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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

D E V E L O P M E N T S IN T H E F I E L D of nonlinear optics hold promise for 
important applications in optical information processing, telecommunica
tions, and integrated optics. Because of the emergence of this field from 
solid-state physics, in which inorganic semiconductors, insulators, and crys
tals constituted a major part of the scientific base  the early experimental and 
theoretical investigations wer
classes. Particularly importan  recognitio  organi
and polymeric materials with large delocalized 7r-electron systems may 
exhibit extremely large nonlinear responses, in many cases much larger than 
their inorganic counterparts. In addition, the properties of organic or poly
meric materials may be varied to optimize adjunct properties, e.g., mechani
cal, thermal stability, and laser damage threshold, but preserve the electronic 
interactions responsible for the nonlinear optical effect. 

Thin films of organic or polymeric materials with large second-order 
nonlinearities in combination with Si-based electronic circuitry offer the pos
sibility of novel phenomena and devices for laser modulation and deflection, 
information control in optical circuitry, light valves, optical bistability, and 
all optical switches. Other novel processes occurring through the third-order 
nonlinearity such as degenerate four-wave mixing, whereby real-time process
ing of optical fields takes place, may find utility in such diverse fields as 
optical communications and integrated circuit fabrication. Of particular 
importance for conjugated organic systems is the fact that the origin of the 
nonlinear effects is the polarization of the 7r-electron cloud as opposed to 
displacement or rearrangement of nuclear coordinates found in inorganic 
materials. Thus the potential utility of these materials for very high frequency 
application contrasts with the bandwidth limitations of conventional inor
ganic electro-optic materials. 

Although the field of nonlinear optics has traditionally been the strong
hold of the physics and electrical engineering disciplines, if many of the 
potential applications are to be realized materials science and chemistry must 
play a role in its future development. A parallel can be drawn between 
the multidisciplinary effort that has been responsible for the tremendous 
progress in integrated electronic circuitry in recent years, and the need to 
combine the development of nonlinear media with sophisticated physical 
characterization and exploration of new nonlinear phenomena, in order for 
progress to be sustained. 

ix 
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This volume presents the most recent findings of researchers who have 
established the state of the art in preparation and characterization of new 
organic and polymeric nonlinear optical media, and reviews progress in this 
emerging combination of the fields of chemistry and physics. Because of the 
extremely large second and third nonlinear optical responses exhibited by 
conjugated organic systems and the unique ability of organic and polymer 
chemistry to combine electronic functionality with other useful properties, 
the symposium on which this volume is based focused on progress and prob
lems in this segment of the field. An additional aim of this volume is to 
stimulate progress in the design of new materials and fabrication methods 
that could lead to broad technological utility of many important nonlinear 
optical phenomena. 

To introduce the subjec
cepts of nonlinear optics
briefly summarized. In the dipolar approximation, the polarization induced 
in an atom or molecule by an external field Ε can be written as 

Ρ = c r E + β· E E + y · E E E + · · · 

where the vector quantities Ρ and Ε are related by the tensor quantities α, β, 
and 7 , which are often referred to as the polarizability, hyperpolarizability, 
and second hyperpolarizability, respectively. Similarly the polarization in
duced in macroscopic or bulk media can be expressed as 

Ρ = χ ( , ) · Ε + χ ( 2 ) · -EE + χ ( 3 ) · · E E E + · · · 

where the coefficients χ ( 1 ) , χ ( 2 ) , and χ ( 3 ) are similar in meaning to their micro
scopic counterparts. In this formalism the even order tensors β and χ ( 2 ) are 
zero in centrosymmetric media, whereas the odd order tensors do not have 
symmetry restrictions associated with them. The molecular quantities a and 
7 are related to their macroscopic counterparts through summations over the 
number of contributing atoms or molecules per unit volume and are cor
rected for local contributions from neighboring molecular fields. Conversely, 
a molecule with an asymmetric charge distribution and therefore a nonzero β 
may exist in a centrosymmetric crystal or orientationally averaged molecular 
environment such as a liquid or amorphous polymer. Therefore, it may 
exhibit a vanishingly small value of χ ( 2 ) . To determine χ ( 2 ) experimentally, the 
detailed nature of the propagation of the incident field and induced fields in 
the medium of interest must be carefully considered. For instance, conditions 
may exist where orientational averaging may not lead to zero χ ( 2 ) (e.g., when 
the size of a noncentrosymmetric domain in an ensemble of orientationally 
averaged domains approaches or exceeds the wavelength of light). (See 
Chapters 2 and 4). 

χ 
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The nonlinear coefficients are determined by the detailed nature of the 
electronic environment of the medium, its symmetry for even order coeffi
cients, and the exact nature of the interacting field components. For instance, 
molecules and molecular solids with delocalized π systems exhibit much 
larger coefficients than covalently bonded molecules and solids. The ability 
to tailor charge asymmetry, control the enhancement of the nonlinear polari
zation from electronic dispersion, and provide optical transparency in regions 
of the spectrum compatible with useful light sources are convenient tools of 
the physical organic chemist. These factors represent enormous potential for 
designing materials with specific properties for certain applications. For 
example, second harmonic generation, which is often designated by the non
linear coefficient χ ( 2 ) (-2ω,ω,ω), can be extremely efficient in crystals of 
2-methyl-4-nitroaniline. (The argument of χ ( 2 ) indicates that the two inter
acting fields ω produce polarizatio
that the wave vectors of th
cule has a strong intramolecular charge-transfer optical transition in the 
vicinity of 430 nm and crystallizes in a polar space group. Therefore, this 
material is useful for converting 1.06-μηι radiation from a N d 3 + Y A G laser 
to 530 nm. Similarly, linear electro-optic (or Pockets effect) is represented as 
χ ( 2 ) ( ω , ο ,ω), which indicates interaction of the optical and D C field compo
nents. In organic systems these coefficients are very similar in magnitude 
because the polarization of the π system is very insensitive to frequencies 
below that for the first optical transitions. 

The situation for χ ( 3 ) becomes complicated very quickly because the odd 
order coefficients can produce responses at the input frequencies as well as 
resonant effects like two-proton absorption and various Raman active reso
nances. At least 20 different processes occurring through χ ( 3 ) have been 
observed. The extremely large χ ( 3 ) responses found in conjugated organic 
systems and polymers combined with design flexibility of organic and poly
meric materials may lead to important applications in optical information 
and signal processing. 

With the burgeoning of interest in this field, the publication of this book 
is very timely. A n effort was made to include contributions from all the 
major research efforts in the world concerned with the development of 
organic and polymeric materials for nonlinear optical applications. The 
chapters in this book serve as a comprehensive view of the state of the art in 
this field, yet sufficient introductory and review material is included to render 
it useful for researchers interested in entering this field. 

D A V I D J. W I L L I A M S 

Eastman Kodak Research Center 
Rochester, NY 

July 1983 

xi 
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1 
Molecular Optics: Nonlinear Optical Properties 
of Organic and Polymeric Crystals 

A. F. GARITO, K. D. SINGER1, and C. C. T E N G 

University of Pennsylvania, Department of Physics and Laboratory for Research on the 
Structure of Matter, Philadelphia, PA 19104 

Studies of the basic physics of nonlinear second 
order optical processes in solids remain critically 
important to the f i e l d of nonlinear optics and to 
further advances in telecommunications technologies. 
This fact receives continued emphasis today in 
problems of current interest such as phase conjugation 
and op t i ca l bistability. Research activities have 
centered on second order optical processes occurring 
in inorganic die lectr ic insulators and semiconductors 
primarily because of the important scientific 
achievements and resultant large body of avai lable 
information from earl ier studies of piezoelectric and 
ferroelectric properties and semiconductor transport. 
Consequently, nearly all of the nonlinear op t i ca l 
materials widely under study are inorganic so l id s . 
Recently, however, much interes t has focused on 
organic and polymeric solids basically due to their 
except ional ly large nonlinear second order o p t i c a l 
properties and the promise of virtually unl imited 
numbers of crystal l ine structures.(1-9) 

This art ic le by its nature is limited to a brief 
summary of recent developments in the authors' 
research on fundamental studies of nonlinear second 
order o p t i c a l properties of organic and polymeric 
crys ta l s and f i lms . In p a r t i c u l a r , we describe 
several important results from these studies that have 
systematically led to microscopic understanding of the 
nature of the e lec t ronic states and o r i g i n of the 
large nonlinear optical responses in organic solids 
and c r y s t a l l i n e polymers while reporting recent 
progress in on-going studies of polymers. 

1 Current address: Western Electric Laboratories, Princeton, ΝJ 08540. 
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2 N O N L I N E A R O P T I C A L PROPERTIES 

S e c o n d H a r m o n i c G e n e r a t i o n and L i n e a r E l e c t r o o p t i c 
E f f e c t i n S o l i d s 

N o n l i n e a r second o r d e r o p t i c a l p r o p e r t i e s such as 
second h a r m o n i c g e n e r a t i o n 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 a r i s e f r o m t h e f i r s t n o n - l i n e a r t e r m i n the 
c o n s t i t u t i v e r e l a t i o n f o r the p o l a r i z a t i o n P ( t ) of a 
medium i n an a p p l i e d e l e c t r i c f i e l d E ( t ) = Ε cos (.Jt. 

P ( t ) = ε 0 χ ( 1 ) E ( t ) + e 0 ) C ( 2 ) E 2 ( t ) + ε ^ χ ( 3 ) E 3 ( t ) + 

The f i r s t and t h i r d o r d e r t erms i n odd powers of the 
a p p l i e d e l e c t r i c f i e l d are p r e s e n t f o r a l l m a t e r i a l s . 
I n the s e c o n d o r d e r t e r m , a p o l a r i z a t i o n i s i n d u c e d 
p r o p o r t i o n a l to t h e s q u a r e o f t h e a p p l i e d e l e c t r i c 
f i e l d , a n d t h e . n o n l i n e a
s u s c e p t i b i l i t y X '
v a n i s h i n c r y s t a l s t h a t p o s s e s s a c e n t e r of symmetry . 
I n a d d i t i o n to t h e no ne e n t r ο s y m m e t r i c s t r u c t u r e , 
e f f i c i e n t second h a r m o n i c g e n e r a t i o n r e q u i r e s c r y s t a l s 
to p o s s e s s p r o p a g a t i o n d i r e c t i o n s where the c r y s t a l 
b i r e f r i n g e n c e c a n c e l s the n a t u r a l d i s p e r s i o n l e a d i n g 
to phase m a t c h i n g . 

F o r c r y s t a l l i n e s o l i d s , c o m p a r a t i v e q u a n t i t i e s 
f o r s e c o n d h a r m o n i c g e n e r a t i o n a n d t h e 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 are g i v e n by M i l l e r ' s d e l t a 
a n d t h e 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 . T h e 
q u a n t i t y 6 i s d e f i n e d by the r e l a t i o n 

* i j i c - ^ ψ χ ^ * i j k (2) 

where t erms such as ^ i ^ a r e the l i n e a r s u s c e p t i b i l i t y 
component s , and d ^ ^ , the second h a r m o n i c c o e f f i c i e n t , 
i s d e f i n e d t h r o u g h 

X i j k ( - 2 ω 5 ω , ω ) = 2 d i j k ( - 2 0 ) ; ω , ω ) ( 3 ) 

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 i s d e f i n e d by the 
e x p r e s s i o n 

r i j k = e o ( £ k - 1 ) f i j k (4 ) 

w h e r e ε ^ i s t h e d i e l e c t r i c c o n s t a n t , and r i j k > t h e 
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 , i s d e f i n e d as 

X i ( f k ( - ω * ω , 0) = 1/2 i ^ f n ^ r ^ ( _ ω ; ω , 0 ) (5) 

where n ^ i s the index of r e f r a c t i o n . 
F i g u r e 1 shows t h e s t a n d a r d q u a n t i t i e s f o r 

s e l e c t e d o r g a n i c and p o l y m e r i c examples whose δ and f 
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1. G A R I T O ET A L . Molecular Optics 3 

+ 1000 

MNA 

m-Ν A", MAP 

POM 

LiNbO^ 

K D P , 
C d S 7 * 

a - QUARTZ 

GaAs 

1000-

100 ORGANIC S O L I D S 100-

4 MNA 

m - N A 

10 10-

L i I 0 3 ' ι 

A D P - j D I E L E C T R I C I N S U L A T O R S 
a 

S E M I C O N D U C T O R S 

8 ( 1 0 " 2 m 2 /C ) 

L i N b 0 3 

f L i I 0 3 

i> KDP 

4 C d S 

ADPiGoAs 

f ( l ô W c ) 

Figure 1. Comparative quantities for selected tensor components of second harmonic 
generation (left) and the linear electro-optic effect (right) (measured at 1.06 μm wave
length). (The strain free quantity, f, was measured at 0.633 μm wavelength except in the 
case of GaAs which was measured at - 0.9 μm). (Reproduced with permission from 

Ref. 8. Copyright 1982, Laser Focus.) 
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4 N O N L I N E A R O P T I C A L PROPERTIES 

s u s c e p t i b i l i t y x { 2 ] ( - ω ; ω, θ ) o f 540 +_ 100 χ 1 0 " 1 2 

m / V . The f i n d i n g t h a t t h e e l e c t r o n i c c o n t r i b u t i o n 
d o m i n a t e s the f r e q u e n c y r a n g e f r o m z e r o to o p t i c a l 
f r e q u e n c i e s has a l s o b e e n r e p o r t e d i n o t h e r o r g a n i c 
m o l e c u l a r s o l i d s and a p p e a r s to be a p r o p e r t y common 
to o p t i c a l l y n o n l i n e a r o r g a n i c s o l i d s . T h i s i s an 
o u t s t a n d i n g p r o p e r t y i n o t h e r r e s p e c t s i n t h a t s u c h 
e l e c t r o n i c e x c i t a t i o n s p r o v i d e e x t r e m e l y f a s t 
i n t r i n s i c s w i t c h i n g t i m e s of o r d e r 1 0 " ^ s e c o n d s . 

T h e 7 T - e l e c t r o n e x c i t a t i o n s a r e v i e w e d as 
o c c u r i n g on m o l e c u l a r s i t e s w e a k l y c o u p l e d to t h e i r 
n e i g b o r s and p r o v i d i n g s o u r c e s o f n o n l i n e a r o p t i c a l 
r e s p o n s e t h r o u g h the o n - s i t e m i c r o s c o p i c second o r d e r 
n o n l i n e a r e l e c t r o n i c s u s c e p t i b i l i t y ^j. j k (-ω^? ω ι > Ω 2) ' 
I n s e c o n d o r d e r p e r t u r b â t î ô n ^ h e o r y w i t h t h e 
p e r t u r b i n g H a m i l t o n i a
the f u n d a m e n t a l an
e l e c t r o n i c r e s o n a n c e s but w e l l above v i b r a t i o n a l and 
r o t a t i o n a l modes, can be e x p r e s s e d as 

~ 4 Ï 7 [ £ ' < r « / V » ' » V " * + r " ' * '"'"'^((uv, - ω)(ω„ +ω) + ( α ν , +ω)(ω„ - ω)) 
n*g 

+ {τ„.'τΛ.Λ'τ„" + ^ . . ν . . Λ „ ' ) ( Κ ΐ ί +2ω){ωηι +ω) + ̂  _ 2J)(We _ ω)) (6) 

+ 4Σ[^„ν„*Δ^;(ω„/ - 4ω 2) +r„l(r„'u>rn> + r j l r ^ j +2ω 2)] 

η 
1 

Κ / - ω 2 ) Κ , 2 - 4 ω * ) 
where summat ions are over c o m p l e t e s e t s o f e i g e n s t a t e s 
< n | a n d < n ' J o f . t h e u n p e r t u r b e d s y s t e m , v \ n

 = 

< n | r 1 ! n , > , A r £ = r ^ n - r ^ , and h ω n g the d i f f e r e n c e 
between e x c i t e d and grouna s t a t e e n e r g i e s . 

T h u s , s i n c e i n t r a m o l e c u l a r b o n d i n g i n t e r a c t i o n s 
i n the s o l i d are much s t r o n g e r than r e l a t i v e l y weak 
i n t e r m o l e c u l a r v a n d e r W a a l s i n t e r a c t i o n s , e a c h 
m o l e c u l a r u n i t i s e s s e n t i a l l y an i n d e p e n d e n t s o u r c e of 
n o n l i n e a r r e s p o n s e , a r r a y e d i n an a c e n t r i c c y s t a l 
s t r u c t u r e , and c o u p l e d to i t s n e i g h b o r s m a i n l y t h r o u g h 
w e a k l o c a l f i e l d s . I n t h e r i g i d l a t t i c e . g a s 
a p p r o x i m a t i o n , the m a c r o s c o p i c s u s c e p t i b i l i t y X^ 2 ' i s 
e x p r e s s e d as 

Xi2oU-^' "ι >Ω2> =Nf ω 3 Γ ω 2 f W L < 3 I J K ( - W 3 ; u> 1 f ω 2 ) > (7 ) 
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1. G A R I T O ET A L . Molecular Optics 5 

v a l u e s a r e o r d e r s o f m a g n i t u d e l a r g e r t h a n t h o s e o f 
c o m m m o n 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 a n d 
s e m i c o n d u c t o r s ( 9 ) . T h e δ a n d f v a l u e s f o r t h e 
i n o r g a n i c m a t e r i a l s l i e w i t h i n a f a c t o r o f two o f 
t h e i r r e s p e c t i v e mean v a l u e s . I n c o n t r a s t , the 
o r g a n i c s o l i d MNA, f o r e x a m p l e , p o s s e s s e s δ and f 
v a l u e s 50 t i m e s l a r g e r than those of KDP. 

In each c a s e , the m a j o r p o l a r i z a b l e medium i n the 
o r g a n i c m o l e c u l a r s o l i d s and c o n j u g a t e d p o l y m e r s i s 
the T T - e l e c t r o n s y s t e m , and the o r i g i n of the u n u s a l l y 
l a r g e v a l u e s of δ and f, or e q u i v a l e n t l y x' 2 ^, l i e s i n 
t h e e x c i t e d π - 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 t h o s e 
p o s s e s s i n g l a r g e c h a r g e c o r r e l a t i o n s as w i l l be 
d e s c r i b e d b e l o w . I n g e n e r a l , IT - e l e c t r o n s y s t e m s 
e x h i b i t o p t i c a l e x c i t a t i o n s i n the near u l t r a v i o l e t
and o p t i c a l t r a n s p a r e n c
i n f r a r e d r e g i o n s , l e a d i n
the range 1.6 - 2 . 

( ? ) 
0__r i_g__i η o_f_ X K J a n d t_h__e S_ e_ c_ o_n._d 0_£d_ _ejr Ν j) nj^ i_ η J5 a.£ 
E l e c t r o n i c S u s c e p t i b i l i t y 3. 

O r g a n i c m o l e c u l a r u n i t s and c o n j u g a t e d p o l y m e r 
c h a i n s p o s s e s s i n g τ τ - e l e c t r o n sy s t ems u s u a l l y form as 
c e n t r o s y m m e t r i c s t r u c t u r e s and t h u s , i n the e l e c t r i c 
d i p o l e a p p r o x i m a t i o n , w o u l d n o t show any n o n l i n e a r 
s e c o n d o r d e r o p t i c a l p r o p e r t i e s . The n e c e s s a r y 
a c e n t r i c s t r u c t u r e may be p r o v i d e d by f i r s t d i s t o r t i n g 
the τι - e l e c t r o n s y s t e m by i n t e r a c t i o n w i t h s t r o n g 
e l e c t r o n donor and a c c e p t o r g r o u p s . The case of MNA, 
whose x - r a y d e t e r m i n e d m o l e c u l a r s t r u c t u r e i s shown i n 
F i g u r e 2 , s e r v e s as an i m p o r t a n t e xa m ρ 1 e ( 1 , 2 ) . I n 
t h i s s y s t e m , the benzene r i n g i s s u b s t i t u t e d by amine 
(NH2) and m e t h y l (CH^) donor groups and o p p o s i t e l y by 
a n i t r o (NO2) a c c e p t o r g r o u p . The r e s u l t a n t m o l e c u l a r 
g r o u n d s t a t e d i p o l e moment ( 6 . 9 4 D) p o i n t s n e a r l y 
a x i a l l y a c r o s s the r i n g from the N H 2 to the N 0 2 g r o u p . 
MNA c r y s t a l l i z e s i n t h e s o l i d s t a t e i n a h i g h l y 
a c e n t r i c m o n o c l i n i c (C ) s t r u c t u r e . X - r a y s t u d i e s 
r e v e a l a u n i q u e p r o j e c t i o n ( F i g u r e 3) a l o n g t h e 
c r y s t a l p o l a r a x i s where i n d i v i d u a l m i c r o s c o p i c d i p o l e 
moments o f the m o l e c u l a r u n i t s are a l l a l i g n e d a l o n g 
the p o l a r a x i s . I t i s t h i s s i n g l e p o l a r o r i e n t a t i o n 
t h a t i s p r i n c i p a l l y r e s p o n s i b l e f o r the e x c e p t i o n a l l y 
l a r g e δ and f v a l u e s of MNA(_2). 

The dominance o f the π - e l e c t r o n e x c i t a t i o n s i n 
MNA i s d e m o n s t r a t e d by the e x p e r i m e n t a l f i n d i n g t h a t 
a l o n g t h e p o l a r , a x i s t h e s e c o n d h a r m o n i c 
s u s c e p t i b i l i t y x f Π ( - 2 ω ; ω , ω ) of 5 0 0 _+ 125 x 1 0 ~ 1 2 

m / V i s t h e same as t h e l i n e a r e l e c t r o o p t i c 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
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Figure 3. Projection showing the independent molecular units of the crystallographic 
unit cell of MNA down the polar axis (2). 
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where Ν i s the number of s i t e s per u n i t vo lume and 
f^01 r e p r e s e n t s l o c a l f i e l d c o r r e c t i o n s . T h u s , u n l i k e 
i n o r g a n i c s e m i c o n d u c t o r s and d i e l e c t r i c i n s u l a t o r s , 
the p r o b l e m of . u n d e r s t a n d i n g the o r i g i n of the l a r g e 
m a c r o s c o p i c X> ' i s r e d u c e d to e x p e r i m e n t a l and 
t h e o r e t i c a l s t u d i e s o f the c o r r e s p o n d i n g m i c r o s c o p i c 
3 o f s i n g l e m o l e c u l a r u n i t s , or p o l y m e r c h a i n s , 
c o m p r i s i n g t h e o p t i c a l l y n o n l i n e a r o r g a n i c s o l i d . 
Such s t u d i e s are i l l u s t r a t e d i n the next s e c t i o n s . 

DC Induced Second H a r m o n i c G e n e r a t i o n 

T h e v a l u e o f 3 a n d i t s d i s p e r s i o n f o r a 
m o l e c u l e , o r p o l y m e r c h a i n , c a n be e x p e r i m e n t a l l y 
d e t e r m i n e d by DC i n d u c e d second h a r m o n i c g e n e r a t i o n 
(DCSHG) measurement
e x p e r i m e n t a l a r r a n g e m e n
E ° to remove the n a t u r a l c e n t e r of i n v e r s i o n symmetry 
of the s o l u t i o n i s d e s c r i b e d i n F i g u r e 4 . The second 
h a r m o n i c p o l a r i z a t i o n of the s o l u t i o n i s e x p r e s s e d as 

( β ) 

where the p r o d u c t Γ ^ ^ ι ^ ι of the t h i r d o r d e r n o n l i n e a r 
o g t i c a l s u s c e p t i b l i t y o f the s o l u t i o n and the DC f i e l d 

a c t s a s ,a j i e f f e c t i v e s e c o n d h a r m o n i c 
s u s c e p t i b i l i t y ( - 2 ω ; ω , ω ). c o n t a i n s ^ i i k 
and the s m a l l e r m i c r o s c o p i c t h i r d o r d e r s u s c e p t i b i l i t y 

Y j i k l f o r e l e c t r o n i c e x c i t a t i o n s and the h y p e r Raman 
e f f e c t . A f t e r s t a t i s t i c a l a v e r a g i n g over the l i q u i d 
and w i t h a l l e l e c t r i c f i e l d s a l i g n e d p a r a l l e l , ^ i j k i 
i s g i v e n by 

Γ 1 ι η . H f o ( f » ) 2 f 2 « ( Y . | u j ( 9 ) 

D 

and 

Bus 1 / 3 u ^ v ( 2 B u u v y v + 3 u v v y u ) 

Ύ £ 1 / 1 5 u , v ( 2 Y u u v V + Y u v v J 
w h e r e 3 i s the m o l e c u l a r s e c o n d o r d e r n o n l i n e a r 
o p t i c a l s u s c e p t i b i l i t y , y the m o l e c u l a r d i p o l e moment; 
and Ύ the t h i r d o r d e r s u s c e p t i b i l i t y w i t h γ << 3 p / k g T , 
and f are q u a n t i t i e s l o c a l f i e l d f a c t o r s . 

F o r d i l u t e s o l u t i o n s of the m o l e c u l e d i s s o l v e d i n 
a s u i t a b l e s o l v e n t , t h e DC i n d u c e d s e c o n d h a r m o n i c 
s u s c e p t i b i l i t y Γ ̂  i s a c o m b i n a t i o n o f t h e 
s u s c e p t i b i l i t i e s T q and Γ ̂  f r o m t h e s o l v e n t and 
s o l u t e , r e s p e c t i v e l y , 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
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Γ = Γ + Γ 
L ο 1 

" ( N o F o β χ ο μ ο + N 1 P 1 β χ 1 P l ) 1 / 5 k B T ( 1 0 ) 

where i s the n u m b e r d e n s i t y and the l o c a l f i e l d 
f a c t o r s Έ± = ΐ?ΐψ (f±)2. To m i n i m i z e s o l u t e - s o l u t e 
i n t e r a c t i o n s , 3 X - | i s o b t a i n e d i n t h e i n f i n i t e 
d i l u t i o n l i m i t u s i n g O n s a g e r l o c a l f i e l d 
c o r r e c t i o n s ( 9_) 

( 2 ε 0 + n 2

l ) { 2 n 2

o + η*) \ J y ^ + γ a v 

(n? + 2 ) 4 η 6 ε 1 ° 3 w ' ° ° 3 w 

1 ο ο 

a n 2 λ / 1 
ν Γ 

ο ο Ό ' ο \ η*" 3w / \ ε 

χ ! μ 1 

5 k ï 
( H ) 

w h e r e ε ^ i s t h e s t a t i c d i e l e c t r i c c o n s t a n t , v^ 
s p e c i f i c v o l u m e , n^ r e f r a c t i v e i n d e x , M m o l e c u l a r 
w e i g h t and w w e i g h t f r a c t i o n . Data f o r p - n i t r o a n i l i n e 
(PNA) d i s s o l v e d i n d i o x a n e a r e g i v e n i n F i g u r e 5 to 
i l l u s t r a t e e x t r a p o l a t i o n of v a l u e s to the i n f i n i t e 
d i l u t i o n l i m i t . 

