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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^ whereutsnihaUC \ % 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 = exnlifcaXVUQICB x ^^^E + e x^^ ^ E E + e x^^ ^ E E E + (2.1) 
o o o o 



Optical ^ 

Polarization 

( a ) Linear dielectric 

OpticalzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 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,xnlifcaXVUQICB 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 (1zxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA+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 : = ezxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA^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 2rf ^^^2^^ o
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 changingzxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA 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 parameterzxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA 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

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 fromzxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA x^^^ and which disappear when o)rf <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: zxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA

= ̂  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)^ andm 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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F i g u r e 2.4 Comparative q u a n t i t i e s f o r s e l e c t e d tensor components of 

second harmonic generation (6) and 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 ( f ) . ( A f t e r reference 5) 
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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 zxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA

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 aYTSMJBA

( 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 equationaYTSMJBA ( 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 szxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA 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 -zxwutsrponmlkjihgfedcbaZUTSRQPONMLKIGEDCA — ^ ^ 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 rf

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 maximizeaYTSMJBA 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 
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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) 
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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^^*^^ =tnjibaK 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 fromti 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 yxwvutsrponmlkjihgfedcbaYXVTSRPONMLIHGFCBA

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] ytVTRIF

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 ytVTRIF
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 yxwvutsrponmlkjihgfedcbaYXVTSRPONMLIHGFCBA

N CH 

NMe 

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

115 

14 

NO, 

0 ytVTRIF

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 tnjibaK

(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 



- 23 -

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 
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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 ) 
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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 astnjibaK 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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F i g u r e 2.9b Response of the b i s t a b l e o p t i c a l device shown i n (a) to 
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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 "  grou p an d a  hydrophob i c  " t a i l " .  Th e m a t e r i a l  i s  f i r s t  d i s s o l v e d 

i n a  v o l a t i l e o rgan i c s o l v e n t  an d th e s o l u t i o n d i spe rse d ove r  th e wate r 

s u r f a c e ;  t h e s o l v e n t  evapora tes ,  l e a v i n g a  l a y e r  o f  th e m a t e r i a l  on e 

molecul e t h i c k whic h doesn' t  d i s s o l v e i n th e wa te r ,  du e t o th e n a t u r e o f 

t h e t a i l s .  S o l v a t i o n e f f e c t s f a v o u r  a  mo lecu la r  o r i e n t a t i o n w i t h i n th e 

monolaye r  suc h t h a t  th e p o l a r  hea d group s ar e i n th e water .  Th e 

molecu le s i n suc h a  l a y e r  ar e d i s o r g a n i z e d ,  bu t  i f  th e l a y e r  i s sprea d 

i n a n enc lose d are a whic h ca n subsequent l y b e reduced ,  the n a s th e 

s u r f a c e a re a a v a i l a b l e t o eac h molecul e ge t s s m a l l e r ,  th e arrangemen t 

becomes mor e o rde red .  I f  th e monolaye r  i s compresse d s u f f i c i e n t l y ,  i t 

form s a  q u a s i  two-d imens iona l  s o l i d ,  a l t houg h car e ha s t o b e take n t h a t 

t h i s proces s i s no t  take n to o f a r ,  o the rw is e th e l a y e r  w i l l  buck l e an d 

e v e n t u a l l y c o l l a p s e .  I f  a  s o l i d s u b s t r a t e i s nov ;  dippe d v e r t i c a l l y 

t h roug h th e a i r - w a t e r  i n t e r f a c e ,  a  monolaye r  o f  th e m a t e r i a l  i s 

t r a n s f e r r e d f ro m th e wate r  s u r f a c e ont o th e s u b s t r a t e .  Fu r t he r 

monolayer s shou l d the n b e depos i te d o n eac h subsequen t  i n s e r t i o n o r 

w i t h d r a w a l  o f  t h e s u b s t r a t e f ro m th e subphas e ( w a t e r ) . 

3. 2 M a t e r i a l s 

The m a t e r i a l s use d i n L B f i l m f o r m a t i o n ca n b e c l a s s i f i e d a s be in g 

e i t h e r  ' c l a s s i c a l '  o r  ' nove l ' .  Th e c l a s s i c a l  m a t e r i a l s ar e thos e suc h 

as th e l o n g cha i n f a t t y a c i d s whic h forme d th e b a s i s o f  L B f i l m 

t echno logy ;  t h e n o v e l  m a t e r i a l s ar e take n t o b e thos e s e l e c t e d f o r  s tud y 

becaus e the y c o n t a i n c e r t a i n combinat ion s o f  chemica l  group s w i t h i n th e 

molecu le s wh ic h ar e l i k e l y t o impar t  s p e c i f i c p r o p e r t i e s t o th e f i l m s 

the y fo rm .  I n t h i s d i s c u s s i o n th e n o v e l  m a t e r i a l s hav e bee n f u r t h e r 

s u b d i v i d e d i n t o thos e r e p o r t e d b y o t h e r  worker s i n th e f i e l d an d t h r e e 
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c a t e g o r i e s o f  m a t e r i a l  whic h wer e e i t h e r  bough t  o r  custo m syn thes ize d a t 

Durha m f o r  t h e i r  p o t e n t i a l l 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 .  A  muc h w ide r 

rang e o f  m a t e r i a l s wa s s t u d i e d tha n i s  r e p o r t e d i n t h i s t h e s i s ,  s inc e 

s u b t l e v a r i a t i o n s i n th e l e n g t h s o f  hydrocarbo n chain s o r  t h e i r 

replacemen t  w i t h f l u o r o c a r b o n cha in s wer e i n v e s t i g a t e d .  However ,  o n l y 

th e mor e i n t e r e s t i n g r e s u l t s ar e d iscussed . 

3.2. 1 C l a s s i c a l  m a t e r i a l s . 

S e c t i o n 3. 1 r e f e r r e d t o th e us e o f  m a t e r i a l s w i t h h y d r o p h i l i c hea d 

group s an d hydrophob i c  t a i l s ;  perhap s th e mos t  commonl y encountere d 

molecul e o f  t h i s v a r i e t y i s  s t e a r i c a c i d ,  whic h possesse s a  l o n g 

hydrocarbo n c h a i n (hyd rophob ic )  t e r m i n a t e d b y a  c a r b o x y l  grou p 

( h y d r o p h i l i c ) .  Fo r  a  homologou s s e r i e s o f  s a t u r a t e d a l i p h a t i c 

c a r b o x y l i c a c i d s ,  th e s o l u b i l i t y o f  th e m a t e r i a l  i s dependen t  o n th e 

l e n g t h o f  th e hydrocarbo n c h a i n ,  app rox ima te l y 2 0 carbo n atom s be in g 

r e q u i r e d 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  h a r d l y s u r p r i s i n g t h a t 

s o l u b i l i t y problem s ar e encountere d i n t h i s  f i e l d ,  i n v ie w o f  th e v e r y 

l a r g e s u r f a c e are a t o volum e r a t i o o f  a  monomolecula r  f i l m . 

The,  s t a b i l i t y an d s o l u b i l i t y o f  w a t e r - s u r f a c e monolayers ,  an d th e 

q u a l i t y o f  t h e depos i t e d f i l m s ,  ar e dependen t  o n a  wid e rang e o f 

i n t e r - r e l a t e d v a r i a b l e s ,  suc h a s subphas e pH ,  temperature ,  an d th e 

presenc e o f  c o u n t e r l o n s .  Fo r  example ,  th e s o l u b i l i t y o f  s t e a r i c a c i d i s 

2+ 

reduce d b y th e presenc e o f  d i v a l e n t  me ta l  c a t i o n s ,  suc h a s Cd ,  an d 

c o n t r o l  o f  p H i s i m p o r t a n t  i n d e t e r m i n i n g th e e x t e n t  o f  s a l t  f o r m a t i o n . 

Sinc e suc h s a l t  f o r m a t i o n i n v o l v e s tw o s t e a r i c a c i d molecule s f o r  eac h 

cadmiu m i o n ( f i g u r e 3.1a) ,  suc h a  proces s improve s th e l a t e r a l  cohesio n 

o f  th e layer^''" ^  an d g i ve s r i s e t o s u p e r i o r  f i l m q u a l i t y .  Th e t y p i c a l 

subphas e c o n d i t i o n s use d f o r  th e d e p o s i t i o n o f  cadmiu m s t e a r a t e ar e a 
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F i g u r e 3. 1 S t r u c t u r a l  formula e o f  som e c l a s s i c a l  an d n o v e l  L B f i l m 
m a t e r i a l s i n th e l i t e r a t u r e . 
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10 M cadmiu m c h l o r i d e s o l u t i o n w i t h p H =  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  t o t h i s i s  o j - t r i c o s e n o i c a c i d (to-TA )  ,  whos e s t r u c t u r a l 

f o rmu l a i s g i v e n i n f i g u r e 3.1b .  Th e unsa tu ra te d t e r m i n a l  carbon-carbo n 

bon d render s th e m a t e r i a l  s u s c e p t i b l e t o p o l y m e r i s a t i o n b y suc h mean s a s 

an e l e c t r o n beam ,  an d th e r e s u l t i n g c r o s s - l i n k i n g o f  bond s g i ve s r i s e t o 

a l i n e a r  polymer .  Th i s f e a t u r e ha d l e d t o th e propose d us e o f  oj-T A L B 

(3 ) 
f i l m s a s e l e c t r o n bea m r e s i s t s .  Th e m a t e r i a l  ha s o the r  advantages ; 
i n p a r t i c u l a r ,  w e l l  o rdere d f i l m s ca n b e depos i te d a t  h i g h speed s i f  th e 

( 4 ) 

subphas e doesn' t  c o n t a i n d i v a l e n t  c a t i o n s 

Ther e hav e bee n a  numbe r  o f  o t h e r  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 t o thos e o f  th e s impl e f a t t y a c i d s .  Thes e i n c l u d e a 

rang e o f  p o l y m e r i s a b l e m a t e r i a l s ,  th e d i a c e t y l e n e s a n d som e 

b i o l o g i c a l l y impo r tan t  m a t e r i a l s suc h a s 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 Nove l  m i i t e r l a l s fro m t l i e l i t e r a t u r e 

The c u r r e n t  t r e n d I n L B f i l m techno log y i s t o custo m syn thes iz e 

m a t e r i a l s i n c o r p o r a t i n g chemica l  group s designe d t o impar t  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 th e f i l m s .  I n suc h m a t e r i a l s th e ' a c t i v e '  p a r t 

o f  th e molecu l e i s u s u a l l y th e h y d r o p h i l i c hea d group ,  an d th e 

hydrocarbo n t a i l  i s pass i v e i n t h a t  i t  merel y serve s t o rende r  th e 

molecul e w a t e r - i n s o l u b l e (excep t  whe n i t  con ta in s unsa tu ra te d bond s f o r 

p o l y m e r i s a t i o n ) .  I n man y case s i t  i s  t h e r e f o r e d e s i r a - j l e t o reduc e th e 

l e n g t h o f  th e hydrocarbo n cha i n t o a  minimum ,  s inc e i t  e f f e c t i v e l y d i l u t e s 

th e 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 .  p r o p e r t i e s o f  th e 

hea d group .  Th i s i s th e o r i g i n o f  th e i n t e r e s t  i n th e anthracen e 

d e r i v a t i v e s desc r i be d i n Chapte r  5  f o r  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 . 

The pa ren t  anthracen e d e r i v a t i v e ,  9 -buty l -10-anth i -y ] .p rop lon i c a c i d ,  ca n 
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be mad e t o for m h i g h 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 th e d e p o s i t i o n utolheUQ

(Q) 

c o n d i t i o n s ,  p a r t i c u l a r l y subphas e pH ,  ar e v e r y c a r e f u l l y c o n t r o l l e d . 

Anothe r  rang e o f  m a t e r i a l s whic h hav e bee n s t u d i e d e x t e n s i v e l y a t 

Durha m ar e th e ph tha locyan in e dyes .  Thes e compound s d o no t  r e q u i r e 

hydrocarbo n cha in s f o r  i n s o l u b i l i t y an d hav e e x c e p t i o n a l  therma l  an d 

chemica l  s t a b i l i t i e s ,  a s  w e l l  a s  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 .  S tab l e L B f i l m s o f  me ta l  f r e e ph tha locyan in e an d 

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 ph tha locyan in e hav e bee n prepare d ̂''"̂ ^  whic h 

ar e o f  a  r e p r o d u c i b l e q u a l i t y ,  bu t  whic h ar e no t  compose d o f  s i n g l e 

monolayers .  Thes e f i l m s ar e p o l y c r y s t a l l i n e ,  w i t h n o l o n g rang e o r d e r ; 

however ,  monomoluculti r  o r  b l m o l e c u l u r  l a y e r s o f  a n t isymmctr ic f i ]  l y 

s u b s t i t u t e d coppe r  ph tha locyan in e ( f i g u r e 3.1c )  ca n b e produce d an d hav e 

bee n b u i l t  u p i n t o m u l t i l a y e r  assemblie s d i s p l a y i n g i n t e r e s t i n g 

g a s - s e n s i t i v e properties''' ' ' ' ' ^  A  s y m m e t r i c a l l y s u b s t i t u t e d s i l i c o n 

(12 ) 

p h t h a l o c y a n i n e ( f i g u r e 3 . Id )  ha s show n improve d wa te r - su r f ac e 

monolaye r  c h a r a c t e r i s t i c s an d d e p o s i t i o n p r o p e r t i e s ;  wor k i s  s t i l l  i n 

p rogres s o n t h i s m a t e r i a l  an d a  s e r i e s o f  c l o s e l y r e l a t e d 

p h t h a l o c y a n i n e s . 

Many d i f f e r e n t  s u b s t i t u t e d dye s hav e bee n depos i te d i n L B f i l m s , 

some a s homogeneou s l a y e r s ,  o t h e r s a s  l a y e r s i n whic h the y ar e mixe d 

w i t h a n i n e r t  f a t t y a c i d i n o rde r  t o p r o v i d e a  m a t r i x whic h ca n con fe r 

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 t o th e dye .  Th e l i s t  o f  L B 

(13 ) 

f i l m - f o r m i n g chromophori c  m a t e r i a l s i n c l u d e s merocyanin e , 

hemlcyanine'"'• ^ \  squaryllum'"''^ ^  ,  a n t h r a q u i n o n e ' ^ ^ \  stilbene^''"^'"'"^ ^  an d 

az o dyes .  I n som e case s th e molecul e c o n t a i n s mor e tha n on e 

hydrocarbo n c h a i n i n o rde r  t o b r i n g abou t  a  p a r t i c u l a r  o r i e n t a t i o n o f 

t h e chromophore . 
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3.2, 3 Nove l  m a t e r i a l s use d I n t h i s p r o j e c t 

A wid e rang e o f  n o v e l  m a t e r i a l s wer e 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  o f  the m wer e designe d acco rd in g t o th e g u i d e l i n e s d iscusse d i n 

chap te r  2  f o r  p roduc in g molecule s w i t h a  h i g h second-orde r 

h y p e r p o l a r i z a b i l i t y  ( i . e .  molecule s c o n t a i n i n g dono r  an d accepto r  group s 

separa te d b y a  con juga te d sys tem) ,  t h e i r ,  wate r  s o l u b i l i t y be in g reduce d 

by th e a d d i t i o n o f  hydrocarbo n c h a i n s ,  mad e a s s h o r t  a s p o s s i b l e i n 

o r d e r  t o a v o i d d i l u t i n g th e n o n - l i n e a r  behav iour .  Th e v a l i d i t y o f  thes e 

c r i t e r i a wa s t e s t e d b y s t u d y i n g a  s e r i e s o f  m a t e r i a l s whic h wer e c l o s e l y 

r e l a t e d t o th e t a r g e t  molecule s bu t  whic h con ta ine d d i f f e r e n t  dono r  an d 

accep to r  comb ina t i ons ,  e.g .  tw o acceptor s an d n o donor ,  on e accepto r  an d 

no donor ;  n o s t r o n g accep to r s o r  donors ,  e t c .  Suc h m a t e r i a l s wer e a l s o 

o f  i n t e r e s t  f o r  th e o b s e r v a t i o n o f  th e e f f e c t s o f  s u b t l e mo lecu la r 

change s o n L B 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 t h r e e d i s t i n c t  c a t e g o r i e s :  (1 )  commerc ia l l y 

a v a i l a b l e chromophore s m o d i f i e d b y th e a d d i t i o n o f  a  hydrophobic ,  t a l l ; 

(11 )  anthracen e d e r i v a t i v e s base d o n 9 - b u t y i - l O - a n t h r y l p r o p l o n i c 

(9 ) 

a c i d ;  (111 )  d i p o l a r  chomophores ,  suc h a s th e merocyanln e descr ibe d b y 

(19 ) 

Gaine s .  Thes e c lasse s w i l l  b e d iscusse d i n mor e d e t a i l  i n chapte r 

5. 

3. 3 Th e Conven t iona l  Langmul r  Troug h 

Ther e hav e bee n man y m o d i f i c a t i o n s mad e t o th e o r i g i n a l  t roug h use d 

by Langmui r  an d B l o d g e t t  I n c l u d i n g v a r i a t i o n s w i t h a  s i n g l e movabl e 

(21 )  (22 ) 
b a r r i e r  o r  c i r c u l a r  t rough s w i t h a  r a d i a l  compressio n b a r r i e r 

(23 ) 

A f u r t h e r  v a r i e t y ,  employin g a  cons tan t  pe r ime te r  b a r r i e r  ,  i s  i n us e 

a t  Durha m an d i s  desc r i be d below . 
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3.3. 1 Mechanica l  c o n s t r u c t i o n 

A c o n v e n t i o n a l  Langmul r  t r oug h o f  th e typ e use d a t  Durha m i s 

i l l u s t r a t e d s c h e m a t i c a l l y i n f i g u r e 3. 2 an d a  photograp h i s  show n i n 

f i g u r e 3.3 .  Th e tan k i t s e l f  i s  mad e o f  g las s supporte d b y a  m e t a l 

framework ,  an d ca n b e r a i s e d o r  lowere d i n orde r  t o a d j u s t  th e dept h o f 

th e wate r  r e l a t i v e t o th e b a r r i e r s o r  t o f a c i l i t a t e i t s  remova l  f o r 

c l e a n i n g .  Th e b a r r i e r  employe d t o enclos e a n are a o f  th e wate r  su r fac e 

i s o f  th e cons tan t  p e r i m e t e r  typ e an d c o n s i s t s o f  a  PTFE-coate d g las s 

f i b r e b e l t ,  h e l d t a u t  b y  r o l l e r s .  One p a i r  o f  thes e r o l l e r s i s  a t tache d 

t o a  r i g i d cross-member ,  wherea s th e o t h e r  tw o p a i r s ar e f i x e d t o tw o 

cross-member s whic h ca n b e p u l l e d o n groove d r o l l e r s a lon g s t e e l  runner s 

by t oo the d rubbe r  b e l t s d r i v e n b y a  s i n g l e motor .  Th e l i m i t s o f  b a r r i e r 

mo t io n ar e d e f i n e d b y m i c r o s w l t c h e s ,  an d th e i n s e t  i n f i g u r e 3. 2 

i l l u s t r a t e s th e cor respond in g extreme s o f  su r fac e area . 

The d e p o s i t i o n mechanism ,  o r  d i p p i n g head ,  c o n s i s t s o f  a  micromete r 

scre w mounte d abov e th e wate r  o n a  movabl e crossbeam .  Th e scre w ca n b e 

d r i v e n b y a  moto r  a t  a  c o n s t a n t ,  bu t  v a r i a b l e ,  spee d i n a  v e r t i c a l 

d i r e c t i o n ,  an d th e s u b s t r a t e s ar e h e l d i n a  me ta l  scre w clam p a f f i x e d t o 

i t .  Th e s u r f a c e pressur e i s mon i to re d u s i n g a  Wilhelm y p l a t e c o n s i s t i n g 

o f  a  1  c m wid e s t r i p o f  f i l t e r  paper ;  t h i s i s  suspende d l / i  th e wate r  b y 

a t h r e a d f ro m a  microba lanc e hea d abov e th e t r o u g h .  Change s i n su r fac e 

p ressur e r e s u l t  i n co r respond in g change s i n th e e f f e c t i v e we igh t  o f  th e 

p l a t e ,  whic h i s  mon i to re d b y th e microba lance .  Th e complet e s t r u c t u r e 

i s house d i n a  g lass-doore d c a b i n e t  mounte d upo n a  Newpor t  XJ- A 

pneumati c  a n t i - v i b r a t i o n t a b l e .  Solven t  evapo ra t i o n i s  a ide d b y a n 

e x t r a c t o r  f a n l o c a t e d i n th e w a l l  o f  th e cab ine t  an d l ead in g t o a  fum e 

cupboard .  Wher e p o s s i b l e ,  th e s t r u c t u r e i s  made fro m 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  o r  anodise d a lumin ium ,  f o r  b o t h eas e o f  c l e a n i n g an d r e d u c t i o n o f 

th e r i s k o f  c o n t a m i n a t i o n . 

3.3. 2 I n s t r u m e n t a t i o n 

A photograp h o f  t h e I n s t r u m e n t a t i o n a s s o c i a t e d w i t h th e t r oug h i s 

shown i n f i g u r e 3.4 .  Th e c o n t r o l  bo x enable s th e use r  t o d i c t a t e a l l  o f 

t h e movement s o f  th e b a r r i e r  an d d i p p i n g head ,  an d s e v e r a l  o f  th e t r o u g h 

f u n c t i o n s ar e automated .  Ther e ar e f o u r  p o s s i b l e mode s o f  b a r r i e r 

o p e r a t i o n ;  f o r w a r d ,  r e v e r s e ,  c o n t r o l ,  an d au to .  I n fo rwar d an d revers e 

modes th e b a r r i e r  w i l l  compres s o r  expan d a t  a  spee d whic h ca n b e 

p r e s e l e c t e d .  I n th e c o n t r o l  mode ,  whic h i s n o r m a l l y use d d u r i n g 

d e p o s i t i o n ,  a  d i f f e r e n t i a l  feedbac k sys te t j  i s use dutolheUQ lo compres s th e 

b a r r i e r  u n t i l  th e f i l m reache s a  p r e s e l e c t e d su r fac e p ressure .  A 

Beckman LM60 0 mlcroba lanc e m o n i t o r s th e f o r c e a c t i n g upo n th e Wilhelm y 

p l a t e an d a n e l e c t r i c a l  s i g n a l  r e p r e s e n t i n g th e d i f r e r e n c e i n pressur e 

f ro m t h a t  p r e s e t  o n th e mlcroba lanc e i s passe d t o th e c o n t r o l  u n i t  v i a a 

feedbac k syste m w i t h a d j u s t a b l e g a i n .  Th e aut o mod e i s use d e x c l u s i v e l y 

f o r  th e d e p o s i t i o n o f  Z-typ e L B f i l m s (se e s e c t i o t i  3-6) .  I n t h i s mod e 

th e s u b s t r a t e i s  r a p i d l y lowere d th roug h th e uncompresse d mcuolayer ;  th e 

monolaye r  i s the n compresse d an d th e f i l m a l l owe d t o s t a b i l i s e f o r  a 

p r e s e t  t im e o f  u p t o s i x minute s b e f o r e d e p o s i t i o n commence s w i t h th e 

w i t h d r a w a l  o f  th e s u b s t r a t e a t  p r i o r - s e l e c t e d ppeed .  A  y u r t h e r  de la y o f 

up t o t h i r t y minute s may b e programme d i n orde r  t o allo's -  th e f i l m t o 

s t a b i l i s e i n a i r  b e f o r e th e nex t  d i p p i n g cy-^l e i s conm&nced .  Th e spee d 

and th e uppe r  an d lowe r  l i m i t s o f  the d i p p i n g hea d r.\ovemen t  ca n b e 

p r e s e t ,  a s ca n b e th e r e q u i r e d numbe r  o f  d i p p i n g c y c l e s . 

H i g h - r e s o l u t i o n l i n e a r  p o t e n t i o m e t e r s a t t ache d t o th e b a r r i e r 
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cross-member s an d th e d i p p i n g hea d a l l o w p r e c i s e m o n i t o r i n g o f  f i l m are a 

and s u b s t r a t e p o s i t i o n . 

P l o t s o f  su r f ac e p ressur e (microbalanc e o u t p u t )  o r  s u b s t r a t e 

p o s i t i o n ( f o r  m o n i t o r i n g f i l m d e p o s i t i o n )  a g a i n s t  su r fac e are a ca n b e 

o b t a i n e d o n th e Bryan s 2900 0 X- Y c h a r t  r e c o r d e r .  Are a an d pressur e may 

a l s o b e p l o t t e d a g a i n s t  t im e o n a  Bryan s 31 2 two-channe l  Y- t  c h a r t 

r e c o r d e r .  A  Pye-Unica m PW9409 pH-mete r  i s use d t o c o n t i n u o u s l y mon i t o r 

t h e subphas e pH ,  th e e l e c t r o d e s f o r  t h i s be in g mounte d a t  on e en d o f  th e 

t r o u g h a lon g w i t h a  mercur y thermometer . 

3.3. 3 Reduct io n o f  c o n t a m i n a t i o n 

A d u s t - f r e e environmen t  i s e s s e n t i a l  .  f o r  th e p r o d u c t i o n o f  goo d 

q u a l i t y L B f i l m s ,  an d consequent l y a l l  th e t rough s ar e house d i n a  c l a s s 

1000 0 m i c r o e l e c t r o n i c s c l e a n room .  Th e wate r  use d a s a  subphase ,  an d i n 

an y c l e a n i n g o p e r a t i o n s ,  undergoe s reve rs e osmosis ,  doubl e d e l o n l s a t i o n , 

a c t i v a t e d c h a r c o a l  o rgan i c remova l  an d 0.2j.in i  f i l t r a t i o n be fo r e be in g 

d e l i v e r e d t o th e t rough s v i a h i g h p u r i t y po l yp ropy len e t u b i n g .  Hig h 

p u r i t y subphas e wate r  i s  v i t a l ,  s i nc e impur e wate r  ca n b e a  majo r  sourc e 

o f  i o n i c an d o r g a n i c con taminan ts ,  r e s u l t i n g i n excess iv e monolaye r 

d i s s o l u t i o n an d poo r  d e p o s i t i o n .  Th e u l t r a p u r e wate r  produce d ha s a 

r e s i s t i v i t y wh ic h i s  i n i t i a l l y c l os e t o i t s  t h e o r e t i c a l  maximu m o f  1 8 

MQcm,  bu t  t h i s va lu e i s  l i k e l y t o decreas e w i t h th e t im e t h a t  th e 

subphas e r e s i d e s i n th e t r o u g h ,  s i nc e i on s ar e l i k e l y t o b e leache d ou t 

o f  th e g l a s s .  I n a d d i t i o n ,  th e measuremen t  o f  r e s i s t i v i t y g ive s n o 

measur e o f  t h e q u a n t i t y o f  u n i o n i z e d o rgan i c spec ie s presen t  i n th e 

wa te r .  A l l  o f  th e s o l v e n t s an d o the r  chemical s use d i n th e p r e p a r a t i o n 

o f  sp read in g s o l u t i o n s ,  o r  a s a d d i t i v e s t o th e subphase ,  ar e o f  th e 

h i g h e s t  commerc ia l l y a v a i l a b l e grad e o f  p u r i t y . 
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A r i g o r o u s c l e a n i n g procedur e i s  r e g u l a r l y under take n i n whic h th e 

g l a s s t r o u g h i s  cleane d w i t h c h l o r o f o r m ,  p ropan -2 -o l ,  an d water .  Th e 

b e l t  an d r o l l e r s ar e c leane d b y  r i n s i n g i n c h l o r o f o r m the n r e f l u x i n g f o r 

s e v e r a l  hour s i n propan-2-o l  l i q u i d an d vapou r  i n a  Soxhle t  r e f l u x u n i t . 

On reassembly ,  th e subphas e an d Wilhelm y p l a t e ar e renewed ,  an d th e 

t r o u g h i n s t r u m e n t a t i o n r e c a l i b r a t e d .  Befor e spread in g th e f i l m s ,  th e 

subphas e su r fac e i s  c leane d b y sweepin g i t  w i t h a  f i n e nozz le d g las s 

p i p e connecte d t o a  wate r  d r i v e n pump . 

3. 4 Th e A l t e r n a t e Laye r  Langmui r  Troug h 

The p r o d u c t i o n o f  a l t e r n a t e l a y e r s i s  impo r tan t  f o r  a p p l i c a t i o n s 

employ in g n o n - l i n e a r  o p t i c a l ,  p i e z o e l e c t r l c a l ,  o r  p y r o e l e c t r i c a l 

e f f e c t s ,  s i nc e suc h f i l m s w i l l  hav e th e noncentrosynar ietr i c s t r u c t u r e s 

r e q u i s i t e f o r  thes e phenomena .  Th e a l t e r n a t e l a y e r  t roug h use s a 

r o t a t i n g c y l i n d e r  pass in g th roug h tw o independencl y compresse d 

monolayer s t o achiev e th e d e s i r e d 'ABAB '  sequenc e o f  l a y e r s i n a  r a p i d 

and eas y f a s h i o n .  .  I n o rde r  t o per fo r m th e sam e f u n c t i o n o n a 

c o n v e n t i o n a l  t roug h on e woul d hav e t o c lea n th e subphas e su r fac e an d 

sprea d a  f r e s h monolaye r  p r i o r  t o th e d e p o s i t i o n o f  eac h I n d i v i d u a l 

l a y e r ,  a  t e d i o u s an d l e n g t h y t ask . 

3.4. 1 Mechanica l  c o n s t r u c t i o n 

The mechanica l  c o n s t r u c t i o n o f  th e a l t e r n a t e l a y e r  t roug h i s  ve r y 

s i m i l a r  t o t h a t  o f  th e c o n v e n t i o n a l  t r oug h desc r i be d i n s e c t i o n 3.3.1 . 

The b a r r i e r  assembl y i s  m o d i f i e d s o t h a t  separat e r e v e r s i b l e motor s 

d r i v e th e b a r r i e r  element s an d a l l o w th a independ-^n t  c o n t r o l l e d 

compressio n o f  tw o d i f f e r e n t  monolayers .  Schemati c diagram s o f  th e 

syste m a s a  whol e an d o f  th e b a r r i e r  assembl y ar e show n i n f i g u r e s 3. 5 
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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 .  Ther e i s a  separat e Wi lhelm y p l a t e an d 

mic roba lanc e f o r  eac h ar m o f  th e t r o u g h ,  s o t h a t  th e tw o d i f f e r e n t 

m a t e r i a l s ca n b e d e p o s i t e d a t  t h e i r  optimu m s u r f a c e p ressu res ,  eve n i f 

the y ar e w i d e l y d i f f e r i n g .  Th e f i x e d c e n t r a l  b a r r i e r  i s  d i v i d e d t o 

accommodat e a  c y l i n d e r  whic h ca n r o t a t e o r  o s c i l l a t e abou t  a  c e n t r a l 

a x i s ,  an d t o whic h th e s u b s t r a t e s ca n b e clamped .  When th e c y l i n d e r  i s 

r o t a t e d th e s u b s t r a t e i s  immerse d throug h a  monolaye r  o f  th e f i r s t 

m a t e r i a l  an d wi thdraw n th roug h a  monolaye r  o f  th e second ;  whe n i t  i s 

o s c i l l a t e d i t  merel y d e p o s i t s th e sam e m a t e r i a l  o n i n s e r t i o n an d 

w i t h d r a w a l ,  a s a  c o n v e n t i o n a l  t r o u g h woul d do .  PTF E I n s e r t s exten d 

betwee n th e c y l i n d e r  an d th e end s o f  th e c e n t r a l  b a r r i e r  i n o rde r  t o 

p reven t  leakag e o f  monolayer s betwee n th e compartments .  Th e o s c i l l a t o r y 

o r  r o t a r y mot io n i s  t r a n s m i t t e d f ro m a  moto r  an d gearbo x throug h a 

de tachab l e c o u p l i n g t o a  c o - a x i a l  s p i n d l e o n th e c y l i n d e r .  Th e whol e 

assembl y i s  mounte d o n a  g r a n i t e s l a b cushione d w i t h a i r - f i l l e d 

p o l y e t h y l e n e bubbles . 

3.4. 2 I n s t r u m e n t a t i o n 

The c o n t r o l  o f  th e b a r r i e r  movement s i s  e x a c t l y th e sam e a s w i t h 

th e c o n v e n t i o n a l  t r o u g h excep t  t h a t  no w t h e r e i s  a  separat e se t  o f 

c o n t r o l s f o r  eac h compartment .  Th e d i p p i n g spee d an d d i r e c t i o n o f 

r o t a t i o n ca n b e s e l e c t e d b y th e o p e r a t o r ,  bu t  th e c o n t r o l  u n i t  doesn' t 

y e t  f e a t u r e a  counte r  f o r  programmin g a  se t  numbe r  o f  r o t a t i o n s . 

However ,  i t  i s  envisage d t h a t  i n th e nea r  f u t u r e t h i s omiss io n w i l l  b e 

r e c t i f i e d ,  an d a  f u r t h e r  m o d i f i c a t i o n may b e mad e s o t h a t  th e spee d o f 

r o t a t i o n a u t o m a t i c a l l y i n c r e a s e s d u r i n g th e p e r i o d o f  t im e t h a t  th e 

s u b s t r a t e i s  no t  a c t u a l l y t r a v e r s i n g a n a i r - w a t e r  i n t e r f a c e .  Surfac e 

p ressu r e ca n b e p l o t t e d a g a i n s t  s u r f a c e are a f o r  e i t h e r  compartmen t 
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u s i n g a  Bryan s 2900 0 X- Y c h a r t  r e c o r d e r ,  w h i l s t  tw o Bryan s 2700 0 Y- t 

c h a r t  r e c o r d e r s ca n b e use d t o m o n i t o r  th e su r fac e area s a s a  f u n c t i o n 

o f  t i m e . 

3.4. 3 Cross-con tamina t io n 

Ther e ar e tw o p o s s i b l e source s o f  c ross - con tam ina t i o n o f  th e f i l m s , 

a r i s i n g f ro m th e t r a n s f e r  o f  m a t e r i a l  f ro m on e compartmen t  t o anothe r  b y 

e i t h e r  (1 )  th e r o t a t i n g c y l i n d e r  o r  (11 )  th e s u b s t r a t e .  Th i s e f f e c t  ha s 

bee n i n v e s t i g a t e d b y H o l c r o f t  e t  a l ^ ' ' ' ^ ^  us i n g a  h i g h l y absorb in g 

s q u a r y l i u m dy e an d o j - t r i c o s e n o i c a c i d .  I t  wa s foun d t h a t  n e g l i g i b l e 

c o n t a m i n a t i o n aros e f ro m 2 0 r e v o l u t i o n s o f  th e c y l i n d e r .  However ,  whe n 

d i f f e r e n t  monolaye r  combinat ion s wer e use d i n whic h th e p i c k u p r a t i o 

was poor ,  c o n t a m i n a t i o n wa s observed . 

3. 5 P r o p e r t i e s o f  th e Water-Surfac e Monolaye r 

The mos t  fundamenta l  requ i remen t  f o r  a  m a t e r i a l  t o b e o f  us e i n L B 

f i l m f o r m a t i o n i s  t h a t  i t  shoul d b e p r a c t i c a l l y i n s o l u b l e i n th e wate r 

subphase .  However ,  th e c o n v e n t i o n a l  concep t  o f  b u l k  s o l u b i l i t y i s  no t 

r e a l l y m e a n i n g f u l  i n t h i s c o n t e x t ,  an d f i g u r e s f o r  suc h a  q u a n t i t y cou l d 

o n l y g i v e a t  bes t  a  roug h es t ima t e o f  whethe r  o r  no t  a  monolaye r  o f  th e 

m a t e r i a l  i s  l i k e l y t o b e s t a b l e a t  th e a i r - w a t e r  i n t e r f a c e .  Th e tw o 

most  v a l u a b l e p r o p e r t i e s o f  th e w a t e r - s u r f a c e monolaye r  whic h ca n b e 

s t u d i e d ar e i t s p ressure-are a r e l a t i o n s h i p an d th e chang e i n su r f ac e 

are a w i t h t im e a t  cons tan t  p ressu re . 

3.5. 1 Pressure-are a iso therm s 

I f  a  m a t e r i a l  form s a n i n s o l u b l e monolaye r  a t  th e a i r - w a t e r 

i n t e r f a c e ,  the n a s th e su r fac e are a o f  th e t roug h i s reduce d th e su r fac e 

p ressu r e w i l l  I n c rease .  B y p l o t t i n g th e c a l i b r a t e d ou tpu t  f ro m th e 
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mic roba lanc e a g a i n s t  t h a t  f ro m th e b a r r i e r  p o t e n t i o m e t e r ,  a 

p ressure -a re a ( ywvutsrponmljihgfedcbaWUTSQPONLJIHFCATT-A)  c u r v e ,  o r  i s o t h e r m ,  ca n b e o b t a i n e d .  Th e are a a x i s 

may b e conve r te d fro m t r oug h s u r f a c e are a t o su r f ac e are a pe r  molecul e 

i f  th e numbe r  o f  molecule s sprea d o n th e su r fac e i s know n ( t h i s ca n b e 

deduce d f ro m th e mo lecu la r  we igh t  o f  th e m a t e r i a l  an d th e volum e an d 

c o n c e n t r a t i o n o f  th e spread in g s o l u t i o n ) .  A t y p i c a l  i s o t h e r m f o r 

s t e a r i c a c i d i s show n i n f i g u r e 3.7 .  Th i s i s o t h e r m rep resen t s th e 

' i d e a l '  s i t u a t i o n i n whic h t h e r e ar e t h r e e d i s t i n c t  r e g i o n s , 

co r respond in g t o two-d imens iona l  "gas" ,  " l i q u i d " ,  an d " s o l i d "  phases . 

The s t e e p ,  l i n e a r  " s o l i d "  p o r t i o n o f  th e curv e ca n b e e x t r a p o l a t e d dow n 

t o th e are a a x i s i n o rde r  t o determin e th e zer o pressur e l i m i t  o f  th e 

mo lecu la r  are a i n th e s o l i d phase .  Th i s va lu e may the n b e compare d t o 

thos e o b t a i n e d fro m p h y s i c a l  r e p r e s e n t a t i o n s ,  suc h a s E a l i n g CPK 

m o l e c u l a r  models ,  o r  computer-generate d s i m u l a t i o n s .  Suc h comparison s 

ca n h e l p t o i n d i c a t e th e o r i e n t a t i o n o f  molecule s i n th e f i l m ,  a lon g 

(24 ) 

w i t h th e p o s s i b l e 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 ,  Langmui r 

foun d t h a t  f i l m s o f  l o n g c h a i n . f a t t y a c i d s gav e th e sam e c r o s s - s e c t i o n a l 

are a pe r  mo lecu le ,  i r r e s p e c t i v e o f  c h a i n l e n g t h .  He conclude d t h a t  th e 

f i l m s wer e on e molecul e t h i c k an d t h a t  th e molecule s wer e o r i e n t e d 

n e a r l y  v e r t i c a l l y o n th e wate r  s u r f a c e ,  th e f i l m t h i c k n e s s be in g th e 

c h a i n l e n g t h .  Fe w m a t e r i a l s d i s p l a y th e t h r e e d i s t i n c t  "phases "  show n 

by s t e a r i c a c i d ,  bu t  th e shape s o f  t h e i r  i so therm s he l p t o e l u c i d a t e th e 

behav iou r  o f  th e molecule s a s th e f i l m i s compressed .  Man y compound s 

e x h i b i t  " s o l i d "  r e g i o n s ,  bu t  o f t e n o n l y a f t e r  a  s e r i e s o f  o t h e r  phas e 

changes .  Th e c u r v a t u r e o f  suc h i s o t h e r m s ,  an d change s i n c u r v a t u r e upo n 

recompress ion ,  ca n b e i n t e r p r e t e d i n term s o f  mo lecu la r  rearrangemen t 

and i n t e r a c t i o n . 
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3.5. 2 Deca y i n s u r f a c e are a w i t h t im e 

An I d e a l  Langmul r  f i l m woul d d i s p l a y n o decreas e i n su r fac e are a 

w i t h t im e whe n he l d a t  a  cons tan t  su r f ac e pressur e 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  monolaye r  f i l m s sho w som e deca y i n are a 

w i t h t im e du e t o som e o r  a l l  o f  th e f o l l o w i n g e f f e c t s :  (a )  c o l l a p s e 

( b u c k l i n g o f  th e f i l m ) ;  (b )  rearrangement ;  ( c )  d i s s o l u t i o n o f  m a t e r i a l 

i n t o th e subphase ;  (d )  e v a p o r a t i o n .  Normal l y on e ca n preven t  a 

monolaye r  f ro m c o l l a p s i n g b y keepin g th e su r fac e pressur e belo w t h a t  a t 

wh ic h th e f i l m become s u n s t a b l e ;  however ,  i n som e case s t h i s p ressur e i s 

to o lo w f o r  e f f i c i e n t  t r a n s f e r  t o a  s u b s t r a t e .  Th e r a t e o f  d i s s o l u t i o n 

may depen d o n s e v e r a l  f a c t o r s ,  i n c l u d i n g tempera ture ,  pH ,  an d th e 

c o n c e n t r a t i o n o f  v a r i o u s ion s i n th e subphase .  Wi t h mos t  o f  th e 

c l a s s i c a l  f a t t y a c i d m a t e r i a l s  t h i s proces s ca n b e rendere d 

I n s i g n i f i c a n t  b y p a r t i a l  s a l t  f o r m a t i o n ,  bu t  d i s s o l u t i o n ca n b e q u i t e 

r a p i d ,  an d thu s a  majo r  problem ,  w i t h man y o f  th e mor e nove l  m a t e r i a l s . 

The optimu m c o n d i t i o n s f o r  s l o w i n g f i l m c o l l a p s e mus t  t h e r e f o r e b e 

found .  Gaines '̂'" ^  ha s s t u d i e d Langmui r  f i l m s whic h d i s s o l v e a t  a n 

a p p r e c i a b l e r a t e an d ha s foun d t h a t  the y sho w a n i n i t i a l  r a p i d 

d e s o r p t i o n ,  f o l l o w e d b y a  proces s obey in g equa t i o n 3.1 ; 

l n ( N )  =  - k t  +  C  (3.1 ) 

wher e N  i s th e numbe r  o f  molecule s rema in in g o n th e sur fac e a t  t im e t , 

and k ,  C  ar e c o n s t a n t s .  Th e optimu m c o n d i t i o n s f o r  reduce d s o l u b i l i t y 

ca n b e foun d b y measurin g th e are a o f  a  c o l l a p s i n g f i l m a s a  f u n c t i o n o f 

t im e f o r  a  rang e o f  d i f f e r e n t  subphas e parameter s an d n o t i n g whic h g i ve s 

th e s m a l l e s t  va l u e o f  k . 
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3.5. 3 Monolaye r  m o b i l i t y 

A l t houg h I t  i s  d e s i r a b l e t h a t  a  monolaye r  shou l d b e w e l l - o r d e r e d 

and c lose-packed ,  i t  i s  i m p o r t a n t  t h a t  i t  shoul d a l s o remai n mob i l e o n 

th e wate r  s u r f a c e i f  i t  i s  t o b e depos i t e d ont o a  s u b s t r a t e .  I f  a  f i l m 

i s to o r i g i d ,  the n a s a  s u b s t r a t e i s  draw n u p throug h i t ,  i t  w i l l 

f r a c t u r e an d d e p o s i t i o n w i l l  tak e th e for m o f  th e t r a n s f e r  o f  f i l m 

f r agmen ts ,  w i t h l a r g e c rack s an d ho le s betwee n them . 

The ' s u c t i o n t e s t '  p r o v i d e s a  s impl e chec k o n monolaye r  m o b i l i t y ; 

th e f i l m i s  h e l d a t  cons tan t  p r e s s u r e ,  w i t h th e feedbac k t o th e b a r r i e r 

d r i v e a t  maximu m g a i n ,  an d a  s m a l l  amoun t  o f  m a t e r i a l  remove d u s i n g th e 

vacuu m nozz l e desc r i be d i n s e c t i o n 3.3.3 .  A n adequate l y mobi l e f i l m 

shou l d c o l l a p s e immed ia te l y t o m a i n t a i n th e p r e s e t  su r f ac e p ressu re . 

Ver y  r i g i d monolayer s ca n o f t e n b e made mor e f l u i d b y m i x i n g th e 

m a t e r i a l  w i t h a  f a t t y a c i d o r  b y u s i n g a  s low-evapo ra t i n g s o l v e n t .  I n 

some case s r i g i d i t y s e t s i n s l o w l y w i t h t im e an d s o th e proble m ca n b e 

c i rcumvente d b y alway s d e p o s i t i n g fro m a  f r e s h l y sprea d monolayer , 

a l t h o u g h t h i s ca n b e r a t h e r  t e d i o u s . 

3. 6 Expe r imen ta l  Technique s , 

Havin g e s t a b l i s h e d a  m a t e r i a l  a s a  v i a b l e Langmui r  f i l m ,  th e 

f o r m a t i o n o f  L B f i l m s b y d e p o s i t i o n ont o s u b s t r a t e s may b e i n v e s t i g a t e d . 

The s u r f a c e o f  th e subphas e i s  f i r s t  c leane d b y compressin g th e b a r r i e r s 

t o minimu m area ,  sweepin g th e s u r f a c e w i t h th e vacuu m n o z z l e ,  the n 

expandin g bac k t o maximu m area .  Th i s proces s i s  repeate d s e v e r a l  t imes . 

The d e p o s i t i o n proces s the n proceed s w i t h monolaye r  sp read ing , 

compression ,  an d f i n a l l y d e p o s i t i o n I t s e l f . 



-  4 2 -

3.6. 1 Monolaye r  sp read in g 

The mos t  commonl y use d s o l v e n t  f o r  th e p r o d u c t i o n o f  spread in g 

s o l u t i o n s wa s ARISTA R grad e c h l o r o f o r m .  T y p i c a l l y ,  c o n c e n t r a t i o n s o f 

a p p r o x i m a t e l y 1  gd m wer e used ,  th e mas s o f  m a t e r i a ]  use d i n fo rm in g 

th e s o l u t i o n be in g a c c u r a t e l y determine d u s i n g a n O e r t l i n g R5 2 ba lance . 

The s o l u t i o n wa s dispense d a  dro p a t  a  t im e ont o th e wate r  su r f ac e fro m 

a h e i g h t  o f  a p p r o x i m a t e l y 2  mm u s i n g a n Agl a m i c r o l i t r e s y r i n g e .  A 

micromete r  d r i v e o n th e p lunge r  enable d th e volum e d e l i v e r e d ( t y p i c a l l y 

0. 1 ml )  t o b e measure d p r e c i s e l y i n o rde r  t o f a c i l i t a t e mo lecu la r  are a 

c a l c u l a t i o n s .  I n mos t  case s th e s o l u t i o n wa s depos i t e d nea r  th e cen t r e 

o f  th e t r o u g h t o lesse n th e e f f e c t  o f  an y r e s i d u a l  contaminan t  i o n ,  bu t  i n 

th e s i t u a t i o n s wher e v e r y concen t ra te d o r  s low-spread in g s o l u t i o n s ha d 

t o b e use d th e drop s wer e p lace d a t  r e g u l a r  i n t e r v a l s a l l  ove r  th e wate r 

s u r f a c e .  Complet e s o l v e n t  e v a p o r a t i o n wa s ensure d b y runn in g th e 

e x t r a c t o r  f a n f o r  abou t  f i v e minute s a f t e r  sp read ing . 

