n c e of the fundamental beam ( r e l a t i v e 

to the s u b s t r a t e normal). Since the l a s e r beam did not e x a c t l y 

i n t e r s e c t the a x i s of r o t a t i o n o.f the specimen, i t was impossible to 

avoid t r a c k i n g a c r o s s the sample as i t was r o t a t e d . However, the 

observed v a r i a t i o n s i n the s i g n a l (see f i g u r e 8.2) were so l a r g e that 

any minor v a r i a t i o n s i n SHG e f f i c i e n c y at d i f f e r e n t points i n the f i l m 

were almost i n s i g n i f i c a n t . 
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The T^^^ s i g n a l s t r e n g t h shows a d i s t i n c t peak at 9^ = 70°+5°. 

Such a peak might be expected i f the dye molecules are not aligned 

p r e c i s e l y along a normal to the s u b s t r a t e , but r a t h e r subtend an average 

angle \ii to i t ( i f was zero then T^"^ would be a maximum at grazing 

incidence).. At the f i r s t i n s p e c t i o n t h i s might suggest a method f o r 

c a l c u l a t i n g <|; from the value of 8^ f o r which the T s i g n a l i s a 

maximum; however, i n r e a l i t y the s i t u a t i o n i s much more complex. 
(2) 

The q u a d r a t i c p o l a r i z a t i o n , P , of a f i l m compritied of molecules 

w i t h t h i r d - r a n k second-order molecular h y p e r p o l a r i z a b i l i t y tensor g, 

under the i n f l u e n c e of an e l e c t r i c f i e l d E, i s 

,(2) g . E . E 

and w i l l be most e f f e c t i v e when i t i s p a r a l l e l to the transmitted 

e l e c t r i c f i e l d v e c t o r , E^. The second harmonic s i g n a l , I , should thus 

(2) 
be p r o p o r t i o n a l to the dot product of P and E^ 

i . e I a E^ . P (2) 

. I a g . E . E . E^ 

Now, the r e l e v a n t e l e c t r i c f i e l d i n the f i l m , E, i s r e a l l y the sum of 

the i n c i d e n t ( E ^ ) and r e f l e c t e d ( E ^) f i e l d s 

i . e E = E^ + E^ 

so that the c a l c u l a t i o n s cannot be performed simply using the i n c i d e n t 

f i e l d only. A f u r t h e r c o m p l i c a t i o n a r i s e s i n that the measured second 
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harmonic s i g n a l w i l l have been decreased by r e f l e c t i o n o f f the back face 

of the g l a s s s l i d e (and i n f a c t t h i s would r e s u l t i n zero T ^ ^ s i g n a l a t 

90° i n c i d e n c e even i f the molecules were aligned p e r f e c t l y normal to the 

s u b s t r a t e ) . 

I n c o n c l u s i o n , the e f f e c t of v a r y i n g the angle of incidence on the 

T^"*^ s i g n a l w i l l be dominated by r e f l e c t a n c e e f f e c t s and not by the 

o r i e n t a t i o n of the chromophores with respect to the s u b s t r a t e . I t i s 

the r e f o r e not p o s s i b l e to simply e x t r a c t the molecular t i l t , ip, from the 

angle of i n c i d e n c e f o r which the second harmonic s i g n a l i s a maximum. 

However, a more d e t a i l e d f i t t i n g of the data, using formulae analagous 

to those used by G i r l i n g e t a l ^ ^ ^ f o r 45° i n c i d e n c e , might enable a more 

accur a t e v a l u e of ijj to be determined than i s p o s s i b l e from measurements 

made at a s i n g l e angle of i n c i d e n c e . 

8.3.3 I n t e r f e r e n c e e f f e c t s 

An a l t e r n a t i n g l a y e r s t r u c t u r e of ami d o n i t r o s t i l b e n e and cadmium 

a r a c h i d a t e ^ c o n t a i n i n g ten l a y e r s of the dye, was deposited onto each 

s i d e of a g l a s s s u b s t r a t e . The e f f e c t on the T^ ^ s i g n a l of vary i n g the 

angle of i n c i d e n c e was i n v e s t i g a t e d as i n s e c t i o n 8.3.2. Whereas the 

sample with one face coated with LB f i l m gave r i s e to only one peak i n 

T̂ "*̂ ,̂ a s e r i e s of maxima and minima were observed f o r the one with both 

f a c e s covere^d. Over the range of angle of incidence 0°-45°, the T̂ "*̂ ^ 
—27 2 —2 

s i g n a l v a r i e d between zero and 22x10 ' m V (the l a r g e s t peak i n t h i s 

s e r i e s ) ; between the same angular l i m i t s t.ht^ g r e a t e s t s i g n a l given by 
-27 2 - 2 

the s i n g l e - s i d e d sample was 2.9x10 m V (although a t 6^=70° a 
-27 2 -2 

s i g n a l of 6.6x10 m V was obtai n e d ) . T h i s c o n t r a s t i n the 

behaviour provides evidence t h a t the o r i g i n of the f r i n g e p a t t e r n from 

the double-sided sample l i e s i n the i n t e r f e r e n c e between front and back 

l a y e r generated harmonic beams. A s i m i l a r phenom.enon has been observed 
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by Zyss^^^ f o r t h i r d harmonic generation from LB f i l m s of 
p o l y d i a c e t y l e n e . 

8.4 SHG From A l t e r n a t i n g Layer S t r u c t u r e s Containing Two D i f f e r e n t 

A c t i v e Components 

8.4.0 Background 

The c o n s t r u c t i o n of a noncentrosymm.etric m u l t i l a y e r a r r a y by 

a l t e r n a t i n g l a y e r s of an " a c t i v e " n o n - l i n e a r m a t e r i a l with an " i n e r t " 

spacer, such as the s a l t of a f a t t y a c i d , was di s c u s s e d i n s e c t i o n 8.3. 

Li k e w i s e i t should be p o s s i b l e to produce a l t e r n a t i n g m u l t i l a y e r s i n 

which both components are a c t i v e and i n which t h e i r c o n t r i b u t i o n s are 

c o n s t r u c t i v e . T h i s could be achieved by using m a t e r i a l s i n which the g 

tensors are d i r e c t e d i n opposite senses with respect to the hydrophobic 

t a i l s , ' such molecules could be obtained by a t t a c h i n g the hydrocarbon 

ch a i n s to the donor end of the chromophore i n one case and to the 

acceptor end i n the other. The r e s u l t i n g . b i m o l e c u l a r h y p e r p o l a r i z -

a b i l i t y should be of the order of the a l g e b r a i c sum^''\ 8̂ ^ + 6 2 ' Figure 

8.3 i l l u s t r a t e s the c o n t r a s t i n the c o n t r i b u t i o n s made to the o p t i c a l 

n o n - l i n e a r i t i e s of LB f i l m s constructed i n three d i f f e r e n t ways: ( i ) 

conventional Y-type mode; ( i i ) a c t i v e m a t e r i a l a l t e r n a t e d with an i n e r t 

spacer; ( i i i ) a l t e r n a t i o n of two d i f f e r e n t a c t i v e m a t e r i a l s . 

Two d i f f e r e n t doubly a c t i v e a l t e r n a t e l a y e r systems were 

i n v e s t i g a t e d : hemicyanine (D2) and ami d o n i t r o s t i l b e n e (D5); and 

hemicyanine (D2) and a m i n o n i t r o s t i l b e n e (D6). I n the case of the 

hemicyanine molecule the hydrocarbon t a i l i s attached to the acceptor, 

whereas i n the n i t r o s t i l b e n e s i t forms par t of the donor. However, 

s i n c e the donor and acceptor groups are d i f f e r e n t i n the two components 

of the a r r a y s , there i s s t i l l no guarantee that the g v e c t o r s of the 
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Figure 8.3 The e f f e c t s on the o v e r a l l second-order o p t i c a l 
n o n - l i n e a r i t y of an LB f i l m r e s u l t i n g from 
c o n s t r u c t i o n of d i f f e r e n t types of m u l t i l a y e r array 
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c a n c e l l a t i o n of g's i n a conventional Y-type f i l m ; 
production of a noncentrosymmetric s t r u c t u r e by 
a l t e r n a t i n g an a c t i v e dye w i t h an i n e r t spacer 
m a t e r i a l ; 
use of two d i f f e r e n t non-linear m a t e r i a l s , w i t h 
donor and acceptor groups i n opposite senses w i t h 
respect to the hydrophobic t a i l s , to give a 
s t r u c t u r e i n which a l l the layers are active and 
t h e i r c o n t r i b u t i o n s are c o n s t r u c t i v e ; 
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molecules w i l l be oppositely o r i e n t e d w i t h respect to the hydrocarbon 

t a i l s . 

The t h e o r e t i c a l c a l c u l a t i o n s described i n section 6.5 gave the sign 

of 3(vect) f o r D2 as being opposite to tha t f o r D5 and D7 (the closest 

analogue of D6 to be modelled). Now, g (vect) represents 3 vectored 

onto the ground s t a t e d i p o l e moment d i r e c t i o n , JJ , and i f £ has 

opposite d i r e c t i o n s , w i t h respect to the hydrocarbon chain, i n the 

hemicyanine r e l a t i v e to the n i t r o s t i l b e n e s , then t h i s would imply that 0 

has the same d i r e c t i o n (again r e l a t i v e to the hydrophobic t a i l s ) i n a l l . 

three molecules. However, i f p has the same d i r e c t i o n f o r a l l the 

molecules, then 3 must be oppositely d i r e c t e d ( w i t h respect to the 

t a i l s ) i n D2 compared to D5 and D6. There i s no doubt over the 

d i r e c t i o n of £ i n the n i t r o s t i l b e n e s : the n i t r o group w i l l be at the 

negative end of the d i p o l e . The s i t u a t i o n i s not so clear f o r 

hemicyanine, i n which the dimethyl amino group w i l l acquire a s l i g h t l y 

p o s i t i v e charge but i n which the pyri d i n i u m acceptor already has a f u l l 

p o s i t i v e charge to s t a r t w i t h . • E s s e n t i a l l y the problem l i e s i n the 

l o c a t i o n of the negative counterion to the p y r i d i n i u m group; i f i t close 

to the acceptor group then the dimethylamino group w i l l be at the 

p o s i t i v e end of the d i p o l e , but i f i t has migrated some dist-unce away 

then the dimethylamino group may be at the negative end of the ground 

s t a t e d i p o l e . Thus the doubt over the d i r e c t i o n of M i n hemicyanine 

gives r i s e to a complex s i t u a t i o n i n which i t i s d i f f i c u l t to p r e d i c t 

whether or not the two components i n the a l t e r n a t i n g layer systems w i l l 

complement each other. 

8.4.1 Comparison of the D2/D5 and D2/D6 systems 

A summary of the second harmonic signals obtained from a l t e r n a t i n g 

m u l t i l a y e r s c o n t a i n i n g three l a y e r s of hemicyanine and two of e i t h e r 
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ami d o n i t r o s t i l b e n e or am i n o n i t r o s t i l b e n e i s given i n table 8.2. I t can 
be seen t h a t the two systems show very simila:r SHG e f f i c i e n c i e s , the one 
cont a i n i n g a m i d o n i t r o s t i l b e n e being perhaps the s l i g h t l y superior. I n 
theory D6 should have, a s l i g h t l y l a r g e r 6 than D5 (see section 6.5) due 
to the removal of the e l e c t r o n withdrawing carbonyl group from the donor 
f u n c t i o n a l i t y . This might suggest that the 3's f o r hemicyanine and the 
n i t r o s t i l b e n e s a l l have the same d i r e c t i o n , the l a r g e r second harmonic 
signals f o r the D2/D5 system r e s u l t i n g from a lesser c a n c e l l a t i o n of the 
3 of D2 by t h a t of D5 compared to tha t caused by D6. However, the 
l a r g e r second harmonic s i g n a l s obtained f o r monolayers of D5 r e l a t i v e to 
D6 ( s e c t i o n 8.2.1, t a b l e 8.1) controverts t h i s argument, instead 
implying t h a t the 6 of D5 i s greater than t h a t of D6, i n which case the 
S's of the n i t r o s t i l b e n e s and the hemicyanine muse be complementary 
( i . e . o p p o s i t e l y d i r e c t e d r e l a t i v e to the hydrocarbon chains). 

The s i t u a t i o n i s c l e a r l y not a simple one; there are many 

i n t e r - r e l a t e d f a c t o r s operating, many of xvhich are extremely d i f f i c u l t 

t o q u a n t i f y . Two such p o t e n t i a l l y important influences which have not 

been considered are ( i ) the d i f f e r e n c e i n c r y s t a l l i n e s t r u c t u r e (both, 

the degree of order and the o r i e n t a t i o n of the chromophores) between the 

two systems; and ( i i ) the e f f e c t on the charge t r a n s f e r band (and hence 

on 6) of the molecules i n one layer r e s u l t i n g from having a layer of 

d i f f e r e n t p o l a r i z e d molecules adjacent to them. 

8.4.2 A d e t a i l e d study of the D2/D5 system 

The s t r u c t u r e s i n v e s t i g a t e d i n t h i s part of the study contained N 

laye r s of D5 and N+1 layers of D2, where N=0-10. I n order to evaluate 

the n o n - l i n e a r i t y of the b i l a y e r system, the e f f e c t s of the extra layer 

Of hemicyanine (the la y e r w i t h the chromophore adjacent to the 

substrate) had t o be elim i n a t e d . I f there i s coherent a d d i t i o n of the 
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TABLE 8.2 Cal i b r a t e d s i g n a l strengths (10 m V ) 

obtained f o r a l t e r n a t e m u l t i l a y e r s t r u c t u r e s 
c o n t a i n i n g three layers of hemicyanine and 
two of a n l t r o s t i l b e n e dye. 

System RP"P ^s-^p RS^P 

D27D5 209+14 14.1+0 .8 7.7+0.5 7.2±0.6 

D2/D6 173+11 8.2+0.7 7 . 6 1 0 . 8 5.9.±0.5 
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signals produced by each b i l a y e r , then f o r a given p o l a r i z a t i o n and 

d e t e c t i o n geometry the t o t a l s i g n a l f i e l d s t r e n g t h , Ê ^̂ , can be w r i t t e n 

as: 

where E^^ ( L I ) , E^^ (BL) are the signals produced by ihe f i r s t l ayer and 

by a b i l a y e r , r e s p e c t i v e l y . The experimentally determined q u a n t i t y i s 
2 4 

S, where S = / E^ . S u b s t i t u t i n g f o r E^^ i n the expression for-S. 

by using equation 8.24: 
2 

I E ^ J L D I N l E ^ j B D l " " 

E |2 |E |2 

S* = S(L1)^ + N. S ( B L ) ^ (8.25) 

A p l o t of Ŝ  versus N should therefore y i e l d a s t r a i g h t l i n e whose 

gradient i s equal to the average value of S' f o r a b i l a y e r . 

The arguments of the preceeding paragraph could also be applied to 

a l t e r n a t e l a y e r systems con t a i n i n g only one a c t i v e component, i n order 

to remove the e f f e c t s of the f i r s t (unpaired) l a y e r , which a r i s e from 

the use of h y d r o p h l l i c substrates. Figure 8.4 shows a p l o t of 

against N f o r the T s i g n a l obtained from the 

amidonitrostilbene/cadmium arachidate system discussed i n section 8.3.1. 

The data ( e x t r a c t e d from f i g u r e 8.1) give a good f i t to a s t r a i g h t l i n e , 

and the g r a d i e n t y i e l d s a value of T̂ '̂ P ( B L ) of (0.019 + 0.004) x 10~^^ 
2 -2 

m V . This f i g u r e i s more than an order of magnitude less than that 

given f o r a monolayer of a m i d o n i t r o s t i l b e n e i n section 8.2; t h i s change 
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i n e f f i c i e n c y may p a r t l y be accounted f o r by the age of the sample (as 
discussed i n s e c t i o n 8.3.1), w i t h a f u r t h e r reduction a r i s i n g , from the 
f i l m q u a l i t y degrading w i t h increasing thickness. 

The T^"^ signals obtained from the amidonitrostilbene/heraicyanine 

a l t e r n a t e l a y e r system gave r i s e to a graph of versus N ( f i g u r e 8.5) 

which could be f i t t e d moderately w e l l to a s t r a i g h t l i n e , whose gradient 

y i e l d e d the value TP"*"̂  (BL) = (13 ± 3) x lO"^^ m̂  V~^. Once again the 

problem of t h i c k e r f i l m s s u f f e r i n g from poorer q u a l i t y has apparently 

a r i s e n j since, the f i r s t few p o i n t s i n f i g u r e 8.5 could be f i t t e d to a 

much steeper l i n e than t h a t enforced by the points at higher values of 

N. Even at N=10, the f i l m s are s t i l l very t h i n (< lOOnm) and therefore 

problems of phase mis-match between the second harmonic r a d i a t i o n 

generated at various p o i n t s i n the m u l t i l a y e r s are u n l i k e l y to account, 

for. t h i s behaviour. 

Data f o r a system i n which hemicyanine was a l t e r n a t e d w i t h an i n e r t 

m a t e r i a l (u-TA) could have been obtained from reference 5; however, 

since data were only a v a i l a b l e f o r N=l-3, any reduction i n e f f i c i e n c y at 

higher values of N would not be seen. An a l t e r n a t i v e approach which 

could have been taken i s to simply take the d i f f e r e n c e i n values 

between regions of say N=l and N=2, or between N=2 and N=3, to c a l c u l a t e 

values of S(BL) f o r each system. Comparisons could then have been drawn 

between the data obtained f o r a given thickness range.. However, i n the 

case of the D2/(o-TA system the e r r o r s involved i n taking such a 

d i f f e r e n c e would have been p r o h i b i t i v e l y l a r g e , w h i l s t the values of 

RP'*̂ P, T^^P and R̂"*̂P f o r the D5/cadmium arachidate system described i n 

s e c t i o n 8.3.1 were so small t h a t they cculd not be measured accurately. 

Further c a l c u l a t i o n s were the r e f o r e based on the data given i n section 

8.2.1 f o r monolayers of D2 and of '05. The corresponding data f o r the 
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D2/D5 system were obtained by t a k i n g the d i f f e r e n c e i n values between 

regions of N=0 and N=l ( f o r which the e r r o r was s i g n i f i c a n t l y less than 

t h a t i n the case of D2/a)-TA) and squaring the r e s u l t . 