The i n t r i n s i c v a l u e f o r i s o b t a i n e d by then 
a c c o u n t i n g f o r d i p o l e - d i p o l e i n t e r a c t i o n s between the 
s o l u t e and s o l v e n t . The dominant e f f e c t i s a s h i f t i n 
the e x c i t a t i o n e n e r g y ft ω n g 0 ^ ^ e s o l u t e m o l e c u l e 
c a u s e d by c h a n g e s i n the g r o u n d and e x c i t e d s t a t e 
d i p o l e moments o f the s o l u t e m o l e c u l e 

- f ( n ) / 2 2x 
n g " f a T n " P g ( 1 2 ) 

w h e r e a i s t h e c a v i t y r a d i u s c o n t a i n i n g the s o l v e n t 
m o l e c u l e , f ( n ) a s t a n d a r d f u n c t i o n o f the s o l v e n t 
r e f r a c t i v e i n d e x , and = -e ν \ ± · As shown i n 
e q u a t i o n 6 , t h e e x c i t a t i o n e n e r g y ft ω n g i s an 
i m p o r t a n t f a c t o r d e t e r m i n i n g the m a g n i t u d e of 3 and 
c o r r e s p o n d i n g l y i t s d i s p e r s i o n , e s p e c i a l l y f o r near 
r e s o n a n t r e s p o n s e s . The f u n d a m e n t a l c a s e PNA i s 
d i s c u s s e d as an i l l u s t r a t i o n i n the next s e c t i o n . 
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ι L ι ι 

Figure 4. The sample cell arrangement in the DCSHG experiment, where the sample 
solution was inserted between two glass slips (top), and the optical design for the 
DCSHG dispersion experiment, where the compressed H2gas medium was pumped by a 
tunable pulsed dye laser source for Stokes generation by stimulated Raman scattering 
(bottom). (E° is the static electric field.) Key: Pj-P^, beam guiding prisms; Py Stokes 
selecting prism; LrL10, focusing lens; F-Fy optical filters; M, monochromator; T}-T4, 
translational stages on which the sample cell is positioned; R, reference quartz crystal; 
and PMTj and PMT2, broad bandphotomultiplier tubes. (Reproduced with permission 

from Ref 12. Copyright 1983, Phys. Rev. Lett.j 

w, W E I G H T F R A C T I O N (1Q 3) 

Figure 5. Typical data points of Γ, vs. w in the extrapolation procedure for PNA 
dissolved in dioxane (λ - 1.06 μm). (Reproduced with permission from Ref. 12. 

Copyright 1983, Phys. Rev. Lett.J 
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T h e o r e t i c a l C a l c u l a t i o n s o f 3 and Charge C o r r e l a t e d ττ 
E l e c t r o n S t a t e s 

T h e v a l u e o f 3 a n d i t s d i s p e r s i o n c a n be 
t h e o r e t i c a l l y c a l c u l a t e d from e q u a t i o n 6, p r o v i d e d a 
c o m p l e t e s e t o f e l e c t r o n s t a t e s o f t h e s y s t e m i s 
known. Such quantum m e c h a n i c a l c a l c u l a t i o n s have been 
d e v e l o p e d b a s e d on m o l e c u l a r H a r t r e e - F o c k t h e o r y 
i n c l u d i n g c o n f i g u r a t i o n i n t e r a c tions(j_3_). A d e t a i l e d 
t h e o r e t i c a l a n a l y s i s o f 3 a n d c o n t r i b u t i n g ^ -
e l e c t r o n s t a t e s h a s b e e n p r e s e n t e d f o r s e v e r a l 
i m p o r t a n t m o l e c u l a r s t r u c t u r e s . 

The f u n d a m e n t a l l y i m p o r t a n t case p - n i t r o a n i 1 i n e 
(PNA), the h i g h symmetry p a r e n t m o l e c u l a r u n i t of MNA, 
p r e s e n t s an e x c e l l e n t example f o r b o t h e x p e r i m e n t a l 
m e t h o d o l o g y and t h e o r e t i c a
symmetry f o r PNA an
measured p r i n c i p a l component 3 χ i s g i v e n by 

3 = 3 + 1 / 3 Γ 3 + 3 + 2 3 + 2 3 1 χ xxx ' ^ L χ y y χ ζ ζ y y χ ζ ζ χ J 

where the χ d i r e c t i o n i s a l o n g the m o l e c u l a r d i p o l e 
a x i s . 

The se 1 f - c ο n s i s t e η t f i e l d c a l c u l a t i o n s ( V 3 ) a r e 
c a r e f u l l y g u i d e d by e x p e r i m e n t t h r o u g h the f o l l o w i n g 
t h r e e s t ep p r o c e d u r e : (1) d e t e r m i n a t i o n of the many-
body e l e c t r o n i c ground s t a t e of the m o l e c u l a r sy s t em 
as an a n t i s y m m et r i ζ e d p r o d u c t o f the o n e - e l e c t r o n 
e i g e n f u n e t i o n s o l u t i o n s of the H a r t r e e - F o c k e q u a t i o n 
u s i n g an a l l v a l e n c e e l e c t r o n s e m i e m ρ i r i c a 1 
p a r a m e t e r i z a t i o n . The s o l u t i o n s are d i r e c t l y compared 
to gas phase e x p e r i m e n t a l p h o t o e m i s s i o n r e s u l t s ; ( 2 ) 
a c c o u n t i n g f o r c o r r e l a t i o n s by a c o n f i g u r a t i o n 
i n t e r a c t i o n ( C l ) c a l c u l a t i o n s to f o r m the l o w e s t 
energy e x c i t e d s t a t e s and t r a n s i t i o n moments o f the 
m o l e c u l e . These r e s u l t s are v e r i f i e d by c o m p a r i s o n of 
c a l c u l a t e d e n e r g i e s and o s c i l l a t o r s t r e n g t h s w i t h gas 
p h a s e s i n g 1 e t - s i n g 1 e t e x c i t a t i o n s p e c t r a ; and (3) 
c a l c u l a t i o n o f the t e n s o r components o f the m o l e c u l a r 
s e c o n d - o r d e r o p t i c a l s u s c e p t i b i l i t y u s i n g 
p e r t u r b a t i o n t h e o r y . 

The c o n f i g u r a t i o n i n t e r a c t i o n c a l c u l a t i o n s u s i n g 
the PNA s i n g l e t e x c i t e d s t a t e s ( 4 .2 , 4 .37, 4-38, 5.57, 
6 . 1 7 , 6 . 6 3 , 6 . 8 0 , 7 . 0 6 , 7 .49 eV) showed t h a t the 
measured 3 v a l u e i s d o m i n a t e d by v i r t u a l e x c i t a t i o n s 
to a h i g h l y c h a r g e c o r r e l a t e d τ ί - e l e c t r o n e x c i t e d 
s t a t e at fi Q ) n g o f 4*37 eV c o r r e s p o n d i n g to the f i r s t 
m a j o r t r a n s i t i o n i n the s i n g 1 e t - s i n g 1 e t e x c i t a t i o n 
s p e c t r u m o f PNA. T h i s many body e x c i t e d s t a t e i s 
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c o m p o s e d m a i n l y o f an A 1 c o n f i g u r a t i o n i n w h i c h an 
e l e c t r o n i s promoted from the h i g h e s t energy s i n g l e 
e l e c t r o n o r b i t a l o c c u p i e d i n the ground s t a t e to the 
l o w e s t e n e r g y s i n g l e e l e c t r o n o r b i t a l t h a t i s 
u n o c c u p i e d i n t h e g r o u n d s t a t e . The c o r r e s p o n d i n g 
e l e c t r o n d e n s i t y c o n t o u r d i a g r a m s are shown i n F i g u r e 
6 ( 1 3 ) . 

The many body e x c i t e d s t a t e c l e a r l y d e m o n s t r a t e s 
t h e t r a n s f e r o f e l e c t r o n d e n s i t y f r o m t h e r e g i o n o f 
t h e d o n o r g r o u p a c r o s s t h e r i n g to the NO2 
a c c e p t o r group and i t s n e i g h b o r i n g s i t e s , g i v i n g the 
e x c i t e d s t a t e a h i g h l y charge c o r r e l a t e d n a t u r e a l o n g 
t h e p o l a r X a x i s o f t h e m o l e c u l e . The c h a n g e i n 
d i p o l e moment of the e x c i t e d s t a t e w i t h r e s p e c t to the 
ground s t a t e -e Δ τ χ was c a l c u l a t e d to be 5.8D  and the 
t r a n s i t i o n d i p o l e
e x c i t a t i o n s to t h i
m a g n i t u d e o f 3 X o f PNA as w e l l as d e t e r m i n e i t s 
p o s i t i v e s i g n . 

The f r e q u e n c y d e p e n d e n t t h e o r e t i c a l gas p h a s e 
v a l u e 3 | and t h e e x p e r i m e n t a l v a l u e s β ® χ Ρ i n t h e 
i n f i n i t e d i l u t i o n l i m i t f o r PNA and MNA i n d i o x a n e 
a r e l i s t e d i n T a b l e 1 f o r s e v e r a l e x p e r i m e n t a l 
f u n d a m e n t a l f r equenc i e s (j_2). The d i s p e r s i o n of 3 χ

χ ρ 

f o r PNA i n d i o x a n e i s p l o t t e d i n F i g u r e 7· As t h e 
f u n d a m e n t a l f r e q u e n c y i s i n c r e a s e d , 3 χ

χ Ρ f o r PNA 
r a p i d l y i n c r e a s e s s m o o t h l y as 2 ω a p p r o a c h e s t h e 
e x c i t a t i o n f r e q u e n c y ( ω ~ 3 · 5 e V / f i ) w h i c h i s the 
f i r s t m a j o r o p t i c a l a b s o r p t i o n peak o f PNA i n d i o x a n e 
c o r r e s p o n d i n g to e x c i t a t i o n s to the i m p o r t a n t second 
e x c i t e d s t a t e . The d a t a f o r MNA show t h e same 
b e h a v i o r . 

The d i f f e r e n c e b e t w e e n the e x p e r i m e n t a l 3 χ

χ ρ 

v a l u e s and c a l c u l a t e d gas p h a s e 3 f r e s u l t s f o r PNA 
( T a b l e I ) i s due to t h e so l u t e - s o l v e n t i n t e r a c t i o n s 
t h a t r e s u l t i n s o l v e n t i n d u c e d s h i f t s o f the s i n g l e t -
s i n g l e t e x c i t a t i o n e n e r g i e s r e a d i l y o b s e r v a b l e i n 
s o l u t i o n a b s o r p t i o n s p e c t r a ( j_2). As e x p r e s s e d i n 
e q u a t i o n 12, the s h i f t i n the e x c i t a t i o n energy 
(ft ω ) i s caused by changes i n the d i f f e r e n c e between 
the PNA ground and e x c i t e d s t a t e d i p o l e moments w h i c h 
i n t u r n i s an i m p o r t a n t q u a n t i t y d e t e r m i n i n g t h e 
magn i tude of 

The m e a s u r e d s h i f t s i n t h e s i n g 1 e t - s i n g 1 e t 
e x c i t a t i o n s p e c t r u m of PNA i n d i o x a n e p r o v i d e a new 
s e t o f s t a t e e n e r g i e s . T h e s e e n e r g i e s were u s e d i n 
e q u a t i o n 6 to y i e l d t h e c a l c u l a t e d d i s p e r s i o n c u r v e 
( s o l i d l i n e ) s h o w n i n F i g u r e 7 ( i j O · W i t h i n 
e x p e r i m e n t a l e r r o r , the agreement between e x p e r i m e n t 
and t h e o r y i s q u i t e s a t i s f a c t o r y . The r e s u l t s f o r the 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



12 N O N L I N E A R O P T I C A L PROPERTIES 

Figure 6. The contour diagrams of the highest occupied (bottom) and the lowest 
unoccupied (top) molecular orbitals for PNA. (Reproduced with permission from Ref 

13. Copyright 1979, Phys. Rev.j 

Table I. Experimental and Gas Phase Theoretical β values of 
PNA and MNA. X 

λ(μπι) *GXeV) / 3 e x p(10" 3°esu) β G X p ( 10"3"esu) β β (10" 3°esu) 
X PNA X MNA X PNA 

1.907 0.650 9.6 + 0.5 9.5 + 0.5 5.7 
1.370 0.905 11.8 + 0.3 12.8 + 0.5 6.4 
1.060 1.170 16.9 + 0.4 16.7 + 0.5 7.7 
0.909 1.364 25 + 1.0 27 + 1 9.2 
0.830 1.494 40+3.0 45 + 4 10.7 

8̂ ^ X^ : Experimental value in dioxane. 

β ° : Gas phase calculated value from Ref. 13. 
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l o w e r symmetry f o r MNA are v i r t u a l l y the same. T h i s 
a g r e e m e n t d e m o n s t r a t e s t h a t t h e t h e o r e t i c a l 
m i c r o s c o p i c m e c h a n i s m i s e s s e n t i a l l y c o r r e c t i n 
d e s c r i b i n g t h e o r i g i n o f t h e l a r g e s e c o n d o r d e r 
n o n l i n e a r o p t i c a l r e s p o n s e of o r g a n i c s t r u c t u r e s i n 
t erms of h i g h l y charge c o r r e l a t e d τ τ - e l e c t r o n s t a t e s . 
T h e r e are no a n a l o g s t a t e s i n i n o r g a n i c s e m i c o n d u c t o r s 
and d i e l e c t r i c i n s u l a t o r s . 

I n r e f e r e n c e to F i g u r e 3 f o r MNA c r y s t a l s , t h e 
p o l a r a x e s o f t h e i n d i v i d u a l m o l e c u l a r s i t e s a r e 
a l i g n e d w i t h one a n o t h e r a l o n g the c r y s t a l p o l a r a x i s . 
The m i c r o s c o p i c co m ,n Q n e n t s β χ add r e s u l t i n g i n t h e 
l a r g e m a c r o s c o p i c X^f] f o l l o w i n g e q u a t i o n 7. 

D i s u b s t i t u t e d D i a c e t y l e n  S i n g l  C r y s t a l P o l y m e r

O p t i c a l l y n o n l i n e a  s i n g l  c r y s t a  p o l y m e r
p o s s e s s i n g t h r e e d i m e n s i o n a l l o n g range o r d e r can be 
formed by i r r e v e r s i b l e t o p o t a t i c or l a t t i c e c o n t r o l l e d 
p o l y m e r i z a t i o n of d i s u b s t i t u t e d d i a c e t y l e n e monomers 
i n the s o l i d s t a t e ( 8 , 1 4 ) . An i l l u s t r a t i o n o f t h i s 
p r o c e s s i s g i v e n i n F i g u r e 8. As shown, d i s u b s t i t u t e d 
d i a c e t y l e n e monomer u n i t s c r y s t a l l i z e as l i n e a r 
a r r a y s , where R and R' r e p r e s e n t o p t i c a l l y n o n l i n e a r , 
a c e n t r i c o r g a n i c s u b s t i t u e n t s . The p o l y m e r i z a t i o n 
r e a c t i o n can be i n i t i a t e d by t h e r m a l a n n e a l i n g , uv , x-
r a y or e l e c t r o n beam i r r a d i a t i o n , and i n some c a s e s , 
even m e c h a n i c a l l y , f o r m i n g t h r e e d i m e n s i o n a l l y l o n g 
range o r d e r e d c r y s t a l l i n e p o l y m e r c h a i n s i n a t r a n s -
p l a n a r c o n f i g u r a t i o n . 

An i m p o r t a n t e x a m p l e o f t h e s o l i d s t a t e 
p o l y m e r i z a t i o n of d i s u b s t i t u t e d d i a c e t y l e n e s i s 1 ,6-
b i s ( 2 , 4 - d i n i t r o - p h e n o x y ) - 2 , 4 - h e x a d i y n e (DNP) shown i n 
F i g u r e 9 · DNP i s u n i q u e among known d i a c e t y l e n e s 
i n t h a t i t p o l y m e r i z e s i n the s o l i d s t a t e by t h e r m a l 
a n n e a l i n g b u t n o t u n d e r o r d i n a r y x - r a y c o n d i t i o n s , 
t h u s a l l o w i n g f o r t h e f i r s t t i m e d i r e c t x - r a y 
d e t e r m i n a t i o n s o f the d i a c e t y l e n e monomer ( F i g u r e 9) 
as w e l l as p o l y m e r ( F i g u r e 10) s t r u c t u r e s . As shown 
i n F i g u r e 1 1 , the t h e r m a l p o l y m e r i z a t i o n o f DNP s i n g l e 
c r y s t a l s e x h i b i t s an i n d u c t i o n p e r i o d d u r i n g w h i c h 
p o l y m e r i z a t i o n i s s l o w , f o l l o w e d by an a u t o c a t a l y t i c 
p o l y m e r i z a t i o n r e g i m e i n w h i c h a p p a r e n t f i r s t o r d e r 
k i n e t i c s a r e o b e y e d ( Jj_ 5̂ ) · T h e m e a s u r e d h e a t o f 
p o l y m e r i z a t i o n - Δ H p i s 134.7 6 k J / m o l e (32.5 1.5 
k c a l / m o l e ) d e m o n s t r a t i n g t h a t t h e p r e f e r r e d 
t h e r m o d y n a m i c ground s t a t e i n the s o l i d i s i n d e e d the 
p o l y m e r s t r u c t u r e . 

DNP p r o v i d e d the f i r s t s u c c e s s f u l example of the 
s y s t e m a t i c d e s i g n and s y n t h e s i s o f h i g h l y n o n l i n e a r 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
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Figure 7 Frequency dependence of βχ/or PNA. Key: +, experimental βχχρ data points; 
and—, theoretical β χ

ά curve accounting for solvent shift effect. Measured and calculated 
values agree even better than in Reference 12 due to the further refinements described in 

Reference 12. 

Radical 

Monomer Intermediate Polymer 

Figure 8. Solid-state polymerization of diacetylenes. A crystalline array of monomer 
units polymerizes through intermediate states to the final crystalline polymer chain. 
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Figure 11. Spontaneous heat evolved vs. time of isothermal polymerization of DNP. 
(Reproduced with permission from Ref. 15. Copyright 1981, Makromol. Chem.J 
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m o l e c u l a r u n i t s p l a c e d i n a s t r o n g p o l y m e r s t r u c t u r e . 
A l t h o u g h c e n t r ο s y m m e t r i c a t room t e m p e r a t u r e , DNP 
c r y s t a l s undergo an a p p a r e n t f e r r o e l e c t r i c t r a n s i t i o n 
a t 3 OK ( F i g u r e 1 2 ) t o a l o w t e m p e r a t u r e 
η ο n c e n t r ο s y m m e t r i c s t r u c t u r e ( J_6) w h i c h p r o v i d e d 
i m p o r t a n t s t r u c t u r a l i n f o r m a t i o n f o r u l t i m a t e l y 
s t a b i l i z i n g o t h e r no ne e n t r o s y m m e t r i c d i a c e t y l e n e 
p o l y m e r s t r u c t u r e s a t room t e m p e r a t u r e ( 7 _ ) . 

In a d d i t i o n to the ι τ - e l e c t r o n sys t em c o n t a i n e d i n 
the R and R' s i d e g r o u p s , the p o l y m e r c o n j u g a t e d c h a i n 
p o s s e s s e s a ^ - e l e c t r o n band s t r u c t u r e t h a t i n g e n e r a l 
e x h i b i t s o p t i c a l t r a n s p a r e n c y from a p p r o x i m a t e l y the 
m i d - v i s i b l e r e g i o n i n t o the near i n f r a r e d , l e a d i n g to 
i n d i c e s o f r e f r a c t i o n i n the range 1 . 6 - 2 . The n a t u r a l 
s t r u c t u r a l a n i s o t r o p y of the o r d e r e d p o l y m e r c h a i n s 
l e a d s to l a r g e o p t i c a
phase m a t c h i n g . Unde
c r y s t a l s e x h i b i t a l u s t r o u s m e t a l - l i k e r e f l e c t a n c e f o r 
p o l a r i z a t i o n a l o n g the c h a i n a x i s d i r e c t i o n and a r i c h 
h i g h l y c o l o r e d r e f l e c t a n c e f o r p o l a r i z a t i o n 
p e r p e n d i c u l a r to the c h a i n a x i s . D i a c e t y l e n e p o l y m e r 
c r y s t a l s a l s o p o s s e s s e x c e p t i o n a l r a d i a t i o n and 
m e c h a n i c a l damage r e s i s t a n c e ; f o r i n s t a n c e , r a d i a t i o n 
damage t h r e s h o l d s h a v e b e e n o b s e r v e d as h i g h as 1 
GW/cm^ f o r 25 nanosecond p u l s e s at 1 . 8 9 y w a v e l e n g t h . 
V a l u e s o f t h e Y o u n g ' s m o d u l u s and t e n s i l e s t r e n g t h 
a l o n g the c h a i n are c o m p a r a b l e to those of d i a m o n d . 

P h a s e m a t c h e d s e c o n d h a r m o n i c g e n e r a t i o n i n 
s i n g l e c r y s t a l n o n c e n t r o s y m m e t r i c p o l y m e r s was f i r s t 
o b s e r v e d i n MNA s u b s t i t u t e d d i a c e t y l e n e p o l y m e r s ( 8 ) . 
Two a s y m m e t r i c monomer e x a m p l e s f o r m i n g t h i s new 
p o l y m e r c l a s s , NTDA and MNADA, are d i s u b s t i u t e d w i t h 
MNA and an e t h y l a m i d e g r o u p ( F i g u r e 1 3 ) , and s i n g l e 
c r y s t a l s undergo s o l i d s t a t e p o l y m e r i z a t i o n by t h e r m a l 
a n n e a l i n g , u v , and x - r a y i r r a d i a t i o n . The 3 v a l u e s 
f o r the MNADA and NTDA monomers as measured by DCSHG 
a r e e s s e n t i a l l y t h e same as t h a t o f MNA a l o n e . The 
r e s u l t has b e e n e x p l a i n e d by l o c a l i z a t i o n o f t h e ττ-
e l e c t r o n c o n t r i b u t i o n s to 3 o f the i n d i v i d u a l MNA, 
d i a c e t y l e n e , and e t h y l a m i d e groups f o r m i n g the monomer 
s t r u c t u r e . The l i n k i n g ("^2~^n m e t h y l e n e c a r b o n s ac t 
as τ τ - e l e c t r o n b l o c k i n g c e n t e r s between the g r o u p s , and 
the o b s e r v e d 3 e s s e n t i a l l y r e s u l t s from the d o m i n a n t 
MNA g r o u p . 

I n the s o l i d s t a t e , t h e p h a s e m a t c h e d s e c o n d 
h a r m o n i c s i g n a l i n c r e a s e s w i t h i n c r e a s e d 
p o l y m e r i z a t i o n ( 7 _ ) . F i g u r e 14 shows p r e l i m i n a r y d a t a 
f o r t h e s e c o n d h a r m o n i c i n t e n s i t y o f N T D A 
m i c r o c r y s t a l s p o l y m e r i z e d under x - r a y r a d i a t i o n . As 
t h e p o l y m e r f o r m s , t h e s e c o n d h a r m o n i c i n t e n s i t y 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 12. Temperature dependence of the inverse dielectric susceptibility ) of DNP 
along the principal axis for polymerization. (Reproduced with permission from Ref. 16. 
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Figure 13. Diacetylene monomer structures of Μ Ν ADA (η- 2) and NTDA (n = 8). 
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s t e a d i l y i n c r e a s e s to 10-15 t i m e s the L i l O ^ r e f e r e n c e 
s i g n a l . The i n c r e a s e i n s i g n a l i n t e n s i t y w i t h 
i n c r e a s e d p o l y m e r c o n c e n t r a t i o n can r e s u l t from d i r e c t 
c o n t r i b u t i o n s to X ^ ' from the p o l y m e r τ τ - e l e c t r o n band 
s t r u c t u r e , o r f r o m more e f f i c i e n t p h a s e m a t c h i n g 
between the f u n d a m e n t a l and second h a r m o n i c waves as 
t h e a n i s o t r o p i c i n d e x o f r e f r a c t i o n c h a n g e s . T h e s e 
a s p e c t s t o g e t h e r w i t h n e w l y d e v e l o p e d d i a c e t y l e n e 
s t r u c t u r e s e x h i b i t i n g e v e n h i g h e r s e c o n d h a r m o n i c 
i n t e n s i t i e s r e m a i n at the f o c u s of o n - g o i n g s t u d i e s . 

D i a c e t y l e n e F i l m s and O p t i c a l G u i d e d Wave St r u e t u r e s 

I n a d d i t i o n to s t u d i e s o f d i a c e t y l e n e s i n g l e 
c r y s t a l s , c u r r e n t r e s e a r c h  a c t i v i t i e  f o c u s e d
s t u d i e s o f t h e s e c o n
n o n l i n e a r o p t i c a  r e s p o n s e
d i a c e t y l e n e p o l y m e r f i l m s as a c t i v e o p t i c a l g u i d e d 
wave s t r u c t u r e s . D i a c e t y l e n e p o l y m e r s p o s s e s s X ^ ' 
v a l u e s c o m p a r a b l e to g e r m a η i u m (j_7 ) . I n t h e f i r s t 
s t a g e , t h r e e m a j o r q u e s t i o n s are b e i n g a d d r e s s e d : 
( i ) use o f the n a t u r a l l y l a r g e i n d e x of r e f r a c t i o n of 
d i a c e t y l e n e p o l y m e r s to s a t i s f y t h e p r i n c i p l e 
w a v e g u i d i n g r e q u i r e m e n t f o r the r e f r a c t i v e i n d e x of 
the g u i d e to be g r e a t e r than t h a t of the s u b s t r a t e 
n-j and the s u p e r s t r a t e (n^ < > n^); 
( i i ) m i n i m i z e o p t i c a l l o s s by c o n t r o l o f the g u i d e 
t h i c k n e s s to m o n o m o l e c u l a r l a y e r d i m e n s i o n s ; and 
( i i i ) r e n d e r p a t t e r n e d g u i d e d wave s t r u c t u r e s of m i c r o n 
d i m e n s i o n by s t a n d a r d o p t i c a l , x - r a y , and e l e c t r o n 
beam l i t h o g r a p h i c p r o c e d u r e s . 

In one a p p r o a c h , c o n s i d e r a b l e p r o g r e s s i s b e i n g 
made u t i l i z i n g d e p o s i t i o n of d i s u b s t i t u t e d d i a c e t y l e n e 
m o n o m o l e c u l a r f i l m s o n t o s o l i d s u b s t r a t e s by t h e 
L a n g m u i r - B l o d g e t t t e c h n i q u e ! 1 8 , 1 9 ) · I n t h i s 
t e c h n i q u e , a m o n o m o l e c u l a r l a y e r o f a m p h i p h i l i c 
d i a c e t y l e n e monomer m o l e c u l e s i s s p r e a d onto a a i r -
w a t e r i n t e r f a c e and c o m p r e s s e d . As shown i n F i g u r e 
1 5 , t y p i c a l ρ r e s s u r e - a r e a i s o t h e r m s e x h i b i t a 
c h a r a c t e r i s t i c r a p i d p r e s s u r e r i s e as the s p r e a d 
d i a c e t y l e n e m o l e c u l e s are o r i e n t e d u p r i g h t to the a i r -
w a t e r i n t e r f a c e i n t o a c o n d e n s e d ph a s e (j_9) · The 
condensed m o n o l a y e r i s t r a n s f e r r e d onto a v e r t i c a l l y 
d i p p e d s o l i d s u b s t r a t e and m u l t i l a y e r f i l m s a r e 
s y s t e m a t i c a l l y b u i l t up by s e q u e n t i a l m o n o l a y e r 
d e p o s i t i o n t h e r e b y c o n t r o l l i n g f i l m t h i c k n e s s at the 
m o n o m o l e c u l a r l e v e l . 