3.6. 2 Monolaye r  compressio n 

Pressure-are a i so the rm s wer e p l o t t e d a s a  m a t t e r  o f  cours e f o r  eac h 

new sp read in g s o l u t i o n an d f ro m t im e t o t im e f o r  o l d e r  s o l u t i o n s t o 

chec k t h a t  the y  s t i l l  gav e goo d q u a l i t y w a t e r - s u r f a c e monolayers .  Th i s 

was don e b y compressin g th e f i l m a t  a  f i x e d r a t e i n th e fo rwar d mode . 

Havin g e s t a b l i s h e d t h i s ,  f r e s h monolayer s wer e sprea d an d compresse d i n 

c o n t r o l  mod e t o a  p ressur e c l os e t o th e c e n t r e o f  th e s o l i d phase ,  wher e 

th e f i l m s t r u c t u r e shou l d chang e v e r y  l i t t l e f o r  r e l a t i v e l y l a r g e 

f l u c t u a t i o n s i n s u r f a c e p r e s s u r e .  A t  t h i s stag e th e deca y i n su r fac e 

are a w i t h t im e ( s e c t i o n 3.5.2 )  wa s s t u d i e d ,  o r  e l s e th e f i l m wa s l e f t 

f o r  a  fe w minute s t o s t a b i l i s e b e f o r e commencin g d e p o s i t i o n . 
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3.6. 3 L B F i l m d e p o s i t i o n 

(25 ) 
Thre e p o s s i b l e mode s o f  L B f i l m d e p o s i t i o n hav e bee n recogxiize d 

and ar e i l l u s t r a t e d I n f i g u r e 3.8 .  Wi t h mos t  m a t e r i a l s d e p o s i t i o n i s 

Y-type ,  w i t h p i c k u p o c c u r r i n g o n b o t h i n s e r t i o n an d w i t h d r a w a l  o f  th e 

s u b s t r a t e f ro m th e subphase .  W i t h t h i s mod e th e f i r s t  monolaye r  i s 

d e p o s i t e d o n th e f i r s t  ups t r ok e o f  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 a n od d 

t o t a l  numbe r  o f  l a y e r s )  o r  o n th e f i r s t  downstrok e o f  a  hydrophobi c 

m a t e r i a l  ( g i v i n g a n eve n t o t a l  numbe r  o f  l a y e r s ) uojfNo Y-typ e d e p o s i t i o n 

produce s a  h i g h l y symmet r i ca l  pack in g arrangemen t  un les s d i f f e r e n t 

m a t e r i a l s ar e use d f o r  success iv e l a y e r s (a s w i t h th e a l t e r n a t e l a y e r 

t r o u g h d e s c r i b e d i n s e c t i o n 3 .4) .  A t  h i g h subphas e pH ,  f a t t y ac id s w i l l 

sometime s d e p o s i t  o n l y o n th e downstroke ,  thu s f o rm in g X-typ e f l l m s ^ ' ' ' ^ 

T h i s mod e o f  d e p o s i t i o n i s  g e n e r a l l y e n e r g e t i c a l l y un favourab l e compare d 

t o Y-typ e d e p o s i t i o n an d t h e r e i s  X-ra y evidenc e f o r  mo lecu la r 

rearrangemen t  d u r i n g t r a n s f e r r a l  t o g i v e f i l m s whic h ar e e s s e n t i a l l y 

Y-typ e i n n a t u r e .  Z-typ e d e p o s i t i o n .  I n whic h p i c k u p occur s o n l y o n 

th e u p s t r o k e ,  ha s bee n observe d i n a  l i g h t l y s u b s t i t u t e d anthracen e 

(9 ) 

d e r i v a t i v e an d i n a s y m m e t r i c a l l y s u b s t i t u t e d coppe r 

p h t h a l o c y a n i n e '̂'"• '" ^ 

An i m p o r t a n t  paramete r  use d t o c h a r a c t e r i z e L B f i l m d e p o s i t i o n I s 

t h e d e p o s i t i o n ( o r  t r a n s f e r )  r a t i o .  Th i sxvusmlihfeaXT is  d e f i n e d as  th e r a t i o o f  th e 

are a o f  f i l m remove d f ro m th e wate r  su r fac e t o th e are a o f  th e s u b s t r a t e 

moved th roug h th e a i r - w a t e r  I n t e r f a c e ,  an d ha s a  va lu e o f  u n i t y f o r 

i d e a l  d e p o s i t i o n . 

The succes s o f  d e p o s i t i o n an d th e q u a l i t y o f  m u l t i l a y e r  f i l m s 

depen d c r i t i c a l l y o n th e s t r u c t u r e o f  th e f i r s t  monolayer ,  s inc e an y 

f a u l t s i n i t  migh t  b e propagate d i n t o subsequen t  l a y e r s .  I n a d d i t i o n , 

t h e f i r s t  l a y e r  i s  uniqu e i n t h a t  i t  i s  th e o n l y on e d i r e c t l y bonde d t o 
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th e s u b s t r a t e .  Thus ,  t h e r e w i l l  b e a  fundamenta l  d i f f e r e n c e betwee n th e 

f o r c e s i n v o l v e d i n t h i s proces s an d thos e i n v o l v e d I n bondin g succeedin g 

l a y e r s t o eac h o t h e r .  P a r t i c u l a r  car e wa s t h e r e f o r e take n whe n 

d e p o s i t i n g th e f i r s t  l a y e r ,  d i p p i n g be in g commence d immediate l y  a f t e r 

th e f i n a l  s u r f a c e t r ea tmen t  o f  th e s u b s t r a t e ,  a t  lo w speed s ("v *  2  mm 

ml n ^ ) ,  an d a  dra inag e t im e o f  a t  l e a s t  3 0 minute s wa s a l lowe d be fo r e 

d e p o s i t i n g an y f u r t h e r  l a y e r s . 

I n th e case s wher e Z-typ e d e p o s i t i o n wa s a t tempted ,  th e 

w a t e r ^ s u r f a c e monolaye r  wa s expande d be fo r e th e downstrok e i n o rde r  t o 

reduc e th e r i s k o f  an y p a r t i a l  p i c k u p d u r i n g t h i s h a l f  o f  th e d i p p i n g 

c y c l e ( i n a n i d e a l  s i t u a t i o n t h e r e woul d b e n o f i l m o n th e wate r  su r fac e 

a t  a l l ) .  Th e t roug h c o n t r o l  u n i t  pe rm i t s  t l i l u procedur e t o b e don e 

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 Assessmen t 

At  l e a s t  t h r e e majo r  aspect s ca n b e I d e n t i f i e d wh ic h p e r t a i n t o th e 

q u a l i t y o f  L B f i l m s .  F i r s t l y ,  i t  i s  i m p o r t a n t  t o kno w whethe r  th e sam e 

amount  o f  m a t e r i a l  i s  b e i n g depos i te d i n eac h monolayer .  A l thoug h t h i s 

i n f o r m a t i o n ca n b e deduce d f ro m th e d e p o s i t i o n r a t i o s c a l c u l a t e d f o r 

eac h l a y e r  f ro m th e d i p p i n g r e c o r d ( p l o t  o f  are a aga ins t  t i m e ) ,  th e 

accurac y g i v e n b y  t h i s techn iqu e i s  v e r y lo w ( p a r t i c u l a r l y w i t h s m a l l 

sample s whos e area s ar e almos t  i n s i g n i f i c a n t  compare d t o th e t roug h are a 

and/o r  w a t e r - s u r f a c e monolayer s whic h c o l l a p s e o r  d i s s o l v e a t  a n 

a p p r e c i a b l e r a t e ) .  F u r t h e r  problem s w i t h t h i s metho d a r i s e whe n mixe d 

(heterogeneous)monolayer s ar e b e i n g d e p o s i t e d ,  s inc e th e p i c k up s o f  th e 

d i f f e r e n t  component s canno t  b e d i s t i n g u i s h e d .  Th e secon d majo r  p o i n t  i n 

assess in g f i l m q u a l i t y i s  th e d e t e r m i n a t i o n o f  th e degre e o f  c r y s t a l l i n e 
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o r d e r  i n th e f i l m s .  A  f u r t h e r  c o n s i d e r a t i o n concern s th e na tu r e an d 

number  o f  an y d e f e c t s i n th e f i l m ;  f o r  i n s t a n c e ,  p i n h o l e s migh t  occu r 

betwee n c r y s t a l l i n e r e g i o n s an d lea d t o u n d e s i r a b l e e f f e c t s suc h a s th e 

s h o r t  c i r c u i t i n g o f  an y e l e c t r i c a l . c o n t a c t s mad e t o th e f i l m . 

Most  o f  t h e molecule s 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  ha d th e common 

s t r u c t u r a l  f e a t u r e o f  a  p o l a r i s e d con jugate d system ,  designe d i n o rde r 

t o produc e 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 bu t  hav in g th e a d d i t i o n a l 

p r o p e r t y o f  r e n d e r i n g th e m a t e r i a l s h i g h l y co lou red .  Th i s s t r o n g 

a b s o r p t i o n i n th e v i s i b l e g i v e s r i s e t o a  u s e f u l  techn iqu e f o r  checkin g 

t h a t  th e p i c k u p i s  u n i f o r m fro m on e l a y e r  t o th e n e x t ;  th e o p t i c a l 

a b s o r p t i o n ca n b e measure d a s a  f u n c t i o n o f  f i l m t h i c k n e s s ( a t  a  f i x e d 

wave lengt h -  u s u a l l y th e a b s o r p t i o n maximu m o f  th e dye )  art d a  l i n e a r 

c h a r a c t e r i s t i c shoul d b e o b t a i n e d ,  p rov i de d t h a t  i n t e r f e r e n c e e f f e c t s 

ar e s m a l l .  Th e techn iqu e i s  p a r t i c u l a r l y u s e f u l  whe n l o o k i n g a t  mixe d 

l a y e r s s i nc e t h e a b s o r p t i o n maximxi m o f  an y on e o f  th e component s a t  a 

t im e ca n b e s t u d i e d .  Analogou s l i n e a r  p l o t s ca n b e mad e u s i n g dat a f ro m 

i n f r a - r e d r e f l e c t a n c e s p e c t r a o r  f ro m th e a t t e n u a t i o n o f  th e X-ra y 

(27 ) 
photoemiss io n s i g n a l  f ro m a  m e t a l  s u b s t r a t e ont o whic h th e L B f i l m 

has bee n d e p o s i t e d .  Anothe r  techn iqu e i n t h i s c l a s s i s  t o l a b e l  th e 

14 
molecule s o f  t h e f i l m w i t h C  an d examin e t h e i r  au to rad iograph s s o t h a t 

(28 )  •  

a p l o t  ca n b e mad e o f  coun t  r a t e versu s numbe r  o f  monolayer s 

Var iou s d i f f r a c t i o n techn ique s ca n b e use d t o determin e th e degre e 

o f  c r y s t a l l i n e o rde r  i n a n L B f i l m .  Fo r  a  complet e s t r u c t u r a l 
(2 9 30 )  ( 3 1 32 ) 

assessment ,  t r a n s m i s s i o n e l e c t r o n '  ,  X-ra y '  ,  o r  neu t ro n 
(33 ) 

d i f f r a c t i o n ca n b e employed ,  bu t  f o r  a  r a p i d i d e n t i f i c a t i o n o f  th e 

f i l m s t r u c t u r e r e f l e c t i o n h i g h energ y 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 ) 
adequat e .  RHEED i s a  v e r y conven ien t  techniqu e i n t h a t  i t  i s 

n o n - d e s t r u c t i v e ,  an d r e q u i r e s m in ima l  sampl e p r e p a r a t i o n . 

A w i d e l y p r a c t i c e d metho d f o r  check in g th e cons is tenc y o f 

d e p o s i t i o n an d f o r  f i n d i n g an y majo r  d e f e c t s I s t o p l o t  r e c i p r o c a l 

capac i tanc e a g a i n s t  numbe r  o f  l a y e r s I n a  m e t a l - l n s u l a t o r - m e t a l 

s t r u c t u r e .  A  l i n e a r  p l o t  woul d demonstrat e th e r e p e a t a b i l i t y o f 

(35 ) 

d i e l e c t r i c t h i c k n e s s o f  eac h monolaye r  (se e s e c t i o n 4 .2 ) ,  bu t  i f  th e 

f i l m i s  b a d l y p i n h o l e d the n a l l  th e dev ice s w i l l  b e s h o r t  c i r c u i t e d an d 

no m e a n i n g f u l  va lue s o f  capac i tanc e w i l l  b e o b t a i n e d .  Anothe r  metho d 

whic h i s  u s e f u l  f o r  o b s e r v i n g l a r g e d e f e c t s o r  p a r t i c u l a t e con tamina t i o n 

i s t o v i e w th e f i l m i n r e f l e c t i o n betwee n crosse d p o l a r i z e r s I n a n 

o p t i c a l  microscope ;  t h i s techn iqu e ca n b e extende d t o th e o b s e r v a t i o n o f 

l a r g e c r y s t a l l i t e s i n t h i c k ( i . e .  500nm )  L B f i l m s o f  a n e p i t a x i a l 
^  (36 ) 

n a t u r e 

3. 8 P o s s i b l e A p p l i c a t i o n s f o r  L B F i lm s 

The,  o r i g i n a l  propose d a p p l i c a t i o n s f o r  L B f i l m s wer e ve r y s impl e i n 

n a t u r e ,  suc h a s a n t i - r e f l e c t i o n c o a t i n g s ,  s t e p - t h i c k n e s s gauges ,  an d 

s o f t  X-ra y g r a t i n g s .  Mor e r e c e n t l y researcher s hav e bee n examinin g th e 

p o t e n t i a l  o f  m u l t i l a y e r  assembl ie s f o r  muc h mor e s u b t l e ,  an d comple x 

uses .  Th e rang e o f  suc h a p p l i c a t i o n s ha s bee n g r e a t l y en large d b y th e 

i n t r o d u c t i o n o f  th e concep t  o f  a l t e r n a t e l a y e r  systems ;  suc h asymmetri c 

s t r u c t u r e s may b e employe d a s a c t i v e l a y e r s i n p y r o e l e c t r l c dev ice s a s 

w e l l  a s th e n o n - l i n e a r  o p t i c a l  one s d iscusse d i n t h i s t b e s l s . 

Passiv e a p p l i c a t i o n s o f  L B f i l m s i n c l u d e th e o p p o r t u n i t y t o for m a n 

I n s u l a t i n g l a y e r  o f  c o n t r o l l a b l e t h i c k n e s s o n semlcondut:tor s suc h a s In P 

w h i c h ,  u n l i k e s i l i c o n ,  d o no t  hav e a  n a t i v e ox id e w i t h goo d i n s u l a t i n g 
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p r o p e r t i e s .  Th i s i s  o f  g rea t  i n t e r e s t  i n th e f o r m a t i o n o f 

(37 ) 

m e t a l - i n s u l a t o r - s e m i c o n d u c t o r  (MIS )  s t r u c t u r e s 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 c i r c u i t s an d p l a n a r  e l e c t r o n i c dev ices .  S i m i l a r l y ,  L B f i l m s 

o f  ( o - t r i c o s e n o l c a c i d ca n b e use d t o improv e th e breakdow n s t r e n g t h o f uojfN

f38) 

s i l i c o n - s i l i c o n d i o x i d e s t r u c t u r e s .  Th e sam e m a t e r i a l  ha s p o t e n t i a l 

as a n e l e c t r o n bea m r e s i s t  f o r  m i c r o l i t h o g r a p h y i n i n t e g r a t e d c i r c u i t 

f a b r i c a t i o n ,  t h e f i l m s be in g p o l y m e r i s a b l e an d g i v i n g a  r e s o l u t i o n f a r 

(39 ) 

g r e a t e r  tha n t h a t  o f  c o n v e n t i o n a l  spu n p h o t o r e s i s t s .  L B f i l m s ca n 

be use d a s o v e r l a y s o n c o n v e n t i o n a l  waveguid e s t r u c t u r e s t h e 

a t t r a c t i o n b e i n g th e p r e c i s e c o n t r o l  ove r  f i l m t h i c k n e s s an d r e f r a c t i v e 

i nde x an d henc e ove r  gu ide d wav e v e l o c i t y . 

E l e c t r o l u m i n e s c e n t  an d pho toconduc t i v e p r o p e r t i e s hav e bee n 

observe d f ro m 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 ) 

anthracen e .  Ph tha locyan ine s hav e i n t e r e s t i n g semiconduct in g 

p r o p e r t i e s an d b y makin g a p p r o p r i a t e s u b s t i t u t i o n s i t  shoul d b e p o s s i b l e 

t o o b t a i n f i l m s e x h i b i t i n g p -  o r  n-typ e c o n d u c t i v i t y .  Th e e l e c t r i c a l 

c o n d u c t i v i t i e s o f  som e ph tha locyan ine s ar e s e n s i t i v e t o ga s 

ambients^'''''' ^  sugges t in g a p p l i c a t i o n s a s ga s sensors .  F u r t h e r  senso r 

a p p l i c a t i o n s a r e envisage d i n th e b i o l o g i c a l  f i e l d ,  wher e a n FE T dev ic e 

i n c o r p o r a t i n g a n L B f i l m mad e s e l e c t i v e t o c e r t a i n ion s o r  enzyme s may 

be produce d an d use d t o m o n i t o r  th e l e v e l s o f  suc h spec ies ,  f o r  exampl e 

potass iu m i o n s i n th e b l o o d .  A n a l t e r n a t i v e approac h use s th e 

b i o l o g i c a l  spec ie s t o a l t e r  t h e o p t i c a l  p r o p e r t i e s o f  L B f i l m s . 

LB f i l m s may a l s o b e use d a s mode l  system s i n fundamenta l  r esea rch , 

(42 ) 
suc h a s i n th e spect roscop y o f  comple x monolayer s ,  th e m o d e l l i n g o f 

(43 ) 

b i o l o g i c a l  membrane s ,  an d f o r  th e m o d i f i c a t i o n o f  th e p r o p e r t i e s o f 

s o l i d s u r f a c e s .  A  muc h mor e d e t a i l e d accoun t  n f  th e p o s s i b l e 
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a p p l i c a t i o n s o f  L B f i l m s ca n b e foun d i n r e f e r e n c e 4 4 an d i n th e nex t 

s e c t i o n ,  wh ic h deal s w i t h t h e i r  p o t e n t i a l  use s 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 . 

3. 9 Non-Linea r  O p t i c a l  E f f e c t s i n L B F i lm s 

I n chap te r  1  i t  wa s s t r e s s e d t h a t  I n orde r  f o r  n o n - l i n e a r  e f f e c t s 

t o b e u t i l i z e d i n low-powe r  semiconducto r  l a s e r - d r i v e n systems ,  f u l l y 

o p t i m i z e d s t r u c t u r e s ar e r e q u i r e d ,  suc h a s thos e employin g waveguidin g 

i n t h i n f i l m s o r  f i b r e s .  No t  o n l y doe s th e L B techn iqu e p r o v i d e a  mean s 

o f  d e p o s i t i n g o rgan i c f i l m s o f  a  p r e c i s e l y d e f i n e d t h i c k n e s s ,  bu t  i t 

a l s o enable s th e d i f f i c u l t i e s encountere d i n o b t a i n i n g a 

noncent rosymmetr l c  c r y s t a l  c o n t a i n i n g h i g h l y n o n - l i n e a r  molecule s 

( s e c t i o n 2.3 )  t o b e overcom e b y u s i n g a l t e r n a t e l a y e r  systems .  A s a 

consequenc e t h e r e ha s bee n c o n s i d e r a b l e recen t  I n t e r e s t  i n th e stud y o f 

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 L B f i l m s . 

One advantag e o f  th e us e o f  waveguid in g f o r  o p t i c a l  SHG an d m i x i n g 

l i e s i n th e f a c t  t h a t  phase-matchin g ca n b e achieve d us in g waveguid e 

(45 ) 

d i s p e r s i o n ,  a  phenomeno n a r i s i n g fro m th e dependenc e o f  th e phas e 

v e l o c i t y o f  a  g i v e n f requenc y o f  l i g h t  o n th e g u i d i n g r e g i o n dimensions , 

th e r e f r a c t i v e inde x d i f f e r e n c e betwee n th e g u i d i n g r e g i o n an d th e 

s u b s t r a t e ,  an d th e mod e o f  p r o p a g a t i o n .  I n p r a c t i c e th e phas e matchin g 

f o r  t h e I n t e r a c t i n g mode s ca n b e achieve d b y  t a i l o r i n g th e dimension s o f 

th e g u i d i n g r e g i o n (e .g .  b y l i t h o g r a p h y )  and/o r  th e r e f r a c t i v e inde x 

d i f f e r e n c e (e .g .  b y changin g t h e l e n g t h o f  th e hydrocarbo n t a l l ,  o r  th e 

I n c l u s i o n o f  m e t a l l i c  coun te r  i on s i n th e L B 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  s u b s t r a t e m a t e r i a l  cou l d b e used) .  A n 

a d d i t i o n a l  advantag e a r i s e s f ro m th e dimension s o f  th e g u i d i n g r e g i o n 

b e i n g o n l y o f  th e o r d e r  o f  micron s f o r  o p t i c a l  wavelengths ,  s o t h a t  i t 
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I s p o s s i b l e t o hav e th e l a r g e 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 

n o n - l i n e a r  i n t e r a c t i o n s ,  w i t h modes t  o p t i c a l  powers .  Lon g i n t e r a c t i o n 

l e n g t h s ar e a l s o p o s s i b l e s inc e th e o p t i c a l  energ y i s  guided . 

I t  ca n b e shown^^^ ^  t h a t  th e r a t i o o f  secon d harmoni c convers io n 

r a t e s f o r  p l a n a r  waveguid e an d b u l k sample s i s o f  th e orde r  o f  L/X , 

wher e th e 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  c m an d th e wavelength , 

A,  i s  a p p r o x i m a t e l y 1  pm.  Th i s r a t i o ,  i n t h e o r y 10^ ,  i s  c l e a r l y 

h i g h l y i n f a v o u r  o f  th e waveguid e c o n f i g u r a t i o n ;  i n p r a c t i c e th e r a t i o 

2 

i s c l o s e r  t o 1 0 du e t o pum p d e p l e t i o n .  One f u r t h e r  paramete r  ha s t o b e 

d e a l t  w i t h whe n o p t i m i z i n g th e convers io n e f f i c i e n c y i n a  waveguid e 

s t r u c t u r e ;  th e i n t e r a c t i n g guide d mode s a t  th e fundamenta l  an d harmoni c 

wavelength s may hav e weakl y o v e r l a p p i n g t r ansve rs e energ y d i s t r i b u t i o n s , 

and t h e r e f o r e th e cor respond in g o v e r l a p I n t e g r a l  shoul d b e op t im ize d a s 

f a r  a s p o s s i b l e ̂ ^^^ .  Th i s may b e ach ieved ,  t o a  c e r t a i n e x t e n t ,  b y 

t o p p i n g a  n o n - l i n e a r  waveguid e b y a  l i n e a r  on e o f  h i g h r e f r a c t i v e index , 

o r  b y g row in g 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  ove r  a  n o n - l i n e a r 

subs t ra te . .  Reference s 4 0 an d 47-4 9 p r o v i d e example s o f  i n v e s t i g a t i o n s 

I n t o t h e us e o f  L B f i l m s a s  ( l i n e a r )  waveguide s o r  a s c l add ing s o n 

p r e f a b r i c a t e d waveguides . 

T h i r d - o r d e r  n o n - l i n e a r  e f f e c t s d o no t  r e q u i r e a  non-centrosymmetr i c 

s t r u c t u r e an d ca n t h e r e f o r e b e observe d i n c o n v e n t i o n a l  Y-typ e f i l m s . yxutsronidcaXVQONKHC
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  l a r g e i n p o l y d i a c e t y l e n e s an d 

t h e r e hav e bee n e x t e n s i v e i n v e s t i g a t i o n s o f  th e 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 o f  m u l t i l a y e r s o f  t h i s m a t e r i a l .  Thes e i n c l u d e s t u d i e s o f 

t h i r d harmoni c g e n e r a t i o n whic h ha s bee n enhanced ,  e i t h e r  b y v a r y i n g th e 

fundamenta l  wavelengt h ̂ ^̂ ^  t o matc h a  resonanc e i nxvusmlihfeaXT X^'^\  o r  b y 

e x p l o i t i n g t h e i n t e r f e r e n c e betwee n th e r a d i a t i o n generate d fro m 
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m u l t i l a y e r s depos i t e d o n th e f r o n t  an d bac k face s o f  a  qua r t z 

s u b s t r a t e ̂ ''̂ '̂̂ • '" ^  Fur thermore ,  C a r t e r  e t  a l ^ ^ ^ * ^ " ^ ^  hav e r e p o r t e d a n 

i n t e n s i t y - d e p e n d e n t  r e f r a c t i v e i ndex ,  n 2 1 0 ̂  I  (wher e I  I s t h e 

_2 

i n t e n s i t y i n MW c m )  f o r  p o l y d l a c e t y l e n e m u l t i l a y e r s i n a  p l a n a r 

waveguid e s t r u c t u r e ( f a b r i c a t e d b y d e p o s i t i n g th e f i l m ont o a  m e t a l l i z e d 

g r a t i n g ) .  T h i s wa s measure d b y v a r y i n g th e o p t i c a l  i n t e n s i t y an d 

o b s e r v i n g t h e r e s u l t a n t  change s i n th e c o u p l i n g angl e betwee n th e i n p u t 

l a s e r  bea m an d a  waveguid e mode . 

Ther e hav e bee n s e v e r a l  r e p o r t s o f  secon d harmoni c g e n e r a t i o n f ro m 

a c e n t r i c L B f i l m s t r u c t u r e s ;  thos e mad e b y t h i s au tho r  may b e foun d i n 

th e appendice s an d w i l l  b e d iscusse d i n l a t e r  chap te rs .  G i r l i n g e t  a l 

(54 ) 

hav e obseirve d SHG fro m monolayer s o f  a  merocyanin e dy e an d fro m 

l a y e r s o f  th e merocyanine^^^ ^  an d a  hemicyanine^^^ ^  dy e a l t e r n a t e d w i t h 

a f a t t y a c i d m a t e r i a l .  Th e f i r s t  r e p o r t  o f  t h i s k i n d wa s mad e b y 

A k t s l p e t r o v e t  a l ^ ^ ^ ^ wh o use d a  monolaye r  o f  a n az o dye ;  subsequen t 

paper s d e s c r i b e th e inc reas e i n th e secon d harmoni c s i g n a l  s t r e n g t h o n 

i n c r e a s i n g t h e numbe r  o f  l a y e r s o f  th e sam e dy e i n a  non-centrosjrmmetr i c 

LB f i l m s t r u c t u r e an d th e a n a l y s i s o f  r e f l e c t e d secon d harmoni c 

s i g n a l s t o determin e th e mutua l  o r i e n t a t i o n o f  ne ighbour in g monolayer s 

i n m u l t i l a y e r  a r r a y s ,  th e p r e f e r r e d o r i e n t a t i o n o f  th e 

(58 ) 
m i c r o c r y s t a l l i t e s ,  an d th e mo lecu la r  a l ignmen t  i n th e f i l m "  .  SHG ha s 

a l s o bee n observe d f ro m a  monolaye r  o f  a r a c h l d l c a c i d o n a  s i l v e r 

(59 ) 

s u r f a c e (a s a  r e s u l t  o f  su r fac e plasmo n enhancement )  an d fro m a 

w a t e r - s u r f a c e monolayer^^^^ ;  i n th e l a t t e r  cas e th e dat a wer e use d t o 

determin e th e averag e o r i e n t a t i o n o f  th e molecule s a t  th e a i r - w a t e r 

i n t e r f a c e . 
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C h o l l e t  e t  a l ^ ^ ^ ^ hav e s t u d i e d e l e c t r i c  f i e l d induce d secon d 

harmoni c g e n e r a t i o n (EFISH )  f ro m m u l t i l a y e r s o f  p o l y d i a c e t y l e n e s .  I n 

thes e exper iment s th e e x t e r n a l  d.c .  f i e l d serve d t o brea k th e 

centrosymmetr y o f  th e f i l m ;  f o r  suc h a  cas e th e observe d secon d harmoni c 

(2 ) 
doe s no t  a r i s e f ro myxutsronidcaXVQONKHC x >  bu t  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  t o 

(3 )  2  2 
( x (-2a);aj,(jj,0)E ^ E^ }  ,  wher e E ^  i s th e l o c a l  d.c .  f i e l d exper ience d b y 

th e polyme r  an d E ^  i s th e f i e l d o f  th e l a s e r  beam . 

The a p p l i c a t i o n o f  l a r g e e l e c t r i c f i e l d s ca n produc e change s i n th e 

o p t i c a l  p r o p e r t i e s o f  o r g a n i c m a t e r i a l s .  Thes e e f f e c t s g i v e r i s e t o th e 

techn iqu e o f  e l e c t r o a b s o r p t l o n ,  whic h ca n b e use d t o measur e th e 

o r i e n t a t i o n a l  o rde r  paramete r  o f  m u l t i l a y e r xvusmlihfeaXT 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  branc h o f  th e grou p o f  exper imen ta l 

method s know n a s modu la t i o n spec t roscopy ,  an d i n v o l v e s m o n i t o r i n g th e 

s m a l l  change s i n a  sample' s  o p t i c a l  t r a n s m i s s i o n r e s u l t i n g f ro m th e 

a p p l i c a t i o n o f  a n e x t e r n a l  f i e l d .  I n mo lecu la r  s o l i d s thes e change s ar e 

u s u a l l y t h e r e s u l t  o f  th e S ta r k e f f e c t .  Fo r  a  molecul e o f  d i p o l e moment 

M an d p o l a r i z a b i l i t y t enso r  a ,  th e chang e i n p o t e n t i a l  energy ,  AU,  o n 

p l a c i n g i t  i n a n e l e c t r i c  f i e l d (whic h make s a n angl e 6  t o p )  i s  g i ve n 

by : 

"  2 
AU =  - M E  cos e +  ~  E  +  (3.2 ) 

The ter m i n E  i n e q u a t i o n 3. 2 rep resen t s th e l i n e a r  S ta r k e f f e c t ,  an d 

2 

t h a t  i n E  th e q u a d r a t i c S ta r k e f f e c t .  These  phenomen a cou l d b e c a l l e d 

"pseudo "  n o n - l i n e a r ,  s i nc e the y d o no t  i n v o l v e th e mo lecu la r 
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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Onl y c r y s t a l s w i t h p o l a r  spac e group s ca n e x h i b i t  a  f i r s t - o r d e r 

S t a r k e f f e c t ,  an d I n suc h m a t e r i a l s i t  w i l l  g e n e r a l l y dominat e th e 

second-orde r  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 s p e c t r a ,  th e f i r s t - o r d e r 

S t a r k e f f e c t  ca n u s u a l l y b e recogn ise d a s th e f i r s t  d e r i v a t i v e o f  t h e 

z e r o - f i e l d a b s o r p t i o n cu rve .  B l i n o v e t  a i^^2 .63 ) xvusmlihfeaXT ^xave  performe d a n 

i n v e s t i g a t i o n o f  th e l i n e a r  S ta r k e f f e c t  i n L B f i l m s o f  a n a m p h i p h i l i c 

az o compound .  Th i s m a t e r i a l  cou l d b e f a b r i c a t e d i n t o X- ,  Y- ,  o r  Z-typ e 

m u l t i l a y e r s ,  dependin g o n th e d e p o s i t i o n c o n d i t i o n s employed .  A s 

a n t i c i p a t e d ,  t h e l i n e a r  S t a r k s p e c t r a e x h i b i t e d a  chang e i n s i g n o n 

go in g f ro m X -  t o Z-typ e l a y e r s ,  an d a  r a d i c a l  (b y a  f a c t o r  o f  50 ) 

decreas e i n ampl i tud e o n changin g t o Y-typ e d e p o s i t i o n .  Th i s p rov ide s 

d i r e c t  ev idenc e f o r  th e p o l a r  n a t u r e o f  X -  an d Z-typ e f i l m s . 

C r y s t a l  s t r u c t u r e s hav in g non-po la r  apac e group s may s t i l l  e x h i b i t 

a second-orde r  S t a r k e f f e c t ,  g i v i n g r i s e t o e l e c t r o a b s o r p t i o n spec t r a 

whic h ca n b e recogn ise d a s th e secon d d e r i v a t i v e o f  th e z e r o - f i e l d 

(41 ) 

a b s o r p t i o n cu rve .  Robert s e t  a l  hav e r e p o r t e d obse rv in g t h i s 

phenomenon i n Y-typ e L B f i l m s o f  a  s u b s t i t u t e d anthracene . 

A mor e d e t a i l e d d i s c u s s i o n o f  secon d harmoni c g e n e r a t i o n fro m L B 

f i l m s may b e foun d i n chap te r  8 . 

3.1 0 Summary 

Th i s chap te r  ha s reviewe d th e concepts ,  techno logy ,  an d m a t e r i a l s 

a s s o c i a t e d w i t h th e p r o d u c t i o n o f  L B f i l m s .  Some method s o f  a n a l y s i s o f 

t h e p r o p e r t i e s o f  w a t e r - s u r f a c e monolayer s an d th e depos i te d m u l t i l a y e r 

f i l m s hav e bee n describe'd ,  a lon g w i t h a  s e l e c t i o n ou t  o f  th e v a s t  rang e 

o f  p o s s i b l e pass iv e an d a c t i v e a p p l i c a t i o n s o f  L B 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 

Th i s chap te r  desc r i be s th e g e n e r a l  techn ique s use d t o f a b r i c a t e L B 

f i l m dev ice s an d t o c h a r a c t e r i z e thes e s t r u c t u r e s an d th e m a t e r i a l s o f 

whic h the y a r e comprised .  Th e p r e p a r a t i o n o f  s u b s t r a t e s an d th e 

d e p o s i t i o n o f  e l e c t r o d e s i s  desc r i be d i n s e c t i o n 4.1 ,  w h i l s t  i n 4. 2 th e 

measuremen t  o f  d i e l e c t r i c t h i c k n e s s f o r  m e t a l - i n s u l a t o r - m e t a l ,  s t r u c t u r e s 

i s d i scussed .  Sec t i o n 4. 3 deal s w i t h spec t r opho tome t r i c measurement s o n 

LB f i l m s an d s o l u t i o n s ,  an d th e o p t i c a l  them e con t inue s i n 4. 4 w i t h th e 

i n t r o d u c t i o n o f  th e s u r f a c e plasmo n resonanc e techniqu e f o r  s t u d y i n g 

m u l t i l a y e r  assembl ie s o n s i l v e r  s u b s t r a t e s .  Th e e l e c t r o n d i f f r a c t i o n 

t echn ique s employe d 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 o f  L B f i l m s ar e 

presen te d i n s e c t i o n 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 th e 

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 o f  b u l k powder s (4.6 )  an d L B f i l m s (4.7 ) 

ar e d e t a i l e d . 

4. 1 Devic e F a b r i c a t i o n 

4.1. 1 Subs t ra t e p r e p a r a t i o n 

(a )  Glas s 

I n th e case s wher e th e L B f i l m s wer e t o b e depos i te d d i r e c t l y ont o 

g l a s s s u b s t r a t e s .  Corn in g 705 9 g las s o 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 

s l i d e s wer e used .  Th e Corn in g s l i d e s wer e foun d t o b e acceptab l e f o r 

o p t i c a l  a b s o r p t i o n measurement s dow n t o wavelength s o f  aroun d 34 0 nm, 

b u t  belo w t h i s t h e i r  t r a n s m i t t a n c e becam e to o s m a l l ;  however ,  th e mor e , 



- 54 -

expensiv e S p e c t r o s i l  s l i d e s cou l d b e use d a s f a r  i n t o th e u l t r a - v i o l e t 

as 18 0 nm.  When th e f i l m s wer e t o b e depos i te d o n a  t h i n l a y e r  o f 

m e t a l ,  t h i s wa s evaporate d ont o th e su r fac e o f  a n o r d i n a r y Chanc e Se lec t 

microscop e s l i d e . 

I d e n t i c a l  techn ique s f o r  su r fac e p r e p a r a t i o n wer e employe d f o r  a l l 

t h r e e type s o f  g l a s s .  P a r t i c u l a t e m a t t e r  wa s remove d b y 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 c h l o r o f o r m ( f o l l o w e d b y r i n s e s i n de - i on i se d 

w a t e r ) ,  the n i n a  20 % Deco n 9 0 a l k a l i n e soa p s o l u t i o n ,  an d subsequent l y 

i n s e v e r a l  batche s o f  f r e s h d e - i o n i s e d wate r  a s r i n s e s .  Th e s l i d e s wer e 

the n degrease d i n ho t  p ropan-2-o l  l i q u i d an d vapou r  f o r  s e v e r a l  hour s i n 

a Soxh le t  r e f l u x u n i t .  Th i s t r ea tmen t  leave s a  h y d r o p h i l i c  g las s 

s u r f a c e ,  an d whe n t h i s wa s r e q u i r e d th e s l i d e s wer e use d immediate l y 

a f t e r  c o o l i n g .  However ,  i n case s .wher e a  hydrophobi c su r fac e wa s neede d 

th e s l i d e s ha d t o b e r e f l u x e d i n a  Soxhle t  syste m c o n t a i n i n g 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 - t r i c h l o r o e t h a n e .  An y res idu e fro m t h i s 

t r ea tmen t  wa s remove d b y r i n s i n g ,  f i r s t l y i n methano l  an d the n i n 

d e - i o n i s e d wa te r . 

(b )  S i l i c o n 

Two type s o f  s i l i c o n wafe r  wer e used :  ( i )  p - t ype ,  (lOO } 

o r i e n t a t i o n ,  r e s i s t i v i t y 14-2 1 ficm  (Wacker-Chemitroni c QIBH) ,  an d ( i i ) 

n - t ype ,  { 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  (Dynaini t  Nobe l ) . 

Bot h v a r i e t i e s wer e c leane d i n ho t  1 ; 1 , 1 - t r i c h l o r o e t h a n e l i q u i d an d 

vapou r  i n a  Soxh le t  r e f l u x u n i t  t o g i v e h y d r o p h i l i c  su r f aces . 

Hydrophobi c su r face s cou l d b e o b t a i n e d b y subsequen t  t rea tmen t  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 ,  a s i n ( a ) . 

( c )  A luminiu m 

Aluminiu m f i l m s wer e evaporate d a t  a  pressur e o f  l e s s tha n 1 0 ^ 

t o r r  ont o Chanc e S e l e c t  g las s s l i d e s whic h ha d bee n p r e v i o u s l y c leane d 



as desc r i be d i n ( a ) .  T y p i c a l l y th e rang e o f  t h i c k n e s s employed ,  a s 

measure d b y a  q u a r t z c r y s t a l  o s c i l l a t o r ,  wa s 10-10 0 nm.  L B f i l m 

d e p o s i t i o n wa s commence d immedia te l y  a f t e r  removin g th e s l i d e s fro m th e 

e v a p o r a t o r ;  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 the m i n p ropan-2-o l . 

(d )  S i l v e r 

Glas s s l i d e s wer e prepare d a s desc r i be d i n ( a ) .  A s s i l v e r  adhere s 

p o o r l y t o g l a s s ,  i t  wa s necessar y t o f i r s t  evaporat e a  l a y e r  o f  chromiu m 

ont o whic h th e s i l v e r  cou l d b e depos i t ed .  Thes e evapora t ion s wer e 

performe d s e q u e n t i a l l y a t  a  p ressur e belo w 1 0 ^  t o r r  w i t h o u t  l e t t i n g th e 

sampl e u p t o a i r  betwee n s tages .  As  th e f i l m s wer e r e q u i r e d t o b e 

s e m i - t r a n s p a r e n t ,  th e l a y e r s o f  s i l v e r  an d chromiu m wer e mad e l e s s tha n 

55 n m an d 1  n m t h i c k ,  r e s p e c t i v e l y .  Th e f i r s t  monolaye r  wa s alway s 

d e p o s i t e d immed ia te l y  a f t e r  removin g th e s u b s t r a t e s f ro m th e evapora to r . 

(e )  Anodize d a lumin iu m 

To gro w a n anodi c ox id e l a y e r ,  a  s l i d e ont o whic h a  30 0 nr a t h i c k 

a lumin iu m l a y e r  ha d p r e v i o u s l y bee n evaporate d (a s i n ( c ) )  wa s p lace d i n 

an e l e c t r o l y t i c  c e l l  c o n t a i n i n g a  s o l u t i o n o f  diammoniu m hydroge n 

c i t r a t e ( a p p r o x i m a t e l y 3 % b y w e i g h t )  w i t h a  s t a i n l e s s s t e e l  counte r 

e l e c t r o d e .  A  lO V D.C .  v o l t a g e wa s the n a p p l i e d acros s th e c e l l ;  whe n 

th e c u r r e n t  ha d f a l l e n n e a r l y t o zer o (aroun d 5  minute u l a t e r )  th e s l i d e 

was removed ,  r i n s e d i n w a t e r ,  an d f i n a l l y r e f l u x e d i n IP A f o r  s e v e r a l 

hour s p r i o r  t o L B f i l m d e p o s i t i o n . 

A.1. 2 E l e c t r o d e d e p o s i t i o n 

The e v a p o r a t i o n o f  to p c o n t a c t s ont o a n L B f i l m i s a  proces s whic h 

r e q u i r e s g r e a t  ca re ,  s i n c e c o n v e n t i o n a l  L B f i l m m a t e r i a l s g e n e r a l l y hav e 

lo w m e l t i n g p o i n t s an d t h e r e f o r e excess iv e h e a t i n g ha s t o b e avoided . 

I t  ha s bee n found^"'" ^  t h a t  th e mis-matc h betwee n th e therma l  expansio n 

c o e f f i c i e n t s o f  th e f i l m ,  e l e c t r o d e s an d s u b s t r a t e generate s problem s i f 
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th e s u b s t r a t e i s  coo le d t o lo w temperature s th roughou t  th e e v a p o r a t i o n , 

and s o t h i s techn iqu e wa s avo ided .  Th e procedur e adopte d wa s t o pe r fo r m 

th e e v a p o r a t i o n v e r y s l o w l y an d i n stage s o f  app rox ima te l y 1  n m w i t h a 

30 minut e t im e de la y betwee n s t e p s ,  u n t i l  th e d e s i r e d t o t a l  t h i c knes s 

ha d bee n ach ieve d ( t y p i c a l l y 1 5 nm) .  Betwee n stage s a  s h u t t e r  wa s 

op e r a t e d t o scree n th e s u b s t r a t e f ro m the rma l  r a d i a t i o n f ro m th e source . 

Throughou t  th e e v a p o r a t i o n th e p ressur e wa s ma in ta ine d belo w 1 0 ̂  t o r r . 

Two d i f f e r e n t  to p c o n t a c t  m a t e r i a l s wer e i n v e s t i g a t e d ;  g o l d ,  an d 

a lumin ium/go l d ( forme d b y e v a p o r a t i n g th e tw o meta l s s e q u e n t i a l l y ,  n o 

a i r  be in g a d m i t t e d u n t i l  a f t e r  th e f i n a l  s t a g e ) .  Th e l a t t e r  combinat io n 

was chose n becaus e th e m e l t i n g p o i n t  o f  a luminiu m i s  lowe r  tha n t h a t  o f 

g o l d ,  thu s i f  t h i s i s  th e f i r s t  l a y e r  the n th e therma l  damag e t o th e 

f i l m i s  reduced ;  th e f u n c t i o n o f  th e g o l d o v e r l a y e r  wa s t o preven t 

problem s o f  o x i d a t i o n o n exposur e t o th e atmosphere . 

4. 2 Measuremen t  o f  th e R e l a t i v e P e r m i t t i v i t y o f  L B F i lm s 

The concep t  o f  th e us e o f  p l o t s o f  r e c i p r o c a l  capac i tanc e a g a i n s t 

number  o f  monolayer s t o asses s th e q u a l i t y o f  a n L B f i l m wa s i n t r o d u c e d 

i n s e c t i o n 3.7 ;  suc h p l o t s a l s o r e a d i l y  y i e l d a  va lu e f o r  th e d i e l e c t r i c 

t h i c k n e s s o f  th e f i l m a t  th e f requenc y o f  measurement .  Th i s i s  a n 

e x c e l l e n t  metho d f o r  e v a l u a t i n g th e parameter ,  s i nc e th? .  presenc e o f  a n 

i n t e r f a c i a l  ox id e l a y e r  o f  capac i tanc e comparabl e t o t h a t  o f  th e L B f i l m 

p rec lude s th e us e o f  man y o f  th e techn ique s use d t o measur e th e 

p e r m i t t i v i t y o f  mor e c o n v e n t i o n a l  m a t e r i a l s . 

4.2. 1 Expe r imen ta l  techn iqu e 

The sample s f a b r i c a t e d f o r  thes e I n v e s t i g a t i o n s cons i s t e d o f  a n L B 

f i l m o f  steppe d t h i c k n e s s depos i t e d ont o a n a l u m i n l z e d g l a s s s l i d e . 

App rox ima te l y 2 0 c i r c u l a r  g o l d o r  a lumin ium/gol d to p c o n t a c t s wer e 
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evaporate d ont o eac h s te p s e c t i o n ,  th e mea n va lu e o f  capaci tanc e be in g 

use d i n th e f i n a l  p l o t s w i t h th e s tandar d d e v i a t i o n g i v i n g a n es t imat e 

o f  th e e r r o r .  A i r - d r y i n g s i l v e r  past e wa s employe d t o for m a n 

e l e c t r i c a l  c o n t a c t  t o th e aluminiu m bas e e l e c t r o d e ,  w h i l s t  a  go l d b a l l , 

p o s i t i o n e d b y a  m i c r o m a n i p u l a t o r  probe ,  mad e a  pressur e con tac t  t o th e 

g o l d d o t s .  A  Boonto n 72B D capac i tanc e mete r  wa s use d t o measur e th e 

capac i tanc e a t  1  MHz.  Th e sample s wer e des i cca te d unde r  a  lo w pressur e 

o f  n i t r o g e n f o r  s e v e r a l  hour s p r i o r  t o th e measurements ,  whic h wer e 

performe d i n a  s c a l a b l e b ras s sampl e chambe r  i n o r d e r  t o e l i m i n a t e 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 o f  r e s u l t s 

The t o t a l  c a p a c i t a n c e ,  C^ ,  o f  a n L B f i l m MI M s t r u c t u r e i s  expresse d 

i n e q u a t i o n 4. 1 i n term s o f  a  s e r i e s combinat io n o f  th e L B f i l m 

c a p a c i t a n c e , sihaLC C^^,  an d th e i n t e r f a c i a l  a luminiu m ox id e capac i tance ,  Ĉ ^ . 

I l l 
_ =  +  (4.1 ) 

^T ^L B Ô X 

However ,  th e L B f i l m ca n b e viewe d a s a  p a r a l l e l  p l a t e c a p a c i t o r  o f 

are a A ,  d i e l e c t r i c cons tan t  e^ ,  an d t h i c k n e s s Nd ,  wher e N  i s th e numbe r 

o f  l a y e r s an d d  I s th e monolaye r  t h i c k n e s s .  Thu s 4. 1 ca n b e expande d t o 

g i v e 

1 N d _^  1 
_ =  +  (4.2 ) 

S ^ o ^  ^  S x 

Equa t i o n 4. 2 p r e d i c t s t h a t  a  p l o t  o f  C  versu s N  w i l l  b e a 

s t r a i g h t  l i n e o f  g r a d i e n t  d(e^e^A )  an d i n t e r c e p t  c"-""̂ ^  .  Sinc e an d A 
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ar e known ,  th e g r a d i e n t  ca n b e use d t o g i v e a  va lu e f o r  th e d i e l e c t r i c 

t h i c k n e s s ,  d/c^ . 