Average values of R̂ ^̂ , T^*^, and R̂ ^̂  f o r a s i n g l e b i l a y e r over 

the range N=0-10 were obtained by making versus N p l o t s ( f i g u r e 8.6) 

analogous to t h a t given i n f i g u r e 8.5 f o r T^*^. The R''"*"̂  curve 

deviated markedly from l i n e a r i t y f o r N>3, w h i l s t the T^^^ p l o t displayed 

some curvature f o r N>5; i n these cases the average s i g n a l strength was 

c a l c u l a t e d from the l i n e a r p o r t i o n . A good s t r a i g h t l i n e f i t was 

obtained f o r the R̂ ^̂  data. This average set of data f o r the f i r s t ten 

b i l a y e r s was used alongside the f i g u r e s obtained f o r the N=0-1 i n t e r v a l 

f o r comparison w i t h the monolayer values ( t a b l e 8.3). However, greater 

emphasis was placed on the N=0-1 i n f o r m a t i o n since i t was obtained from 

a f i l m whose thickness resembled that of the layers w i t h which i t was 

being compared. 

The s i g n a l strengths given i n the f i r s t few columns of table 8.3 

were analysed i n terms of the second harmonic surface s u s c e p t i b i l i t i e s 

(x ) f o r the t h i n organic layers using the approach of G i r l i n g et 

a l ^ ^ \ This required the l i n e a r d i e l e c t r i c constant components normal 

to the substrate to be known f o r each of the f i l m s at frequencies of 

both to(ej^) and liiiCe^) . Since the values of and were not 

accurately known, they were s u b s t i t u t e d i n t o the equations at the l a t e s t 

possible stage. 

G i r l i n g et a l ^ ^ ^ solved Maxwell's equations i n che v i c i n i t y of the 

f i l m by assuming that the second harmonic p o l a r i z a t i o n , generated i n the 

dye by the fundamental i n c i d e n t r a d i a t i o n , was confined to an 

i n f i n i t e s i m a l surface l a y e r . The expressions obtained f o r the T^^^, 

jjP"*"?^ >jS->-p R̂'*̂P s i g n a l strengths are given as equations 8.26 below. 



3 ^ 5 6 7 

N u m b e r of B i l a y e r s ( N ) 

8 10 

Figure 8.6 P l o t of the square root of the RP'̂ P (O) , T^^P ( • ) , and 
,s-»-p (x) second harmonic s i g n a l strengths versus the 
number of hemicyanine/amidonitrostilbene b i l a y e r s i n an 
a l t e r n a t i n g layer s t r u c t u r e . 
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i n which the f i l m normal i s taken to be the z-axis^and the x-axis i s 

defined as the d i r e c t i o n of the s-polarized r a d i a t i o n . - The s-*-s and p->-s 

signals were extremely small f o r e i t h e r d e t e c t i o n geometry. 

nP-*P 
0)0 

2e c o 
. t (T) cose 

PP 
-sine p , (e - s i n - 6 ) ' 

• z — S . - , . ' 
L "2 g 

(8.26a) 

too 

2e c o 
t (R) cos6 
PP 

sine p , (e - sin=^e)* 
'^^ — S 

L ^2 
.. P 

(8.26b) 

,s-̂ P _ 0)0 

2e c o 

t (T) 

cose 

-sine „ ^ (e - s i n ^ e ) ' 
zxx 8. yxx 

(8.26c) 

R s^p 
0)0 

2e c o 

t (R) 
SP 
cose 

sine ^ (e - sin^e) 
zxx 8. yxx 

(8.26d) 

I n a l l equations 8.26, 6 i s the angle of incidence, e i s the 
s 

d i e l e c t r i c constant of the glass substrate, and the transmission 

co e f f i c e n t s ( t ) c o r r e c t f o r r e f l e c t i o n of both o) and 2o) r a d i a t i o n at the 

a i r - f i l m - g l a s s i n t e r f a c e . I n terms of the surface density,, a, of the. 

dye, the second order surface s u s c e p t i b i l i t y i s : 

i j k (8.27) 
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where fi^^j^ are the components of the molecular h y p e r p o l a r i z a b i l i t y , 
i n c l u s i v e of any in-plane l o c a l f i e l d c o r r e c t i o n s . 

The p o l a r i z a t i o n s , and P^, are given by 

• • " 2 2 
e sine - - e s i n 8 

= Hyy - ^hy. , ^ , 2 , J ^ " — I T ^^'^S) ••' 6^(6 - s i n e) .̂e - s i n 6) 

Assuming t h a t 8 'v- 8 ( i . e . f i l m s are i s o t r o p i c w i t h i n ' the zxx zyy ^ 

plane, as described i n section 8.2.2), and that 3^^^ '^0 ( n e g l i g i b l e s-*s 

s i g n a l ) , s u b s t i t u t i o n of equation 8.27 i n t o equations 8.26c and 8.26d 

accompanied by rearrangement gives: 

l^^^ 2s c cose ( t ^ - ^ ) ^ 
^ = (8.29a) 
e„ 0) s i n e t (T) I sp 

^^2) 2 e c cose ( R ^ ^ ) ^ 
= (8.29b) 

e„ 0 ) sine t (R) 
2. sp 

S i m i l a r l y , assuming th a t 8 , 8 ^ , and S , '^0 ( i s o t r o p i c f i l m 
zyz yyy y^z 

w i t h n e g l i g i b l e s-^ and p-*s s i g n a l s ) , equation 8.28 y i e l d s 

e s ine 
P = -2 8 ^— = — r and 
y (e - sm^e)* 

1 K 
2 . 2. e sxn e 

z zyy zzz 2 , . 2 „v 

EL (e - s i n e) 
1 8 \ 

which, when s u b s t i t u t e d i n t o equations 8.26a and 8.26b, give: 
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2e c ( T P - ^ ) * o 
0) cos 6 t (T) 

PP 

-sine M2) 
zyy 

2 3 e ̂  sin'^e 
_S 

^2^1 ^^g ~ ̂ "̂̂  

_ ^(2) 
2 „ v ^zzz 

2sin6 M2) (8.30a) 

2e c (RP"P)^ o 
0) cose t (R) 

PP 

sine 

zyy 
M2) 

2 , 2,, ^zzz £2^1 (̂ g - sin'e) 

2sine M2) (8.30b) 

where use has been made of equation 8.27. A d d i t i o n of equations 8.30a 

and 8.30b followed by rearrangement gives: 

-0(2) e c o 
2o) sine cose 

(TP"P)^ 

t„ (T) 
PP 

(RP-^P) ^ 

PP 

(8.31) 

H2) 

The corresponding r e l a t i o n f o r x can be obtained by su b t r a c t i n g 

equation 8.30a from 8.30b, and i s : 

V2) 
^zzz 

e c (e - s i n e) 
g 

2 3 o)e cos e s i n e 
g 

( R P ^ ) ^ ( T P ^ ) ^ 

t ^ ( R ) t ^ ^ ( T ) 
PP PP 

(e - sin^G) XJ2) 
g ^ y y A. 2 2 e s i n e g 

(8.32) 
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where the value of V^^^/EO can be taken from equation 8.29a or b. 
'^zyy 2 ^ 

For Corning 7059 glass, the r e f r a c t i v e index i s 1.530 (at 589.3 nm, 

although i t w i l l be assumed to be t h i s value at to and 2aj as w e l l ) , 

t h e r e f o r e e = 2.341. Contributions t o the transmission c o e f f i c i e n t s 
g 

a r i s e from r e f l e c t i o n of both oj and 2a) r a d i a t i o n at each i n t e r f a c e ; care 

has to be taken i n s e l e c t i n g the appropriate f a c t o r s , bearing i n mind 

t h a t the LB f i l m i s extremely t h i n and therefore the a i r - f i l m - g l a s s 

i n t e r f a c e e f f e c t i v e l y behaves as a si n g l e boundary, across which the 

t a n g e n t i a l components of the e l e c t r i c f i e l d s at (o and 2a) must be 

continuous. The I n d i v i d u a l component transmission c o e f f i c i e n t s 

contained w i t h i n each o v e r a l l c o e f f i c i e n t , t , can be calculated f o r the 

appropriate p o l a r i z a t i o n s using the Fresnel formulae . However, these 

f a c t o r s only deviate s l i g h t l y from u n i t y , and do not represent a 

s i g n i f i c a n t c o n t r i b u t i o n when the err o r s i n the experimentally 

determined s i g n a l strengths (and i n the values of the d i e l e c t r i c 

constants used i n subsequent c a l c u l a t i o n s ) are considered. This i s 

exemplified by the s^p sig n a l s i n ta b l e 8.3; according to equations 

8.29, (T^"*'P)^/(R^"^P)^ = t ( T ) / t (R), and thus the r a t i o of the two 
sp sp 

signals should be constant from one row of the table to the next, whieh. 

i n p r a c t i c e i s c l e a r l y not the case ( f o r instance,T < R' f o r D2 

whereas T^^P > R̂ P̂ f o r the D2/D5 system). I n the c a l c u l a t i o n s which 

f o l l o w i t has ther e f o r e been assumed th a t t ' ^ ' l . 

Values of "^^^ ca l c u l a t e d (see table 8.3) f o r monolayers of 

D2 and D5, and f o r D2/D5 b i l a y e r s ( f o r both the f i r s t b i l a y e r and the 

average over ten b i l a y e r s ) . This was achieved by using the s->-p s i g n a l 

s t r e n g t h data i n equations 8.29 and averaging the r e s u l t s obtained f o r 

the transmission and r e f l e c t i o n geometries. S i m i l a r l y , the p->p data 

were s u b s t i t u t e d i n t o equation 8.31 to generate values of Xy^^^ ^ l ' 
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the same i n f o r m a t i o n was used again i n conjunction w i t h the Y^^^ /e„ 
A 2yy 2 

data already c a l c u l a t e d , i n order to obtain the f i g u r e s fon 'y^^^ I €^z^ 
ZZZ Z X 

from equation 8.32. 

On the assumption t h a t the underlying molecular 

h y p e r p o l a r i z a b i l i t i e s are dominated by si n g l e components (6) along the 

long molecular a x i s , 8. can be r e w r i t t e n as: 
i j k 

^ i j k = ^ ^ i ^ j -̂ k 
(8.33) 

where r •= (sinijJ cos(j), sini/' sintji, COSI/J) and ^, ^, are the average polar 

angle and azimuthal angle, r e s p e c t i v e l y , of the dye r e l a t i v e to the f i l m 

normal ( z - a x i s ) . 

The absence of any anisotropy i n the f i l m s i n d i c a t e s that any 

degree of l o c a l molecular o r i e n t a t i o n has been averaged out over the 

area of the i n c i d e n t beam (diameter '^200 jjm). An i s o t r o p i c ^ average 

may t h e r e f o r e be used i n the analysis of the r e s u l t s . Furthermore, i f 

any l o c a l o r i e n t a t i o n i s over areas smaller than the l^m wavelength 

then the e l e c t r i c f i e l d s themselves must be averaged, r e s u l t i n g i n the 

replacement of 8 . b y i t s ̂  average i n equations 8.26. This averaging i j k 

over the f i e l d strengths leaves only two d i s t i n c t 8 . components 

(equations 8.34 and 8.35), the re s t being zero; i t also r e s u l t s i n zero 

s-polarized second harmonic s i g n a l . 

3 -8 = 8 cos zzz 
(8.34) 

B = 8 = i 3 COST\I s i n ^ zyy zxx (8.35) 



Note that equation 8.35 applies f o r a l l sequences of the zyy and zxx. 
'^(2) 

s u b s c r i p t s , and hence the ^ ^ j ^ j j ^ (^nd therefore x ^ j j ^ ) c o e f f i c i e n t s 

should be sjnnmetric to such permutations. A comparison of the 

Ŷ ^̂  /e„ and x^^^ / e - I columns of t a b l e 8.3 therefore leads to e„ X 
zyy 2 yyz 

26^^. This i s not i n c o n s i s t e n t w i t h the second harmonic energy being 

close to the lowest e l e c t r o n i c molecular e x c i t a t i o n , since under such 

circumstances would be resonantly enhanced. Taking a reasonable, non 

resonant value e^=2 f o r a l l three systems, the above symmetry c o n d i t i o n 

y i e l d s the values of shown i n .table 8.4. Note t h a t the value of 

f o r D5 (3.9±0.8) i s approximately what would be expected from a 

c o n s i d e r a t i o n of the corresponding q u a n t i t y at a wavelength of 632.8 nm 

(e = 3.2 ± 0.4), as determined by surface plasmon resonance (section 

6.3) . 

Returning to equation 8.35, s u b s t i t u t i n g f o r B from 8.34 gives a 

r e l a t i o n from which the average polar angle can be found: 

tanij; = 
23 

zzz 

(8.36) 

S i m i l a r l y , s u b s t i t u t i n g f o r cosijj i n equation 8 = 35 using 8.34 gives; 

e = 
(2e + e )" 

zyy zzz 

zzz 
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Replacing the 6 , terms w i t h surface s u s c e p t i b i l i t i e s : 
i j 

2 
M2) 

, ^zzz 2 
+ 2 ^1 

^2^1 

13/2 ^(2) 
^ z z 

^2^1 
~ (8.37) 
a 

The values of ip and 3 shown i n table 8.4 were ca l c u l a t e d f o r each system 

by applying equations 8.36 and 8.37 to the data given i n table 8.3 

(assuming £^^=2). I n view of the s i m i l a r areas occupied by molecules of 

D2 and D5 (0.28 nm^ and 0.27 nm^, r e s p e c t i v e l y ) at the ' deposition 

surface pressures, the surface density was taken to be the same f o r both 
18 —2 

dyes (a = 3.64 X 10 m ) . 
A good agreement can be seen between these f i g u r e s and the r e s u l t s 

(4) 

of p r e l i m i n a r y c a l c u l a t i o n s , and also w i t h the data given by G i r l i n g 

et a l ^ ^ ^ f o r an a l t e r n a t e b i l a y e r of 1)2/m-TA (which required a more 

complex an a l y s i s due to the observation of a s i g n i f i c a n t s-polarized 

s i g n a l ) . The measured h y p e r p o l a r i z a b i l i t i e s of D2 and D5 are somewhat 

smaller than the t h e o r e t i c a l values given i n chapter 6, although they 

are both of the expected order of magnitude. I t i s i n t e r e s t i n g to note 

t h a t the value of ^ (26.4°) obtained f o r the monolayer of D5 i s 

considerably less than t h a t obtained by RHEED i n chapter 7 (54° ± 1°), 

and may be due to d i f f e r e n c e s i n the s t r u c t u r e of the f i l m s on glass and 

s i l i c o n substrates. 

I t i s evident that the b i l a y e r i s a much superior second harmonic 

m a t e r i a l than i s predicted by a simple a d d i t i o n of the & c o e f f i c i e n t s of 

the separate l a y e r s . Even i f the h i l a y e r data averaged over N=0-10 are 

used, the value o f 6 obtained i s as good as f o r the sum of the B's f o r 

the D2 and. DS monolayers (assuming th a t the &s are i n complementary 



TABLE 8.4 Derived h y p e r p o l a r i z a b l l i t i e s ( 3 ) , average polar 
angles ( $ ) , and d i e l e c t r i c constant components 
normal to the substrate at a frequency of 2(0 ( e ^ ) , 
f o r LB monolayers of D2 and D5, and f o r a D2/D5 
b l l a y e r . ' 

System 
'2 

„ ,,^-50 -3 3 -2. 3 (10 C m J ) 'I' 

D5 
(monolayer) 3.9 ± 0.8 32 ± 15 26.4° 

D2 
(monolayer) 5.1 ± 0.4 134 ± 26 25.6° 

D2/D5 
b i l a y e r 
(N=0-1) 

7.9 ± 1.2 410 ± 140 19.2° 

D2/D5 
b i l a y e r 

(average over 
N=0-10) 

5.4 ± 1.6 160 + 130 24,6° 
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d i r i e c t i o n s ) . Since the " e f f e c t i v e 6" i s l i k e l y to be much greater i n 

t h i n n e r l a y e r s (as was observed f o r the f i r s t b i l a y e r ) , the monolayer 

data w i l l be the optimum achieveab.le. f o r the i n d i v i d u a l materials and 

hence the s u p e r a d d i t i v i t y i n the b i l a y e r s i s c l e a r . 

Although the chromophores i n the b i l a y e r are i n close proximity and 

might be expected to i n t e r a c t s t r o n g l y , the a c t i v e groups i n the 

separate b i l a y e r s and i n the i n i t i a l hemicyanine monolayer are separated 

by "passive" a l k y l chains. Thus the second harmonic i n t e n s i t y i s 

expected to increase q u a d r a t i c a l l y w i t h the number of b i l a y e r s , and 

f i g u r e s 8.4 and 8.5 reveal t h a t t h i s i s approximiitely the case. 

However, comparison of the value of 3 f o r a " t y p i c a l " b i l a y e r (obtained 

by using these p l o t s to produce f i g u r e s averaged over the f i r s t ten 

b i l a y e r s ) w i t h the one f o r the f i r s t b i l a y e r alone i l l u s t r a t e the 

d e v i a t i o n s from i d e a l i t y which can occur w i t h increasing thickness. 

Such behaviour may be due to a progressive degradation of f i l m q u a l i t y 

as the number of layers i s increased. G i r l i n g et a l ^ ^ ^ a t t r i b u t e d a 

s i m i l a r phenomenon i n D2/a)-TA a l t e r n a t e layers to changes i n the 

in-plane order, but the r e l a t i v e l y small s-polarized signals obtained 

f o r even a s i n g l e D2/D5 b i l a y e r renders such an explanation u n l i k e l y i n 

the present case. 