S t u d i e s of the s o l i d s t a t e p h o t o p o l y m e r i z a t i o n of 
d e p o s i t e d m u l t i l a y e r f i l m s r e v e a l t h a t uv i n d u c e d 
p h ο t ο ρ ο 1 y m e r i ζ a t i ο η o f d i s u b s t i t u t e d d i a c e t y l e n e s 
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Figure 14. The second harmonic \2ω of NTDA microcrystals relative to the second 
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polymerization. (Reproduced with permission from Ref. 7. Copyright 1980, J. Opt. SocJ 
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p r o c e e d s w i t h quantum e f f i c i e n c i e s i n the range 10-100 
d e p e n d i n g on t h e p a r t i c u l a r m o n o m e r m o l e c u l a r 
s t r u c t u r e (j_8). S e p a r a t e s t u d i e s o f x - r a y i n d u c e d 
p o l y m e r i z a t i o n o f f i l m f o r m i n g d i s u b s t i t u t e d 
d i a c e t y l e n e s have d e m o n s t r a t e d quantum e f f i c i e n c i e s as 
h i g h as 10 1 2 . ( j_9) In c o n t r a s t to uv p h o t o n s , a b s o r b e d 
x - r a y p h o t o n s p r o v i d e a n a t u r a l g a i n m e c h a n i s m by 
c r e a t i n g l a r g e n u m b e r s o f s e c o n d a r y e l e c t r o n s and 
o t h e r photons t h a t a c t u a l l y cause p o l y m e r i z a t i o n . An 
example of p e n t a c o s a - 1 1 ,1 2 - d i y n o i c a c i d i s shown i n 
F i g u r e 16. 

H i g h r e s o l u t i o n p a t t e r n s c a n be r e n d e r e d i n 
d i s u b s t i t u t e d d i a c e t y l e n e f i l m s by s e l e c t i v e 
p o l y m e r i z a t i o n u s i n g s t a n d a r d uv, x - r a y , and e-beam 
l i t h o g r a p h i c m e t h ο d s ( J_9)  An e x a m p l e o f a 1 m i c r o n 
s i z e t e s t p a t t e r n o
f i l m d e p o s i t e d o
L a n g m u i r - B l o d g e t methods i s shown i n F i g u r e 1 7 · Such 
p a t t e r n s are d e v e l o p e d , and i f d e s i r e d , t r a n s f e r r e d to 
the u n d e r l y i n g s u b s t r a t e by l i q u i d r e a g e n t s . However , 
i t was r e c e n t l y found t h a t such p a t t e r n s can a l s o be 
p r o c e s s e d by d r y p l a s m a e t c h i n g , wh ich i s i m p o r t a n t to 
a v o i d i n g p o l y m e r s w e l l i n g , p e e l i n g a n d o t h e r 
u n d e s i r a b l e p a t t e r n i r r e g u l a r i t i e s o f t e n i n t r o d u c e d by 
u s i n g l i q u i d r e a g e n t s . , . . . 

I n a d d i t i o n to X* ̂  ' and X ' ' p r o c e s s e s i n t h e s e 
d i a c e t y l e n e p o l y m e r g u i d e d wave s t r u c t u r e s , c u r r e n t 
s t u d i e s are f o c u s e d on r e c e n t l y d e v e l o p e d f i l m f o r m i n g 
d i s u b s t i t u t e d d i a c e t y l e n e s e x h i b i t i n g phase matched 
s e c o n d h a r m o n i c g e n e r a t i o n s u c h as DCNQDA (F ι gu r e 
18)(20^). In the q u i n o i d r i n g , the ττ - e l e c t r o n s y s t e m 
i s s u b s t i t u t e d w i t h the cyano (CN) e l e c t r o n a c c e p t o r 
and a m i n e ( -NH) d o n o r g r o u p s . D e v e l o p m e n t o f t h e s e 
new s t r u c t u r e s i s b a s e d on e a r l i e r t h e o r e t i c a l 
c a l c u l a t i o n s f o r t h e p a r e n t m o l e c u l a r u n i t 
DCN0DA(20). An e x c e p t i o n a l l y l a r g e v a l u e of -170 χ 
1 0 ~ * ° c n P / e s u a t 1 .06y had b e e n p r e d i c t e d r e s u l t i n g 
f r o m c h a r g e c o r r e l a t i o n s i n t h e τ τ - e l e c t r o n e x c i t e d 
s t a t e s and s u b s e q u e n t l y c o n f i r m e d by DCSHG e x p e r i m e n t s 
on a r e l a t e d d e r i v a t i ve(2jD). 

C o n c l u s i o n 

I n s u m m a r y , we h a v e b r i e f l y r e v i e w e d c u r r e n t 
r e s e a r c h h i g h l i g h t s f r o m s t u d i e s o f s e c o n d o r d e r 
n o n l i n e a r o p t i c a l r e s p o n s e s i n o r g a n i c and p o l y m e r i c 
m e d i a . We have s t r e s s e d how f u n d a m e n t a l s t u d i e s have 
l e d t o m i c r o s c o p i c u n d e r s t a n d i n g o f i m p o r t a n t 
e l e c t r o n i c s t a t e s t h a t c o m p r i s e t h e o r i g i n o f t h e 
l a r g e s e c o n d o r d e r n o n l i n e a r r e s p o n s e s i n t h e s e 
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Figure 16. x-Ray induced polymerization ofpentacosa-10,12-diynoic acid with quantum 
efficiency of 10~12 (CuKJ. 
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Figure 17. Photomicrograph of a UV lithographic Τ feature showing I'μηι-wide spaces 
and 2μm-wide bars in the center of a 300μm-wide square. 
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Figure 18. Quinoid structure of DC Ν DA. (20). 
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s y s t e m s . M o r e o v e r , the f e a s i b i l i t y of phase matched 
second h a r m o n i c ger r a t i o n i n s i n g l e c r y s t a l p o l y m e r s 
and h i g h r e s o l u t i η l i t h o g r a p h y f o r g u i d e d wave 
s t r u c t u r e s has been d e m o n s t r a t e d w i t h d i s u b s t i t u t e d 
d i a c e t y l e n e p o l y m e r s . T h i s m u l t i d i s c i p l i n a r y f i e l d 
has w i t n e s s e d i m p o r t a n t advances bo th i n t h e o r y and 
e x p e r i m e n t . However , t h i s p r o m i s i n g f i e l d w i l l r e m a i n 
i n i t s i n i t i a l phases w i t h o u t p r o g r e s s on the m a j o r 
p r o b l e m s o f c r y s t a l g r o w t h and f i l m f a b r i c a t i o n o f 
t h e s e m a t e r i a l s . F i n a l l y t h i s s h o r t r e v i e w has 
c e n t e r e d on second o r d e r p r o c e s s e s , but we a n t i c i p a t e 
s i m i l a r p r o g r e s s i n t h e u n d e r s t a n d i n g o f i m p o r t a n t 
t h i r d o r d e r p r o c e s s e s . 
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Design and Characterization of Molecular 
and Polymeric Nonlinear Optical Materials: 
Successes and Pitfalls 

G E R A L D R. M E R E D I T H 

Xerox Corporation, Webster Research Center, Webster, NY 14580 

Over the past decade it has been learned that organic materials 
containing appropriately constituted or substituted conjugation 
systems may exhibit highl
polarization responses
nonlinear hyperpolarizability tensor, β, i s orientationally 
averaged to zero in random media (except the nonuseful pseudoscalar 
component (5)), the realization that elements of β could be so 
signif icant ly enhanced developed in large part as result of studies 
of electr ic f i e l d induced second harmonic (EFISH) generation in 
molecular l iquids (1-2). In the EFISH technique characteristics of β 
are sampled as a weak molecular alignment i s induced by a s tat ic 
e lectr ic field and the subsequent frequency doubling of laser l ight 
is observed. Correlation of molecular charge transfer 
characteristics with β enhancement was shown and several highly 
nonlinear crystals were discovered based on th is knowledge (6-8). 
However, a major l imitat ion to achieving the enormous potential of 
molecular materials (e.g. crystals with χ(2)~10-5 esu (3) to be 
compared to χ(2)~10-9-10-7 esu of common nonlinear optical media) has 
been the requirement to achieve appropriate alignment of microscopic 
units. This requirement i s to minimize orientational cancellation of 
the third rank polar β tensors whose contributions determine the 
macroscopic second-order electric dipole suscept ibi l i ty , χ(2). In 
nearly all cases, such alignments are achieved through packing forces 
in crystals with structures belonging to one of the 
noncentrosymmetric crystal classes. Unfortunately, details of these 
forces are currently too poorly understood to enable a molecular 
design approach for crystal structure and molecular alignment 
control. 

In the first part of this paper several novel approaches to the 
alignment problem of second-order nonlinearity will be presented. 
The molecular information which guided and motivated these efforts, 
and others described in this symposium, derives from third-order 
nonlinear opt ical experimentation (EFISH and others). In the second 
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half o f t h i s paper inaccuracies, s u b t l e t i e s and p i t f a l l s of these 
and other third-order experiments w i l l be discussed. Besides β, 
third-order e l e c t r o n i c nonlinear h y p e r p o l a r i z a b i l i t i e s , γ Θ, are 
also known to be enhanced i n c e r t a i n organics. Due to properties of 
polar fourth rank cartesian tensors, i n contrast to the t h i r d rank 

(?) 
polar xK£LJ tensors, alignment i s a less s i g n i f i c a n t f a c t o r i n 
obtaining media displaying highly enhanced χ ( 3 ) from molecules 
possessing large γ β ( 4 ) . This, coupled with predictions of recent 
molecular o r b i t a l calculations of y e ( 9 _ ) , have led us to develop 
accurate techniques to r e l i a b l y study these q u a n t i t i e s . These 
techniques and r e s u l t s w i l l also be discussed. 
Methods and Evaluation of Second-Order Nonlinearity Preserving 
Alignments 

C r y s t a l s . A necessary condition f o r to be nonvanishing i s that 
the medium have a noncentrosymmetric microscopic organization. The 
most common such structures are c r y s t a l s with space groups from the 
noncentrosymmetric classes. For molecular c r y s t a l s to e x h i b i t 
nonnegligible χ(^) both the molecular structure and the u n i t c e l l 
structure must meet t h i s condition. The former condition i s met by 
the u t i l i z a t i o n of compounds s a t i s f y i n g conditions which enhance β. 
Recognizing the d i f f i c u l t y of p r e d i c t i n g the nature of c r y s t a l unit 
c e l l s t r u c t u r e s , i f one i s interested simply i n i d e n t i f y i n g p o t e n t i a l 
new nonlinear media, as a lowest l e v e l strategy one might survey 
large numbers of c r y s t a l s of these compounds with the hope of f i n d i n g 
a few favorably aligned. A method which may be employed f o r t h i s 
evaluation; as an a l t e r n a t i v e to time consuming single c r y s t a l 
c h a r a c t e r i z a t i o n , i s observation of second harmonic generation (SHG) 
from c r y s t a l l i n e powders ( 1 0 - 1 1 ) . We have screened several hundred 
compounds by SHG powder methods, as have several other research 
groups. These methods represent a very complex o p t i c a l s i t u a t i o n i n 
which the observation of one i n t e n s i t y or a s e r i e s of i n t e n s i t i e s as 
function of powder size or doubling wavelength i s performed and as 
such are not q u a n t i t a t i v e , are subject to a r t i f a c t s and must be 
approached with a s p e c i f i c set of expectations f o r t h e i r 
i n t e r p r e t a t i o n . 

We recognize that there are a p p l i c a t i o n s i n two- and three-
dimensional waveguides ( 1 2 , 1 3 ) which do not have the same c r i t e r i a of 
phase-matching as i n simple c r y s t a l s or that one may just as w e l l be 
interested i n screening these materials for the related e l e c t r o -
optic performance by the simple SHG powder method. ( I t has been 
shown f o r several organic materials that although the e l e c t r o - o p t i c 
and SHG tensors are i n p r i n c i p l e unequal, due to dispersion and 
due to the possible contribution of atomic and molecular d i s t o r t i o n s 
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in the former, the predominance of the e l e c t r o n i c contributions to 
χ( 2) i n these materials causes these tensors to be nearly equal 
( 1 4 - 1 6 ) . ) I t i s , therefore, worthwhile to know that l i m i t a t i o n of 
powder p a r t i c l e s i z e s to less than a t y p i c a l SHG coherence length 
allows more elements of the tensor to contribute s i g n i f i c a n t l y , 
and thus be sampled, i n the SHG test than when la r g e r p a r t i c l e sizes 
are used. (The coherence length i s the distance over which the 
nonlinear p o l a r i z a t i o n wave, Ρ 2 ω Γ χ ( 2 ) · · Ε ω Ε ω , responsible for SHG 
acquires a phase mismatch i n temporal o s c i l l a t i o n of magnitude π 
r e l a t i v e to that of the normally propagating l i g h t wave at frequency 
2ω because of dispersion of r e f r a c t i v e index and birefringence; 
e f f e c t i v e i n t e r a c t i o n lengths caused by beam walk-off i n 
biréfringent c r y s t a l s obviously are not appropriate i n powders 
( H > l f i ) . ) Larger p a r t i c l
c r y s t a l phase-matching
associated ( 1 0 , 1 1 ). Further, to allow the screening of a wider range 
of m aterials, such as dye compounds, we have undertaken to monitor 
SHG appearing at 954 nm i n response to the intense 1.91 μπι wavelength 
l i g h t produced by stimulated Raman conversion of the 1.064 μπι output 
of a Q-switched Nd3+/YAG l a s e r . Such low frequency l i g h t gives a test 
less dependent on the influences of e l e c t r o n i c resonance on 
r e f r a c t i v e index and nonlinearity dispersion than the more t y p i c a l 
1064-»532 nm SHG t e s t s . In keeping with these comments on generality 
and p a r t i c l e s i z e , i n our t e s t s , p a r t i c l e s have been t y p i c a l l y i n the 
approximate range 20 to 40 μπι. This r e l a t i v e l y large s i z e s t i l l 
assures nondiscrimination by phase matching c h a r a c t e r i s t i c s due to 
smaller index dispersion and longer wavelength i n 1 . 91 - *0 .954 μπι SHG. 

Strategies f o r discovering new organic nonlinear c r y s t a l l i n e 
materials have been varied. As mentioned above, the most 
straightforward i s a "shotgun" approach wherein many av a i l a b l e 
materials are tested. A f i r s t l e v e l strategy which assures at least 
that the compounds w i l l e x h i b i t noncentrosymmetric structures i s to 
test c r y s t a l s of either enantiomorph of c h i r a l compounds ( L > 1 £ ) . I t 
i s our b e l i e f that t h i s i s a mathematically correct concept, but the 
physics of t h i s s i t u a t i o n does not contain s p e c i f i c intermolecular 
forces which assure favorable alignment of the portion of the 
molecules which possess the enhanced nonlinear p o l a r i z a b i l i t y . In a 
second strategy, employing some phy s i c a l i n t u i t i o n into packing 
forces, i t i s hypothesized that a c o r r e l a t i o n between the dipolar and 
conjugation c h a r a c t e r i s t i c s of nonlinearly enhanced molecules and 
the common occurrence of a n t i p a r a l l e l alignments e x i s t s (§_). We have 
attempted to overcome the structure determining influences of these 
factors using the general requirement of dense molecular packing i n 
c r y s t a l s (20) but employing less geometrically simple molecules 
created by asymmetrical addition of bulky substituents. While we 
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have i d e n t i f i e d several materials displaying powder SHG comparable 
to the best reported organic compounds (6 . -8) , space l i m i t a t i o n s 
d i c t a t e that we d e t a i l r e s u l t s of a t h i r d strategy. In t h i s strategy 
some second component which i s intended to modify or a f f e c t the 
packing of the nonlinear moiety occurs i n the c r y s t a l . 

Under t h i s l a s t strategy we have studied molecular s a l t s chosen 
such that the cation c a r r i e s β enhancing a t t r i b u t e s . An experimental 
advantage of t h i s approach i s that by metathesis one can 
straighforwardly obtain new compounds and c r y s t a l s with varied 
anions, thus e l i m i n a t i n g the need for new synthesis with each 
compound modification one hopes w i l l a f f e c t c r y s t a l structure and 
improve alignment. In molecular s a l t s we expect that monopolar 
interactions w i l l override the deleterious dipolar e f f e c t s i n 
determining the alignment
structures of related c a t i o n i
t h i s idea. In the iodide s a l t of the trans-4'-dimethylamino-N-methyl-
4-stilbazolium ion the cations stack i n layers (as i n smectic l i q u i d 
c r y s t a l ) i n which they are t i l t e d r e l a t i v e to the plane normal but 
stand p a r a l l e l i n a polar sense (21). This structure can be 
r a t i o n a l i z e d by the need f i r s t t o maximize the Madelung energy 
through the arrangement that the pyridinium r i n g s and iodide ions be 
i n close proximity and second to maximize dispersion energy through 
p a r a l l e l side-by-side s t i l b a z o l i u m packing. Unfortunately, further 
increase of Madelung energy res u l t s from arrangement of an inverted 
layer of p a r a l l e l cations accompanied by counter ions adjacent to the 
f i r s t , doubling the s i z e of the ionic region but causing a 
centrosymmetric structure. The p r i n c i p l e s of maximizing coulombic 
and dispersion s t a b i l i z a t i o n energies can also be us.ed to p a r t i a l l y 
explain the structure of the (+)-camphor-10-sulfonate s a l t of the 
trans-4'-hydroxy-N-methyl-4-stilbazolium ion (12), which i s a 
protonated analogue of a simple merocyanine dye class e x h i b i t i n g the 
largest reported values of β (4,22). In t h i s s a l t layers of d i s t i n c t 
type ( a l i p h a t i c - i o n i c - a r o m a t i c - i o n i c - a l i p h a t i c - e t c . ) e x i s t as can 
be seen i n Figure 1. The unfortunate n o n l i n e a r i t y c a n c e l l i n g pseudo-
a n t i p a r a l l e l o r i e n t a t i o n of the cations (as pseudo-inversion dimers) 
can be p a r t i a l l y a t t r i b u t e d in t h i s case to the large s i z e of the 
anion (a volume packing argument) and to the s t a b i l i z i n g influence of 
hydrogen bonding between the hydroxy 1 and sulfonate groups. 

To avoid the apparently adverse effects of hydrogen bonding 
with the l a s t cation mentioned we have concentrated on s a l t s of the 
dimethylamine cation. Also i n consideration of the importance of an 
anion bulk packing factor we have t r i e d s everal s i z e and shape 
anions, fi n d i n g that members of a c l a s s of c r y s t a l s i n v o l v i n g medium 
small, lar g e l y pseudo-tetrahedral anions t y p i c a l l y e x h i b i t large 
powder SHG - up to an order of magnitude greater than the best 
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Figure 1. Crystal structure of trans-4'-hydroxy-N-methyl-4-stilbazolium (+)-camphor-
10-sulfonate. 
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organics i n the l i t e r a t u r e . Table I contains data for some s a l t s to 
be compared to three known materials, MNA having the largest reported 
χ(^) among organic c r y s t a l s ( 6 ) . Results for the two s a l t s discussed 
i n the l a s t paragraph are consistent with t h e i r structures. The 
s e n s i t i v i t y of the structure of the txans-4'-dimethylamino-N-methyl-4-
s t i l b a z o l i u m iodide s a l t to the monopolar in t e r a c t i o n s i s evidenced 
by the s u b s t a n t i a l SHG value observed i n the t rans-4'-dimethylamino-N-
ethyl - 4-stilbazolium iodide s a l t ; the replacement of a methyl group 
on the charged pyridinium ring by an ethyl group apparently reduces 
Madelung energy and des t a b i l i z e s the centrosymmetric structure 
r e l a t i v e to some other which i s noncentrosymmetric. 

Table I. Relative SHG Powder I n t e n s i t i e s . 

C r y s t a l Harmoni

α-quartz 0.008 
metanitroaniline (mNA) 1 
2-methyl - 4-nitroaniline (MNA) 3 
trans-4'-hydroxy-N-methyl-4-stilbazolium 

(+) -camphor-10-suf onate 0.007 
trans -4'-dimethylamino-N-ethyl -4-stilbazolium 

iodide 0 .7 
tr^ns-4'-dimethylamino-N-methyl-4-stilbazolium X 

X" = I" 0 
I0 3" 0.01 
N03" 0.5 
cinnamate 1.5 
ClOij- 5 
BF4" 10 
ReOn' 18 
CH3SO4" 30 

X-ray s t r u c t u r a l analysis of the methylsulfate compound 
indicates the orthorhombic c r y s t a l unit c e l l contains two 
t r a n s l a t i o n a l l y inequivalent cations positioned on mirror planes and 
t i l t e d at 34° r e l a t i v e to the two-fold screw (c) a x i s ( 2 3 ). This i s a 
compromise o r i e n t a t i o n for simultaneously, rather than 
i n d i v i d u a l l y , maximizing X ^ c c c and X^/>{bb C} i n t n i s polar 
structure. This structure i s therefore consistent with the extremely 
large SHG i n t e n s i t y reported i n Table 1 while, also c o n s i s t e n t l y , 
preliminary x-ray data show the perrhenate and tetrafluoroborate 
s a l t s to be i s o s t r u c t u r a l (£L3). Details of the packing 
considerations i n t h i s class have not yet been analyzed. Attempts to 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2. M E R E D I T H Design and Characterization 33 

grow large s i n g l e c r y s t a l s to be used for tensor 
characterization are i n progress. While an oriented molecule 
analysis i s not completely rigorous due to complexities of the l o c a l 
f i e l d e f f e c t s , one would expect to be approximately correct i n 
predicting the properties of through such an exercise. 
Unfortunately the c h a r a c t e r i s t i c s o f β in the t rans-4'-dimethylamino-
N-methyl-4-stilbazolium ion cannot be determined by the EFISH 
technique due to the i n a b i l i t y of i o n i c solutions to support e a s i l y 
characterized s t a t i c e l e c t r i c f i e l d s . However, by a method of 
analysis of o p t i c a l t h i r d harmonic generation (THG) i n solutions 
u t i l i z i n g cascading of molecular second-order nonlinear responses, 
we have recently i n f e r r e d that the second-order n o n l i n e a r i t y of t h i s 
cation i s nearly equal to that of 4-dimethylamino-4'-nitrostilbene 
(DANS). DANS has bee
magnitude more nonlinea
n i t r o a n i l i n e (pNA) and MNA (2 ,£). In the o r i e n t a t i o n of the 
methylsulfate s a l t , i f one reasonably assumes the c a t i o n 1 s second-
order response to occur predominantly i n the β ζ ζ ζ tensor element (z 
being the cation long a x i s ) , trigonometry p r e d i c t s that ~55% and 
~10% of the maximum attainable m OV X ^ p { i j j } i n ^ h i s o r a n v 

other structure occur. I t i s therefore expected that the larger 
elements of the tensor of these s a l t s w i l l prove to be 
s u b s t a n t i a l l y greater than those achieved i n c r y s t a l s of pNA and MNA 
related molecules except i n p a r t i c u l a r resonance enhancement 
frequency regimes. 
Quasicrystals. As described i n an e a r l i e r paper of t h i s symposium 
there i s an i n t e r e s t i n g photochemically i n i t i a t e d 
noncentrosymmetric ordering of dipolar species derived from 
solutions of c e r t a i n spiropyran compounds dissolved i n a l i p h a t i c 
solvents (24). This ordering i s driven by sudden, d r a s t i c change of 
solute character. Since the photochemically modified spiropyran has 
a merocyanine form which i s expected to d i s p l a y second-order 
no n l i n e a r i t y , the net ef f e c t of the spontaneous ordering i s also 
expected to create a nonvanishing macroscopic second-order 
nonlinearity. The process of alignment i s understood to proceed 
through the f o l l o w i n g sequence: the i n i t i a l photoprocess creates at 
least two species containing d i f f e r i n g numbers of merocyanine and 
spiropyran molecules. Stacked aggregates of one e n t i t y form and 
coalesce into m i c r o c r y s t a l l i t e s with diameters approximately 40 nm. 
These are covered with amorphous material d e r i v i n g from another 
i n i t i a l species, forming globules which appear i n discrete sizes 
indexed by generation number (there being a time sequence f o r t h e i r 
creation governed by the changing r a t i o of concentrations of the 
globule forming species remaining i n s o l u t i o n ) . I f formed i n an 
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e l e c t r i c f i e l d , globules fuse i n a string-of-beads morphology. This 
process i s a t t r i b u t e d to energetic l i m i t a t i o n s on globule contact 
approach paths f o r highly dipolar p a r t i c l e s aligned by the f i e l d . 

We have used SHG to confirm and probe these structures. 
Quantitative c h a r a c t e r i z a t i o n i s complicated since the globules of a 
sample have correlated but not perfect p o s i t i o n i n g and they are 
smaller but not s u b s t a n t i a l l y smaller than the wavelengths of l i g h t 
employed. Thus determination of f a r - f i e l d harmonic r a d i a t i o n 
patterns based on SHG response to a l a s e r beam i s not 
straightforward. We have found though that various schemes of index 
matching and EFISH type experiments allow us to observe SHG, comment 
on i t s o r i g i n , to observe modifications of structure i n a s t a t i c 
f i e l d and to f o l l ow dynamics of globule modification (2_ϋ,2£). The 
reader i s referred to the accompanying paper on t h i s topic

Molecularlv Doped Liqui  C r y s t a l l i n  Polymer  Regarding
infrequent occurrence of c r y s t a l s of highly nonlinear molecules 
showing s u b s t a n t i a l alignment, as monitored by SHG, one might 
a t t r i b u t e t h i s to a n t i p a r a l l e l , dimer-like alignment favored by more 
symmetric or simple molecular shapes, enhancement of dispersion 
forces and minimization of dipole-dipole i n t e r a c t i o n energies (§_). 
While large permanent dipole moments appear to be a hinderance to 
appropriate alignment i n c r y s t a l s , they allow that s u b s t a n t i a l 
macroscopic n o n l i n e a r i t y may be achieved when the more highly 
nonlinear species are aligned i n f l u i d media by a large s t a t i c 
e l e c t r i c f i e l d . I f a l i q u i d c r y s t a l solvent i n which the nonlinear 
molecule e x h i b i t s a large alignment c o r r e l a t i o n i s employed, the 
alignment portion of the resultant s u s c e p t i b i l i t y may be enhanced by 
up to a factor of f i v e over that i n i s o t r o p i c solvents. 
A l t e r n a t i v e l y , by an appropriate sequence of temperature and f i e l d 
treatment, the alignment may be induced i n a low v i s c o s i t y s t a t e and 
become permanent i n a higher v i s c o s i t y state of a polymer ( 2 1 ) , thus 
producing a material with nonvanishing . Such an alignment i s , 
of course, unstable and would gradually disappear i f not f o r the 
p o s s i b i l i t y of s t r a i n and impurity charge compensation of the 
p o l a r i z a t i o n density f i e l d . By combining the l i q u i d c r y s t a l l i n e and 
polymeric a t t r i b u t e s both gains are achieved, but an a d d i t i o n a l 
advantage i s obtained. The high cooperative l i g h t s c a t t e r i n g and 
attenuation c o e f f i c i e n t which i s a tremendous disadvantage for the 
a p p l i c a t i o n of t y p i c a l l i q u i d c r y s t a l s i n nonlinear o p t i c a l devices 
i s reduced by the large increase i n i n t e r n a l v i s c o s i t y . A s u i t a b l e 
material has been 'described i n an e a r l i e r paper of t h i s symposium. 
DANS (4-dimethylamino-M'-nitrostilbene), which has one of the 
largest β1 s known and which displays a large S^) order parameter i n 
that m a t e r i a l , was used at 2% dopant concentration. SHG was used to 
characterize t h i s material ( 2£ ) and the reader i s referred to the 
paper i n t h i s volume describing the findings. 
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Charac te r iza t ions bv Third-Order Nonlinear O p t i c a l Experimentation 

Except through the study o f l i n e a r and nonl inear o p t i c a l 
proper t ies of molecular c r y s t a l s , methods to determine the nature of 
β requi re eva lua t ion of appropriate χ^3) c h a r a c t e r i s t i c s o f 
molecular ensembles i n conjunction wi th some type of modeling of the 
manner i n which molecular n o n l i n e a r i t y contr ibutes to the bulk 
s u s c e p t i b i l i t y . We have considered the two aspects o f t h i s task and 
have found that due to the complexity o f the considerat ions there are 
many p i t f a l l s . In t h i s second par t of the paper d iscuss ions are 
presented which deal wi th l i g h t propagation ef fec ts a f f e c t i n g χ(3) 
determinations, which w i l l show, among other th ings , the necess i ty 
for newly developed techniques to measure χ ^ ) by o p t i c a l t h i r d 
harmonic generation (THG)  Subsequentl  comment  about molecula
in te rp re t a t ions o f χ(3)

Nonin tu i t i ve L igh t Propagation Ef fec t s In Third-Order Experiments. 
One of the f i r s t tasks for a chemist d e s i r i n g to quantify second- and 
th i rd -o rde r o p t i c a l nonlinear p o l a r i z a b i l i t y i s to gain an 
apprec ia t ion of the quan t i t a t ive manifestat ions of macroscopic 
o p t i c a l n o n l i n e a r i t y . As w i l l be shown t h i s has been a problem as 
w e l l for es tab l i shed workers i n the f i e l d . We w i l l present p ic tures 
which hopeful ly w i l l make these s i t u a t i o n s more p h y s i c a l l y obvious. 