4. 3 Measuremen t  o f  O p t i c a l  A b s o r p t i o n Spectr a 

A l l  o f  t h e o p t i c a l  c h a r a c t e r i z a t i o n s wer e performe d us in g a  Car y 

230 0 UV-VIS-NI R spec t rophotometer .  Wher e s o l u t i o n spec t r a wer e r e q u i r e d ^ 

th e s o l u t i o n s wer e con ta ine d i n qua r t z c u v e t t e s .  L B f i l m sample s wer e 

d e p o s i t e d ont o 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  measurement s o n 

weakl y abso rb in g f i l m s dow n t o 18 0 nm)  o r  Cornin g 705 9 g las s (wher e 

measurement s belo w 34 0 n m wer e no t  r e q u i r e d ,  o r  dow n a s f a r  a s 25 0 n m 

f o r  f i l m s w i t h absorbanc e >  0.1 )  s l i d e s ,  a s  desc r i be d i n 4.1.1 .  Th e 

o p t i c a l  a b s o r p t i o n s p e c t r a o f  a l l  o f  th e L B f i l m specimen s wer e recorde d 

i n t r a n s m i s s i o n ,  s o t h a t  l a y e r s o n bo t h s ide s o f  th e g las s s l i d e s 

c o n t r i b u t e d t o th e a b s o r p t i o n . 

4. 4 Sur fac e Plasmo n Resonanc e 

Surfac e plasm a o s c i l l a t i o n s (SPO's )  ar e c o l l e c t i v e o s c i l l a t i o n s o f 

th e f r e e charge s a t  a  m e t a l  boundar y whic h propagat e a lon g th e 

i n t e r f a c e .  Th e e l e c t r o m a g n e t i c  f i e l d a s s o c i a t e d w i t h th e mot io n o f  th e 

charg e i s a  maximu m a t  th e boundar y an d decay s e x p o n e n t i a l l y o n bo t h 

s i d e s ,  henc e SPO' s ar e s e n s i t i v e t o an y m o d i f i c a t i o n o c c u r r i n g a t  th e 

(2 ) 
i n t e r f a c e .  B y c o a t i n g th e me ta l  su r f ac e w i t h a n L B f i l m ,  an d 

o b s e r v i n g th e e f f e c t s o n th e SPO's ,  th e o p t i c a l  cons tan t s ( t h i c k n e s s an d 

( 2 3 ) 

r e f r a c t i v e i ndex )  'o f  th e f i l m can ,  i n p r i n c i p l e ,  b e determined ^ '  .  A n 

e x t e n s i v e r e v i e w o f  .SPO' s an d t h e i r  a p p l i c a t i o n s ca n b e foun d i n 

r e f e r e n c e 4 . 

The L B f i l m sample s use d i n thes e i n v e s t i g a t i o n s wer e depos i te d 

on t o s i l v e r  su r f ace s prepare d b y  e v a p o r a t i n g a  t h i n l a y e r  o f  s i l v e r  ont o 
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a g l a s s s l i d e ( s e c t i o n 4.1.1) .  SPO' s ca n b e e x c i t e d o p t i c a l l y b y  u s i n g 

evanescen t  wave s i n a  g r a t i n g o r  p r i s m arrangement ;  p r is m c o u p l i n g i n 

th e Kretschma n 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 

s u r f a c e w i t h n o L B o v e r l a y e r )  wa s employe d i n thes e exper iments .  Th e 

e x t e r n a l  ang l e o f  i n c i d e n c e ,  6  ^ » o f  th e p - p o l a r i s e d l i g h t  f ro m a  Im W 

He Ne l a s e r  ( ^  =  632. 8 nm)  cou l d b e v a r i e d b y  r o t a t i n g th e l a s e r  abou t 

an a x i s c e n t r e d o n th e s u b s t r a t e ,  thu s changin g th e componen t  o f  th e 

wavevecto r  o f  th e i n c i d e n t  l i g h t  p a r a l l e l  t o th e p r i s m base .  SPO' s a t 

th e me ta l  s u r f a c e oppos i t e t o th e p r i s m wer e e x c i t e d b y th e evanescen t 

f i e l d i n s i d e th e me ta l  whe n t h i s componen t  matche d th e r e a l  p a r t  o f  t h e 

SPO wavevector ;  t h i s phenomeno n wa s de tec te d b y a  pronounce d minimu m i n 

th e r e f l e c t e d i n t e n s i t y cause d b y th e s t r o n g ,  r e s o n a n t l y enhance d 

a b s o r p t i o n i n th e s i l v e r  f i l m (se e i n s e t  i n f i g u r e 4.1) .  Th e p o s i t i o n 

and shap e o f  t h i s minimu m depend s s t r o n g l y o n th e o p t i c a l  p r o p e r t i e s o f 

an y o v e r l a y e r  depos i te d o n th e s i l v e r  s u r f a c e .  L B f i l ^ n s o f  t r a n s p a r e n t 

m a t e r i a l s suc h a s  u - t r i c o s e n o i c a c i d d i s p l a y shar p su r fac e plasmo n 

resonanc e (SPR )  minim a whos e dept h i s  i n v a r i a n t  bu t  whos e angu la r 

p o s i t i o n change s p r o g r e s s i v e l y w i t h t h i c k n e s s .  H i g h l y absorb in g o r 

s c a t t e r i n g f i l m s d i s p l a y broade r  SPR minim a whos e angu la r  p o s i t i o n a l s o 

change s p r o g r e s s i v e l y bu t  whos e dept h decrease s an d w i d t h inc rease s w i t h 

i n c r e a s i n g f i l m t h i c k n e s s . 

Be for e commencin g eac h SPR s tudy ,  th e e x t e r n a l  angl e sca l e o f  th e 

l a s e r  wa s c a l i b r a t e d b y  f i n d i n g rh e c r i t i c a l  angl e o f  a  g las s s l i d e an d 

a d j u s t i n g t h e sca l e t o rea d th e c o r r e c t  va lu e c f  e x t e r n a l  angl e 

co r respond in g t o th e t h e o r e t i c a l  i n t e r n a l  angl e o f  i n c i d e n c e .  A 

compute r  progra m wa s a v a i l a b l e t o conver t  betwee n e x t e r n a l  ( 9 )  an d 

i n t e r n a l  ( 6 .  )  angle s o f  i n c i d e n c e ,  t a k i n g i n t o accov;n r  th e r e f r a c t i v e 
i n t 
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i n d i c e s o f  th e p r i s m ,  inde x match in g f l u i d ,  an d g las s s l i d e .  Th e g las s 

s l i d e wa s the n rep lace d b y th e sampl e an d th e 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 (measure d b y a  photod iode )  observe d a s a  f u n c t i o n o f  9  f o r 

ex t 

a r e g i o n o f  s i l v e r  f r e e o f  L B f i l m .  A  secon d compute r  progra m wa s use d 

t o p l o t  ou t  a  no rma l i se d SPR curv e o f  r e f l e c t a n c e aga ins t  9̂ ^ ^  f ro m th e 

measure d va lue s o f  9^̂ ^  an d photodiod e v o l t a g e .  Th e sampl e wa s the n 

t r a n s l a t e d r e l a t i v e t o th e p r i s m bas e i n o rde r  t o b r i n g a n L B 

f i l m - c o v e r e d r e g i o n i n t o t h e beam .  Subsequentl y th e proces s wa s 

repeate d t o generat e a  ne w SPR curv e f o r  th e s i l v e r  p lu s Lf e f i l m ,  th e 

s h i f t  i n resonanc e du e t o th e f i l m be in g g ive n b y ' ^ ^ ^ j ^ j .  ^ i n t ^ ^ ^ ^  ~ 

9^̂ ^  ( S i l v e r ) .  I f  th e L B f i l m s t r u c t u r e wa s steppe d i n t h i c k n e s s ,  the n 

a s e r i e s o f  resonanc e curve s cou l d b e ob ta ine d an d a  p l o t  mad e o f  A9 ^ 

^  i n t 

ve rsu s numbe r  o f  monolayers .  Wor k i s  c u r r e n t l y underwa y t o develo p a 

compute r  progra m t o c u r v e - f i t  th e expe r imen ta l  SPR curve s t o t h e o r e t i c a l 

one s i n o r d e r  t o o b t a i n va lue s o f  t h i c k n e s s an d r e f r a c t i v e inde x f o r  th e 

f i l m s ;  suc h measurement s ar e expecte d t o b e comparabl e i n accurac y t o 

e l l i p s o m e t r i c t echn iques ,  w h i l s t  be in g e a s i e r  an d cheape r  t o pe r fo rm . 

At  th e moment ,  however ,  th e r e s u l t s ar e mor e q u a l i t a t i v e i n n a t u r e , 

a l t h o u g h a  metho d b y whic h th e r e f r a c t i v e inde x may b e es t imate d i s 

d e s c r i b e d i n s e c t i o n 6.3 . 

4. 5 E l e c t r o n D i f f r a c t i o n 

T ransmiss io n e l e c t r o n d i f f r a c t i o n (TED ;  an d r e f l e c t i o n h ig h energ y 

e l e c t r o n d i f f r a c t i o n (RHEED)  s t u d i e s wer e performe d i n a  JE M 12 0 

t r a n s m i s s i o n e l e c t r o n microscop e opera te d a t  a  bea m v o l t a g e o f  e i t h e r  8 0 

kV o r  10 0 kV .  Fo r  b o t h th e TE D an d RHEED i n v e s t i g a t i o n s th e sample s 

wer e h e l d i n a  goniomete r  p o s i t i o n e d belo w th e p r o j e c t o r  l e n s ;  i n t h i s 

p o s i t i o n th e r e g i o n o f  sampl e c o n t r i b u t i n g t o TE D wa s abou t  20 0 jj m i n 
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d iamete r .  L B f i l m s f o r  RHEED i n v e s t i g a t i o n wer e s imp l y depos i te d o n 

s i l i c o n d i o x i d e s u b s t r a t e s ( s i l i c o n wafe r  fragment s possessin g a  n a t i v e 

l a y e r  o f  o x i d e ) ,  w h i l s t  th e p r e p a r a t i o n o f  TE D specimen s wa s mor e 

comple x an d i s d e s c r i b e d below . 

The mos t  b a s i c requ i remen t  f o r  a  sampl e t o b e s u i t a b l e f o r 

exam ina t i o n b y TE D i s t h a t  i t  mus t  b e t h i n enoug h t o a l l o w t r a n s m i s s i o n 

o f  th e e l e c t r o n beam ;  o b v i o u s l y ,  t h i s i s  n o proble m w i t h th e L B f i l m 

i t s e l f ,  bu t  th e f i l m mus t  b e suppor te d an d i t  i s  t h i s s u b s t r a t e whic h 

c r e a t e s d i f f i c u l t i e s .  Th e metho d use d t o overcom e t h i s proble m wa s th e 

Walkenhorst -Z ingshel m t e c h n i q u e T h i s i n v o l v e d th e d e p o s i t i o n o f 

th e L B f i l m s on t o a n anodlze d a lumin iu m s l i d e ( s e c t i o n 4.1.1) ,  an d th e 

subsequen t  t r a n s f e r  o f  th e f i l m p l u s th e t h i n anodi c ox id e suppor t  t o a n 

e l e c t r o n microscop e coppe r  g r i d .  I n o rde r  t o separat e th e f i l m an d 

suppor t  f ro m th e g l a s s - s l i d e ,  th e sampl e wa s p lace d i n a  P e t r i  d i s h whic h 

was the n f i l l e d w i t h a  s o l u t i o n o f  mercu r i c c h l o r i d e an d a c e t i c a c i d t o 

a l e v e l  s l i g h t l y h i g h e r  tha n th e s l i d e s u r f a c e ,  bu t  no t  s o h i g h a s t o 

comp le te l y immers e th e s l i d e .  Th e aluminiu m l a y e r  woul d the n b e s l o w l y 

e tche d away ,  l e a v i n g th e L B f i l m w i t h i t s alumin a suppor t  f l o a t i n g o n 

th e wa te r  s u r f a c e ,  read y t o b e l i f t e d f ro m belo w ont o a  coppe r  g r i d an d 

d r a i n e d o n f i l t e r  paper . 

4. 6 K u r t z Powde r  Techniqu e 

( 7 8 ) 

The K u r t z powde r  techn iqu e '  i s  a  conven ien t  ^metho d f o r 

sc reen in g l a r g e number s o f  powdere d m a t e r i a l s f o r  second-orde r 

n o n - l i n e a r  o p t i c a l  a c t i v i t y w i t h o u t  needin g t o gro w l a r g e s i n g l e 

c r y s t a l s o r  o p t i m i z e L B f i l m d e p o s i t i o n c o n d i t i o n s .  One majo r  drawbac k 

f o r  i t s  us e i n sc reen in g .L B f i l m m a t e r i a l s i s  t h a t  i f  th e m a t e r i a l  pack s 

c e n t r o s y m m e t r l c a l l y (a s a  l o t  o f  l o n g cha i n d i p o l a r  m a t e r i a l s  w i l l  do )  , 
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the n eve n i f  th e molecule s d o hav e l a r g e g  v a l u e s ,  n o a c t i v i t y  w i l l  b e 

observed .  Thu s th e techn iqu e ca n o n l y b e use d a s a  p r e l i m i n a r y chec k t o 

l o o k f o r  m a t e r i a l s w i t h obviou s n o n - l i n e a r i t i e s s o t h a t  the y ca n b e 

g i v e n Immediat e a t t e n t i o n ,  an d thos e showin g n o a c t i v i t y shoul d no t  b e 

abandone d o n t h i s evidenc e a lon e ( s i n c e i n a c e n t r i c L 3 f i l m for m the y 

may b e h i g h l y n o n - l i n e a r ) . 

I n th e powde r  techn iqu e a  NdrYA G l a s e r  i s d i r e c t e d ont o a  t h i n 

l a y e r  o f  powdere d m a t e r i a l  compacte d i n t o a  c e l l ,  an d th e f requenc y 

double d l i g h t  e m i t t e d fro m th e sampl e ove r  4T r  rad ian s i s  c o l l e c t e d , 

f i l t e r e d t o remov e th e fundamenta l ,  an d de tec te d w i t h a  f a s t  photodiod e 

( f i g u r e 4 .2 ) .  Th e s i g n a l  produce d i s the n compare d w i t h t h a t  ob ta ine d 

f ro m a  s tandar d powdere d sample ,  suc h a s ure a o r  l i t h i u m n i o b a t e .  Th e 

techn iqu e i s crud e i n t h a t  i t  d e t e c t s a  c o n v o l u t i o n o f  a l l  th e tenso r 

(2 ) 

component s o f  x  an d make s  l i t t l e a t temp t  t o accoun t  f o r  th e 

p r o p a g a t i o n c h a r a c t e r i s t i c s o f  th e beams .  Neve r the less ,  genera l  t rend s 

ca n b e observe d an d I t  ha s bee n use d e x t e n s i v e l y b y worker s i n th e are a 

(9 ) 

o f  s i n g l e c r y s t a l s .  Grea t  car e mus t  b e exe rc i se d i n a p p l y i n g t h i s 

techn iqu e q u a n t i t a t i v e l y ,  s i nc e th e r e s u l t s ar e p a r t i c l e - s i z e dependen t 

(se e s e c t i o n 6.4) . 

4. 7 Secon d Harmoni c Genera t io n f ro m L B F i lm s 

The measurement s d e s c r i b e d i n t h i s s e c t i o n wer e performe d a t  GEC 

H i r s t  Researc h L a b o r a t o r i e s w i t h th e c o l l a b o r a t i o n o f  Drs .  I .  R.  G i r l i n g 

and P .  V .  K o l i n s k y .  A n i l l u s t r a t i o n o f  th e equipmen t  U9e d f o r  th e s tud y 

o f  secon d harmoni c g e n e r a t i o n f ro m L B monolaye r  an d m u l t i l a y e r 

s t r u c t u r e s i s g i v e n i n f i g u r e 4.3 ;  mino r  v a r i a t i o n s ar e d e t a i l e d i n th e 

a p p r o p r i a t e r e s u l t s s e c t i o n s (Chapte r  0 ) .  .M i  o f  th e I B f i l r i  sample s 

use d i n t h i s i n v e s t i g a t i o n wer e depos i t e d ont o h y d r o p h i l i c  g las s s l i d e s 
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(sometime s Chanc e S e l e c t ,  bu t  u s u a l l y Comin g 705 9 s inc e th e us e o f  th e 

l a t t e r  seeme d t o promot e 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 p o l a r i z e d 

l i g h t  (Q-switche d NdrYAG ,  1.06 4 pm,  2 5 n s 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 )  o r  pe rpend icu la r ,  ( s )  t o th e plan e o f  i n c i d e n c e ,  wa s 

d i r e c t e d a t  a  45 °  angl e o f  i n c i d e n c e ont o th e v e r t i c a l l y mounte d sample . 

The secon d harmoni c r a d i a t i o n (53 2 nm)  r e s o l v e d i n t o s -  an d p - p o l a r i z e d 

component s wa s de tec te d i n b o t h r e f l e c t i o n (R )  an d t r a n s m i s s i o n (1 ) 

geometr ie s u s i n g p h o t o m u l t i p l i e r  tube s a t  90 °  an d 180 °  r e s p e c t i v e l y t o 

t h e pumpin g d i r e c t i o n .  Th e t o t a l  energ y o f  eac h fundamenta l  pu ls e wa s 

measure d u s i n g a  t r a n s m i s s i o n typ e energ y mete r  (GE C T F s e r i e s ) .  I n 

a d d i t i o n ,  t h e v a r i a t i o n i n pea k powe r  wa s mon i to re d u s i n g a  photodiode . 

The o u t p u t s f ro m th e p h o t o m u l t i p l i e r  tube s an d photodiod e wer e a l l 

d i s p l a y e d o n f a s t  d i g i t a l  o s c i l l o s c o p 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 an d 

532 n m i n t e r f e r e n c e f i l t e r s wer e use d t o ensur e t h a t  o n l y secon d 

harmoni c r a d i a t i o n wa s d e t e c t e d .  Puls e energ ie s o f  u p t o 2mJ w i t h a  bea m 

diamete r  o f  a p p r o x i m a t e l y 20 0 p m wer e use d f o r  a l l  th e measurement s o n 

th e L B f i l m s .  •  . 

R e s u l t s wer e o b t a i n e d b y averag in g ove r  s e v e r a l  pu lse s a t  a  numbe r 

o f  d i f f e r e n t  p o s i t i o n s o n eac h are a o f  th e sample .  Abso lu t e va lue s o f 

th e e l e c t r i c  f i e l d a t  53 2 n m (E(2a)) )  wer e ob ta ine d b y  c a l i b r a t i n g th e 

syste m a g a i n s t  a  y -cu t  q u a r t z wedg e an d r e l a t i n g bo t h th e secon d 

harmoni c s i g n a l s an d i n c i d e n t  energ y t o th e d̂^̂ ^  n o n - l i n e a r  c o e f f i c i e n t 

o f  quartz^'''*^ ^  (se e s e c t i o n 8 .1) .  Some v a r i a t i o r . s o n th e b a s i c 

exper imen t  d e s c r i b e d abov e wer e performe d i n whic h th e e f l e c t s o f 

changin g th e angl e o f  i n c i d e n c e o r  o f  r o t a t i n g th e sampl e abou t  a n a x i s 

p e r p e n d i c u l a r  t o i t s s u r f a c e wer e 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 chap te r  3  th e t h r e e c a t e g o r i e s o f  m a t e r i a l s whic h wer e 

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  wer e i n t r o d u c e d ;  s e c t i o n 5. 1 desc r ibe s th e 

molecu le s w i t h i n eac h c l a s s an d th e reason in g beh in d t h e i r  s e l e c t i o n . 

The Impor tanc e o f  p ressure -a re a Isotherm s an d monolaye r  s t a b i l i t y 

s t u d i e s i n th e sc reen in g o f  ne w m a t e r i a l s f o r  L B f i l m f o r m a t i o n i s 

d i scussed ,  an d r e s u l t s ar e presen te d f o r  eac h o f  th e ne w compounds . 

F i n a l l y ,  th e optimu m d i p p i n g c o n d i t i o n s f o r  th e mos t  p romis in g m a t e r i a l s 

ar e g i v e n i n s e c t i o n 5.4 . 

5. 1 M a t e r i a l s 

Sinc e th e ai m o f  t h i s p r o j e c t  wa s t o develo p L B 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 ,  th e emphasi s o f  th e wor k desc r ibe d i n 

t h i s chap te r  wa s p lace d o n thos e m a t e r i a l s  f u l f i l l i n g th e c r i t e r i a 

d e t a i l e d i n chap te r  2  f o r  th e p r o d u c t i o n o f  a  l a r g e second-orde r 

mo lecu la r  h y p e r p o l a r i z a b i l i t y ( B ) .  Th e b a s i c s t r u c t u r e o f  thes e 

molecu le s t h e r e f o r e comprise d o f  dono r  an d accepto r  f u n c t i o n a l i t i e s 

separate d b y a  con juga te d system ,  w i t h th e a d d i t i o n o f  hydrophobi c 

group s t o Improv e th e s t a b i l i t y o f  th e w a t e r - s u r f a c e monolayer .  I n 

o rde r  t o g a i n a n i n s i g h t  i n t o wha t  chemica l  group s con fe r  goo d 

f i l m - f o r m i n g p r o p e r t i e s t o th e mo lecu les ,  s e v e r a l  m a t e r i a l s wer e s t u d i e d 

whic h wer e s u b t l e v a r i a t i o n s o n th e " i d e a l "  ones .  .  I t  wa s hope d t h a t  a 

compariso n o f  th e n o n - l i n e a r  behav iou r  o f  L B f i l m s o f  thes e compound s 

w i t h thos e o f  th e t a r g e t  m a t e r i a l s cou l d b e use d t o chec k th e v a l i d i t y 

o f  t h e g u i d e l i n e s f o r  o b t a i n i n g molecule s w i t h l a r g e va lue s o f  6 . 
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The t h r e e c a t e g o r i e s o f  m a t e r i a l  ar a d iscusse d i n separat e 

s u b - s e c t i o n s :  m o d i f i e d commerc ia l l y  a v a i l a b l e m a t e r i a l s ;  anthracen e 

d e r i v a t i v e s ;  an d d i p o l a r  chromophores . 

5.1. 1 M o d i f i e d commerc ia l l y  a v a i l a b l e m a t e r i a l s 

Th i s s e c t i o n cover s a  s e r i e s o f  chromophore s whic h wer e purchase d 

f ro m commercia l  o u t l e t s an d subsequent l y m o d i f i e d i n th e Departmen t  o f 

Chemist r y a t  Durham .  Th e m o d i f i c a t i o n u s u a l l y t oo k th e for m o f  th e 

a d d i t i o n o f  a  hydrocarbo n t a i l  t o th e molecul e i n o rde r  t o reduc e i t s 

s o l u b i l i t y i n wa te r . 

2 ,6 -D ich lo ro indopheno l  wa s m o d i f i e d t o g iv e M l  an d M2 ( f i g u r e 5.1 ) 

wh ic h c o n t a i n th e sam e h i g h l y con juga te d chromophore ,  bu t  M l  ha s a 

hydrocarbo n t a i l  wherea s M2 ha s a  s h o r t e r  f l u o r o c a r b o n t a i l .  S i m i l a r l y , 

compound M3 ( f i g u r e 5.1 )  wa s syn thes i ze d f ro m P r i m u l i n ,  a  b i ochemica l 

s t a i n reagen t . urjiecR

5.].  2  Anthracen e d e r i v a t i v e s 

The anthracen e d e r i v a t i v e s desc r i be d i n t h i s s e c t i o n wer e a l l 

s y n t h e s i z e d i n th e Departmen t  o f  Chemistr y a t  Durha m ( w i t h t h e e x c e p t i o n 

o f  A l ,  wh ic h wa s purchase d f ro m I C I )  an d ar e summarise d i n f i g u r e 5.2 . 

Compound A l  i s know n t o for m L B f i l m s .  Th e v e r y s h o r t  hydrocarbo n 

cha in s o f  A l  ensur e t h a t  th e i n t e r e s t i n g e l e c t r o n i c p r o p e r t i e s o f  t h e 

d e l o c a l i z e d a romat i c  i r - e l e c t r o n syste m ar e no t  g r e a t l y d i l u t e d ;  however , 

t h e i r  l e n g t h doe s g i v e r i s e t o som e s o l u b i l i t y problem s whic h r e q u i r e 

c a r e f u l  c o n t r o l  o f  b o t h th e subphas e p H an d th e typ e an d c o n c e n t r a t i o n 

o f  th e c o u n t e r i o n s i n o rde r  f o r  the m t o b e overcome .  A  f u r t h e r  proble m 

o f  th e mo lecu l e i s  t h a t  i t  i s pron e t o o x i d a t i v e deg rada t i on . 

N e v e r t h e l e s s ,  h i g h q u a l i t y m u l t i l a y e r s o f  A l  hav e bee n assemble d f ro m 

wh ic h e l e c t r o l u m i n e s c e n c e ha s bee n observe d an d whic h d i s p l a y a  marke d 
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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 
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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 srkeaI 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 uponlaXVUQOJCA
(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 ofuponlaXVUQOJCA 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 . 



F i g u r e 5.6 

0-10 020 030 0 ^ 

P r e s s u r e - a r e a isotherms f o r (a) A2 and (b) mixture of 1 
mole A2 to 2.65 mole a r a c h i d i c a c i d , on a 2x10 M CdCl, 
subphase, pH=5.6. tnmi

t(min) 

030 0 ^ 

F i g u r e 5.7 P r e s s u r e - a r e a isotherms f o r (a) A4, pH=5.8 (no i o n s ) , and 
(b) A6, pH=5.7 (2xlO"^M CdCl ) . I n s e t : Change i n 
f r a c t i o n a l area of A4 monolayer with time (ir = 7 mN m~ , 
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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t h e p H rang e 4.5-9.0 .  Th i s m a t e r i a l  possesse s a n extende d conjugate d 

syste m an d a  p o w e r f u l  p y r i d i n i u m accepto r  group ,  wh ic h cou l d hav e g ive n 

r i s e t o i n t e r e s t i n g n o n - l i n e a r  o p t i c a l  e f f e c t s .  S i m i l a r l y ,  compoun d A 7 

was foun d t o b e h i g h l y s o l u b l e i n th e subphase .  I t  i s  r a t h e r  s u r p r i s i n g 

t h a t  A 7 shou l d b e eve n mor e s o l u b l e tha n A6 ,  s inc e t h e i r  mo lecu la r 

formula e ar e i d e n t i c a l  a p a r t  f ro m th e presenc e o f  a n e x t r a benzen e r i n g 

i n th e fo rmer . 

The tr- A curve s o f  compound s A 8 an d A 9 ar e v e r y s i m i l a r  ( f i g u r e 

5 .8 ) ,  b o t h d i s p l a y i n g tw o stee p r e g i o n s separate d b y on e whic h i s mor e 

sha l l ow .  S i m i l a r  i so therm s wer e o b t a i n e d throughou t  th e p H rang e 4. 0 t o 

9.5 .  Th e a °  va l ue s ob ta i ne d b y e x t r a p o l a t i n g th e tw o stee p reg ion s dow n 

t o zer o p ressu r e ( t a b l e 5.1 )  i n d i c a t e t h a t  f o r  bo t h m a t e r i a l s th e f i r s t 

r e g i o n ( h i g h a° )  a r i s e s fro m monolaye r  compressio n wherea s th e secon d 

r e g i o n ( l o w a° )  a r i s e s f ro m m u l t i l a y e r  compression ,  th e i n t e r m e d i a t e 

stag e b e i n g monolaye r  c o l l a p s e .  Monolaye r  d i s s o l u t i o n canno t  b e use d a s 

an e x p l a n a t i o n f o r  th e lo w a °  va l ue s i n th e secon d r e g i o n ,  s inc e f i l m 

are a wa s foun d t o deca y o n l y v e r y s l o w l y w i t h t im e whe n th e pressur e wa s 

h e l d cons tan t  w i t h i n an y o f  t h e stee p r e g i o n s .  Th e lo w va lue s o f  f o r 

th e t r u e monolayer s i m p l i e s t h a t  thes e m a t e r i a l s ar e u n l i k e l y t o for m 

goo d q u a l i t y L B f i l m s . 

The mo lecu la r  formula e o f  A7 ,  A S an d A 9 ar e v e r y s i m i l a r ,  a l l  t h re e 

m a t e r i a l s hav i n g th e sam e con juga te d syste m an d hydrophobi c b u t y l  group ; 

i n f a c t  t h i s s e r i e s wa s designe d t o i l l u s t r a t e th e e f f e c t  o n th e 

n o n - l i n e a r  behav iou r  o f  changin g j u s t  t h e p o l a r  hea d grou p p o r t i o n o f 

(se e m o l e c u l a r  formula e i n f i g u r e 5 .2) .  Tae  COOH,  NO^,  an d OH group s 

wer e s e l e c t e d f o r  t h e i r  w i d e l y  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 (se e 

s e c t i o n 5^1.2) .  However ,  th e poo r  behav iou r  o f  thes e m a t e r i a l s a s 

Langmui r  f i l m s ha s rendere d suc h a  s tud y i m p o s s i b l e . 
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F i g u r e 5. 8 
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Pressure-are a i so therm s f o r  A 8 ( -
2x10 "  M CdCl ^  subphase ,  pH=5.5 . 

- )  an d A 9 (  ) ,  o n a 

u 15 

F i g u r e 5. 9 Pressure-are a Iso therm s f o r  D l  (1 )  Dl A (pH=7.6 ,  1 0 M 
(NH^ )  SO^ )  (  ) ,  (11 )  DI B (pH=7.4 ,  n o Ions )  unde r  slo w 
(  7  an d r a p i d (.... )  compression . 
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5.3. 3 D i p o l a r  chromophore s 

The tw o d i f f e r e n t  sample s o f  th e merocyanin e D l  wer e foun d t o g i v e 

s i m i l a r  I so therm s ( f i g u r e 5 .9) . xwusponlihedcbaXVUTIHC T\i±s  dy e wa s o f  g rea t  i n t e r e s t  I n v ie w 

o f  i t s  p a r t i c u l a r l y l a r g e second-orde r  h j r p e r p o l a r i z a b i l i t y i n lo w 

p o l a r i t y s o l v e n t s ,  a s determine d b y  e l e c t r i c  f i e l d induce d secon d 

harmoni c g e n e r a t l o n ^ ^ a n d i t s  a b i l i t y t o for m i n 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 l a y e r  L B f i l m s ^ ^ \  Th i s m a t e r i a l  p rov ide s a 

goo d I l l u s t r a t i o n o f  th e Importanc e o f  c o n t r o l l i n g a s man y f a c t o r s a s 

p o s s i b l e whe n o b t a i n i n g a n i s o t h e r m :  t h e r e ar e d i s t i n c t  change s I n th e 

ir- A curv e o f  DI B i n f i g u r e 5. 9 whe n th e r a t e o f  compressio n i s  a l t e r e d . 

Ther e ar e tw o stee p r e g i o n s I n th e i so the r m ( t h r e e i n th e cas e o f  v e r y 

s lo w compress ion) ;  i n i t i a l l y i t  wa s assume d t h a t  th e on e a t  lower . 

s u r f a c e p ressu r e corresponde d t o a  monomdlecula r  condense d phase ,  w h i l s t 

t h a t  a t  h i g h p ressur e wa s th e r e s u l t  o f  th e compressio n o f  a  m u l t i l a y e r 

f i l m .  However ,  th e a °  measurement s wer e no t  i n c o n s i s t e n t  w i t h th e h i g h 

m 

pressur e r e g i o n be in g th e s o l i d monolaye r  phas e an d th e lowe r  pressur e 

r e g i o n b e i n g du e t o som e o t h e r  phase .  I n th e event ,  b o t h reg ion s wer e 

i n v e s t i g a t e d f o r  monolaye r  s t a b i l i t y . 

The subphas e c o n d i t i o n s s e l e c t e d depende d o n th e u l t i m a t e goa l  : 

(1 )  I n i t i a l  exper iment s wer e aime d a t  p roduc in g lo w pressur e merocyanin e 

monolayers ,  an d a l t e r n a t i n g l a y e r s w i t h a  l o n g cha i n amine ;  s inc e th e 

amin e r e q u i r e d th e presenc e o f  su lpha t e i o n s ,  th e subphas e use d wa s 

_3 

10 M (NH^) ^  SO^  ( a q ) ,  p H '\ ,  7.5 ;  ( i l )  subsequen t  i n v e s t i g a t i o n s wer e 

made o f  h i g h p ressur e merocyanin e monolayers ,  an d a l t e r n a t i n g l a y e r s 

w i t h o j - t r i c o s e n o i c a c i d ;  th e subphas e employe d her e ha d p K >  7. 0 w i t h n o 

adde d i o n s .  I t  wa s foun d t h a t  monolayer s o f  D l  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 a t  a  s u r f a c e p ressur e o f  2 8 mN a  ^  ( t a b l e :'<.!) ,  bu t  a t  4 1 mN 

tn"'' "  d i s s o l u t i o n wa s r a p i d ,  o n l y 10 % o f  th e i n i t i a l  monolaye r  are a 



-  7 8 -

rema in in g a f t e r  a  p e r i o d o f  on e hou r  a t  a  p H o f  7.5 ,  a l t houg h i n c r e a s i n g 

th e p H t o 8. 5 g r e a t l y improve d s t a b i l i t y (70 % rema in in g a f t e r  a n h o u r ) . 

The reasonab l y h i g h p ressure s t o whic h th e monolayer s ca n b e taken ,  an d 

th e l a c k o f  majo r  s o l u b i l i t y problems ,  make s Ch e p r o d u c t i o n o f  L B f i l m s 

f ro m e i t h e r  " s o l i d "  regim e o f  D l  w o r t h w h i l e p u r s u i n g . 

The hemicyanin e dye ,  D2 ,  p r o v i d e s anothe r  exampl e o f  th e extrem e 

c a u t i o n neede d whe n i n t e r p r e t i n g i so the rms .  Th e t h re e curve s show n i n 

f i g u r e 5.1 0 wer e a l l  per forme d unde r  i d e n t i c a l  subphas e c o n d i t i o n s an d 

compressio n r a t e s ,  an d indee d the y d o c o i n c i d e ove r  th e s m a l l  p ressur e 

rang e 36-4 2 mN m y e t  a t  lowe r  p ressure s t he r e ar e v a s t  d i f f e r e n c e s i n 

t h e i r  s l o p e s .  Onl y on e f a c t o r  wa s change d f ro m on e i so the r m t o th e nex t 

-  th e p e r i o d o f  t im e f o r  whic h th e s o l v e n t  wa s evaporated .  B e t t e r 

( s t e e p e r )  i so the rm s wer e o b t a i n e d w i t h s h o r t  e v a p o r a t i o n t imes , 

sugges t i n g t h a t  perhap s th e r e t e n t i o n o f  som e s o l v e n t  i n th e monolaye r 

i s i m p r o v i n g 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 ,  o r  e l s e t h a t  th e molecule s 

underg o som e k i n d o f  rearrangemen t  o n th e wate r  surfacf e p r i o r  t o 

compression .  Ther e appear s t o b e som e k i n d o f  phas e chang e i n 

- 1 
mono l a y e r s o f  D 2 a t  i r  'V '  1 0 mN m ,  a  'v ^  0. 9 nm^ .  V a r i a t i o n s i n subphas e 

m 

pH o r  i o n c o n t e n t  ha d v e r y  l i t t l e e f f e c t  o n th e i so the rms .  Th e Cĵ ^H^ ^ 

and Ĉ F̂ Ĉ O analogue s o f  D2 gav e r i s e t o ve r y expande d i so the rms ,  w i t h 

no s tee p r e g i o n p r i o r  t o c o l l a p s e a t  'v -  3 5 mN m w h i l s t  t h e i o d i d e s a l t 

o f  th e C. F „C„H ,  analogu e b a r e l y r e g i s t e r e d a  su r fac e pressur e a t  a l l 

0 i j  /  H 

b e f o r e i t  c o l l a p s e d .  However ,  w i t h respec t  t o monolayer s o f  D 2 i t s e l f , 

t h e i r  h i g h c o l l a p s e su r fac e p ressur e an d lo w r a t e o f  d i s s o l u t i o n ( i n s e t , 

f i g u r e 5.10) ,  couple d w i t h a  measure d l i m i t i n g are a pe r  molecul e ( t a b l e 

5.1 )  wh ic h i s c o n s i s t e n t  w i t h th e f i l m be in g monomolecular ,  rende r  D 2 a 

s u i t a b l e cand ida t e f o r  th e f o r m a t i o n o f  L B m u l t i l a y e r s . 



t (min) 

F igu r e 5.1 0 Pressure-are a Isotherm s f o r  D2 ,  2x1 0 M CdCl ^  subphase , 
pH=5.7 ,  f o r  d i f f e r e n t  p e r i o d s ,  t ,  o f  s o l v e n t  e v a p o r a t i o n . 
(1 )  t - 2 min s (  ) ,  (11 )  t= 4 mln s (  ) ,  ( i l l )  t=1 0 
min s ( . . . . ) .  I n s e t :  Chang e i n f r a c t i o n a l  are a o f  D2 
monolaye r  w i t h t im e (ir=4 0 mN m"  ,  pH=5.8 ,  2 x l o "  M CdCl^) . 

Co 20 

</> 10 

0-20 

F i g u r e 5.1 1 Pressure-are a Iso therm s f o r  (a )  D3 ,  pH=9. 1 (n o i o n s ) ,  an d 
(b )  D4 ,  pH=5. 8 (n o I o n s ) . 
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Compounds D 3 an d D 4 wer e c l o s e l y r e l a t e d t o D2 ,  th e o n l y 

d i f f e r e n c e s be in g i n th e hea d group .  O f  t h i s s e t ,  D2 shoul d b e th e mos t 

p r o m i s i n g f ro m th e n o n - l i n e a r  o p t i c a l  p o i n t  o f  v ie w (a s d iscusse d i n 

s e c t i o n 5 .1 .3) ,  an d wa s t h e r e f o r e s t u d i e d i n th e g r e a t e s t  depth ,  bu t  D3 

and D4 d o serv e t o i l l u s t r a t e ho w s u b t l e change s t o a  mplecul e ca n 

g r e a t l y a f f e c t  monolaye r  behav iou r .  Th e i s o t h e r m o f  D 3 wa s sha l lo w bu t 

no t  expande d ( f i g u r e 5.11) ,  w i t h a  h i g h c o l l a p s e su r fac e pressur e an d 

are a pe r  molecu l e va lue s c o n s i s t e n t  w i t h a  t r u e monolayer ;  th exwusponlihedcbaXVUTIHC C^^H^„ 

lb xwvutsrponmlkjihgfedcbaZXWVUTSRQPONMLKJIHEDCBA J J 

analogu e o f  D 3 gav e a  v e r y expande d i s o t h e r m e x h i b i t i n g c o l l a p s e a t  -̂ 3 0 

mN m I n c o n t r a s t ,  D 4 gav e a  v e r y s tee p i so the r m whic h wa s u n a f f e c t e d 

by th e presenc e o r  absenc e o f  CdCl ^  i n th e subphas e an d whic h d i s p l a y e d 

shar p phas e change s ( f i g u r e 5.11) .  Thes e 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 a t  3 0 mN m ( t a b l e 5 .1 ) .  I n s p i t e o f  thes e o b s e r v a t i o n s , 

th e are a pe r  molecul e va lue s wer e l e s s tha n h a l f  thos e expecte d f o r  a 

t r u e monolayer .  I n t e r e s t i n g l y ,  th e C  „H „  analogu e o f  D 4 gav e a n 

i s o t h e r m mor e c-losel y resembl in g t h a t  o f  D3 an d w i t h are a pe r  molecul e 

va lue s c o n s i s t e n t  w i t h a  monolayer ;  t h i s migh t  i n d i c a t e t h a t  th e sampl e 

o f  D 4 i t s e l f  con ta i ne d a  h i g h percentag e o f  s o l u b l e i m p u r i t i e s ,  g i v i n g 

r i s e t o erroneou s a  v a l u e s . 

m 

Of  a l l  th e m a t e r i a l s s t u d i e d ,  D5 gav e p robab l y th e mos t  p romis in g 

I s o t h e r m ,  i t  b e i n g s teep ,  w i t h a  h i g h c o l l a p s e p ressur e an d a n are a pe r 

molecu l e sca l e c o n s i s t e n t  w i t h a  monomolecula r  l a y e r  ( f i g u r e 5.12a) . 

The TT- A curv e wa s foun d t o b e l a r g e l y independen t  o f  pH ,  be in g o n l y 

s l i g h t l y s h a l l o w e r  a t  p H >  8  an d unchange d a t  p H =  4.4 .  Monolayer s o f 

D5 e x h i b i t e d a  f a i r l y s lo w deca y i n are a w i t h t im e a t  3 2 mN m ( i n s e t , 

f i g u r e 5 .12) ,  b u t  th e onse t  o f  r i g i d i t y i n th e l a y e r  (a s revea le d b y th e 

s u c t i o n t e s t  o f  s e c t i o n 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 t o 

a p p r o x i m a t e l y 10 0 minu tes .  Th e y e l l o w co lou r  o f  a  spread in g s o l u t i o n 
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o f  D 5 wa s n o t i c e a b l y b leache d ove r  a  p e r i o d o f  s e v e r a l  weeks ,  an d a  tw o 

mont h o l d s o l u t i o n gav e r i s e t o a  muc h sha l l owe r  i so the r m ( f i g u r e 5.12b ) 

tha n doe s a  f r e s h s o l u t i o n ,  a l t houg h th e are a pe r  molecul e i s 

a p p r o x i m a t e l y th e sam e a t  v e r y h i g h su r fac e p ressu re .  Car e wa s 

t h e r e f o r e take n t o ensur e t h a t  a l l  f u t u r e s t u d i e s wer e performe d us in g 

s o l u t i o n s l e s s tha n tw o week s o l d .  Molecule s o f  D5 posses s a  n i t r o 

accep to r  an d a n amid e dono r  separate d b y a  s t i l b e n e con jugate d syste m o f 

bonds ,  an d shou l d t h e r e f o r e 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 o f  deca y o f  th e s u r f a c e are a o f  D5 monolayer s w i t h t im e 

was s t u d i e d a s a  f u n c t i o n o f  subphas e c o n d i t i o n s ( f i g u r e 5.14) .  Th e 

deca y proces s i n eac h cas e ca n b e see n t o commenc e 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 ,  f o l l o w e d b y a  proces s obeyin g equa t io n 3.1 ,  i . e .  l n (N )  = 

- k t  +  C.  Sinc e th e i n i t i a l  are a o f  f i l m sprea d wa s no t  i d e n t i c a l  i n 

eac h case ,  an d s inc e th e t= 0 p o s i t i o n wa s d i f f i c u l t  t o d e f i n e ,  th e mos t 

i m p o r t a n t  aspec t  o f  t h i s s tud y wa s t o f i n d th e optimu m c o n d i t i o n s f o r 

r e d u c i n g th e s lop e o f  th e I n ( f i l m area )  versu e t im e p l o t  ( i . e .  f o r 

r e d u c i n g k )  ,  r a t h e r  tha n t r y i n g t o reduc e th e i n i t i a l  d i s s o l u t i o n .  I t 

ca n b e see n f ro m f i g u r e 5.1 4 t h a t  w i t h n o ion s adde d t o th e subphas e a 

pH o f  4. 0 o r  5. 6 g i ve s app rox ima te l y th e sam e va lu e o f  k ,  w h i l s t  t h a t 

f o r  p H =  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 ,  th e a d d i t i o n o f  CdCl ^  t o 

th e subphas e seem s t o reduc e k ,  e s p e c i a l l y a t  p H 5.7 . 

Anothe r  p a r t i c u l a r l y i n t e r e s t i n g compoun d i s D6 ,  i n whic h th e 

s l i g h t l y s t r o n g e r  amin e dono r  rep lace s th e amid e grou p o f  D5 .  Onc e 

aga i n th e I s o t h e r m i s  s t e e p ,  th e c o l l a p s e su r fac e p ressur e h i g h ,  an d th e 

measure d are a pe r  molecul e c o n s i s t e n t  w i t h monolaye r  f o r m a t i o n ( f i g u r e 

5.13) .  A t  3 0 mN m th e are a wa s foun d t o deca y o n l y v e r y s l o w l y w i t h 

t i m e ,  b u t  r i g i d i t y se t  i n q u i t e r a p i d l y an d t o a  muc h g r e a t e r  e x t e n t 



In. A, 

6-35, 

6-30 

6-25 

6-20h 

6-15h 

120 150 

t (min) 

F igu r e 5.1 4 Deca y i n are a o f  a  Langmui r  f i l m o f  D5 w i t h t im e f o r 
d i f f e r e n t  subphas e c o n d i t i o n s .  (a )  pH=5. 6 (n o i o n s ) ,  (b ) 
pH=4. 0 (n o i o n s ) ,  ( c )  pH=9. 3 (n o i o n s ) ,  (d )  pH=5. 7 
(2x1 0 M CdCl2) . 
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tha n w i th .D5 ,  r e n d e r i n g th e monolaye r  u n s u i t a b l e f o r  L B f i l m d e p o s i t i o n 

l e s s tha n on e hou r  a f t e r  sp read ing . 

The nex t  m a t e r i a l  i n th e s e r i e s ,  D7 ,  ha s a  t e r t i a r y amin e r e p l a c i n g 

th e secondar y amin e dono r  grou p o f  D6 .  A l thoug h t h i s m a t e r i a l  ha s a 

s tee p i s o t h e r m ( f i g u r e 5.13 )  an d 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 ,  th e a ° 

m 

v a l u e o f  0.0 8 nm^  c l e a r l y i n d i c a t e s t h a t  th e f i l m i s no t  monomolecular . 

Indeed ,  c a r e f u l  o b s e r v a t i o n o f  th e wate r  su r f ac e immediate l y  a f t e r 

sp read in g r e v e a l e d th e presenc e o f  o i l y patche s app rox ima te l y 0. 5 c m i n 

d iame te r ,  a r i s i n g f ro m a  s t r o n g tendenc y f o r  th e dy e molecule s t o 

aggregat e i n a n a n t i p a r a l l e l  f a s h i o n .  H o w e v e r . s a t i s f a c t o r y iso therm s 

wer e o b t a i n e d f o r  a  mixe d monolaye r  c o n t a i n i n g f i v e molecule s o f 

a r a c h i d i c a c i d t o on e o f  D7 .  S i m i l a r l y D8 ,  th e az o analogu e o f  D6 , 

forme d i s l a n d s o f  m a t e r i a l  p r i o r  t o compression ,  an d a l t houg h stee p 

i so the rm s wer e ob ta i ne d a t  p H va lue s o f  4. 7 ( f i g u r e 5.13 )  an d 9.0 ,  th e 

f i l m s c o l l a p s e d r a p i d l y whe n h e l d a t  a  su r fac e pressur e o f  3 0 mN m 

Once agai n a  m i x t u r e o f  5  mole s o f  a r a c h i d i c a c i d t o on e o f  dy e wa s 

foun d t o g i v e a  goo d i s o t h e r m an d s t a b l e monolayer . 