The major source of e r r o r s i n the measurements of 0 and iji a r i s e 

from u n c e r t a i n t i e s i n the values of the d i e l e c t r i c constants. Perhaps a 

more accurate r e s u l t would be obtained i f t h i s parameter could be 

determined f o r each m a t e r i a l at both oj and 2a) i n an independent 

experiment. Such an i n v e s t i g a t i o n might involve e l l i p s o m e t r y or 

d e p o s i t i n g the dyes onto a s i l v e r substrate and observing the r e s u l t a n t 

s h i f t s i n the SPR curves, using sources of the.appropriate wavelength. 
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8.4.3. Conclusions 

O p t i c a l n o n - l i n e a r i t y i n an a l t e r n a t i n g donor-acceptor : i n v e r t e d 

donor-acceptor dye m u l t i l a y e r has been demonstrated. The second-order 

h y p e r p o l a r i z a b i l i t y f o r a hemicyanlne/amidonitrostirbene. b i l a y e r was 

found to be much greater than t h a t expected by simply adding the 

h y p e r p o l a r i z a b i l i t i e s f o r the i n d i v i d u a l dye monolayers. When the 

a m i d o n i t r o s t i l b e n e dye was s u b s t i t u t e d by an aminonitrostirbene, there 

was a s l i g h t decrease i n the SHG e f f i c i e n c y of the b i l a y e r . 

8.5 SHG From Heterogeneous Monolayers 

8.5.1 The D2/cadmlum arachidate system 

Not a l l s u b s t i t u t e d dye m a t e r i a l s w i l l form homogeneous LB f i l m s ; 

some have to be d i l u t e d w i t h a f a t t y acid by up to a f a c t o r of ten i n 

order to render them s u i t a b l e f o r deposition by the LB technique. I t 

was t h e r e f o r e of i n t e r e s t to use the hemicyanine dye (D2), which could 

be deposited i n homogeneous f i l m s and which also had a p a r t i c u l a r l y high 

value of 3 (see sections 8.2 and 8.4), as a model system to study the 

e f f e c t s of d i l u t i o n on non-linear behaviour. 

SHG i n v e s t i g a t i o n s of mixed monolayers of hemicyanine and cadmium 

arachidate w i t h mole f r a c t i o n s of hemicyanine ranging from 0.1 - 1.0 

were undertaken. For each monolayer, the f r a c t i o n a l f i l m area, F, 

c o n s t i t u t e d by hemicyanine was c a l c u l a t e d from the mole f r a c t i o n of 

hemicyanine present i n the spreading s o l u t i o n . I t was assumed that a 

hemicyanine molecule occupies a surface area of approximately 0.35 nm^ 

and an i o n i z e d a r a c h l d l c acid molecule an area of 0.20 nm^ (values 

me asured from surface pressure-area isotherms of the materials) at the 

d e p o s i t i o n surface pressure of 30 mN m I f i t i s assumed that the 

d i e l e c t r i c constants of the f i l m at O) and 2aj, and the values of 3 _ j ^ f o r 

the hemicyanine molecules, are unaltered as a r e s u l t of the d i l u t i o n . 
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then r e p l a c i n g a w i t h a^F (where a„ i s the surface density of a pure 
rl n 

hemicyanine monolayer) i n equations 8.26 p r e d i c t s a l i n e a r increase i n 

( f o r p-*-p and s-»-p p o l a r i z a t i o n s ) w i t h F, reaching a maximum f o r a 100% 

hemicyanine monolayer. This i s also true f o r the 3->s and p-̂ s si g n a l s , 

since they too are quadratic i n a^^\ Figures 8.7 and 8.8 show p l o t s of 

versus F f o r the T^^^ and T̂"*̂^ s i g n a l s ; the dashed l i n e s represent 

the t h e o r e t i c a l l i n e a r response described above. I t i s very i n t e r e s t i n g 

to note t h a t , f o r example, the T̂"*̂^ second harmonic s i g n a l i s a f a c t o r 

of f o u r times greater f o r a mixture containing equimolar q u a n t i t i e s of 

hemicyanine and ar a c h i d i c acid than f o r a pure hemicyanine monolayer. 

A l l of the other possible combinations, of p o l a r i z a t i o n and de t e c t i o n 

geometry gave signals which were also a maximum (out of the range of 

concentrations studied) f o r the equimolar mixture, although the r a t i o of 

these s i g n a l s t o tha t f o r the pure hemicyanine were not always as great 

as w i t h the T''"*̂'̂  s i g n a l . 

Examination of f i g u r e s 8.7 and 8.8 reveals that does indeed 

increase l i n e a r l y w i t h F f o r mixtures containing r a t h e r less than an 

equimolar q u a n t i t y of dye, although the gradient of t h i s l i n e i s much 

greater than t h a t of the h y p o t h e t i c a l one. The same was found to be 

true f o r the other p o l a r i z a t i o n s and de t e c t i o n geometries, although the 

s c a t t e r of the points was much worse f o r s-polarized second harmonic 

s i g n a l s . Table 8.5 summarises the values obtained f o r the r a t i o of the 

slope of the i n i t i a l l i n e a r regions of the S against F p l o t s to the 

t h e o r e t i c a l g r a d i e n t s . 

One possible explanation f o r the enhanced signals might l i e i n the 

lower d i e l e c t r i c constant f o r cadmium, arachidate compared to hemicyanine 

at a frequency of 2m. This would be i n accordance w i t h the observation 

t h a t the l i n e a r region of the Ŝ  versus F p l o t s does not extend beyond 
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Figure 8.7 P l o t of the square ro o t of the T̂ '̂' second harmonic 
s i g n a l s t r e n g t h versus the f r a c t i o n a l area c o n s t i t u t e d by 
the dye i n hemicyanine/cadmium arachidate mixed 
monolayers. 
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Figure 8.8 Pl o t of the square ro o t of the T̂"*̂^ second harmonic 
s i g n a l s t r e n g t h versus the f r a c t i o n a l area c o n s t i t u t e d by 
the dye i n hemicyanine/cadmium arachidate mixed 
monolayers. 



TABLE 8.5 Comparison of the g r a d i e n t , (dS /dF) , of the i n i t i a l 
l i n e a r p o r t i o n of the p l o t s of the square root of the 
second harmonic s i g n a l strength versus the f r a c t i o n a l 
area .constit 
(dS^^VdF)^, 
by d i l u t i o n . 

area .constituted by dye, w i t h the t h e o r e t i c a l slope, 
(dS /dF)^, predicted i f the signals were not enhanced 

Signal (S) (dS^/dF)^(dS^/dF)^ 

3.83 ± 0.32 

j^P"^ 2.58 ± 0.66 

^s-^ 4.33 i 0.39 

RS-n> 4.06 ± 0.16 

rpS-̂ s 2.87 ± 0.26 

RS-^S 3,32 ± 0.73 

.j.P"*"S 2.30 ± 0.45 

RP"̂ S 2.00 + 0.39 
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the 1:1 molar r a t i o p o i n t , where the dye molecules would cease to be 
coordinated s o l e l y by arachidate species (assuming an i n t i m a t e mixture 
of dye and i o n i z e d a r a c h i d i c acid molecules). I n order to t e s t t h i s 
theory, the most convenient s i g n a l to use i s T , since i f i t i s 

"yxx " ' zyy 
constant of p r o p o r t i o n a l i t y , and only involves terms which w i l l be the 

assumed t h a t 6 ^ 0, then (T ^ ) ' = C ^ F/e^ (where C i s the 

same f o r both mixed and homogeneous monolayers; see equations 8.26c and 

8.29a). Taking the l i m i t i n g case f o r the mixed monolayers, i n which the 

only c o n t r i b u t i o n to i s from cadmium arachidate ( i . e . assuming the 

p e r t i n e n t i s t h a t of the l o c a l environment of an a c t i v e molecule and 

i s not t h a t of the molecule i t s e l f ) , then the r a t i o of the gradients f o r 

the f u l l and dashed l i n e s i n f i g u r e 8.8 should be equal to 

£2(hemicyanine)/e^ (cadmium a r a c h i d a t e ) . Now, e (cadmium arachidate) 

w i l l not be resonantly enhanced at 532 nm, and i t s value (2.5 ± 0.1) i s 
(9) 

known q u i t e accurately . However, (hemicyanine) has not been 

determined p r e c i s e l y , the best estimate a v a i l a b l e being 5.1 ± 0.4 as 

determined i n s e c t i o n 8.4. Using these values the r a t i o of the slopes 

i s p r e d icted to be 2.0 ± 0.2, which i s f a r smaller than the measured 

value of 4.33 ± 0.39 given i n t a b l e 8.5, 

A second f a c t o r which might be operating i s a change i n packing of 

the dye molecules upon forming a s l g n i f i c a r i t l y d i l u t e d monolayer, 

r e s u l t i n g i n a b e t t e r alignment r e l a t i v e to the e l e c t r i c f i e l d s of the 

i n c i d e n t and second harmonic l i g h t . This would c o n t r i b u t e to the 

observed f a c t t h a t the enhancement i s not p e r f e c t l y uniform f o r a l l 

geometries and p o l a r i z a t i o n s , although to a c e r t a i n extent the 

d i e l e c t r i c constant argument would do the same, since d i f f e r e n t f a c t o r s 

of e and e appear i n the various terms i n equations 8.26. 
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One f u r t h e r mechanism which could explain the superior second 
harmonic s i g n a l s from the mixed monolayers i s the enhancement of 3 
i t s e l f . I n s e c t i o n 6.1.7 the bathochromic s h i f t and increase i n 
absorbance of the f i r s t absorption band of the dye upon forming a mixed 
monolayer was reported. This was i n t e r p r e t e d i n terms of the reduction 
of d i p o l a r i n t e r a c t i o n s i n the heterogeneous l a y e r , the molecules 
behaving more as they would do i n a s o l u t i o n . The changes i n the charge 
t r a n s f e r c h a r a c t e r i s t i c s of the molecules which give r i s e to these 
s p e c t r a l s h i f t s are also l i k e l y to have a great influence on g. Indeed, 
the l a r g e r value of g which could be associated w i t h hemicyanine 
molecules i n mixed monolayers would be closer to the t h e o r e t i c a l value 
predicted i n s e c t i o n 6.5 f o r the " f r e e " molecule than the f i g u r e 
c a l c u l a t e d f o r a pure monolayer i n section 8.4. This e f f e c t i s 
analogous t o the solvent dependent h y p e r p o l a r i z a b i l i t y of the 
merocyanine (Dl) discussed i n se c t i o n 6.1.1. 

I n conclusion, i t i s l i k e l y t h a t a l l three of the mechanisms 

discussed above w i l l c o n t r i b u t e , i n varying degrees, to the enhanced SHG 

observed from mixed monolayers of hemicyanine. These f i n d i n g s may have 

important I m p l i c a t i o n s f o r improving the e f f i c i e n c i e s of any non-linear 

o p t i c a l device which u t i l i s e s LB f i l m s . 

8.5.2 Other heterogeneous monolayer systems 

Compounds D7 and D8 could not be deposited as homogeneous layers 

(see chapter 5 ) , th e r e f o r e systems i n which the dyes were mixed w i t h 

cadmium arachidate were i n v e s t i g a t e d . A f u r t h e r monolayer of i n t e r e s t 

was formed by mixing the two a c t i v e dyes D2 and D5. SKG i n v e s t i g a t i o n s 

of pure D2 monolayers a l t e r n a t e d w i t h pure D5 monolayers were reported 

i n s e c t i o n 8.4; i t was hoped t h a t £ would have the same d i r e c t i o n ( w i t h 

respect t o the hydrocarbon t a i l s ) f o r both molecules, so that g would be 
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o p p o s i t e l y d i r e c t e d and ther e f o r e a d d i t i v e i n the m u l t i l a y e r arrays. By 

studying a mixed D2/D5 monolayer i t was a n t i c i p a t e d that the s i t u a t i o n 

might become a l i t t l e c l e a r e r . A monolayer i n which D5 was mixed w i t h 

cadmium arachidate was also i n v e s t i g a t e d , i n order to see whether the 

second harmonic generation was enhanced i n the same manner as that 

observed w i t h D2 i n se c t i o n 8 . 5 . 1 . 

D7/cadmium arachidate monolayers w i t h molar r a t i o s of ionized 

a r a c h i d i c a c i d to dye of 1 : 1 , 2 : 1 , 3:1 and 5:1 were studied. Out of a l l 

these concentrations and a l l the possible combinations of p o l a r i z a t i o n 

and d e t e c t i o n geometry, the only detectable s i g n a l was the extremely low 

TP"^ = ( 0 . 0 4 ± 0.02) X 1 0 ~ ^ ^ m̂  v"^ obtained f o r the 2:1 mixture. I n 

view of the f a c t t h a t the t h e o r e t i c a l 6 f o r D7 (chapter 6 ) i s greater 

than t h a t f o r D5 (from which s i g n i f i c a n t SHG has been observed), t h i s 

would imply t h a t the molecules of D7 are arranged i n a n t i p a r a l l e l 

aggregates w i t h i n the l a y e r s . Such a process was postulated i n chapter 

5 t o e x p l a i n the low values of area per molecule observed i n 

pressure-area isotherms of the homogeneous monolayer; c l e a r l y the use of 

heterogeneous monolayers does not overcome the problem, i n d i c a t i n g that 

the dye does not form an i n t i m a t e mixture w i t h the cadmium arachidate. 

Negligible,SHG was observed from a monolayer containing arachidate 

ions and . D5 i n a 2 : 1 . molar r a t i o . I t seems, th e r e f o r e , that the 

d i l u t i o n of the a c t i v e dye has r e s u l t e d i n a corresponding reduction i n 

n o n - l i n e a r i t y , u n l i k e the case of D2 where enhancement was observed. 

This would appear to give more weight to the argument that a change i n 0 

i t s e l f was responsible f o r the e f f e c t s i n hemicyanine, since the other 

mechanisms could be equally w e l l applied to D5 (although alignment might, 

also be s i g n i f i c a n t , i n view of the h i g h l y ordered s t r u c t u r e e x h i b i t e d 
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by even homogeneous monolayers of D5 see chapter 7 ) . I n chapter 6 the 

absorption spectrum of D5 was seen to be unchanged i n p r o f i l e as a 

r e s u l t of d i l u t i o n (which was not the case w i t h D2), i n d i c a t i n g that the 

charge-transfer process had not been g r e a t l y a f f e c t e d , and therefore 

l i t t l e change i n 3 would have been expected. 

A summary of the second harmonic signals obtained from monolayers 

cont a i n i n g 5 moles of ionized a r a c h i d l c acid to one mole of D8, and 1.02 

moles of D5 to one mole of D2 (corresponding to a f r a c t i o n a l area of 

hemicyanine of 0.57), i s given i n table 8.6. 

The s i g n a l strengths given by the D8/cadmium arachidate monolayer 

were l a r g e r than those e x h i b i t e d by a pure monolayer of D5 (section 

8.2), although not as great as those from D2. I t i s not possible to say 

whether the d i l u t i o n process has e f f e c t i v e l y enhanced or reduced the 

s i g n a l strengths from what they would have been i n a homogeneous 

monolayer of D8, since such a f i l m could not be deposited. However, the 

production of a high q u a l i t y LB layer i n which the dye molecules are not 

aligned i n an a n t l p a r a l l e l manner has c l e a r l y been demonstrated. I t 

should be noted that compound D8 i s the same as that used by Aktsipetrov 

et al^''"*^^ i n t h e i r l e t t e r on "second-harmonic generation on r e f l e c t i o n 

from a monomolecular Langmulr l a y e r " , although the authors make no 

reference to the need f o r employing a heterogeneous system. 

Temporarily n e g l e c t i n g the n o n - l i n e a r i t y of D5 (since i t i s 

s i g n i f i c a n t l y smaller than t h a t of D2), the D2/D5 system gave signals 

which were enhanced ( f o r example, by a f a c t o r of "•̂2 i n the case of 

^jP"*"P)i) r e l a t i v e t o those expected by simply allov/ing f o r the reduction 

i n the surface density of D2 molecules. However, the signals were 

smaller than those obtained f o r the corresponding dye density i n the 

D2/cadmium arachidate system (where the enhancement i n (T^ ^ ) ^ was by a 
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f a c t o r of 'V 3.8). This could be due p a r t i a l l y to the polar nature of D5 

( I f £g i s i n the same d i r e c t i o n f o r both dyas), the higher value of 

f o r D5 compared to cadmium arachidate (but lower than that f o r D2), and 

the p a r t i a l c a n c e l l a t i o n of the 3's of the hemicyanine molecules by 

those of the a m i d o n i t r o s t i l b e n e . Had £ been i n opposite d i r e c t i o n s f o r 

D2 and D5, then the favourable i n f l u e n c e on charge t r a n s f e r would 

probably have r e s u l t e d i n greater enhancement than was i n f a c t observed; 

furthermore, the 3's of the two species would have had the same 

d i r e c t i o n and t h e r e f o r e been a d d i t i v e . However, the u n c e r t a i n t y 

surrounding the l e v e l of importance to attach to f o r the d i l u t i n g 

m a t e r i a l means tha t t h i s i n t e r p r e t a t i o n i s only t e n t a t i v e . 

8.6 Summary 

Second harmonic generation has been observed from a v a r i e t y of 

d i f f e r e n t monolayer and a l t e r n a t i n g m u l t i l a y e r LE f i l m s . Of the 

m a t e r i a l s studied i n homogeneous monolayer form, compounds Dl and D2 

gave p a r t i c u l a r l y l a r g e s i g n a l s , w h i l s t those obtained from D5 and D6 

were not i n s i g n i f i c a n t . The absence of any s i g n a l from monolayers of A8 

and A9 i s i n d i c a t i v e t h a t the anthracene nucleus i s less s u i t a b l e as a 

conjugated system than, f o r example, a s t i l b e n e bridge. I n general, the 

e f f e c t s of any in-plane anisotropy i n the f i l m s were found to be 

n e g l i g i b l e . When the non-linear m a t e r i a l was deposited on both sides of 

a glass s l i d e , varying the angle of incidence of the fundamental was 

found to produce maxima and minima i n the second harmonic s i g n a l 

s t r e n g t h , a r i s i n g from i n t e r f e r e n c e e f f e c t s . For t h i n a l t e r n a t i n g layer 

f i l m s , i n which coherent a d d i t i o n of the signals produced by each 

b i l a y e r can be assumed, the square r o o t of the second harmonic s i g n a l 

s t r e n g t h would be expected to increase l i n e a r l y w i t h the number of 

b i l a y e r s , and i n p r a c t i c e t h i s was approximately the case. 
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Noncentrosymmetric arrays were produced i n which an ac t i v e m a t e r i a l 
was a l t e r n a t e d w i t h an i n e r t spacer m a t e r i a l or a second active m a t e r i a l 
(whose donor and acceptor groups were reversed w i t h respect to the 
hydrophobic t a i l s , so th a t the second-order molecular 
h y p e r p o l a r i z a b i l i t i e s of the molecules i n adjacent layers added 
c o n s t r u c t i v e l y ) . One such doubly a c t i v e system consisted of the 
hemicyanine (D2) and am i d o n i t r o s t i l b e n e (D5) dyes; i n f a c t the b i l a y e r 
was found t o be a much superior second harmonic m a t e r i a l than i s 
pre d i c t e d by a simple a d d i t i o n of the 3 c o e f f i c i e n t s of the separate 
l a y e r s . The s i g n a l strengths obtained from t h i s s t r u c t u r e were analysed, 
i n terms of second harmonic surface s u s c e p t i b i l i t i e s , and the value of 3 
obtained was (410 ± 140) x 10~^° C"̂  m̂  f o r the f i r s t b l l a y e r . 