Two s t ra ight forward th i rd -order nonl inear o p t i c a l phenomena 
which are used to charac ter ize β and γ are EFISH (L,2,4) and THG (3.) 
(or t h e i r m u l t i c o l o r analogues (2<£)) . Using c l a s s i c a l physics 
de sc r ip t i ons , as source of these phenomena there e x i s t nonlinear 
p o l a r i z a t i o n waves o s c i l l a t i n g at frequencies 2ω or 3ω (3.Q), 

P 2 ( ° ( r , t ) = 3 χ ( 3 ) ( η ) · · · Ε ω ( ι ι ^ ) Ε ω ( Γ ΐ ^ ) Ε 0 ( Γ ΐ ^ ) 

E 3 c o ( r , t ) = X

( 3 ) ( r ) — E w ( t , t )E w (L, t)E w (n, t ) 

induced by components o f the t o t a l e l e c t r i c f i e l d which are usua l ly 
nearly monochromatic, l i n e a r l y p o l a r i z e d · t r a v e l l i n g waves having 
some s lowly time vary ing amplitudes (the sources being pulsed high 
voltage across e lectrpdes and/or high peak power pulsed l a s e r s ) . 
S p a t i a l v a r i a t i o n s o f Ε and Ρ w i l l e x i s t between the d i f f e r en t media 
and across the p r o f i l e o f laser beams used i n r e a l experiments. I t i s 
not easy i n general to pred ic t the form, magnitude or dependencies o f 
the t o t a l harmonic waves "broadcast" from the o s c i l l a t i n g 
p o l a r i z a t i o n dens i t i e s r e s u l t i n g from focused l a se r beams 
propagating through d i f fe ren t mate r ia l s and poss ib ly through the 
f r i n g i n g f i e l d s o f the electrodes used to e s t a b l i s h the zero 
frequency e l e c t r i c f i e l d for EFISH. Some s u r p r i s i n g propagation 
phenomena are : 1) EFISH i s observed from gases placed between charged 
capaci tor p la tes yet none i s seen from l i q u i d s unless two d i s s i m i l a r 
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materials (e.g. l i q u i d and a glass plate) form an o p t i c a l interface, 
and the resulting signal depends on the d ifferences in response of 
the two materials at the interface; 2) true THG i s not observed from 
normally dispersive material when a gaussian laser beam i s focused 
through i t , but here also THG i s observable i f an interface i s 
created, the magnitude again depending on the difference of nonlinear 
responses of the two materials at that interface; and 3) SHG by a 
focused gaussian beam i n a f i n i t e noncentrosymmetric c r y s t a l i s 
sometimes maximum when the minimum beam waist f a l l s at a crys t a l 
face. Two p i c t o r i a l models are useful i n understanding or describing 
these and other related phenomena: considerations of the coherent 
f i e l d from amplitude and phase modulated dipole arrays, and vibration 
diagrams. 

These problems of macroscopi
hinge on aspects o
polarization waves among the normal (linear) electromagnetic waves 
of the media. Usually in characterization experiments conversions 
are negligibly small so that nonlinear modification of the laser 
f i e l d s may be neglected and one may concentrate on variation of the 
harmonic f i e l d . The l o c a l relationship between the o s c i l l a t i n g 
nonlinear polarization density and the linear o s c i l l a t i n g e l e c t r i c 
f i e l d determine the result . As in li n e a r optics (3_1) where the i n -
phase component of polarization density i s associated with 
retardation (refractive index) and the out-of-phase component with 
attenuation (absorption coefficient) or gain (associated with a n 
phase a l t e r a t i o n of Ρ r e l a t i v e to the loss case, as in lasers or 
optical amplifiers), the variation of phase of Ρ η ω r e l a t i v e to that 
of Ε η ω governs whether the harmonic wave i s amplified or diminished 
in amplitude (and whether a change of phase occurs). It i s largely 
the effects of variation of the phase-mismatch between these waves, 
integrated along the o p t i c a l path, which i s important i n determining 
the magnitude of detected harmonic l i g h t . As w i l l be done below, i t 
is preferable i n attempting to describe the integrated effect to 
factor out the rapid s p a t i a l variation of the phase of the linear 
electromagnetic wave and picture only t h i s r e l a t i v e phase variation 
along the li g h t rays. While wavelengths of lig h t are on the scale of 
microns, distances along which these variations occur vary from a few 
microns to meters. 

Dipole Array Model. In Figure 2 several i l l u s t r a t i v e cases are 
depicted. The magnitude of the component of discrete dipoles (Ρ_ η ω 

integrated over some small volume) o s c i l l a t i n g out-of-phase with Ε . η ω 

along one ray i s depicted. (Details of transverse structure are 
ignored, i t being assumed that s u f f i c i e n t breadth e x i s t ; that 
d i f f r a c t i o n of the resultant e l e c t r i c wave i s negligible.) The 
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question of resultant energy transfer i s the same at o p t i c a l or radio 
frequencies, the l a t t e r being more i n t u i t i v e . In Figure 2a r 
o s c i l l a t i n g dipoles (antennae) broadcast "in-phase with one 
another". The downstream f i e l d i s r ( e n < 0 p ) where e n w i s the f i e l d of 
one dipole element ( r e a l l y one transverse plane o f dipoles) divided 
by i t s amplitude p. Since i n t e n s i t y i s proportional to the square of 
e l e c t r i c f i e l d , I n a ) o c ( r p ) 2 . This i l l u s t r a t e s that i n phase-matched 
interactions i n t e n s i t y varies as the i n t e r a c t i o n length times 
s u s c e p t i b i l i t y times ( ι ω ) η / 2 t o t a l quantity squared. Rel a t i n g the 
d i s c r e t e model to continuous media t h i s i s 
Ι η ωα( Γρ ) 2 ( χ(/ χ(Ε ω) η) 2ο : ( / χ ) 2 ( ι ω ) η . i n the region of the dipoles 
v a r i a t i o n of the harmonic f i e l d i s simple. Since the phase i s 
depicted r e l a t i v e to a forward t r a v e l l i n g wave, the e l e c t r i c f i e l d 
v a r i a t i o n i n that regio
wave. The correspondin
backward wave would vary s i n u s o i d a l l y , but with wavelength h a l f that 
of the linear electromagnetic wave - a s i t u a t i o n incapable of 
broadcasting more than a n e g l i g i b l e f i e l d at o p t i c a l frequencies 
where the wavelength i s very short compared to array (sample) s i z e . 
Therefore Ε η ω grows l i n e a r l y as the d i p o l e array i s traversed i n the 
forward d i r e c t i o n . The l a t t e r conclusion i s not neces s a r i l y so at 
radio wavelengths (or for the case of a few stacks of q u a s i c r y s t a l s at 
o p t i c a l frequencies). 

Figure 2b depicts a case where Ρ η ω possesses a l i n e a r l y 
increasing phase deviation r e l a t i v e t o the l i n e a r forward t r a v e l l i n g 
Ε η ω wave, as occurs for harmonic generation when r e f r a c t i v e indices 
of fundamental and harmonic waves are not equal. Downward pointing 
Ρ η ω indicate phase relationships which extract energy from the Ε_ η ω 

wave. Consideration of "broadcasting" i n t h i s s i t u a t i o n shows that 
Ε η ω grows and shrinks p e r i o d i c a l l y with the period of the phase-
mismatch as function of ζ i n the region of the dipoles. This 
approximately depicts the behavior o f non-phase-matched harmonic 
generation as function of pos i t i o n , ζ (or c r y s t a l thickness). Also 
an important point which can be v e r i f i e d with a l i t t l e thought i s that 
the amplitude of the sinusoidal s p a t i a l v a r i a t i o n of Ε η ω i s 
proportional to p/ Q, the magnitude of the dipoles times the e f f e c t i v e 
broadcasting distance before phase r e v e r s a l . One can r e a d i l y see 
through these pictures the o r i g i n of the standard r e l a t i o n 
Ι Π ω α ( χ / ) 2 ( i w ) n s i n 2 U z / 2 / J , where L i s the coherence length c c c 
(distance for accrual of a m phase mismatch). 

The following cases are somewhat more subtle. Figure 2c depicts 
a slowly varying amplitude Ρ η ω with a very slowly varying phase-
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Figure 2. Dipole array pictures ofsome situations in nonlinear optical harmonic genera
tion. (See text for further discussion.) 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2. M E R E D I T H Design and Characterization 39 

mismatch. This corresponds to EFISH i n gases where the s p a t i a l 
extent of the t y p i c a l electrode f i e l d i s smaller than the coherence 
length f o r SHG (consider / 0 =7το/2ω{η ω-η2 ω}). A s u b s t a n t i a l EFISH 
si g n a l may r e s u l t since l i t t l e phase deviation e x i s t s . In contrast 
Figure 2d depicts a s i m i l a r s i t u a t i o n , but i n which a much more 
ra p i d l y varying phase-mismatch appears. This might correspond to 
EFISH i n condensed phase i f hundreds rather than ~10 cycles of phase-
mismatch occured i n the electrode region. Absolute dispersion of 
r e f r a c t i v e indices being s u b s t a n t i a l l y greater i n condensed phases 
than i n gases causes correspondingly shorter lQ. A t o t a l l y d i f f e r e n t 
picture r e s u l t s : an i n s i g n i f i c a n t harmonic f i e l d w i l l be "broadcast" 
to the large ζ region, but nonnegligible Ε 2 ω w i l l appear i n the 
region of large E° betwee
proportional to / ορα/ ο

amplitude of the s t a t i c f i e l d at ζ and where the r e l a t i o n Ιω<χηω|Ε_ω|2 

has been used. For t h i s reason, to observe EFISH i n l i q u i d s a sharp 
boundary i s us u a l l y created i n the region of constant s t a t i c f i e l d by 
i n s e r t i o n of at l e a s t one glass slab. This s i t u a t i o n i s depicted by 
Figure 2e. The r e s u l t a n t amplitude o f Ε 2 ω observed at large ζ would 
then be approximately proportional t o {(χ/0/ηω)^-(χ/0/ηω)2}ΐωΕ^(ζ') 
with z' being the l o c a t i o n of the i n t e r f a c e . (Obviously i f zero 
magnitude E 2 ( 0 occurs at large ζ a f t e r passage through the electrodes 
with m a t e r i a l 2 t o t a l l y f i l l i n g the space as i n Figure 2d and i f the 
f i e l d at point ζ i n that case i s proportional to (χ^/η^^Ι^Ε^ζ'), 
then the f i e l d generated by the dipole array from point ζ to large ζ 
must be s i m i l a r l y proportional to -(χ/ 0/η ω) 2Ι ωΕ°(ζ'). Therefore, 
Ε 2 ω at large ζ i n the two media case i s proportional to the sum of 
f i e l d s generated from each medium, which i s proportional to the 
difference quoted, i f small corrections for i n t e r f a c e physics are 
ignored.) 

V i b r a t i o n Diagram Method. In a c t u a l i t y the l a s t cases above are not 
described accurately by t h i s dipole array model because act u a l phases 
of the e l e c t r i c f i e l d s are s i g n i f i c a n t l y altered from those of l i n e a r 
waves. (A more r e a l i s t i c , but complex model i s to consider amplitude 
and phase c h a r a c t e r i s t i c s of the o s c i l l a t i n g v e r t i c a l l y polarized 
component of e l e c t r i c f i e l d r e s u l t i n g from r o t a t i o n of a l i n e of 
transverse dipoles of equal magnitude but rotated r e l a t i v e to each 
other along the l i n e such that t h e i r v e r t i c a l components at some 
reference time are depicted by Figure 2.) For t h i s reason and to 
handle d e t a i l s of focused laser beams one must resort to a more 
mathematically based d e s c r i p t i o n . Fortunately, numerical 
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c a l c u l a t i o n s describing propagation i n several important nonlinear 
o p t i c a l s i t u a t i o n s have been performed and summarized as v i b r a t i o n 
diagrams (22). Since EFISH and THG experiments have aspects which 
may be described by them, we've developed some int e r f a c e nonlinear 
o p t i c a l transmission algorithms to allow t h e i r use i n our task of 
understanding p i t f a l l s i n materials c h a r a c t e r i z a t i o n (13"35). 
Before discussing them we w i l l review the v i b r a t i o n diagram method. 

A v i b r a t i o n diagram i s a graphical method which may be used to 
perform the in t e g r a t i o n of phase and amplitude e f f e c t s of nonlinear 
p o l a r i z a t i o n density along a ray, possibly as summary of an 
integ r a t i o n across the beamk transverse structure ( 1 2 ) . B a s i c a l l y , 
at each point the nonlinear p o l a r i z a t i o n density provides some 
d i f f e r e n t i a l broadcasting element with some amplitude function and 
phase r e l a t i v e to a hypothetica
generated as the d i f f e r e n t i a
the diagram. T i l t r e l a t i v e to preceding elements i s the means of 
accumulation of phase-mismatch. The resultant Ε η ω at some point ζ 
along the o p t i c a l path may be determined from the corresponding point 
on the resultant diagram: the distance of that diagram point from the 
o r i g i n point represents the amplitude of Ε η ω while the t i l t of the 
connecting l i n e segment depicts the phase r e l a t i o n s h i p of Ε_ η ω 

r e l a t i v e to the reference l i n e a r wave. 
Figure 3 contains the same examples as Figure 2 . In these and 

the f o l l o w i n g diagrams ζ i s a l i n e a r coordinate i n d i c a t i n g distance 
along the o p t i c a l path, ξ i s a s i m i l a r l i n e a r coordinate normalized 
for a gaussian ( l a s e r ) beam such that -ί< £ < 1 defines the n e a r - f i e l d 
Rayleigh length, and ψ i s an angular phase-mismatch parameter to be 
used where v a r i a t i o n of phase-mismatch i s very r a p i d over r e l a t i v e l y 
small distances compared to the t o t a l o p t i c a l s i t u a t i o n , as when a 
small condensed phase portion i s inserted into a gas phase diagram. 
At t h i s point the reader i s urged to i n t e r p r e t each of these diagrams 
with reference to the discussion above of Figure 2 , remembering that 
the f i e l d magnitude at any point i n the diagram (associated not 
necessarily through a lin e a r r e l a t i o n s h i p with the corresponding 
physical l o c a t i o n i n the r e a l space of the experiment) i s 
proportional to i t s distance from the z=0 point. One can see that 
indeed v a r i a t i o n of phase i s an important aspect to the resultant Ε_ η ω 

i n cases b, d and e. Also one sees that the magnitude of f i e l d s 
generated depend on the size of the r e s u l t i n g diagrams. The l a t t e r 
obviously scale with the s i z e of the nonlinear Ρ η ω which, of course, 
scales d i r e c t l y with the nonlinear χ and the n / 2 power of the laser 
power. Also the curved diagrams scale inversely with the rate at 
which the angular v a r i a t i o n (phase-mismatch) accumulates, which i s 
by d e f i n i t i o n i n v e r s e l y proportional to a coherence length. 
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Results of some of the numerical integrations of Ward and New 
(32) are also shown i n Figure 4. Figure 4a depicts index-matched 
(that i s , phase-matched for plane-waves) THG where a focused gaussian 
fundamental beam induces P ^ w ( r ) which broadcasts i n t o a 
corresponding confocal parameter harmonic gaussian mode. In t h i s 
case, although nonzero occurs i n the midregion, no resultant THG 
i s created. The execution of a f u l l 2m phase deviation can be 
understood from the fact that a gaussian wave accrues m l e s s phase 
than a plane wave from the -oo to +oo l i m i t s . Then ρ3ωα:(Εω)3 
eventually lags a plane wave by lm while the 3ω reference gaussian 
lags by m, r e s u l t i n g i n a r e l a t i v e 2m deviation i n the diagram. In 
fa c t , f o r normally dispersive media (ηω<η3ω) n ° T HG r e s u l t s , as 
Figure 4b depicts f o r th
of the gaussian and A
mismatch, Ak=3<o(n-n0 % ) / c ) . One can see that bAk>0 r e s u l t s i n 
nonvanishing net THG because only f o r Ak=0 does the exact 2m phase 
deviation r e l a t i v e to the reference 3ω gaussian required f o r the 
curve t o close on i t s e l f without crossing accrue. P o s i t i v e Ak 
opposes the los s of phase due to focused gaussian character, 
r e s u l t i n g i n l e s s curvature and open diagrams. Negative Ak increases 
curvature as i n Figure 4b. Those diagrams are symmetric about a 
v e r t i c a l l i n e which i s normal to the curves at $=0 and a l l close on 
themselves. Furthermore, Ward and New argued that since any focused 
laser beam can be decomposed into various gaussian modes and since 
t h e i r r e s u l t s hold for a r b i t r a r y gaussians, no THG should be observed 
from focused beams traversing normally dispersive media. As quoted 
above as second example of nonin t u i t i v e propagation e f f e c t s , one 
could observe THG by creating an in t e r f a c e between two d i f f e r e n t 
media, as shown i n Figure 4c, with the resultant THG then depending on 
the differences of nonlinear responses at the interface which i n t h i s 
case i s positioned at the $=0 plane. A f i n a l example of the Ward and 
New c a l c u l a t i o n s i s the case of SHG with focused gaussian beams. 
Figure 4d shows an example. The diagram i s broken because i t i s 
i n f i n i t e . One can see, though, for f i n i t e size c r y s t a l s , by taking 
the appropriate section of the diagram, as stated above as t h i r d 
n o n i t u i t i v e example, maximum SHG r e s u l t s i f one positions the beam 
waist at one of the faces of the nonlinear c r y s t a l (provided the 
c r y s t a l s i z e i s larger than a few confocal parameters). Discussion 
of the bAk*0 cases are s i m i l a r to those of THG. This can p i c t o r i a l l y 
explain both the best p o s i t i o n of focus phenomenon and the f a c t that 
maximum conversion occurs f o r bAk>0 (3L2,3&) . 

To use these diagrams to describe r e a l experiments where the 
beam passes through several media one must f i r s t consider the o p t i c a l 
physics at interfaces between them. By simply requir i n g that 
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VIBRATION DIAGRAM LARGE DISTANCE AMPLITUDE 

Figure 3. Vibration diagrams of some situations in nonlinear optical harmonic genera
tion. (See text for further discussion.) 

C. 

Figure 4. Vibration diagrams of some situations in nonlinear optical harmonic genera
tion. (See text for further discussion.) 
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transverse e l e c t r i c and magnetic f i e l d s be continuous across an 
interface between media a and b and normal to the wave vector 
(assuming no r e f l e c t e d waves from other interfaces and only one 
nonlinear p o l a r i z a t i o n wave), one can show (3_ϋ) that the e l e c t r i c 
f i e l d o s c i l l a t i n g at some chosen frequency at that interface i s 

E ( z a b ) = [2n b / ( n a + n b ) ] [ E L

a + E

N L

a ] + 

[ M w / ( n a + n b ) ] [ { E N L / ( n + n N L ) } a - { E N L / ( n + n N L ) } b ] 

where E L i s the component of Ε which propagates as the usual l i n e a r 
waves, E ^ i s a component of Ε due to the presence of the nonlinear 
p o l a r i z a t i o n wave P N L , and n N L i s a r e f r a c t i v e index describing the 
propagating waves E N L an
due to the v i b r a t i o n
propagated up to the interface through medium a. The f i r s t term 
describes Fresnel transmission of l i g h t across the d i e l e c t r i c 
interface i n t o medium b which i s accompanied by the generation of 
some r e f l e c t e d waves i n medium a. The second term i s a component of 

NL 
e l e c t r i c f i e l d generated because of the d i s c o n t i n u i t y i n Ρ between 
the media which i s usually small enough to be neglected. 
Consequently, to s p l i c e together v i b r a t i o n diagrams E^ must be 
corrected by the transmission factor 2n b/(n a+n b) and sp l i c e d to the 
diagram of medium b. Since t h i s i s a renormalization of distance from 
the beginning point of the v i b r a t i o n diagram, (a uniform expansion or 
contraction of the plane of the v i b r a t i o n diagram) i t needn't be 
pictured but merely remembered when i n t e r p r e t i n g the resultant 
diagram. One must also remember that the l i n e a r waves which 
es t a b l i s h the magnitude of P N L through x ^ must a l s o be 
renormalized (vide i n f r a ) . 
Experimental P i t f a l l s . Several types of systematic inaccuracies i n 
nonlinear o p t i c a l s u s c e p t i b i l i t y c h a r a c t e r i z a t i o n techniques have 
appeared i n the l i t e r a t u r e due to incomplete a n a l y s i s of propagation 
e f f e c t s . I t i s believed that use of the above models make them more 
obvious. Some examples are described i n t h i s s e c t i o n . 

THG by condensed phase materials must be done i n vacuum, 
otherwise, as example 2 above pr e d i c t s , s u b s t a n t i a l inaccuracy 
r e s u l t s (21). This i s a subtle e f f e c t . One might i n c o r r e c t l y 
concluded from experimental observations that there i s no 
s i g n i f i c a n t contribution from a i r . Figures 4a and b and the 
discussion concerning them above predict that no THG w i l l be observed 
aft e r focusing a laser beam through a i r . We have looked f o r such a 
signa l under experimental conditions used for condensed phase THG 
studies and have indeed seen no si g n a l when only a i r f i l l s the o p t i c a l 
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path between focusing and c o l l e c t i o n lenses. However, the error 
r e s u l t s from the f a c t that, as Figures 4a and b p r e d i c t , i n the £~0 
region there i s nonvanishing E}°*. The error i s compounded since for 
p a r a l l e l l i n e a r p o l a r i z a t i o n the magnitude of Ε-^ω due to the a i r i n 
that region i s proportional to χ ^ / 0 or to χ^)/[χί1 ̂ - χ ^ 1 which 
i s a very weakly density dependent quantity. Therefore, since t h i s 
i s true o f any material placed i n the beam, gases e s t a b l i s h THG f i e l d s 
comparable to many condensed phase materials. To see the e f f e c t s of 
these f i e l d s on a t y p i c a l experiment consider the e f f e c t of s p l i c i n g 
a i r contributions onto the v i b r a t i o n diagram of some t h i n wedge of 
condensed phase material. In the absence of a i r Figure 5a would 
apply. The magnitude and phase of the resultant harmonic depends on 
the r e s u l t a n t phase-deviatio  through th  m a t e r i a l
that i s , on the f i n a l valu
usually translated across the beam, allowing unambiguous observation 
and c h a r a c t e r i z a t i o n of the entire nonlinear "Maker" frin g e pattern 
and i n t e n s i t y ) . In Figure 5b, assuming the wedge thickness to be 
small r e l a t i v e to the confocal parameter of focusing, -oo<£<0 and 
0<£<oo curves appropriate to a i r have been added to the wedge 
diagram. Remembering that the resultant Ε ^ ω i s determined by the 
distance from the £=-oo to the £ = oo point (for the p a r t i c u l a r value 
of ψ corresponding to the path through the wedge) the set of a l l 
possible £=oo points i s displayed as the dashed curve. This l a t t e r 
curve i s a c i r c l e , j u s t as for the wedge alone, with a very small 
displacement from the £=-oo point due to i n t e r f a c e transmission 
e f f e c t s . The l a t t e r are d i f f i c u l t to observe and one might conclude 
from the apparently correct wedge f r i n g i n g behavior and the 
observation of no i n t e r f e r i n g a i r THG upon removal of the wedge that 
a l l i s correct. We've shown, however, that diagram 5b i s indeed the 
case, since when the experiment i s performed i n an evacuable chamber, 
the r e s u l t a n t Ι^ ω (THG of a 1.91 μπι wavelength fundamental) with 
glass or fused s i l i c a wedges may be increased by a factor of three to 
four on removing the a i r (33)! Comparisons of among materials 
v i a THG when t h i s e f f e c t i s ignored cannot, therefore, be cor r e c t . 

S i m i l a r l y one must be cautious i n other third-order 
experiments. While EFISH of condensed phase materials looks l i k e 
simple SHG i f the sample i s t o t a l l y confined to the region of constant 
f i e l d between the electrodes, there i s an important difference 
between t h i s case and the more frequently performed and described 
study o f frequency doubling c r y s t a l s (11). In the l a t t e r case 
nonvanishing Ρ 2 ω occurs only i n the c r y s t a l where χ ^ * 0 . However, 
i n EFISH Ρ 2 ω a l s o occurs i n a i r due to i t s nonvanishing χ ^ . 
Contributions to Ε 2 ω upstream and downstream from the sample must 
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v / /=2n7T 

ψ= ( 2 η + Ι )7Γ 

£ = 0, ΐ / / = 2 η 7 Γ 

Figure 5. Vibration diagrams depicting the effect of air on optical third harmonic 
generation from a thin solid. (See text for further discussion.) 
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therefore be considered. Vibration diagrams s i m i l a r to Figures 5a 
and b r e s u l t but with the a i r contributions being more c r i t i c a l l y 
determined by d e t a i l s of focusing i n r e l a t i o n to the f r i n g i n g f i e l d s 
of the electrodes. This e f f e c t has not been previously appreciated 
for the determination of the EFISH n o n l i n e a r i t y of glass ( 2 , 2 £ ) . 
Since that quantity i s required to allow extraction of l i q u i d χ ' 3 ) i n 
the usual g l a s s - l i q u i d - g l a s s arrangement, one must be s c e p t i c a l of 
claims of high accuracy when the e f f e c t s of t h i s systematic error are 
not included i n the analysis. In our demonstration of t h i s 
phenomenon (24) i t was seen that a 7% e r r o r would have occurred for a 
λ=1.064 jum fundamental i n the s p e c i f i c electrode and focusing 
geometry employed. In subsequent independent work comparable 
magnitude deviation was observed ( 2 £ ) . 

In an e a r l i e r sectio
l a s e r beam responsibl
media. This r e l a t e s to variable d i s t r i b u t i o n of energy between 
e l e c t r i c and p o l a r i z a t i o n density waves ( 2 1 ) . Even i f i n t e n s i t i e s 
were equal i n two media, t h i s and the e f f e c t of d i f f e r i n g speeds of 
l i g h t can cause s u b s t a n t i a l l y d i f f e r e n t e l e c t r i c f i e l d strengths 
which i s p a r t i c u l a r l y important i f they induce nonlinear 
p o l a r i z a t i o n . An example of the subtlety of t h i s factor i s the case 
of EFISH i n the common g l a s s - l i q u i d - g l a s s arrangement. Although 
r e f l e c t i o n losses between these media are t y p i c a l l y less than 1%, 
e l e c t r i c f i e l d s may d i f f e r by several percent at comparable positions 
i n the laser beam. Since the e f f e c t i s a m p l i f i ed through the 
nonlinear response, inaccuracies greater than 10% i n χ(3) 
determinations may result from i t s neglect with normal organic 
l i q u i d s . Unfortunately t h i s systematic error continues through the 
use of e a r l y EFISH formulas i n which t h i s factor has been overlooked 
(1>4Q). This has important implications i n r e l a t i o n to studies of 
s o l u t i o n s of molecules in d i f f e r i n g solvents. 