5. 4 F i l m T r a n s f e r 

Havin g s t u d i e d th e p r o p e r t i e s o f  th e w a t e r - s u r f a c e monolayer s o f 

eac h compound ,  th e nex t  stag e wa s t o a t temp t  t o t r a n s f e r  thes e l a y e r s t o 

s o l i d s u b s t r a t e s an d b u i l d u p m u l t i l a y e r  s t r u c t u r e s . xwusponlihedcbaXVUTIHC ^he^  techn ique s 

d e s c r i b e d i n t h i s s e c t i o n f o r  t h e assessmen t  o f  th e q u a l i t y o f  depos i te d 

f i l m s ar e v e r y s imp le ;  mor e s o p h i s t i c a t e d method s ca n b e foun d i n 

chap te r  6 .  I n s e c t i o n 3.6. 3 th e concep t  o f  d e p o s i t i o n r a t i o wa s 

i n t r o d u c e d ;  t h i s q u a n t i t y wa s e s t i m a t e d fro m th e p l o t s o f  f i l m are a 

a g a i n s t  t im e o b t a i n e d f o r  eac h d i p ,  an d wa s th e p r imar y i n d i c a t i o n o f 

whethe r  th e sam e amoun t  o f  m a t e r i a l  wa s be in g depos i te d i n eac h 
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monolayer .  Wher e d e p o s i t i o n wa s p a r t i c u l a r l y poor ,  v i s u a l  o b s e r v a t i o n 

o f  th e s u b s t r a t e woul d o f t e n r e v e a l  r eg i on s wher e i s l a n d s o f  c o l l a p s e d 

f i l m ha d bee n p i c k e d up ;  i n case s wher e th e d e p o s i t i o n wa s o f  a  b e t t e r 

q u a l i t y ,  th e sam e techn iqu e cou l d b e use d t o chec k t h a t  th e c o l o u r  o f 

reasonab l y t h i c k (" ^  2 0 l a y e r s )  f i l m s wa s u n i f o r m ove r  th e whol e sample . 

A f i n a l  t e s t  wh ic h cou l d b e employe d wa s t o breath e o n th e f i l m ,  whic h 

woul d tak e u p th e m o i s t u r e ;  th e r e s u l t a n t  c l o u d i n g o f  th e l a y e r  the n 

he lpe d t o sho w u p an y r e g i o n s i n whic h th e d e p o s i t i o n wa s non-uni form . 

I n v i e w o f  th e r e s u l t s o f  e a r l i e r  s e c t i o n s ,  no t  a l l  o f  th e 

m a t e r i a l s wer e deeme d t o b e s u i t a b l e f o r  d e p o s i t i o n .  Compound s M l ,  A3 , 

A5 an d A 7 wer e a l l  to o s o l u b l e I n th e subphase ,  w h i l s t  A 4 r a p i d l y 

c o l l a p s e d an d l a y e r s o f  A 6 wer e no t  monomolecular .  A2 ,  D7 an d D8 wer e 

o n l y s t u d i e d a s m i x t u r e s w i t h a r a c h i d i c a c i d .  Shortag e o f  t im e 

p r e c l u d e d f u r t h e r  i n v e s t i g a t i o n o f  D 3 an d D4 ,  whic h seeme d u n l i k e l y t o 

sho w i n t e r e s t i n g n o n - l i n e a r  o p t i c a l  e f f e c t s . 

Tabl e 5. 2 summarise s th e d i p p i n g c o n d i t i o n s employe d f o r  m a t e r i a l s 

wh ic h wer e foun d t o g i v e L B f i l m s o f  poo r  o r  moderat e 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 th e sam e q u a n t i t i e s f o r  thos e compound s g i v i n g h i g h 

q u a l i t y (Y- type )  f i l m s .  I n th e s i t u a t i o n s wher e a  m a t e r i a l  gav e r a t h e r 

pa tch y coverage ,  v a r i a t i o n s i n subphase .cond i t i ons ,  d e p o s i t i o n su r fac e 

p r e s s u r e ,  d i p p i n g speed ,  an d s u b s t r a t e p r e p a r a t i o n wer e i n v e s t i g a t e d , 

and o n l y t h e mos t  s u c c e s s f u l  combina t io n i s  g i ve n i n th e t a b l e s . 

Severa l  m a t e r i a l s woul d d e p o s i t  a s monolayer s o n h y d r o p h i l i c 

s u b s t r a t e s ,  b u t  thes e l a y e r s woul d com e o f f  aga i n o n subsequen t 

Immersion s o f  th e s u b s t r a t e i n th e subphase ,  be in g rep lace d b y a  f r e s h 

monolaye r  o n w i t h d r a w a l .  Z-typ e d e p o s i t i o nxwvutsrponmlkjihgfedcbaZXWVUTSRQPONMLKJIHEDCBA wat> a t tempte d w i t h a l l  thes e 

m a t e r i a l s ,  bu t  w i t h o u t  success .  Unusua l  m a t e r i a l s i n t h i s respec t  wer e 

M3 an d D2 ,  whic h woul d t r a n s f e r  a  l a y e r  t o a s u b s t r a t e o n eac h 
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w i t h d r a w a l  b u t  no t  o n i n s e r t i o n ,  w h i l s t  p re -depos i t e d l a y e r s woul d 

remai n f i r m l y bonded .  A l thoug h t h i s migh t  appea r  t o c o n s t i t u t e Z-typ e 

d e p o s i t i o n ,  whe n t h i s wa s at tempte d u s i n g th e automate d f e a t u r e o f  th e 

t r o u g h ,  th e f i l m q u a l i t y wa s muc h poore r  tha n u s u a l .  Th i s migh t  sugges t 

t h a t  M3 an d D 2 d o i n f a c t  d e p o s i t  i n a  Y-typ e mode ,  w i t h th e molecule s 

undergo in g som e for m o f  r e o r i e n t a t i o n immedia te l y  p r i o r  t o t r a n s f e r  t o 

th e s u b s t r a t e . 

Conven t i ona l  Y-typ e L B f i l m s ar e o f  n o i n t e r e s t  f o r  second-orde r 

n o n - l i n e a r  o p t i c a l  processes ,  owin g t o t h e i r  i n h e r e n t  centrosymmetry ; 

however ,  t h i s l i m i t a t i o n ca n b e overcom e b y th e us e o f  a l t e r n a t e l a y e r 

systems ,  a s d iscusse d elsewher e i n t h i s t h e s i s .  Sinc e th e subphas e i s 

common t o b o t h o f  th e component s o f  suc h a  system ,  i t s con ten t s canno t 

be o p t i m i z e d f o r  eac h o f  the m s i m u l t a n e o u s l y .  F requen t l y on e o f  th e 

m a t e r i a l s  w i l l  b e mor e t o l e r a n t  t o non - i dea l  d i p p i n g c o n d i t i o n s tha n th e 

o t h e r ,  i n wh ic h cas e the y ca n b e s u i t e d t o th e mos t  "demanding " 

compound .  Tabl e 5. 4 summarise s th e d e p o s i t i o n f e a t u r e s o f  th e s e v e r a l 

d i f f e r e n t  a l t e r n a t e l a y e r  system s i n v e s t i g a t e d ;  th e su r fac e pressure s 

employe d f o r  eac h m a t e r i a l  wer e th e sam e a s f o r  s i n g l e componen t  Y-typ e 

f i l m s . 

5. 5 Summary 

Th i s chap te r  ha s rev iewe d th e techn ique s 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 w a t e r - s u r f a c e monolayer s i n o rde r  t o f i n d th e optimu m 

c o n d i t i o n s f o r  L B f i l m d e p o s i t i o n .  Th e n o v e l  m a t e r i a l s 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  hav e bee n i n t r o d u c e d ,  an d th e reason in g behin d t h e i r 

s e l e c t i o n d i scussed .  R e s u l t s hav e bee n presente d f o r  2 0 d i f f e r e n t 

compounds ,  ou t  o f  whic h f o u r  ( A l ,  D l ,  D5 an d D6 )  gav e r i s e t o h i g h l y 

u n i f o r m Y-typ e m u l t i l a y e r s ,  a  f i f t h (D2 )  forme d moderate l y goo d f i l m s . 
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and t h r e e o t h e r s (A2 ,  D 7 an d D8 )  cou l d b e depos i te d a s  mixe d monolayers . 

The optimu m d i p p i n g c o n d i t i o n s f o r  thes e m a t e r i a l s hav e bee n g i v e n , 

a lon g w i t h thos e f o r  s e v e r a l  a l t e r n a t e l a y e r  system s o f  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 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 . 

C o n s i d e r i n g a  g e n e r a l i s e d mo lecu le ,  R-Ĝ -̂C-Ĝ ,  wher e R  i s th e 

hydrocarbo n t a i l ,  C  i s th e con juga te d system ,  an d Ĝ ,  G^  ar e dono r  (D ) 

o r  accep to r  (A )  groups ,  the n thes e r e s u l t s ca n b e summarize d a s  f o l l o w s : 

M a t e r i a l R 
^2 

A l xwusponlihedcbaXVUTIHC\\ D (weak ) A (weak ) 

H i g h l y u n i f o r m m u l t i l a y e r s 
Dl 

'22^5 
D A 

D5 
^17^3 5 

D A 

D6 
^2^4 5 

D A 

Modera te l y goo d f i l m s D2 
^22^4 5 

A D 

A2 CF̂ CO A A (weak ) 

Mixe d monolayer s D7 
^18^3 7 

D A 

D8 
^18^3 7 

D A 

I n t h e nex t  chapte r  som e phys i c a 1 charac t e r i s t i c s o f thes e f i l m s 

ar e d e s c r i b e d ,  w h i l s t  chapte r 7 i s concerne d 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 ,  chap te r  8  dea l s w i t h s t u d i e s o f  seco W harmoni c 

g e n e r a t i o n f ro m L B monolayer s an d m u l t i l a y e r s o f  thes e nove l  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 andsia 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 , sia

(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 asutponiecaXU 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 toTOMC
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 



0-IOOh 

0 075h 

c 

< 

0 050h 

0 025 

392 nm 

522 nm 

2000 3000 

Time ( s ) 

AOOO 5000 

F i g u r e 6.2 P l o t s of absorbance at 392 nm and 522 nm versus time f o r 

an LB f i l m of merocyanine a f t e r deprotonation. 



0 006 

0 005 

^ 0 004 

S 0 003 

0-010 0012 

AA (522nm) zyxwvutsrqponmlkjihgfedcbaZWUTSRQPONMLKJIHGFEDCBA

F i g u r e 6.3 P l o t of change i n absorbance at 392 nm v e r s u s change i n 

absorbance at 522 nm f o r an LB f i l m of merocyanine at 

v a r i o u s time i n t e r v a l s a f t e r deprotonation. 

015h 

E 
c 

CO tnic

it 
u 
c 

M 

< 

OlOh 

005h 

10 20 30 40 50 

Number of layers 

60 70 80 

F i g u r e 6.4 P l o t of absorbance ( a t 386 nm) v e r s u s number of l a y e r s 

f o r a merocyanine LB f i l m of stepped t h i c k n e s s . 
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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 
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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 1 2 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 AutroniXUOC <^ m and 

the l i n e w i l l pass through the o r i g i n . 
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F i g u r e 6.10 Absorbance at (a) 285 nm and (b) 394 nm versus the number 

of mixed l a y e r s f o r an LB f i l m of D7/cadmium arachidate 

of stepped t h i c k n e s s . 
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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 ywtrpojiecaSJB^ 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. 
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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 rangeyutsroljigfecaTQC &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 wasyutsroljigfecaTQC 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,ywtrpojiecaSJB 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 0,9yutsroljigfecaTQC 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 proble m o f  p e n e t r a t i o n o f  th e to p e l e c t r o d e meta l  throug h th e 
s u r f a c e o f  t h e L B f i l m migh t  b e accounte d f o r  b y th e wid e spaclng s 
betwee n ad jacen t  hydrocarbo n t a i l s w i t h i n eac h monolayer ,  a r i s i n g f ro m 
th e mismatc h betwee n th e c r o s s - s e c t i o n a l  area s o f  th e t a i l s an d th e 
chromophore s i n th e molecule s (se e s e c t i o n 7.3) .  A  s i m i l a r  phenomeno n 
was observe d w i t h man y o f  th e o t h e r  m a t e r i a l s s t u d i e d i n t h i s p r o j e c t ; 
f o r  example ,  L B f i l m s o f  th e merocyanin e D l  alway s gav e r i s e t o MI M 
s t r u c t u r e s whic h wer e s h o r t - c i r c u i t e d .  One p o s s i b l e wa y o f  a v o i d i n g 
suc h d i f f i c u l t i e s migh t  b e t o d e p o s i t  a  fe w l a y e r s o f  a  m a t e r i a l  suc h a s 
a r a c h i d i c a c i d ( i n whic h th e e n t i r e l e n g t h o f  th e molecule s ca n pac k 
c l o s e l y t o g e t h e r )  o n to p o f  th e dy e l a y e r s . 

6. 3 Surfac e Plasmo n Resonanc e S tud ie s o f  A m i d o n i t r o s t i l b e n e M u l t i l a y e r s 

The techn ique s an d a p p l i c a t i o n s o f  su r fac e plasmo n resonanc e (SPR ) 

spec t roscop y wer e b r i e f l y rev iewe d i n Chapte r  4 .  T n t h i s s e c t i o n som e 

r e s u l t s ar e d e s c r i b e d f o r  m u l t i l a y e r suronmieVUSQOG o?. th e a m i d o n i t r o s t i l b e n e 

(compoun d D5) . 

A m i d o n i t r o s t i l b e n e forme d poo r  q u a l i t y m u l t i l a y e r s whe n depos i t e d 

d i r e c t l y on t o a  s i l v e r  coate d g las s s l i d e ;  however ,  u n i f o r m f i l i r s cou l d 

be o b t a i n e d b y f i r s t  d e p o s i t i n g f i v e l a y e r s o f  o j - t r i c o s e n o i c a c i d (oi-TA ) 

ont o th e s i l v e r ,  an d the n b u i l d i n g u p th e dy e l a y e r s o n to p o f  th e a c i d . 

A s t r u c t u r e wa s produce d consiscin? ;  o f  th e f o l l o w i n g s teps :  bar e s i l v e r ; 

s i l v e r  p l u s 5 - l a y e r s o f  u-TA ;  s i l v e r ,  5 - l aye r s o f  co-TA ,  p l u s 2 ,  4 ,  6 ,  8 , 

10 l a y e r s o f  dye .  SPR curve s wer e ob ta i ne d f o r  eac h o f  thes e r e g i o n s , 

and f i g u r e 6.1 6 show s th e r e s u l t s f o r  area s whos e uppermos t  coa t i ng s ar e 

s i l v e r ,  oj-TA ,  an d 2 ,  6 ,  1 0 dy e l a y e r s .  Th e cons tan t  dept h o f  th e 

resonanc e an d reasonab l y mino r  i nc reas e i n i t s w i d t h o n i n c r e a s i n g th e 

f i l m t h i c k n e s s p r o v i d e evidenc e t h a t  th e f i l mutsrniecaXU is  no t  h i g h l y s c a t t e r i n g 

o r  abso rb in g a t  th e wavelengt h o f  th e l a s e r  (632. 8 nm) ;  t h i s wa s t o b e 
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expecte d i n v ie w o f  th e a b s o r p t i o n c u t - o f f  d i s p l a y e d b y th e f i l m s abov e 

^  50 0 n m ( f i g u r e 6.5) . 

A compute r  progra m wa s a v a i l a b l e t o c a l c u l a t e t h e o r e t i c a l  SPR 

curve s f ro m i n p u t  dat a comprise d o f  th e t h i c k n e s s an d th e r e f r a c t i v e 

i n d i c e s o f  th e me ta l  an d d i e l e c t r i c l a y e r s .  Tli e va lue s o f  th e s i l v e r 

f i l m t h i c k n e s s ,  t ( A g ) ,  an d r e f r a c t i v e i ndex ,  n(Ag),wer e a d j u s t e d t o g i v e 

a curvi e whic h c l o s e l y  f i t t e d th e expe r imen ta l  on e ( i n term s o f  resonanc e 

ang l e an d dept h o f  t h e r e f l e c t a n c e minimum) .  Thes e parameter s wer e 

f i x e d i n subsequen t  c a l c u l a t i o n s a t  th e optimu m va lue s thu s determine d 

o f  t ( A g )  =  61. 7 n m an d n(Ag )  =  0.06 8 +  63.09 6 i .  Next ,  th e SPR curv e 

f ro m th e 5  l a y e r s o f  oj-T A wa s t r e a t e d i n a  s i m i l a r  manner ,  eac h 

monolaye r  b e i n g assume d t o hav e a  t h i c k n e s s o f  2. 8 n m ( g i v i n g t(a)-TA)=1 4 

nro )  w h i l s t  th e r e f r a c t i v e inde x wa s v a r i e d t o o b t a i n th e bes t  f i t 

(assumin g n e g l i g i b l e a b s o r p t i o n i . e .  n o imag inar y t e r m s ) ,  whic h wa s 

foun d t o b e f o r  n((D-TA )  =  1.62 6 +  0  i .  U n f o r t u n a t e l y ,  th e SPR curve s 

o b t a i n e d f ro m th e dy e r e g i o n s o f  th e f i l m cou l d no t  b e f i t t e d s o 

p r e c i s e l y ,  s i n c e th e compute r  progra m wa s w r i t t e n f o r  a  me ta l  f i l m w i t h 

a s i n g l e componen t  o v e r l a y e r  an d t h e r e f o r e o n l y on e va lu e o f  th e L B f i l m 

r e f r a c t i v e inde x cou l d b e used ,  no t  d i f f e r e n t  one s f o r  th e dy e an d th e 

(D-TA . 

Usin g r e f r a c t i v e i n d i c e s o f  1.62 6 ( i . e .  t h a t  ob ta ine d f o r  u-TA , 

wh ic h shou l d b e l e s s tha n t h a t  o f  t h e dye )  an d 2.00 0 (whic h shoul d b e 

g r e a t e r  tha n t h a t  o f  th e dye )  tw o t h e o r e t i c a l  SPR curve s wer e generate d 

f o r  eac h o f  t h e d i f f e r e n t  f i l m t h i c k n e s s e s .  Th e s h i f t  i n th e resonanc e 

ang l e r e l a t i v e t o t h a t  f o r  th e s i l v e r  l a y e r  wa s the n p l o t t e d a s a 

f u n c t i o n o f  t h e t o t a l  f i l m t h i c k n e s s ( c a l c u l a t e d b y assumin g a  dy e 

monolaye r  t h i c k n e s s o f  2. 2 nm,  a s use d i n s e c t i o n 6.2 )  f o r  th e tw o s e t s 

o f  t h e o r e t i c a l  da t a an duronmieVUSQOG ior th e expe r imen ta l  r e s u l t s (se e f i g u r e 6.17) . 
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Thes e t h r e e cu rve s ar e c l e a r l y d i v e r g i n g ,  an d s inc e th e exper imen ta l 

r e s u l t s l i e betwee n th e tw o t h e o r e t i c a l  curve s t h i s woul d imp l y t h a t  th e 

r e f r a c t i v e inde x o f  th e dy e l a y e r s i s i n t e r m e d i a t e betwee n 1,62 6 an d 

2.000 ,  a s expected .  Thu s n(D5 )  =  1. 8 ±  0. 1 a t  a  wavelengt h o f  632. 8 nm, 

g i v i n g a  co r respond in g va lu e f o r  (D5 )  o f  3. 2 +  0.4 ,  whic h i s no t 

i n c o n s i s t e n t  w i t h th e v a l u e ob ta i ne d i n s e c t i o n 6. 2 f ro m capac i tanc e 

measurement s a t  1  MHz ( e ^  =  2. 4 ±  0 .5) . 

SPR s t u d i e s wer e a l s o per forme d o n th e hemicyanln e (compoun d 

D 2 ) / 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 l a y e r  system .  Th e r e s u l t s o f  t h i s 

i n v e s t i g a t i o n ar e presente d i n Chapte r  9 ,  i n whic h a  Pockel s  e f f e c t 

e l e c t r o - o p t i c modula to r  u t i l i s i n g SPR i s desc r i bed . 

6. 4 Th e K u r t z Powde r  Techniqu e 

The K u r t z powde r  techn iqu e wa s I n t r o d u c e d i n s e c t i o n 4, 6 a s a 

conven ien t  metho d f o r  sc reen in g l a r g e number s o f  powdere d m a t e r i a l s f o r 

second-orde r  n o n - l i n e a r  o p t i c a l  a c t i v i t y w i t h o u t  needin g t o gro w l a r g e 

s i n g l e c r y s t a l s o r  o p t i m i z e L B f i l m d e p o s i t i o n c o n d i t i o n s .  B y s t u d y i n g 

th e secon d harmoni c i n t e n s i t y a s a  f u n c t i o n . o f  p a r t i c l e s i z e i t  i s  a l s o 

p o s s i b l e t o a s c e r t a i n whethe r  th e n o n - l i n e a r i t y cou l d b e phas e matche d 

i n a  s i n g l e c r y s t a l ^ " * " ' ^ ^ ^ .  A l thoug h t h i s knowledg eutsrniecaXU ±>i  l e s s Impor tan t 

f o r  m a t e r i a l s wh ic h ar e t o b e use d i n L B f i l m fo rm ,  s inc e th e d e s i r e d 

e f f e c t  ca n b e achieve d i n suc h s t r u c t u r e s b y makin g us e o f  waveguid e 

d i s p e r s i o n (se e Chapte r  3 )  ,  th e p a r t i c l e - s i z e dependenc e mean s t h a t 

g r e a t  car e mus t  b e use d i f  th e techn iqu e i s t o b e a p p l i e d 

q u a n t i t a t i v e l y . 

The o r i g i n o f  th e e f f e c t  o f  p a r t i c l e s i z e o n 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 .  Fo r  v e r y s m a l l  p a r t i c l e S j O f  r a d i u s ( r )  l e s s 

tha n th e averag e coherenc e l e n g t h (1^,^^ ^  =  ire/{t\[n(2(ii)  -  n ( o j ) I } ) ,  n o 

s e r i o u s phas e e r r o r  ca n occu r  an d s o th e 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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i n c rease s w i t h r  a s t h e r e s u l t  o f  a  t r a d e - o f f  betwee n i n c r e a s i n g 

i n t e r a c t i o n e f f i c i e n c y an d dec reas in g numbe r  o f  p a r t i c l e s .  W i t h 

non-phase-matchabl e m a t e r i a l s ,  onc e r  >  1  ,  (s o t h a t  f o r  mos t  o r  a l l 

co h 

o r i e n t a t i o n s phase-mismatc h e f f e c t s becom e a p p a r e n t ) ,  th e 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  becaus e th e amoun t  o f  SHG ob ta ine d fro m eac h 

p a r t i c l e doe s n o t  i nc reas e a s r a p i d l y a s th e numbe r  o f  p a r t i c l e s 

decreases .  Curv e (a )  i n f i g u r e 6.1 8 t h e r e f o r e e x h i b i t s a  pronounce d 

maximum.  However ,  f o r  a  m a t e r i a l  whic h i s phas e matchable ,  onc e th e 

p a r t i c l e s i z e reache s th e averag e coherenc e l e n g t h ,  th e ga i n i n SHG f ro m 

th e p a r t i c l e s t h a t  ar e c o r r e c t l y o r i e n t e d app rox ima te l y balance s th e 

l o s s du e t o th e decreas e i n th e numbe r  o f  p a r t i c l e s .  Thu s th e o v e r a l l 

SHG i n t e n s i t y remain s e s s e n t i a l l y c o n s t a n t ,  a s i l l u s t r a t e d b y curv e (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.  Goodwi n o f  Plesse y (Caswel l )  L t d . , 

powder  e f f i c i e n c i e s wer e measure d ( r e l a t i v e t o l i t h i u m n i o b a t e )  f o r  a 

s e l e c t i o n o f  t h e m a t e r i a l s whic h appea r  elsewher e i n t h i s t h e s i s .  Th e 

r e s u l t s o f  t h i s surve y ar e p resen te d i n t a b l e 6.1 ;  i n v ie w o f  th e 

d i s a p p o i n t i n g l y s m a l l  s i g n a l s o b t a i n e d ,  n o d e t a i l e d a n a l y s i s o f  SHG a s a 

f u n c t i o n o f  p a r t i c l e s i z e wa s per formed .  ' 

I t  w i l l  b e see n i n Chapte r  8  t h a t  th e lo w powde r  e f f i c i e n c i e s 

observe d f ro m compoun d D5 an d th e tw o analogue s o f  D2 i n t h i s s e c t i o n 

ar e i n s t a r k c o n t r a s t  t o th e T s s u l t s o f  s t u d i e s n f  secon d harmoni c 

g e n e r a t i o n f ro m L B f i l m s .  Th i s r e f l e c t s t h e f a c t  t h a t  d i p o l a r 

chromophore s w i t h l o n g hydrocarbo n chain s w i l l  ten d t o pac k 

c e n t r o s y m m e t r i c a l l y  i n th e b u l k phas e (du e t o d i p o l a r  i n t e r a c t i o n s 

betwee n th e chromophore s an d i n t e r - c h a i n va n de r  Waal' s  b o n d i n g ) , 

t h e r e b y g i v i n g n e g l i g i b l e powde r  e f f i c i e n c i e s ,  d e s p i t e th e i n h e r e n t l y 

l a r g e second-orde r  h y p e r p o l a r i z a b i l i t i e s o f  th e n i o l ecu ies ,  whic h cou l d 



TABLE 6. 1 

Summary o f  Ke r r  powde r  t e s t  r e s u l t s ( r e l a t i v e t o l i t h i u m n i o b a t e ) 

M a t e r i a l SHG observe d 
I -  (sample ) 

I -  ( L l N b O j 

M2 No ywvutsrponmlihfedcaUTNLJIHC-

A2 No -
A5 Yes 

A6 Yes 10- 2 

D2 (C^3H 3 
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 L B f i l m s .  I t  i s  t h e r e f o r e conclude d t h a t  a l thoug h th e 
K u r t z powde r  techn iqu e ha s prove d i n v a l u a b l e i n assess in g th e p o t e n t i a l 
o f  ne w compound s f o r  us e a s s i n g l e c r y s t a l  second-orde r  n o n - l i n e a r 
media ,  i t s a p p l i c a t i o n t o m a t e r i a l s i n tende d f o r  i n c o r p o r a t i o n i n t o L B 
f i l m s i s o f  v e r y l i m i t e d impor tance . 

6. 5 T h e o r e t i c a l  Value s f o r  6 

One wa y o f  d e t e r m i n i n g a n o rde r  o f  p r i o r i t y f o r  th e stud y o f  ne w 

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  va lue s f o r  th e second-orde r 

mo lecu la r  h y p e r p o l a r i z a b i l i t i e s ,  6 .  Sinc e suc h a  procedur e doe s n o t 

r e q u i r e a  specime n o f  th e compound ,  i t  ca n b e use d a t  a n e a r l y s tag e t o 

i d e n t i f y m a t e r i a l s w i t h lo w 6  an d thu s sav e th e t im e an d expens e o f 

chemica l  s y n t h e s i s a s w e l l  a s t h a t  i n v o l v e d i n o p t i m i z i n g an d 

c h a r a c t e r i z i n g L B 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 ar e r a t h e r  comple x en d ar e o n l y f e a s i b l e whe n 

per forme d b y computer .  Sinc e th e program s hav e o n l y r e c e n t l y bee n 

s u f f i c i e n t l y r e f i n e d ,  t h e y wer e a p p l i e d t o th e 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  L B f i l m c h a r a c t e r i z a t i o n ha d bee n completed ;  however ,  i t  i s 

envisage d t h a t  i n th e f u t u r e suc h t h e o r e t i c a l  m o d e l l i n g o f  th e molecule s 

w i l l  p l a y a n i n c r e a s i n g l y i m p o r t a n t  r o l e i n th e sc reen in g o f  ne w 

m a t e r i a l s a t  a  muc h e a r l i e r  s tage .  Th e va lue s o f  6  r e p o r t e d i n t h i s 

s e c t i o n wer e o b t a i n e d b y J .  H i l l  o f  B r i t i s h Teleco m Researc h 

L a b o r a t o r i e s . 

The c a l c u l a t i o n o f  3  c o e f f i c i e n t s wa s performe d i n tw o stages . 

F i r s t l y t h e p o s i t i o n an d s t r e n g t h o f  th e f i r s t  e l e c t r o n i c a b s o r p t i o n 

ban d wa s de te rm ined ,  t o g e t h e r  w i t h th e change s i n th e d i p o l e moment  o f 

t h e molecu l e whic h accompanie s t h i s t r a n s i t i o n .  Thes e p r e d i c t i o n s wer e 

made b y a  v e r s i o n o f  a  PPP-SCF-C I  mo lecu la r  o r b i t a l  c a l c u l a t i o n program , 
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whic h wa s adapte d b y H i l l  f o r  imp lementa t io n o n a  Hewle t t  Packar d 9000 . 
I n th e secon d stag e thes e dat a wer e i n s e r t e d i n t o a  progra m t o c a l c u l a t e 
th e mo lecu la r  h y p e r p o l a r i z a b i l i t y o f  th e t e s t  molecu le .  Th i s progra m 
was w r i t t e n b y H i l l  u t i l i s i n g e q u a t i o n A 3 i n r e f e r e n c e 14 .  ' 

Tabl e 6. 2 g i ve s th e d i p o l e moment ,  p o s i t i o n o f  th e f i r s t  e l e c t r o n i c 

a b s o r p t i o n ban d ( i n cyc lohexane ) ,  an d 3  ( v e c t ) ,  c a l c u l a t e d f o r  s e v e r a l 

o f  t h e molecu le s 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 .  Th e colum n ' B ( v e c t ) '  i s 

th e va lu e o f  8  a t  a  p a r t i c u l a r  f requenc y v e c t o r e d ont o th e groun d s t a t e 

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 o f  th e a b s o r p t i o n ban d maxim a ar e i n reasonabl e 

agreemen t  w i t h thos e o b t a i n e d e x p e r i m e n t a l l y i n s e c t i o n 6.1 .  Fo r 

example ,  th e t h e o r e t i c a l  \  f o r  th e a m i d o n i t r o s t i l b e n e (D5 )  wa s 37 6 n m 
max 

(cyc lohexan e s o l u t i o n ) ;  th e observe d va lue s wer e 36 8 n m ( i n c h l o r o f o r m ) , 

35 1 n m ( i n cyc lohexane ) ,  an d % 37 0 n m ( i n L B m u l t i l a y e r s ) .  S i m i l a r l y , 

f o r  compoun d D 7 t h e o r y gav e =  ^2 7 n m ( i n cyclohexane )  an d a  v a l u e 

o f  39 4 n m wa s o b t a i n e d f o r  L B f i l m s c o n t a i n i n g th e dy e mixe d w i t h 

cadmiu m a r a c h i d a t e . 

I t  ca n b e see n o n examinat io n o f  t a b l e 6. 2 t h a t  th e c l o s e r  th e 

secon d harmoni c wavelengt h ge t s t o X  ,  th e g r e a t e r  i s th e va lu e o f  g 

( c f .  s e c t i o n 2.3.2) .  A s a n t i c i p a t e d i n th e d i s c u s s i o n s i n Chapte r  5 , 

th e t h e o r e t i c a l  va lue s o f  6  f o r  compound s D l  an d D2 ar e ve r y h i g h ; 

a l t h o u g h t h e co r respond in g f i g u r e s f o r  D5 ,  D 7 an d D 8 ar e somewha t 

s m a l l e r ,  t he y  s t i l l  r e p r e s e n t  a  s i g n i f i c a n t  improvemen t  o n man y o f  t h e 

m a t e r i a l s r e p o r t e d i n th e l i t e r a t u r e (se e t a b l e 2 .3) .  Th e l a r g e r  g  f o r 

D7 compare d t o D 5 i s i n accordanc e w i t h th e s t r o n g e r  dono r  na tu r e o f  t h e 

t e r t i a r y amin e grou p i n th e forme r  compare d t o th e amid e f u n c t i o n a l i t y 

i n th e l a t t e r . .  Compoun d A 2 ha s a  s t r o n g accepto r  bu t  o n l y a  wea k donor ; 

n e v e r t h e l e s s ,  t h e va lue s o f  3  p r e d i c t e d b y t h e mode l  ar e muc h s m a l l e r 
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tha n thos e expecte d f ro m th e q u a l i t a t i v e argument s pu t  fo rwar d i n 

Chapte r  5 .  T h i s i m p l i e s t h a t  th e anthracen e nuc leu s may perhap s b e 

u n s u i t a b l e f o r  f o rm in g th e con juga te d system ,  an d ha d t h i s dat a bee n 

a v a i l a b l e a t  th e o u t s e t  o f  th e p r o j e c t  suc h d e r i v a t i v e s woul d hav e bee n 

g i v e n a  lowe r  p r i o r i t y .  I t  i s  a l s o v e r y i n t e r e s t i n g t o not e t h a t  th e 

t h e o r e t i c a l  va lue s o f  6  f o r  D 3 an d D4 ar e comparabl e w i t h thos e o f  D5 . 

Sinc e D 3 an d D 4 b o t h c o n t a i n tw o accepto r  group s an d n o donor ,  y e t  D 5 

has t h e c l a s s i c donor-accepto r  system ,  t h i s wa s r a t h e r  s u r p r i s i n g .  Th e 

o r i g i n o f  t h i s e f f e c t  may w e l l  l i e i n th e con juga te d system ,  th e 

s t i l b e n e b r i d g e perhap s be in g l e s s e f f i c i e n t  i n t h i s r o l e tha n th e 

pheny l  p y r l d i n i u m ethen e 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  dat a g i v e n i n t h i s s e c t i o n w l l . l  b e r e f e r r e d t o 

aga i n i n Chapte r  8 ,  i n whic h th e r e s u l t s o f  som e I n v e s t i g a t i o n s o f 

secon d harmoni c g e n e r a t i o n f ro m I B f i l m s ar e r e p o r t e d . 

6. 6 Summary 

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 o f  a  numbe r  o f  L B 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 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 hav e bee n ob ta ined ;  suc h 

c h a r a c t e r i s t i c s ar e i m p o r t a n t  i n d e t e r m i n i n g th e wavelengt h range s ove r 

wh ic h th e f i l m s may b e u s e f u l l y .  a p p l i e d .  Comparison s o f  th e s p e c t r a 

o b t a i n e d f o r  a  g i v e n m a t e r i a l  i n s o l v e n t s o f  d i f f e r i n g p o l a r i t y hav e 

bee n use d t o asses s th e degre e o f  charg e t r a n s f e r  i n th e f i r s t  e x c i t e d 

s t a t e r e l a t i v e t o th e groun d s t a t e ,  an d th e d i f f e r e n c e s betwee n s o l u t i o n 

and L B f i l m s p e c t r a hav e bee n i n t e r p r e t e d i n term s n f  th e e f f e c t  o f 

d i p o l e - d i p o l e i n t e r a c t i o n s o n th e l e v e l  o f  charg e s e p a r a t i o n i n th e 

mo lecu les .  S tud ie s o f  absorbaoc e ( a t  tw o f i x e d wavelengths )  a g a i n s t 

t im e hav e bee n use d t o f o l l o w th e p r o t o u a t i o n i s a c c i o u o f  a  merocyanin e 

dye .  Es t imate s o f  d e p o s i t i o n u n i f o r m i t y hav e bee n o b t a i n e d ' f o r  s e v e r a l 
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d i f f e r e n t  L B f i l m m a t e r i a l s b y measurin g absorbanc e a s a  f u n c t i o n o f 

m u l t i l a y e r  t h i c k n e s s an d examinin g th e closonas s o f  f i t  o f  th e r e s u l t s 

t o th e Beer-Lamber t  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 hemicyanin e an d 

a m i d o n i t r o s t i l b e n e dye s wa s foun d t o hav e a n absorbanc e pea k 

b a t h o c h r o m i c a l l y  s h i f t e d r e l a t i v e t o th e p o s i t i o n expecte d b y th e s impl e 

a d d i t i o n o f  t h e s p e c t r a o f  e q u i v a l e n t  number s o f  l a y e r s o f  th e tw o 

m a t e r i a l s t ake n s e p a r a t e l y i n c o n v e n t i o n a l  Y-typ e f i l m s .  Mixe d 

monolayer s o f  hemicyanin e w i t h cadmiu m a r a c h i d a t e wer e foun d t o d i s p l a y 

an enhance d an d b a t h o c h r o m i c a l l y  s h i f t e d f i r s t  a b s o r p t i o n ban d r e l a t i v e 

t o t h a t  see n f o r  a  homogeneou s monolayer . 

A m i d o n i t r o s t i l b e n e L B f i l m MI M s t r u c t u r e s wer e foun d t o g i v e a 

l i n e a r  p l o t  o f  r e c i p r o c a l  capac i tanc e a g a i n s t  f i l m t h i c k n e s s ,  i n d i c a t i n g 

t h a t  th e d i e l e c t r i c t h i c k n e s s o f  eac h monolaye r  (measure d a s 0.90 ± 0.2 0 

nm)  wa s h i g h l y r e p r o d u c i b l e .  Th e i n t e r c e p t  o f  t h i s p l o t  wa s c o n s i s t e n t 

w i t h seve n l a y e r s o f  f i l m b e i n g p e n e t r a t e d o n f a b r i c a t i n g th e to p 

e l e c t r i c a l  c o n t a c t s ;  th e s i t u a t i o n w i t h o t h e r  dy e f i l m s wa s c o n s i d e r a b l y 

worse ,  w i t h mos t  o f  th e sample s be in g s h o r t - c i r c u i t e d . 

Surfac e plasmo n resonanc e curve s wer e ob ta ine d f o r  Y-typ e L B f i l m s 

o f  a m i d o n i t r o s t i l b e n e an d wer e use d t o es t ima t e th e r e l a t i v e 

p e r m i t t i v i t y o f  t h e l a y e r s .  Th e s i m i l a r i t y o f  th e dept h o f  resonanc e t o 

t h a t  o b t a i n e d w i t h bar e s i l v e r ,  an d th e sharpnes s o f  th e minima , 

p r o v i d e d evidenc e t h a t  th e f i l m s wer e no t  h i g h l y absorb in g o r  s c a t t e r i n g 

a t  th e f requenc y o f  measurement . 

The K u r t z powde r  techn iqu e f o r  assess in g second-orde r  o p t i c a l 

n o n - l i n e a r i t y wa s a p p l i e d t o s e v e r a l  o f  t h e m a t e r i a l s s t u d i e d elsewher e 

i n t h i s p r o j e c t .  However ,  n o a c t i v i t y wa s observe d i n an y o f  th e 

compounds .  I t  wa s conclude d t h a t  a l t houg h v a l u a b l e f o r  sc reen in g 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 ,  t h e r e wa s  l i t t l e p o i n t  i n u s i n g th e techniqu e o n th e 

compounds use d f o r  L B f i l m f o r u i a t l o n ,  s inc e the y w i l l  ten d t o adop t 

cen t rbsymmet r i c  c r y s t a l  s t r u c t u r e s i n th e b u l k phase ,  eve n thoug h t h e i r 

molecule s may s t i l l  posses s l a r g e S' s whic h cou l d b e 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  mor e p r o m i s i n g approac h f o r  i d e n t i f y i n g molecule s 

w i t h p o t e n t i a l l 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 ,  i n v o l v i n g th e 

c a l c u l a t i o n ,  o f  t h e o r e t i c a l  6  v a l u e s ,  wa s i n t r o d u c e d an d r e s u l t s wer e 

presen te d f o r  s e v e r a l  o f  th e m a t e r i a l s use d 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 techn iqu e w i l l  f i n d mor e ex tens i v e us e i n th e f u t u r e , 

s i nc e i t  ca n b e a p p l i e d p r i o r  t o chemica l  s y n t h e s i s an d thu s sav e a  l o t 

o f  waste d t im e an d e f f o r t  b y  i d e n t i f y i n g m a t e r i a l s w i t h s m a l l  B' s a t  th e 

e a r l i e s t  p o s s i b l e s tage . 
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CHAPTER 7 

ELECTRON DIFFRACTIO N STUDIE S OF L B FILM S :  RESULTS 

AND DISCUSSIO N 

7. 0 I n t r o d u c t i o n 

T h i s chap te r  i s  concerne d w i t h th e 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 o f 

LB f i l m s o f  s e v e r a l  o f  t h e n o v e l  m a t e r i a l s desc r i be d elsewher e i n t h i s 

t h e s i s .  Th e s t r u c t u r e o f  th e f i r s t  monolaye r  i s  c r i t i c a l  i n d e t e r m i n i n g 

th e succes s o f  d e p o s i t i o n an d th e q u a l i t y o f  L B m u l t i l a y e r 

assembl ie s •̂ '• ^;  p a r t i c u l a r  emphasi s ha s t h e r e f o r e beer ,  p lace d o n th e 

s tud y o f  suc h t h i n f i l m s .  However ,  d e s p i t e th e f a c t  t h a t  r e l a t i v e l y 

t h i c k (0.1-l .Oj jm )  L B f i l m s ca n b e i n v e s t i g a t e d b y a  v a r i e t y o f 

t e c h n i q u e s ,  suc h a s  o p t i c a l  b i r e f r i n g e n c e ̂  ,  sha l l o w angl e X-ra y 

(3 )  (4 ^ 
d i f f r a c t i o n ,  an d i n f r a r e d spect roscop y ' ,  t h e r e ar e fe w method s 

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  th e c h a r a c t e r i z a t i o n o f 

monolayer s ( a l t h o u g h h i g h r e s o l u t i o n I n f r a r e d spect roscop y ca n sometime s 

be used^^^ ) .  One se t  o f  techn ique s whic h i s  s u i t a b l e f o r  p rob in g th e 

s t r u c t u r e o f  suc h u l t r a - t h i n l a y e r s u t i l i s e s th e e f f e c t  o f  th e s t r o n g 

i n t e r a c t i o n o f  a  bea m o f  h i g h energ y e l e c t r o n s w i t h m a t t e r .  Th i s ha s 

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 ) ,  an d r e f l e c t i o n h i g h energ y e l s c t r n n d l f f r a c t l o n ^ ^ ^ 

(RHEED).  A l t houg h TE D a l l o w s a  complet e i d e n t i f i c a t i o n o f  th e mo lecu la r 

p a c k i n g ,  i t  i n v o l v e s comp l i ca te d an d d e l i c a t e sampl e p r e p a r a t i o n (se e 

chap te r  4 ) ,  wh ic h cou l d a f f e c t  th e L B f i l m .  I n c o n t r a s t ,  RHEED ca n b e 

use d t o s tud y t h e s t r u c t u r e o f  L B f i l m s ,  i n i s i t u ,  o n a  semiconducto r 

s u b s t r a t e .  Th e RHEED techn iqu e ha s f r e q u e n t l y bee n a p p l i e d t o 

m u l t i l a y e r  f i l m s ^ ' ^ ' ^ ' ^ ^ bu t  t o dat e i t s us e w i t h monolayer s ha s bee n 

l i m i t e d . 
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F igu r e 7. 1 show s a n 80k V RHEED p a t t e r n ob ta i ne d f ro m a  monolaye r  o f 
cadmiu m a r a c h i d a t e d e p o s i t e d o n a  {111 }  s i l i c o n s u b s t r a t e .  I t  i s 
i n t e r e s t i n g t o no t e t h a t  t h i s p a t t e r n possesse s a l l  th e f e a t u r e s 
e x h i b i t e d b y  t h a t  o f  th e 11 - l aye r  sampl e o f  cadmiu m s t e a r a t e show n i n 
r e f e r e n c e 7  ( s t e a r i c a c i d be in g i d e n t i c a l  t o a r a c h i d i c a c i d apa r t  f ro m 
th e s l i g h t l y s h o r t e r  hydrocarbo n c h a i n ) .  Th i s p rov ide s goo d evidenc e 
f o r  th e p r o p a g a t i o n o f  th e s t r u c t u r a l  o rde r  o f  th e f i r s t  monolaye r 

v 

t h roug h t o subsequent l y  depos i t e d 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 ar e 

r e p o r t e d f o r  o t h e r  m a t e r i a l s i n l a t e r  s e c t i o n s ,  a s ar e th e e f f e c t s o f 

change s i n d e p o s i t i o n c o n d i t i o n s o n th e c r y s t a l l i n e orde r  o f 

a m i d o n i t r o s t i l b e n e (compoun d 05 )  L B f i l m s an d 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 o f  m u l t i l a y e r s o f  C4 anthracen e (compoun d A l ) . 

7. 1 C a l i b r a t i o n o f  E l e c t r o n D i f f r a c t i o n P a t t e r n s 

I n o r d e r  t o conve r t  measure d d i s t ance s i n t r a n s m i s s i o n o r 

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 p a t t e r n s i n t o l e n g t h s i n r e a l  space ,  th e 

p a t t e r n s mus t  f i r s t  b e c a l i b r a t e d a g a i n s t  th e d i f f r a c t i o n p a t t e r n 

o b t a i n e d unde r  th e sam e o p e r a t i n g 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 ,  l en s 

c u r r e n t ,  e t c . )  f ro m a  sampl e whos e i n t e r p l a n a r  spacing s ar e a l r e a d y 

a c c u r a t e l y known .  I f  th e d i s t a n c e R  f ro m th e c e n t r e spo t  o f  a 

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

specimen ,  the n f o r  TED:  R d =  XL (7,1 ) 

and f o r  RHEED:  Rd =  X L 

2 (7.2 ) 

wher e X  i s th e wavelengt h o f  th e e l e c t r o n beam ,  an d L  i s th e camer a uronmieVUSQOG

(Q) 

l e n g t h .  C l e a r l y ,  X L an d XL/ 2 ar e cons tan t s i f  th e o p e r a t i n g 

c o n d i t i o n s remai n unchanged ,  an d b o t h thes e equat ion s ca n b e s i m p l i f i e d 

t o g i v e : 

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^ andxvutrpnifedca 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 : tljiaI

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 A s s i g n m e n t  o f  M i l l e r  i n d i c e s t o t h e TE D 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 tljiaI -
(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 b e 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 :xvutrpnifedca -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 orderedxvutrpnifedca 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 werexvutrpnifedca \>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 



o m 
U CD 

• H J = 

r H p . 

• H J 3 

00 3 

(0 

o 

B * <= ywutsrponmlkihgfedcbaXVTSROMJIHFEDC

M V s 

« U T S igeaJH
a 

C lU 
l-i c uonmifdcbXUPOCB
9)  0) 
4 J ^ 

i H 

00 

g 2 

g 

O B 
0 0 (0 

B 

a 

e 
o 
u 

• 

0) m zyxwvutsrqponmlkjihgfedcbaYXWVUTSRPONMLJIHGFEDCBA
^  X 
• J a 
CD p . 