On d l l u t l r i g a monolayer of hemicyanine w i t h cadmium arachidate, the 

second harmonic signals were found to be s i g n i f i c a n t l y enhanced. This 

change was a t t r i b u t e d to changes i n the charge-transfer c h a r a c t e r i s t i c s 

of the dye, as w e l l as to a more favourable f i l m d i e l e c t r i c constant and 

possible changes i n the packing of the molecules. LB monolayers of the 

am i d o n i t r o s t i l b e n e d i d not di s p l a y the same e f f e c t s . However, the 

s i g i f i c a n t SHG displayed by another m a t e r i a l (D8) i n h i g h l y d i l u t e d form 

suggests t h a t heterogeneous layers may have an important r o l e to play i n 

Improving the non-linear e f f i c i e n c y of LB f i l m s ; a f u r t h e r discussion of 

t h i s p o i n t i s given b r i e f l y i n the "suggestions f o r f u r t h e r work" 

se c t i o n of chapter 9. 
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CHAPTER 9 

CONCLUSIONS.AND SUGGESTIONS FOR FURTHER WORK 

Many organic m a t e r i a l s are composed of molecules possessing large 

second-order h y p e r p o l a r i z a b i l i t i e s ( 3 ) , yet t h i s inherent n o n - l i n e a r i t y 

i s f r e q u e n t l y not manifested at a macroscopic l e v e l due to a tendency 

f o r these molecules to pack i n centrosymmetric c r y s t a l l i n e s t r u c t u r e s . 

The Langmuir-Blodgett technique i s an elegant method of assembling 

amphiphilic organic molecules i n t o layers of a w e l l defined thickness 

and alignment. Moreover, non-centrosjamnetrie cupermolecuiar arrays may 

be f a b r i c a t e d by a l t e r n a t i n g layers of d i f f e r e n t m a t e r i a l s ; hence the 

method provides a means to e x p l o i t the non-linear o p t i c a l p r o p e r t i e s of 

the i n d i v i d u a l molecules. 

I n general, large values of 6 are e x h i b i t e d by molecules which 

contain a conjugated system of bonds, p o l a r i z e d by the a d d i t i o n of 

e l e c t r o n donor and acceptor groups. A series of such compounds has been 

adapted f o r LB f i l m formation by the in c o r p o r a t i o n of hydrophobic t a i l s 

i n t o the molecules. The ma t e r i a l s f a l l i n t o three categories: ( i ) 

modified commercially a v a i l a b l e substances; ( i i ) 9,10 d i s u b s t i t u t e d 

anthracenes; ( i l l ) d i p o l a r chromophores. The water-surface monolayer 

and, where appr o p r i a t e , LB deposition p r o p e r t i e s of a l l of these 

m a t e r i a l s have been characterized. None of the group (1) coiupounds were 

found to give f i l m s of a s a t i s f a c t o r y q u a l i t y ; and most of the 

anthracene d e r i v a t i v e s were found to be too soluble i n the subphase; 

however, several of the d i p o l a r chromophoreg and two of the anthracenes 

could be deposited i n high q u a l i t y homogeneous or heterogeneous LB 

f i l m s . 
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Once the de p o s i t i o n of a new i t i a t e r i a i had been successfully 

accomplished, the f i l m s wdre exte n s i v e l y characterized by a v a r i e t y of 

techniques. O p t i c a l absorption spectra of L£ f i l m s and s o l u t i o n s were 

used to determine the wavelength range over which the m a t e r i a l could 

u s e f u l l y be a p p l i e d , and to gain an i n s i g h t i n t o the charge t r a n s f e r 

processes o c c u r r i n g i n the molecules. Studies of absorbance and 

capacitance as a f u n c t i o n of f i l m thickness were used to check the 

u n i f o r m i t y of d e p o s i t i o n from one monolayer to the next, w h i l s t surface 

plasmon resonance techniques were employed to estimate the r e l a t i v e 

p e r m i t t i v i t y of a m i d o n i t r o s t i l b e n e l a y e r s . Several materials were 

assessed f o r bulk second-order o p t i c a l n o n - l i n e a r i t y using the Kurtz 

powder technique, but t h i s method proved to be inappropriate f o r LB f i l m 

m a t e r i a l s and was subsequently replaced by t h e o r e t i c a l determinations of 

6. 

The p h y s i c a l p r o p e r t i e s of LB f i l m s are s t r o n g l y influenced by 

t h e i r s t r u c t u r a l order. I n order to i n v e s t i g a t e t h i s phenomenon, 

extensive r e f l e c t i o n high energy and transmission e l e c t r o n d i f f r a c t i o n 

studies have been performed on a variety- of d i f f e r e n t f i l m s . C4 

anthracene m u l t i l a y e r s e x h i b i t e d a high degree of c r y s t a l l i n e order, and 

a d e t a i l e d s t r u c t u r a l analysis of them was performed. S i m i l a r l y , 

a m i d o n i t r o s t i l b e n e monolayers displayed an exceptional l e v e l of 

s t r u c t u r a l order (probably s t a b i l i z e d by hydrogen bonding), although 

t h i s was not propagated through to t h i c k e r f i l m s . By comparing the 

RHEED patt e r n s obtained from various d i f f e r e n t monolayers of 

a m i d o n i t r o s t i l b e n e , the e f f e c t s of changes i n the deposition' conditions 

on the q u a l i t y of the layers was shown. 

The o p t i c a l n o n - l i n e a r i t y of several d i f f e r e n t LB f i l m systems was 

demonstrated by the observation of second harmonic generation on both 



- 172. 

r e f l e c t i o n from, and transmission through, the lay e r s . Homogeneous 

monolayers of hemicyanine (D2) and merocyanine (Dl) gave p a r t i c u l a r l y 

large s i g n a l s , w h i l s t those obtained from the u i t r o s t i l b e n e s (D5 and D6) 

were not i n s i g n i f i c a n t . Although the g of merocyanine i s nearly three 
-50 3 3 -2 

times t h a t of hemicyanine ( c a l c u l a t e d as (134+26) x 10 C m J i n 

Chapter 8 ) , the d i e l e c t r i c constant of the former i s str o n g l y resonantly 

enhanced at the frequency of the second harmonic, thereby reducing the 

e f f i c i e n c y of the conversion; furthermore, the merocyanine r e a d i l y 

undergoes p r o t o n a t i o n to a form w i t h lower g, thereby r e s t r i c t i n g i t s 

use to basic environments. The absence of a s i g n a l from two of the 

anthracene d e r i v a t i v e s was taken as an i n d i c a t i o n t h a t , as a conjugated 

system intended to give r i s e to a large value of B, the anthracene 

nucleus i s i n f e r i o r to many other candidates, such as a s t i l b e n e bridge. 

Non-centrosymmetric arrays were produced i n which an a c t i v e 

m a t e r i a l was a l t e r n a t e d e i t h e r w i t h an i n e r t spacer m a t e r i a l , such as a 

f a t t y a c i d , or w i t h a second a c t i v e m a t e r i a l . I n the l a t t e r case, the 

p o s i t i o n s of the donor and acceptor groups i n the two species were 

reversed, w i t h respect to the hydrocarbon chains, so that the 

h y p e r p o l a r i z a b i l i t i e s of the molecules i n adjacent layers would be 

a d d i t i v e . O p t i c a l n o n - l i n e a r i t y was demonstrated i n such a system f o r 

the f i r s t time by a l t e r n a t i n g the hemicyanine (D2) and 

am i d o n i t r o s t i l b e n e (D5) dyes. The s i g n a l strengths obtained from t h i s 

s t r u c t u r e were analysed i n terms of second harmonic surface 
s u s c e p t i b i l i t i e s , and the value of 3 obtained f o r the f i r s t b i l a y e r 

-50 '3 3 - 2 

[(410 ± 140) x 10 C m J ] was much superior to that expected by 

the simple a d d i t i o n of the B c o e f f i c i e n t s of th»; separate l a y e r s . 
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Heterogeneous monolayers of hemicyanine' and cadmium arachidate were 
found to give r i s e to enhanced second harmonic generation, r e l a t i v e to a 
homogeneous monolayer of the dye. This phenomenon was a t t r i b u t e d to 
changes i n the charge-transfer c h a r a c t e r i s t i c s of the dye (also 
r e f l e c t e d i n i t s absorption spectrum), accompanied by a reduction i n the 
d i e l e c t r i c constant of the f i l m and possible changes i n the packing of 
the molecules. These f i n d i n g s may have important i m p l i c a t i o n s f o r 
improving the e f f i c i e n c i e s of any non-linear o p t i c a l device which 
u t i l i s e s LB f i l m s . , 

Suggestions f o r f u r t h e r work 

LB f i l m s d i s p l a y i n g large second-order o p t i c a l n o n - l i n e a r i t i e s 

should e x h i b i t the Pockels e f f e c t (as described i n chapter 2 ) , i n which 

the r e f r a c t i v e index at the o p t i c a l frequency i s dependent on an 

e l e c t r i c f i e l d applied across the f i l m . This phenomenon could be used 

i n c o n j u n c t i o n w i t h surface plasmon resonance to produce an o p t i c a l 

modulator. 

Figure 9.1 shows a schematic diagram of such a device. An 

e l e c t r i c a l contact should not be evaporated d i r e c t l y onto the LB f i l m , 

since a m e t a l l i c layer so close to the s i l v e r would be l i k e l y to 

i n t e r a c t w i t h the evanescent f i e l d associated w i t h the surface plasmons. 

One possible way of overcoming t h i s problem i s i l l u s t r a t e d i n the 

diagram; a Mylar washer ('̂  lOjjm t h i c k ) can be used as a spacer between 

the LB f i l m and an aluminium block. E l e c t r i c a l contact i s made to the 

block and a region of the s i l v e r layer remote from the p o i n t of 

incidence of the laser beam; i f a voltage i s then applied, some of the 

f i e l d w i l l be dropped across the air-gap, and the r e s t across the f i l m . 

This e l e c t r i c f i e l d should cause a change i n r e f r a c t i v e index, which i n 
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Figure 9.1 Experimental c o n f i g u r a t i o n f o r a Pockels e f f e c t modulator 
based on surface plasmon resonance. In s e t : Phase 
s e n s i t i v e detector output f o r the system (a) o f f 
resonance, i n c i d e n t l i g h t blocked; (b) o f f resonance, 
i n c i d e n t l i g h t unblocked; (c) halfway up low i n t e r n a l 
angle side of resonance curve. Incident l i g h t blocked; 
(d) halfway up low i n t e r n a l angle side of resonance 
curve. I n c i d e n t l i g h t unblocked; (e) halfway up high 
i n t e r n a l angle side of resonance curve, i n c i d e n t l i g h t 
unblocked; ( f ) halfway up high i n t e r n a l angle side of 
resonance curve, i n c i d e n t l i g h t blocked. 
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t u r n w i l l produce a s h i f t i n the resonance angle ( c f . f i g u r e 6.17 i n 
chapter 6 ) ; i f the las e r beam i s d i r e c t e d at an angle corresponding to 
the i n i t i a l resonance p o s i t i o n , then t h i s angle of incidence w i l l no 
longer correspond t o a re f l e c t a n c e minimum. The e l e c t r i c f i e l d 
t h e r e f o r e gives r i s e to a change i n ref l e c t a n c e which w i l l modulate the 
s i g n a l reaching the photodetector. I n p r a c t i c e the changes i n 
r e f r a c t i v e index are extremely small, and therefore an a.c. voltage has 
to be employed, w i t h a l o c k - i n a m p l i f i e r used as a phase s e n s i t i v e 
d e t e c t o r to monitor the changes i n the photodetector output occurring i n 
phase w i t h the applied f i e l d . A f u r t h e r improvement i n the s e n s i t i v i t y 
can be made by p o s i t i o n i n g the las e r at an angle corresponding to a 
poi n t halfway up the resonance minimum, since the change i n reflectance 
f o r a given s h i f t i n resonance angle x ^ i l l be greater at t h i s point than 
at the minimum i t s e l f . 

P r e l i m i n a r y i n v e s t i g a t i o n s of such a modulator, i n c o r p o r a t i n g three 

b i l a y e r s of a doubly a c t i v e LB f i l m of hemicyanine and 

am i d o n i t r o s t i l b e n e , are c u r r e n t l y being undertaken i n c o l l a b o r a t i o n w i t h 

Drs. M. C. Pe t t y and J. P. Lloyd. A small degree of modulation has 

already been observed, and has been shown to be a f u n c t i o n of the 

e l e c t r i c f i e l d applied across the f i l m . When the angle of incidence of 

the l a s e r was changed so tha t i t corresponded to a poi n t halfway up the 

other side of the resonance minimum, the output from the phase s e n s i t i v e 

detector was reversed i n sign and a l t e r e d i n magnitude ( r e l a t i v e to the 

l e v e l w i t h the laser l i g h t blocked o f f ) , as i l l u s t r a t e d i n f i g u r e 9.1. 

This was t o be expected i n view of the asymmetrical nature of the 

re f l e c t a n c e curve. Further experiments are required, and i n p a r t i c u l a r 

the optimum thickness of the LB f i l m needs to be determined; t h i c k e r 

f i l m s should produce a greater resonance angle s h i f t f o r a given change 



175-

i n r e f r a c t i v e index (see f i g u r e 6.17), but w i l l give r i s e to the 

de l e t e r i o u s e f f e c t of a broadening of the re f l e c t a n c e curve. Cross et 

al^''"^ have used a s i m i l a r technique to demonstrate the l i n e a r Pockels 

e f f e c t i n a monolayer of hemicyanine. 

I t i s suggested t h a t some e f f o r t be placed i n t o the development of 

a computer program f o r .the.accurate c u r v e - f i t t i n g of experimental SPR 

data, i n order t h a t accurate estimates of r e f r a c t i v e index (and hence 

d i e l e c t r i c constant) can be obtained.. The measurements themselves 

should be performed using sources of the appropriate wavelehgth, i n case 

any resonance enhancement of the d i e l e c t r i c constants occurs at o p t i c a l 

frequencies. 

Further work i s also required on the behaviour of heterogeneous LB 

f i l m s , f o l l o w i n g the observation of enhanced second harmonic generation 

from monolayers of hemicyanine i n which the a c t i v e dye was mixed w i t h 

passive cadmium arachidate. As w e l l as studying the e f f e c t s of d i l u t i o n 

on the n o n - l i n e a r i t y of other dyes, experiments are required i n r e l a t e d 

f i e l d s ; f o r example, to determine whether m u l t i l a y e r s of such systems 

w i l l cause greater or less s c a t t e r i n g of l i g h t propagating i n the plane 

of the f i l m , compared to tha t which occurs i n conventional, homogeneous 

assemblies. 

The m a t e r i a l s studied i n t h i s t h e s i s represent a minute f r a c t i o n of 

the i n t e r e s t i n g s t r u c t u r e s which can be envisaged, and i t i s a n t i c i p a t e d 

t h a t a c o n t i n u a t i o n of the programme of screening w i l l reveal many more 

h i g h l y e f f i c i e n t non-linear m a t e r i a l s s u i t a b l e f o r deposition i n LB 

f i l m s . T h e o r e t i c a l modelling of molecules, to p r e d i c t values of 6 p r i o r 

to lengthy chemical synthesis and c h a r a c t e r i z a t i o n , i s l i k e l y to play an 

ever more important r o l e i n t h i s process. The general requirements f o r 

a large molecular l i y p e r p o l a r i z a b i l i t y ' ( i . e . a polarized conjugated 
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system) should be remembered, and some s p e c i f i c ideas are as f o l l o w s : 

( i ) Increase the conjugation l e n g t h , e.g. by i n t r o d u c i n g an extra 

styrene u n i t i n t o a s t i l b e n e bridge, 

( i i ) I n v e s t i g a t e novel strong donor and acceptor groups, such as 

p y r r o l i d i n e and -SO^CF^, and t r y to produce p a i r s of compounds i n 

which the hydrocarbon t a i l s are attached to opposite ends of the 

chromophore, i n a n t i c i p a t i o n of forming doubly a c t i v e 

s u p e r l a t t i c e s . 

( i i i ) I n v e s t i g a t e the use of more than one hydrocarbon t a i l per 

molecule, i n order to b r i n g about a b e t t e r match of the 

c r o s s - s e c t i o n a l areas of the hydrophobic and chromophore regions, 

and thereby improve the s t r u c t u r a l order of the f i l m s . Adjusting 

the p o s i t i o n s and lengths of these s u b s t i t u e n t s could also 

engender a degree of c o n t r o l over the o r i e n t a t i o n of the chromogen 

i n the f i l m ^ ^ ' ^ \ 

One f u r t h e r point on the subject of m a t e r i a l s concerns the already 

characterized merocyanine ( D l ) . The main drawback to t h i s h i g h l y 

non-linear m a t e r i a l l i e s i n i t s great s u s c e p t i b i l i t y to protonation (see 

chapter 6 ) , a process which reduces i t s e f f i c i e n c y so g r e a t l y that i t 

can only be used i n an atmosphere of ammonia vapour. Any procedure 

which could render the dye stable i n a i r would therefore be of i n t e r e s t . 