There i s another propagation r e l a t e d e f f e c t which has caused 
technique error i n the past, but i s not r e a d i l y analyzed by the above 
models because i t involves the nonlinear generation of several 
frequencies simultaneously. As example consider that i n 
noncentrosymmetric s o l i d s i t i s u s u a l l y the case that second-order 
allowed SHG occurs simultaneously with d i r e c t third-order THG 
( 2 2 ) 4 1 ) . The a d d i t i o n a l allowed second-order frequency mixing, 
2ω+ω - *2ω, c a l l e d cascading (when occurring not due to the provision 
of both summing frequencies by the experimentalist), causes 
interferences i n χ (3 ) determinations. This e f f e c t , i n addition to 
the neglect of atmospheric e f f e c t s , i nvalidates the o r i g i n a l a-
quartz experiment (42) which was subsequently used for THG χ^3) 
c a l i b r a t i o n s ( 4 ) ! Recognition of t h i s e f f e c t i s p a r t i c u l a r l y 
important since a portion of the cascading, when allowed by 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2. M E R E D I T H Design and Characterization 47 

nonvanishing χ ^ ; tensor elements, always generates a component of 
nonlinear p o l a r i z a t i o n with i d e n t i c a l frequency and wave vector as 
the d i r e c t third-order process under study. The magnitude of the 
cascaded contribution may be a r b i t r a r i l y large, depending on d e t a i l s 
°f a n d the experimental c o n f i g u r a t i o n . Because of the 
r e l a t i v e complexity of the formalism the reader i s referred t o other 
works for f u l l e r exposition of these e f f e c t s (13,ίϋ,ίΒ) · 

A s i g n i f i c a n t problem i n absolute s u s c e p t i b i l i t y measurements 
i s that of modal interferences when non-single-mode lasers are used 
to e s t a b l i s h nonlinear p o l a r i z a t i o n d e n s i t i e s ( 3 L Z ) . Frequently the 
problens of multimodal lasers for s u s c e p t i b i l i t y determinations are 
bypassed through the use of r e l a t i v e measurements f o r which i d e n t i c a l 
behaviors occur. A l t e r n a t i v e l y , an i n t e r n a l microscopic 
interference i s employed
χ ^ char a c t e r i z a t i o
considerations are not necessarily simple or unambiguous (44-46). A 
case we have seen which i s apparently s i g n i f i c a n t l y affected by 
multimodal sources i s cascading i n THG. I n i t i a l l y i t was believed 
that the multimode associated ambiguity which a r i s e s when the f i n a l 
e l e c t r i c f i e l d s are added and squared to determine i n t e n s i t y would be 
unimportant. Here the T fpurely bound wave" cascaded contributions are 
created and summed i n a s i m i l a r manner to the d i r e c t THG response and 
the "intermediate free wave" con t r i b u t i o n to Ρ^ ω i s established over 
a distance short compared to the s p e c t r a l l y determined coherence 
length. However, comparison of n o n l i n e a r i t i e s o f various materials 
determined r e l a t i v e l y by t o t a l l y third-order THG experimentation to 
values established by other methods suggests there i s a technique 
error i n neglecting multimode e f f e c t s i n cascading which are 
important for the c a l i b r a t i o n of a standard r e l a t i v e to cascaded 
X ( 2 ) parameters (33,35,41). 

Other less d e f i n i t e yet important e f f e c t s such as p r o f i l e 
changes due to nonlinear r e f r a c t i v e index a l t e r a t i o n i n s p a t i a l l y 
nonuniform high power beams must be c a r e f u l l y considered. As 
example, the use of nonidentical l i q u i d s and o p t i c a l paths p r i o r to 
and i n , say, EFISH c e l l s and the usual quartz c a l i b r a t i o n c e l l s could 
cause p o t e n t i a l l y inaccurate χ^3) determinations. Obviously these 
types of considerations are important when precise experimentation 
to test f i n e models of molecular behavior are intended, but have not 
stood as obstacle to uncovering the important general trends i n 
molecular n o n l i n e a r i t y enhancement. 
New THG Methods For Molecular Liquid C h a r a c t e r i z a t i o n . An area which 
i s e s s e n t i a l for understanding general third-order nonlinear 
p o l a r i z a b i l i t y i s characterization of the purely e l e c t r o n i c 
contributions (48). Several methods have been employed f o r t h i s 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20031 In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



48 N O N L I N E A R O P T I C A L PROPERTIES 

purpose on r e l a t i v e l y simple species, but a more general survey of 
more complex compounds has not been possible due to the l a c k of a 
method of s u f f i c i e n t r e l i a b i l i t y and s i m p l i c i t y (4JjS). Besides 
academic c u r i o s i t y t h i s area should be of some i n t e r e s t since there 
have been predictions of very large enhancements o f e] n i c t h i r d -
order h y p e r p o l a r i z a b i l i t y , y e, (9.) which could prov .lird-order 
s u s c e p t i b i l t i e s capable of matching t y p i c a l second-oraer responses 
at achievable e l e c t r i c f i e l d strengths. Since constraints on 
alignment of molecules to achieve s u b s t a n t i a l are very 
f o r g i v i n g r e l a t i v e to the s i t u a t i o n of described i n the f i r s t 
part of t h i s paper, there i s strong technological motivation for 
work i n t h i s area. Another reason f o r interest i n t h i s p o s s i b i l i t y i s 
that (nonexcitational) electronic responses are extremely f a s t 
unlike d i f f u s i o n , r o t a t i o n
X w / i n most strong Kerr, ,
i n extremely high bandwidth a p p l i c a t i o n s , such as t o t a l l y o p t i c a l 
processing, predominantly e l e c t r o n i c responding media are needed 
(4a). 

We have developed techniques for c o r r e c t l y (at l e a s t i n 
r e l a t i o n to the issues raised i n the l a s t section) measuring χ(3) i n 

l i q u i d s by o p t i c a l t h i r d harmonic generation (15,5Q). The of 
THG i s most straightforward conceptually, s u f f e r i n g from the l e a s t 
complex dispersion and resonance contributions i n the set of possible 
third-order s u s c e p t i b i l i t i e s (25,48) · Because of the occurrence of 
only p o s i t i v e (summation of) frequencies, i t may generally be assumed 
to be a measure of e l e c t r o n i c n o n l i n e a r i t y alone. Furthermore, with 
the use of a s u f f i c i e n t l y long wavelength fundamental, e l e c t r o n i c 
dispersion enhancement can be minimized. This allows a more 
straightforward approach to the i n t e r p r e t a t i o n of r e l a t i v e 
n o n l i n e a r i t i e s , being l e s s dependent on s p e c i f i c properties of the 
lowest few e l e c t r o n i c e x c i t a t i o n l e v e l s . 

In two THG methods for characterization of l i q u i d s that we've 
devised, the interferences of a i r are eliminated by working i n 
vacuum. Because weak focusing i s employed (~1 m i n our apparatus) 
the beam p r o f i l e near focus can be considered nearly constant. The 
vacuum c e l l , of course, i s also required to be long enough to avoid 
s i g n i f i c a n t generation of ? } ω a t i t s windows. The obvious 
generalization of the wedge method i s that the l i q u i d chamber of the 
c e l l being placed i n the apparatus be wedged. Unfortunately, since 
the windows of the c e l l also generate nonzero Ρ_3ω and since t h e i r 
phased contributions to the t o t a l Ε.^ω must be known, there i s l i t t l e 
choice but to make them wedges as well (considering the p r i o r 
discussion of the c r i t i c a l nature of ψ i n condensed phase m a t e r i a l s ) . 
We have therefore constructed such a c e l l i n which two wedged windows 
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of fused s i l i c a ( f . s . ) define a wedged l i q u i d chamber. The shape of 
THG fringes generated when the c e l l i s placed i n vacuum and 
translated transverse to the o p t i c a l path i s complex but may be 
analyzed to extract ( x ^ n q . / x ^ f e S . ) · I n f a c t , t h i s a nalysis of 
shape (not magnitude of s i g n a l r e l a t i v e to a secondary standard as i n 
EFISH) i s overdetermined and two independent evaluations are 
possible from the same data, g i v i n g an i n d i c a t i o n of r e l i a b i l i t y . 
This a n a l y s i s i s d e t a i l e d and the reader i s refered elsewhere for 
f u l l e r exposition (35). 

A second method was devised to s i m p l i f y the complexity and 
laboriousness of the general three-wedge method (5fi). Here the c e l l 
i s constructed with a long l i q u i d chamber. I f the l i q u i d absorbs the 
laser weakly but nearly completely, Ρ^ ω^0 at the back window with 
s i g n i f i c a n t s i m p l i f i c a t i o
l i q u i d s have some weakl
around 1.91 /im, t h i s s i t u a t i o n can usually be achieved with "-6 cm 
long l i q u i d chamber for the 1.91 /im-̂ 636 nm THG which we have studied. 
Disregarding focusing, v i b r a t i o n diagrams describing THG i n the 
absorbing l i q u i d s are s p i r a l s . Figure 6 shows the r e s u l t of s p l i c i n g 
a s p i r a l onto the c i r c l e of the front window wedge. Here again the 
dashed curve represents the set of a l l possible points due to 
the a r b i t r a r y value of ψ appropriate to the front window thickness. 
Simple i n t e n s i t y f r i n g e s are predicted with period of the window 
wedge, but with nonunity contrast r a t i o . Similar diagrams have been 
analyzed and i t was found that evaluation both of the magnitude and of 
the contrast r a t i o of THG fringe patterns from such a l i q u i d f i l l e d 
c e l l r e l a t i v e to a simple glass wedge allows two independent 
determinations of the r a t i o of l i q u i d and window χ(3) »s. One might be 
somewhat concerned that the deposition of the e n t i r e energy of the 
laser pulse in t o the l i q u i d during the short 20 nanosecond pulse 
duration might cause an unacceptable temperature r i s e and density 
v a r i a t i o n . However, since the method r e l i e s on the establishment of 
a l i q u i d c o n t r i b u t i o n to Ε?ω which i s proportional to 
χ(3)/[χ(1) __χ(1)^]? a m u c h m o r e w e a k i y density dependent quantity 

(O) 
than χ ν , the impact of that e f f e c t i s reduced. 

Since only r a t i o s of l i q u i d to window s u s c e p t i b i l i t i e s were 
determined by these methods we have determined the r a t i o s of χ(3) i n 
f.s . , BK-7 and α-quartz (41) and have performed a cascading 
experiment to determine α-quartz χ^3) r e l a t i v e to i t s (3.3)· 
More de t a i l e d a n a l y s i s of methods and r e s u l t s are a v a i l a b l e i n the 
papers c i t e d . 

(0) 
Further considerations of the goal to measure xKDJ and avoid 

interferences has lead us to a more straightforward scheme than the 
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ψ = ( 2 η + Ι)7Γ 

Figure 6. Vibration diagram depicting optical third harmonic generation when an 
absorbing liquid follows a thin solid. (See text for further discussion.) 
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two described above. Given that the THG χ ο ; has been measured for a 
number of l i q u i d s , a method which r e l i e s on r e l a t i v e i n t e n s i t i e s of 
THG might be used. We have devised an arrangement i n which to achieve 
an accuracy of a few percent one needn't measure coherence lengths, 
just the r e l a t i v e i n t e n s i t i e s coupled with a r e f r a c t i v e index 
measurement. Currently we are attempting r e a l i z a t i o n of t h i s method. 
I t i s anticipated that t h i s same concept can be applied to the 
determination of EFISH n o n l i n e a r i t i e s . 

Molecular Interpretation of Third-Order S u s c e p t i b i l i t i e s . As stated 
i n the introduction, development of new organic nonlinear o p t i c a l 
media has r e l i e d on knowledge of molecular nonlinear p o l a r i z a b i l i t y . 
Experimentally, though, i t i s properties of which are 
determined. Molecular propertie
some model for t h e i r c o l l e c t i v
Description of χ(3) i n molecular l i q u i d s i s a many-body problem, 
implying that most molecular interpretations are fundamentally 
inaccurate (4£). An example of such an approximation i s that f o r THG 
and EFISH the molecules are generally considered independent except 
through t h e i r mutual p o l a r i z i n g a c t i o n . Even i n t h i s case one must 
somehow s e l f - c o n s i s t e n t l y describe the l i n e a r and nonlinear 
po l a r i z a t i o n s and microscopic f i e l d s experienced by each molecule of 
a s t a t i s t i c a l ensemble. In the dipole approximation t h i s task can be 
achieved formally (5U,5_1): 

χ ( 3 ) = V'1 Σ λ(Ν λ) Τ·^ λ···Ν λΝ λΝ λ + χ ( 3 ) ' 

χ ( 3 )' = V 1 Σ λ ( & λ ) Τ · β λ · · Η λ Σ μ ( Ε λ ^ ) Τ · Σ ^ · ^ · ^ 

where i s a tensor which f u n c t i o n a l l y relates the macroscopic and 
l o c a l e l e c t r i c f i e l d s at molecule λ, and and are tensors of 
the formalism which are associated with f i e l d s at molecule λ due to 
p o l a r i z a t i o n of molecule μ. To be u s e f u l the r e s u l t s must be averaged 
over possible configurations of the l i q u i d . The averaging processes 
involve many unknown f a c t o r s . 

For the moment disregarding χ ν - > / , one i s faced with the task of 
λ Τ λ Α λ λ 

averaging Σ^(ΝΑ) ·χΑ···ϋ îl îi . Steps which are necessary to proceed 
from t h i s term to the commonly employed models employing averaged 
l i n e a r l o c a l f i e l d factors are: 

1) Tensorial correlations among χ \ and the p o l a r i z a b i l i t y 
of the surrounding molecular ensemble which determine the 
d e t a i l s of are neglected; i s averaged independently 
of the other f a c t o r s . 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



52 N O N L I N E A R O P T I C A L PROPERTIES 

2) The t e n s o r i a l product of l o c a l f i e l d tensors i s not 
averaged, but replaced by an arithmetic product of the 
average magnitude of four l o c a l f i e l d f a c t o r s . 

3) Correlations between molecular o r i e n t a t i o n s , that i s , 
between terms with d i f f e r e n t λ, are disregarded (except i n 
EFISH where the dipole c o r r e l a t i o n f a c t o r g i s employed i n 
the / ι · £ ν term (40) - a p r a c t i c e which assumes the t e n s o r i a l 
behavior of the vector components of β_ to show the same 
intermolecular c o r r e l a t i o n s as the permanent d i p o l e ) ; 
s i n g l e terms for each molecular type are adopted. 

4) Frequently correlations of l o c a l f i e l d amplitude and 
molecular type are ignored and a single family of s o l u t i o n 
l o c a l f i e l d factors i s adopted. 

The two common l o c a
Debye-Lorentz and the Onsage
molecular solvent surroundings by a continuum with a cavity i n which 
the λ molecule resides. Assuming a s p h e r i c a l c a v i t y shape does not 
make the l o c a l f i e l d p a r a l l e l to the macroscopic f i e l d due to the 
anisotropic p o l a r i z a b i l i t y (and o r i e n t a t i o n o f the permanent 
di p o l e ) . At o p t i c a l frequencies ( d e t a i l s of the zero frequency l o c a l 
f i e l d s are beyond the scope of our investigations) a scalar averaged 
e f f e c t i v e p o l a r i z a b i l i t y i s assumed, e s t a b l i s h i n g the p a r a l l e l n e s s . 
In the Debye-Lorentz model one assumes the l o c a l f i e l d s to be 
i d e n t i c a l for a l l molecules. The Onsager model allows t h i s average 
e f f e c t i v e p o l a r i z a b i l i t y and the c a v i t y s i z e to be d i f f e r e n t for each 
molecular type. Simple estimations with parameters for a d i l u t e 
s o l u t i o n of d i s s i m i l a r molecules show that the product of solute 
o p t i c a l l o c a l f i e l d f actors (four f o r THG and three for EFISH) which 
mul t i p l y γ i n t h i s model of xKDJ can d i f f e r by tens of percent between 
the two models. This means that solute y f s determined from » s are 
subject to at l e a s t t h i s magnitude uncertainty from the o p t i c a l l o c a l 
f i e l d s ! (This contradicts the conclusion of Singer and Garito (4_0), 
due to an unfortunate, simple algebraic error i n the derivation of 
t h e i r expressions contrasting the two o p t i c a l l o c a l f i e l d models.) 
Because of the importance of choosing the better model we have 
investigated the behavior of THG χ^) over the ranges of m i s c i b i l i t y 
of several l i q u i d mixtures ( 53 ). These studies a l s o were intended to 
investigate the s e v e r i t y of the approximations 1) -4) above. However, 
although one might expect the high power of the l o c a l f i e l d factors to 
cause t h i s to be a good t e s t , the small contributions to of the 
highly deviating species at low concentrations and the play-off of 
the one increased contribution and the one decreased contribution i n 
the Onsager model i n the intermediate concentration region allowed 
both models to f i t our data comparably w e l l . We have seen by these 
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studies, though, that beyond t h i s uncertainty xKôJ of THG i s verv 

well behaved compared to the i n t r i c a c i e s associated with EFISH χ^' 
(40). In f a c t , simple analysis of the χ^) values of 21 neat l i q u i d s 
determined by the two THG techniques described above using these 
l o c a l f i e l d models (they are equivalent i n neat l i q u i d s ) shows 
remarkably simple apparent o r i e n t a t i o n a l averaged 
h y p e r p o l a r i z a b i l i t y behavior (15>5Q). Systematics i n d i c a t i n g 
v a l i d i t y of bond a d d i t i v i t y are present. Even simple single r i n g 
aromatics are seen to be predictable to ~105& by that approach. The 
va r i a t i o n of accompanying "exaltations' 1 of nonlinear p o l a r i z a b i l i t y 
of those compounds displays two phenomena. F i r s t , strong 
perturbation of the r i n g p o t e n t i a l , as i n pyridine or fluorobenzene, 
reduces the n o n l i n e a r i t y
enhances n o n l i n e a r i t y whil
Analysis of r e s u l t s i n a larger set of compounds i s underway. A 
disappointing r e s u l t which stood out i n the set was the f a i l u r e to 
observe the extremely large magnitude of γ β predicted to occur i n 
TCNQ, one of the molecules calculated (9_) to have enhanced γ β (54)· 
In t h i s case the s o l u b i l i t y of TCNQ i n common solvents was so low that 
an absolute value was not determined, but an upper l i m i t on the 
magnitude of the o r i e n t a t i o n a l average of γ Θ was established to be 
s i g n i f i c a n t l y below the expectation. 

Returning again to the r e l a t i o n s h i p between molecular and bulk 
properties, the χ ^ ' term above displays the important fact i n that 
i n condensed phase media n o n l i n e a r i t i e s beyond second-order are not 
purely and d i r e c t l y related to the corresponding molecular or 
microscopic n o n l i n e a r i t y (50,51,55,56). This i s d i f f e r e n t than the 
cascading problem mentioned above i n which the o v e r a l l high-order 
response of a material i s related not only to the corresponding high-
order s u s c e p t i b i l i t y , but a l s o to sequential nonlinear in t e r a c t i o n s 
of lower-order involving the establishment of intermediate 
macroscopic e l e c t r i c f i e l d s . The suggestion here i s that cascading 
of lower-order n o n l i n e a r i t y through l o c a l e l e c t r i c f i e l d s must be 
considered. The argument i s straightforward. While the o v e r a l l 
i n a l i q u i d vanishes and while each of the averaged l o c a l f i e l d s at a 
molecule due to the nonlinear response of other molecules of the 
l i q u i d vanishes, there i s a s p e c i f i c c o r r e l a t i o n i n the summations of 
χ ^ ' which does not. The term with ρ=λ describes the e f f e c t where 
molecule λ responds v i a β, that nonlinear p o l a r i z a t i o n polarizes i t s 
surroundings, and the accompanying reaction f i e l d at molecule λ 
par t i c i p a t e s i n another second-order p o l a r i z a t i o n . This term does 
not average to zero because the β tensor of the same molecule enters 
twice i n the process description. D e t a i l s of t h i s phenomena may be 
found i n recently published works (50,55,56). As was mentioned i n 
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the f i r s t part of t h i s paper, this a nalysis of THG i n s o l u t i o n s of 
DANS and of the tr^ns-4'-dimethylamino-N-methyl-4-stilbazolium ion i n 
terms of χ ^ ' has allowed us to conclude that the s t i l b a z o l i u m ion i s 
nearly as nonlinear as DANS in second-order. (5_1) Obviously the 
corresponding EFISH measurement would have been d i f f i c u l t to 
acomplish. 
Conclusion 

We have b r i e f l y described several types of materials 
development research intended to generate e i t h e r new highly 
nonlinear o p t i c a l materials or new nonlinear o p t i c a l materials 
having novel f a b r i c a t i o n p o t e n t i a l . This work u t i l i z e d the inherent 
v e r s a t i l i t y and s p e c i a l properties of molecular materials. These and 
other novel approaches w
approaches described i
d i f f e r e n t than the practices of materials research i n inorganic 
nonlinear media. While i t i s u n r e a l i s t i c to expect organics to 
displace the currently used inorganic nonlinear o p t i c a l media, as 
th i s f i e l d progresses i t i s anticipated that ap p l i c a t i o n s employing 
sp e c i a l enabling c h a r a c t e r i s t i c s of the organics w i l l m a t e r i a l i z e . 

Several aspects of third-order nonlinear o p t i c a l 
experimentation and materials characterization associated with the 
development of organic nonlinear o p t i c a l media were described i n a 
larg e l y nonmathematical manner. P i c t o r i a l models were employed to 
show the o r i g i n of several important n o n i n t u i t i v e l y obvious aspects 
of propagation. This opportunity was taken to point out several 
experimental p i t f a l l s and describe errors of technique which have 
previously appeared i n the l i t e r a t u r e . These models and the aspects 
they made obvious were used to devise new, more correct methods for 
third-harmonic generation characterization of the purely e l e c t r o n i c 
third-order nonlinear p o l a r i z a t i o n response of materials. F i n a l l y a 
b r i e f discussion was given of l i m i t a t i o n s associated with describing 
χ^3) i n l i q u i d s i n a molecular basis or of ext r a c t i n g molecular 
parameters from an experimentally determined l i q u i d . 
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3 
Organic Materials for Optical Second Harmonic 
Generation 

ROBERT J. T W I E G and K A N T I JAIN 

IBM Research Laboratory, San Jose, CA 95193 

Recent studies hav  revealed th  anomalousl  larg  optical 
nonlinearities of certai
more conventional inorganic substances. Progress in the 
optimization of the optical nonlinearity of organic materials has 
stemmed from the interactive combination of better theoretical 
understanding of the origins of these large nonlinearities and the 
rational modification of molecular and crystal structure via 
organic synthesis. 

Just as great strides have been made in electronics and semiconductors, so 
will optics evolve in the future to solve a variety of technological problems. 
Both optics and electronics, which have traditionally relied upon inorganic 
materials for fabrication of various components, will benefit greatly from the 
plethora of organic compounds, millions already known and many more 
awaiting preparation and application. Already the impact of organic 
compounds has been felt, to specify a few instances: organic dyes for lasers, 
holographic media and photoconductors; liquid crystals in displays and optical 
switches; piezoelectric polymers; conducting and superconducting organic 
solids; and the multitude of organic photoresists and polymers involved in the 
fabrication of integrated circuits. 

Of the many potential applications of organic materials to optics 
technology we will focus on but the single facet of frequency doubling via 
second harmonic generation (SHG) in which light with a fundamental 
frequency ω interacts with a material in such a fashion that conversion to 2ω 
occurs. This phenomenon is already widely used for doubling fundamental 
wavelengths from the IR into the UV, for producing radiation of wavelength 
suitable for pumping dyes, and for the analysis of short pulses. Our own work 
to date has concentrated on crystalline materials potentially useful for doubling 
the output of semiconductor lasers with a fundamental wavelength of 
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0.80-1.50/x, in particular those in the GaAs family with fundamental outputs at 
wavelengths less than Ι.Ομ. A device based on the frequency doubled GaAs 
laser will find a variety of practical applications in electrophotography, 
scanning, optical storage, and a variety of other important technologies. For a 
given organic material the most important properties which must be considered 
for such applications are doubling efficiency, transparency, phase matching 
characteristics and crystal growth parameters. Although most of the discussion 
which follows concentrates on efficiency and transparency, all these properties 
are ultimately of equal importance for the practical implementation of the SHG 
phenomenon in a working device. 

It has been just twenty years since the SHG phenomenon manifested itself 
in the feeble activity of quartz (1_). This result was made possible by the just 
prior discovery of the laser which for the first time provided the intense 
monochromatic radiation require
thereafter a complete theoretica  phenomeno
nonlinear media appeared (2). Subsequent important developments included 
the powder technique of Kurtz and Perry (3) which allowed the rapid assay of 
materials for which high quality crystals were not available, the demonstration 
of the importance of phase matching (4) critical for efficient SHG to occur, 
and later, the ability to test for phase matching on powder samples (5). In 
their experiments on the powder technique Kurtz and Perry also demonstrated 
SHG from a variety of organic compounds which were selected on the basis of 
their noncentrosymmetric crystal structure. The first tests of organic 
compounds were highly empirical in nature (and, alas, remain so even today!); 
however, important relationships between the structure of a compound and its 
SHG activity have been derived and supported on theoretical grounds. 
Already crystalline compounds two orders of magnitude more efficient than 
urea (commonly employed as a reference) are known and even higher 
efficiencies have been found for certain dyes in electric field induced 
experiments. It is not unreasonable to expect that significant progress will 
continue to occur in the near future. 

We will begin our discussion with a short description of the physical origin 
of nonlinear effects such as SHG, present some of the typical organic 
nonlinear materials which have appeared in the literature and then examine 
some of the important theoretical developments which attempt to relate SHG 
activity with molecular and crystal structure. Due to the brevity of this 
chapter it is impossible to explore these in any great depth and so the 
interested reader is directed to two excellent short reviews on organic materials 
for SHG (6,7), to two relevant reviews on the organic solid state (8,9), to the 
other chapters in this book (especially for SHG in solution and polymers) and 
to the leading references herein. Finally, we will present work on materials 
discovered in our own laboratory and the rationale which went into their 
design and preparation. 
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Origin of the SHG Phenomenon 

The fundamental equation (1) describes the change in dipole moment 
between the ground state / i g and an excited state μ 6 expressed as a power 
series of the electric field Ε which occurs upon interaction of such a field, as in 
the electric component of electromagnetic radiation, with a single molecule. 
The coefficient a is the familiar linear polarizability, β and γ are the quadratic 
and cubic hyperpolarizabilities, respectively. The coefficients for these 
hyperpolarizabilities are tensor quantities and therefore highly symmetry 
dependent; odd order coefficients are nonvanishing for all molecules but even 
order coefficients such as β (responsible for SHG) are zero for 
centrosymmetric molecules. Equation (2) is identical with (1) except that it 
describes a macroscopic polarization, such as that arising from an array of 
molecules in a crystal (10)

Δ/ι = / x e - M g  jSE  γΕΕ  (1) 

Ρ = P 0 + υ Ε + χ ( 2 ) Ε Ε + χ ( 3 ) Ε Ε Ε + ... (2) 

Light waves passing through an array of molecules can interact with them 
to produce new waves; this interaction may be interpreted as resulting from a 
modulation in refractive index or alternatively as a nonlinearity of the 
polarization. Such interaction occurs most efficiently when certain phase 
matching conditions are met, requiring identical propagation speeds of the 
fundamental wave and the harmonic wave. Biréfringent crystals often possess 
propagation directions in which the refractive index for the fundamental ω and 
the second harmonic 2ω are identical so that dispersion may be overcome. 