D u 

00 (0 

« 
a 
00 



1 yxwvutsrponmlkjihfedcbaYXWVUTSQPONMKJIHEDCBA

oj o i H i n VP 0 0 o r H 

i 

r H 1—1 ywutsrponmlkihgfedcbaXVTSROMJIHFEDC

• , 
to 

tfl • to to 0) 00 

o c o • uonmifdcbXUPOCBu B 
r H B 

M O 
1-1 <u u B rO • H 

CO to i H to r H •H 1-1 - a umifVUTP
'V P - •H in OJ 

M B 00 • H 

C 4= C CO c > 01 O 

O 4 J o to 0 4H o 
1-1 to ^l • r H 

U 0) *-> c 4 J in • • CO in • 
to M to o to 6 0 to 0) 60 a to 

• • • B 60 r H E r H 00 

to 01 0) B 0) to to • H C P . •a • H •H B 
4-) B 0) B r H B 4 J 4 J 1-1 

Ti a 01 U • H 

o O H O "H o o O 1-1 n) o 

p» CO p. to 4-1 to p. P . •o tfl 1-1 • C 

• 0 10 a to 10 Oi CO OJ • -o 
0) • to » ^ U U 0) E U (0 0) 

>^ in P u to to to OJ to p- P- u o o 01 M 4 J a 
td M 4-1 4-> to 4-1 U U to u B CO O u 

i H C CO O C O P . 0 CO to 
K) a o P . tfl 

( X 0) a: ( X 01 to p. ,c r H (0 CO 

tfl to m to i - l to 10 to to • - H in • •̂  
• H tn > i H 4 J •  to 4H 4 J ' p. to 

• d i H O 4-1 4H O 4-1 4-1 4H o a 4-1 to o u 4-1 

o . U o o 01 O CJ o O o p. C O 4-1 p. CO O 

u ,o t H to o p. 0) O cn p. 
<u Q K - l«! ^ X 4-1 X 4H 10 to p. in to 

>̂  • H • H . - H . • H O • H • H • H 4H -H p. to 4-t • 

tfl t-i U to U 1-1 O B 4 J to O O >^ 4H 

o 4-1 4-1 - H 4-1 to 4 J u 4 J 3 O r H zyxwvutsrqponmlkjihgfedcbaYXWVUTSRPONMLJIHGFEDCBA
& B ^ . o 

CO to > CO C to to to B c & c to rr 

(U O B. B B B B 1 >̂  B o CO a a) E B. 
to 3 r H 3 O 3 to u p 

u u M 0) u bO 1-1 u M t H ^ H tn 60 4 J r H 

0 to to ^ CO 0) 10 to CO 0 6C O 4H o B CD 0 

c • H i H i H O i - l M i H t H r H o o 4H CI •H U 

o 4-> 3 3 4-> 3 3 3 3 o 1-1 
• H 60 bC CO t>0 0) bO 00 bO r H r H to r H r H r H 

to C c e p. B r H B B B to to B CO > ^ 4 J CO 

B • H CO to CO ^ to to to 1-1 0) u o •H U 4 J J = 1-1 

o 4-1 4-1 0) 4 J - H 4-1 4 J 4-1 W A i 4 J "rf U 4 J U 0 0 4-1 

• H tu tj o B u to u O U B O B 6 0 4J B O - H B 
4-1 t 3 0) 0) o 0) - H 0) 9) 0) 0) O 0) 0) CO 93 P . r H 0) 

• H 
t 3 

pc! W 05 > Pi P(5 U r-i O U X O t o tn u 
- O )-< 

c O 

o 4-1 

u 
4-1 4-1 . 

c K B in 

o 01 M <u . 
• H 4 J 0) tn 

U 4-1 o ^ O O O o 
• H 0) 4-1 r H CJ . t j s H r H m r H r H 

to 0) CO O 4-1 • • • • • « • • • • • • • 

o CO p. CD 
<x 

<u 0) P f= 
-o C 

01 

W vH 

W > 
14-1 , o W - H 

o i H 

*r*l 

» bO 

4 J 4 J 

o to .. .  .. . 
O OJ to 

f
f
 

U 
4-1 

C J-i ^J 
o n] 0) 

(U • H 

C 4 - 1 4 - 1 1 - 1 
0) O (Q to t-l 

4-t ^ CO i-J ^ 1 t/5 r J r J CO i-J 

4 J • H 

B 
ca 

C 3 rQ 

(U in 

• H 4-1 

o 1-1 U-l 

O o * 
O 

u in 

B 0) ] 

1 i H 

• H 

u 

CO 1-1 i 
w M-l >4-l 0) 

< w 
y-i 1-1 
O 3 to 

to i-H 

< < < y-i 1-1 
O 3 to 

to i-H < <: < + + 

r -
QJ 1 O 

bO U  C 
< <u  o 

w u e 
) J to 

PQ 1 

<: 

(U 

to 

to 

, C EC 

to 

to 

, C EC m 
I 

CVJ VP o VP u-i m 

• • • • • • • • • • • • 

,p i n i n i n i n i n i n m 

3 

cn 

tn 

O M i 
t - i f - l r - l »-H CJN CM m 

• i r H r H 

O CO 
1 
( 
1 

1 ! 



-  12 4 -

f i l m (No .  1 1 ) ,  a l l  depos i t e d fro m a n i n i t i a l l y f r e s h Langmui r  f i l m whic h 

was no t  renewe d (an d w i l l  t h e r e f o r e hav e bee nJ '\J 10 0 minute s o l d b y  th e 

end o f  th e l a s t  l a y e r )  ,  m igh t  imp l y t h a t  t h i s f a c t o r  become s mor e 

s i g n i f i c a n t  i n o l d e r ,  l e s s m o b i l e ,  f i l m s .  F u r t h e r  exper iment s i n v o l v i n g 

9-1 5 l a y e r  f i l m s d e p o s i t e d unde r  s i m i l a r  c o n d i t i o n s ,  bu t  w i t h t h e 

s u b s t r a t e p e r p e n d i c u l a r  t o th e b a r r i e r s ,  a r e c l e a r l y r e q u i r e d . 

Examinat io n o f  th e r e s u l t s f o r  sample s 2  an d 5  i n d i c a t e s t h a t  a l t houg h 

h i g h l y o rde re d monolayer s ca n b e o b t a i n e d a t  th e h i g h e r  subphas e pH ,  th e 

optimu m v a l u e o f  ' v  5. 5 g i v e s s l i g h t l y •  b e t t e r  r e s u l t s .  Th e s u p e r i o r 

o r d e r  observe d w i t h sampl e 5  r e l a t i v e t o 3  show s th e Importanc e o f 

hav in g a  mob i l e w a t e r - s u r f a c e monolaye r  i n th e t r a n s f e r  o f  eve n a  s i n g l e 

monolaye r  t o a  s u s b t r a t e ;  s i m i l a r l y ,  whe n t h i c k e r  s t r u c t u r e s ar e b u i l t 

up (Nos .  7  an d 8 ) ,  th e us e o f  n o n - r i g i d monolayer s promote s th e 

d e p o s i t i o n o f  a  mor e u n i f o r m f i l m (se e "comments "  colurr o i n t a b l e 7 .2 ) , 

eve n i f  t h i s e f f e c t  i s  no t  observe d i n th e RHEED p a t t e r n ,  du e t o o t h e r 

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 th e m u l t i l a y e r s . 

7.3. 5 Chromophor e o r i e n t a t i o n i n monolayer s 

(12 ) 

E a r l s e t  a l  hav e deduce d th e o r i e n t a t i o n o l  th e chromophore s i n 

LB f i l m s o f  hemicyanin e b y th e compariso n o f  a n e x p e r i m e n t a l l y 

de termine d RHEED p a t t e r n w i t h a  computer-generate d i n t e n s i t y 

d i s t r i b u t i o n o f  th e d i f f r a c t i o n p a t t e r n o f  a  s i n g l e mo ie ty .  A  s i m i l a r 

approac h ha s bee n use d w i t h C4 anthracen e (se e appendi x 1 )  ,  an d i n t h i s 

s e c t i o n i t  i s  a p p l i e d t o a m i d o n i t r o s t i l b e n e . 

Reasonabl e va lue s f o r  bon d l e n g t h s ,  angle s an d atomi c s c a t t e r i n g 

f a c t o r s f o r  t h e chromophore ,  an d a ls o f o r  th e hydrocarbo n t a i l ,  wer e 

chose n an d use d b y Dr .  I .  R.  Peterso n (GE C Research )  t o comput e th e 

I n t e n s i t y d i s t r i b u t i o n s show n i n f i g u r e s 7.11 a an d b .  Not e t h a t 
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Figu r e 7.1 1 Computer-generate d d i f f r a c t e d I n t e n s i t y d i s t r i b u t i o n s f o r 
t h e bea m i n c i d e n t  norma l  t o :  (a )  th e a m i d o n i t r o s t i l b e n e 
n u c l e u s ;  (b )  th e hydrocarbo n t a i l ,  w i t h t h e i r  l on g axe s 
v e r t i c a l . 
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a l t h o u g h f i g u r e 7.11 b i s  r e a l l y f o r  a  cha i n c o n t a i n i n g 2 1 carbons ,  th e 
d i s t r i b u t i o n g i v e n b y a  1 7 carbo n t a l l  shoul d b e v e r y s i m i l a r .  Th e 
RHEED p a t t e r n ob ta i ne d f ro m a  monolaye r  o f  a m i d o n i t r o s t i l b e n e ( f i g u r e 
7.4 )  wa s r e p l o t t e d t o th e sam e sca l e a s  f i g u r e 7.1 1 t o f a c i l i t a t e 
compar ison .  Ther e i s  o n l y on e goo d matc h betwee n th e expe r imen ta l 
p a t t e r n an d th e compute d d i s t r i b u t i o n :  t h i s i s  c o n s i s t e n t  w i t h bo t h t h e 
chromophor e an d th e hydrocarbo n t a l l  l o n g axe s hav in g a  t i l t  angl eumifVUTP ifi t o 
th e s u b s t r a t e norma l  o f  5 4 ±  1° ;  suc h a  v a l u e i s  v e r y l a r g e compare d t o 
o t h e r  L B a r r a y s . 

7.3. 6 Conc lus ion s 

LB monolayer s o f  a m i c i o n i t r o s t i l b e n e 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 ,  an d 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 b y hydroge n bond ing .  U n f o r t u n a t e l y ,  t h i s p r o p e r t y i s  no t 

propagate d t h roug h t o m u l t i l a y e r  f i l m s ,  th e s t r u c t u r a l  o rde r  becomin g 

p r o g r e s s i v e l y poore r  w i t h ,  i n c r e a s i n g t h i c k n e s s .  A l thoug h monolaye r 

q u a l i t y wa s foun d t o b e q u i t e accep tab l e whe n a  subphas e p H o f  9. 0 wa s 

employed ,  s l i g h t l y b e t t e r  r e s u l t s wer e ob ta i ne d a t  th e lowe r  va lu e o f 

5.5 .  Th e Importanc e o f  m o b i l i t y i n th e w a t e r - s u r f a c e monolaye r  wa s 

r e f l e c t e d b y th e s u p e r i o r  c r y s t a l l i n e o rde r  an d f i l m u n i f o r m i t y 

d i s p l a y e d b y monolaye r  an d m u l t i l a y e r  L B f i l m s depos i te d fro m f r e s h l y 

sprea d Langmui r  f i l m s compare d t o th e r e s u l t s g i ve n b y age d l a y e r s .  Th e 

o r i e n t a t i o n o f  th e s u b s t r a t e i n th e t r o u g h d u r i n g d e p o s i t i o n wa s foun d 

t o b e u n i m p o r t a n t  i f  th e w a t e r - s u r f a c e monolaye r  i s  s a f i ' l c i e n t l y  f l u i d . 

Alumin a s u b s t r a t e s wer e foun d t o b e u n s u i t a b l e f o r  RHEEC s t u d i e s , 

owin g t o t h e i r  tendenc y t o becom e charge d b y th e e l e c t r o n beam .  Th e 

d i f f i c u l t i e s i n v o l v e d i n p r e p a r i n g a  sampl e l e s s tha n "v *  3 .  l a y e r s t h i c k 

f o r  TE D ( f i l m s o f  t h i s t h i c k n e s s an d l e s s gav e r i se ,  Co RHEED p a t t e r n s 

i n d i c a t i v e o f  goo d s t r u c t u r a l  o r d e r )  f ro m whic h a  spo t  p a t t e r n cou l d b e 
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expected ,  ha s mad e i t  imposs ib l e t o c o r r e l a t e RHEED an d TE D obse rva t i on s 
as wa s don e i n th e s t r u c t u r a l  a n a l y s i s o f  C4 anthracen e i n s e c t i o n 7.2 . 
T h i s ,  coup le d w i t h th e i n v a r i a n c e o f  th e RHEED p a t t e r n o f  a n 
a m i d o n i t r o s t i l b e n e monolaye r  t o r o t a t i o n o f  th e s u b s t r a t e abou t  a n a x i s 
norma l  t o i t s s u r f a c e ( i n d i c a t i n g n o p r e f e r r e d o r i e n t a t i o n o f  th e 
c r y s t a l l i t e s )  ,  mean s t h a t  a l t houg h i n t e r p l a n a r  spacing s ca n b e 
c a l c u l a t e d f ro m th e RHEED d a t a ,  i n th e absenc e o f  an y independen t 
s t r u c t u r a l  dat a th e spot s canno t  b e indexe d o r  th e l a t t i c e parameter s 
deduced .  A n a n a l y s i s I n v o l v i n g th e matchin g o f  th e RHEED p a t t e r n s t o a 
compute r  genera te d i n t e n s i t y d i s t r i b u t i o n o f  th e d i f f r a c t i o n p a t t e r n o f 
a s i n g l e mo ie t y gav e a  va lu e o f  th e t i l t  ang le ,  ^ ,  o f  th e molecu le ,  w i t h 
r espec t  t o th e s u b s t r a t e normal ,  o f  54+1° . 

7. 4 Othe r  M a t e r i a l s 

7.4. 1 A m l n o n i t r o s t i l b e n e (compoun d D6 ) 

A t y p i c a l  80k V RHEED p a t t e r n ob ta ine d f ro m a n L B monolaye r  o f 

a m i n o n l t r o s t i l b e n e (compoun d D6 )  depos i t e d o n a  {111 }  s i l i c o n s u b s t r a t e 

i s show n I n f i g u r e 7.12 .  A l thoug h t h i syxwvutsrponmlkjihfedcbaYXWVUTSQPONMKJIHEDCBA paCteTnj i s  s i m i l a r  t o t h a t  o f 

th e a m i d o n i t r o s t i l b e n e (D5 )  g i ve n i n f i g u r e 7. 4 ( i n d i c a t i n g th e sam e 

b a s i c pack in g a r rangement ) ,  mos t  o f  th e d i f f r a c t i o n spot s ar e o f  a 

s i g n i f i c a n t l y lowe r  i n t e n s i t y tha n ar e th e cor respond in g r e f l e c t i o n s 

o b t a i n e d f r o m monolayer s o f  D5 .  Th e e s s e n t i a l  d i f f e r e n c e i n th e 

mo lecu la r  s t r u c t u r e o f  D 5 an d D6 i s t h a t  th e amid e grou p i n th e forme r 

m a t e r i a l  ha s bee n rep lace d b y a  s impl e amine .  Thu s th e p o s s i b i l i t y o f 

hydroge n bond in g betwee n th e ad jacen t  chromophore s i n th e monolaye r  i s 

s u b s t a n t i a l l y reduced .  I t  i s  t h e r e f o r e conclude d t h a t  suc h i n t e r a c t i o n s 

p l a y a  dominan t  r o l e i n th e i n - p l a n e o r d e r i n g o f  th e molecule s i n 

monolayer s o f  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 p a t t e r n s f ro m monolayer s o f  DC d i s p l a y c l e a r  arc s (a s a t  A  i n . 
f i g u r e 7.12 )  co r respond in g t o o r d e r i n g o f  th e hydrocarbo n t a i l s ;  t h i s i s 
i n c o n t r a s t  t o th e behav iou r  observe d f o r  D5 ( s e c t i o n 7.3.2) ,  whic h 
showed o n l y v e r y f a i n t  d i f f u s e r i n g s i n th e e q u i v a l e n t  p o s i t i o n s .  Th i s 
suggest s t h a t  t h e remova l  o f  th e c a r b o n y l  grou p reduce s th e e f f e c t i v e 
s i z e o f  th e chromophor e an d enable s th e c l o s e r  approac h o f  th e t a i l s . 

I n summary ,  a l t houg h th e molecule s may b e s l i g h t l y c l o s e r  packe d i n 

monolayer s o f  D6 ,  i n D5 th e o rde r  o f  th e chromophor e s e c t i o n o f  th e 

molecu l e i s  mor e r e g u l a r  du e t o t h e s t a b i l i s i n g i n f l u e n c e o f 

i n t e r m o l e c u i a r  hydroge n bonding . 

7.4. 2 Merocyanin e (compoun d D l ) 

RHEED I n v e s t i g a t i o n s wer e performe d o n 7  an d l l - l a y e r  L B f i l m s o f 

th e merocyanin e (compoun d D l )  depos i t e d ont o s i l i c o n s u b s t r a t e s .  F i lm s 

f ro m b o t h th e h i g h an d lo w s u r f a c e pressur e d i p p i n g regime s d e t a i l e d i n 

Chapte r  5  wer e s t u d i e d ,  b e f o r e an d a f t e r  p e r f o r m i n g th e d e p r o t o n a t l o n 

- 3 

procedur e ( immersio n i n 1 0 M NaOH s o l u t i o n )  desc r i be d i n Chapte r  6 .  I n 

eac h cas e th e p a t t e r n s ob ta i ne d wer e i d e n t i c a l ,  d i s p l a y i n g o n l y a  fe w 

v e r y b road ,  d i f f u s e r i n g s .  I t  wa s conclude d t h a t  th e merocyanin e L B 

f i l m s wer e comp le te l y amorphous . 

7.4. 3 Hemicyanin e (compoun d D2 ) 

F i g u r e 7.1 3 show s th e SOkV RHEED p a t t e r n ob ta i ne d fro m a  monolaye r 

o f  th e hemicyanin e dy e (compoun d D2 )  depos i te d ont o r -  { i l l }  s i l i c o n 

s u b s t r a t e .  Th e o r i g i n a l  p a t t e r n observe d o n th e phospho r  scree n 

d i s p l a y e d a  ro w o f  t h r e e spot s p a r a l l e l  t o th e s u b s t r a t e shado w edge , 

and a  colum n o f  spot s p e r p e n d i c u l a r  t o i t ;  a l t h o u g h no t  u n l i k e th e 

p a t t e r n g i v e n b y  a m i d o n i t r o s t i l b e n e monolayers ,  fewe r  spot s wer e 

p r e s e n t ,  i n d i c a t i n g t h a t  th e e t r d c t u r a l  o rde r  wa s i-.o C q u i t e a s good . 

U n f o r t u n a t e l y ,  t h e hemicyanin e f i l m r a p i d l y becam e charge d i n th e 
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e l e c t r o n beam ,  an d th e recorde d p a t t e r n o f  f i g u r e 7.1 3 i s  somewha t 

poore r  tha n see n i n th e f i r s t  p l a c e . 

The RHEED p a t t e r n o f  a n l l - l a y e r  L B f i l m o f  hemicyanin e e x h i b i t e d 

o n l y a  s i n g l e broa d a r c ,  i m p l y i n g t h a t  th e h i g h degre e o f  c r y s t a l l i n e 

o r d e r  d i s p l a y e d b y a  monolaye r  o f  th e m a t e r i a l  doe s no t  exten d t o 

t h i c k e r  f i l m s . 

(12 ) 

E a r l s e t  a l  hav e per forme d 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 

o f  hemicyan ine ,  employin g b o t h TE D an d RHEED techn iques .  The y conclud e 

t h a t  i n a d d i t i o n t o c r y s t a l l i n e m u l t i l a y e r  r e g i o n s ( i n whic h th e 

chromophor e an d a l k y l  t a l l  ar e e s s e n t i a l l y  p a r a l l e l  t o eac h o the r  an d 

t i l t e d a t  40 °  t o th e s u b s t r a t e n o r m a l ) ,  th e f i l m s appea r  t o c o n t a i n a t 

l e a s t  tw o o t h e r  phases .  I n th e f i r s t  o f  thes e phase s th e molecule s l i e 

p a r a l l e l  t o th e s u b s t r a t e ,  an d i n th e secon d th e a l k y l  chain s ar e 

l o o s e l y packe d an d t r a n s l a t l o n a l l y d i s o r d e r e d . 

7.4. 4 Th e h e m l c y a n l n e / a m i d o n l t r o s t l l b e n e a l t e r n a t e l a y e r  syste m 

M u l t i l a y e r  L B f i l m s c o n t a i n i n g hemicyahln e (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 )  d i 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 (se e 

Chapte r  8 )  an d i n t h i s s e c t i o n 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 b y RHEED. 

I n v ie w o f  t h e e x c e l l e n t  degre e o f  c r y s t a l l i n e o rde r  e x h i b i t e d b y 

monolayer s o f  th e i n d i v i d u a l  m a t e r i a l s an d th e poore r  o rde r  observe d i n 

Y-typ e m u l t i l a y e r s ,  i t  wa s o f  I n t e r e s t  t o se e i n t o vrhic h categor y th e 

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 ob ta i ne d fro m a n a l t e r n a t i n g l a y e r  L B 

f i l m c o n t a i n i n g t h r e e l a y e r s o f  hemicyanin e an d tw o l a y e r s o f 

a m i d o n i t r o s t i l b e n e i s  show n i n f i g u r e 7.14 .  Th e p a t t e r n con ta in s a 

s t r o n g an d a  wea k a r c o n th e c e n t r a l  a x i s ,  an d a  p a i r  o f  arc s 

s y m m e t r i c a l l y d i s p l a c e d o f f - a x i s cor respond in g t o l a r g e d-spacing ;  t h e r e 

i s a l s o evidenc e o f  a  p o l y c r y s t a l l i n e r i n g c los e t o th e cen t r e spo t . 
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Th i s r e p r e s e n t s abou t  th e sam e l e v e l  o f  s t r u c t u r a l  o rde r  whic h woul d 

be expecte d f ro m c o n v e n t i o n a l  Y-typ e f i l m s o f  th e sam e th i cknes s o f 

e i t h e r  m a t e r i a l ;  thu s i t  seem s t h a t  th e tw o compound s ar e s u f f i c i e n t l y 

compat ib l e t o for m h i g h q u a l i t y supermole.cula r  a r r a y s .  Th e RWEED 

p a t t e r n o b t a i n e d f ro m tw o l a y e r s o f  hemicyanin e an d on e o f 

a m i d o n i t r o s t i l b e n e wa s s i m i l a r  t o t h a t  ob ta i ne d f ro m a  monolaye r  o f 

hemicyanin e ( s e c t i o n 7.4.3) ,  excep t  t h a t  th e spot s wer e a  l i t t l e mor e 

obv iou s i n th e cas e o f  th e a l t e r n a t e l a y e r  system .  Th i s wa s t o b e 

expec ted ,  i n v ie w o f  th e e x c e p t i o n a l  degre e o f  o r d e r i n g show n b y ver y 

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 

Hig h energ y 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 (ma in l y i n r e f l e c t i o n ,  bu t 

w i t h som e t r a n s m i s s i o n da t a t o suppor t  them )  hav e bee n performe d o n a 

v a r i e t y o f  L B f i l m s o f  m a t e r i a l s use d elsewher e i n t h i s p r o j e c t .  C4 

an th racene ,  th e molecul e o n whic h th e whol e s e r i e s o f  anthracen e 

d e r i v a t i v e s wa s based ,  wa s foun d t o for m L B f i l m s w i t h a n or thorhombi c 

u n i t  c e l l  c o n t a i n i n g f o u r  mo lecu les ,  an d th e l a t t i c e parameter s o f  t h i s 

c e l l  wer e determined . 

Monolayer s o f  th e a m i d c n i t r o s t i l b e n e ,  D5 ,  wer e foun d t o 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 th e cas e o f  m u l t i l a y e r s th e 

s t r u c t u r a l  o r d e r  wa s ,foun d t o becom e p r o g r e s s i v e l y poore r  w i t h 

i n c r e a s i n g f i l m t h i c k n e s s .  Th e e f f e c t s o f  subphin^ e pH ,  s u b s t r a t e 

o r i e n t a t i o n d u r i n g th e d e p o s i t i o n p rocess ,  an d ag e o f  th e wa te r - su r fac e 

monolaye r  o n th e q u a l i t y o f  L B f i l m s o f  D5 wer e i n v e s t i g a t e d ,  an d th e 

most  i m p o r t a n t  f a c t o r  wa s foun d t o b e th e nee d f o r  a  mobi l e ( t h e r e f o r e 

f r e s h l y spread )  Langmui r  f i l m f ro m whic h t o depos i t  th e l a y e r s .  I t  wa s 

p o s t u l a t e d t h a t  th e monolaye r  s t r u c t u r e o f  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 b y hydroge n bond ing ,  i n v ie w o f  th e r a t h e r  poore r  o rde r  show n 
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b y monolayer s o f  D6 ,  a  m a t e r i a l  whic h ha s e s s e n t i a l l y th e sam e molecu la r 

s t r u c t u r e a s D5 ,  o n l y w i t h th e amid e f u n c t i o n a l i t y rep lace d b y a n amin e 

group. .  Th e molecule s i n monolayer s o f  D5 wer e foun d t o hav e a n averag e 

t i l t  ang l e o f  54+1 °  w i t h r espec t  t o th e s u b s t r a t e normal . 

LB f i l m s o f  th e merocyanine ,  D l ,  wer e foun d t o î e amorphous ,  w h i l s t 

hemicyanin e (D2 )  monolayer s d i s p l a y e d s i g n i f i c a n t l y b e t t e r  o r d e r , 

a l t h o u g h no t  a s goo d a s D5 .  F i n a l l y ,  t h e h e m l c y a n i n e / 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 l a y e r  syste m wa s i n v e s t i g a t e d an d th e s t r u c t u r e foun d t o b e 

w e l l - o r d e r e d . 

S tud ie s o f  secon d harmoni c g e n e r a t i o n fro m s e v e r a l  monolaye r  an d 

m u l t i l a y e r  systems ,  i n c l u d i n g th e one s desc r ibe d i n s e c t i o n s 7. 3 an d 

7.4 ,  ar e p resen te d i n th e nex t  Chapter . 
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CHAPTER 8 

SECOND HARMONIC GENERATION FROM L B FILM S ;  RESULTS 

AND DISCUSSIO N 

8. 0 I n t r o d u c t i o n 

Th i s chap te r  i s  concerne d w i t h th e o b s e r v a t i o n o f  secon d harmoni c 

g e n e r a t i o n (SHG )  fro m Langmui r -B lodget t  monomolecula r  an d m u l t i l a y e r 

a r r a y s .  F o l l o w i n g a n e x p l a n a t i o n o f  ho w abso lu t e va lue s f o r  th e 

e l e c t r i c f i e l d s a t  2a )  wer e o b t a i n e d ,  th e d i s c u s s i o n i s  s p l i t  i n t o 

s e c t i o n s a c c o r d i n g t o th e typ e o f  L B f i l m unde r  I n v e s t i g a t i o n .  Sect ion s 

8. 2 an d 8. 5 d e a l  w i t h SHG fro m homogeneou s an d heterogeneous'monolayers , 

r e s p e c t i v e l y .  I n s e c t i o n 8. 3 m u l t i l a y e r s ar e s t u d i e d i n whic h th e 

a c t i v e l a y e r s ar e a l t e r n a t e d w i t h a n i n e r t  space r  m a t e r i a l  i n orde r  t o 

produc e th e d e s i r e d noncentrosymmetr i c  s t r u c t u r e .  S i m i l a r l y ,  s e c t i o n 

8. 4 d e s c r i b e s th e us e o f  tw o 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 t o 

a supermo lecu la r  a r r a y i n whic h th e n o n - l i n e a r i t i e s o f  th e i n d i v i d u a l 

l a y e r s shou l d b e a d d i t i v e . 

Wi t h a l l  th e sample s s t u d i e d i n t h i s work ,  reg ion s o f  th e 

s u b s t r a t e s f r e e o f  f i l m gav e n o d e t e c t a b l e s i g n a l ,  c o n f i r m i n g t h a t  an y 

r a d i a t i o n o b s e r v e d ' d u r i n g th e subsequen t  i n v e s t i g a t i o n s wa s a  p r o p e r t y 

o f  th e o r g a n i c l a y e r .  I n a d d i t i o n ,  th e r a d i a t i o n wa s c l e a r l y I d e n t i f i e d 

as secon d harmoni c b y  i t s narro w bandwidt h ( u s i n g i n t e r f e r e n c e f i l t e r s 

a t  52 0 n m an d 54 0 nm)  an d i t s narro w tempora l  p r o f i l e .  Th e secon d 

harmoni c s i g n a l s ,  be in g 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 ,  wer e 

no rma l i se d b y  d i v i d i n g b y th e squar e o f  th e i n c i d e n t  l a s e r  energy ;  t h i s 

proces s i s  d e s c r i b e d i n g r e a t e r  d e t a i l  i n th e nex t  s e c t i o n . 
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8. 1 C a l i b r a t i o n o f  Exper imenta l  Syste m 

The e x p e r i m e n t a l  syste m use d i n thes e i n v e s t i g a t i o n s wa s descr ibe d 

i n s e c t i o n 4.7 .  Thre e d i f f e r e n t  techn ique s wer e employe d i n o rde r  t o 

o b t a i n a b s o l u t e va lue s o f  th e e l e c t r i c  f i e l d a t  53 2 n m ( E ^ ^ ) ,  a l thoug h 

a l l  o f  the m i n v o l v e d c a l i b r a t i n g th e syste m a g a i n s t  a  y -cu t  quar t z wedg e 

and r e l a t i n g b o t h th e secon d harmoni c s i g n a l s an d i n c i d e n t  energ y t o th e uonmifdcbXUPOCB

d^^  n o n - l i n e a r  c o e f f i c i e n t  o f  q u a r t z .  Thes e method s ar e descr ibe d 

s e p a r a t e l y i n s e c t i o n s 8,1. 1 -  8.1.3 . 

The c a l i b r a t i o n procedur e c o n s i s t e d o f  t r a n s l a t i n g a  2 °  wedg e o f 

y -cu t  q u a r t z 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  t o th e l a s e r  bea m an d 

d e t e r m i n i n g th e p o s i t i o n s o f  th e minim a o f  secon d harmoni c s i g n a l  i n th e 

r e s u l t a n t  p a t t e r n o f  Make r  f r i n g e s .  These ;  r e s u l t s wer e use d t o es t ima t e 

( t o a  g r e a t e r  degre e o f  accurac y tha n wa s p o s s i b l e b y d i r e c t 

o b s e r v a t i o n )  th e wedg e p o s i t i o n s f o r  maximu m s i g n a l  i n t e n s i t y .  A  s e r i e s 

o f  r ead ing s o f  i n c i d e n t  energ y an d secon d harmoni c s i g n a l  (an d pea k 

i n c i d e n t  power ,  i n th e cas e o f  th e expe r imen ta l  c o n f i g u r a t i o n show n i n 

f i g u r e 4.3 )  wer e the n take n f o r  eac h o f  f o u r  maxima ,  an d th e r e s u l t s 

averaged .  Th e manne r  i n whic h thes e c a l i b r a t i o n f i g u r e s wer e use d wa s 

dependen t  o n th e metho d o f  n o r m a l i s a t i o n t o b e employed . 

8.1. 1 S i g n a l s normalis'e d w i t h respec t  t o photodiod e respons e 

Wi t h th e e x p e r i m e n t a l  syste m arrange d a s show n i n f i g u r e 4.3 ,  t h e r e 

wer e tw o method s a v a i l a b l e f o r  n o r m a l i s i n g th e secon d harmoni c s i g n a l s 

o b t a i n e d f ro m th e t e s t  sample s an d th e quart: :  c a l i b r a t i o n specimen ; 

e i t h e r  w i t h r e s p e c t  t o th e pea k powe r  measure d b y th e photodiod e (a s 

d e s c r i b e d i n t h i s s e c t i o n ) ,  o r  w i t h respec t  t o th e t o t a l  pu ls e energ y 

recorde d b y th e t r a n s m i s s i o n typ e energ y mete r  (a s d e t a i l e d i n s e c t i o n 

8.1.2) .  Th e method s hav e man y common elements ,  an d g i v e ve r y s i m i l a r 

r e s u l t s . 
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I n o rde r  t o b e ab l e t o i n t e r p r e t  th e c n l i b r a t i o n da ta ,  th e powe r  o f 

th e I n c i d e n t  l i g h t ,  I ^ ^ j ,  mus t  f i r s t  b e c a l c u l a t e d .  Assumin g th e i n c i d e n t 

beam ha s a  Gaussia n tempora l  p r o f i l e w i t h a  pea k powe r  I ^ ,  the n I ^  =  I ^ 

ex p (-t^/CT^) ,  wher e c j  i s  a  c o n s t a n t .  I f  th e i n c i d e n t  powe r  i s a t  h a l f 

i t s pea k v a l u e a t  t im eywutsrponmlkihgfedcbaXVTSROMJIHFEDC T,  the n yxwvutsrponmlkjihfedcbaYXWVUTSQPONMKJIHEDCBA

o = T ( - I n 0.5 ) - i (8.1 ) 

and henc euonmifdcbXUPOCB o  ca n b e c a l c u l a t e d f ro m th e va lu e o f  2 T,  th e measure d f u l l 

wftWiffthal f  maximu m (FWHM)  .  Th e t o t a l  energ y o f  th e p u l s e .  E ,  i s  g i ve n b y 

I  d t  =  c r  1  / i r 
Oi  o 

However ,  th e t r u e energ y reach in g th e sampl e wa s r e a l l y E'.F ,  wher e 

E'  i s  th e recorde d i n c i d e n t  energ y bu t  wher e 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  o f  th e l i g h t  i s  l o c a t e d betwee n th e energ y mete r  an d th e 

sample .  Th e pea k i n c i d e n t  powe r  i s  the n g i v e n by : 

I  =  E'F/a/i r (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 secon d harmoni c powe r  a s a  f u n c t i o n o f 

t h i c k n e s s ( r e f e r r e d t o e a r l i e r  a s "Make r  f r i n g e s " )  a r i s e f ro m d i s p e r s i o n 

i n th e q u a r t z .  I f  th e wavevecto r  mismatc h betwee n th e boun d an d f r e e 

harmoni c wave s i n th e c r y s t a l  i s  A k (wher e A k =  2k^ -k2^ ) ,  the n th e 

p e r i o d o f  thes e o s c i l l a t i o n s i s  1^^^ ^  =  tr/Ak .  Th e q u a n t i t y 1^^^ ^  i s  know n 
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as th e "coherenc e l e n g t h "  an d f o r  norma l  i nc idenc e i t  i s g i ve n b y (1 ) 

1 ,  =  A ,  / 4 ( n .  -  n  ) 
co h 1  2 yxwvutsrponmlkjihfedcbaYXWVUTSQPONMKJIHEDCBA(0 0 ) 

(8.3 ) 

wher e Â ^  i s th e f ree-spac e wavelengt h o f  th e fundamenta l  wav e (1.06 4 jj m 

f o r  th e l a s e r  use d i n t h i s i n v e s t i g a t i o n ) .  S ince ,  i n a n a n i s o t r o p i c 

medium,  n  an d n „  depen d upo n th e 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 o f 

th e fundamenta l  an d secon d harmoni c wave s r e s p e c t i v e l y ,  i t  f o l l o w s fro m 

e q u a t i o n 8. 3 t h a t  eac h 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  ha s a  coherenc e 

l e n g t h a s s o c i a t e d w i t h i t .  Fo r  p - p o l a r i z e d .  i n c i d e n t  an d s i g n a l 

r a d i a t i o n w i t h a  y -cu t  q u a r t z wedg e th e p e r t i n e n t  q u a n t i t i e s are^"*"^ :  d^ ^ 

= (0.36 4 ±  0.040 ) ywutsrponmlkihgfedcbaXVTSROMJIHFEDC X lO"""" ^  mV"-"" ;  n  =  1.5341 ;  n „  =  1.5468 . 

'  u )  2u j 
R e w r i t i n g equa t i o n 8. 3 i n term s o f  th e wavevecto r  mismatch : 

Ak =  4n -  (n „  -  n  )/A , 
2 (0 0 ) 1 

(8.4 ) 

The t h e o r e t i c a l  secon d harmoni c power ,  I ^ ^ ,  generate d b y a  s i n g l e 

mode Gaussia n bea m o f  angu la r  f requenc y o) ,  i n c i d e n t  a lon g a  p r i n c i p a l 

a x i s o f  a  p lan e p a r a l l e l  s l a b o f  t h i c k n e s s L  o f  a  nonabsorbin g 

( 1 ) 

n o n - l i n e a r  c r y s t a l  i s g i v e n b y 

2uonmifdcbXUPOCB i,f^'  o r ^ d ^ /  ( I ^ ^ L ^ 

^2 (0 ,, 2 ,  s 2 
IT W n „  ( n ) 

0 2 (1) (1) 

s i n (LAk/2 ) 

(LAk/2 ) 
(8.5 ) 

wher e W i s th e spo t  r a d i u s o f  th e fundamenta l  bea m (2 W =  20 7 nm  i n 
o o 

thes e i n v e s t i g a t i o n s ) ,  d^ ^  i s th e r e l e v a n t  SHG c o e f f i c i e n t ,  an d i J ^ . ^ ^ 

a r e th e p e r m e a b i l i t y  an d p e r m i t t i v i t y o f  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„ =yxutsronmlifeaTD x urlifXUOMJHC 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) 
2yvutsrponmljigfedcbaZVUSQONMLJIHEDCBA(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 zutrqponmlifdcaTSROJI

( 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 ^ (2ponjica 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) ^2yvutsrponmljigfedcbaZVUSQONMLJIHEDCBA(1) 
— .= 2 p^c . 

1(1) ' Z O ) ' 

( I ) 
2 • 2 

(nyxutsronmlifeaTD 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 : zutrqponmlifdcaTSROJI

u)  =  ir p 
(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 . ^ cponjica 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 dyxutsronmlifeaTD 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 yvutsrponmljigfedcbaZVUSQONMLJIHEDCBA
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 referenc e arm i s V ( r e f , c a l . ) , 
then equations 8.8 and 8.22 y i e l d : 

ayxutsronmlifeaTD 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 ) ^yvutsrponmljigfedcbaZVUSQONMLJIHEDCBA (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 ofponjica 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 . 



- 144 -

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, yxutsronmlifeaTD

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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a r a c h l d a t e a l t e r n a t e l a y e r s t r u c t u r e . 
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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 yxutsronmlifeaTD

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 . 



- 146 -

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 

angleyxutsronmlifeaTD \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 ttomihdaZVUPJE ( 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 ,ponjica 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 stomihdaZVUPJE t.ht^ g r e a t e s t s i g n a l given by 

-27 2yvutsrponmljigfedcbaZVUSQONMLJIHEDCBA - 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^''\yvutsrponmljigfedcbaZVUSQONMLJIHEDCBA 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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F i g u r e 8. 3 Th e e f f e c t s o n th e o v e r a l l  second-orde r  o p t i c a l 
n o n - l i n e a r i t y o f  a n L B f i l m r e s u l t i n g fro m 
c o n s t r u c t i o n o f  d i f f e r e n t  type s o f  m u l t i l a y e r  a r r a y 

th e 

(a ) 
(b ) 

( c ) 

c a n c e l l a t i o n o f  g' s i n a  c o n v e n t i o n a l  Y-typ e f i l m ; 
p r o d u c t i o n o f  a  noncentrosymmetr i c  s t r u c t u r e b y 
a l t e r n a t i n g a n a c t i v e dy e w i t h a n i n e r t  space r 
m a t e r i a l ; 

us e o f  tw o d i f f e r e n t  n o n - l i n e a r  m a t e r i a l s ,  w i t h 
dono r  an d accep to r  group s i n o p p o s i t e sense s w i t h 
r e s p e c t  t o th e hydrophobi c  t a i l s ,  t o g iv e a 
s t r u c t u r e i n whic h a l l  th e l a y e r s ar e a c t i v e an d 
t h e i r  c o n t r i b u t i o n s ar e c o n s t r u c t i v e ; 
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molecule s w i l l  b e o p p o s i t e l y o r i e n t e d w i t h respec t  t o th e hydrocarbo n 

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 d e s c r i b e d i n s e c t i o n 6. 5 gav e th e s i g n 

o f  3 ( v e c t )  f o r  D 2 a s be in g o p p o s i t e t o t h a t  f o r  D5 an d D7 ( t h e c l o s e s t 

analogu e o f  D 6 t o b e m o d e l l e d ) .  Now,  g  ( v e c t )  r ep resen t s 3  v e c t o r e d 

ont o th e groun d s t a t e d i p o l e moment  d i r e c t i o n ,  J J ,  an d i f  £  ha s 

o p p o s i t e d i r e c t i o n s ,  w i t h r espec t  t o th e hydrocarbo n c h a i n ,  i n th e 

hemicyanin e r e l a t i v e t o th e n i t r o s t i l b e n e s ,  the n t h i s woul d impl y t h a t  0 

has th e sam e d i r e c t i o n ( a g a i n r e l a t i v e t o th e hydrophobi c  t a i l s )  i n a l l . 

t h r e e mo lecu les .  However ,  i f  p  ha s th e sam e d i r e c t i o n f o r  a l l  th e 

molecu les ,  t he n 3  mus t  b e o p p o s i t e l y d i r e c t e d ( w i t h respec t  t o th e 

t a i l s )  i n D 2 compare d t o D5 an d D6 .  Ther e i s n o doub t  ove r  th e 

d i r e c t i o n o f  £  i n th e n i t r o s t i l b e n e s :  th e n i t r o grou p w i l l  b e a t  th e 

n e g a t i v e en d o f  th e d i p o l e .  Th e s i t u a t i o n i s  no t  s o c l e a r  f o r 

hemicyanine ,  i n whic h th e d i m e t h y l  amin o grou p w i l l  a c q u i r e a  s l i g h t l y 

p o s i t i v e charg e bu t  i n whic h th e p y r i d i n i u m accepto r  a l r ead y ha s a  f u l l 

p o s i t i v e charg e t o s t a r t  w i t h .  •  E s s e n t i a l l y th e proble m l i e s i n th e 

l o c a t i o n o f  th e n e g a t i v e c o u n t e r i o n t o th e p y r i d i n i u m group ;  i f  i t  c l os e 

t o th e accep to r  grou p the n th e dimethy lamin o grou p w i l l  b e a t  th e 

p o s i t i v e en d o f  th e d i p o l e ,  bu t  i f  i t  ha s mig ra te d som e dist-unc e awa y 

the n th e d imethy lamin o grou p may b e a t  th e n e g a t i v e en d o f  th e groun d 

s t a t e d i p o l e .  Thu s th e doub t  ove r  th e d i r e c t i o n o f  M i n hemicyanin e 

g i v e s r i s e t o a  comple x s i t u a t i o n i n whic h i t  i s  d i f f i c u l t  t o p r e d i c t 

whethe r  o r  no t  th e tw o component s i n th e a l t e r n a t i n g l a y e r  system s w i l l 

complemen t  eac h o t h e r . 

8.4. 1 Compariso n o f  th e D2/D 5 an d D2/D 6 system s 

A summar y o f  th e secon d harmoni c s i g n a l s ob ta ine d fro m 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 t h r e e l a y e r s o f  hemicyanin e an d tw o o f  e i t h e r 
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a m i d o n i t r o s t i l b e n e o r  a m i n o n i t r o s t i l b e n e i s  g i v e n i n t a b l e 8.2 .  I t  ca n 
be see n t h a t  th e tw o system s sho w v e r y s im i la : r  SHG e f f i c i e n c i e s ,  th e on e 
c o n t a i n i n g a m i d o n i t r o s t i l b e n e be in g perhap s th e s l i g h t l y s u p e r i o r .  I n 
t h e o r y D 6 shou l d have ,  a  s l i g h t l y l a r g e r  6  tha n D5 (se e s e c t i o n 6.5 )  du e 
t o th e remova l  o f  th e e l e c t r o n w i t h d r a w i n g ca rbony l  grou p fro m th e dono r 
f u n c t i o n a l i t y .  Th i s migh t  sugges t  t h a t  th e 3' s  f o r  hemicyanin e an d th e 
n i t r o s t i l b e n e s a l l  hav e th e sam e d i r e c t i o n ,  th e l a r g e r  secon d harmoni c 
s i g n a l s f o r  t h e D2/D 5 syste m r e s u l t i n g f ro m a  l e s s e r  c a n c e l l a t i o n o f  th e 
3 o f  D2 b y t h a t  o f  D5 compare d t o t h a t  cause d b y D6 .  However ,  th e 
l a r g e r  secon d harmoni c s i g n a l s o b t a i n e d f o r  monolayer s o f  D 5 r e l a t i v e t o 
D6 ( s e c t i o n 8.2.1 ,  t a b l e 8.1 )  c o n t r o v e r t s t h i s argument ,  i n s t e a d 
i m p l y i n g t h a t  th e 6  o f  D 5 i s  g r e a t e r  tha n t h a t  o f  D6 ,  i n whic h cas e th e 
S' s o f  th e n i t r o s t i l b e n e s an d th e hemicyanin e mus e b e complementar y 
( 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 t o th e hydrocarbo n c h a i n s ) . 

The s i t u a t i o n i s  c l e a r l y no t  a  s impl e one ;  the r e ar e man y 

i n t e r - r e l a t e d f a c t o r s o p e r a t i n g ,  man y o f  xvhic h ar e ex t remel y  d i f f i c u l t 

t o q u a n t i f y .  Tw o suc h p o t e n t i a l l y  i m p o r t a n t  i n f l u e n c e s whic h hav e no t 

bee n cons ide re d ar e ( i )  th e 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 , 

th e degre e o f  o r d e r  an d th e o r i e n t a t i o n o f  th e chromophores )  betwee n th e 

tw o systems ;  an d ( i i )  th e e f f e c t  o n th e charg e t r a n s f e r  ban d (an d henc e 

on 6 )  o f  th e molecule s i n on e l a y e r  r e s u l t i n g f ro m hav in g a  l a y e r  o f 

d i f f e r e n t  p o l a r i z e d molecule s ad jacen t  t o them . 

8.4. 2 A  d e t a i l e d s tud y o f  th e D2/D 5 syste m 

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 p a r t  o f  th e stud y con ta ine d N 

l a y e r s o f  D5 an d N+ 1 l a y e r s o f  D2 ,  wher e N=0-10 .  I n orde r  t o eva lua t e 

th e n o n - l i n e a r i t y o f  th e b i l a y e r  system ,  th e e f f e c t s o f  th e e x t r a l a y e r 

Of  hemicyanin e ( t h e l a y e r  w i t h th e chromophor e ad jacen t  t o t h e 

s u b s t r a t e )  ha d t o b e e l i m i n a t e d .  I f  t h e r e i s  coheren t  a d d i t i o n o f  th e 



-2 7 2  - 2 
TABLE 8. 2 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 (1 0 m V  ) 

o b t a i n e d 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 t h r e e l a y e r s o f  hemicyanin e an d 
tw o o f  a  n l t r o s t i l b e n e dye . 

Syste m RP"P ŝ-̂ p RS^P 

D27D5 209+1 4 14.1+0 yvutsrponmligfedcbaXWVUTSRPONMKJIHEDCBA.8 7.7+0. 5 7.2±0 .6 

D2/D6 173+1 1 8.2+0. 7 7 . 6 1 0 . 8 5.9.±0. 5 
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s i g n a l s produce d b y eac h b i l a y e r ,  the n f o r  a  g i v e n p o l a r i z a t i o n an d 

d e t e c t i o n geometr y th e 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 ^̂ ,  ca n b e w r i t t e n 

as : 

wher e E^ ^  ( L I ) ,  E^ ^  (BL )  ar e th e s i g n a l s produce d b y i h e f i r s t  l a y e r  an d 

by a  b i l a y e r ,  r e s p e c t i v e l y .  Th e e x p e r i m e n t a l l y determine d q u a n t i t y i s 

2 4 

S,  wher e S  =  /  E ^  .  S u b s t i t u t i n g f o r  E^ ^  i n th e express io n f o r - S . 

by u s i n g e q u a t i o n 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  o f  S^  versu s N  shou l d t h e r e f o r e y i e l d a  s t r a i g h t  l i n e whos e 

g r a d i e n t  i s  equa l  t o th e averag e va lu e o f  S '  f o r  a  b i l a y e r . 

The argument s o f  th e p receed in g paragrap h cou l d a l s o b e a p p l i e d t o 

a l t e r n a t e l a y e r  system s c o n t a i n i n g o n l y on e a c t i v e component ,  i n o rde r 

t o remov e th e e f f e c t s o f  th e f i r s t  ( unpa i red )  l a y e r ,  whic h a r i s e fro m 

th e us e o f  h y d r o p h l l i c s u b s t r a t e s .  F igu r e 8. 4 show s a  p l o t  o f 

a g a i n s t  N  f o r  th e T  s i g n a l  ob ta ine d f ro m th e 

am idon i t r os t i l bene / cadm iu m a r a c h i d a t e syste m d iscusse d i n s e c t i o n 8.3.1 . 