One possible way might be to deposit layers i n which the m a t e r i a l i s 

mixed w i t h a long chain amine ( i n the l i g h t of s e c t i o n 8.5 t h i s i s a 

process which might not be d e l e t e r i o u s to i t s n o n - l i n e a r i t y ) , so that 

the l a t t e r component w i l l react p r e f e r e n t i a l l y w i t h any acid adsorbed by 

the f i l m . Y-type m u l t i l a y e r s of Dl mixed wif:h docosylamine have been 

deposited and the dye d i d , indeed, d i s p l a y an increased l i f e t i m e i n i t s 

unprotonated form, although t h i s improvement was by only a f a c t o r of 
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two. A s t r u c t u r e i n which mixed layers of docosylamine and Dl were 
a l t e r n a t e d w i t h layers of pure docosylamine e x h i b i t e d a f u r t h e r increase 
i n s t a b i l i t y , but the dye s t i l l became protonated eventually. Another 
step which may be taken i s to deposit many Y-type layers of the amine on 
top of the a l t e r n a t e l a y e r s t r u c t u r e i n the hope th a t any carbonic acid 
from the a i r w i l l not penetrate through to the dye. One possible doubly 
a c t i v e a l t e r n a t e layer s t r u c t u r e could be formed by hemicyanine (D2) and 
mixed l a y e r s of Dl/docosylamine; the dimethylamino donor group of D2 
might help to s t a b i l i z e the molecules of Dl (although i t i s uncertain 
whether the d i r e c t i o n s of the B's of the two species are such as to add 
c o n s t r u c t i v e l y or d e s t r u c t i v e l y ) . 

I n conclusion, much work remains to be performed i n t h i s f i e l d , and 

the f u t u r e holds great promise. 
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ABSTRACT 
Both reflection and transmission high-energy electron diffraction patterns 

obtained from Langmuir-Blodgett (LB) films of a lightly substituted anthracene 
derivative are interpreted in terms of a quasi-crystalline molecular packing, or 
secondary structure, which is consistent with the known primary structure of the 
molecule. The unit cell is orthorhombic, contains four molecules and probably has 
space group Pha2. The long axis of the aromatic nucleus lies at an angle of 60 ± 1° to 
the substrate normal in the L B film. 0 

§ 1 . INTRODUCTION 

1.1. Molecular electronic applications of LB films 
Many proposed applications of organic molecules in high-performance 

information-processing technologies involve conjugated molecules arranged into a 
stable organized structure with nanometre precision (Aviram and Ratner 1974, Carter 
1983, Kuhn 1983, Williams 1984). The L B technique (Gaines 1966, Roberts 1985) is one 
of the few methods for fabricating such a structure. However the molecules of most 
existing L B film materials are not of the required type, being dominated by a large 
saturated moiety. In some applications, such as non-hnear optics (Kajzar, Messier and 
Zyss 1983, GirUng, KoHnsky, Cade, Earls and Peterson 1985), this merely results in a 
dilution of the active part of the molecule without completely destroying the desired 
effect. However in applications involving the transport of charge or excitations, it has a 
drastic and deleterious effect on the exchange integral for hopping between active 
centres. This accounts for the great interest shown recently in L B films of lightly 
substituted porphyrins (Jones, Tredgold and Hoorfar 1984) and phthalocyanines 
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Middlesex HA9 7PP, England. 

J Present address: Department of Engineering Science, University of Oxford, Oxford 
O X l 3PJ, England. 
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(Batey, Petty, Roberts and Wright 1984, Baker, Petty, Roberts and Twigg 1983). 
Unfortunately, several structural studies (Vickers 1984, Tredgold, Vickers, Hoorfar, 
Hodge and Khoshdel 1985) have revealed that thick films of porphyrins recrystaUize 
rapidly after deposition and display little trace of the organized anisotropic layer 
structure required. One L B film material which is known to exhibit significant 
conductivity and, in addition, to retain its as-deposited layer structure is 9-butyl-lO-
anthrylpropionic acid, otherwise known as C4 anthracene (Roberts, McGinnity, 
Barlow and Vincett 1980, Roberts and McGinnity 1979) the molecular form of which is 
shown in fig. 1. In addition to these desirable properties its films have long-range 
orientational order (M. F . Daniel, 1985, personal communication) and good electrical 
properties (Roberts et al. 1980). Furthermore, the water surface monolayer is much 
more fluid than typical aromatic L B film materials and is capable of deposition rates of 
80^ms~' (Vincett, Barlow, Boyle, Finney and Roberts 1979) without the addition of 
the 'lubricants' necessary with other lightly substituted aromatics (Baker et al. 1983, 
Schoeler, Tews and Kuhn 1974). 

These benefits of C4 anthracene are to some extent offset by shght solubility of the 
monolayer on the water surface, and by its tendency to oxidize to anthraquinone. The 
latter fact makes it desirable to exclude ultraviolet radiation during the deposition 
procedure, and means that devices such as electroluminescent displays (Roberts et al. 
1980) and novel, inexpensive thin-film switches (Roberts 1985) must be hermetically 
sealed. An understanding of the relationships between its structure and properties 
might lead to the development of an alternative material with similar electronic and 
water-surface behaviour but with greater stability under ambient conditions. A study of 
some aspects of the film structure has been published (Vincett and Barlow 1980). 
However the techniques employed in that investigation were not capable of determin­
ing the molecular orientation within the film to a high degree of precision or of 
distinguishing between different possible space groups. In the model proposed by 
Vincett and Barlow, the unit cell combined two molecules located in adjacent 
monolayers and the long axis of the anthracene nucleus was tilted at 55^65° to the 
substrate normal. 

The present study is based on high-energy electron diffraction patterns obtained 
from L B films of C4 anthracene. These were recorded both in transmission (TED) and 
reflection (RHEED) and they provide significantly more information about the film 
structure than has been reported previously. Firstly, they enable the crystalline 

COOH 
Primary structure of C4 anthracene molecule. 



Electron diffraction study of LB films 73 

symmetry to be determined and, secondly, they can be used to establish the orientation 
of the rigid moieties with respect to the crystalline axes (Earls, Peterson, Russell, Girling 
and Cade 1986). 

§2. EXPERIMENTAL 
The C4 anthracene L B films were deposited in the manner described by Roberts 

et al. (1980). For the R H E E D studies, single-crystal silicon substrates were used after 
refluxing in propan-2-ol over a period of several hours and L B films of 11 layers 
thickness were examined. Films for T E D investigation were deposited on alumina 
substrates prepared by the Walkenhorst-Zingsheim technique (Walkenhorst 1947, 
Zingsheim 1977). Both the T E D and R H E E D studies were made using a JEM 120 
transmission electron microscope operated at either 80 or 100 kV. Ealing C P K 
molecular models were used in the packing" simulations. 

§3. RESULTS 
Figure 2 shows the R H E E D pattern of an II-layer film of C4 anthracene 6n a 

silicon substrate. (The labelled axes have been added to facilitate the subsequent 
discussion.) The diffraction spots on the central normal to the substrate he on rings of 
lower intensity. Parallel to this central row of spots and symmetrically displaced to 
either side of it is a series of diffracted streaks of intensity. Figure 2 differs from R H E E D 
patterns of other L B film materials (Bonnerot, ChoUet, Frisby and Hoclet 1985, Garoff, 
Deckman, Dunsmuir and Alvarez 1986, Peterson and Russell.1984) in that the spots are 
unusually well defined and the central row of spots displays the fine splitting expected 
from the bilayer periodicity. 

Fig. 2 

80 kV R H E E D pattern of an 11-layer LB film of C4 anthracene on silicon (labelled axes with 
scale identical to that in fig. 4). 
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The T E D pattern recorded from a 25-layer L B film on a thin alumina substrate is 
shown in fig. 3. This displays well-defined spots which may be ascribed to a single 
crystalline grain as it exhibits rectangular in-plane symmetry. There appear to be 
systematic absences along both of the main axes and the positions of two of these are 
indicated by the arrows labelled S. The pattern can be indexed as arising from an 
orthorhombic structure with the beam incident along the [001] axis and Miller indices 
are applied to two of the spots in accordance with this assignment. 

§4. DISCUSSION 

4.1. Unit cell determination 
On the assumption that the diffraction streaks seen in the R H E E D pattern extend 

to the shadow edge of the sample, the distance of each streak from the centre of the 
pattern should correspond to the radius of one of the spots in the T E D pattern. This 
comparison is given in the table, in which the Miller indices have been assigned on the 
basis of the rectangular symmetry exhibited by the T E D pattern and where a<b<c. 
Inspection of this table confirms the very good agreement between the results obtained 
using the two different modes of diffraction and the film structure is similar on both 
A I 2 O 3 and SiOj substrates. 

The unit cell can be deduced from the data given in the table together with the 
additional d-spacings obtained from the diffraction spots lying on the central normal in 
the R H E E D pattern (fig. 2). This cell is orthorhombic and has the following lattice 
parameters: 

u = 0-51 nm 

i=l-54nm a = /? = y = 90°. 

f = 2-45nm 

Fig. 3 

020 ^120 

100 kV TED pattern of a 25-layer LB film of C4 anthracene. (The arrows labelled S indicate the 
positions of systematic absences on the [100] and [010] axes.) 
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Comparison of T E D and R H E E D data for (hkO) d-spadngs. 

d-spacings (nm) rf-spacings (nm) 
Miller indices (TED pattern) ( R H E E D pattern) 

(020) 0-775 _ 
(100) 0-500t 0-505 
(110) 0-490 0-485 
(120) 0-430 0-420 
(040) 0-385 0-390 
(130) 0-365 0-360 
(140) 0-295J 0-295 
(200) 0-250t 0-245 

t Systematic absence—inferred value. 
t Value deduced from extrapolation. 

The area per unit cell in the substrate plane (ab) is 0-78 nm .̂ Comparison with the 
area per molecule of ~0-40nm^ in the monolayer at the collapse point (Vincett et al. 
1979) indicates that the unit cell contains two molecules in any cross-section and, since 
it extends over two layers, it consists of a total of four molecules. 

4.2. Molecular orientation within the unit cell 
In a previous paper we have shown that it is possible to deduce the orientation of 

rigid moieties in an L B film without carrying out a complete structure determination 
(Earls et al. 1986). The method involves comparison of the experimentally determined 
R H E E D pattern (fig. 2 in this case) with a computer-generated intensity distribution of 
the diffraction pattern of a single moiety. Reasonable values for bond lengths, angles 
and atomic scattering factors for this moiety were chosen (Kitaigorodskii 1961, Weast 
and Astle 1980, Vainshtein 1964) and were used to compute the intensity distribution 
shown in fig. 4. This distribution is plotted on the same scale as fig. 2 to facilitate 
comparison. It is important to note that not all of the atoms in the molecule have been 
included in the computation, but the combined low-angle scattering factor for the 
moiety considered in this particular case is more than 1-4 times that of the remaining 
ones. Further the moiety is expected to display more spatial periodicity so that the 
features of the pattern will be dominated by it. 

There are two possible matches between the experimental pattern and the 
computed distribution. In the first of these, the computed peak in intensity near (0,8) is 
identified with the bright spot in the experimental pattern at (0,8-2) and the computed 
peaks near ( ± 2 , 4 ) with the patches of intensity centred on coordinates ( + 2-4,4) in 
fig. 2. This match is consistent with tilt angles ip of the anthracene long axis to the 
substrate normal in the range 0->13°. The broad nature of the computed peaks, the 
fourfold degeneracy of most of the streaks in the R H E E D pattern and the presence of 
four molecules within the unit cell make it difficult to deduce any other details about the 
molecular orientation or to determine tj/ more accurately. 

There is a second good match at il/ = 6 0 ± l ° . This arises from the hexagonal 
symmetry of graphite from which the anthracene molecule may be considered to be 
derived. This match corresponds to the range of tp from 55->65° which was previously 
reported for C4 anthracene by Vincett and Barlow (1980). Again it is difficult to 
determine other aspects of the molecular orientation. 
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Fig. 4 
9,10-dicarbon a n t h r a c e n e 

- 0 . 2 1. 0 

X AXIS • l O 
Y AXIS • l O 

Computer-generated diffracted intensity distribution for the beam incident normal to the 
anthracene nucleus with its long axis vertical (compare with fig. 2), 

4.3. Stereochemistry and symmetry considerations 
On the basis of Kitaigorodskii's theory of packing of molecular crystals 

(Kitaigorodskii 1973), it is possible to exclude the presence of mirror planes as, in all 
practical situations, these may be replaced by ghde planes to achieve denser packing. In 
addition, the known orientation of amphiphilic molecules by dispersion, dipolar and 
hydrogen bonding forces in L B films, leads to the exclusion of certain symmetry 
elements which would imply the presence of oppositely oriented molecules within the 
same monolayer. These include n-type glide planes in the (100) and (010) orientations 
and 2i screw axes in the [001] orientation. 

Further information may be obtained from a consideration of systematic absences 
such as those indicated by arrows labelled S in the T E D pattern of fig. 3. The condition 
for allowed reflections along the [/lOO] axis ish = 2n and along the [OkO] axis is fc = 2n, 
where n is an integer. There are no systematic absences apparent along the [00/] axis 
(the central normal row of spots) in the R H E E D pattern of fig. 2. On its own this 
observation is inconclusive because of the greater likeHhood of double diff'raction in 
this case. However it is consistent with the result of earher shallow-angle X-ray 
scattering studies of this material (Vincett and Barlow 1980). 
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The relationship between the observed systematic absences and the translational 
symmetry operators giving rise to them has been tabulated for the orthorhombic 
system crystal by Henry, Lipson and Wooster (1960). Taken in conjunction with the 
experimental observations, this implies the presence of only a- and b-typc glide planes 
in the (010) and (001) orientations respectively and excludes the possibility of the 
presence of screw axes. Considering all of these restrictions, only one acceptable space 
group remains and this is Pba2 (Henry and Lonsdale 1952). 

Having determined the space group, it is now possible to return to much more 
specific stereochemical considerations in order to establish which of the two previously 
mentioned ranges of molecular tilt is vaHd. As the 0-34 nm van der Waals thickness of 
the aromatic nucleus is the only molecular dimension smaller than the 0-51 nm a lattice 
parameter, the one-dimensional 'chains' of molecules separated by this distance must 
be in close, face-to-face contact with no intervening molecules. A 'chain' with 0-51 nm 
spacing and a molecular tilt angle i/r in the range 0-* 13° is possible if the projection of a 
onto the aromatic plane is parallel to its short axis. However, consideration of three-
dimensional models shows that there is no obvious correspondence of 'bumps' and 
'hollows' as is required for a stable packing (Kitaigorodskii 1961). To fit the resulting 
molecular chains into the observed unit-cell dimensions requires n-type glide planes in 
the (100) orientation so that the two non-equivalent sets of molecules in the monolayer 
are at different distances from the water or substrate surface. Hence, for these reasons, it 
is possible to reject the structure with a value of ij/ in the range 0->13°. 

Only one possible range of molecular tilt remains, namely i/'s 60°. Models of such 
'chains' can be built with the projection of the unit-cell vector a onto the aromatic plane 
lying almost parallel to its long axis. With a repeat spacing of 0-51 nm, the alkyl 
sidechains of adjacent molecules are in van der Waals contact, so that this corresponds 
to a local energy minimum. These chain models have been stacked to form a bulk 
packing with Pbal orthorhombic symmetry and it has been shown that the unit-cell 
parameters can be adjusted to correspond to the observed values. Hence this packing 
provides a unique fit to the experimental results. 

Close inspection of the bulk-packing model revealed that there is a considerable 
range of possible values for the b lattice vector spacing. Changes in b are readily effected 
by contrarotating the a-axis 'chains' around their axes. Taken in conjunction with the 
dense packing in the a direction, it follows that on the water surface, dislocations must 
be highly mobile along the associated glide planes (Friedel 1964). 

4.4. Structure—property relationships 
The L B film materials that are most well behaved on a water surface are the long-

chain fatty acids. It is believed that their fluidity is largely due to the fact that they form 
two-dimensional rotator phases (Losche, Rabe, Fischer, Rucha, Knoll and Mohwald 
1984, Peterson and Russell 1985). These are analogous to three-dimensional plastic 
crystal phases (Sherwood 1979) which are readily deformed. However, because of the 
face-to-face contact of the anthracene nuclei, free rotation of molecules is clearly not 
possible in monolayers of this material. It is therefore proposed that their fluidity is 
related to the high mobility of dislocations along the (100) orientation glide plane. 

It has recently been shown (Peterson 1986) that the defects responsible for 
conduction in L B films of fatty acids are associated with disclinations of the hexagonal 
symmetry water-surface structure. The present study indicates that the packing of C4 
anthracene has only twofold rotational symmetry, so that the lowest energy 
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disclination has a 'Burgers angle' of 180°. It is suggested that dischnations in C4 
anthracene monolayers are too energetic to be created during spreading thereby 
explaining the observed low incidence of defect conduction in the resulting films. 

§5. CONCLUSIONS 

Both the R H E E D and T E D patterns obtained from L B films of C4 anthracene are 
in good agreement with each other and with the accepted multilayer model of Y-type 
films. The consistency of the results of the two different electron diffraction techniques 
indicates that the structure of C4 anthracene L B films is the same on both A I 2 O 3 and 
SiOz substrates. The present study confirms the conclusion of Vincett and Barlow 
(1980) concerning the molecular orientation in these films and narrows the probable 
range of long-axis molecular tilt to 60+1° . It supersedes their investigation by 
demonstrating that there are four molecules per unit cell, and extends it by defining the 
unit-cell parameters and space-group symmetry. 