Typical Organic Nonlinear Materials 

Table I lists a variety of organic nonlinear materials which have appeared 
in the literature; their relative powder efficiencies, absorption cutoffs and β 
values (if available) are also provided. These materials are "typical" only in 
that they represent results from the few classes of organic compounds 
investigated to date, yet they are instructive in that one learns which molecular 
properties may be important. A few caveats are in order to avoid 
misinterpretation of the data in Table I. Except for compound 10 (19) all the 
powder efficiency and cutoff data are from our own measurements. Powder 
measurements were performed on ungraded samples using the N d : Y A G output 
at 1.06/x as fundamental; since powder efficiency is a function of particle size 
distribution and a variety of other factors (3) these values are only 
semiquantitative. The cutoff values are the wavelengths for which ~ 1 0 ~ 4 M 
solutions in ethanol (unless otherwise indicated) have no absorbance. The 
cutoff values will be similar to those found in crystal state except where 
intermolecular charge transfer is important in the crystal or the molecule is 
solvatochromic, this latter effect being quite common for cyanine dyes such as 
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10 and 11. Likewise, the β values determined in solution will be dependent on 
the solvent and a wide variety of other experimental parameters. The purpose 
of Table I is not to compile precise absolute data on these compounds but 
simply to demonstrate certain trends between structure and optical 
nonlinearity. 

After perusal of Table I one can make two generalizations; first, active 
molecules are conjugated and second, they are polarized, that is, they contain 
donor and acceptor (D-A) substituents. The presence of a polarized 
conjugated system is not mandatory for SHG activity but these two features 
are often found in those materials which are the most efficient. Close 
examination of the compounds in Table I reveals some of the pitfalls inherent 
in making generalizations about structure and SHG activity. Urea I, 
4-morpholinecarboxamide 2 and acetamide 3 all contain the minimal amount 
of conjugation and polarizatio  i  th  carbonyl  but activit  i  th
crystalline state is seen t
substituents. Urea and acetamide are both well known to crystallize in a 
noncentrosymmetric fashion and so β is nonvanishing but 
4-morpholinecarboxamide has zero efficiency, likely due to centrosymmetric 
crystallization. Although the powder efficiency and β value of urea are small 
compared to most of the organic molecules we will encounter, one must 
recognize that urea has nonlinear properties comparable to the best inorganic 
materials. The only serious shortcoming of urea relative to many inorganic 
frequency doublers is the difficulty encountered in growing large high quality 
crystals. However, constant progress is being made in the area of organic 
crystal growth and as experience accumulates this difficulty will be gradually 
overcome (21). 

Compounds 4 through 9 represent some of the most extensively studied 
materials in terms of theoretical treatment, crystal growth, phase matching 
studies, and the like. A l l are polarized aromatic molecules, yet here again 
S H G activity is highly dependent on the specific structure; consider, for 
example, 4-nitroaniline 6 (NA) and 2-methyl-4-nitroaniline 7 ( M N A ) . The β 
values for these two molecules are similar but the SHG powder efficiency of 
N A is zero due to centrosymmetric crystallization whereas M N A , differing 
only by the presence of a methyl group, crystallizes noncentrosymmetrically 
and thus the intrinsic nonlinearity of the nitroaniline system can manifest itself 
in the crystalline state. The same is true of the more highly conjugated and 
polarized styrylpyridinium cyanine dye 10 and merocyanine 11 The β values of 
these cyanine dyes are probably comparable (the β of 10 cannot be 
determined without independent determination of its dipole moment) but only 
10 crystallizes noncentrosymmetrically and is active in the crystalline state. It 
is clear from the table that (going from top to bottom) increased conjugation 
and polarization leads to larger β values and a corresponding shift in 
absorption edge from the U V into the visible. The powder efficiency, 
however, cannot be correlated as well with β because of intervening 
contributions due to crystallization, which is so highly dependent on the 
specific molecular structure. Even those crystalline compounds which are 
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active usually do not take full advantage of the intrinsic nonlinearity of the 
molecules from which they are composed. The numbers in brackets in Table I 
give the enhancements in powder efficiency one might anticipate if the 
molecules were optimally aligned in the crystal (more accurately these values 
apply to enhancements of d values) (22). We will see many more examples of 
apparently subtle structural changes producing enormous differences in the 
crystal state S H G activity of organic compounds. The design of such 
molecules requires a delicate balance of a variety of parameters, some so 
mutually interactive that they defy separation, rendering the undertaking all 
the more challenging. 

Molecular Structure and SHG 

Here we will treat molecula
the moment the additiona
resulting from an array of such molecules. Fundamental to this discussion is 
the vector dipole moment of a molecule ~μ given by Equation (3) as the 
product of_Jhe magnitude of charge separation e and the length of charge 
separation I (23). In an aliphatic system, dipole moments are generally small 
but may be large as in the case of certain long chain a,ω-amino acids having 
fully charged terminal functionality in which conformational^ dependent 
dipoles up to 30D have been found (24). Large dipole moments may also 
result from only partial charge transfer between donor and acceptor groups 
terminating a conjugated chain, as is found in certain merocyanine dyes where 
dipole moments in the range of 10-20D are not uncommon (25). A 
substituent mesomeric moment μ ι η which results from the polarization of a 
77-electron system by a substituent is defined by Equation (4) as the difference 
between the dipole moment of an aromatic molecule / i a r and an aliphatic 
molecule μ & 1 bearing that same substituent. Thus, the substituent mesomeric 
moment is a measure of the polarization of a ττ-electron system by a 
substituent. For cases involving two substituents on a 7r-electron system the 
interaction moment μιην a measure of isovalent mesomerism, is given by 
Equation (5) as the difference between the dipole moment / x a b of the 
disubstituted molecule and its monosubstituted counterparts /* a and μ^. 
Equation (1) indicates that Δμ is the important quantity, not or μ 6 alone. 
However, in general, molecules with large ground state dipole moments have 
correspondingly large excited state dipoles and so treatment of ground state 
dipoles will usually (but not always!) suffice. 

(3) 

Mar-Mai (4) 

Mint = M a b - M a - M b ( 5 ) 
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In discussing the origins of optical (hyper)polarizabilities in relation to 
molecular dipole moments it is convenient to separate the contributions due to 
the length of the conjugated system and the substituent perturbations on it. 
The linear polarizability is well known to be proportional to the third power of 
conjugation length, aocL 3 (26), by the use of a free electron model it has been 
predicted that yocL 5 (27), and by a combination of this relation and the EIF 
model it has been predicted that jSocL3 (12). The cubic hyperpolarizabilities 
for a "homologous" series of polyenes containing three to nineteen double 
bonds increase by a factor of 5 χ 10 3 as a function of length in good agreement 
with theory. The cubic polarizabilities for comparable nonconjugated 
saturated molecules ranging from methane to pentadecane increase at a much 
slower rate and differ only by a factor of five (27). More qualitative 
relationships between conjugation length and the quadratic hyperpolarizability 
have been found; for example  th  value  fo  substituted stilbene
consistently larger by a
substituted benzene analogs 0 8 ) . Overall, the relationships between 
conjugation length and hyperpolarizability are well established both 
theoretically and by experiment. 

Based on the fundamental dipole moment concepts of mesomeric moment 
and interaction moment, models to explain the enhanced optical nonlinearities 
of polarized conjugated molecules have been devised. The equivalent internal 
field (EIF) model of Oudar and Chemla relates the β of a molecule to an 
equivalent electric field E R due to substituent R which biases the 
hyperpolarizabilities (28). In the case of donor-acceptor systems anomalously 
large nonlinearities result as a consequence of contributions from 
intramolecular charge-transfer interaction (related to /x i n t ) and expressions to 
quantify this contribution have been obtained (29). Related treatments 
dealing with this problem have appeared; one due to Le vine and Bethea 
bearing directly on the EIF model (30), another due to Le vine using 
spectroscopically derived substituent perturbations rather than dipole moment 
based data (31_) and yet another more empirical treatment by Dulcic and 
Sauteret involving reinforcement of substituent effects (32). 

It is of interest to note that almost fifty years ago physical organic 
chemists began to derive the corresponding relationships between substituents 
and chemical reactivity. These are the well known free energy relationships 
such as the Hammett Equation (6) in which σ is a substituent constant, ρ a 
reaction constant, k R the rate of the reaction with substituent R present and 
k Q the rate of reaction with a standard substituent (usually hydrogen) (33). 

po = l og (k R / k G ) (6) 

A large number of modifications and refinements have been made on this 
equation, the most relevant being those which attempt to separate inductive aj 
and mesomeric a R contributions of a substituent as is found in the Taft 
equation. In addition to substituent constants based on reactivity, acidity and 
the like, a variety of spectroscopically derived constants such as those from 
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fluorine N M R aR(shielding) (33,34) and IR band intensities R° (33,35) have 
more recently appeared in the literature. We will utilize some of these R° 
values to help explain the nonlinear properties of certain molecules in later 
discussions. The wealth of information obtained from these free energy 
relationships provides the organic chemist with qualitative insight into donor 
and acceptor substituents useful for the design and custom synthesis of 
optically nonlinear organic compounds. 

The presence of conjugation and D - A groups introduces a generally 
undesirable side-effect, the so-called "transparency-efficiency tradeoff". The 
incremental increase in conjugation by linking double bonds produces a gradual 
bathochromic shift in absorption edge from 200 nm in ethylene to a maximum 
in the range of 600-700 nm for an infinite series of double bonds. Addition 
of D - A groups to a conjugated system brings about a further dramatic 
bathochromic shift in absorptio  edg  resul f stabilizatio  du  mixin
of nonbonded and charge-transfe
effect is found in a comparison of the cutoffs for the parent stilbene molecule 
(350 nm), D - A substituted 4-dimethylamino-4'-nitrostilbene 9 (580 nm) and 
the heterocyclic dye merocyanine 11 (650 nm) which all contain essentially 
the same size conjugated system. In terms of practical laser frequency 
doubling the absorption edge should be near the wavelength of the second 
harmonic but must not include it and so the material and the laser it is to 
double must be closely matched. The transparency-efficiency tradeoff is a 
nuisance, to say the least, but molecules such as P O M , 4, have been designed 
in such a way to minimize the ground state dipole and thereby simultaneously 
favorably effect absorption edge and crystal packing as well (13). 

Crystal Structure and SHG 

We have just described some optimal molecular parameters for organic 
compounds intended for use in SHG. There exists a set of comparable 
parameters which arise from dealing with an array of molecules, as in a crystal. 
In general, these parameters are more subtle, less well understood and 
ultimately more difficult to control. In constructing molecules the chemist 
deals with covalent bond energies generally of 50 to 200 kcal/mol; a typical 
molecule is made up of dozens of such bonds and the total bonding energy of 
the molecule is on the order of thousands of kcal/mol. In contrast, the 
energies involved in binding molecules to one another in crystals are 
significantly less. The crystallization of molecules is influenced by molecular 
shape (the close-packing principle), van der Waal's interactions 
(10-20 kcal/mol for an "average" size molecule), hydrogen bonding (if 
present, 3-6 kcal/mol per bond) and multipolar interactions (<5 kcal/mol for 
an "average" molecule). The multipolar interaction energies are dependent on 
the crystal space group and, in the relevant case of dipolar interactions, 
proportional to The dipole energy contribution Ε μ to total sublimation 
energy (a measure of the sum of forces binding molecules together in the 
crystal) of a typical substance varies slowly with structural parameters and will 
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not bring structures out of a position of minimum energy resulting from 
van der Waal's interaction in a close-packing situation (37,38). However, as 
we have seen, molecules designed for SHG are not typical in that their ground 
state dipoles are often large. In such a case the μ | interaction tends to favor 
crystal structures which are centrosymmetric so that dipoles may oppose one 
another or at the least bring the dipoles out of the required net alignment 
required for efficient SHG. The hydrogen bond energy is comparable to Ε μ 

and it is becoming increasingly clear that hydrogen bonding can, in some 
instances, play an important role in "neutralizing" other forces and bringing 
about a favorable orientation of molecular dipoles. 

Organic compounds can crystallize in any of 230 unique space groups 
which are divided into 32 classes of crystallographic point groups by symmetry. 
Of these most of the enantiomorphic classes (1, 2,J222, 4, 3,_32, 6,_23) and 
ten other classes (m, mm2  4  42m  4  3m  6  6  6m2  43m)
active for SHG. A l l the othe
Kleinmann relations. Statistical surveys indicate that about 90% of organic 
compounds crystallize in a centrosymmetric class which leaves at most only 
10% of all organic compounds which crystallize in a noncentrosymmetric class 
and therefore potentially useful for second harmonic generation. In addition, 
the surveys indicate that some 80% of the useful compounds will belong to 
either of two space groups, P2j or 1*2 ̂ 2 ^Fl^ (39). This severe statistical 
constraint is offset in part by the use of pure enantiomers which must 
crystallize noncentrosymmetrically (17,40). Although this guarantees some 
activity, one finds, in practice, great differences in efficiency between related 
optically active compounds as will become evident in the tables which follow. 
Also, one must be prepared to deal with the synthetic complications arising 
from the use of optical activity, including racemization, optical purity, 
resolution, and the like. To complicate matters even further there also exist 
certain symmetry class dependent dipole moment orientations which must be 
optimized to allow for efficient phase matching. These important relationships 
have only very recently been derived by Oudar and Zyss and should prove 
very useful for interpreting SHG efficiency (22). 

Our Approach to the Design of Organic Molecules for SHG 

When we began our work on organic frequency doubling materials the 
best known and studied compounds were urea and a few derivatives of 
nitroaniline. As a first attempt at custom design of organic molecules we felt it 
would be worthwhile to combine the favorable noncentrosymmetric crystal 
properties of urea with the large nonlinearity of nitroaniline. We screened a 
wide variety of urea and nitrobenzene derivatives and found that DNP-SC 12 
and D N P U 13 were the most efficient (12,41). The structures of these 
materials are found in Table II along with two other diarylureas derived from 
two classes which have not been as thoroughly explored, examples of which 
are the pyridylurea 14 and the D - A substituted urea 15 derived from 
2-fluoro-5-nitroaniline. 
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Tabl  II  Ure  Dérivâte

O p N . ^ ^NOo 

' N - N ^ N H o 
D N P - S C H H 

° 2 N \ ^ ^ ^ . N 0 2 

D N P U Η Η 

Η Η 

N 0 2 N 0 2 

^ N ^ Η Η ^ N ^ 
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During this screening we also found the compound D M A - N A P 16, a 
highly polarized enone, had an efficiency some 7.5 times that of urea. This 
structure type is somewhat reminiscent of diethylaminomethylcoumarin which 
which had been studied previously in some detail (42). With these two 
precedents as guides we then prepared a series of other polarized enones, 
particularly the readily prepared chalcones and benzylidene acetones of which 
the compounds in Table III are typical. The most efficient derivatives all 
contained the nitrobenzene ring, although its presence is not essential for 
activity as in 4,4'-dimethylchalcone 19, which is well known to form an 
enantiomorphous crystal in class P2^2^2^ (43). Remarkably, a comparable 
series of compounds (not depicted) in which the nitrile group replaced the 
nitro group were all devoid of activity. 

The optically active amino acid derivative of dinitrobenzene, M A P , 8, is 
one of the most thoroughl  studied organi  nonlinea  materials  A variet f 
related derivatives obtaine
already been prepared and examined (7,44). We prepared new analogs, 
compounds 22-32 listed in Table IV, in which both the amine donor and the 
substituents on the aromatic ring were changed. The range of activity 
observed for these electronically similar molecules indicates the important role 
that small changes in structure can play in determining crystal packing, and in 
turn, SHG efficiency. A wide variety of other dinitrobenzene derivatives of 
achiral amines were also prepared, but none showed any significant SHG 
activity. 

The nitroaniline derivative M N A 7 is also a thoroughly studied organic 
nonlinear material (Γ5,_16). We decided to make a variety of M N A analogs 
from both racemic and optically active amines. Of these new materials, listed 
in Table V , the only achiral derivative with any activity is M N M A 33 in which 
the donor group is now methylamino instead of amino. Powder measurements 
indicate that M N M A is some four times as efficient as M N A , but the origins of 
this enhanced activity are somewhat difficult to delineate since M N M A 
crystallizes in the orthorombic space group Pna2-1 whereas M N A crystallizes 
in the monoclinic space group Cc. One component of this enhanced activity is 
certain, that being the better donor properties of the methylamino group versus 
the amino group (R°=-0 .52 vs. -0.47) (33,35). Hydrogen bonding between 
the amino hydrogen and the nitro group of an adjacent molecule plays an 
important role in the crystal packing of M N M A and thereby contributes to the 
large SHG activity of this molecule. It is of interest to note that the optically 
active derivatives of M N A we have prepared are all significantly less efficient 
than either M N A or M N M A . Also, a number of analogous 2-trifluoromethyl 
and 3-methyl analogs of M N A (not depicted) showed little or no SHG activity. 

A shortcoming of the D N P U molecule 13 is that the hydrogen bonding 
urea group desired for noncentrosymmetric crystallization is a rather poor 
donor even relative to amino (R°=~-0 .40 vs. -0.47) (33,35). We decided to 
look at other nitroaniline derivatives with the hydrogen bonding group placed 
at alternative locations in the molecule. For this purpose the readily available 
2-fluoro-5-nitroaniline serves very well as a synthetic starting material. The 
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Table III. Polarized Enones 

Ο 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



70 NONLINEAR OPTICAL PROPERTIES 

Table IV. SHG Efficiency of MAP Analogs 

R R ' 

Η F C I 

« 2 2 N C 2 3 1 2 4 < 1 

\Q) H 
2 5 1 6 2 6 1 0 2 7 1 7 

M e O ^ JL 

Ο 
8 1 0 

M A P 

2 8 2 1 2 9 2 

9 
O H 

3 0 N C 3 1 3 3 2 9 

N C = n o t c r y s t a l l i n e 
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[CjT Table V. MNA Analogs 

# R P o w d e r E f f ( x u r e a ) 

7 N H  ( M N A ) 2 2 

3 3 H N M e ( M N M A

3 4 H N E t 0 

3 5 H N C H ( C H 3 ) 2 0 

3 6 H N C H 2 C H 2 O H 0 

3 7 H N C H 2 C H 2 C H 3 0 

3 8 N M e 2 0 

3 9 \ ^ } ° 

4 0 H N - ^ * ^ C O O C H 3 w e a k 

4 1 Η Ν Χ ^ [ ^ ^ ] 6 

4 2 H N ^ * > S Ï ^ : ^ ^ W e a k 
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aniline functionality is first converted to one of a variety of potentially 
hydrogen bonding groups such as acetamide, trifluoroacetamide, propionamide, 
formamide, ureido and succinimide and then the fluorine is replaced by a 
donor by nucleophilic aromatic substitution. Without such prior derivatization 
of the aniline the nucleophilic aromatic substitution reaction is very sluggish. 
Table VI lists representative members of this new class of nitroaniline based 
nonlinear materials. When R' is acetyl and R (the amine donor) is gradually 
changed, 40-45, dramatic changes in SHG efficiency occur. The most efficient 
compounds in this group are D A N 42 (115 χ urea) and P A N 44 (80 χ urea) 
which contain the dimethylamino and pyrrolidine donors, respectively. A 
crystal structure determination of D A N (space group P2-1) shows that 
hydrogen bonding occurs between the amide hydrogen in one molecule and the 
amide carbonyl of an adjacent molecule. This hydrogen bonding plays a 
significant role in aligning the molecular dipoles so that efficient SHG may 
result. The relatively lo
obtained with optically active donors in this class. When R  is propionyl as in 
compounds 46-48 the incidence and efficiency of SHG is greatly reduced and 
when R' is trifluoroacetyl the only compound found with any significant 
activity is 49 (70 χ urea). Only optically active amines give active derivatives, 
such as 50, from the succinimide substituted compounds, and the same is true 
of the formamide and ureido systems prepared to date. Because we are able to 
simultaneously modify two functional groups in this class of compounds a great 
deal of flexibility for molecular engineering exists and we anticipate that more 
efficient compounds may be found (45). 

Nonlinear effects are by no means limited to D - A substituted benzene 
derivatives, and, in fact, the bulk of our effort has been devoted to exploring 
heterocyclic substrates, especially derivatives of pyridine. We felt there were 
at least two reasons to examine pyridine based nonlinear materials: first, the 
cutoffs of the 2-substituted nitropyridines are consistently hypsochromically 
shifted about 30 nm from their benzene analogs (this consideration is 
especially important when we are trying to match organic doublers to a 
semiconductor laser) and, second, the halopyridines are generally more reactive 
than their benzene counterparts, which makes synthesis of analogs somewhat 
easier. During the initial screening of commercially available nitropyridine 
derivatives we found that 2-chloro-3,5-dinitropyridine 51 was some five times 
as nonlinear as urea in powder form. This discovery was important not due to 
the nonlinearity of this single substance, but moreover the recognition that it 
serves as a precursor for nitropyridine derivatives such as are listed in 
Table VII. A wide variety of 2-substituted-5-nitropyridines and 
2-substituted-3-methyl-5-nitropyridines were also prepared and the best of 
these are also presented in Table VII. A number of these nitropyridines 51, 
52, 53, 59 are of interest since they do not contain an amine donor yet 
possess modest SHG activity. Among the many nitropyridine derivatives we 
have examined the pure enantiomers prepared from optically active amines 
consistently gave the best results. In the case of racemic amines only two, 54 
and 61, out of about a dozen such compounds were active. In addition, we 
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Table VI. Bifunctional Nitrobenzenes 

4 0 

4 1 

4 2 

4 3 
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COCH3 ( P A N ) 

COCH3 
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2 
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OoN 

Table VII. Nonlinear Nitropyridines 

Powder Eff. (x urea) 

51 

52 

53 

N 0 2 

N 0 2 

N 0 2 

54 NOo 

55 NOo 

56 NOo 

57 NOo 

58 H 

59 H 

60 H 

61 H 

62 H 

63 Me 

( + o r - ) 

(+.-) 

Cl 

O H 

Ο 

5 * © (-) 

(-) Ν A s C O O C H 3 

H 

<κο; 
C 0 0 C H 3 

O H 

(-) Ν 

(-) 

(PNP) 

O H 

16 

(MBA-NP) 25/25 

160 
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have prepared at least twenty more nitropyridines using achiral amines and 
none of them have any SHG activity whatsoever. The compound MBA-NP 5 
prepared from optically active α-methylbenzylamine is some twenty-five times 
as efficient as urea and has a cutoff at 430 nm. Hydrogen bonding between 
the amine hydrogen and the nitro group of an adjacent molecule appears to 
play an important role in the crystal packing of this molecule. Powder 
measurements also indicate that MBA-NP is noncritically phase-matchable 
near 0.90μ, a property which makes it very attractive for doubling 
semiconductor lasers which operate in this wavelength region (46). The very 
strong SHG activity of PNP 62 containing the optically active prolinol donor is 
likely due to a variety of factors and deserves some comment. The compound 
NPP, which contains a benzene ring instead of the pyridine ring of PNP, is 
even more nonlinear and this activity has been attributed to the near optimal 
alignment of dipoles in the crystal t  fit phas  matchin  requirement  (47) d 
so it is not unreasonable t
favorable in this sense. Hydrogen bonding has been found to be an important 
factor in the crystallization of PNP. X-Ray analysis shows an infinite chain of 
molecules in the crystal linked end to end by hydroxyl to nitro group 
interactions. The presence of pyrrolidine as the donor in PNP is also very 
favorable since its donor ability is second only to the julolidine or 
tetrahydroquinoline types and certainly much better than dimethylamino 
(compare R°(pyrrolidine)=-0.63 vs. R°(dimethylamino)=-0.53). A third 
important structural feature in PNP is the absence of the Birtles-Hampton 
effect (the reduction of mesomerism by steric interactions) (48) since there are 
no ortho substituents present for donor or acceptor, and so the full donor 
strength of the pyrrolidine ring can be involved. In contrast to this an 
examination of the crystal structure of DAN 42 shows that the donor 
dimethylamino group is severely distorted due to steric interaction with the 
adjacent ortho-acetamido group. 

A wide variety of other heterocyclic ring systems can conceivably serve as 
the conjugated backbone in nonlinear organic molecules. We will give 
examples from preliminary work on two of these, the thiazole and pyrimidine 
heterocycle derivatives 65-72 in Table VIII. These two heterocycles were 
chosen because the appropriate haloderivatives are commercially available as 
starting materials for nucleophilic aromatic substitution. The pyrimidine 
derivatives are of particular interest since their absorption edges (~400 nm) 
are shifted hypsochromically an additional 30 nm relative even to the 
pyridines. 

The UV-VIS cutoffs of some model compounds clearly demonstrate a 
variety of structural effects discussed earlier. Although these spectra were 
obtained in solution (4xlO" 4M in EtOH) the trends in transparency of these 
simple molecules are generally applicable to the crystalline state as well. Two 
of the more clear-cut comparisons involve the D-A substituted parent pyridine 
73-74 and benzene 75-76 molecules (Figure 1). First, the cutoffs of the 
pyrrolidine substituted aromatics 74 and 76 have a bathochromic shift relative 
to their dimethylamino substituted~analogr73 and 74 due to the better donor 
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properties of the pyrrolidine. Second, the pyridine derivatives 73 and 74 have 
a consistent hypsochromic shift in cutoff of some 30 nm relative to their 
benzene analogs 75 and 76. This is due, in part, to the dipole moment 
contribution of the pyridine ring which opposes the dipole moment arising 
from mesomeric interaction of the donor and acceptor. The cutoff behavior of 
the ortho-methyl substituted systems 77-80 (Figure 2) demonstrates how 
these relationships can be perturbed by steric interactions. The methyl group 
itself is a weak donor (R°=-0 .10) and is expected to induce a small 
bathochromic shift of some 5-10 nm. The largest perturbation in cutoff 
wavelength and slope is found for nitro toluene 79, in which the sterically 
demanding dimethylamino group is present. Nitrotoluene 80 which has the 
less sterically demanding pyrrolidine ring, has almost normal cutoff behavior. 
Remarkably, the j3-picolines 77 and 78 are not nearly as sensitive to steric 
effects as are the toluenes
demands of the nitroge
important conclusion here is that substituents introduced in an attempt to bring 
about favorable noncentrosymmetric crystallization, even a methyl group, may 
simultaneously introduce steric influences on cutoff, mesomerism, and thereby 
effect SHG efficiency as well. 

Our efforts to date have concentrated on organic compounds with 
absorption edges between 0.40/A and 0.50/x. Two of our new materials, 
M B A - N P 5 (cutoff 0.43μ, 25xurea) and PNP 62 (cutoff 0.475μ, 160xurea) 
have the largest S H G powder efficiencies known as a function of their 
respective cutoffs. These are both good materials but there remains significant 
room for improvement. The most important general finding from our study 
involves the role that hydrogen bonding can play in obtaining highly efficient 
SHG in the crystalline state. X-Ray crystallographic analysis of some of our 
most efficient compounds (e.g., 5, 33 42 and 62) clearly indicates the 
presence of intermolecular hydrogen bonding which contributes to the ultimate 
crystal packing of the molecules. We intend to exploit hydrogen bonding in 
combination with optical activity, if necessary, in our future work. We believe 
that organic compounds with cutoffs between those of urea 1 and P O M 4 
(0.20-0.40/A) have been largely neglected and that significant improvements 
are likely. In addition, a more thorough study of organic dyes (cutoff £θ.50μ) 
will undoubtedly reveal nonlinear materials with substantially better 
efficiencies than are now known. 