The da t a ( e x t r a c t e d f ro m f i g u r e 8.1 )  g i v e a  goo d f i t  t o a  s t r a i g h t  l i n e , 

and th e g r a d i e n t  y i e l d s a  va l u e o f  T̂ '̂ P ( B L )  o f  (0.01 9 +  0.004 )  x  10~^ ^ 

2 - 2 

m V  .  T h i s f i g u r e i s mor e tha n a n o rde r  o f  magnitud e l e s s tha n t h a t 

g i v e n f o r  a  monolaye r  o f  a m i d o n i t r o s t i l b e n e i n s e c t i o n 8.2 ;  t h i s chang e 
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i n e f f i c i e n c y may p a r t l y b e accounte d f o r  b y th e ag e o f  th e sampl e (a s 
d iscusse d i n s e c t i o n 8.3.1) ,  w i t h a  f u r t h e r  r e d u c t i o n a r i s i n g ,  fro m th e 
f i l m q u a l i t y degrad in g w i t h i n c r e a s i n g t h i c k n e s s . 

The T "̂ ^  s i g n a l s ob ta ine d f ro m th e a m i d o n i t r o s t i l b e n e / h e r a i c y a n i n e 

a l t e r n a t e l a y e r  syste m gav e r i s e t o a  grap h o f  versu s N  ( f i g u r e 8.5 ) 

whic h cou l d b e f i t t e d modera te l y w e l l  t o a  s t r a i g h t  l i n e ,  whos e g r a d i e n t 

y i e l d e d th e v a l u e TP"*" ^  (BL )  =  (1 3 ±  3 )  x  lO"^ ^  m^  V~^ .  Onc e aga i n th e 

proble m o f  t h i c k e r  f i l m s s u f f e r i n g f ro m poore r  q u a l i t y ha s a p p a r e n t l y 

a r i s e n j  s ince ,  th e f i r s t  fe w p o i n t s i n f i g u r e 8. 5 cou l d b e f i t t e d t o a 

much s teepe r  l i n e tha n t h a t  en fo rce d b y th e p o i n t s a t  h i g h e r  va lue s o f 

N.  Eve n a t  N=10 ,  th e f i l m s ar e s t i l l  ve r y t h i n ( < lOOnm)  an d t h e r e f o r e 

problem s o f  phas e mis-matc h betwee n th e secon d harmoni c r a d i a t i o n 

generate d a t  v a r i o u s p o i n t s i n th e m u l t i l a y e r s ar e u n l i k e l y t o account , 

f o r .  t h i s behav iou r . 

Dat a f o r  a  syste m i n whic h hemicyanin e wa s a l t e r n a t e d w i t h a n i n e r t 

m a t e r i a l  (u-TA )  cou l d hav e bee n ob ta ine d f ro m re fe renc e 5 ;  however , 

s i nc e da t a wer e o n l y a v a i l a b l e f o r  N=l-3 ,  an y r e d u c t i o n i n e f f i c i e n c y a t 

h i g h e r  va l ue s o f  N  woul d no t  b e seen .  A n a l t e r n a t i v e approac h whic h 

cou l d hav e bee n take n i s t o s imp l y tak e th e d i f f e r e n c e i n va lue s 

betwee n r e g i o n s o f  sa y N= l  an d N=2 ,  o r  betwee n N= 2 an d N=3 ,  t o c a l c u l a t e 

va l ue s o f  S(BL )  f o r  eac h system .  Comparison s cou l d the n hav e bee n draw n 

betwee n th e da t a o b t a i n e d f o r  a  g i v e n t h i c k n e s s range. .  However ,  i n th e 

cas e o f  t h e D2/(o-T A syste m th e e r r o r s i n v o l v e d i n t a k i n g suc h a 

d i f f e r e n c e woul d hav e bee n p r o h i b i t i v e l y l a r g e ,  w h i l s t  th e va lue s o f 

RP'*̂P ,  T^^ P an d R̂"*̂ P f o r  th e D5/cadmiu m a r a c h i d a t e syste m desc r i be d i n 

s e c t i o n 8.3. 1 wer e s o s m a l l  t h a t  the y c c u l d no t  b e measure d a c c u r a t e l y . 

F u r t h e r  c a l c u l a t i o n s wer e t h e r e f o r e base d o n th e dat a g i ve n i n s e c t i o n 

8.2. 1 f o r  monolayer s o f  D2 an d o f  '05 .  Th e cor respond in g dat a f o r  th e 
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D2/D5 syste m wer e ob ta i ne d b y t a k i n g th e d i f f e r e n c e i n va lue s betwee n 

r e g i o n s o f  N= 0 an d N= l  ( f o r  whic h th e e r r o r  wa s s i g n i f i c a n t l y l e s s tha n 

t h a t  i n th e cas e o f  D2/a)-TA )  an d squa r in g th e r e s u l t . 

Averag e va lue s o f  R̂ ^̂ ,  T^*^ ,  an d R̂ ^ ^  f o r  a  s i n g l e b i l a y e r  ove r 

th e rang e N=0-1 0 wer e ob ta i ne d b y makin g versu s N  p l o t s ( f i g u r e 8.6 ) 

analogou s t o t h a t  g i v e n i n f i g u r e 8. 5 f o r  T *̂̂ .  Th e R''"*" ^  curv e 

d e v i a t e d markedl y f ro m l i n e a r i t y f o r  N>3 ,  w h i l s t  th e T^^ ^  p l o t  d i s p l a y e d 

some c u r v a t u r e f o r  N>5 ;  i n thes e case s th e averag e s i g n a l  s t r e n g t h wa s 

c a l c u l a t e d f ro m th e l i n e a r  p o r t i o n .  A  goo d s t r a i g h t  l i n e f i t  wa s 

o b t a i n e d f o r  th e R̂ ^ ^  da ta .  Th i s averag e se t  o f  da t a f o r  th e f i r s t  t e n 

b i l a y e r s wa s use d a l ongs id e th e f i g u r e s ob ta ine d f o r  th e N=0- 1 i n t e r v a l 

f o r  compariso n w i t h th e monolaye r  va lue s ( t a b l e 8.3) .  However ,  g r e a t e r 

emphasi s wa s p lace d o n th e N=0- 1 i n f o r m a t i o n s inc e i t  wa s ob ta ine d fro m 

a f i l m whos e t h i c k n e s s resemble d t h a t  o f  th e l a y e r s w i t h whic h i t  wa s 

b e i n g compared . 

The s i g n a l  s t r e n g t h s g i v e n i n th e f i r s t  fe w column s o f  t a b l e 8. 3 

wer e ana lyse d i n term s o f  th e secon d harmoni c s u r f a c e s u s c e p t i b i l i t i e s 

( x )  f o r  t h e t h i n o rgan i c l a y e r s us in g th e approac h o f  G i r l i n g e t 

a l ^ ^ \  Th i s r e q u i r e d th e l i n e a r  d i e l e c t r i c cons tan t  component s norma l 

t o th e s u b s t r a t e t o b e know n f o r  eac h o f  th e f i l m s a t  f r equenc ie s o f 

b o t h to(ej^ )  an dzyusonlihfecaUIHCA liiiCe^)  .  Sinc e th e va lue s o f  an d wer e no t 

a c c u r a t e l y known ,  the y wer e s u b s t i t u t e d i n t o th e equat ion s a t  th e l a t e s t 

p o s s i b l e s tage . 

G i r l i n g e t  a l ^ ^ ^  so lve d Maxwell ' s  equat ion s i n ch e v i c i n i t y o f  th e 

f i l m b y assumin g t h a t  th e secon d harmoni c p o l a r i z a t i o n ,  generate d i n th e 

dy e b y th e fundamenta l  i n c i d e n t  r a d i a t i o n ,  wa s con f i ne d t o a n 

i n f i n i t e s i m a l  s u r f a c e l a y e r .  Th e express ion s ob ta ine d f o r  th e T^^^ , 

jjP"*"? ^zyxtsonmjigecbaZYXVUTSRQONMJIHEDCB >jS->- p R̂'*̂ P s i g n a l  s t r e n g t h s ar e g i ve n a s equat ion s 8.2 6 below . 



3 ^ 5 6 7 

N u m b er  o f  B i l a y e r s ( N ) 

8 10 

F i g u r e 8. 6 P l o t  o f  th e squar e r o o t  o f  th e RP'̂ P (O )  ,  T^^ P ( • ) ,  an d 
,s-»- p (x )  secon d harmoni c s i g n a l  s t r e n g t h s versu s th e 

number  o f  h e m i c y a n i n e / a m i d o n i t r o s t i l b e n e b i l a y e r s i n a n 
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 . 
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i n whic h th e f i l m norma l  i s take n t o b e th e z -ax is^an d th e x - a x i s i s 

d e f i n e d a s th e d i r e c t i o n o f  th e s - p o l a r i z e d r a d i a t i o n . -  Th e s-*- s an d p->- s 

s i g n a l s wer e ex t reme l y s m a l l  f o r  e i t h e r  d e t e c t i o n geometry . 

nP-* P zyxtsonmjigecbaZYXVUTSRQONMJIHEDCB
0)0 

2e c 
o 

.  t  (T )  cose 
PP 

-sine p  ,  ( e -  s i n - 6 ) ' 
• z — S . - , . ' 

LzyusonlihfecaUIHCA "2 g 

(8.26a) 

to o 

2e c 
o 

t  (R )  cos 6 
PP 

sine p  ,  (e - sin=^e)* 
'^^ — S 

L ^2 

..  P 

(8.26b) 

,s-̂ P _ 
0)0 

2e c 
o 

t  (T ) 

cose 

- s i n e „  ^  ( e -  s i n ^ e ) ' 
zx x 8. 

yx x 

(8.26c) 

R 
s^ p 

0)0 

2e c 
o 

t  (R ) 
SP 

cose 

sine ^  ( e -  s i n ^e) 

zxx 8. 
yx x 

(8.26d ) 

I n a l l  equa t ion s 8.26 ,  6  i s th e angl e o f  i n c i d e n c e ,  e  i s th e 
s 

d i e l e c t r i c cons tan t  o f  th e g l as s s u b s t r a t e ,  an d th e t r a n s m i s s i o n 

c o 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 o f  bo t h o )  an d 2o )  r a d i a t i o n a t  th e 

a i r - f i l m - g l a s s i n t e r f a c e .  I n term s o f  th e su r fac e dens i t y , ,  a ,  o f  the . 

dye ,  th e secon d orde r  s u r f a c e 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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wher e fi^^j^  a r e th e component s o f  th e mo lecu la r  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 o f  an y i n - p l a n e 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 ,  an d P^ ,  ar e g i v e n b y 

•  •  "  2  2 

e sin e -  -  e  s i n 8 zyusonlihfecaUIHCA
= Hyy  -  ^hy.  ,  ^  ,  2 , JzyxtsonmjigecbaZYXVUTSRQONMJIHEDCB ^ " — I T ^ '̂̂ S ) 

• •'  6^( 6 -  s i n e )  .̂ e -  s i n 6 ) 

Assumin g t h a t  8  'v -  8  ( i . e .  f i l m s ar e i s o t r o p i c w i t h i n '  th e 
zx x zy y ^ 

p l a n e ,  a s d e s c r i b e d i n s e c t i o n 8.2.2) ,  an d t h a t  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 o f  e q u a t i o n 8.2 7 i n t o equat ion s 8.26 c an d 8.26 d 

accompanie d b y rearrangemen t  g i v e s : 

l^^^  2 s c  cos e ( t ^ - ^ ) ^ 
^  =  (8.29a ) 

e„ yvutsrponmligfedcbaXWVUTSRPONMKJIHEDCBA 0) s i n e t  (T ) zyxusriecbaXUTSQPOJICB
I s p 

^^2 )  2 e c cos e ( R ^ ^ ) ^ 
= (8.29b ) 

e„  0 ) s i n e t  (R ) 
2.  s p 

S i m i l a r l y ,  assumin g t h a t  8  ,  8 ^  ,  an d S  ,  '^ 0 ( i s o t r o p i c f i l m 
zy z yy y y^ z 

w i t h n e g l i g i b l e s- ^  an d p-* s s i g n a l s ) ,  equa t i o n 8.2 8 y i e l d s 

e s ine 
P =  - 2 8  ^ — = — r  an d 
y (e - sm^e)* 

1 K 

2 .  2 . 
e sx n e 

z zy y zz z  2  ,  .  2  „v 

EL ( e -  s i n e ) 

1 8  \ 

wh i ch ,  whe n s u b s t i t u t e d i n t o equat ion s 8.26 a an d 8.26b ,  g i v e : 
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2e c  ( T P - ^ ) * 
o yvutsrponmligfedcbaXWVUTSRPONMKJIHEDCBA

0) co s 6  t  (T ) 
PP 

-sine 
M2) 

zy y 

2 3 
e ̂  sin '^e 
_S 

^2^ 1 ^^ g ~  ̂ "̂ ^ 

_ ^(2) 
2 „ v ^zz z 

2s in 6 
M2) 

(8.30a ) 

2e c  ( R P " P ) ^ 
o 

0) cos e t  (R ) 
PP 

sine 

zy y 

M2) 
2 ,  2, ,  ^zz z 

£2^ 1 (̂ g -  s i n 'e) 

2sine 
M2) 

(8.30b ) 

wher e us e ha s bee n mad e o f  e q u a t i o n 8.27 .  A d d i t i o n o f  equat ion s 8.30 a 

and 8.30 b f o l l o w e d b y rearrangemen t  g i v e s : 

-0 (2 ) 
e c 
o 

2o) sine cose 

( T P " P ) ^ 

t „  (T ) 
PP 

(RP-^P )  ^ 

PP 

(8.31 ) 

H2) 

The co r respond in g r e l a t i o n f o r  x ca n b e ob ta i ne d b y s u b t r a c t i n g 

e q u a t i o n 8.30 a f ro m 8.30b ,  an d i s : 

V2) zyusonlihfecaUIHCA
^zzz 

e c  ( e -  s i n e ) 
g 

2 3 
o) e co s e  s i n e 

g 

( R P ^ ) ^ ( T P ^ ) ^ 

t  ^ ( R )  t ^ ^ ( T ) 
PP P P 

( e -  sin^G )  XJ2) 
g ^ y y A. 

2 2 
e s i n e 
g 

(8.32 ) 
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wher e th e v a l u e o f zyxtsonmjigecbaZYXVUTSRQONMJIHEDCB V^^^/EO ca n b e take n fro m equa t i o n 8.29 a o r  b . 
'̂ zy y 2  ^ 

For  Corn in g 705 9 g l a s s ,  th e r e f r a c t i v e inde x i s  1.53 0 ( a t  589. 3 nm, 

a l t h o u g h i t  w i l l  b e assume d t o b e t h i s va lu e a t  t o an d 2a j  a s  w e l l ) , 

t h e r e f o r e e  =  2.341 .  C o n t r i b u t i o n s t o th e t r a n s m i s s i o n c o e f f i c i e n t s 
g 

a r i s e f ro m r e f l e c t i o n o f  bo t h o j  an d 2a )  r a d i a t i o n a t  eac h i n t e r f a c e ;  car e 

has t o b e take n i n s e l e c t i n g th e a p p r o p r i a t e f a c t o r s ,  bea r i n g i n min d 

t h a t  th e L B f i l m i s  ex t reme l y t h i n an d t h e r e f o r e th e 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 behave s a s a  s i n g l e boundary ,  acros s whic h th e 

t a n g e n t i a l  component s o f  th e e l e c t r i c f i e l d s a t  ( o an d 2a )  mus t  b e 

con t i nuous .  Th e I n d i v i d u a l  componen t  t r a n s m i s s i o n c o e f f i c i e n t s 

con ta ine d w i t h i n eac h o v e r a l l  c o e f f i c i e n t ,  t ,  ca n b e c a l c u l a t e d f o r  th e 

a p p r o p r i a t e p o l a r i z a t i o n s u s i n g th e F r e s n e l  formula e .  However ,  thes e 

f a c t o r s o n l y d e v i a t e s l i g h t l y f ro m u n i t y ,  an d d o no t  rep resen t  a 

s i g n i f i c a n t  c o n t r i b u t i o n whe n th e e r r o r s i n th e e x p e r i m e n t a l l y 

determine d s i g n a l  s t r e n g t h s (an d i n th e va lue s o f  th e d i e l e c t r i c 

cons tan t s use d i n subsequen t  c a l c u l a t i o n s )  ar e cons ide red .  Th i s i s 

e x e m p l i f i e d b y th e s^ p s i g n a l s i n t a b l e 8.3 ;  acco rd in g t o equat ion s 

8.29 ,  (T^"*'P)^/(R^"^P) ^  =  t  ( T ) / t  ( R ) ,  an d thu s th e r a t i o o f  th e tw o 

sp s p 

s i g n a l s shou l d b e cons tan t  f ro m on e ro w o f  th e t a b l e t o th e n e x t ,  whieh . 

i n p r a c t i c e i s  c l e a r l y no t  th e cas e ( f o r  ins tance, T <  R '  f o r  D2 

wherea s T^̂ P >  R̂ ^ P f o r  th e D2/D 5 system) .  I n th e c a l c u l a t i o n s whic h 

f o l l o w i t  ha s t h e r e f o r e bee n assume d t h a t  t ' ^ ' l . 

Value s o f  "^^ ^  c a l c u l a t e d (se e t a b l e 8.3 )  f o r  monolayer s o f 

D2 an d D5 ,  an d f o r  D2/D 5 b i l a y e r s ( f o r  bo t h th e f i r s t  b i l a y e r  an d th e 

averag e ove r  t e n b i l a y e r s ) .  Th i s wa s achieve d b y u s i n g th e s->- p s i g n a l 

s t r e n g t h da t a i n equat ion s 8.2 9 an d averag in g th e r e s u l t s ob ta ine d f o r 

t h e t r a n s m i s s i o n an d r e f l e c t i o n geomet r ies .  S i m i l a r l y ,  th e p-> p dat a 

wer e s u b s t i t u t e d i n t o equa t i o n 8.3 1 t o generat e va lue s o f  X y ^ ^ ^ ^ l ' 



J. zyxtsonmjigecbaZYXVUTSRQONMJIHEDCB Dt 

th e sam e i n f o r m a t i o n wa s use d aga i n i n c o n j u n c t i o n w i t h th e Y^^ ^  /e „ yvutsrponmligfedcbaXWVUTSRPONMKJIHEDCBA
A 2yy 2 

da t a a l r e a d y c a l c u l a t e d ,  i n o rde r  t o o b t a i n th e f i g u r e szyusonlihfecaUIHCA fon  'y^^^  I  €^z^ 
ZZZ Z X 

f ro m e q u a t i o n 8.32 . 

On th e assumptio n t h a t  th e u n d e r l y i n g mo lecu la r 

h y p e r p o l a r i z a b i l i t i e s ar e dominate d b y s i n g l e component s (6 )  a lon g th e 

l o n g mo lecu la r  a x i s ,  8 .  ca n b e r e w r i t t e n as : 

i j  k 

^ i j k =  ^  ^ i  ^ j  -̂ k 
(8.33 ) 

wher e r  • = (sini j J cos(j) ,  s ini / '  s i n t j i ,  COSI/J)  an d ^ ,  ^ ,  ar e th e averag e p o l a r 

angl e an d a z i m u t h a l  ang le ,  r e s p e c t i v e l y ,  o f  th e dy e r e l a t i v e t o th e f i l m 

norma l  ( z - a x i s )  . 

The absenc e o f  an y a n i s o t r o p y i n th e f i l m s i n d i c a t e s t h a t  an y 

degre e o f  l o c a l  mo lecu la r  o r i e n t a t i o n ha s bee n average d ou t  ove r  th e 

are a o f  th e i n c i d e n t  bea m (d iamete r  '^200  j jm) .  A n i s o t r o p i c ^  averag e 

may t h e r e f o r e b e use d i n th e a n a l y s i s o f  th e r e s u l t s .  Fur thermore ,  i f 

any l o c a l  o r i e n t a t i o n i s  ove r  area s s m a l l e r  tha n th e l^ m wavelengt h 

the n th e e l e c t r i c f i e l d s themselve s mus t  b e averaged ,  r e s u l t i n g i n th e 

replacemen t  o f  8 . b y i t s  ̂  averag e i n equat ion s 8.26 .  Th i s averag in g 
i j k 

ove r  th e f i e l d s t r e n g t h s leave s o n l y tw o d i s t i n c t  8  .  component s 

( e q u a t i o n s 8.3 4 an d 8.35) ,  th e r e s t  be in g ze ro ;  i t  a l s o r e s u l t s i n zer o 

s - p o l a r i z e d secon d harmoni c s i g n a l . 

3 -
8 = 8 co s 
zz z 

(8.34 ) 

B =  8  =  i  3 zyxusriecbaXUTSQPOJICB COST\I s i n ^ 
zyy zx x 

(8.35 ) 



Not e t h a t  e q u a t i o n 8.3 5 a p p l i e s f o r  a l l  sequence s o f  th e zy y an d zxx . 

'^(2 ) 

s u b s c r i p t s ,  an d henc e th e ^ ^ j ^ j j ^ (^n d t h e r e f o r eyxwutronmljigfedcaXWUTRQONMLJIHFDCA x ^ j j ^ )  c o e f f i c i e n t s 

shou l d b e sjnnmetri c t o suc h pe rmu ta t i ons .  A  compariso n o f  th e 

Ŷ ^^  /e „  an d x^^^uoliedcXWUSQONMJIHCB /e - I column s o f  t a b l e 8. 3 t h e r e f o r e lead s t o e „  X zyxuspmiecaUTFBA
zyy  2 yy z 

26^^. Th i s i s no t  i n c o n s i s t e n t  w i t h th e secon d harmoni c energ y be in g 

c l o s e t o t h e lowes t  e l e c t r o n i c mo lecu la r  e x c i t a t i o n ,  s i nc e unde r  suc h 

c i rcumstance s woul d b e r e s o n a n t l y enhanced .  Takin g a  reasonable ,  no n 

resonan t  v a l u e e^= 2 f o r  a l l  t h re e systems ,  th e abov e symmetr y c o n d i t i o n 

y i e l d s th e va l ue s o f  show n i n . tab l e 8.4 .  Not e t h a t  th e va lu e o f 

f o r  D5 (3.9±0.8 )  i s app rox ima te l y wha t  woul d b e expecte d fro m a 

c o n s i d e r a t i o n o f  th e co r respond in g q u a n t i t y a t  a  wavelengt h o f  632. 8 n m 

( e =  3. 2 ±  0 .4 ) ,  a s determine d b y su r fac e plasmo n resonanc e ( s e c t i o n 

6.3 )  . 

R e t u r n i n g t o e q u a t i o n 8.35 ,  s u b s t i t u t i n g f o r  B  f ro m 8.3 4 g i ve s a 

r e l a t i o n f ro m whic h th e averag e p o l a r  angl e ca n b e found : 

tanij ;  = 
23 

zz z 

(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  cosij j  i n equa t i o n 8  =  3 5 u s i n g 8.3 4 g i ves ; 

e = 

(2e + e )" 
zy y zz z 

zz z 
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Rep lac in g th e 6  ,  term s w i t h s u r f a c e s u s c e p t i b i l i t i e s : 
i j zyxuspmiecaUTFBA

2 uoliedcXWUSQONMJIHCB
M2) 

,  ^zz z 2 
+ 2 ^1 

^2^1 

1 3 / 2 ^ ( 2 ) 
^ z z 

^2^ 1 

~ (8.37 ) 
a 

The va lue s o f  ip  an d 3  show n i n t a b l e 8. 4 wer e c a l c u l a t e d f o r  eac h syste m 

by a p p l y i n g equa t ion s 8.3 6 an d 8.3 7 t o th e dat a g i v e n i n t a b l e 8. 3 

(assumin g £^^=2) .  I n v ie w o f  th e s i m i l a r  area s occupie d b y molecule s o f 

D2 an d D5 (0.2 8 nm^  an d 0.2 7 nm^ ,  r e s p e c t i v e l y )  a t  th e '  d e p o s i t i o n 

s u r f a c e p r e s s u r e s ,  th e s u r f a c e d e n s i t y wa s take n t o b e th e sam e f o r  bo t h 

18 —2 
dye s ( a =  3.6 4 X  1 0 m ) . 

A goo d agreemen t  ca n b e see n betwee n thes e f i g u r e s an d th e r e s u l t s 

(4 ) 

o f  p r e l i m i n a r y c a l c u l a t i o n s ,  an d a l s o w i t h th e dat a g i v e n b y G i r l i n g 

e t  a l ^ ^ ^  f o r  a n a l t e r n a t e b i l a y e r  o f  1)2/m-TA  (whic h r e q u i r e d a  mor e 

comple x a n a l y s i s du e t o th e o b s e r v a t i o n o f  a  s i g n i f i c a n t  s - p o l a r i z e d 

s i g n a l ) .  Th e measure d h y p e r p o l a r i z a b i l i t i e s o f  D2 an d D5 ar e somewha t 

s m a l l e r  tha n th e t h e o r e t i c a l  va lue s g i v e n i n chapte r  6 ,  a l thoug h the y 

ar e b o t h o f  th e expecte d o r d e r  o f  magnitude .  I t  i s  i n t e r e s t i n g t o not e 

t h a t  t h e v a l u e o f  ^  (26.4° )  ob ta i ne d f o r  th e monolaye r  o f  D5 i s 

c o n s i d e r a b l y l e s s tha n t h a t  o b t a i n e d b y RHEED i n chapte r  7  (54 °  ±  1°) , 

and may b e du e t o d i f f e r e n c e s i n th e s t r u c t u r e o f  th e f i l m s o n g las s an d 

s i l i c o n s u b s t r a t e s . 

I t  i s  e v i d e n t  t h a t  t h e b i l a y e r  i s  a  muc h s u p e r i o r  secon d harmoni c 

m a t e r i a l  t ha n i s p r e d i c t e d b y a  s impl e a d d i t i o n o f  t h e &  c o e f f i c i e n t s o f 

th e separa t e l a y e r s .  Eve n i f  th e h i l a y e r  dat a average d ove r  N=0-1 0 ar e 

used ,  th e v a l u e o f  6  ob ta i ne d i s a s goo d a s f o r  th e su m o f  th e B' s f o r 

th e D 2 and .  DS monolayer s (assumin g t h a t  th e &s  ar e i n complementar y 



TABLE 8. 4 Der i ve d h y p e r p o l a r i z a b l l i t i e s ( 3 ) ,  averag e p o l a r 
angle s ( $ ) ,  an d d i e l e c t r i c cons tan t  component s 
norma l  t o th e s u b s t r a t e a t  a  f requenc y o f  2( 0 ( e ^ ) , 
f o r  L B monolayer s o f  D 2 an d D5 ,  an d f o r  a  D2/D 5 
b l l a y e r .  ' 

Syste m zyxuspmiecaUTFBA
'2 

„  ,,^-5 0 - 3 3  -2 . 
3 (1 0 C  m J  ) 'I ' 

D5 
(monolayer ) 

3. 9 ±  0. 8 32 ±  1 5 26.4 ° 

D2 
(monolayer ) 

5. 1 ±  0. 4 134 ±  2 6 25.6 ° 

D2/D5 
b i l a y e r 
(N=0-1 ) 

7. 9 ±  1. 2 410 ±  14 0 19.2 ° 

D2/D5 
b i l a y e r 

(averag e ove r 
N=0-10 ) 

5. 4 ±  1. 6 160 +  13 0 24,6 ° 
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d i r i e c t i o n s ) .  Sinc e th e " e f f e c t i v e 6 "  i s  l i k e l y t o b e muc h g r e a t e r  i n 

t h i n n e r  l a y e r s (a s wa s observe d f o r  th e f i r s t  b i l a y e r ) ,  th e monolaye r 

dat a w i l l  b e th e optimu m achieveab.le .  f o r  th e i n d i v i d u a l  m a t e r i a l s an d 

henc e th e s u p e r a d d i t i v i t y i n th e b i l a y e r s i s c l e a r . 

A l t houg h th e chromophore s i n th e b i l a y e r  ar e i n c los e p r o x i m i t y an d 

migh t  b e expecte d t o i n t e r a c t  s t r o n g l y ,  th e a c t i v e group s i n th e 

separa t e b i l a y e r s an d i n th e i n i t i a l  hemicyanin e monolaye r  ar e separate d 

by " p a s s i v e "  a l k y l  cha ins .  Thu s th e secon d harmoni c i n t e n s i t y i s 

expecte d t o i n c r e a s e q u a d r a t i c a l l y w i t h th e numbe r  o f  b i l a y e r s ,  an d 

f i g u r e s 8. 4 an d 8. 5 r e v e a l  t h a t  t h i s i s  a p p r o x i m i i t e l y th e case . 

However ,  compariso n o f  th e va l u e o f  3  f o r  a  " t y p i c a l "  b i l a y e r  (ob ta ine d 

by u s i n g thes e p l o t s t o produc e f i g u r e s average d ove r  th e f i r s t  t e n 

b i l a y e r s )  w i t h th e on e f o r  th e f i r s t  b i l a y e r  a lon e i l l u s t r a t e th e 

d e v i a t i o n s f ro m i d e a l i t y whic h ca n occu r  w i t h i n c r e a s i n g t h i c k n e s s . 

Such behav iou r  may b e du e t o a  p r o g r e s s i v e deg rada t i o n o f  f i l m q u a l i t y 

as th e numbe r  o f  l a y e r s i s i n c r e a s e d .  G i r l i n g e t  a l ^ ^ ^  a t t r i b u t e d a 

s i m i l a r  phenomeno n i n D2/a)-T A a l t e r n a t e l a y e r s t o change s i n th e 

i n - p l a n e o r d e r ,  bu t  th e r e l a t i v e l y s m a l l  s - p o l a r i z e d s i g n a l s ob ta ine d 

f o r  eve n a  s i n g l e D2/D 5 b i l a y e r  render s suc h a n e x p l a n a t i o n u n l i k e l y i n 

th e p resen t  case . 

The majo r  sourc e o f  e r r o r s i n th e measurement s o f  0  an d ij i  a r i s e 

f ro m u n c e r t a i n t i e s i n th e va lue s o f  th e d i e l e c t r i c cons tan t s .  Perhap s a 

more accu ra t e r e s u l t  woul d b e ob ta i ne d i f  t h i s paramete r  cou l d b e 

determine d f o r  eac h m a t e r i a l  a t  bo t h o j  an d 2a )  i n a n independen t 

exper iment .  Suc h a n i n v e s t i g a t i o n migh t  i n v o l v e e l l i p s o m e t r y o r 

d e p o s i t i n g th e dye s ont o a  s i l v e r  s u b s t r a t e an d obse rv in g th e r e s u l t a n t 

s h i f t s i n th e SPR cu rves ,  u s i n g source s o f  t h e . a p p r o p r i a t e wavelength . 
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8.4.3 .  Conclus ion s 

O p t i c a l  n o n - l i n e a r i t y i n a n a l t e r n a t i n g donor-accepto r  :  i n v e r t e d 

donor -accepto r  dy e m u l t i l a y e r  ha s bee n demonstrated .  Th e second-orde r 

h y p e r p o l a r i z a b i l i t y f o r  a  hem icyan lne /am idon i t r os t i r bene .  b i l a y e r  wa s 

foun d t o b e muc h g r e a t e r  tha n t h a t  expecte d b y s impl y addin g th e 

h y p e r p o l a r i z a b i l i t i e s f o r  th e i n d i v i d u a l  dy e monolayers .  When th e 

a m i d o n i t r o s t i l b e n e dy e wa s s u b s t i t u t e d b y a n a m i n o n i t r o s t i r b e n e ,  t he r e 

was a  s l i g h t  decreas e i n th e SHG e f f i c i e n c y o f  th e b i l a y e r . 

8. 5 SHG Fro m Heterogeneou s Monolayer s 

8.5. 1 Th e D2/cadmlu m a r a c h i d a t e syste m 

Not  a l l  s u b s t i t u t e d dy e m a t e r i a l s  w i l l  for m homogeneou s L B f i l m s ; 

some hav e t o b e d i l u t e d w i t h a  f a t t y a c i d b y u p t o a  f a c t o r  o f  te n i n 

o r d e r  t o rende r  the m s u i t a b l e f o r  d e p o s i t i o n b y th e L B techn ique .  I t 

was t h e r e f o r e o f  i n t e r e s t  t o us e th e hemicyanin e dy e (D2) ,  whic h cou l d 

be d e p o s i t e d i n homogeneou s f i l m s an d whic h a l s o ha d a  p a r t i c u l a r l y h i g h 

va lu e o f  3  (se e s e c t i o n s 8. 2 an d 8 .4 ) ,  a s a  mode l  syste m t o stud y th e 

e f f e c t s o f  d i l u t i o n o n n o n - l i n e a r  behav iour . 

SHG i n v e s t i g a t i o n s o f  mixe d monolayer s o f  hemicyanin e an d cadmiu m 

a r a c h i d a t e w i t h mol e f r a c t i o n s o f  hemicyanin e r ang in g fro m 0. 1 -  1. 0 

wer e under taken .  Fo r  eac h monolayer ,  th e 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 b y hemicyanin e wa s c a l c u l a t e d f ro m th e mol e f r a c t i o n o f 

hemicyanin e p resen t  i n th e spread in g s o l u t i o n .  I t  wa s assume d t h a t  a 

hemicyanin e molecu l e occupie s a  su r fac e are a o f  app rox ima te l y 0.3 5 nm^ 

and a n i o n i z e d a r a c h l d l c a c i d molecu l e a n are a o f  0.2 0 nm^  (va lue s 

me asure d f ro m s u r f a c e p ressure -a re a i so therm s o f  th e m a t e r i a l s )  a t  th e 

d e p o s i t i o n s u r f a c e pressur e o f  3 0 mN m I f  i t  i s assume d t h a t  th e 

d i e l e c t r i c cons tan t s o f  th e f i l m a t  O)  an d 2aj ,  an d th e va lue s o f  3 _ j ^  f o r 

th e hemicyanin e mo lecu les ,  ar e u n a l t e r e d a s a  r e s u l t  o f  th e d i l u t i o n . 
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the n r e p l a c i n g a  w i t h a^ F (wher e a „  i s th e s u r f a c e d e n s i t y o f  a  pur e 
r l  n 

hemicyanin e monolayer )  i n equa t ion s 8.2 6 p r e d i c t s a  l i n e a r  i nc reas e i n 

( f o r  p-*- p an d s-»- p p o l a r i z a t i o n s )  w i t h F ,  reach in g a  maximu m f o r  a  100 % 

hemicyanin e monolayer .  Th i s i s  a l s o t r u e f o r  th eyxwutronmljigfedcaXWUTRQONMLJIHFDCA 3-> s an d p-̂ s  s i g n a l s , 

s i nc e the y to o ar e q u a d r a t i c i nzyxuspmiecaUTFBA a^^\  F igu re s 8. 7 an d 8. 8 sho w p l o t s o f 

versu s F  f o r  th e T^^ ^  an d T̂"*̂ ^  s i g n a l s ;  th e dashe d l i n e s rep resen t 

th e t h e o r e t i c a l  l i n e a r  respons e d e s c r i b e d above .  I t  i s  ve r y i n t e r e s t i n g 

t o not e t h a t ,  f o r  example ,  th e T̂"*̂ ^  secon d harmoni c s i g n a l  i s  a  f a c t o r 

o f  f o u r  t ime s g r e a t e r  f o r  a  m i x t u r e c o n t a i n i n g equimola r  q u a n t i t i e s o f 

hemicyanin e an d a r a c h i d i c a c i d tha n f o r  a  pur e hemicyanin e monolayer . 

A l l  o f  t h e o t h e r  p o s s i b l e combinat ions ,  o f  p o l a r i z a t i o n an d d e t e c t i o n 

geometr y gav e s i g n a l s whic h wer e a l s o a  maximu m (ou t  o f  th e rang e 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  th e equimola r  m i x t u r e ,  a l thoug h th e r a t i o o f 

thes e s i g n a l s t o t h a t  f o r  th e pur e hemicyanin e wer e no t  alway s a s g r e a t 

as w i t h th e T''"*̂' ^  s i g n a l . 

Examinat io n o f  f i g u r e s 8. 7 an d 8. 8 revea l s t h a t  doe s indee d 

i nc reas e l i n e a r l y w i t h F  f o r  m i x t u r e s c o n t a i n i n g r a t h e r  l e s s tha n a n 

equ imola r  q u a n t i t y o f  dye ,  a l t h o u g h th e g r a d i e n t  o f  t h i s l i n e i s  muc h 

g r e a t e r  tha n t h a t  o f  th e h y p o t h e t i c a l  one .  Th e sam e wa s foun d t o b e 

t r u e f o r  t h e o t h e r  p o l a r i z a t i o n s an d d e t e c t i o n geomet r ies ,  a l thoug h th e 

s c a t t e r  o f  th e p o i n t s wa s muc h wors e f o r  s - p o l a r i z e d secon d harmoni c 

s i g n a l s .  Tabl e 8. 5 summarise s th e va lue s ob ta ine d f o r  th e r a t i o o f  th e 

s lop e o f  th e i n i t i a l  l i n e a r  r e g i o n s o f  th e S  a g a i n s t  F  p l o t s t o th e 

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

One p o s s i b l e e x p l a n a t i o n f o r  th e enhance d s i g n a l s migh t  l i e i n th e 

lowe r  d i e l e c t r i c cons tan t  f o r  cadmium ,  a r a c h i d a t e compare d t o hemicyanin e 

a t  a  f requenc y o f  2m.  T h i s woul d b e i n accordanc e w i t h th e o b s e r v a t i o n 

t h a t  th e l i n e a r  r e g i o n o f  th e S^  versu s F  p l o t s doe s no t  exten d beyon d 
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Fractional Area of Hemicyanine ( F ) 

F i g u r e 8. 7 P l o t  o f  th e squar e r o o t  o f  th e T̂ '̂ '  secon d harmoni c 
s i g n a l  s t r e n g t h ve rsu s th e f r a c t i o n a l  are a c o n s t i t u t e d b y 
th e dy e i n hemicyanine/cadmiu m a rach ida t e mixe d 
monolayers . 
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Fractional Area of Hemicyanine (F ) 

F i g u r e 8. 8 P l o t  o f  th e squar e r o o t  o f  th e T̂"*̂ ^  secon d harmoni c 
s i g n a l  s t r e n g t h versu s th e f r a c t i o n a l  are a c o n s t i t u t e d b y 
th e dy e i n hemicyanine/cadmiu m a r a c h i d a t e mixe d 
monolayers . 



TABLE 8. 5 Compariso n o f  th e g r a d i e n t ,  (d S /dF )  ,  o f  th e i n i t i a l 
l i n e a r  p o r t i o n o f  th e p l o t s o f  th e squar e r o o t  o f  th e 
secon d harmoni c s i g n a l  s t r e n g t h versu s th e f r a c t i o n a l 
are a . c o n s t i t 
(dS^^VdF)^ , 
by d i l u t i o n . 

are a . c o n s t i t u t e d b y dye ,  w i t h th e t h e o r e t i c a l  s l ope , 
(d S /dF )^ ,  p r e d i c t e d i f  th e s i g n a l s wer e no t  enhance d 

S i g n a l  (S )  (dS^ /dF)^ (dS^ /dF) ^ 

3.8 3 ±  0.3 2 

j ^P" ^  2.5 8 ±  0.6 6 

^ s - ^  4.3 3 i  0.3 9 

RS-n> 4.0 6 ±  0.1 6 

rpS-̂ s 2.8 7 ±  0.2 6 

RuoliedcXWUSQONMJIHCBS-^S 3,3 2 ±  0.7 3 

.j.P"*" S 2.3 0 ±  0.4 5 

RP"̂ S 2.0 0 +  0.3 9 
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th e 1: 1 mola r  r a t i o p o i n t ,  wher e th e dy e molecule s woul d ceas e t o b e 
c o o r d i n a t e d s o l e l y b y a r a c h i d a t e spec ie s (assumin g a n i n t i m a t e m i x t u r e 
o f  dy e an d i o n i z e d a r a c h i d i c a c i d m o l e c u l e s ) .  I n o rde r  t o t e s t  t h i s 
t h e o r y ,  t h e mos t  conven ien t  s i g n a l  t o us e i s T  ,  s i nc e i f  i t  i s 

"yx x "  '  zy y 

cons tan t  o f  p r o p o r t i o n a l i t y ,  an d o n l y i n v o l v e s term s whic h w i l l  b e th e 

assumed t h a t  6  ^  0 ,  the n ( T ^ ) '  =  C zyxuspmiecaUTFBA ^  F/e^  (wher e C  i s th e 

same f o r  b o t h mixe d an d homogeneou s monolayers ;  se e equat ion s 8.26 c an d 

8.29a) .  Tak in g th e l i m i t i n g cas e f o r  th e mixe d monolayers ,  i n whic h th e 

o n l y c o n t r i b u t i o n t o i s f ro m cadmiu m a r a c h i d a t e ( i . e .  assumin g th e 

p e r t i n e n t  i s  t h a t  o f  th e l o c a l  environmen t  o f  a n a c t i v e molecul e an d 

i s no t  t h a t  o f  th e molecul e i t s e l f ) ,  the n th e r a t i o o f  th e g r a d i e n t s f o r 

th e f u l l  an d dashe d l i n e s i n f i g u r e 8. 8 shoul d b e equa l  t o 

£2 (hemicyanine) /e ^  (cadmiu m a r a c h i d a t e ) .  Now,  e  (cadmiu m a r a c h i d a t e ) 

w i l l  no t  b e r e s o n a n t l y enhance d a t  53 2 nm,  an d i t s va lu e (2. 5 ±  0.1 )  i s 

(9 ) 

known q u i t e a c c u r a t e l y .  However ,  (hemicyanine )  ha s no t  bee n 

determine d p r e c i s e l y ,  th e bes t  es t ima t e a v a i l a b l e be in g 5. 1 ±  0. 4 a s 

determine d i n s e c t i o n 8.4 .  Usin g thes e va lue s th e r a t i o o f  th e s lope s 

i s p r e d i c t e d t o b e 2. 0 ±  0.2 ,  whic h i s f a r  s m a l l e r  tha n th e measure d 

va lu e o f  4.3 3 ±  0.3 9 g i v e n i n t a b l e 8.5 , 

A secon d f a c t o r  whic h migh t  b e o p e r a t i n g i s a  chang e i n pack in g o f 

th e dy e molecu le s upo n f o rm in g 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  a l ignmen t  r e l a t i v e t o th e e l e c t r i c f i e l d s o f  th e 

i n c i d e n t  an d secon d harmoni c  l i g h t .  Th i s woul d c o n t r i b u t e t o th e 

observe d f a c t  t h a t  th e enhancemen t  i s no t  p e r f e c t l y u n i f o r m f o r  a l l 

geometr ie s an d p o l a r i z a t i o n s ,  a l t h o u g h t o a  c e r t a i n e x t e n t  th e 

d i e l e c t r i c c o n s t a n t  argumen t  woul d d o th e same ,  s i nc e d i f f e r e n t  f a c t o r s 

o f  e  an d e  appea r  i n th e v a r i o u s term s i n equa t ion s 8.26 . 



-  16 5 -

One f u r t h e r  mechanis m whic h cou l d e x p l a i n th e s u p e r i o r  secon d 
harmoni c s i g n a l s f ro m th e mixe d monolayer s i s th e enhancemen t  o f  3 
i t s e l f .  I n s e c t i o n 6.1. 7 th e bathochromi c s h i f t  an d inc reas e i n 
absorbanc e o f  th e f i r s t  a b s o r p t i o n ban d o f  th e dy e upo n fo rm in g a  mixe d 
monolaye r  wa s r e p o r t e d .  Th i s wa s i n t e r p r e t e d i n term s o f  th e r e d u c t i o n 
o f  d i p o l a r  i n t e r a c t i o n s i n th e heterogeneou s l a y e r ,  th e molecule s 
behavin g mor e a s the y woul d d o i n a  s o l u t i o n .  Th e change s i n th e charg e 
t r a n s f e r  c h a r a c t e r i s t i c s o f  th e molecule s whic h g i v e r i s e t o thes e 
s p e c t r a l  s h i f t s ar e a l s o l i k e l y t o hav e a  g rea t  i n f l u e n c e o n g .  Indeed , 
th e l a r g e r  v a l u e o f  g  whic h cou l d b e assoc ia te d w i t h hemicyanin e 
molecu le s i n mixe d monolayer s woul d b e c l o s e r  t o th e t h e o r e t i c a l  va lu e 
p r e d i c t e d i n s e c t i o n 6. 5 f o r  th e " f r e e "  molecul e tha n th e f i g u r e 
c a l c u l a t e d f o r  a  pur e monolaye r  i n s e c t i o n 8.4 .  Th i s  e f f e c t  i s 
analogou s t o th e s o l v e n t  dependen t  h y p e r p o l a r i z a b i l i t y o f  th e 
merocyanin e ( D l )  d iscusse d i n s e c t i o n 6.1.1 . 

I n c o n c l u s i o n ,  i t  i s  l i k e l y t h a t  a l l  t h r e e o f  th e mechanism s 

d iscusse d abov e w i l l  c o n t r i b u t e ,  i n v a r y i n g degrees ,  t o th e enhance d SHG 

observe d f ro m mixe d monolayer s o f  hemicyanine .  Thes e f i n d i n g s may hav e 

i m p o r t a n t  I m p l i c a t i o n s f o r  improv in g th e e f f i c i e n c i e s o f  an y n o n - l i n e a r 

o p t i c a l  dev i c e whic h u t i l i s e s L B f i l m s . 

8.5. 2 Othe r  heterogeneou s monolaye r  system s 

Compounds D7 an d D 8 cou l d no t  b e depos i te d a s homogeneou s l a y e r s 

(se e chap te r  5 ) ,  t h e r e f o r e system s i n whic h th e dye s wer e mixe d w i t h 

cadmiu m a r a c h i d a t e wer e i n v e s t i g a t e d .  A  f u r t h e r  monolaye r  o f  i n t e r e s t 

was forme d b y m i x i n g th e tw o a c t i v e dye s D2 an d D5 .  SKG i n v e s t i g a t i o n s 

o f  pur e D 2 monolayer s a l t e r n a t e d w i t h pur e D5 monolayer s wer e r e p o r t e d 

i n s e c t i o n 8.4 ;  i t  wa s hope d t h a t  £  woul d hav e th e sam e d i r e c t i o n ( w i t h 

r e s p e c t  t o th e hydrocarbo n t a i l s )  f o r  b o t h mo lecu les ,  s o t h a t  g  woul d b e 
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o p p o s i t e l y d i r e c t e d an d t h e r e f o r e a d d i t i v e i n th e m u l t i l a y e r  a r r a y s .  B y 

s t u d y i n g a  mixe d D2/D 5 monolaye r  i t  wa s a n t i c i p a t e d t h a t  th e s i t u a t i o n 

migh t  becom e a  l i t t l e c l e a r e r .  A  monolaye r  i n whic h D 5 wa s mixe d w i t h 

cadmiu m a r a c h i d a t e wa s a l s o i n v e s t i g a t e d ,  i n orde r  t o se e whethe r  th e 

secon d harmoni c g e n e r a t i o n wa s enhance d i n th e sam e manne r  a s t h a t 

observe d w i t h D 2 i n s e c t i o n 8 . 5 . 1 . 