It is considered that the proposed connections between film structure and 
properties, both in relation to monolayer water-surface fluidity and metal-LB-metal 
conduction will be of great importance in guiding the design of molecular assemblies to 
perform electronic functions. 
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ABSTRACT 

The synthesis of a new amphiphilic molecule, 4-heptadecylamido-4'-

n i t r o s t l l b e n e , i s described together w i t h the formation of st a b l e , high 

q u a l i t y Langmuir-Blodgett m u l t i l a y e r s . The m a t e r i a l i s s u i t a b l e f o r the 

i n v e s t i g a t i o n of non-linear o p t i c a l e f f e c t s i n organic s u p e r l a t t l c e s . 
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I n t r o d u c t i o n 

D e v i c e s p r o c e s s i n g o p t i c a l s i g n a l s r e q u i r e a range of m a t e r i a l s w i th 

w e l l d e f i n e d p r o p e r t i e s ; both convent iona] . l inear low l o s s m a t e r i a l s and 

those e x h i b i t i n g v a r i o u s k inds of n o n - l i n e a r behaviour are n e c e s s a r y . I f 

such d e v i c e s are to be r e a l i z e d in a u s e f u l form the p u r i t y 

s p e c i f i c a t i o n s w i l l have to be s t r i n g e n t l y d e f i n e d so as to ensure 

a b s o l u t e r e p r o d u c i b i l i t y ; f u r t h e r m o r e , the m a t e r i a l s w i l l need to be 

s u f f i c i e n t l y s t a b l e to ensure c o n s i s t e n t performance dur ing a long dev ice 

l i f e t i m e . I t has been known f o r some time t h a t i n o r g a n i c d i e l e c t r i c s 

such as l i t h i u m n i o b a t e and potass ium dihydrogen phosphate e x h i b i t 

n o n - l i n e a r o p t i c a l e f f e c t s and are s t a b l e . More r e c e n t l y i t has been 

shown t h a t c e r t a i n o r g a n i c m a t e r i a l s a l s o d i s p l a y n o n - l i n e a r behaviour 

and i t has been demonstrated that t h e i r n o n - l i n e a r c o e f f i c i e n t s can be 

much l a r g e r than those of i n o r g a n i c s ^'''^ These o r g a n i c s g e n e r a l l y 

c o n s i s t of a p o l a r i z a b l e d e l o c a l i z e d T i - e l e c t r o n system w i t h donor and 

a c c e p t o r s u b s t i t u e n t groups at i t s e x t r e m i t i e s ; 

4 - d i m e t h y l a m i n o - 4 ' - n i t r o s t i l b e n e i s a good example of the genre. A 

n e c e s s a r y c o n d i t i o n f o r the o b s e r v a t i o n of a f i n i t e second order 

n o n - l i n e a r s u s c e p t i b i l i t y i s that the environment of the molecule i n the 

s o l i d s t a t e does not posses s a c e n t r e of symmetry; t h i s c o n d i t i o n i s not 

guaranteed i n a mo lecu lar c r y s t a l . The Langmuir-Blodget t (LB) technique 

p r o v i d e s an e legant method f o r f a b r i c a t i n g m u l t i l a y e r s of a m p h i p h i l i c 

(2) 

m o l e c u l e s . M u l t i l a y e r s of d i f f e r e n t m a t e r i a l s can be cons truc ted i n a 

predetermined sequence a l l o w i n g s u p e r l a t t l c e s to be prepared i n which the 

o v e r a l l t h i c k n e s s , the sjTnmetry p r o p e r t i e s , and the d i r e c t i o n of the 

m o l e c u l a r d l p o l e s are p r e c i s e l y d e f i n e d . In order to i n v e s t i g a t e the 

p r o p e r t i e s of such s u p e r l a t t i c e s i t would be d e s i r a b l e to have a range of 

a m p h i p h i l i c molecules a v a i l a b l e which form s t a b l e w e l l ordered LB 



m u l t i l a y e r s and d i s p l a y appropr ia te r o n - l i n e a r o p t i c a l behaviour . 

Examples of molecu les which have beer, reported to f u l f i l these 

requ irements are the merocyanlne cyc^"^ d'^ and the hcmicyanine dyc^ ^ 

( 2 ) . 

(1) 

I n t h i s paper we d e s c r i b e the s y n t h e s i s ;)f a new compound having n l t r o 

a c c e p t o r and a l k y l a m l d o donor groups, and r e p o r t i t s LB m u l t i l a y e r 

forming c h a r a c t e r i s t i c s . 

E x p e r i m e n t a l 

4 ) - N - h e p t a d e c y l a m i d o - A ' - n i t r o s t i l b e n e (4HAKS) was s y n t h e s i s e d v i a a three 

s tep r o u t e from ' i - n l t r o b e n z y l c h l o r i d e . 4 , A ' - D i n i c r o s t i l b e n e was prepared 

and reduced to g ive 4 - a m i n o - A ' - n i t r o s t i l b e n e f o l l o w i n g e s t a b l i s h e d 

p r o c e d u r e s A c y l a t i o n wi th octadecanoyl c h l o r i d e i n p y r i d i n e and 

CH^Cl^ gave the t a r g e t compound in 50A o v e r a l ] y i e l d a f t e r p u r i f i c a t i o n . 

A - N - h e p t a d e c y ] a m l d o - 4 ' - n i t r o s t i l b e n e , an orange/ved compound, was 

p u r i f i e d by r e c r y s t a ] l i z a t i c n from chloroform f o l j o v e d by coluir.n 

chromatography ( n e u t r a l a l u i r . i n a / c M o r c f o r n i ) : I r vp.s e s s e n t i a l to s h i e l d 

the m a t e r i a l from l i g h t dur ing t h e F . e man ipu la t ions . AHAKS was shown to 
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be a s i n g l e component by hplc. The I n f r a r e d spectrum was recorded as a 

KBr disc and displayed absorptions at 3280cm ^ (N-H s t r e t c h i n trans 

secondary amide), 2960-2820cm~'^ ( a l i p h a t i c C-H s t r e t c h ) , 1660 and 

1590cm ^ (secondary amide I and I I bands), and 1510 and 13A5cm 

( r e s p e c t i v e l y asymmetrical and symmetrical s t r e t c h i n g bands of aromatic 

n i t r o group). Monolayer studies were conducted using a constant 
(2) 

perimeter trough which has been described previously . The m a t e r i a l 

(4HANS) was spread from an approximately 2x10 M s o l u t i o n i n chloroform 

( " A r i s t a r " grade) onto a water subphase at a temperature of 'approximately 

20''C. The water was p u r i f i e d by • reverse osmosis, followed by 

d e i o n l z a t l o n through a M i l l i p o r e M i l l i - Q system; the subphase pH was 

adjusted by a d d i t i o n of HCl or NH^OH, and where appropriate "Analar" 
- 4 

grade CdCl^ was added t o give an approximately 2x10 M s o l u t i o n . 

Surface pressure/area Isotherms were obtained by compressing the 

monolayer at a constant r a t e and simultaneously recording the surface 

area and pressure. Monolayer s t a b i l i t y studies were performed by 

maintaining the surface pressure at a constant value and monitoring the 

surface area as a f u n c t i o n of time. During LB f i l m deposition the 

substrates were rais e d and lowered through the f l o a t i n g monolayer of 

4HANS at a speed of approximately 2mm rain ^, w h i l s t the surface pressure 

was maintained at a value of 32mN m A v a r i e t y of d i f f e r e n t 

substrates were used w i t h d i f f e r e n t surface p r o p e r t i e s ; s i l i c o n wafers 

and glass s l i d e s (Corning 7059) were thoroughly cleaned to provide 

h y d r o p h i l i c surfaces and i n some cases they were f u r t h e r treated w i t h 

d i c h l o r o d i m e t h y l s i l a n e to provide hydrophobic surfaces; a l a y e r ' of 

aluminium approximately lOOnm t h i c k was evaporated onto h y d r o p h i l i c glass 

s l i d e s to provide an aluminium oxide surface. 
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Results and Discussion 

A t y p i c a l surface pressure versus surface area isotherm f o r 4HANS i s 

shown i n Figure 1, which also shows the molecular s t r u c t u r e of the 

m a t e r i a l . The isotherm was reproducible in the pH range 3.7 to 9.3 and 
2-1-

was unaffected by the presence or absence of Cd i o i i s . Repeated cycles 
2 - 1 

of compression at rates of approximately 7ctn s . to a surface pressure of 

30mN m ^ followed by expansion did not give any appreciable change i n the 

Isotherm. The surface area of a monolayer compressed to a surface 

pressure of 32niN m ^ was observed to decrease w i t h time, see Figure 2. 

The e f f e c t of the nature of the subphase on the rat e of decrease i n area 

was s t u d i e d by monit o r i n g the change i n area over a period of several 

hours f o r a v a r i e t y of d i f f e r e n t subphase condit i o n s . I t was observed 

t h a t the most stable monolayers were obtained i n the pH range 5.5 to 9.0. 
These decay curves could not be f i t t e d to standard decay models, such as 

- k t 

Area = Ce (where C, k are constants, and t = time) f o r simple 

d i s s o l u t i o n , since the t=0 p o s i t i o n could not be accurately defined. The 

general appearance of the curve i s t y p i c a l of a good LB f i l m forming 

m a t e r i a l and monolayers were s u f f i c i e n t l y s t a b l e f o r t r a n s f e r t o a 

subs t r a t e . LB m u l t i l a y e r s were r e a d i l y produced on a v a r i e t y of 

surfaces: h y d r o p h i l i c and hydrophobic glass and s i l i c o n , and aluminium 

oxide. Film t r a n s f e r was Y-type w i t h a deposition r a t i o very close to 

u n i t y . Absorption spectra were recorded using a Gary 2300 

spectrophotometer f o r m u l t i l a y e r s of d i f f e r e n t thickness, see Figure 3. 

The spectra were recorded i n transmission so that layers on both sides of 

the glass s l i d e c o n t r i b u t e d to the absorption. The spectrum of 4HANS I s 

shown as an i n s e t i n Figure 3; the ma t e r i a l i s e s s e n t i a l l y transparent 

above 500nm, which i s appropriate f o r s i g n a l processing a p p l i c a t i o n s f o r 

most of the v i s i b l e spectrum. The s t r a i g h t l i n e f i t to the p l o t of 
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absorbance at 370nm versus number of layers i s I n d i c a t i v e of good LB 

m u l t i l a y e r formation; the f a c t that the points derived from h y d r o p h l l l c 

and hydrophobic substrates l i e on the same l i n e i ndicates that 4HANS has 

wide a p p l i c a b i l i t y . The absorbtion spectrum of a sample containing 46 

layers of 4HANS was unchanged i n p r o f i l e or i n t e n s i t y over a period of 

several months i n d i c a t i n g the s t a b i l i t y of the dye i n the LB m u l t i l a y e r 

form; i n d i l u t e chloroform s o l u t i o n 4HANS i s bleached w i t h i n a few weeks. 

The donor capacity of the alkylamido group i n 4HANS i s lower than 

t h a t of the t e r t i a r y amine group present i n the hemicyanine dye(2) and 

consequently i t might be a n t i c i p a t e d that 4HAliS would display a somewhat 

reduced capacity f o r second harmonic generation; nevertheless, i t was 

hoped t h a t the secondary amide f u n c t i o n might convey a measure of 

s t a b i l i t y t o the ordered f i l m s v i a intermolecular hydrogen bonding and 

th a t t h i s might o f f s e t the reduced non-linear e f f e c t . Second harmonic 

generation has now been demonstrated from monolayers and from m u l t i l a y e r 

s t r u c t u r e s produced by a l t e r n a t i n g 4HANS w i t h layers of an " i n e r t " f a t t y 

acid spacer (cadmium a r a c h i d a t e ) . A s t r u c t u r e has also been produced i n 

which the 4HANS i s a l t e r n a t e d w i t h the hemicyanine dye. I n the l a t t e r 

m a t e r i a l the donor and acceptor groups are positioned i n the opposite 

sense w i t h respect t o the hydrocarbon chain, see (2) above. Thus the 

second order non-linear molecular p o l a r l z o b i l i t i e s should be a d d i t i v e ; 

the r e s u l t s of t h i s i n v e s t i g a t i o n w i l l be described elsewhere^^\ 

Conclusions 

4-N-Heptadecylamido-4'-nltrostilbene i s a new LB f i l m forming 

m a t e r i a l which shows e x c e l l e n t m u l t i l a y e r forming p r o p e r t i e s . The 

molecule contains a delo c a l i z e d Tr-electron system s u b s t i t u t e d w i t h donor 

and acceptor groups and displays non-linear o p t i c a l behaviour. Detailed 

studies of supermolecular arrays containing 4HANS are proceeding. 
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Figure Captions 

Figure 1 Surface pressure-ar^a isotherm f o r 4HANS on a subphase of 
aqueous CdCl ,2xlO~ M at pH 5.8 and a temperature of 23°C. 
I n s e t , the moT.ecular formula of 4HANS 

Figure 2 P l o t of area ( r e l a t i v e to i n i t i a l value) versus time f o r a 
4HANS monolayer maintained at a surface pressure of 32mN m~ on 
a subphase of aqueous CdCl„,2xl0" M at pH 5.7-5.8 and a 
temperature of 23°C. 

Figure 3 Absorbance at 370nm versus number of monolayers f o r LB f i l m s of 
4HANS on glass substrates; x - h y d r o p h i l i c glass, o-hydrophobic 
glass. I n s e t , absorption spectrum f o r a 46 layer specimen. 
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A HIGHLY ORDERED LANGMUIR BLOPGETT 
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Department of Chemistry, U n i v e r s i t y of Durham, 

South Road, Durham, DHl 3LE. 

There i s an increasing i n t e r e s t i n the e x p l o i t a t i o n of t h i n f i l m s 

of organic non-linear o p t i c a l m aterials f o r si g n a l processing 

a p p l i c a t i o n s ^ ^ \ Such layers may be produced i n a v a r i e t y of ways; one 

p a r t i c u l a r l y elegant technique i s the method pioneered by Langmuir and 
(2) 

Blodgett . This allows amphiphilic organic molecules to be assembled 

I n t o l ayers of a very p r e c i s e l y defined symmetry and thickness. 

Langmulr-Blodgett (LB) m u l t i l a y e r f i l m s of a wide range of materials can 

now be e a s i l y produced, w i t h thicknesses up t o a few micrometres. 

However, the success of the deposi t i o n and the q u a l i t y of the f i l m s 

depend c r i t i c a l l y on the s t r u c t u r e of the f i r s t monolayer^^\ Recently, 

i t has been shown t h a t monolayers of c e r t a i n m aterials can be imaged 
(4) 

d i r e c t l y by transmission e l e c t r o n microscopy . I n t h i s work we report 

on the exceptional degree of s t r u c t u r a l order revealed by r e f l e c t i o n 

high energy e l e c t r o n d i f f r a c t i o n (RHEED) studies of monolayer f i l m s of 

4-N-heptadecylamldo-4'-nltrostilbene (4HANS), a ma t e r i a l w i t h p o t e n t i a l 

n o n - l i n e a r o p t i c a l a p p l i c a t i o n s ^ ^ ' ^ ^ S i m i l a r studies showed that 

monolayers of an amine analogue of 4HANS were noticeably less w e l l 

ordered. I t I s I n f e r r e d t h a t . I n the case of 4HANS, the monolayer 

s t r u c t u r e I s predominantly s t a b i l i s e d by hydrogen bonding. 

A t y p i c a l 80kV RHEED p a t t e r n obtained from an LB monolayer of 4 

HANS (molecular formula shown i n f i g u r e l a ) , deposited w i t h the 

* Present Address: Department of Engineering Science, U n i v e r s i t y of 
Oxford, Parks Road, Oxford, 0X1 3PJ. 
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chromophore adjacent to the {111} S i substrate, i s shown i n f i g u r e 2. 

The high degree of s t r u c t u r a l order i s remarkable f o r an LB f i l m and 

s i g n i f i c a n t l y b e t t e r than has been observed f o r simple f a t t y - a c i d 
(7-9) 

assemblies . I d e n t i c a l p a t t e r n s were recorded over a range of 

subphase conditions and also when {100} Si substrates were used. 

Further, i t i s Important t o note t h a t the p a t t e r n obtained was 

independent of the d i r e c t i o n of the i n c i d e n t e l e c t r o n beam i n the plane 

of the f i l m . The l a t t e r observation i n d i c a t e s t h a t the la y e r i s 

comprised of a mosaic s t r u c t u r e of grains i n which the long axes of a l l 

the chromophores have a common t i l t angle away from the substrate 

normal, but i n which the t i l t azimuth varies from g r a i n to g r a i n . The 

p a t t e r n contains a rectangular m a t r i x of r e f l e c t i o n s i n which the 

d i f f r a c t i o n spots located along the substrate normal and p a r a l l e l t o the 

shadow edge of the substrate correspond t o I n t e r p l a n a r spaclngs of 

1.24nm and 1.28nm, and sub-multiples of these, r e s p e c t i v e l y . However, 

due t o systematic absences, i t should be noted tha,t the la r g e s t 

d-spacing measured I n the d i r e c t i o n along the substrate normal i s 

0.62nm. The d-spaclngs f o r planes l y i n g p a r a l l e l to the substrate 

should correspond to some intramolecular p e r i o d i c i t y , whereas the 

spacings f o r planes perpendicular to i t should correspond to 

int e r m o l e c u l a r distances; I t seems l i k e l y t h a t the monolayer s t r u c t u r e 

w i l l be s t a b l i z e d by hydrogen bonding between the hydrogens and carbonyl 

oxygens of amide groups i n adjacent molecules. 

During the course of t h i s i n v e s t i g a t i o n , monolayers of an analogue 

(molecular formula given i n f i g u r e l b ) of 4HANS were also studied using 

RHEED; a t y p i c a l d i f f r a c t i o n p a t t e r n , also recorded at 80kV, i s shown i n 

f i g u r e 3. Although t h i s p a t t e r n i s s i m i l a r to tha t of f i g u r e 2 

( i n d i c a t i n g the same basic packing arrangement), most of the d i f f r a c t i o n 
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spots are of a s i g n i f i c a n t l y lower i n t e n s i t y than are the corresponding 

r e f l e c t i o n s obtained from monolayers of 4HANS. The e s s e n t i a l d i f f e r e n c e 

i n the molecular s t r u c t u r e of 4HANS and the analogue i s t h a t the amide 

group i n the former m a t e r i a l has been replaced by a simple amine. Thus 

the p o s s i b i l i t y of hydrogen bonding between the adjacent chromophores i n 

the monolayer I s s u b s t a n t i a l l y reduced. We ther e f o r e conclude t h a t such 

i n t e r a c t i o n s play a dominant r o l e i n the in-plane o r d e r i n g of the 

molecules i n monolayers of 4HANS. 