The SHG active compounds found in Tables II-VIII are just a small 
fraction of the hundreds of substances we have screened by the powder 
technique. Of the active compounds only another small fraction will provide 
crystals of size and quality as is required for optical application. A program in 
crystal growth as thorough as the effort which has gone into synthesis must be 
instituted in order to take full advantage of these materials. Overall, it will 
suffice to say that the promising nonlinear properties observed from such a 
small fraction of all the possible organic compounds bodes very well for future 
endeavor. 
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Figure I. Cutoffs of Model D-A substituted aromatics. 
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Figure 2. Effects of methyl substitution on cutoffs. 
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Organic molecula
linear mixing efficiencie
gnitude above that of Lithium Niobate. Beyond the ba
sic common molecular features of these crystals (con
jugation and intra-molecular charge transfer), diffe
rent possibilities to achieve a proper lattice orien
tation (chirality, a vanishing molecular dipole, H
-bonding substituent groups) are exemplified by a num
ber of original crystals. Progress in growth (solution 
cooling and melt) and characterization of organic crys
tals are reported. 

Theoret ical Concepts 

The fast growing development of op t i ca l f iber communication 
systems has stimulated the search for new highly nonlinear mate
r i a l s capable of fast and e f f i c i ent treatment of opt i ca l s igna l s . 
E a r l i e r pioneering work had pointed out the higher quadratic sus
c e p t i b i l i t i e s of molecular compounds and cubic s u s c e p t i b i l i t i e s of 
polymers, e i ther resonant or non-resonant, and thus extended the 
domain of research for nonlinear materials from inorganic semicon
ductors or insulators to organics. In the same period, other po
t e n t i a l applications of organics have shown-up such as semiconduc-
t i v i t y , superconductivity, photoconductivity, e t c . . . also c o n t r i 
buting to the growing interest in these materials . 

A. common s t r i k i n g feature is the simultaneous appearance in 
a l l these branches of the same concept of molecular engineering 
which can be defined as a voluntary and hopefully predict ive che
mical ac t ion , at microscopic l e v e l , on the physico-chemical pro
perty of interest and has proved to be in many cases a success f u l l 
and unifying approach. The same attempt is also existent in the 
study of inorganic materials but the innumerable p o s s i b i l i t i e s of 
organic synthesis , and the higher chemical r e a c t i v i t y of organic 
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materials give to this concept a more general and p r a c t i c a l v a l i 
d i t y . We s h a l l in the following r e s t r i c t ourselves to the f i e l d of 
3-photon nonlinear ef fects . 

These effects Q , 2 ) are a l l driven by the same third-rank 
frequency dependent nonlinear s u s c e p t i b i l i t y χ 2 ( ~ ω 3 ; , Gi) 2).d 
i s sometimes preferred for second-harmonic generation (SHG). 

Enhancement of χ 2 w i l l lead to improvement ( in terms of e f f i 
ciency per interact ion volume) in the following applications : 
up-conversion in the v i s i b l e or near U.V. of powerful I .R. laser 
r a d i a t i o n , frequency modulation of a laser c a r r i e r beam, opt i ca l 
parametric o s c i l l a t i o n and ampli f icat ion for s o l i d state infrared 
tunable coherent devices. 

It should be stressed that nonlinear opt i ca l effects (par t i cu
l a r l y opt i ca l parametric o s c i l l a t i o n ) are very demanding in terms 
of material qua l i ty . 

In a c r y s t a l l i n e medium
tionnai to d 2 Ip n ~ 3 an
is the s ignal res idual absorption (dramatically increased by any 
c r y s t a l l i n e defect) , d the e f f i c i ent phase-matched nonlinear sus
c e p t i b i l i t y , η an average refract ive index, Ip the pump intensi ty 
( l imited by the opt i ca l damage threshold) and X the effect ive 
in teract ion length (also l imited by any source of c r y s t a l l i n e 
d i sor i en ta t ion) . 

To increase the e f f ic iency and range of applications of para
metric o s c i l l a t i o n , an effect not yet achieved in an organic mate
r i a l , d should be increased, η lowered (re fract ive indices of 
organic compounds are between 1.5 and 2 in the v i s i b l e and near 
I . R . , to be compared to much higher values of many inorganic non
l inear materials) and the opt ica l damage threshold increased (or
ganic materials w i l l be seen to sustain at least as much radiat ion 
power as usual nonlinear inorganic mater ia l s ) . Besides, organic 
materials of interest being transparent between .5 and 2μπι qual i fy 
for use as nonlinear devices in opt i ca l f iber telecommunications 
systems. 

In molecular crys ta l s , molecules are located at geometrically 
equivalent s i tes and related to each other by rather loose i n t e r -
molecular forces. Intramolecular covalent bonds have binding ener
gies one and two orders of magnitude above that of intermolecular 
hydrogen and Van-der-Waals bonds. This sca l ing explains why mole
cules in crystals retain their i n d i v i d u a l i t y and make va l id the 
following addit ive scheme : c a l l i n g Ρ the macroscopic p o l a r i z a 
t i o n , χ η the n t ^ 1 order c r y s t a l l i n e nonlinear tensor, ρ the molecu
l a r dipole α , β, γ , the successive molecular (hyper) p o l a r i z a b i l i -
t i e s , Ε the opt i ca l f i e l d and E^ the l o c a l f i e l d . 

Ρ » P 0 + χ 1 Ε + χ 2 EE + χ 3 EEE + . . . (1) 
ρ = p 0 + α E | + β E | E | + γ E | Ε λ Ε | + . . . (2) 
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Nonlinear processes being bas ica l ly of intramolecular nature, 
corresponding terms in the macroscopic and microscopic dipoles 
expansions can be related by the following tensor ia l summation 
(given here for SHG coe f f i c i en t s ) , following an oriented gas des
c r i p t i o n : 

d U K = N f i 2 a ) f J f K b U K <3> 

b I J K =nTg7 C 0 S t 1 » 1 * 8 * ] c o s [ j J ( s ) ] c o s [ K , k ( s ) ] p i j k (4) 

Ν is the number of molecules per unit volume (packing density 
f a c t o r ) , f v is a Lorentz l o c a l f i e l d correct ion at frequency 
v ( fV= [ ( n v ) 2 + 2]/3, ν = ω or 2 ω ) . Although generally admitted, 
this type of l oca l f i e l d correct ion is an approximation which 
cer ta in ly deserves furthe
denominations of the
frames, n(g) is the number of equivalent positions in the unit 
c e l l for the crys ta l point symmetry group g - b j j ^ , c r y s t a l l i n e 
nonl inear i ty per molecule, has been recently introduced 0>4) to 
get general expressions, i n d é p e n d a n t of the actual number of mole
cules within the unit c e l l (possibly a (sub) multiple of n(g)) . 

Expression (4) evidences the combined influences of molecular 
and c r y s t a l l i n e structure on the enhancement of the macroscopic 
o p t i c a l nonl inear i ty . The molecular design must contain spec i f i c 
features so as to optimize β. while the c r y s t a l l i n e structure 
( i . e . the arrangement of molecules in the unit c e l l ) , appearing in 
the form of projection factors in expr.4, must eventually promote 
at the macroscopic l e v e l , optimized responses of indiv idual mole
cules . Advances have been reported in the understanding of r e l a 
tions between molecular hyperpo lar i zab i l i t i e s and molecular s truc
ture , leading to a so-cal led "molecular engineering" approach and 
the design of "ta i lor made" e f f i c i ent nonlinear molecules. Howe
ver , no general theory is presently avai lable on the predict ion of 
the structure of the c r y s t a l , from the sole knowledge of the mole
cular s tructure . However, a general and quantitative de f in i t i on 
of the optimal molecular orientat ions , v a l i d for a l l crys ta l point 
groups and e f f i c i en t molecular units has been recently proposed 
(_3, 4 ) . Designing a molecular compound with a higher quadratic 
macroscopic s u s c e p t i b i l i t y requires f i r s t the de f in i t i on of an 
"optimized" molecule in the f i r s t step and capabi l i ty in a second 
step of organization in a c r y s t a l l i n e l a t t i c e of suitable symmetry 
as detai led below. 

Molecular engineering 

Molecular features responsible for the enhancement of three 
photon effects were o r i g i n a l l y ident i f i ed in a rather empirical 
way, by scanning hundreds of organic compounds (_5, 6) using the 
now standard second-harmonic generation (SHG) powder test (7) . The 
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f i r s t basic feature is the presence of highly polarizable e lec
tronic configurations in the molecule. Such is the case in highly 
conjugated systems either l inear (bond a l ternat ion such as in 
polyethylenic chains) or c y c l i c (aromatic systems). It is not 
su f f i c i en t to ensure a nonlinear response : due to the odd rank of 
tensor, the molecular system must not be centrosymmetrie. A third 
feature is the occurence of intramolecular charge transfer such as 
happens in parani troani l ine . 

Some substituents induce remarkably di f ferent e lectronic beha
viors on the same aromatic system (8) . Let us consider, for exam
p le , the actions of substituents on an aromatic electron system. 
Some substituents have a tendency to enrich their e lectronic popu
l a t i o n (acceptors) , while others w i l l give away some of i t 
(donors). Trad i t iona ly , quantum chemists used to dis t inguish bet
ween long range (mesomeric) e f fects  mainly π in nature  and short 
range (inductive) e f fects
monosubstituted molecul
e lectron dipole moment. Examples of donor and acceptor subs t i 
tuents can be seen on figure 1. 

When located at opposite ends (or at conjugated posit ions) in 
a molecular system, a donor and an acceptor do more than simply 
add up their separate e f fects . A cooperative phenomenon shows up, 
involving the entire disubst i tuted molecule, known as charge 
transfer ( C . T . ) . Such compounds are colored (from pale yellow to 
red, absorption from 3,000 to 5,000 Â) and show high U.V. absorp
t ion o s c i l l a t o r strength. "Figure 2" helps understand the enhance
ment of opt ica l nonl inearity in such a system. 

General ly , the transparency of a molecular π electron system 
narrows with increasing conjugation (bathochromic effect) while 
i t s nonlinear ef f ic iency increases. The urea molecule is a small 
conjugated molecule transparent up to 2000 Â with a low β value : 
1.3 1 0 ~ 3 0 e . s . u . (10). For 4-nitro 4'-dimethylaminostilbene the 
s i tuat ion is opposite : absorption occurs at 5,000 Â and β is 
450 .10" 3 0 e . s .u . (11). 

In order to measure molecular hyperpo lar i zab i l i t i e s the now 
standard D-C induced SHG experiment is used (12). Although i t 
would be more suitable to work in the gas phase to minimize mole
cular interact ions , high molecular weights (low vapour pressure) 
and chemical decomposition processes make i t hardly feasible for 
the molecules of interes t . 

In so lut ion , although solute contributions can generally be 
s ingled out, d i f f i c u l t i e s arise sometimes : solvent-solute in te 
ractions may induce a sh i f t of the solute absorption and conse
quently of i t s s u s c e p t i b i l i t y or hydrogen bonded molecular com
plexes may modify the l i q u i d s tructure . This s i tuat ion has been 
studied both theoret ica l ly and experimentally by Zyss and Berthier 
(10) and by Ledoux and Zyss (13) in the case of urea derivatives 
i n various solvents and in crys ta l showing the importance of envi 
ronment considerations and thus the l imitat ions of an oriented gas 
model for c r y s t a l s . 
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Figure I. Nonlinearity of some monosubstituted aromatic molecules in terms of their 
dipole moments (π electron contributions). 
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Figure 2. Origin of the nonlinearity of charge-transfer molecules for a two-level-like 
disubstituted aromatic molecule. The donor (D) and acceptor (A) cooperate to distort 

the linear response (dotted lines) of a nonsubstituted benzene ring (below). 
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We s h a l l review some molecular models, at different levels of 
approximation, which help theoretically support the previous re
sults . 
A simple model, known as the internal equivalent f i e l d model (9) 

(see "Figure 1") accounts for the different β values of mono-
substituted benzene derivatives R-X, and relates them to the res
pective donor or acceptor strength of X. It is assumed in this 
model that the substituent action on the π electrons of the ring 
is equivalent to that of a D-C f i e l d E Q with direction and inten
s i t y related to the substituent electronegativity. Identifying 
dipole expansions of R-X in presence of Ε and of R in presence of 
E Q + Ε yields : 

•ΐ-χ - « ί E o PR-X - 3<ÏR/«M-X (5) 
Although satisfactor

this model does not hold in the case of strong charge transfer 
such as happens in some disubstituted benzene derivatives. A sim
ple additive assumption f a l l s short of the experimental values for 
the three nitroanilines in the para, ortho and meta positions 
(14). Discrepancies between an a d d i t i v i t y assumption and experi
mental values are seen to increase with the degree of conjugation 
induced by the substituent relative locations. 

A quantum mechanical expression for β can be straight forwar-
dly obtained from perturbation theory (with dipolar perturbation 
coupling of the molecule with the electromagnetic f i e l d ) . 

In the case of a charge transfer molecule such as paranitro-
a n i l i n e , only two electronic states contribute s i g n i f i c a n t l y in 
the v i s i b l e range. The rest of the spectrum contributes a small, 
i f not negligible, additive background. In the l a t t e r case, β 
reduces to : 

/ 

i j k 2h 2 

à „ m ωζ + 2 α / 
i m j mk 1 

- + ^ ( « j ^ + — r ; - -
ω1 - ω ζ (ω 1 _ 4ω 2)(ω 1-ω 2) 

where is the difference between the dipole moments of the exci
ted and ground states, m is the transition dipole connecting these 
states, h o i j the gap ηω the fundamental photon energy. 

If _a, b are two unit vectors a r b i t r a r i l y chosen in the (̂ ,m) 
plane, β is seen from the previous expression to be a two-dimen
sional tensor with only four components $aaa , β ^ ^ > β abb» ^baa* 
This situation w i l l be more thoroughly studied in the following 
f o r methyl-(2,4-dinitrophenyl) α-aminopropanoate (MAP) crystals. 
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Quantum mechanical models at di f ferent levels of approximation 
have been successful ly applied to compute molecular hyperpolariza-
b i l i t i e s . Some authors have attempted a complete determination of 
the U.V. molecular spectrum to f i l l in the expression of β (15, 
16). Another approach is the f i n i t e - f i e l d perturbative technique 
(17) demanding the sole computation of the ground state l eve l of a 
perturbated molecule, the hyperpo lar i zab i l i t i e s being derivatives 
at a suitable order of the perturbed ground state molecule by 
appl icat ion of the Hellman-Feynman theorem. 

Crys ta l Engineering and Ef f i c i enc i e s of 3-methyl 4-ni tropyridine 
I-oxide (POM), MAP and N-4-nitrophenylprol inol (NPP) 

The second step of the nonlinear material optimization process 
w i l l be detai led in the cases of three e f f i c i en t nonlinear mate
r i a l s recently develope
materials spec i f i c feature
l e v e l so as to act on the c r y s t a l l i n e structure in the required 
d i r e c t i o n ( i . e . away from centrosymmetry and toward an "optimal" 
c r y s t a l l i n e structure which has been theore t i ca l ly defined (3, 4·) 
a n d actual ly almost reached in the case of NPP. 

These features, made compatible with the previously detai led 
e lec tronic requirements, are respect ively : a vanishing ground 
state dipole moment requirements in the case of POM (18), c h i r a -
l i t y in the case of MAP (19), c h i r a l i t y and hydrogen-bonding i n 
the case of NPP (20) . Characterizat ion and growth of these mate
r i a l s w i l l be detai led further on. 

The interest of defining an e f f i c i ent nonlinear molecule with 
the addi t ional feature of a vanishing dipole moment l i e s in the 
following expected potential advantages : f i r s t , in the absence of 
stronger Η-bond intermolecular in teract ions , intermolecular 
d ipole-dipole e l ec tros ta t i c interactions tend to locate molecular 
dipoles in opposite d irec t ions , thus favoring a centrosymmetrie 
l a t t i c e . Cancell ing-out dipole-dipole interactions does not gua
rantee the absence of centrosymmetry (as c h i r a l i t y does) but 
should result in a s tructure , made more "sensitive" to other i n 
fluences (such as minor molecular subs t i tu t ions ) , potent ia l ly able 
to prevent centrosymmetry and otherwise masked by stronger e lec
t r o s t a t i c forces . Secondly, disruptive molecular associations in 
so lut ion (solvent-solute or solute-solute) are less l i k e l y to 
appear resul t ing in easier desorbtion of the solute during the 
c r y s t a l growth process in so lut ion and more favorable i n i t i a l 
conditions toward the growth of large, high qual i ty samples. 

However, de f in i t i on of an e f f i c i en t molecule for N . L . O . with a 
vanishing dipole moment requires solving a serious but not i n 
t r i n s i c contradict ion : most conjugated charge-transfer molecules 
have s ign i f i cant dipole moments owing to the non-negligible reso
nant contribution of a highly polar A"- 0 - D+ structure to the 
molecular ground state (see for example Mull iken e x p r è s i o n s of the 
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dipole given in 21). In POM the loca l ized dipole moment of the N-
oxide semi-polar bond (4.2 D) opposes and cancels-out that of 
nitrobenzene resul t ing in a negl ig ib le value of the to ta l d ipo le . 
Besides, in an heterocycl ic molecule the N-oxide group may act as 
well as a donor or an acceptor group depending on the e lectronic 
nature of the para substituent : in the present case, the acceptor 
property of the n i t ro group promotes the donor nature of the N-
oxide bond. 

With the addit ion of a methyl group in the 3 posit ion which 
does not interfere with the basic charge transfer process, the 
resul t ing c r y s t a l l i n e structure is P 2 2 2* 

Crys ta l l ine samples of large s ize (few cm3) have been grown in 
so lut ion and characterized by X-ray Lambot method showing good 
c r y s t a l l i n e qua l i ty . SHG coeff ic ients have been measured (18) : 
d l l + = d 2 5 = d 3 6 = 23 ± 3.10" 9 e . s . u . ( i . e . nearly 14 times d 3 6 of 
KDP). 50 % e f f i c i en t SH
yie ld ing 40 MW/cm2 of a
threshold is 50 MW/cm2 at .53 μπι. Pumping a s ingly resonant os
c i l l a t o r at degeneracy ( ω ρ = .53 μπι, ω^ = ω 8 = 1.06 μπι) with 40 
MW/cm2 pump intens i ty results in the favorable rat io Γ 2 λ 2

8 £ f / 2 a ^ 
=2,67 (where Γ is the parametric gain, £ e f ~ 3.5 mm, λ = 5 mm, a^ 
=0.77cm"1 at 1.06 μπι). A much higher gain should be obtained by 
r a i s i n g the pump wavelength and taking advantage of a higher 
damage threshold to pump more e f f i c i e n t l y . A spec i f i c feature of 
curve n ° l of figure 3 is to be noted : above 1.4 μπι SHG phase-
matching geometric conditions are seen to depend weakly on the 
fundamental wavelength. This should make possible the nonlinear 
treatment of broad opt i ca l pulses (such as frequency doubling of 
picosecond pulses) without spectral narrowing, or the doubling of 
a tunable I .R. source with non c r i t i c a l adjustement of the geome
t r y . Electroopt ic coeff ic ients have been measured by Sige l le and 
al . (22) ( r i + 1 = 3 . 6 , r 5 2 - 5 . 1 , r 6 3 = 2.6 in 10" 1 2 m/V) and related 
to the SGH coeff ic ients by a two-level quantum model of the mole
cule and adequate dispersion of l oca l f i e l d factors . As for MNA 
(23) , the major part ( i . e . 75%) of the e lectroopt ic coeff ic ients 
originates from purely intramolecular e lectronic contribut ions . 

In the case of MAP, the concept of c h i r a l i t y was used so as to 
prevent centrosymmetry : a c h i r a l molecule cannot be superimposed 
on i ts image by a mirror or center of symmetry so that a crys ta l 
made only of l e f t or right-handed molecules can accomodate neither 
of these symmetry elements. This use of the c h i r a l i t y concept 
ensures exclusion of a centrosymmetrie s tructure . However as we 
s h a l l see in the fol lowing, the departure of the actual structure 
from centrosymmetry may be only weak, resul t ing in l imited non
l inear e f f i c i e n c i e s . A prerequisi te to the introduction of a c h i 
r a l substituent in a molecule is that i t s locat ion should avoid 
in ter fer ing with the charge-transfer process. 
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For MAP, the molecular nonlinear behavior has been shown to be 
very s imi lar to that of 2 ,4 -d in i t roan i l ine (resp. 22 and 21.10~ 3 0 

esu for βμ (project ion of the vector part of β on dipole μ ) . MAP 
offers di f ferent phase-matching p o s s i b i l i t i e s (see "figure 4") 
covering continuously i ts whole transparency domain (from .5 to 
2μπι). The most e f f i c i ent one (SHG at 1.06 μπι or inverse degenerate 
parametric emission pumped at .53 μπι) has a figure of merit 15 
times higher than that of L i N b 0 3 . Opt ica l damage threshold is 
150MW/cm2 at .53μπι and 3GW/cm2 at 1.06 μπι (10 ns duration Q-swit-
ched YAG l a s e r ) . 30 % SHG conversion was obtained in a 1 mm thick 
sample and parametric o s c i l l a t i o n (Γ = 14 cm"*1 at degeneracy) 
should be feasible on a s imi lar interact ion length when c r y s t a l 
l ine samples of suitable qual i ty are ava i lab le . More detai ls are 
to be found i n 19. 

MAP has a non-centrosymmetri
four non-vanishing c r y s t a l l i n
to the previously defined two-level model, there are also four 
non-vanishing molecular nonl ineari ty coeff ic ients which are l i n e 
ar ly related to the crys ta l l ine coe f f i c i ents . (3) 

However, i t s was found possible to infer a l l four microscopic 
tensor coeff ic ients from macroscopic c r y s t a l l i n e values and this 
imposs ib i l i ty could be related to the molecular unit anisotropy. 
It can be shown that the molecular unit anisotropy imposes s t ruc 
tura l relat ions between coeff ic ients of macroscopic non l inear i -
t i e s , in addit ion to the usual re lat ions resul t ing from crys ta l 
symmetry. Such addit ional relat ions appear for crys ta l point group 
2 ,m and 3. For the monoclinic point group 2, this re la t ion has 
been tested in the case of MAP c r y s t a l s , and excellent agreement 
has been found, when taking into account crys ta l structure data 
(24), and nonlinear opt ica l measurements on s ingle crys ta l (19) . 
This approach has been extended to the e lectroopt ic tensor (4) and 
should lead to s imi lar re la t ions , when the e lectroopt ic effect is 
pr imar i ly of e lectronic o r i g i n . 

I t is also of great interest to infer the ind iv idua l molecular 
h y p e r p o l a r i z a b i l i t y components from measured nonlinear opt i ca l 
data. We have therefore studied for each crys ta l point group the 
p o s s i b i l i t y of such a determination, taking into account the two-
dimensional response of molecular un i t s . We have shown that even 
i n the favorable case of low c r y s t a l l i n e symmetry ensuring the 
presence of at least four independent non-zero nonlinear c o e f f i 
cients , one cannot always infer a l l four molecular hyperpolariza
b i l i t y components from the sole experimental data on crys ta l s . The 
reason is that the l inear system connecting microscopic and ma
croscopic nonl ineari t ies is s ingular , which c l e a r l y appears in 
adequately defined reference frames. This s i n g u l a r i t y is proved to 
orig inate from the crys ta l symmetry and, in fact , also gives r i se 
to the above mentioned addit ional s t ruc tura l re la t ions . As an 
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Figure 3. SHG phase-matching configurations in the three principal planes of POM as a 
function of fundamental wavelength (—)for Type IIphase-matching and(—) for Type I 

phase-matching [("') theoretical possibilities forbidden by symmetry]. 

FIBER LOSSES (dB/km) 

1 2 TRANSPARENCY 
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ω ρ = ω ^ ω 2 

Figure 4. Transparency and phase-matching curve for parametric oscillation of MAR 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4. BADAN ET AL. Nonlinear Organic Crystals 91 

point group 2 only three out of four hyperpo lar i zab i l i t y compo
nents can be determined by SHG data on the c r y s t a l . The addit ional 
data from e l e c t r i c - f i e l d induced SHG measurements in solut ion has 
yie lded the missing component. As a r e s u l t , the two-dimensional 
tensor has been f u l l y determined, and i t s var ia t ion is displayed 
on figure 5 referenced i n an orthogonal system of axes, rotat ing 
within the aromatic plane. This result shows that a one-dimensio
nal model would be inadequate for describing β , which is not sur
pr i s ing since three radicals are involved in the charge-transfer 
in teract ions . However, the β coef f ic ient is the largest one, 
which indicates that the charge transfer is predominantly from the 
amino group to the n i tro group in para pos i t ion , rather than to
wards the n i tro group in ortho. S imi lar ly the l inear p o l a r i z a b i -
l i t y has been determined and shown to be i so tropic within the 
conjugation plane. As a consequence, the intersect ion X of the two 
molecular planes in th
which is in agreement wit
lat ions (17) have confirmed these features. 

This analysis is a convenient basis for discussing the optimi
zation of molecular orientat ions , beyond the well-known require
ment of no center of symmetry. For example, in the case of MAP, we 
show that the proximity of the predominant molecular charge trans
fer axis a to the d i e l e c t r i c axis X l imits the macroscopic c o e f f i 
cient values. Optimization of the molecular or ientat ion (e .g . with 
Θ - 100° or 48° instead of 14° in actual MAP (see figure 5) would 
ensure an increase of these coeff ic ients by almost one order of 
magnitude. F i n a l l y , the s i tuat ion where the molecular nonlinear 
response is one-dimensional can be s tudied. In that case the mole
cular or ientat ion enters through a simple project ion factor in the 
r e l a t i o n between microscopic and macroscopic nonl inear i t ies (e .g . 
s in 2 0cos0) . We have considered, for each point group symmetry, 
which molecular orientat ion maximizes this project ion factor for a 
phase-matched interact ions . This leads to a c l a s s i f i c a t i o n (shown 
on "figure 6") of the various point groups with respect to the 
maximum value this factor can reach with the best possible or ien
t a t i o n . These considerations offer a quantitat ive framework for 
comparing actual crys ta l structures with optimized ones. 

In that respect we have recently discovered a new compound, 
namely NPP (20) , which c r y s t a l l i z e s also in a monoclinic P 2 i s t r u c -
ture . Moreover, as shown on figure 7 the angle between the charge-
transfer axis of any of the two molecules in the unit c e l l with 
the binary axis is only at 4° from the optimum orientat ion (res
pect ively 58 and 5 4 ° ) . 