D7/cadmiu m a r a c h i d a t e monolayer s w i t h mola r  r a t i o s o f  i o n i z e d 

a r a c h i d i c a c i d t o dy e o f  1 : 1 ,  2 : 1 ,  3 : 1 an d 5 : 1 wer e s t u d i e d .  Ou t  o f  a l l 

thes e c o n c e n t r a t i o n s an d a l l  th e p o s s i b l e combinat ion s o f  p o l a r i z a t i o n 

and d e t e c t i o n geometry ,  th e o n l y d e t e c t a b l e s i g n a l  wa s th e ex t remel y lo w 

TP" ^ =  ( 0 . 0 4 ±  0 . 0 2 ) yxwutronmljigfedcaXWUTRQONMLJIHFDCA X 1 0 ~ ^ ^ m^  v" ^  ob ta ine d f o r  th e 2 : 1 m i x t u r e .  I n 

v ie w o f  th e f a c t  t h a t  th e t h e o r e t i c a l  6  f o r  D 7 (chap te r  6 )  i s  g r e a t e r 

tha n t h a t  f o r  D 5 ( f ro m whic h s i g n i f i c a n t  SHG ha s bee n observed) ,  t h i s 

woul d i m p l y t h a t  th e molecule s o f  D 7 ar e arrange d i n a n t i p a r a l l e l 

aggregate s w i t h i n th e l a y e r s .  Suc h a  proces s wa s p o s t u l a t e d i n chapte r 

5 t o e x p l a i n th e lo w va lue s o f  are a pe r  molecul e observe d i n 

p ressu re -a re a i so therm s o f  th e homogeneou s monolayer ;  c l e a r l y th e us e o f 

heterogeneou s monolayer s doe s no t  overcom e th e problem ,  i n d i c a t i n g t h a t 

th e dy e doe s no t  for m a n i n t i m a t e m i x t u r e w i t h th e cadmiu m a r a c h i d a t e . 

Neg l ig ib le ,SH G wa s observe d f ro m a  monolaye r  c o n t a i n i n g a rach ida t e 

i o n s an d .  D 5 i n a  2 : 1 .  mola r  r a t i o .  I t  seems ,  t h e r e f o r e ,  t h a t  th e 

d i l u t i o n o f  th e a c t i v e dy e ha s r e s u l t e d i n a  cor respond in g r e d u c t i o n i n 

n o n - l i n e a r i t y ,  u n l i k e th e cas e o f  D 2 wher e enhancemen t  wa s observed . 

Th i s woul d appea r  t o g i v e mor e we igh t  t o th e argumen t  t h a t  a  chang e i n 0 

i t s e l f  wa s r e s p o n s i b l e f o r  th e e f f e c t s i n hemicyanine ,  s inc e th e o the r 

mechanism s c o u l d b e e q u a l l y w e l l  a p p l i e d t o D 5 ( a l t h o u g h a l ignmen t  might , 

a l s o b e s i g n i f i c a n t ,  i n v ie w o f  th e h i g h l y ordere d s t r u c t u r e e x h i b i t e d 
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by eve n homogeneou s monolayer s o f  D5 se e chapte r  7 ) .  I n chapte r  6  th e 

a b s o r p t i o n spectru m o f  D 5 wa s see n t o b e unchange d i n p r o f i l e a s a 

r e s u l t  o f  d i l u t i o n (whic h wa s no t  th e cas e w i t h D2) ,  i n d i c a t i n g t h a t  th e 

c h a r g e - t r a n s f e r  proces s ha d no t  bee n g r e a t l y a f f e c t e d ,  an d t h e r e f o r e 

l i t t l e chang e i n 3  woul d hav e bee n expected . 

A summar y o f  th e secon d harmoni c s i g n a l s ob ta ine d fro m monolayer s 

c o n t a i n i n g 5  mole s o f  i o n i z e d a r a c h i d l c a c i d t o on e mol e o f  D8 ,  an d 1.0 2 

mole s o f  D 5 t o on e mol e o f  D2 (co r respond in g t o a  f r a c t i o n a l  are a o f 

hemicyanin e o f  0.57) ,  i s  g i v e n i n t a b l e 8.6 . 

The s i g n a l  s t r e n g t h s g i v e n b y th e D8/cadmiu m a r a c h i d a t e monolaye r 

wer e l a r g e r  tha n thos e e x h i b i t e d b y a  pur e monolaye r  o f  D 5 ( s e c t i o n 

8 .2 ) ,  a l t h o u g h no t  a s g r e a t  a s thos e f ro m D2 .  I t  i s  no t  p o s s i b l e t o sa y 

whethe r  th e d i l u t i o n proces s ha s e f f e c t i v e l y enhance d o r  reduce d th e 

s i g n a l  s t r e n g t h s f ro m wha t  the y woul d hav e bee n i n a  homogeneou s 

monolaye r  o f  D8 ,  s inc e suc h a  f i l m cou l d no t  b e d e p o s i t e d .  However ,  th e 

p r o d u c t i o n o f  a  h i g h q u a l i t y L B l a y e r  i n whic h th e dy e molecule s ar e no t 

a l i g n e d i n a n a n t l p a r a l l e l  manne r  ha s c l e a r l y bee n demonstrated .  I t 

shoul d b e no te d t h a t  compoun d D 8 i s th e sam e a s t h a t  use d b y A k t s i p e t r o v 

e t  al^''"*^ ^ i n t h e i r  l e t t e r  o n "second-harmoni c g e n e r a t i o n o n r e f l e c t i o n 

f ro m a  monomolecula r  Langmul r  l a y e r " ,  a l t houg h th e au thor s mak e n o 

r e f e r e n c e t o th e nee d f o r  employin g a  heterogeneou s system . 

T e m p o r a r i l y  n e g l e c t i n g th e n o n - l i n e a r i t y o f  D5 ( s i n c e i t  i s 

s i g n i f i c a n t l y s m a l l e r  tha n t h a t  o f  D2) ,  th e D2/D 5 syste m gav e s i g n a l s 

wh ic h wer e enhance d ( f o r  example ,  b y a  f a c t o r  o f  "• ^2 i n th e cas e o f 

^jP"*"P)i )  r e l a t i v e t o thos e expecte d b y s imp l y a l l o v / i n g f o r  th e r e d u c t i o n 

i n th e s u r f a c e d e n s i t y o f  D2 molecu les .  However ,  th e s i g n a l s wer e 

s m a l l e r  tha n thos e o b t a i n e d f o r  th e cor respond in g dy e d e n s i t y i n th e 

D2/cadmiu m a r a c h i d a t e syste m (wher e th e enhancemen t  i n (T ^  ^ ) ^ wa s b y a 
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f a c t o r  o f  ' V 3 .8) .  Th i s cou l d b e du e p a r t i a l l y t o th e p o l a r  na tu r e o f  D5 

( I f  £ g i s i n th e sam e d i r e c t i o n f o r  bo t h dyas ) ,  th e h ighe r  va lu e o f 

f o r  D 5 compare d t o cadmiu m a r a c h i d a t e (bu t  lowe r  tha n t h a t  f o r  D2) ,  an d 

th e p a r t i a l  c a n c e l l a t i o n o f  th e 3' s o f  th e hemicyanin e molecule s b y 

thos e o f  th e a m i d o n i t r o s t i l b e n e .  Ha d £  bee n i n oppos i t e d i r e c t i o n s f o r 

D2 an d D5 ,  t he n t h e f a v o u r a b l e i n f l u e n c e o n charg e t r a n s f e r  woul d 

p robab l y hav e r e s u l t e d i n g r e a t e r  enhancemen t  tha n wa s i n f a c t  observed ; 

f u r t h e r m o r e ,  th e 3' s o f  th e tw o specie s woul d hav e ha d th e sam e 

d i r e c t i o n an d t h e r e f o r e bee n a d d i t i v e .  However ,  th e u n c e r t a i n t y 

s u r r o u n d i n g th e l e v e l  o f  importanc e t o a t t a c h t o f o r  th e d i l u t i n g 

m a t e r i a l  mean s t h a t  t h i s i n t e r p r e t a t i o n i s on l y t e n t a t i v e . 

8. 6 Summary 

Secon d harmoni c g e n e r a t i o n ha s bee n observe d f ro m a  v a r i e t y o f 

d i f f e r e n t  monolaye r  an d a l t e r n a t i n g m u l t i l a y e r  L E f i l m s .  O f  th e 

m a t e r i a l s s t u d i e d i n homogeneou s monolaye r  fo rm ,  compound s D l  an d D 2 

gav e 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  thos e ob ta ine d f ro m D5 an d D 6 

wer e no t  i n s i g n i f i c a n t .  Th e absenc e o f  an y s i g n a l  f ro m monolayer s o f  A 8 

and A 9 i s  i n d i c a t i v e t h a t  th e anthracen e nucleu s i s l e s s s u i t a b l e a s a 

con juga te d syste m than ,  f o r  example ,  a  s t i l b e n e b r i d g e .  I n g e n e r a l ,  th e 

e f f e c t s o f  an y i n - p l a n e a n i s o t r o p y i n th e f i l m s wer e foun d t o b e 

n e g l i g i b l e .  When th e n o n - l i n e a r  m a t e r i a l  wa s depos i t e d o n bot h s ide s o f 

a g l a s s s l i d e ,  v a r y i n g th e angl e o f  i n c i denc e o f  th e fundamenta l  wa s 

foun d t o produc e maxim a an d minim a i n th e secon d harmoni c s i g n a l 

s t r e n g t h ,  a r i s i n g f ro m i n t e r f e r e n c e e f f e c t s .  Fo r  t h i n a l t e r n a t i n g l a y e r 

f i l m s ,  i n wh ic h coheren t  a d d i t i o n o f  th e s i g n a l s produce d b y eac h 

b i l a y e r  ca n b e assumed ,  th e squar e r o o t  o f  th e secon d harmoni c s i g n a l 

s t r e n g t h woul d b e expecte d t o i nc reas e l i n e a r l y w i t h th e numbe r  o f 

b i l a y e r s ,  an d i n p r a c t i c e t h i s wa s app rox ima te l y th e case . 
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Noncentrosymmetr i c a r r a y s wer e produce d i n whic h a n 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 w i t h a n i n e r t  space r  m a t e r i a l  o r  a  secon d a c t i v e m a t e r i a l 
(whos e dono r  an d accep to r  group s wer e reverse d w i t h respec t  t o th e 
hydrophobi c  t a i l s ,  s o t h a t  th e second-orde r  mo lecu la r 
h y p e r p o l a r i z a b i l i t i e s o f  th e molecule s i n ad jacen t  l a y e r s adde d 
c o n s t r u c t i v e l y ) .  One suc h doubl y a c t i v e syste m c o n s i s t e d o f  th e 
hemicyanin e (D2 )  an d a m i d o n i t r o s t i l b e n e (D5 )  dyes ;  i n f a c t  th e b i l a y e r 
was foun d t o b e a  muc h s u p e r i o r  secon d harmoni c m a t e r i a l  tha n i s 
p r e d i c t e d b y a  s impl e a d d i t i o n o f  th e 3  c o e f f i c i e n t s o f  th e separat e 
l a y e r s .  Th e s i g n a l  s t r e n g t h s ob ta i ne d f ro m t h i s s t r u c t u r e wer e analysed , 
i n term s o f  secon d harmoni c s u r f a c e s u s c e p t i b i l i t i e s ,  an d th e va lu e o f  3 
ob ta i ne d wa s (41 0 ±  140 )  x  10~^ °  C" ^  m^  f o r  th e f i r s t  b l l a y e r . 

On d l l u t l r i g a  monolaye r  o f  hemicyanin e w i t h cadmiu m a r a c h i d a t e ,  th e 

secon d harmoni c s i g n a l s wer e foun d t o b e s i g n i f i c a n t l y enhanced .  Thi s 

chang e wa s a t t r i b u t e d t o change s i n th e c h a r g e - t r a n s f e r  c h a r a c t e r i s t i c s 

o f  t h e dye ,  a s w e l l  a s t o a  mor e f a v o u r a b l e f i l m d i e l e c t r i c constan t  an d 

p o s s i b l e change s i n th e pack in g o f  th e molecu les .  L B monolayer s o f  th e 

a m i d o n i t r o s t i l b e n e d i d no t  d i s p l a y th e sam e e f f e c t s .  However ,  th e 

s i g i f i c a n t  SHG d i s p l a y e d b y anothe r  m a t e r i a l  (D8 )  i n h i g h l y d i l u t e d for m 

suggest s t h a t  heterogeneou s l a y e r s may hav e a n i m p o r t a n t  r o l e t o p l a y i n 

Improv in g th e n o n - l i n e a r  e f f i c i e n c y o f  L B f i l m s ;  a  f u r t h e r  d i s c u s s i o n o f 

t h i s p o i n t  i s  g i ve n b r i e f l y i n th e "suggest ion s f o r  f u r t h e r  work " 

s e c t i o n o f  chap te r  9 . 
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CHAPTER 9 

CONCLUSIONS.AND SUGGESTIONS FOR FURTHER WORK 

Many o r g a n i c m a t e r i a l s ar e compose d o f  molecule s possessin g l a r g e 

second-orde r  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  t h i s i n h e r e n t  n o n - l i n e a r i t y 

i s f r e q u e n t l y no t  man i fes te d a t  a  macroscopi c  l e v e l  du e t o a  tendenc y 

f o r  thes e molecu le s t o pac k i n cent rosymmetr i c  c r y s t a l l i n e s t r u c t u r e s . 

The Langmui r -B lodge t t  t echn iqu e i s  a n e legan t  metho d o f  assemblin g 

a m p h i p h i l i c  o r g a n i c molecule s i n t o l a y e r s o f  a  w e l l  d e f i n e d t h i cknes s 

and a l i gnmen t .  Moreover ,  non-centrosjamnetr i e cupermolecu ia r  a r ray s may 

be f a b r i c a t e d b y  a l t e r n a t i n g l a y e r s o f  d i f f e r e n t  m a t e r i a l s ;  henc e th e 

metho d p r o v i d e s a  mean s t o e x p l o i t  th e 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 o f 

th e i n d i v i d u a l  mo lecu les . 

I n g e n e r a l ,  l a r g e va lue s o f  6  ar e e x h i b i t e d b y molecule s whic h 

c o n t a i n a  con juga te d syste m o f  bonds ,  p o l a r i z e d b y th e a d d i t i o n o f 

e l e c t r o n dono r  an d accepto r  groups .  A  s e r i e s o f  suc h compound s ha s bee n 

adapte d f o r  L B f i l m f o r m a t i o n b y th e i n c o r p o r a t i o n o f  hydrophobi c  t a i l s 

i n t o th e mo lecu les .  Th e m a t e r i a l s  f a l l  i n t o t h r e e c a t e g o r i e s :  ( i ) 

m o d i f i e d commerc ia l l y  a v a i l a b l e substances ;  ( i i )  9,1 0 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 .  Th e w a t e r - s u r f a c e monolaye r 

and ,  wher e a p p r o p r i a t e ,  L B d e p o s i t i o n p r o p e r t i e s o f  a l l  o f  thes e 

m a t e r i a l s hav e bee n c h a r a c t e r i z e d .  Non e o f  th e grou p (1 )  coiupound s wer e 

foun d t o g i v e f i l m s o f  a  s a t i s f a c t o r y q u a l i t y ;  an d mos t  o f  th e 

anthracen e d e r i v a t i v e s wer e foun d t o b e to o s o l u b l e i n th e subphase ; 

however ,  s e v e r a l  o f  th e d i p o l a r  chromophore g an d tw o o f  th e anthracene s 

c o u l d b e d e p o s i t e d i n h i g h q u a l i t y homogeneou s o r  heterogeneou s L B 

f  i l m s . 
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Once th e d e p o s i t i o n o f  a  ne w i t i a t e r i a i  ha d bee n s u c c e s s f u l l y 

accompl ished ,  th e f i l m s wdr e e x t e n s i v e l y c h a r a c t e r i z e d b y a  v a r i e t y o f 

t echn iques .  O p t i c a l  a b s o r p t i o n s p e c t r a o f  L £ f i l m s an d s o l u t i o n s wer e 

use d t o de termin e th e wavelengt h rang e ove r  whic h th e m a t e r i a l  cou l d 

u s e f u l l y b e a p p l i e d ,  an d t o g a i n a n i n s i g h t  i n t o th e charg e t r a n s f e r 

processe s o c c u r r i n g i n th e molecu les .  S tud ie s o f  absorbanc e an d 

capac i tanc e a s a  f u n c t i o n o f  f i l m t h i c k n e s s wer e use d t o chec k th e 

u n i f o r m i t y o f  d e p o s i t i o n f ro m on e monolaye r  t o th e n e x t ,  w h i l s t  su r fac e 

plasmo n resonanc e techn ique s wer e employe d t o es t ima t e th e r e l a t i v e 

p e r m i t t i v i t y o f  a m i d o n i t r o s t i l b e n e l a y e r s .  Severa l  m a t e r i a l s wer e 

assesse d f o r  b u l k second-orde r  o p t i c a l  n o n - l i n e a r i t y u s i n g th e Kur t z 

powder  t e c h n i q u e ,  bu t  t h i s metho d prove d t o b e i n a p p r o p r i a t e f o r  L B f i l m 

m a t e r i a l s an d wa s subsequent l y  r ep lace d b y t h e o r e t i c a l  d e t e r m i n a t i o n s o f 

6. 

The p h y s i c a l  p r o p e r t i e s o f  L B f i l m s ar e s t r o n g l y i n f l u e n c e d b y 

t h e i r  s t r u c t u r a l  o r d e r .  I n o rde r  t o i n v e s t i g a t e t h i s phenomenon , 

e x t e n s i v e r e f l e c t i o n h i g h energ y an d t r a 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 

s t u d i e s hav e bee n performe d o n a  v a r i e t y -  o f  d i f f e r e n t  f i l m s .  C4 

anthracen e m u l t i l a y e r s e x h i b i t e d a  h i g h degre e o f  c r y s t a l l i n e o r d e r ,  an d 

a d e t a i l e d s t r u c t u r a l  a n a l y s i s o f  the m wa s 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 monolayer s d i s p l a y e d a n e x c e p t i o n a l  l e v e l  o f 

s t r u c t u r a l  o r d e r  ( p robab l y s t a b i l i z e d b y hydroge n bond ing ) ,  a l thoug h 

t h i s wa s no t  propagate d th roug h t o t h i c k e r  f i l m s .  B y comparin g th e 

RHEED p a t t e r n s o b t a i n e d f ro m v a r i o u s d i f f e r e n t  monolayer s o f 

a m i d o n i t r o s t i l b e n e ,  th e e f f e c t s o f  change s i n th e d e p o s i t i o n '  c o n d i t i o n s 

on th e q u a l i t y o f  th e l a y e r s wa s shown . 

The o p t i c a l  n o n - l i n e a r i t y o f  s e v e r a l  d i f f e r e n t  L B f i l m system s wa s 

demonstrate d b y th e o b s e r v a t i o n o f  secon d harmoni c g e n e r a t i o n o n bo t h 
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r e f l e c t i o n f rom ,  an d t r a n s m i s s i o n th rough ,  th e l a y e r s .  Homogeneou s 

monolayer s o f  hemicyanin e (D2 )  an d merocyanin e ( D l )  gav e 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  thos e ob ta i ne d f ro m th e u i t r o s t i l b e n e s (D 5 an d D6 ) 

wer e no t  i n s i g n i f i c a n t .  A l thoug h th e g  o f  merocyanin e i s  n e a r l y t h r e e 

-5 0 3  3  - 2 

t ime s t h a t  o f  hemicyanin e ( c a l c u l a t e d a s (134+26 )  x  1 0 C  m J  i n 

Chapte r  8 ) ,  t h e d i e l e c t r i c cons tan t  o f  th e forme r  i s  s t r o n g l y r e s o n a n t l y 

enhance d a t  th e f requenc y o f  th e secon d harmonic ,  thereb y reduc in g th e 

e f f i c i e n c y o f  t h e c o n v e r s i o n ;  f u r t h e r m o r e ,  th e merocyanin e r e a d i l y 

undergoe s p r o t o n a t i o n t o a  for m w i t h lowe r  g ,  thereb y r e s t r i c t i n g i t s 

us e t o b a s i c env i ronments .  Th e absenc e o f  a  s i g n a l  f ro m tw o o f  th e 

anthracen e d e r i v a t i v e s wa s take n a s a n i n d i c a t i o n t h a t ,  a s a  con jugate d 

syste m i n t e n d e d t o g i v e r i s e t o a  l a r g e va lu e o f  B ,  th e anthracen e 

nuc leu s i s  i n f e r i o r  t o man y o t h e r  cand ida tes ,  suc h a s a  s t i l b e n e b r i d g e . 

Non-centrosymmetr i c  a r r a y s wer e produce d i n whic h a n a c t i v e 

m a t e r i a l  wa s a l t e r n a t e d e i t h e r  w i t h a n i n e r t  space r  m a t e r i a l ,  suc h a s a 

f a t t y a c i d ,  o r  w i t h a  secon d a c t i v e m a t e r i a l .  I n th e l a t t e r  case ,  th e 

p o s i t i o n s o f  th e dono r  an d accepto r  group s i n th e tw o specie s wer e 

r e v e r s e d ,  w i t h respec t  t o th e hydrocarbo n cha ins ,  s o t h a t  th e 

h y p e r p o l a r i z a b i l i t i e s o f  th e molecule s i n ad jacen t  l a y e r s woul d b e 

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 wa s demonstrate d i n suc h a  syste m f o r 

th e f i r s t  t im e b y a l t e r n a t i n g th e hemicyanin e (D2 )  an d 

a m i d o n i t r o s t i l b e n e (D5 )  dyes .  Th e s i g n a l  s t r e n g t h s ob ta ine d f ro m t h i s 

s t r u c t u r e wer e analyse d i n term s o f  secon d harmoni c su r fac e 

s u s c e p t i b i l i t i e s ,  an d th e va lu e o f  3  ob ta ine d f o r  th e f i r s t  b i l a y e r 

-5 0 ' 3 3 - 2 

[ ( 4 1 0 ±  140 )  x  1 0 C  m J  ]  wa s muc h s u p e r i o r  t o t h a t  expecte d b y 

th e s imp l e a d d i t i o n o f  th e B  c o e f f i c i e n t s o f  th» ;  separat e l a y e r s . 
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Heterogeneou s monolayer s o f  hemicyanine '  an d cadmiu m a r a c h i d a t e wer e 
foun d t o g i v e r i s e t o enhance d secon d harmoni c g e n e r a t i o n ,  r e l a t i v e t o a 
homogeneou s monolaye r  o f  th e dye .  Th i s phenomeno n wa s a t t r i b u t e d t o 
change s i n th e c h a r g e - t r a n s f e r  c h a r a c t e r i s t i c s o f  th e dy e ( a l s o 
r e f l e c t e d i n i t s a b s o r p t i o n spec t rum) ,  accompanie d b y a  r e d u c t i o n i n th e 
d i e l e c t r i c c o n s t a n t  o f  th e f i l m an d p o s s i b l e change s i n th e pack in g o f 
th e mo lecu les .  Thes e f i n d i n g s may hav e i m p o r t a n t  i m p l i c a t i o n s f o r 
i m p r o v i n g th e e f f i c i e n c i e s o f  an y n o n - l i n e a r  o p t i c a l  dev ic e whic h 
u t i l i s e s L B f i l m s .  , 

Suggest ion s f o r  f u r t h e r  wor k 

LB f i l m s d i s p l a y i n g l a r g e second-orde r  o p t i c a l  n o n - l i n e a r i t i e s 

shou l d e x h i b i t  th e Pockel s  e f f e c t  (a s desc r i be d i n chapte r  2 ) ,  i n whic h 

th e r e f r a c t i v e inde x a t  th e o p t i c a l  f requenc y i s dependen t  o n a n 

e l e c t r i c  f i e l d a p p l i e d acros s th e f i l m .  Th i s phenomeno n cou l d b e use d 

i n c o n j u n c t i o n w i t h s u r f a c e plasmo n resonanc e t o produc e a n o p t i c a l 

modu la to r . 

F i gu r e 9. 1 show s a  schemati c diagra m o f  suc h a  dev ice .  A n 

e l e c t r i c a l  c o n t a c t  shou l d no t  b e evaporate d d i r e c t l y ont o th e L B f i l m , 

s i n c e a  m e t a l l i c l a y e r  s o c l os e t o th e s i l v e r  woul d b e l i k e l y t o 

i n t e r a c t  w i t h th e evanescen t  f i e l d assoc ia te d w i t h th e su r fac e plasmons . 

One p o s s i b l e wa y o f  overcomin g t h i s proble m i s  i l l u s t r a t e d i n th e 

d iagram ;  a  My la r  washe r  (' ^  lOjj m t h i c k )  ca n b e use d a s a  space r  betwee n 

th e L B f i l m an d a n a lumin iu m b l o c k .  E l e c t r i c a l  c o n t a c t  i s made t o th e 

b l o c k an d a  r e g i o n o f  th e s i l v e r  l a y e r  remot e f ro m th e p o i n t  o f 

i n c i d e n c e o f  th e l a s e r  beam ;  i f  a  v o l t a g e i s the n a p p l i e d ,  som e o f  th e 

f i e l d w i l l  b e droppe d acros s th e a i r - g a p ,  an d th e r e s t  acros s th e f i l m . 

T h i s e l e c t r i c  f i e l d shoul d caus e a  chang e i n r e f r a c t i v e index ,  whic h i n 
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Figu r e 9. 1 Expe r imen ta l  c o n f i g u r a t i o n f o r  a  Pockel s e f f e c t  modulato r 
base d o n s u r f a c e plasmo n resonance .  I n s e t :  Phas e 
s e n s i t i v e d e t e c t o r  ou tpu t  f o r  th e syste m (a )  o f f 
resonance ,  i n c i d e n t  l i g h t  b locked ;  (b )  o f f  resonance , 
i n c i d e n t  l i g h t  unblocked ;  ( c )  ha l fwa y u p lo w i n t e r n a l 
ang l e s i d e o f  resonanc e curve .  I n c i d e n t  l i g h t  b locked ; 
(d )  ha l fwa y u p lo w i n t e r n a l  angl e s i d e o f  resonanc e 
c u r v e .  I n c i d e n t  l i g h t  unblocked ;  (e )  ha l fwa y u p h i g h 
i n t e r n a l  angl e s i d e o f  resonanc e curve ,  i n c i d e n t  l i g h t 
unb locked ;  ( f )  ha l fwa y u p h i g h i n t e r n a l  angl e s id e o f 
resonanc e cu rve ,  i n c i d e n t  l i g h t  b locked . 



-  17 4 -

t u r n w i l l  produc e a  s h i f t  i n th e resonanc e angl e ( c f .  f i g u r e 6.1 7 i n 
chap te r  6 ) ;  i f  th e l a s e r  bea m i s  d i r e c t e d a t  a n angl e cor respond in g t o 
th e i n i t i a l  resonanc e p o s i t i o n ,  t h e n t h i s angl e o f  i nc idenc e w i l l  n o 
l o n g e r  cor respon d t o a  r e f l e c t a n c e minimum .  Th e e l e c t r i c  f i e l d 
t h e r e f o r e g i v e s r i s e t o a  chang e i n r e f l e c t a n c e whic h w i l l  modulat e th e 
s i g n a l  r e a c h i n g th e p h o t o d e t e c t o r .  I n p r a c t i c e th e change s i n 
r e f r a c t i v e inde x ar e ex t reme l y s m a l l ,  an d t h e r e f o r e a n a.c .  v o l t a g e ha s 
t o b e employed ,  w i t h a  l o c k - i n a m p l i f i e r  use d a s a  phas e s e n s i t i v e 
d e t e c t o r  t o m o n i t o r  t h e change s i n th e p h o t o d e t e c t o r  o u t p u t  o c c u r r i n g i n 
phas e w i t h th e a p p l i e d f i e l d .  A  f u r t h e r  improvemen t  i n th e s e n s i t i v i t y 
ca n b e mad e b y p o s i t i o n i n g th e l a s e r  a t  a n angl e cor respond in g t o a 
p o i n t  ha l fwa y u p th e resonanc e minimum ,  s inc e th e chang e i n r e f l e c t a n c e 
f o r  a  g i v e n s h i f t  i n resonanc e angl e x ^ i l l  b e g r e a t e r  a t  t h i s p o i n t  tha n 
a t  th e minimu m 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 o f  suc h a  modu la tor ,  i n c o r p o r a t i n g t h re e 

b i l a y e r s o f  a  doub l y a c t i v e L B f i l m o f  hemicyanin e an d 

a m i d o n i t r o s t i l b e n e ,  ar e c u r r e n t l y be in g under take n i n c o l l a b o r a t i o n w i t h 

Drs .  M.  C.  P e t t y an d J .  P .  L l o y d .  A  sma l l  degre e o f  modu la t i o n ha s 

a l r e a d y bee n observed ,  an d ha s bee n show n t o b e a  f u n c t i o n o f  th e 

e l e c t r i c  f i e l d a p p l i e d acros s th e f i l m .  When th e angl e o f  i nc idenc e o f 

th e l a s e r  wa s change d s o t h a t  i t  corresponde d t o a  p o i n t  ha l fwa y u p th e 

o t h e r  s i d e o f  th e resonanc e minimum ,  th e ou tpu t  f ro m th e phas e s e n s i t i v e 

d e t e c t o r  wa s reverse d i n s i g n an d a l t e r e d i n magnitud e ( r e l a t i v e t o th e 

l e v e l  w i t h th e l a s e r  l i g h t  b locke d o f f ) ,  a s  i l l u s t r a t e d i n f i g u r e 9.1 . 

Th i s wa s t o b e expecte d i n v ie w o f  th e asymmetr ica l  na tu r e o f  th e 

r e f l e c t a n c e cu rve .  F u r t h e r  exper iment s ar e r e q u i r e d ,  an d i n p a r t i c u l a r 

th e optimu m t h i c k n e s s o f  th e L B f i l m need s t o b e determined ;  t h i c k e r 

f i l m s shou l d produc e a  g r e a t e r  resonanc e angl e s h i f t  f o r  a  g i ve n chang e 
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i n r e f r a c t i v e inde x (se e f i g u r e 6.17) ,  bu t  w i l l  g i v e r i s e t o th e 

d e l e t e r i o u s e f f e c t  o f  a  broadenin g o f  th e r e f l e c t a n c e curve .  Cros s e t 

al^' '" ^  hav e use d a  s i m i l a r  techn iqu e t o demonstrat e th e l i n e a r  Pockel s 

e f f e c t  i n a  monolaye r  o f  hemicyanine . 

I t  i s  suggeste d t h a t  som e e f f o r t  b e p lace d i n t o th e developmen t  o f 

a compute r  progra m f o r  . t h e . a c c u r a t e c u r v e - f i t t i n g o f  expe r imen ta l  SPR 

d a t a ,  i n o r d e r  t h a t  accu ra t e es t ima te s o f  r e f r a c t i v e inde x (an d henc e 

d i e l e c t r i c c o n s t a n t )  ca n b e ob ta ined . .  Th e measurement s themselve s 

shou l d b e per forme d u s i n g source s o f  th e a p p r o p r i a t e wavelehgth ,  i n cas e 

any resonanc e enhancemen t  o f  th e d i e l e c t r i c cons tan t s occur s a t  o p t i c a l 

f r e q u e n c i e s . 

F u r t h e r  wor k i s  a l s o r e q u i r e d o n th e behaviou r  o f  heterogeneou s L B 

f i l m s ,  f o l l o w i n g th e o b s e r v a t i o n o f  enhance d secon d harmoni c g e n e r a t i o n 

f ro m monolayer s o f  hemicyanin e i n whic h th e a c t i v e dy e wa s mixe d w i t h 

pass i v e cadmiu m a r a c h i d a t e .  A s w e l l  a s  s t u d y i n g th e e f f e c t s o f  d i l u t i o n 

on th e n o n - l i n e a r i t y o f  o the r  dyes ,  exper iment s ar e r e q u i r e d i n r e l a t e d 

f i e l d s ;  f o r  example ,  t o determin e whethe r  m u l t i l a y e r s o f  suc h system s 

w i l l  caus e g r e a t e r  o r  l e s s s c a t t e r i n g o f  l i g h t  p ropaga t i n g i n th e plan e 

o f  th e f i l m ,  compare d t o t h a t  whic h occur s i n c o n v e n t i o n a l ,  homogeneou s 

assembl ies . 

The m a t e r i a l s s t u d i e d i n t h i s t h e s i s rep resen t  a  minut e f r a c t i o n o f 

th e i n t e r e s t i n g s t r u c t u r e s whic h ca n b e envisaged ,  an d 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 o f  th e programm e o f  sc reen in g w i l l  r e v e a l  man y mor e 

h i g h l y 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 s u i t a b l e f o r  d e p o s i t i o n i n L B 

f i l m s .  T h e o r e t i c a l  m o d e l l i n g o f  mo lecu les ,  t o p r e d i c t  va lue s o f  6  p r i o r 

t o l e n g t h y chemica l  s y n t h e s i s an d c h a r a c t e r i z a t i o n ,  i s  l i k e l y t o p l a y a n 

eve r  mor e i m p o r t a n t  r o l e i n t h i s process .  Th e gene ra l  requ i rement s f o r 

a l a r g e mo lecu la r  l i y p e r p o l a r i z a b i l i t y  '  ( i . e .  a  p o l a r i z e d con jugate d 
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system )  shou l d b e remembered ,  an d som e s p e c i f i c idea s ar e a s f o l l o w s : 

( i )  Inc reas e th e c o n j u g a t i o n l e n g t h ,  e.g .  b y i n t r o d u c i n g a n e x t r a 

s t y r e n e u n i t  i n t o a  s t i l b e n e b r i d g e , 

( i i )  I n v e s t i g a t e n o v e l  s t r o n g dono r  an d accepto r  groups ,  suc h a s 

p y r r o l i d i n e an d -SO^CF^ ,  an d t r y t o produc e p a i r s o f  compound s i n 

wh ic h th e hydrocarbo n t a i l s ar e a t t ache d t o oppos i t e end s o f  th e 

chromophore ,  i n a n t i c i p a t i o n o f  f o rm in g doubl y 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 th e us e o f  mor e tha n on e hydrocarbo n t a i l  pe r 

mo lecu le ,  i n o rde r  t o b r i n g abou t  a  b e t t e r  matc h o f  th e 

c r o s s - s e c t i o n a l  area s o f  th e hydrophobi c an d chromophor e r e g i o n s , 

and t he reb y improv e th e s t r u c t u r a l  o rde r  o f  th e f i l m s .  A d j u s t i n g 

th e p o s i t i o n s an d l e n g t h s o f  thes e s u b s t i t u e n t s cou l d a l s o 

engende r  a  degre e o f  c o n t r o l  ove r  th e o r i e n t a t i o n o f  th e chromoge n 

i n th e f i l m ^ ^ ' ^ \ 

One f u r t h e r  p o i n t  o n th e s u b j e c t  o f  m a t e r i a l s concern s th e a l read y 

c h a r a c t e r i z e d merocyanin e ( D l ) .  Th e mai n drawbac k t o t h i s h i g h l y 

n o n - l i n e a r  m a t e r i a l  l i e s i n i t s g r e a t  s u s c e p t i b i l i t y  t o p r o t o n a t i o n (se e 

chap te r  6 ) ,  a  proces s whic h reduce s i t s e f f i c i e n c y s o g r e a t l y t h a t  i t 

ca n o n l y b e use d i n a n atmospher e o f  ammoni a vapour .  An y procedur e 

wh ic h c o u l d rende r  th e dy e s t a b l e i n a i r  woul d t h e r e f o r e b e o f  i n t e r e s t . 

One p o s s i b l e wa y migh t  b e t o d e p o s i t  l a y e r s i n whic h th e m a t e r i a l  i s 

mixe d w i t h a  l o n g cha i n amin e ( i n th e l i g h t  o f  s e c t i o n 8. 5 t h i s i s  a 

proces s whic h migh t  no t  b e d e l e t e r i o u s t o i t s n o n - l i n e a r i t y ) ,  s o t h a t 

th e l a t t e r  componen t  w i l l  r e a c t  p r e f e r e n t i a l l y  w i t h an y a c i d adsorbe d b y 

th e f i l m .  Y-typ e m u l t i l a y e r s o f  D l  mixe d wif: h docosylamin e hav e bee n 

d e p o s i t e d an d th e dy e d i d ,  indeed ,  d i s p l a y a n increase d l i f e t i m e i n i t s 

unp ro tona te d fo rm ,  a l t h o u g h t h i s improvemen t  wa s b y on l y a  f a c t o r  o f 
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two .  A  s t r u c t u r e i n whic h mixe d l a y e r s o f  docosylamin e an d D l  wer e 
a l t e r n a t e d w i t h l a y e r s o f  pur e docosylamin e e x h i b i t e d a  f u r t h e r  inc reas e 
i n s t a b i l i t y ,  bu t  th e dy e s t i l l  becam e p ro tona te d e v e n t u a l l y .  Anothe r 
s te p whic h may b e take n i s t o d e p o s i t  man y Y-typ e l a y e r s o f  th e amin e o n 
to p o f  th e 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 th e hop e t h a t  an y carbon i c a c i d 
f ro m th e a i r  w i l l  no t  p e n e t r a t e th roug h t o th e dye .  One p o s s i b l e doubl y 
a c t i v e a l t e r n a t e l a y e r  s t r u c t u r e cou l d b e forme d b y hemicyanin e (D2 )  an d 
mixe d l a y e r s o f  Dl /docosy lamine ;  th e d imethy lamin o dono r  grou p o f  D 2 
migh t  he l p t o s t a b i l i z e th e molecule s o f  D l  ( a l t h o u g h i t  i s  u n c e r t a i n 
whethe r  th e d i r e c t i o n s o f  th e B' s o f  th e tw o specie s ar e suc h a s t o ad d 
c o n s t r u c t i v e l y o r  d e s t r u c t i v e l y ) . 

I n c o n c l u s i o n ,  muc h wor k remain s t o b e performe d i n t h i s f i e l d ,  an d 

th e f u t u r e h o l d s g rea t  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 

t Present address: G E C Research Laboratories, Hirst Research Centre, East Lane, Wembley, 

Middlesex HA9 7PP, England. 

J Present address: Department of Engineering Science, University of Oxford, Oxford 

O X l 3PJ, England. 

§ Present address: Molecular Electronics Corp., 4030 Spencer Street, MS 108, Torrance, 

California 90503-2417, U.S.A. 
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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. 
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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 anthracenevtspnljidJ 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 lYXSOIA _ 
(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. vtspnljidJ
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 tronihedcbaOHC
9,10-dicarbon a n t h r a c e n e 

- 0 . 2 1. 0 lYXSOIA

X AXI S • lO 
Y AXI S • lO 

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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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^"^vtspnljidJ 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 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

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 



- A -zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

be a  s i n g l e componen t  b y h p l c .  Th e I n f r a r e d spectru m wa s recorde d a s a 

KBr  d i s c an d d i s p l a y e d a b s o r p t i o n s a t  3280c m ^  (N- H s t r e t c h i n t r a n s 

secondar y amide) ,  2960-2820cm~' ^  ( a l i p h a t i c C- H s t r e t c h ) ,  166 0 an d 

1590c m ^  (secondar y amid e I  an d I I  bands) ,  an d 151 0 an d 13A5c m 

( r e s p e c t i v e l y asymmet r i ca l  an d symmetr ica l  s t r e t c h i n g band s o f  aromat i c 

n i t r o g r o u p ) .  Monolaye r  s t u d i e s wer e conducte d u s i n g a  cons tan t 

(2 ) 

p e r i m e t e r  t r o u g h whic h ha s bee n descr ibe d p r e v i o u s l y .  Th e m a t e r i a l 

(4HANS)  wa s sprea d f ro m a n approx ima te l y 2x1 0 M s o l u t i o n i n c h l o r o f o r m 

( " A r i s t a r "  grade )  ont o a  wate r  subphas e a t  a  temperatur e o f  'approximatel y 

20''C .  Th e wate r  wa s p u r i f i e d b y  •  revers e osmosis ,  f o l l o w e d b y 

d e i o n l z a t l o n th roug h a  M i l l i p o r e M i l l i - Q system ;  th e subphas e p H wa s 

a d j u s t e d b y  a d d i t i o n o f  HCl  o r  NH^OH,  an d wher e a p p r o p r i a t e "Ana lar " zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 4 

grad e CdCl ^  wa s adde d t o g i v e a n approx imate l y 2x1 0 M s o l u t i o n . 

Sur fac e p ressu re /a re a Isotherm s wer e ob ta ine d b y compressin g th e 

monolaye r  a t  a  cons tan t  r a t e an d s imu l t aneous l y r e c o r d i n g t h e su r fac e 

are a an d p r e s s u r e .  Monolaye r  s t a b i l i t y s t u d i e s wer e performe d b y 

m a i n t a i n i n g t h e s u r f a c e pressur e a t  a  constan t  va l u e an d m o n i t o r i n g th e 

su r fac e are a a s a  f u n c t i o n o f  t ime .  Dur in g L B f i l m d e p o s i t i o n th e 

s u b s t r a t e s wer e r a i s e d an d lowere d throug h th e f l o a t i n g monolaye r  o f 

4HANS a t  a  spee d o f  app rox ima te l y 2mm rain  ^ ,  w h i l s t  th e sur fac e pressur e 

was m a i n t a i n e d a t  a  va lu e o f  32mN m  A v a r i e t y o f  d i f f e r e n t 

s u b s t r a t e s wer e use d w i t h d i f f e r e n t  su r fac e p r o p e r t i e s ;  s i l i c o n wafer s 

and g l a s s s l i d e s (Corn in g 7059 )  wer e tho rough l y cleane d t o p rov id e 

h y d r o p h i l i c su r f ace s an d i n som e case s the y wer e f u r t h e r  t r e a t e d 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 t o p r o v i d e hydrophobi c s u r f a c e s ;  a  l a y e r '  o f 

a lumin iu m a p p r o x i m a t e l y lOOn m t h i c k wa s evaporate d ont o h y d r o p h i l i c g las s 

s l i d e s t o p r o v i d e a n alumin iu m ox id e s u r f a c e . 
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Resu l t s an d D i s c u s s i o n 

A t y p i c a l  s u r f a c e p ressur e versu s sur fac e are a i so ther m f o r  4HANS i s 

shown i n F i g u r e 1 ,  whic h a l s o show s th e molecu la r  s t r u c t u r e o f  th e 

m a t e r i a l .  Th e i s o t h e r m wa s r e p r o d u c i b l evtspnljidJ in th e p H rang e 3. 7 t o 9. 3 an d 

2-1-
was u n a f f e c t e d b y  th e presenc e o r  absenc e o f  Cd i o i i s .  Repeate d cyc l e s 

2 - 1 

o f  compressio n a t  r a t e s o f  approx imate l y 7ct n s  .  t o a  su r fac e pressur e o f 

30mN m ^  f o l l o w e d b y expansio n d i d no t  g i v e an y a p p r e c i a b l e chang e i n th e 

I s o t h e r m .  Th e s u r f a c e are a o f  a  monolaye r  compresse d t o a  su r fac e 

p ressu r e o f  32ni N m ̂  wa s observe d t o decreas e w i t h t i m e ,  se e F igur e 2 . 

The e f f e c t  o f  th e n a t u r e o f  th e subphas e o n th e r a t e o f  decreas e i n are a 

was s t u d i e d b y  m o n i t o r i n g t h e chang e i n are a ove r  a  p e r i o d o f  s e v e r a l 

hour s f o r  a  v a r i e t y o f  d i f f e r e n t  subphas e c o n d i t i o n s .  I t  wa s observe d 

t h a t  t h e mos t  s t a b l e monolayer s wer e ob ta ine d i n th e p H rang e 5. 5 t o 9.0 . 

Thes e deca y curve s cou l d no t  b e f i t t e d t o s tandar d deca y models ,  suc h a s 

- k t 

Are a =  C e (wher e C,  k  ar e c o n s t a n t s ,  an d t  =  t ime )  f o r  s impl e 

d i s s o l u t i o n ,  s i nc e th e t= 0 p o s i t i o n cou l d no t  b e a c c u r a t e l y d e f i n e d .  Th e 

g e n e r a l  appearanc e o f  th e curv e i s  t y p i c a l  o f  a  goo d L B f i l m fo rm in g 

m a t e r i a l  an d monolayer s wer e 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 

s u b s t r a t e .  L B m u l t i l a y e r s wer e r e a d i l y produce d o n a  v a r i e t y o f 

s u r f a c e s :  h y d r o p h i l i c an d hydrophobi c g las s an d s i l i c o n ,  an d aluminiu m 

o x i d e .  F i l m t r a n s f e r  wa s Y-typ e w i t h a  d e p o s i t i o n r a t i o ve r y c los e t o 

u n i t y .  A b s o r p t i o n spec t r a wer e recorde d u s i n g a  Gar y 230 0 

spec t ropho tomete r  f o r  m u l t i l a y e r s o f  d i f f e r e n t  t h i c k n e s s ,  se e F igu r e 3 . 

The s p e c t r a wer e recorde d i n t r a n s m i s s i o n s o t h a t  l a y e r s o n bot h s ide s o f 

t h e g l a s s s l i d e c o n t r i b u t e d t o th e a b s o r p t i o n .  Th e spectru m o f  4HANS I s 

shown a s a n i n s e t  i n F igu r e 3 ;  th e m a t e r i a l  i s  e s s e n t i a l l y t r a n s p a r e n t 

abov e 500nm ,  whic h i s  a p p r o p r i a t e f o r  s i g n a l  p rocess in g a p p l i c a t i o n s f o r 

most  o f  t h e v i s i b l e spectrum .  Th e s t r a i g h t  l i n e f i t  t o th e p l o t  o f 
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absorbanc e a t  370n m versu s numbe r  o f  l a y e r s i s  I n d i c a t i v e o f  goo d L B 

m u l t i l a y e r  f o r m a t i o n ;  th e f a c t  t h a t  th e p o i n t s d e r i v e d fro m h y d r o p h l l l c 

and hydrophob i c s u b s t r a t e s l i e o n th e sam e l i n e i n d i c a t e s t h a t  4HANS ha s 

wid e a p p l i c a b i l i t y .  Th e a b s o r b t i o n spectru m o f  a  sampl e c o n t a i n i n g 4 6 

l a y e r s o f  4HANS wa s unchange d i n p r o f i l e o r  i n t e n s i t y ove r  a  p e r i o d o f 

s e v e r a l  month s i n d i c a t i n g th e s t a b i l i t y o f  th e dy e i n th e L B m u l t i l a y e r 

form ;  i n d i l u t e c h l o r o f o r m s o l u t i o n 4HANS i s bleache d w i t h i n a  fe w weeks . 