The d i f f r a c t i o n p a t t e r n I n f i g u r e 2 in d i c a t e s t h a t the chromophores 

are extremely well-ordered; however, the reverse i s tr u e of the 

hydrocarbon t a i l s . RHEED patt e r n s from LB f i l m s of f a t t y acids display 

c l e a r arcs due t o the orde r i n g of the hydrocarbon chains^^^; i n 

corresponding p o s i t i o n s , d i f f r a c t i o n patterns of 4HANS show at best only 

f a i n t d i f f u s e r i n g s . This i s t o be expected when considering the 

d i f f e r e n c e I n cross-section between the chromophore and the t a i l ; even 

when the chromophores are close-packed, there I s s t i l l room f o r motion 

of the t a i l s , thereby reducing t h e i r order. I n contr a s t t o t h i s 

behaviour, the RHEED p a t t e r n s from monolayers of the analogue of 4HANS 

di s p l a y c l e a r arcs (as at A i n f i g u r e 3) corresponding to ordering of 

the hydrocarbon t a i l s . This suggests t h a t the removal of the carbonyl 

group reduces the e f f e c t i v e size of the chromophore and enables the 

closer approach of the t a i l s . Thus, although the molecules may be 

s l i g h t l y closer packed i n monolayers of the analogue. I n 4HANS the order 

of the chromophore s e c t i o n of the molecule i s more regu l a r due to the 

s t a b i l i z i n g i n f l u e n c e of Intermolecular hydrogen bonding. 

M u l t i l a y e r f i l m s of 4HANS can be b u i l t up using the conventional 

Langmulr-Blodgett technique, the bonding between the f i r s t and second 

lay e r s being t a i l - t o - t a l l , and tha t between the second and t h i r d layers 
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being head-to-head, e t c . ^ ^ ^ From previous work on the e p i t a x i a l 
(3) 

d e p o s i t i o n of LB layers , i t might be expected t h a t the exceptional 

degree of order i n the f i r s t monolayer of 4HANS would give r i s e to a 

very high q u a l i t y m u l t i l a y e r s t r u c t u r e . Therefore RHEED studies were 

performed on a number of LB f i l m s of 4HANS (over the thickness range 3 

to 15 monomolecular l a y e r s ) . However, the r e s u l t i n g d i f f r a c t i o n 

p a t t e r n s were i n d i c a t i v e of progressively poorer c r y s t a l l i n e order w i t h 

Increasing thickness. This e f f e c t i s perhaps not s u r p r i s i n g when one 

considers the r e l a t i v e l y poor order of the hydrocarbon t a i l s i n the 

4HANS monolayer. Molecules w i t h a more uniform cross section would 

probably be more d e s i r a b l e f o r high q u a l i t y m u l t i l a y e r formation. 

I n conclusion, we have reported on the e x c e l l e n t c r y s t a l l i n l t y of 

an LB monolayer of a s u b s t i t u t e d amldo n l t r o s t l l b e n e . The RHEED pa t t e r n 

obtained from i t can be explained i n terms of a s t r u c t u r e which i s 

h i g h l y s t a b l i z e d by hydrogen bonding. A more rigorous analysis of the 

d i f f r a c t i o n p atterns i s c u r r e n t l y being undertaken t o deduce the 

o r i e n t a t i o n of the r i g i d chromophores by matching the RHEED patterns t o 

a computer generated i n t e n s i t y d i s t r i b u t i o n of the d i f f r a c t i o n p a t t e r n 

of a s i n g l e molety^^^*^'^\ and to explain the o r i g i n of the very large 

d-spaclngs both normal and p a r a l l e l t o the substrate plane. 
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FIGURE CAPTIONS 

1. Molecular formulae of 

(a) 4HANS 

(b) Amine analogue of 4HANS 

2. 80kV RHEED p a t t e r n obtained from a monolayer of 4HANS deposited on 
a { i l l } S i sub s t r a t e . 

3. 80kV RHEED p a t t e r n obtained from a monolayer of the amine analogue 
of 4HANS deposited on a ( i l l } Si sub s t r a t e . 
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SECOND H A R M O N I C GENERATION F R O M 
LB SUPERLATTICES C O N T A I N I N G T W O 
A C T I V E C O M P O N E N T S 

iiiiimmiiiiii 

Indexing terms: Semiconductor devices and materials, 
Langmuir-Blodgett films 

Second harmonic generation has been observed from 
Langmuir-Blodgett multilayer arrays containing two active 
components. Both materials were based on long chain 
donor-acceptor dye compounds, but were designed with the 
donor-acceptor groups in opposite senses with respect to the 
hydrocarbon chain. Preliminary results indicate a significant 
enhancement of the second-order polarisability for this type 
of supermolecular array. 

The Langmuir-Blodgett (LB) technique provides a means to 
exploit the nonlinear optical properties of certain organic 
materials. In previous publications second harmonic gener­
ation from monolayers and multilayers of merocyanine' -̂  and 
hemicyanine^ dyes has been described. Whereas these studies 
involved the dye layers spaced by inert fatty acid layers in 
order to produce noncentrosymmetric structures, in this letter 
we report on second harmonic generation from a multilayer 
system in which two diflferent dyes are alternated. One of the 
materials is the hemicyanine^ (Fig. la); the other, a long chain 
nitrostilbene (Fig. lb), has been engineered with its donor-
acceptor groups in the opposite sense, with respect to the 
hydrocarbon chain, to those of the hemicyanine. Thus, when 
the two dyes are alternately transferred to a substrate using 
|the L B process, the individual second-order nonlinear molecu­
lar polarisabilities should be additive. 

Fig. 1 
a Hemicyanine dye 
b Nitrostilbene dye 

The 4-heptadecylamido-4'-nitrostilbene was synthesised fol­
lowing the method of Calvin and Buckles* and derivatised by 
r|eacting with the appropriate acid chloride. L B films were 
prepared using a constant-perimeter-type trough, and using 
procedures that have been discussed previously.'"' Fig. 2 
shows the sample configurations that were used in this investi­
gation. To prepare the alternating structures (Fig. 2b), the 
hemicyanine dye was spread as a 4-2 x 10" M solution in 
chloroform on to an aqueous subphase (temperature ~20°C, 
pH ~ 9 0); the film was compressed to a surface pressure of 
35 m M m " ' and subsequently transferred to the substrate at 
2 mmmin"' on each upstroke. The nitrostilbene material was 
spread as a 2 x 10"' M solution in chloroform (subphase 
condition as foFthe "hemicyanine), compressed to a surface 
pressure of 32 mN m"', and then deposited at 2 mm min"' 
on each downstroke of the substrate. Monolayers of the nitro-
sjilbene (Fig. 2a) were deposited at 2 mms"' on withdrawal 
ojf the substrate from the subphase (at pH ~ 5 5). All films 

ere built up on hydrophilic Corning 7059 glass microscope 
slides. 

— O = hemicyani'ne 

: nitrostilbene mm 

Fig. 2 Schematic diagrams of sample configurations used in experiments 
described in text 

For the second harmonic measurements, light (Q-switched 
Nd Y A G , 1064 /jm, 25 ns FWHM), polarised either parallel 
(p) or perpendicular (s) to the plane of incidence, was directed 
at a 45° angle of incidence on to the sample.' The second 
harmonic radiation (532 nm) was detected in both reflection 
(R) and transmission (T) geometries. Pulse energies of up to 
2 mJ with a beam diameter of approximately 200 pirn were 
used for all the measurements on the L B films. Absolute 
values of the electric field at 532 nm [£(2w)] were obtained by 
calibrating the system against the ^ nonlinear coefficient of 
a y-cui quartz wedge.' 

All the L B film samples studied in this work exhibited 
second harmonic generation. Regions of the substrates free of 
film gave no detectable signal, confirming that the observed 
radiation was a property of the organic layer. The second 
harmonic signals, being quadratic in incident laser energy, 
were normalised by dividing by the square of the incident 
laser energy. These are summarised in Table 1 in terms of the 
incident [£(cu)] and signal [£(2a))] electric field strengths. 
Thus r ' ' " ' ' = |£ ' ' (2w ) |V|£ ' '{co) |* represents p-polarised inci­
dent and signal intensities in the transmission geometry; a 
corresponding notation is used for the other polarisation and 
geometry. It should be noted that the T'"'' and R'"'' inten­
sities were of the same order. 

Table 1 C A L I B R A T E D SIGNAL S T R E N G T H S 
( 1 0 - " m ^ V - 2 + 10%) O B T A I N E D FOR 
S A M P L E S SHOWN IN F I G . 2 

y(2) '•ii" 
Sample T"^" « 1 

Fig. 2a 0-7 01 01 30 20 4-7 
Fig. 2b 7-3 10 0-3 110 4-4 160 

(region 1) 
Fig. 2b (2) 79-6 I M 4-3 380 150 520 
Fig. 2h (3) 350-5 24-7 161 910 300 980 

Derived second harmonic surface susceptibilities 
(10 •'^CmV -), which still include the dielectric constants normal to 
the film, were obtained using the analysis of Girling et a/.' 

In all cases the p-polarised transmission signals were 
approximately ten times greater than those measured in reflec­
tion. This is consistent with an almost perfect vertical align­
ment of the dyes, which is also suggested by the weaker 
signals obtained for the .s-polarised incident radiation. The 
absence of significant (<01 m^V~^) s-polarised second har­
monic radiation indicates that the tilt of the dye molecules 
relative to the substrate normal is averaged out within a 
second harmonic wavelength, resulting in no observable 
macroscopic anisotropy. 

The data have been analysed in terms of the second harmo­
nic surface susceptibilities (2'̂ *) for the thin organic layers 
using the approach of Girling et al} This requires knowledge 
of the linear dielectric constant components normal to the 
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substrate in each of the films; the values are required at fre­
quencies of both CO (g,) and 2co ( E 2 ) . Because of the sensitivity 
of the results to the dielectric properties, the susceptibilities 
given in Table 1 include these quantities. On the assumption 
that the underlying molecular polarisabilities are dominated 
by single components along the long molecular axis, then the 
jf!?̂ ' coefTicients should be symmetric to permutation of the 
subscripts. A comparison of the last two columns of Table 1 
therefore leads to EJ ~ 3ei, not inconsistent with the second 
harmonic energy being close to the lowest electronic molecu­
lar excitation.* Taking a resonable, nonresonant value £ 1 = 2 
for both dyes, the above symmetry condition gives EJ = 4-7 
and E 2 = 7-8 for the nitrostilbene and hemicyanine, respec­
tively. These values are similar to those deduced from an 
observation of shifts in the surface plasmon resonance curves 
for the dyes deposited on to silver. Using an approximate 
surface density of 4 x 10'* cm"-^ for both molecules, the 
second-order microscopic polarisabilities f} and their average 
polar angle relative to the substrate normal, iji, could be calcu­
lated;^ these are shown in Table 2. The values for the 
nitrostilbene/hemicyanine bilayers were obtained by subtrac­
ting the figures given in the last two rows of Table 1. 

Table 2 D E R I V E D P O L A R I S A B I L I T I E S P AND 
A V E R A G E P O L A R A N G L E ij} D E D U C E D 
F R O M DATA IN T A B L E 1 AND A S S U M I N G 
s, = 2 

1 0 - ' ° C^m^J--
Nitrostilbene 21-5 + 5 30° 
Hemicyanine 116 +20 24° 
Bilayer 316 +60 23° 

The figure obtained for the hemicyanine dye is in good 
agreement with that obtained previously.^ The P coefficient 
for the nitrostilbene is slightly smaller than the value obtained 
for the parent (unsubstituted) molecule.* This may well be 
explained by the decreased strength of the donor group in our 
material (being an amide rather than an amine). It is clear that 
the bilayer is a much superior second harmonic material than 
is predicted by a simple addition of the p coefficients of the 
separate layers. In the measurements reported here the second 
harmonic intensity is expected to increase quadratically with 
the number of bilayers; ignoring the effect of the first hemi­
cyanine layer, Table 1 reveals that this is approximately the 
case. However, data for a much larger thickness range are 
clearly required before a detailed discussion on this aspect of 
the work is undertaken. 

For the first time optical nonlinearity in an alternating 
donor-acceptor: inverted donor-acceptor dye multilayer has 
been demonstrated. The second-order polarisability for the 
bilayer is found to be much greater than that expected by 
simply adding the polarisabilities for the individual dye mono­
layers. 
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A b s t r a c t 

Second harmonic g e n e r a t i o n has been observed 
from Langmulr-Blodgett monolayers and a l t e r n a t i n g 
m u l t i l a y e r s of a hemlcyanine and each of two 
n l t r o s t l l b e n e dyes. The n o n - l i n e a r response of a 
h e m l c y a n l n e / n i t r o s t l l b e n e b l l a y e r i s shown to be 
g r e a t e r than t h a t expected from the simple a d d i t i o n 
o f c o n t r i b u t i o n s a r i s i n g from the i n d i v i d u a l 
(separated) monolayers. The unexpected enhancement 
of the second harmonic I n t e n s i t y upon d i l u t i n g a 
monolayer of an a c t i v e dye w i t h a passive f a t t y 
a c i d m a t e r i a l i s also described. 

1. I n t r o d u c t i o n 

C e r t a i n organic m a t e r i a l s e x h i b i t l a r g e 
n o n - l i n e a r o p t i c a l c o e f f i c i e n t s , o f t e n c o n siderably 
l a r g e r than d i s p l a y e d by " c o n v e n t i o n a l " I n o r g a n i c 
d i e l e c t r i c s such as l i t h i u m niobate or potassium 
dlhydrogen phosphate [ 1 ] . The second-order 
n o n - l i n e a r i t i e s d i s p l a y e d by bulk organic c r y s t a l s 
can be t r a c e d back t o the second-order 
h y p e r p o l a r l z a b l l l t l e s (6) o f t h e i r c o n s t i t u e n t 
molecules, which u s u a l l y c o n t a i n donor and acceptor 
groups separated by a conjugated system. However, 
i n o r ganic s i n g l e c r y s t a l s the i n h e r e n t molecular 
n o n - l i n e a r i t y i s o f t e n not manifested at a 
macroscopic l e v e l due to a tendency to c r y s t a l l i z e 
c e n t r o s y m m e t r i c a l l y and thereby cancel the 6's (6 
i s a t h i r d rank tensor and t h e r e f o r e has p r o p e r t i e s 
s i m i l a r to a v e c t o r ) . The Langmuir-Blodgett (LB) 
technique I s an elegant method o f assembling 
amph L p h l l l c organic molecules i n t o l a y e r s of a w e l l 
d e f i n e d thickness [ 2 ] and alignment; i t thus 
prov-des a means to e x p l o i t the n o n - l i n e a r o p t i c a l 
p r o p e r t i e s of the i n d i v i d u a l molecules. Moreover, 
by a l t e r n a t i n g l a y e r s of d i f f e r e n t m a t e r i a l s , 
supermolecular a r r a y s may be f a b r i c a t e d possessing 
the 1 r e q u i s i t e non-centrosymmetrlc c r y s t a l 
s t r u c t u r e . 

Previous p u b l i c a t i o n s [3,4] have d e t a i l e d 
s t u d i e s o f second harmonic generation (SHG) from 
a l t e r n a t e l a y e r s t r u c t u r e s i n which the a c t i v e dye 
l a y e r s are spaced by I n e r t l a y e r s of a f a t t y a c i d . 
Recently [ 5 ] we have r e p o r t e d on SHG from 
s t r u c t u r e s i n which the f a t t y acid was replaced by 
a second a c t i v e dye m a t e r i a l ; the two dyes used 
were a hemlcyanlne ( I , f i g u r e 1) and an 
a m l d o n i t r o s t l l b e n e ( I I , Figure 1 ) . Dyes I and I I 
were engineered w i t h t h e i r donor-acceptor groups I n 

opposite senses w i t h respect to t h e i r hydrocarbon 
chains so t h a t when the two dyes are a l t e r n a t e l y 
t r a n s f e r r e d to a substrate using the LB process, 
the i n d i v i d u a l second order molecular 
h y p e r p o l a r i z a b l l l t i e s should he a d d i t i v e . 
P r e l i m i n a r y r e s u l t s on very small numbers of l a y e r s 
seemed to i n d i c a t e t h a t the e f f e c t i v e B f o r a p a i r 
of molecules of I and I I i n a b l l a y e r was much 
gre a t e r than t h a t expected by simply adding the B's 
f o r the i n d i v i d u a l molecules [ 5 ] ; i n t h i s paper the 
i n v e s t i g a t i o n has been extended to greater numbers 
of l a y e r s . 

C22H45 

Br 

NO2 NO2 

I i r H 
Hcmicyonirw Amidonitrostilbcnc AminonilrostilberK 

Figure 1 Molecular formulae o f the dyes employed 
i n t h i s study 

The s t r e n g t h o f the donor group i n I I i s 
l i k e l y to be reduced by the presence of the 
adjacent carbonyl group; compound I I I ( f i g u r e 1) 
was t h e r e f o r e synthesized i n which the amide group 
of I I i s replaced by an amine group. Studies of 
SHG from monolayers of I I I , and also from 
m u l t i l a y e r s i n which I I I i s a l t e r n a t e d w i t h I , were 
performed and the r e s u l t s are contrasted w i t h those 
from I I . 

Not a l l s u b s t i t u t e d dye m a t e r i a l s w i l l form 
homogeneous LB f i l m s ; some have to be d i l u t e d w i t h 
a f a t t y a c i d by up to a f a c t o r of ten i n order to 
render them s u i t a b l e f o r d e p o s i t i o n by the LB 
technique. I t was t h e r e f o r e of I n t e r e s t to use the 
hemlcyanlne dye (which could be deposited i n 
homogeneous f i l m s and which also had a p a r t i c u l a r l y 
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high value of 6) as a model system to study the 
e f f e c t s of d i l u t i o n on n o n l i n e a r behaviour. We 
have t h e r e f o r e undertaken SHG i n v e s t i g a t i o n s o f 
mixed monolayers of hemicyanine and cadmium 
araChidate w i t h mole f r a c t i o n s of hemicyanine 
ranging from 'H).l - 1.0. 