The dono r  c a p a c i t y o f  th e a l ky l am id o grou p i n 4HANS i s  lowe r  tha n 

t h a t  o f  t h e t e r t i a r y amin e grou p presen t  i n th e hemicyanin e dye(2 )  an d 

consequent l y i t  migh t  b e a n t i c i p a t e d t h a t  4HAli S woul d d i s p l a y a  somewha t 

reduce d c a p a c i t y f o r  secon d harmoni c g e n e r a t i o n ;  n e v e r t h e l e s s ,  i t  wa s 

hope d t h a t  th e secondar y amid e f u n c t i o n migh t  conve y a  measur e o f 

s t a b i l i t y t o th e ordere d f i l m s v i a i n t e r m o l e c u l a r  hydroge n bondin g an d 

t h a t  t h i s migh t  o f f s e t  th e reduce d n o n - l i n e a r  e f f e c t .  Secon d harmoni c 

g e n e r a t i o n ha s no w bee n demonstrate d fro m monolayer s an d fro m m u l t i l a y e r 

s t r u c t u r e s produce d b y  a l t e r n a t i n g 4HANS w i t h l a y e r s o f  a n " i n e r t "  f a t t y 

a c i d space r  (cadmiu m a r a c h i d a t e ) .  A  s t r u c t u r e ha s a l s o bee n produce d i n 

whic h t h e 4HANS i s  a l t e r n a t e d w i t h t h e hemicyanin e dye .  I n th e l a t t e r 

m a t e r i a l  t h e dono r  an d accep to r  group s ar e p o s i t i o n e d i n th e oppos i t e 

sens e w i t h r espec t  t o th e hydrocarbo n c h a i n ,  se e (2 )  above .  Thu s th e 

secon d o r d e r  n o n - l i n e a r  mo lecu la r  p o l a r l z o b i utsroljiecbaTQOMHCl i t i e s shoul d be a d d i t i v e ; 

th e r e s u l t s o f  t h i s i n v e s t i g a t i o n w i l l  b e desc r ibe d e l s e w h e r e ^ ^ \ 

Conc lus ion s 

4 -N -Hep tadecy lam ido -4 ' - n l t r os t i l ben e i syxvutsrponmljihgfedcbaWUTSRPOMLKJIHGFEDCBA a ne w L B f i l m fo rm in g 

m a t e r i a l  wh ic h show s e x c e l l e n t  m u l t i l a y e r  f o rm in g p r o p e r t i e s .  Th e 

molecu l e c o n t a i n s a  d e l o c a l i z e d Tr - e l e c t r o n syste m s u b s t i t u t e d w i t h dono r 

and accep to r  group s an d d i s p l a y s n o n - l i n e a r  o p t i c a l  behav iour .  D e t a i l e d 

s t u d i e s o f  supermolecu la r  a r r a y s c o n t a i n i n g 4HANS ar e proceeding . 
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F igu r e Capt ion s 

F i gu r e 1  Sur fac e p ressu re -a r ^ a i so the r m f o r  4HANS o n a  subphas e o f 
aqueou s CdC l  ,2xlO ~ M a t  p H 5. 8 an d a  temperatur e o f  23°C . 
I n s e t ,  th e moT.ecula r  fo rmul a o f  4HANS 

F igu r e 2  P l o t  o f  are a ( r e l a t i v e t o i n i t i a l  v a l u e )  versu s t im e f o r  a 
4HANS monolaye r  ma in ta ine d a t  a  s u r f a c e pressur e o f  32mN m~ o n 
a subphas e o f  aqueou s CdCl„,2xl0 "  M a t  p H 5.7-5. 8 an d a 
temperatur e o f  23°C . 

F igu r e 3  Absorbanc e a t  370n m versu s numbe r  o f  monolayer s f o r  L B f i l m s o f 
4HANS o n g l a s s s u b s t r a t e s ;  x - h y d r o p h i l i c g l a s s ,  o-hydrophobi c 
g l a s s .  I n s e t ,  a b s o r p t i o n spectru m f o r  a  4 6 l a y e r  specimen . 
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A HIGHL Y ORDERED LANGMUIR BLOPGETT 
MONOLAYER OF A N AMID O NITROSTILBEN E 

D.  B .  Nea l ,  G.  J .  R u s s e l l ,  M.  C.  P e t t y an d G.  G.  Robert s 
Departmen t  o f  A p p l i e d Physic s an d E l e c t r o n i c s , 

U n i v e r s i t y o f  Durham ,  Sout h Road ,  Durham ,  DHl  3LE . 

M.  M.  Ahmad an d W.  J .  Feast , 
Departmen t  o f  Chemist ry ,  U n i v e r s i t y o f  Durham , 

Sout h Road ,  Durham ,  DHl  3LE . 

Ther e i s a n i n c r e a s i n g i n t e r e s t  i n th e e x p l o i t a t i o n o f  t h i n f i l m s 

o f  o r g a n i c 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 f o r  s i g n a l  p rocess in g 

a p p l i c a t i o n s ^ ^ \  Suc h l a y e r s may b e produce d i n a  v a r i e t y o f  ways ;  on e 

p a r t i c u l a r l y e l e g a n t  techn iqu e i s  th e metho d p ioneere d b y Langmui r  an d 

(2 ) 

B l o d g e t t  .  Th i s a l l o w s a m p h i p h i l i c  o rgan i c molecule s t o b e assemble d 

I n t o l a y e r s o f  a  v e r y p r e c i s e l y d e f i n e d symmetr y an d t h i c k n e s s . 

Langmu l r -B lodge t t  (LB )  m u l t i l a y e r  f i l m s o f  a  wid e rang e o f  m a t e r i a l s ca n 

now b e e a s i l y produced ,  w i t h t h i cknesse s u p t o a  fe w micrometres . 

However ,  t h e succes s o f  t h e d e p o s i t i o n an d th e q u a l i t y o f  t h e f i l m s 

depen d c r i t i c a l l y o n t h e s t r u c t u r e o f  t h e f i r s t  mono laye r^^ \  Recen t l y , 

i t  ha s bee n show n t h a t  monolayer s o f  c e r t a i n m a t e r i a l s ca n b e image d 

(4 ) 

d i r e c t l y b y  t r a n s m i s s i o n e l e c t r o n microscop y .  I n t h i s wor k w e r e p o r t 

on t h e e x c e p t i o n a l  degre e o f  s t r u c t u r a l  o rde r  revea le d b y  r e f l e c t i o n 

h i g h energ y e l e c t r o n d i f f r a c t i o n (RHEED)  s t u d i e s o f  monolaye r  f i l m s o f 

4 - N - h e p t a d e c y l a m l d o - 4 ' - n l t r o s t i l b e n e (4HANS) ,  a  m a 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  s t u d i e s showe d t h a t 

monolayer s o f  a n amin e analogu e o f  4HANS wer e n o t i c e a b l y l e s s w e l l 

o r d e r e d .  I t  I s  I n f e r r e d t h a t .  I n th e cas e o f  4HANS,  th e monolaye r 

s t r u c t u r e I s  p redominan t l y  s t a b i l i s e d b y hydroge n bonding . 

A t y p i c a l  80k V RHEED p a t t e r n ob ta ine d f ro m a n L B monolaye r  o f  4 

HANS ( m o l e c u l a r  f o r m u l a show n i n f i g u r e l a ) ,  depos i t e d w i t h th e 

*  Presen t  Address :  Departmen t  o f  Eng inee r in g Science ,  U n i v e r s i t y o f 
Ox fo rd ,  Park s Road ,  Ox fo rd ,  0X 1 3PJ . 
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chromophor e ad jacen t  t o th e {111 }  S i  s u b s t r a t e ,  i s  show n i n f i g u r e 2 . 

The h i g h degre e o f  s t r u c t u r a l  o rde r  i s  remarkabl e f o r  a n L B f i l m an d 

s i g n i f i c a n t l y b e t t e r  t ha n ha s bee n observe d f o r  s impl e f a t t y - a c i d 

(7-9 ) 

assembl ie s .  I d e n t i c a l  p a t t e r n s wer e recorde d ove r  a  rang e o f 

subphas e c o n d i t i o n s an d a l s o whe n {100 }  S i  s u b s t r a t e s wer e used . 

F u r t h e r ,  i t  i s  Impor tan t  t o no t e t h a t  th e p a t t e r n ob ta i ne d wa s 

independen t  o f  th e d i r e c t i o n o f  th e i n c i d e n t  e l e c t r o n bea m i n th e p lan e 

o f  t h e f i l m .  Th e 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 t h a t  th e l a y e r  i s 

comprise d o f  a  mosai c s t r u c t u r e o f  g r a i n s i n whic h th e l on g axe s o f  a l l 

t h e chromophore s hav e a  common t i l t  angl e awa y f ro m t h e s u b s t r a t e 

normal ,  bu t  i n whic h th e t i l t  az imut h v a r i e s f ro m g r a i n t o g r a i n .  Th e 

p a t t e r n c o n t a i n s a  r e c t a n g u l a r  m a t r i x o f  r e f l e c t i o n s i n whic h th e 

d i f f r a c t i o n spo t s l o c a t e d a lon g t h e s u b s t r a t e norma l  an d p a r a l l e l  t o th e 

shado w edg e o f  th e s u b s t r a t e correspon d t o I n t e r p l a n a r  spaclng s o f 

1.24n m an d 1.28nm ,  an d s u b - m u l t i p l e s o f  these ,  r e s p e c t i v e l y .  However , 

due t o sys tema t i c absences ,  i t  shou l d b e note d tha, t  th e l a r g e s t 

d-spacin g measure d I n th e d i r e c t i o n a lon g t h e s u b s t r a t e norma l  i s 

0.62nm .  Th e d-spaclng s f o r  p lane s l y i n g p a r a l l e l  t o th e s u b s t r a t e 

shou l d correspon d t o som 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 ,  wherea s th e 

spac ing s f o r  plane s p e r p e n d i c u l a r  t o i t  shou l d correspon d t o 

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  seem s l i k e l y t h a t  th e monolaye r  s t r u c t u r e 

w i l l  b e s t a b l i z e d b y hydroge n bondin g betwee n th e hydrogen s an d ca rbony l 

oxygen s o f  amid e group s i n ad jacen t  mo lecu les . 

Du r i n g th e cours e o f  t h i s i n v e s t i g a t i o n ,  monolayer s o f  a n analogu e 

( m o l e c u l a r  fo rmu l a g i v e n i n f i g u r e l b )  o f  4HANS wer e a l s o s t u d i e d u s i n g 

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 ,  a l s o recorde d a t  80kV ,  i s show n i n 

f i g u r e 3 .  A l thoug h t h i s p a t t e r n i s  s i m i l a r  t o t h a t  o f  f i g u r e 2 

( i n d i c a t i n g th e sam e b a s i c pack in g ar rangement) ,  mos t  o f  th e d i f f r a c t i o n 
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spot s ar e o f  a  s i g n i f i c a n t l y lowe r  i n t e n s i t y tha n ar e th e co r respond in g 

r e f l e c t i o n s o b t a i n e d f ro m monolayer s o f  4HANS.  Th e e s s e n t i a l  d i f f e r e n c e 

i n t h e mo lecu la r  s t r u c t u r e o f  4HANS an d th e analogu e i s  t h a t  th e amid e 

grou p i n th e fo rme r  m a t e r i a l  ha s bee n rep lace d b y a  s imp l e amine .  Thu s 

th e p o s s i b i l i t y o f  hydroge n bondin g betwee n th e ad jacen t  chromophore s i n 

th e monolaye r  I s  s u b s t a n t i a l l y reduced .  We t h e r e f o r e conclud e t h a t  suc h 

i n t e r a c t i o n s p l a y a  dominan t  r o l e i n th e i n - p l a n e o r d e r i n g o f  th e 

molecu le s i n monolayer s o f  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  i n d i c a t e s t h a t  t h e chromophore s 

ar e ex t reme l y w e l l - o r d e r e d ;  however ,  th e revers e i s  t r u e o f  th e 

hydrocarbo n t a i l s .  RHEED p a t t e r n s f ro m L B f i l m s o f  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 du e t o t h e o r d e r i n g o f  th e hydrocarbo n c h a i n s ^ ^ ^ ;  i n 

co r respond in g 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 o f  4HANS sho w a t  bes t  on l y 

f a i n t  d i f f u s e r i n g s .  T h i s i s  t o b e expecte d whe n c o n s i d e r i n g th e 

d i f f e r e n c e I n c r o s s - s e c t i o n betwee n th e chromophor e an d t h e t a i l ;  eve n 

when t h e chromophore s a r e c lose-packed ,  t h e r e I s  s t i l l  roo m f o r  mot io n 

o f  th e t a i l s ,  t he reb y r e d u c i n g t h e i r  o rde r .  I n c o n t r a s t  t o t h i s 

behav iou r ,  t h e RHEED p a t t e r n s f ro m monolayer s o f  th e analogu e o f  4HANS 

d i s p l a y c l e a r  a rc s (a s a t  A  i n f i g u r e 3 )  co r respond in g t o o r d e r i n g o f 

th e hydrocarbo n t a i l s .  T h i s suggest s t h a t  th e remova l  o f  th e ca rbony l 

grou p reduce s t h e e f f e c t i v e s i z e o f  th e chromophor e an d enable s th e 

c l o s e r  approac h o f  t h e t a i l s .  Thus ,  a l t h o u g h t h e molecule s may b e 

s l i g h t l y c l o s e r  packe d i n monolayer s o f  th e analogue .  I n 4HANS th e orde r 

o f  th e chromophor e s e c t i o n o f  th e molecul e i s  mor e r e g u l a r  du e t o th e 

s t a b i l i z i n g i n f l u e n c e o f  I n t e r m o l e c u l a r  hydroge n bonding . 

M u l t i l a y e r  f i l m s o f  4HANS ca n b e b u i l t  u p u s i n g t h e c o n v e n t i o n a l 

Langmu l r -B lodge t t  t e c h n i q u e ,  th e bondin g betwee n th e f i r s t  an d secon d 

l a y e r s be in g t a i l - t o - t a l l ,  an d t h a t  betwee n th e secon d an d t h i r d l a y e r s 
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be in g head-to-head ,  e t c . ^ ^ ^  Fro m p rev iou s wor k o n th e e p i t a x i a l 

(3 ) 

d e p o s i t i o n o f  L B l a y e r s ,  i t  migh t  b e expecte d t h a t  th e e x c e p t i o n a l 

degre e o f  o r d e r  i n th e f i r s t  monolaye r  o f  4HANS woul d g i v e r i s e t o a 

v e r y h i g h 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 .  The re fo r e RHEED s t u d i e s wer e 

per forme d o nutsroljiecbaTQOMHC a numbe r  o f  L B f i l m s o f  4HANS (ove r  th e t h i c k n e s s rang e 3 

t o 1 5 monomolecula r  l a y e r s ) .  However ,  t h e 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 wer e i n d i c a t i v e o f  p r o g r e s s i v e l y poo re r  c r y s t a l l i n e o rde r  w i t h 

I n c r e a s i n g t h i c k n e s s .  T h i s e f f e c t  i s  perhap s no t  s u r p r i s i n g whe n on e 

c o n s i d e r s t h e r e l a t i v e l y poo r  o rde r  o f  t h e hydrocarbo n t a i l s i n th e 

4HANS monolayer .  Molecules w i t h a  mor e u n i f o r m c ros s s e c t i o n woul d 

p robab l y b e mor e d e s i r a b l e f o r  h i g h q u a l i t y m u l t i l a y e r  f o r m a t i o n . 

I n c o n c l u s i o n ,  w e hav e r e p o r t e d o n th e e x c e l l e n t  c r y s t a l l i n l t y o f 

an L B monolaye r  o f  a  s u b s t i t u t e d amld o n l t r o s t l l b e n e .  Th e RHEED p a t t e r n 

o b t a i n e d f ro m i t  ca n b e e x p l a i n e d i n term s o f  a  s t r u c t u r e whic h i s 

h i g h l y s t a b l i z e d b y hydroge n bonding .  A  mor e r i g o r o u s a n a l y s i s o f  th e 

d i f f r a c t i o n p a t t e r n s i s  c u r r e n t l y be in g under take n t o deduc e th e 

o r i e n t a t i o n o f  th e r i g i d chromophore s b y match in g t h e RHEED p a t t e r n s t o 

a compute r  generate d i n t e n s i t y d i s t r i b u t i o n o f  th e d i f f r a c t i o n p a t t e r n 

o f  a s i n g l e mo le ty^^^ *^ ' ^ \  an d t o e x p l a i n th e o r i g i n o f  th e ve r y l a r g e 

d-spaclng s b o t h norma l  an d p a r a l l e l  t o th e s u b s t r a t e p l ane . 

The a u t h o r s w is h t o than k Dr .  I .  R.  Peterso n o f  GEC H i r s t  Researc h 

L a b o r a t o r i e s f o r  u s e f u l  d i s c u s s i o n s an d f o r  c r i t i c a l l y r e a d i n g th e 

manusc r i p t .  One o f  u s (DBN )  woul d l i k e t o acknowledg e th e SERC an d 

Plesse y Researc h L t d ,  f o r  th e p r o v i s i o n o f  a s t u d e n t s h i p .  Th e wor k wa s 

p a r t l y funde d unde r  a J o i n t  O p t o - E l e c t r o n i c s Researc h Schem e (JOERS) . 
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FIGURE CAPTIONS 

1 .  M o l e c u l a r  fo rmula e o f 

(a )  4HANS 

(b )  Amin e analogu e o f  4HANS 

2.  80k V RHEED p a t t e r n ob ta i ne d f ro m a  monolaye r  o f  4HANS depos i t e d o n 
a { i l l }  S i  s u b s t r a t e . 

3.  80k V RHEED p a t t e r n o b t a i n e d fro m a  monolaye r  o f  th e amin e analogu e 
o f  4HANS d e p o s i t e d o n a  ( i l l }  S i  s u b s t r a t e . 
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SECOND H A R M O N I C GENERATION F R OM 
LB SUPERLATTICES CONTAIN IN G T WO 
ACTIV E C O M P O N E N TS zyxwvutsrqponmlkjihgfedcbaYWVUTSRQPONMLKJIHGFEDCBA

iiiiimmiiiiii yxvutsrponmljihgfedcbaWUTSRPOMLKJIHGFEDCBA

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.ywutsrponmlkihgedcbaTRA 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 trponmlifedVTSRONLIECA
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substrate in each of the films; the values are required at fre-

quencies of bothyxvutsrponmljihgfedcbaWUTSRPOMLKJIHGFEDCBA CO (g,) andywutsrponmlkihgedcbaTRA 2coyxvutsrponmlkjihgfedcbaYXWVUTSRPONMLKJIHGFEDCBA ( 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 E2 = 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. 

TablezyxwvutsrqponmlkjihgfedcbaYXWVUTSRPONMLKJIHGFEDCBA 2  D E R I V E D P O L A R I S A B I L I T I E SpcUPOC 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 

Secon d harmoni c g e n e r a t i o n ha s bee n observe d 
f r o m L a n g m u l r - B l o d g e t t  monolayer s an d a l t e r n a t i n g 
m u l t i l a y e r s o f  a  hemlcyan in e an d eac h o f  tw o 
n l t r o s t l l b e n e dyes .  Th e n o n - l i n e a r  respons e o f  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 show n t o b e 
g r e a t e r  tha n t h a t  expec te d f ro m th e s imp l e 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 f ro m th e i n d i v i d u a l 
( s e p a r a t e d )  mono layers .  Th e unexpecte d enhancemen t 
o f  t h e secon d harmoni c I n t e n s i t y upo n d i l u t i n g a 
mono laye r  o f  a n a c t i v e dy e w i t h a  p a s s i v e f a t t y 
a c i d m a t e r i a l  i s  a l s o d e s c r i b e d . 

1 .  I n t r o d u c t i o n 

C e r t a i n o r g a n i c 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 s i d e r a b l y 
l a r g e r  t ha n d i s p l a y e d b y " 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 suc h a s l i t h i u m n i o b a t e o r  po tass iu m 
d l h y d r o g e n phosphat e [ 1 ] .  Th e second-orde r 
n o n - l i n e a r i t i e s d i s p l a y e d b y b u l k o r g a n i c c r y s t a l s 
ca n b e t r a c e d bac k t o th e second-orde r 
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 
m o l e c u l e s ,  wh ic h u s u a l l y c o n t a i n dono r  an d a c c e p t o r 
g r o u p s sepa ra te d b y a  c o n j u g a t e d system .  However , 
i n o r g a n i c s i n g l e c r y s t a l s th e i n h e r e n t  m o l e c u l a r 
n o n - l i n e a r i t y i s  o f t e n n o t  m a n i f e s t e d a t  a 
mac roscop i c  l e v e l  du e t o a  tendenc y t o 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 an d t h e r e b y c a n c e l  t h e 6' s ( 6 
i s a  t h i r d ran k t e n s o r  an d t h e r e f o r e ha s p r o p e r t i e s 
s i m i l a r  t o a  v e c t o r ) .  Th e L a n g m u i r - B l o d g e t t  (LB ) 
t e c h n i q u e I s a n e l e g a n t  metho d o f  assemb l in g 
amph L p h l l l c o r g a n i c m o l e c u l e s i n t o l a y e r s o f  a  w e l l 
d e f i n e d t h i c k n e s s [ 2 ]  an d a l i g n m e n t ;  i t  thu s 
p rov -de s a  mean s t o e x p l o i t  t h e 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 o f  th e i n d i v i d u a l  mo lecu les .  Moreover , 
b y a l t e r n a t i n g l a y e r s o f  d i f f e r e n t  m a t e r i a l s , 
s u p e r m o l e c u l a r  a r r a y s may b e f a b r i c a t e d p o s s e s s i n g 
t h eywtsrponmlihfedcbaXTSRPONKIHFEDCBA 1 r e q u i s i t e non -cen t rosymmet r l c  c r y s t a l 
s t r u c t u r e . 

P r e v i o u s p u b l i c a t i o n s [ 3 , 4 ]  hav e d e t a i l e d 
s t u d i e s o f  secon d harmoni c g e n e r a t i o n (SHG )  f r o m 
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 whic h th e a c t i v e dy e 
l a y e r s a r e space d b y I n e r t  l a y e r s o f  a  f a t t y a c i d . 
R e c e n t l y [ 5 ]  w e hav e r e p o r t e d o n SHG f ro m 
s t r u c t u r e s i n w h i c h th e f a t t y a c i d wa s r e p l a c e d b y 
a secon d a c t i v e dy e m a t e r i a l ;  th e tw o dye s use d 
wer e a  hemlcyan ln e ( I ,  f i g u r e 1 )  an d a n 
a m l d o n i t r o s t l l b e n e ( I I ,  F i g u r e 1 ) .  Dye s I  an d I I 
wer e eng ineere d w i t h t h e i r  d o n o r - a c c e p t o r  group s I n 

o p p o s i t e sense s w i t h r e s p e c t  t o t h e i r  hydrocarbo n 
c h a i n s s o t h a t  whe n th e tw o dye s ar e a l t e r n a t e l y 
t r a n s f e r r e d t o a  s u b s t r a t e u s i n g th e L B p rocess , 
th e i n d i v i d u a l  secon d o r d e r  m o l e c u l a r 
h y p e r p o l a r i z a b l l l t i e s shou l d h e 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 o n v e r y s m a l l  number s o f  l a y e r s 
seemed t o i n d i c a t e t h a t  th e e f f e c t i v e B  f o r  a  p a i r 
o f  mo lecu le s o f  I  an d I I  i n a  b l l a y e r  wa s muc h 
g r e a t e r  tha n t h a t  expecte d b y s i m p l y add in g th e B' s 
f o r  th e i n d i v i d u a l  molecu le s [ 5 ] ;  i n t h i s pape r  th e 
i n v e s t i g a t i o n ha s bee n extende d t o g r e a t e r  number s 
o f  l a y e r s . 

C22H45 

Br 

NO2 NO2 rifUIH

I i r H 
Hcmicyonirw Amidonitrostilbcnc AminonilrostilberK 

F i g u r e 1  M o l e c u l a r  fo rmu la e o f  th e dye s employe d 

i n t h i s s tud y 

The s t r e n g t h o f  th e dono r  grou p i n I I  i s 
l i k e l y t o b e reduce d b y th e presenc e o f  th e 
a d j a c e n t  c a r b o n y l  group ;  compoun d I I I  ( f i g u r e 1 ) 
was t h e r e f o r e s y n t h e s i z e d i n whic h th e amid e grou p 
o f  I I  i s  r e p l a c e d b y a n amin e group .  S t u d i e s o f 
SHG f ro m monolayer s o f  I I I ,  an d a l s o f ro m 
m u l t i l a y e r s i n whic h I I I  i s  a l t e r n a t e d w i t h I ,  wer e 
per fo rme d an d th e r e s u l t s ar e c o n t r a s t e d w i t h thos e 
f ro m I I . 

Not  a l l  s u b s t i t u t e d dy e m a t e r i a l s  w i l l  for m 
homogeneou s L B f i l m s ;  som e hav e t o b e d i l u t e d w i t h 
a f a t t y a c i d b y u p t o a  f a c t o r  o f  t e n i n o r d e r  t o 
rende r  the m s u i t a b l e f o r  d e p o s i t i o n b y th e L B 
t e c h n i q u e .  I t  wa s t h e r e f o r e o f  I n t e r e s t  t o us e th e 
hemlcyanln e dy e (wh ic h c o u l d b e d e p o s i t e d i n 
homogeneou s f i l m s an d wh ic h a l s o ha d a  p a r t i c u l a r l y 
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h i g h v a l u e o f  6 )  a s a  mode l  syste m t o s t u d y th e 
e f f e c t s o f  d i l u t i o n o n n o n l i n e a r  b e h a v i o u r .  We 
hav e t h e r e f o r e u n d e r t a k e n SHG i n v e s t i g a t i o n s o f 
mixe d monolayer s o f  hemicyan in e an d cadmiu m 
a r a C h i d a t e w i t h mol e f r a c t i o n s o f  hemicyan in e 
r a n g i n g f ro m 'H). l  -  1.0 . 

2.  E x p e r i m e n t a l 

de s 

The syn these s o f  dye s I  an d l l  hav e bee n 
r i b e d e lsewher e [ 4 , 6 ] .  Th e L B f i l m s wer e 

pr e 'are d u s i n g a  c o n s t a n t  p e r i m e t e r  typ e t r o u g h o f 
th e fo r m d e s c r i b e d i n r e f e r e n c e 2 ,  Th e dye s wer e 
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  ( c h l o r o f o r m )  an d 
s p r f i a d on t o th e s u r f a c e o f  th e u l t r a p u r e w a t e r 
subj'has e i n th e t r o u g h u s i n g a  m i c r o s y r i n g e .  A t 
t h i s i  s tag e th e dy e m o l e c u l e s shou l d b e h e l d a t  th e 
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  d i s o r d e r e d manner , 
by |:h e ba lanc e o f  f o r c e s betwee n th e a t t r a c t i o n o f 
t h e subphas e f o r  th e p o l a r  chromophor e en d o f  t h e 
mol t  c u l e an d th e h y d r o p h o b i c n a t u r e o f  th e t a i l . trkfa
kftar  a l l o w i n g t h e s o l v e n t  t o e v a p o r a t e ,  th e are a 
e n c ] o s e d b y th e b a r r i e r s wa s s l o w l y reduce d b y 
d r i v i n g th e b a r r i e r s w i t h a  motor .  Th e s u r f a c e 
pre s sur e o f  th e monolaye r  wa s m o n i t o r e d u s i n g a 
W i l h e l m y p l a t e connec te d t o a  m i c r o b a l a n c e ,  th e 
o u t p u t  o f  wh ic h wa s t ake n t o th e b a r r i e r  d r i v e v i a 
a f eedbac k l o o p .  T h i s arrangemen t  a l l o w e d a  p r e s e t 
s u r f a c e p r e s s u r e t o b e ach ieve d an d s u b s e q u e n t l y 
m a i n t a i n e d a s monolaye r  wa s remove d an d d e p o s i t e d 
o n t o th e s u b s t r a t e .  A s th e w a t e r - s u r f a c e monolaye r 
i s compressed ,  th e a re a occup ie d b y eac h mo lecu l e 
i s r educe d an d t he y b e g i n t o pac k t o g e t h e r  i n a 
more o r d e r e d f a s h i o n ,  u n t i l  t he y e v e n t u a l l y f o r m a 
condense d phas e ana lagou s t o a  t w o - d i m e n s i o n a l 
s o l i d .  Car e ha s t o b e t ake n a t  t h i s s tag e no t  t o 
compres s th e monolaye r  t o o much ,  o r  e l s e i t  w i l l 
b u c k l e an d c o l l a p s e .  A  monolaye r  o f  th e m a t e r i a l 
ca n no w b e 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 eac h 
t i m e th e 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 
o rd e :  t o d o t h i s ,  t h e s u b s t r a t e i s mounte d o n a 
mot o : - d r i v e n m i c rome te r  scre w wh ic h d r i v e s i t  a t  a 
con s :an t  spee d i n a  v e r t i c a l  d i r e c t i o n . 

A summar y o f  th e s t r u c t u r e s produce d i s show n 
i n 1 i g u r e 2 ,  an d t h e d e p o s i t i o n c o n d i t i o n s a r e 
summarize d i n t a b l e 1 .  A l l  o f  th e f i l m s _ ^ w e r e 
t r a n s i f e r r e d a t  a  r a t e o f  2  mm mi n f ro m a  1 0 M ywtsrponmlihfedcbaXTSRPONKIHFEDCBA

( 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 

Schemati c d iagram s o f  sampl e 
c o n f i g u r a t i o n s use d i n th e 
d e s c r i b e d i n t h e t e x t 

expe r imen t s 

Cd (aq )  subphas e ( tempera tu r e 20°C) .  Th e 
s p r e a d i n g s o l u t i o n s f o r  th e mixe d monolayer s o f  I 
an d cadmiu m a r a c h i d a t e ( f i g u r e 2e )  wer e p repare ^  b y 
m i x i n g a p p r o p r i a t e volume s j ) f  4.5 7 x  1 0 M 
hemicyanin e an d 4.0 7 x  1 0 M a r a c h l d i c a c i d 
s o l u t i o n s . 

The s u b s t r a t e s use d f o r  a l l  o f  thes e 
exper imen t s wer e h y d r o p h i l l c  Corn in g 705 9 g las s 
microscop e s l i d e s .  I n th e i n v e s t i g a t i o n s desc r i be d 
h e r e ,  th e 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 wer e 
f a b r i c a t e d b y a l t e r n a t e l y s p r e a d i n g ,  compressin g 
and removin g th e d i f f e r e n t  monolayer s fro m th e 
subphas e s u r f a c e ;  a  v e r y t im e consumin g procedure , 
eve n f o r  s m a l l  number s o f  l a y e r s .  I n f u t u r e wor k 
r e q u i r i n g g r e a t e r  t h i c k n e s s e s we woul d hop e t o us e 
equipmen t  t h a t  w e hav e s p e c i a l l y develope d t o 
produc e a l t e r n a t e l a y e r  system s [ 7 ] ,  s i n c e suc h 
c o n s i d e r a t i o n s w i l l  b e o f  importanc e f o r  th e 
e v e n t u a l  f a b r i c a t i o n o f  o p t i c a l  dev ice s base d o n 
suc h supermo lecu la r  a r r a y s . 

S t r u c t u r e Dye Sur fac e p ressur e Subphas e p H 

F i g .  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/CdA r 2 3 0 5. 6 

Tabl e 1  :  D e p o s i t i o n c o n d i t i o n s f o r  s t r u c t u r e s 
g iven^^ i n f i g u r e 2  ( s u r f a c e p ressure s i n 
mN m ) 

The equipmen t  use d f o r  th e secon d harmoni c 
measurement s ha s bee n d e s c r i b e d ,  i n som e d e t a i l ,  i n 
a p r e v i o u s 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-swi tche d N d YAG,  1.06 4urnMI urn,  25n s 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 )  o r  p e r p e n d i c u l a r  ( s ) 
t o th e p lan e o f  I n c i d e n c e ,  wa s d i r e c t e d a t  a  45 ° 
ang l e o f  i n c i d e n c e on t o th e v e r t i c a l l y mounte d 
sample .  Th e secon d harmoni c r a d i a t i o n (53 2 nm) 
r e s o l v e d i n t o s -  an d p - p o l a r i z e d component s wa s 
d e t e c t e d i n b o t h r e f l e c t i o n (R )  an d t r a n s m i s s i o n 
(T )  geomet r ie s u s i n g p h o t o m u l t l p l i e r  tube s a t  90 ° 
an d 180 °  r e s p e c t i v e l y t o th e pumpin g d i r e c t i o n . 
The t o t a l  energ y o f  eac h fundamenta l  pu l s e wa s 
measure d u s i n g a  t r a n s m i s s i o n typ e energ y mete r 
(GEC T F 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 an d 53 2 
nm i n t e r f e r e n c e f i l t e r s wer e use d t o ensur e t h a t 
o n l y secon d harmoni c r a d i a t i o n wa s d e t e c t e d .  Puls e 
e n e r g i e s o f  u p t o 2mJ w i t h a  bea m d iamete r  o f 
a p p r o x i m a t e l y 200(j m wer e use d f o r  a l l  th e 
measurement s o n th e L B f i l m s . 

R e s u l t s wer e o b t a i n e d b y ave rag in g ove r 
s e v e r a l  pu l se s take n o n a p p r o p r i a t e area s o f  th e 
sample .  Abso lu t e v a l u e s o f  th e e l e c t r i c  f i e l d a t 
532 n m ( E ( 2 ( D ) )  wer e o b t a i n e d b y c a l i b r a t i n g th e 
syste m a g a i n s t  a  y - c u t  q f t a r t z wedg e an d r e l a t i n g 
b o t h th e secon d harmoni c s i g n a l s an d i n c i d e n t 
energ y t o th e d  n o n - l i n e a r  c o e f f i c i e n t  o f  q u a r t z 
[ 8 ] . 

3.  R e s u l t s an d D i s c u s s i o n 

Ther e wa s n o d e t e c t a b l e s i g n a l  f ro m r e g i o n s o f 
t h e s u b s t r a t e s wh ic h wer e f r e e o f  f i l m ,  c o n f i r m i n g 
t h a t  th e o r g a n i c l a y e r  wa s r e s p o n s i b l e f o r  th e 
secon d harmoni c r a d i a t i o n observe d fro m a l l  o f  th e 
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LB f i l m sample s i n t h i s s t u d y .  I n a d d i t i o n ,  th e 
r a d i a t i o n wa s c l e a r l y  i d e n t i f i e d a s secon d harmoni c 
by I t s na r rowe r  bandw id t h ( u s i n g I n t e r f e r e n c e 
f i l t e r s a t  52 0 n m an d 54 0 nm)  an d I t s narro w 
t e m p o r a l  p r o f i l e .  Th e secon d harmoni c s i g n a l s wer e 
n o r m a l i s e d b y d i v i d i n g b y th e squar e o f  th e 
i n c i d e n t  l a s e r  energy .  Th e n o t a t i o n employe d whe n 
d e s c r i b i n ghfeJIC JChe s i g n a l s ca n b e e x e m p l i f i e d a s 

'  r e p r e s e n t s 
s - p o l a r l s e d ywtsrponmlihfedcbaXTSRPONKIHFEDCBA

p S ^ P f c j l l o w s :  T "  ^ wupoecUTQPOJIHECA = |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 f ro m 
i n c i d e n t  r a d i a t i o n i n th e t r a n s m i s s i o n geometry ;  a 
c o r r e s p o n d i n g n o t a t i o n i s use d f o r  th e o t h e r 
p o l a r i s a t i o n s an d geometry . 

^  I n a l l  o f  th e s t r u c t u r e s I n v e s t i g a t e d ,  th e 
T^  s i g n a l s wer e a p p r o x i m a t e l y a n o r d e r  o f 
magn i tud e g r e a t e r  t ha n th e R^  ^  ones ,  wh ic h i s 
c o n s i s t e n t  w i t h t h e f i l m b e i n g 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 th e p l a n e .  Th e muc h weake r 
s i g n a l s o b t a i n e d 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 p r o v i d e f u r t h e r  ev idenc e f o r  t h i s 
d e d u c t i o n .  Th e v e r y s m a l l  s - p o l a r l z e d secon d 
harmoni c s i g n a l s observe d wer e I n d i c a t i v e o f  th e 
a z i m u t h o f  th e dy e mo lecu le s r e l a t i v e t o th e 
s u b s t r a t e p lan e b e i n g average d ou t  w i t h i n a  secon d 
harmoni c w a v e l e n g t h ,  r e s u l t i n g i n n e g l i g i b l e 
macroscop i c a n l s o t r o p y . 
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F i g u r e 3  T ' ' ^ ^ ^ ) secon d harmoni c s i g n a l 
(1 0 m^V ^ )  f r o m s t r u c t u r e show n I n 
f i g u r e 2 c p l o t t e d a g a i n s t  t h e squar e o f 
th e numbe r  o f  b l l a y e r s .  Dashe d cu rv e 
r e p r e s e n t s t h e o r e t i c a l  s i g n a l  (se e t e x t ) 

I I n f i g u r e 3  th e T̂ *' '  s i g n a l  observe d f ro m th e 
v a r i o u s t h i c k n e s s r e g i o n s o f  th e s t r u c t u r e show n i n 
f i g u r e 2 c i s p l o t t e d a g a i n s t  th e squar e o f  th e 
number  o f  b l l a y e r s (N )  o f  I  an d I I  d e p o s i t e d o n a 
bas e l a y e r  o f  1 .  A l s o p l o t t e d o n th e sam e s c a l e I s 
a dashe d cu rv e wh i c h r e p r e s e n t s th e t h e o r e t i c a l 
respons e i f  t h e tw o dye s wer e t o behav e t o t a l l y 
I n d e p e n d e n t l y .  T h i s cu r v e wa s c a l c u l a t e d b y 
summin g th e c o n t r i b u t i o n s f ro m tw o h y p o t h e t i c a l 
s t r u c t u r e s , ,  on e 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 ] ) ,  an d t h e o t h e r  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 ) .  b o t h 
a l t e r n a t e d w i t h a n i n e r t  space r  m a t e r i a l ;  t h e 
e x p e c t e d s i g n a l  f r o m eac h o f  thes e " s u b s t r u c t u r e s " 

was c a l c u l a t e d b y m u l t i p l y i n g th e measure d s i g n a l 
f ro m a  monolaye r  ( f i g u r e s 2 a an d 2c ,  N=0 )  b y th e 
squar e o f  th e numbe r  o f  dy e l a y e r s I n th e 
s u b s t r u c t u r e .  Th e t h e o r e t i c a l  curv e assume s a 
p e r f e c t  behav iou r  o n I n c r e a s i n g t h i c k n e s s , 
somethin g wh ic h I s r a r e l y ach ieve d i n p r a c t i c e 
[ 3 , 4 ] .  Th e measure d secon d harmoni c s i g n a l s ar e 
c l e a r l y l a r g e r  tha n eve n t h i s i d e a l  mode l  woul d 
p r e d i c t ,  whic h i m p l i e s t h a t  the r e I s som e 
c o o p e r a t i v e phenomeno n o c c u r r i n g whic h render s th e 
b l l a y e r  a  muc h s u p e r i o r  secon d harmoni c m a t e r i a l 
tha n woul d b e p r e d i c t e d b y th e s impl e a d d i t i o n o f 
th e secon d o rde r  h y p e r p o l a r l z a b l l l t l e s o f  th e 
separa t e l a y e r s .  Th e behav iou r  o f  a  b i l a y e r  a s a 
d i s c r e t e u n i t  I s perhap s t o b e expected ,  s i nc e th e 
chromophore s w i t h i n a  b l l a y e r  ar e i n c los e 
p r o x i m i t y an d ar e t h e r e f o r e l i k e l y t o i n t e r a c t 
s t r o n g l y ,  wherea s th e a c t i v e group s i n th e separat e 
b i l a y e r s an d i n th e I n i t i a l  hemicyanin e monolaye r 
ar e sepa ra te d b y " p a s s i v e "  a l k y l  cha ins .  I n 
a d d i t i o n ,  t h i s s t r o n g i n t e r a c t i o n i s a l s o l i k e l y t o 
r e s u l t  I n som e change s I n p a c k i n g . 

Sampl e 
^s+ p R S + P 

2a 0.69+0.0 5 0.07±0.0 2 0.08+0.0 2 0.08+0.0 2 

2b 0.42+0.0 3 0.015+0.0 1 0.11+0.0 1 0.05+0.0 1 

2c(N=2 ) 209+1 4 14.1+0. 8 7. 7 +0. 5 7. 2 +0. 6 

2d 173+1 1 8.2+0. 7 7. 6 +0. 8 5. 9 +0. 5 

Tabl e 2  :  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 (10~^ ^  m̂ V ^ ) 
o b t a i n e d f o r  monolayer s o f  I I  an d I I I  an d 
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 t h r e e l a y e r s o f  I  an d tw o o f 
I I  o r  I I I  (se e f i g u r e 2 ) . 

A summar y o f  th e secon d harmoni c s i g n a l s fro m 
monolayer s o f  I I  an d I I I  an d f ro m a l t e r n a t e 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 tw o l a y e r s o f  I I  o r  I I I 
a l t e r n a t e d w i t h t h r e e l a y e r s o f  hemlcyanln e ( I )  i s 
g i v e n i n t a b l e 2 .  Fro m t h i s compariso n i t  I s c l e a r 
t h a t  th e a t t emp t  t o enhanc e th e n o n - l i n e a r 
p r o p e r t i e s o f  th e n l t r o s t i l b e n e b y removin g th e 
c a r b o n y l  p o r t i o n o f  th e amid e dono r  grou p i n I I  ha s 
f a i l e d .  I n f a c t  dye s I I  an d I I I  sho w v e r y s i m i l a r 
secon d harmoni c g e n e r a t i o n e f f i c i e n c i e s ,  w i t h I I 
b e i n g perhap s th e s l i g h t l y s u p e r i o r ,  p o s s i b l y du e 
t o th e b e t t e r  f i l m q u a l i t y (a s revea le d b y 
r e f l e c t i o n h i g h energ y 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 f ro m th e i n v e s t i g a t i o n o f 
secon d harmoni c g e n e r a t i o n f ro m mixe d monolayer s o f 
hemlcyanin e an d cadmiu m a r a c h i d a t e ar e presente d i n 
f i g u r e 4 .  Th e f r a c t i o n a l  f i l m are a c o n s t i t u t e d b y 
hemicyanin e wa s c a l c u l a t e d f ro m th e mol e f r a c t i o n 
o f  hemlcyanln e p resen t  i n th e sp read in g s o l u t i o n 
and assumin g t h a t  a  hemlcyanin e molecul e occupie s a 
s u r f a c e a re a o f  a p p r o x i m a t e l y 0.3 5 nm^  an d a n 
I o n i z e d a r a c h l d i c a c i d mo lecu l e a n are a o f  0.2 0 nm^ 
( v a l u e s measure d f ro m s u r f a c e p ressure -a re a 
i s o t h e r m s o f  th e m a t e r i a l s )  a t ^  th e d e p o s i t i o n 
s u r f a c e p ressu r e o f  3 0 mN .  I t  I s v e r y 

I n t e r e s t i n g t o not e t h a t  th e T  secon d harmoni c 
s i g n a l  i s  a  f a c t o r  o f  f o u r  t ime s g r e a t e r  f o r  a 
m i x t u r e c o n t a i n i n g equ imo la r  q u a n t i t i e s o f 
hemicyan in e an d a r a c h i d i c a c i d tha n f o r  a  pur e 
hemlcyanin e monolayer .  A l l  o f  th e o t h e r  p o s s i b l e 
comb ina t i on s o f  p o l a r i s a t i o n an d d e t e c t i o n geometr y 
gav e s i g n a l s whic h wer e a l s o a  maximu m ( o u t  o f  th e 
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F l l g u r e 4  T P " ^ ^ ( X ) a n d 2 j ^ ^ ^ ( o )  secon d harmoni c 

s i g n a l  (1 0 m^V ^ )  f r o m mixe d monolayer s 
o f  I  an d cadmiu m 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 o f  f i l m are a 
c o n s t i t u t e d b y I  ( a r r o w i n d i c a t e s 
f r a c t i o n a l  a re a c o r r e s p o n d i n g t o a n 
equ imo la r  m i x t u r e )  . 

r a ig e 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  th e e q u i m o l a r 
m i x t u r e ,  a l t h o u g h th e r a t i o o f  thes e s i g n a l s t o 

at  f o r  th e pur e hemicyan in e wer e no t  a lway s a s 
M. _ . J 1_ _ rrP'^P _ J T T U H I - 1 

t h 
g r  :a t  a s w i t h th e T* "  ' '  s i g n a l .  T h i s enhancemen t 
c a 1 b e accoun te d f o r  b y tw o p o s s i b l e mechanisms : 
( i )  a  chang e i n p a c k i n g o f  t h e a c t i v e hemicyan in e 
d y i ,  r e s u l t i n g i n a  b e t t e r  a l i g n m e n t  r e l a t i v e t o 
t h e e l e c t r i c  f i e l d s o f  t h e i n c i d e n t  an d secon d 
harmon i c  l i g h t ;  o r  (11 )  th e l o c a l  o p t i c a l  f i e l d s 
e x p e r i e n c e d b y th e a c t i v e dy e a r e enhance d b y th e 
decrease d s h i e l d i n g p r o v i d e d b y th e mor e d i s t a n t 
n e i g h b o u r i n g dy e m o i e t i e s .  S inc e enhancemen t  w i t h 
d i l u t i o n i s observe d f o r  a l l  g e o m e t r i e s an d 
p o l a r i s a t i o n s th e secon d mechanis m i s perhap s 
f a v o u r e d .  N e v e r t h e l e s s ,  becaus e t h i s enhancemen t 
i s n o t  p e r f e c t l y u n i f o r m f o r  a l l  g e o m e t r i e s an d 
p o l a r i z a t i o n s ,  th e f i r s t  mechanis m a lmos t  c e r t a i n l y 
makes som e c o n t r i b u t i o n .  Thes e f i n d i n g s may hav e 
I m p o r t a n t  i m p l i c a t i o n s f o r  i m p r o v i n g th e 
e f f i c i e n c i e s o f  an y n o n - l i n e a r  o p t i c a l  d e v i c e wh i c h 
u t i l i s e s L B f i l m s .  F u r t h e r  i n v e s t i g a t i o n o f  t h i s 
phenomeno n i s c u r r e n t l y underway . 

4.  C o n c l u s i o n s 

I n t h i s pape r  w e hav e d i s c u s s e d t h e p o s s i b l e 
a p p l i c a t i o n o f  L B f i l m t e c h n o l o g y i n t h e f i e l d o f 
n o n - l i n e a r  o p t i c s .  Secon d harmoni c g e n e r a t i o n f r o m 
mono laye r  an d a l t e r n a t i n g m u l t i l a y e r  L B f i l m 
s t r u c t u r e s ha s bee n employe d t o c h a r a c t e r i z e a 
number  o f  m a t e r i a l s w h i c h may b e s u i t a b l e f o r 
d e v i c e f a b r i c a t i o n . 

A l t e r n a t i n g d o n o r - a c c e p t o r  :  i n v e r t e d 
d o n o r - a c c e p t o r  dy e assemb l i e s hav e bee n show n t o 
posses s 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 t h a n t h a t 
e x p e c t e d b y s i m p l y add in g t h e n o n - l i n e a r i t i e s o f 

th e i n d i v i d u a l  dy e l a y e r s .  A n a t t e m p t  t o improv e 
th e c o n t r i b u t i o n mad e b y on e o f  th e component s b y 
i n c r e a s i n g i t s dono r  c a p a c i t y wa s u n s u c c e s s f u l , 
p o s s i b l y du e t o poo re r  f i l m q u a l i t y i n th e m o d i f i e d 
m a t e r i a l . 

A s t u d y wa s mad e o f  th e e f f e c t  o n secon d 
harmoni c g e n e r a t i o n i n t e n s i t y f ro m a  monolaye r  o f 
an a c t i v e dy e m a t e r i a l  o f  d i l u t i n g th e dy e w i t h a 
p a s s i v e f a t t y a c i d .  I t  wa s foun d t h a t  a n equ imo la r 
m i x t u r e o f  dy e an d a c i d l e d t o enhancemen t  o f  t h e 
secon d harmoni c s i g n a l  f o r  a l l  comb ina t i on s o f 
i n c i d e n t  an d s i g n a l  p o l a r i s a t i o n s ,  an d f o r  b o t h 
t r a n s m i s s i o n an d r e f l e c t i o n d e t e c t i o n g e o m e t r i e s . 
I n t h e cas e o f  p - p o l a r l s e d i n c i d e n t  an d 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 enhancemen t  ove r 
th e pur e dy e monolaye r  wa s b y b e t t e r  tha n a  f a c t o r 
o f  f o u r .  Th e o r i g i n o f  t h i s phenomeno n i s p r o b a b l y 
i n th e l o c a l  f i e l d s e x p e r i e n c e d b y t h e dy e 
m o l e c u l e s ,  a l t h o u g h som e chang e i n m o l e c u l a r 
o r i e n t a t i o n may a l s o b e a  c o n t r i b u t o r y f a c t o r . 
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