2. Experimental 

des 
The syntheses of dyes I and l l have been 

r i b e d elsewhere [ 4 , 6 ] . The LB f i l m s were 
pre 'ared using a constant perimeter type trough o f 
the form described i n reference 2, The dyes were 
d i s i i o l v e d i n a v o l a t i l e s o l v e n t (chloroform) and 
sprfiad onto the surface o f the u l t r a p u r e water 
subj'hase i n the t r o u g h using a m i c r o s y r i n g e . At 
t h i s i stage the dye molecules should be held a t the 
a i r - w a t e r i n t e r f a c e , i n a r a t h e r disordered manner, 
by |:he balance of f o r c e s between the a t t r a c t i o n of 
the subphase f o r the p o l a r chromophore end of the 
molt cule and the hydrophobic nature o f the t a i l . 
kftar a l l o w i n g the s o l v e n t to evaporate, the area 
enc]osed by the b a r r i e r s was s l o w l y reduced by 
d r i v i n g the b a r r i e r s w i t h a motor. The surface 
pres sure of the monolayer was monitored using a 
Wilhelmy p l a t e connected to a microbalance, the 
o u t p u t o f which was taken to the b a r r i e r d r i v e v i a 
a feedback loop. This arrangement allowed a preset 
s u r f a c e pressure t o be achieved and subsequently 
maintained as monolayer was removed and deposited 
onto the s u b s t r a t e . As the water-surface monolayer 
i s compressed, the area occupied by each molecule 
i s reduced and they begin to pack together i n a 
more ordered f a s h i o n , u n t i l they e v e n t u a l l y form a 
condensed phase analagous to a two-dimensional 
s o l i d . Care has to be taken at t h i s stage not to 
compress the monolayer too much, or else i t w i l l 
b uckle and c o l l a p s e . A monolayer of the m a t e r i a l 
can now be t r a n s f e r r e d t o a s o l i d s u b s t r a t e each 
time the a i r - w a t e r i n t e r f a c e i s t r a v e r s e d . I n 
orde : to do t h i s , the s u b s t r a t e i s mounted on a 
moto :-driven micrometer screw which d r i v e s i t at a 
cons :ant speed i n a v e r t i c a l d i r e c t i o n . 

A summary of the s t r u c t u r e s produced i s shown 
i n 1 i g u r e 2, and the d e p o s i t i o n c o n d i t i o n s are 
summarized i n t a b l e 1. A l l of the films_^were 
t r a n s i f e r r e d at a r a t e o f 2 mm min from a 10 M 

( a ) I 

(c)t 

(b) 
i i U i i i U 

N=2 

F l g u r 

(e)c 

2 

• =iir 
= Cd arachidate 

Schematic diagrams of sample 
c o n f i g u r a t i o n s used i n the 
described i n the t e x t 

experiments 

Cd (aq) subphase (temperature 20°C). The 
spreading s o l u t i o n s f o r the mixed monolayers of I 
and cadmium arachidate ( f i g u r e 2e) were prepare^ by 
mixing appropriate volumes j ) f 4.57 x 10 M 
hemicyanine and 4.07 x 10 M arachldic acid 
s o l u t i o n s . 

The substrates used f o r a l l of these 
experiments were h y d r o p h i l l c Corning 7059 glass 
microscope s l i d e s . I n the i n v e s t i g a t i o n s described 
here, the a l t e r n a t i n g l a y e r s t r u c t u r e s were 
f a b r i c a t e d by a l t e r n a t e l y spreading, compressing 
and removing the d i f f e r e n t monolayers from the 
subphase surface; a very time consuming procedure, 
even f o r small numbers of l a y e r s . In f u t u r e work 
r e q u i r i n g greater thicknesses we would hope to use 
equipment t h a t we have s p e c i a l l y developed to 
produce a l t e r n a t e l a y e r systems [ 7 ] , since such 
con s i d e r a t i o n s w i l l be of importance f o r the 
eventual f a b r i c a t i o n of o p t i c a l devices based on 
such supermolecular a r r a y s . 

S t r u c t u r e Dye Surface pressure Subphase pH 
Fig. 2(a) I I 32 5.7 

(b) I I I 30 5.7 
(c) I 35 9.0 
(c) I I 32 9.0 
(d) I 35 9.0 
(d) I I I 30 9.0 
(e) I/CdAr 2 30 5.6 

Table 1 : Deposition c o n d i t i o n s f o r s t r u c t u r e s 
given^^in f i g u r e 2 (surface pressures i n 
mN m ) 

The equipment used f o r the second harmonic 
measurements has been described, i n some d e t a i l , i n 
a previous p u b l i c a t i o n [ 4 ] . L i n e a r l y p o l a r i z e d 
l i g h t (Q-switched Nd YAG, 1.064 urn, 25ns FWHM), 
p o l a r i z e d e i t h e r p a r a l l e l (p) or perpendicular (s) 
t o the plane of Incidence, was d i r e c t e d at a 45° 
angle of incidence onto the v e r t i c a l l y mounted 
sample. The second harmonic r a d i a t i o n (532 nm) 
resolved i n t o s- and p - p o l a r i z e d components was 
detected i n both r e f l e c t i o n (R) and transmission 
(T) geometries using p h o t o m u l t l p l i e r tubes at 90° 
and 180° r e s p e c t i v e l y to the pumping d i r e c t i o n . 
The t o t a l energy of each fundamental pulse was 
measured using a transmission type energy meter 
(GEC TF s e r i e s ) . I n f r a r e d b l o c k i n g f i l t e r s and 532 
nm i n t e r f e r e n c e f i l t e r s were used to ensure t h a t 
only second harmonic r a d i a t i o n was detected. Pulse 
energies o f up t o 2mJ w i t h a beam diameter of 
approximately 200(jm were used f o r a l l the 
measurements on the LB f i l m s . 

Results were obtained by averaging over 
several pulses taken on appropriate areas of the 
sample. Absolute values of the e l e c t r i c f i e l d at 
532 nm (E(2(D)) were obtained by c a l i b r a t i n g the 
system against a y-cut qftartz wedge and r e l a t i n g 
both the second harmonic s i g n a l s and i n c i d e n t 
energy to the d non-linear c o e f f i c i e n t of quartz 
[ 8 ] . 

3. Results and Discussion 

There was no detectable s i g n a l from regions of 
the substrates which were f r e e of f i l m , confirming 
t h a t the organic l a y e r was responsible f o r the 
second harmonic r a d i a t i o n observed from a l l of the 
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LB f i l m samples i n t h i s study. I n a d d i t i o n , the 
r a d i a t i o n was c l e a r l y i d e n t i f i e d as second harmonic 
by I t s narrower bandwidth ( u s i n g I n t e r f e r e n c e 
f i l t e r s at 520 nm and 540 nm) and I t s narrow 
temporal p r o f i l e . The second harmonic s i g n a l s were 
normalised by d i v i d i n g by the square of the 
i n c i d e n t l a s e r energy. The n o t a t i o n employed when 
d e s c r i b i n g JChe s i g n a l s can be e x e m p l i f i e d as 

' represents 
s - p o l a r l s e d 

p S ^ P f c j l l o w s : T" ^ = |EP(2a,)p/|E^(u) 
p - p o l a r l s e d s i g n a l i n t e n s i t y from 
i n c i d e n t r a d i a t i o n i n the transmission geometry; a 
corresponding n o t a t i o n i s used f o r the other 
p o l a r i s a t i o n s and geometry. 

^ I n a l l of the s t r u c t u r e s I n v e s t i g a t e d , the 
T^ s i g n a l s were approximately an order o f 
magnitude g r e a t e r than the R̂  ^ ones, which i s 
c o n s i s t e n t w i t h the f i l m being e f f e c t i v e l y 
i s o t r o p i c w i t h i n the plane. The much weaker 
s i g n a l s obtained w i t h s - p o l a r l z e d i n c i d e n t 
r a d i a t i o n provide f u r t h e r evidence f o r t h i s 
d e d u c t i o n . The very small s - p o l a r l z e d second 
harmonic s i g n a l s observed were I n d i c a t i v e of the 
azimuth of the dye molecules r e l a t i v e to the 
s u b s t r a t e plane being averaged out w i t h i n a second 
harmonic wavelength, r e s u l t i n g i n n e g l i g i b l e 
macroscopic a n l s o t r o p y . 

2000 
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f 
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Figure 3 T ' ' ^ ^ ^ ) second harmonic s i g n a l 
(10 m̂ V ^) from s t r u c t u r e shown I n 
f i g u r e 2c p l o t t e d against the square of 
the number of b l l a y e r s . Dashed curve 
represents t h e o r e t i c a l s i g n a l (see t e x t ) 

I I n f i g u r e 3 the T̂ *'' s i g n a l observed from the 
v a r i o u s thickness regions of the s t r u c t u r e shown i n 
f i g u r e 2c i s p l o t t e d against the square of the 
number of b l l a y e r s (N) o f I and I I deposited on a 
base l a y e r of 1. Also p l o t t e d on the same scale I s 
a dashed curve which represents the t h e o r e t i c a l 
response i f the two dyes were to behave t o t a l l y 
I ndependently. This curve was c a l c u l a t e d by 
summing the c o n t r i b u t i o n s from two h y p o t h e t i c a l 
s t r u c t u r e s , , one c o n s i s t i n g o f N+1 l a y e r s o f I 
(B=120xlO~ C^m^j"^ [ 5 ] ) , and the other c o n s i s t i n g 
o f N l a y e r s o f I I (6=22x10"^" C ^ m ' j ' ^ f S l ) . both 
a l t e r n a t e d w i t h an i n e r t spacer m a t e r i a l ; the 
expected s i g n a l from each o f these " s u b s t r u c t u r e s " 

was c a l c u l a t e d by m u l t i p l y i n g the measured s i g n a l 
from a monolayer ( f i g u r e s 2a and 2c, N=0) by the 
square of the number of dye layers I n the 
s u b s t r u c t u r e . The t h e o r e t i c a l curve assumes a 
p e r f e c t behaviour on Increasing thickness, 
something which I s r a r e l y achieved i n p r a c t i c e 
[ 3 , 4 ] . The measured second harmonic sign a l s are 
c l e a r l y l a r g e r than even t h i s i d e a l model would 
p r e d i c t , which i m p l i e s t h a t there I s some 
cooperative phenomenon o c c u r r i n g which renders the 
b l l a y e r a much superior second harmonic m a t e r i a l 
than would be p r e d i c t e d by the simple a d d i t i o n of 
the second order h y p e r p o l a r l z a b l l l t l e s of the 
separate l a y e r s . The behaviour of a b i l a y e r as a 
d i s c r e t e u n i t I s perhaps to be expected, since the 
chromophores w i t h i n a b l l a y e r are i n close 
p r o x i m i t y and are t h e r e f o r e l i k e l y to i n t e r a c t 
s t r o n g l y , whereas the a c t i v e groups in the separate 
b i l a y e r s and i n the I n i t i a l hemicyanine monolayer 
are separated by "passive" a l k y l chains. I n 
a d d i t i o n , t h i s strong i n t e r a c t i o n i s also l i k e l y to 
r e s u l t I n some changes I n packing. 

Sample ^s+p R S + P 

2a 0.69+0.05 0.07±0.02 0.08+0.02 0.08+0.02 
2b 0.42+0.03 0.015+0.01 0.11+0.01 0.05+0.01 

2c(N=2) 209+14 14.1+0.8 7.7 +0.5 7.2 +0.6 
2d 173+11 8.2+0.7 7.6 +0.8 5.9 +0.5 

Table 2 : C a l i b r a t e d s i g n a l strengths (10~^^ m̂ V ^) 
obtained f o r monolayers of I I and I I I and 
f o r a l t e r n a t e m u l t i l a y e r s t r u c t u r e s 
c o n t a i n i n g three l a y e r s of I and two of 
I I or I I I (see f i g u r e 2 ) . 

A summary of the second harmonic sign a l s from 
monolayers of I I and I I I and from a l t e r n a t e layer 
s t r u c t u r e s c o n t a i n i n g two l a y e r s of I I or I I I 
a l t e r n a t e d w i t h three l a y e r s of hemlcyanlne ( I ) i s 
given i n t a b l e 2. From t h i s comparison i t I s clear 
t h a t the attempt t o enhance the non-linear 
p r o p e r t i e s of the n l t r o s t i l b e n e by removing the 
carbonyl p o r t i o n of the amide donor group i n I I has 
f a i l e d . I n f a c t dyes I I and I I I show very s i m i l a r 
second harmonic generation e f f i c i e n c i e s , w i t h I I 
being perhaps the s l i g h t l y s u p e r i o r , possibly due 
to the b e t t e r f i l m q u a l i t y (as revealed by 
r e f l e c t i o n high energy e l e c t r o n d i f f r a c t i o n 
s t u d i e s ) . 

Some t y p i c a l r e s u l t s from the i n v e s t i g a t i o n of 
second harmonic generation from mixed monolayers of 
hemlcyanine and cadmium arachidate are presented i n 
f i g u r e 4. The f r a c t i o n a l f i l m area c o n s t i t u t e d by 
hemicyanine was c a l c u l a t e d from the mole f r a c t i o n 
o f hemlcyanlne present i n the spreading s o l u t i o n 
and assuming t h a t a hemlcyanine molecule occupies a 
surface area of approximately 0.35 nm^ and an 
Ionized a r a c h l d i c a c i d molecule an area of 0.20 nm^ 
(values measured from surface pressure-area 
isotherms of the m a t e r i a l s ) a t ^ the d e p o s i t i o n 
surface pressure of 30 mN . I t I s very 
I n t e r e s t i n g to note t h a t the T second harmonic 
s i g n a l i s a f a c t o r o f four times greater f o r a 
mixture c o n t a i n i n g equimolar q u a n t i t i e s of 
hemicyanine and a r a c h i d i c a c i d than f o r a pure 
hemlcyanine monolayer. A l l of the other possible 
combinations of p o l a r i s a t i o n and d e t e c t i o n geometry 
gave s i g n a l s which were also a maximum (out of the 
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Fllgure 4 T P " ^ ^ ( X ) and2j^^^(o) second harmonic 
s i g n a l (10 m̂ V ^) from mixed monolayers 
of I and cadmium a r a c h i d a t e ( f i g u r e 2e) 
p l o t t e d a g a i n s t f r a c t i o n of f i l m area 
c o n s t i t u t e d by I (arrow i n d i c a t e s 
f r a c t i o n a l area corresponding t o an 
equimolar m i x t u r e ) . 

ra ige o f c o n c e n t r a t i o n s s t u d i e d ) f o r the equimolar 
m i x t u r e , although the r a t i o o f these s i g n a l s t o 

at f o r the pure hemicyanine were not always as 
M. _ . J 1_ _ rrP'^P _ J T T U H I - 1 

t h 
gr :at as w i t h the T*" '' s i g n a l . This enhancement 
ca 1 be accounted f o r by two p o s s i b l e mechanisms: 
( i ) a change i n packing of the a c t i v e hemicyanine 
d y i , r e s u l t i n g i n a b e t t e r alignment r e l a t i v e t o 
the e l e c t r i c f i e l d s of the i n c i d e n t and second 
harmonic l i g h t ; or (11) the l o c a l o p t i c a l f i e l d s 
experienced by the a c t i v e dye are enhanced by the 
decreased s h i e l d i n g p r o v i d e d by the more d i s t a n t 
n e i g h b o u r i n g dye m o i e t i e s . Since enhancement w i t h 
d i l u t i o n i s observed f o r a l l geometries and 
p o l a r i s a t i o n s the second mechanism i s perhaps 
favoured. Nevertheless, because t h i s enhancement 
i s not p e r f e c t l y u n i f o r m f o r a l l geometries and 
p o l a r i z a t i o n s , the f i r s t mechanism almost c e r t a i n l y 
makes some c o n t r i b u t i o n . These f i n d i n g s may have 
Important i m p l i c a t i o n s f o r improving the 
e f f i c i e n c i e s o f any n o n - l i n e a r o p t i c a l device which 
u t i l i s e s LB f i l m s . Further i n v e s t i g a t i o n o f t h i s 
phenomenon i s c u r r e n t l y underway. 

4. Conclusions 

I n t h i s paper we have discussed the p o s s i b l e 
a p p l i c a t i o n of LB f i l m technology i n the f i e l d o f 
n o n - l i n e a r o p t i c s . Second harmonic g e n e r a t i o n from 
monolayer and a l t e r n a t i n g m u l t i l a y e r LB f i l m 
s t r u c t u r e s has been employed t o c h a r a c t e r i z e a 
number of m a t e r i a l s which may be s u i t a b l e f o r 
device f a b r i c a t i o n . 

A l t e r n a t i n g donor-acceptor : i n v e r t e d 
donor-acceptor dye assemblies have been shown to 
possess a g r e a t e r o p t i c a l n o n - l i n e a r i t y than t h a t 
expected by simply adding the n o n - l i n e a r i t i e s of 

the i n d i v i d u a l dye l a y e r s . An attempt to improve 
the c o n t r i b u t i o n made by one of the components by 
i n c r e a s i n g i t s donor c a p a c i t y was unsuccessful, 
p o s s i b l y due to poorer f i l m q u a l i t y i n the m o d i f i e d 
m a t e r i a l . 

A study was made of the e f f e c t on second 
harmonic g e n e r a t i o n i n t e n s i t y from a monolayer of 
an a c t i v e dye m a t e r i a l o f d i l u t i n g the dye w i t h a 
passive f a t t y a c i d . I t was found t h a t an equimolar 
m i x t u r e o f dye and a c i d l e d to enhancement of the 
second harmonic s i g n a l f o r a l l combinations of 
i n c i d e n t and s i g n a l p o l a r i s a t i o n s , and f o r both 
t r a n s m i s s i o n and r e f l e c t i o n d e t e c t i o n geometries. 
I n the case of p - p o l a r l s e d i n c i d e n t and s i g n a l 
r a d i a t i o n i n t r a n s m i s s i o n , t h i s enhancement over 
the pure dye monolayer was by b e t t e r than a f a c t o r 
o f f o u r . The o r i g i n o f t h i s phenomenon i s probably 
i n the l o c a l f i e l d s experienced by the dye 
molecules, although some change i n molecular 
o r i e n t a t i o n may also be a c o n t r i b u t o r y f a c t o r . 
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