The molecular planes of the two molecules in the unit c e l l are 
nearly p a r a l l e l to each other and the binary axis which makes the 
actual 2 point group symmetry close to mm2 symmetry. The crys ta l 
i s thus near to uniaxia l and the "quasi-optical axis" close to the 
d i rec t i on perpendicular to the molecular planes (assuming that the 
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Figure 5. Variation of the molecular β components upon rotation of ΜΑ Ρ molecules in 
the ab plane to give evidence for optimal Θ values. 
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Figure 6. Classification of the noncentrosymmetric crystal point groups by decreasing 
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su m a x \ 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4. BADAN ET AL. Nonlinear Organic Crystals 93 
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Figure 7. Main crystallographic and nonlinear features of NPP. 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



94 NONLINEAR OPTICAL PROPERTIES 

molecular p o l a r i z a b i l i t y is i sotropic in the molecular plane as 
for MAP), 

The analysis of intermolecular distances has shown the prevai 
l i n g inf luence, toward the determination of the crys ta l s tructure , 
of intermolecular Η-bondings v ia the p r o l i n o l alcohol group. H-
bonds, owing to their higher energies w i l l impose the c r y s t a l l i n e 
s tructure , their influence prevai l ing over that of dipole-dipole 
interact ions which favor centrosymmetrie l a t t i c e s : a detai led 
crysta l lographic (20) study evidences intermolecular H-bonding 
between molecules located within the same (101) plane and l ink ing 
the alcohol o x y g è n e of one molecule to one of the n i tro group 
oxygens of the next molecule (average 0-0 distance 2.86 Â ) . We 
have ac tua l ly observed, on a number of powders, a greater occu
rence (above 50 %) of non-centrosymmetric structures where alcohol 
groups were present at the molecular l e v e l , than in the absence of 
H-bonding groups (below
s t a t i s t i c s is that hydroge
non-centrosymmetric structures dominate dipole-dipole interactions 
which de f in i t e ly favor a n t i p a r a l l e l centrosymmetric dimerisations. 
As could be expected from ca lcu la t ions , knowing the c r y s t a l l i n e 
structure of NPP and assuming that the molecular s u s c e p t i b i l i t y 
compares with that of n i t r o a n i l i n e , we have found a second harmo
nic response, on powders, one order of magnitude above that of 
MAP, thus two orders of magnitude above L i N b 0 3 . The transparency 
of this new compound compares with that of MAP. 

Crys ta l Growth 

Let us consider the crys ta l growth of the three previous com
pounds which have retained our attention by their high nonlinear 
o p t i c a l s u s c e p t i b i l i t i e s (POM, MAP, NPP) plus an addit ional one : 
R(+)N-methylidene (gem-carbethoxiphenyl) amide of 4-N-dime-
thylamino- benzylidene cyanacetic acid -ΑΜΑ, of potent ial interest 
but not yet investigated from the opt i ca l point of view. We look 
successively into their synthesis , p u r i f i c a t i o n , crys ta l growth 
and character izat ion . 

Synthesis . Because of their molecular o r i g i n a l i t y , three of 
these compounds have been synthetized. ΑΜΑ is the condensation 
resul t of an acid chloride with chlorhydrate of ethyl R(+)a-pheny-
laminoacetate according to the reaction process shown "figure 8". 
Its complexity required a considerable ef fort to obtain the large 
quantity of product necessary for c r y s t a l growth. The follow-up of 
the kimetic of the reactions by gas chromatography (GC) and nu
c lear magnetic resonance (NMR) has permetted the i d e n t i f i c a t i o n of 
the optimal conditions for the preparation of the crude product. 

For MAP, the corresponding acid is prepared by the Sangers 
method (25) and es ter i f i ed by methanol or placed in reaction with 
diazomethane. 
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Figure 8. Reactional scheme of synthesis of ΑΜΑ. 
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The condensation of 1-fluoro 4-nitrobenzene with p r o l i n o l 
gives NPP. Only POM is a commercial product. 

The achievement of the corresponding monocrystals of s u f f i 
cient opt i ca l and c r y s t a l l i n e qual i ty is made possible only after 
very thorough p u r i f i c a t i o n . Chemical impurities are known to d i s 
turb the crys ta l l a t t i c e through the occurence of twins, ve i l s 
d i s loca t ions , rounding-off of faces ult imately quenching further 
growth. Any c r y s t a l l i n e defect dramatically increases the res idual 
absorption coeff ic ient and lowers the opt ica l damage threshold. 

P u r i f i c a t i o n . This problem is related to the degree of purity 
of the o r i g i n a l commercially avai lable compounds and to the e l i m i 
nation of undesirable compounds exist ing or formed during synthe
s i s . It is advisable to choose the reactions which give a r e s t r i c 
ted or n u l l number of mean product isomers  The purity of neces
sary reagents and solvent
we must ensure the complet
and by-products which are always present in greater or lesser 
quant i t ies . 

The crude product is at once pur i f i ed according to the usual 
methods of organic chemistry. Then i t is essent ia l to lower the 
impurities rate to a threshold compatible with crys ta l growth and 
espec ia l ly with the use of the materials for nonlinear optics (10 
to 100 parts per m i l l i o n ) . 

Repeated r e c r y s t a l l i z a t i o n in an adequate solvent allows a 
sui table el imination of metal l ic impurities (see "table I"). Such 
impurities are known to be very damaging to the opt ica l qual i ty of 
inorganic crystals as exemplified by Fe impurities in L i N b 0 3 . 

Table 1-Residual metal l ic impurities in MAP and POM at d i f f e 
rent stages of p u r i f i c a t i o n . 

Impurities (ppm) 

Si Mg Fe A l Cu Ca 

MAP crude 55 32 12 25 20 165 
recrys ta l l i z ed 20 6 - - 8 5 

evaporated .4 22 - - 7.5 -
monocrystal 2 .5 — — — — 

POM crude 15 21 _ 10 2 23 
recrys ta l l i z ed 2 6 - 1 -
growth solut ion 2 2 - - -monocrystal — 12 - - - 5 

Any organic impurit ies , more soluble than the mean product in 
the respective solvents, remain in solut ion and are thus removed. 
At this stage, ΑΜΑ and POM revealed a s u f f i c i e n t l y high degree of 
p u r i f i c a t i o n so that i t was not judged necessary to use another 
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method. This is not the case with MAP. D i f f e r e n t i a l thermal ana
l y s i s (DTA) of the material r e c r y s t a l l i z e d f ive times in methanol 
shows the persistent presence of impurities (several percents) 
which are removed by the following process (see "figure 9"). 

MAP is one of the organic compounds which have a s u f f i c i e n t l y 
high vapour pressure at 10" 5/10" 6 mm Hg to make possible vacuum 
evaporation in a temperature gradient and permit the co l l ec t ion of 
a highly puri f ied product in a spec i f i c zone. It is advisable not 
to heat the material too much above i ts melting point . 

Zone ref in ing is used to further purify the mater ia l . Enclosed 
i n a sealed tube under inert gas at low pressure, i t is subjected 
to a f u s i o n / r e c r y s t a l l i z a t i o n sequence by displacement of the tube 
i n a series of furnaces interspaced by coolers . The impurities 
which have a segregation coeff ic ient d i f f e r i n g from unity (smaller 
or greater) accumulate in either the top or bottom of the ingot. 
The central part can at ta i
on the number of times
nique is successful ly applied to MAP and NPP. 

The dif ferent pur i f i ca t ion stages are control led by characte
r i z a t i o n means which are described further . 
Physical and chemical propert ies . Only the physical and chemical 
properties which have an effect on the c r y s t a l growth of these 
materials are mentioned. The physical properties are grouped in 
table I I . 

Table II -Physical properties of the four organic compounds. 

ΑΜΑ MAP POM NPP 
M.P. ( °C) 136.35 80.90 136.25 115.93 
H f (Kcal/mole) 20.27 13.80 37.30 
B...P. ( °C) decomp. decomp. decorap. decomp 

at λ - 6328 Â +13.7498 
5890 +25.6475 -10.70 
5780 +30.3222 -13.34 
5460 +50.2211 -25.30 

crys ta l class monoclinic monoclinic orthorhomb monoclinic 
Space group Ρ 2 χ P2 1 P 2 χ 2 χ 2 χ P2 χ 

Ζ 2 2 4 2 
a 20.963 6.829 21.359 5.257 
b (Â) 5.244 11.121 6.111 7.178 
c 9.392 8.116 5.134 14.893 
β (θ) 99.47 95.59 109.20 

M.P. melting point ; H f heat of fusion; BP Boi l ing Point ; α β 

spec i f i c rotat ion in degree at λ( Â) ; Ζ, a, b, c, β l a t t i c e para
meters . 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Figure 9. Differential thermal analysis of recrystallized (1) and evaporated (2) ΜΑ Ρ (a), 
and compared melting curves of ΑΜΑ (I) and POM (2)(b). 
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These compounds present a greater or lesser degree of i n s t a b i 
l i t y with regard to a i r , l i g h t , water and heat. The most stable is 
POM which reacts only in contact with acetylacetone and water. 
ΑΜΑ degrades in presence of ni trated or chlorinated solvents. The 
effect of heat, l i g h t , water and methanol on methyl alaninate 
leads to degradation and to a number of polycondensation compounds 
so that we may assume that they also appear in the case of MAP 
under s imi lar conditions (26-32) (see "figure 10"). The solut ion 
l a b i l i t i e s in most organic solvents have been established for MAP 
as well as for NPP, preventing use of any crys ta l growing techni
que involving such solvents. 

Crysta l Growth. Depending on the materials , two types of crys ta l 
growth method have been used : solut ion for ΑΜΑ and POM, melt for 
MAP and NPP. 

Solution growth. Th
decrease of a saturated solut ion of the compound in a sui tably 
chosen solvent has been employed for ΑΜΑ and POM. The emphasis has 
been put on the thermal s t a b i l i t y of the baths (better than one 
hundredth of degree) and on the el imination of stray v ibrat ions . 

The so lut ion is s t i r r e d using the accelerated seed rotat ion 
technique (ASRT) with a maximal speed of 60 rpm and a cycle of 75 
seconds. The growth seeds are obtained spontaneously by solvent 
evaporation at room temperature and i n a la ter stage for POM, by 
cutt ing (.82 χ .82 χ 1 or 2 mm) paral lelepipeds along the 
crysta l lographic direct ions i n a monocrystal. The s o l u b i l i t y 
curves are reported on "figure 11". The t y p i c a l conditions of 
crys ta l growth are mentioned in table I I I . 

Table Il l-Growth conditions of ΑΜΑ and POM by a temperature de
crease method in solut ion 

ΑΜΑ POM 
Me Acetate Solvent Eth/ACN 

57 43 
.8 V 

Τ 
Τ 

1 9 . 1 ° C 
1 6 . 4 ° C 

34 

40.6°C 
34.47°C 

1.2 

Time (days) 
ΔΘ .08°C 

14 
.05°C 

Size (mm) and 
weight (g) 

10x8x4 
21x6x4 
15x6x3 

.359 

.505 
;261 

6x7x9 .581 
37x10x21 1.986 
7x15x15 2.242 

V solut ion volume (inJl) Τ i n i t i a l Τ f i n a l temperature ΔΘ Me
dium d a i l y decrease - Eth . ethanol,ACN acetoni tr i le ,Me a c é t a t e 
methyl acetate. 
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Growth from the melt. The growth method which is used for MAP 
is derived from the Bridgman-Stockbarger technique. Nevertheless, 
i t is dist inguishable from i t by the requirement to keep only a 
minimum quantity of material melted in order to l imi t thermal 
degradation or polycondensation over time. This requires a compro
mise between the temperature and the growth rate of the monocrys
t a l to assure good c r y s t a l l i n e and opt i ca l qua l i ty . The apparatus 
is made of three adjacent zones, at d i f ferent temperatures, the 
melting of MAP taking place in the intermediate zone. The tempera
ture gradient near the melting point should be sharp, t y p i c a l l y 
1 0 ° / c m . The displacement rate of the ampoule containing MAP is 3 
to 6 mm/day. The resul t ing monocrystal has a diameter between 8 
and 10 mm and length between 4 and 7 cm. The same growth technique 
is used for NPP. 

Character izat ion . I
for checking the pur i f i ca t i o
every stage, from synthesis to the monocrystal. There are two 
aspects : the control of material purity before crys ta l growth and 
the control of the crys ta l l ine qual i ty of monocrystals. 

Control of the chemical p u r i t y . Several means are used for this 
control : Microanalysis , NMR, and UV, IR and X spectroscopies are 
employed for the i d e n t i f i c a t i o n of synthesized powders. P u r i f i c a 
t ion follow-up may be achieved through thermal behavior study with 
the help of melting point measures, DTA and melting curves (see 
"figure 9"). Spark emission spectroscopy, GC and high performance 
l i q u i d chromatography (HPLC) are used for the determination of the 
quantit ies of residual impuri t ies . GC shows the high degree of 
pur i ty reached by ΑΜΑ and POM after they have been recrys ta l l i z ed 
many times. HPLC is only one of the means used to detect traces of 
impurities in MAP, estimated at several tens of ppm in the evapo
rated mater ia l . This method reveals that impurities are a t t r i b u 
table more to thermal degradation or polycondensation during 
growth than to a concentration of impurities d is tr ibuted in the 
rod before i t s c r y s t a l l i z a t i o n (see "figure 12"). The separation 
of impurities at each stage by HPLC should soon permit us to iden
t i f y them by coupling HPLC with mass spectroscopy. 

Control of the c r y s t a l q u a l i t y . X-rays d i f f r a c t i o n or re f l ec t ion 
on the monocrystals reveals the molecule posi t ion in the crys ta l 
l a t t i c e . Lalie diagrams are espec ia l ly used to index the faces of 
monocrystals grown in solut ion (see "figure 13"). For MAP c r y s t a l , 
the absence of faces and the low symmetry of the crys ta l system 
has required use of the conoscopie images technique which allows 
the determination of the orientat ion of the binary axis with res
pect to the displacement axis of the crys ta l during i ts growth. 
Conoscopic fr inging has permitted determination of the orientat ion 
of the XZ plane containing the two opt i ca l axis and subsequently, 
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Figure 12. High performance liquid chromatography of various cuttings of ΜΑ Ρ ingot. 
Key: a, top; b, central part; and c, bottom. 
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Figure 13 b. x-Ray characterization of POM. Key: top, Laue diagram; bottom left, 
morphology; and bottom right, Lambot method compared to a similar sample of Si for 

which the penetration depth is smaller. 
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that of the binary axis Y. The angle between the binary axis Y and 
the displacement axis has been shown to have a constant value, 
7 2 ° , for various samples grown from the melt in s imi lar condi
t ions . The Lambot method gives the degree of d i sor ientat ion of 
molecules in the c r y s t a l . It shows the high degree of perfection 
obtained in the best POM monocrystals (see "figure 13"). C r y s t a l 
l ine perfection of POM sample are presently further studied by 
means of X-rays topography. The absence of dipole-dipole interac
tions between POM molecules as well as between POM-acetonitrile 
molecules probably favors easier desorption of the solvent mole
cules at the interface seed-solut ion. The vanishing POM molecules 
dipole may thus contribute to the observed good chemical and 
s t r u c t u r a l qual i ty of POM crystals as already conjectured when 
engineering the molecule. 

Conclusion 

We have described for a number of molecular s ingle crystals 
the basic pr inc iples and techniques which were involved in the 
optimization of their nonlinear e f f i c iency and c r y s t a l l i n e q u a l i 
ty . Cer ta in ly , other types of molecules or material processing 
techniques can be used. In p a r t i c u l a r , i t could be worthwile to 
try and by-pass the d i f f i c u l t y of growing large s ingle crystals 
for applications which are less demanding in terras of opt ica l 
qual i ty parametric o s c i l l a t i o n . 

However, developments such as fol low, are expected, in the 
future to help both provide new insights in the nature of opt i ca l 
excitat ions in organics and help promote the use of organic mate
r i a l s in nonlinear devices : 

- development of a "structural engineering" aiming at optimi
zing molecular orientations in the c r y s t a l which should ensure one 
order of magnitude increase of c r y s t a l l i n e nonlinear s u s c e p t i b i l i 
ty over MAP or POM ( i . e . two orders of magnitude above LiNb0 3 ) 
with comparable molecular h y p e r p o l a r i z a b i l i t i e s . 

- research toward new processing methods of nonlinear organic 
materials (other than s ingle crysta ls ) : oriented organic thin 
f i lms , inc lus ion of organics in polymers, organic glasses and 
others. 

- extension of the molecular engineering approach which has 
proved successful l in the f i e l d of three-photon effects ( χ 2 ) to 
four-photon effects ( χ 3 ) with other potent ia l applications : poly
mers, which are discussed at length in other chapters of this 
book, are very appealing for higher χ 3 values and currently s tu 
died by us (33) and others. 
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5 
Characterization of Liquid Crystalline Polymers 
for Electro-optic Applications 

G. R. M E R E D I T H , J. G. V A N D U S E N , and D. J. W I L L I A M S 1 

Xerox Corporation, Webster Research Center, Webster, NY 14580 

In this paper we discuss properties of a novel medium displaying 
nonvanishing χ(2). It is a medium whose properties are a synthesis of 
different classes of materials: liquid crystals, polymers and 
molecules possessing extremel
polarizability. We begi
related properties of liquid crystals, polymers and liquid 
crystalline polymers (lc polymers), then show the synthesis of ideas 
which suggests pursuit of molecular doping of the latter. We discuss 
the physics of guest molecule alignment in a nematic host and the 
relationship of the response to DC poling fields and the induced χ(2) 

tensors. Subsequently aspects of second harmonic generation (SHG) 
experimental characterization of χ(2) are considered. Dynamical and 
temperature dependent aspects of SHG are presented which indicate 
that the lc polymer host plays more than a passive role in the poling
-freezing process. We therefore present experimental investigations 
of associated properties of these lc polymers. 

Liquid Crystals And Optics. In the fields of electro-optics and 
nonlinear optics, technologies develop as a consequence of the 
availability of specialized properties of certain materials. For 
example, the high degree of cooperative alignment of 
nonsymmetrically polarizable molecules in liquid crystals and the 
ease with which the direction of their alignments can be changed have 
lead to an inexpensive display technology (1). The abi l i ty to 
drastically alter the macroscopic optical properties with relatively 
low electrical fields have made liquid crystals attractive for other 
optical devices (e.g. light valves) as well. These effects are 
associated with DC or low frequency Kerr behavior (2). Also, because 
of the cooperativity, nonlinear optical phenomena such as the AC Kerr 
effect, self focusing and nonlinear refraction associated with phase 
conjugation are very pronounced in liquid crystal forming media, 
particularly in the vicinity of the liquid crystal - isotropic 
transition or Frederiks point (3,4). 

1Current address: Eastman Kodak Research Laboratories, Rochester, NY 14650. 
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The unique properties of l i q u i d c r y s t a l s have also provided 
opportunity f o r study of novel nonlinear o p t i c a l processes. An 
example involves the a b i l i t y to modify the p i t c h of c h o l e s t e r i c 
l i q u i d c r y s t a l s . Because a pseudo-wave vector may be associated with 
the period of p i t c h , a number of i n t e r e s t i n g Umklapp type phase-
matching processes (processes i n which wave vector conservation i s 
relaxed to allow the vector addition to equal some combination of the 
material pseudo-wave vectors rather than zero) are possible i n these 
pseudo-one-dimensional media. Shen and coworkers have investigated 
these employing o p t i c a l t h i r d harmonic generation (JL) and four-wave-
mixing ( 6 ) . 

Other than employing l i q u i d c r y s t a l s as media for i n t e r e s t i n g 
o p t i c a l e f f e c t s , l i n e a r and nonlinear o p t i c a l experimentation can 
provide a probe into t h e i r structure as w e l l  Spectroscopy of 
dichroism associated wit
dissolved i n l i q u i d c r y s t a
the guest and to i n f e r properties of the host (7_,8). Spectroscopy and 
l i g h t s c a t t e r i n g associated with the host i s a more d i r e c t but 
perhaps more d i f f i c u l t probe of the l a t t e r . One i n t e r e s t i n g round of 
experimentation concerned o p t i c a l second harmonic generation (SHG) 
and proof through i t s observation whether c h o l e s t e r i c media were 
acentric on the scale of molecular organization. In nematic media i t 
i s believed that a dir e c t o r defines the axis of a x i a l alignment, 
there being no p r e f e r e n t i a l polar alignment (9_). Cholesterics can be 
viewed as having the same microscopic properties with the d i r e c t o r s 
simply r o t a t i n g on a macroscopic scale along the a x i s associated with 
p i t c h . In i n i t i a l experiments probing t h i s issue SHG was observed 
from c h o l e s t e r i c media (1Q) but was l a t e r suggested to have ar i s e n as 
a consequence of the presence of noncentrosymmetric microcrystals 
(11). When care was taken to assure the exclusion of microcrystals no 
detectable harmonic l i g h t was produced ( i l , 1 2 ) . A decade l a t e r the 
very weak SHG associated with s p a t i a l dispersion i n a nematic l i q u i d 
c r y s t a l was reported ( 13 ). Recently i t has been shown that i f c e r t a i n 
symmetry conditions are met, noncentrosymmetric l i q u i d c r y s t a l l i n e 
order on the scale of intermolecular organization can be achieved 
(14). The s p e c i a l c h a r a c t e r i s t i c required i n smectic C phase to 
generate f e r r o e l e c t r i c l i q u i d c r y s t a l l i n e media has been achieved by 
the i n c l u s i o n of r e l a t i v e l y small c h i r a l centers on mesogenic 
molecules. Realizable macroscopic dipole p o l a r i z a t i o n d e n s i t i e s are 
consequently small. Use of t h i s vehicle to achieve second-order 
nonlinearly p o l a r i z a b l e media, as described below, i s not expected to 
be rewarding. However, at least one ele c t r o - o p t i c device using such 
materials has been devised (15.). Another nonlinear o p t i c a l 
phenomena, c l o s e l y related to the main topic of t h i s paper, which has 
been performed i n l i q u i d c r y s t a l s i s DC e l e c t r i c f i e l d induced second 
harmonic generation (1_6). In those experiments the DC f i e l d weakly 
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modifies the equilibrium d i s t r i b u t i o n of molecules to produce a net 
noncentrosymmetric polar alignment. SHG i s subsequently observed. 
In these studies one may vary the p o l a r i z a t i o n s of o p t i c a l f i e l d s to 
observe the departure of anisotropies from those of i s o t r o p i c media 
(vide i n f r a ) . The variable p i t c h of ch o l e s t e r i c s was als o used to 
achieve pseudo-phase-matching of the type mentioned above fo r t h i s 
process ( U ) . 

Polymers And Optics. The important s p e c i a l features of polymers i n 
o p t i c a l technologies are probably most strongly associated with 
t h e i r f a b r i c a t i o n c h a r a c t e r i s t i c s . Inexpensive lenses, prisms, 
f i b e r o p t i c s , a n t i r e f l e c t i o n coatings, etc. r e s u l t from the ease with 
which p l a s t i c components may be produced. This i s not to say that 
there have not been s p e c i a l polymers produced which have highly 
unusual or p o t e n t i a l l y
the polydiacetylene materials,
a r t i c l e s of t h i s volume, provide extended molecular o r b i t a l 
conjugation systems. The r e s u l t i n g d e r e a l i z a t i o n of IT — electrons 
can lead to very large third-order nonlinear p o l a r i z a b i l i t y and 
important o p t i c a l properties associated with i t (1_S). Special 
advantages of t h i s system l i e i n the extremely r a p i d speed associated 
with purely e l e c t r o n i c response to e l e c t r i c f i e l d s . Second-order 
n o n l i n e a r i t y has also been designed i n t o t h i s c l a s s of polymers (1_â). 
In t h i s case, though, the second-order n o n l i n e a r i t y i s associated 
with the pendant groups, probably being a consequence of l o c a l 
nonlinear p o l a r i z a b i l i t y . The polymeric property makes fo r a rugged 
medium i n a d d i t i o n to o f f e r i n g the p o t e n t i a l of patternwise 
(photo)polymerization and structure creation. An extra chore, 
though, i n t h i s approach i s that one must i d e n t i f y a s p e c i f i c 
nonlinear monomeric species which c r y s t a l l i z e s i n a structure i n 
which a s i g n i f i c a n t f r a c t i o n of the molecular nonlinear 
p o l a r i z a b i l i t y i s preserved (a problem discussed i n several papers i n 
t h i s volume) and grow suitable o p t i c a l q u a l i t y c r y s t a l s before 
polymerization. The use of polymerization to r i g i d i z e structures i s 
a l s o b e n e f i c i a l when these species are drawn as thin f i l m from 
Langmuir troughs, a v e r s a t i l e alignment t o o l (20,21) . Other aspects 
of the theory of polymers i n nonlinear optics may be found i n the 
paper of F l y t z a n i s i n t h i s volume. 

A s p e c i f i c set of experiments which must be mentioned, being 
d i r e c t l y associated with the main topic of t h i s paper, i s the work of 
Bergman, et. a l . (22) dealing with the second-order nonlinear o p t i c a l 
properties of polyvinylidene f l u o r i d e (PVF 2). Nonvanishing 
the second-order nonlinear e l e c t r i c dipole s u s c e p t i b i l i t y , i s 
expected i n PVF2 since i t e x h i b i t s other properties r e q u i r i n g 
noncentrosymmetric microscopic structure. These properties appear 
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due to the c r y s t a l l i n i t y of PVF 2. xK*J associated with SHG was 
therefore measured i n appropriately stress oriented and poled 
samples. Since the nonlinear p o l a r i z a b i l i t y i n t h i s case i s 
associated only with saturated bonds, the magnitude of achieved 
(or achievable) i s not s i g n i f i c a n t l y large (~2 X 10"^ esu subsequent 
to poling i n a 30V/jmm f i e l d ) i n comparison to the n o n l i n e a r i t i e s 
discussed i n t h i s symposium. In t h i s paper we w i l l describe another 
polymeric structure, based on more recent knowledge of 
c h a r a c t e r i s t i c s which enhance nonlinear p o l a r i z a b i l i t y , e x h i b i t i n g 
larger and projected to display even higher values than we have 
reported (23). 

In the study of molecular properties v i a o p t i c a l spectroscopy, 
polymers have been extensively employed f o r the purpose of 
e l i m i n a t i n g molecular
o r i e n t a t i o n . Used as minimall
various spectroscopic p o l a r i z a t i o n c o r r e l a t i o n studies. U n i a x i a l 
stress o r i e n t i n g of f i l m s i s also a convenient means of achieving 
p a r t i a l a x i a l alignment of nonsymmetrical guest molecules. Recently 
Havinga and VanPelt (24) have taken another approach for 
spectroscopic study of large dye molecules dissolved i n polymer 
matrices. They used large e l e c t r i c f i e l d s i n conjunction with 
thermal modification of v i s c o s i t y to orient and " f r e e z e - i n " net polar 
alignments of the guest molecules. 
Liquid C r y s t a l l i n e Polymers. Recently i t has been shown that i f 
mesogenic species are attached to a polymeric backbone through 
s u f f i c i e n t l y long and f l e x i b l e spacer groups, such a medium w i l l 
e x h i b i t l i q u i d c r y s t a l l i n e behavior (25,2&). The v i s c o s i t y of such 
media i s g r e a t l y increased over that of normal l i q u i d c r y s t a l s and 
switching times i n l i q u i d c r y s t a l l i n e d i s p l a y devices are 
tremendously increased, although recent work has shown that these 
times can be made short. That goal i s d i r e c t l y opposite to our goal of 
increasing r i g i d i t y for alignment preservation (vide i n f r a ) . Also, 
an important consideration for some o p t i c a l a p p l i c a t i o n s i s that of 
beam attenuation by scattering. Associated with the increased 
response time for reorientation of the l i q u i d c r y s t a l d i r e c t o r i s a 
decrease i n the f l u c t u a t i o n a l l i g h t s c a t t e r i n g which can be quite 
large i n normal l i q u i d c r y s t a l s (21). 

Molecularly Doped Thermotropic L i q u i d C r y s t a l l i n e Polymer. The idea 
of the nonlinear o p t i c a l medium which i s the subject of t h i s paper 
r e s u l t s from a synthesis of the ideas of the discussion above and a 
few concepts from nonlinear o p t i c a l molecular and c r y s t a l physics. 
As discusssed several places i n t h i s volume, i t i s known that c e r t a i n 
classes of molecules exhibit tremendously enhanced second-order 
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nonlinear p o l a r i z a b i l i t i e s , β. One of the main obstacles preventing 
the immediate technological use of these compounds i s the 
o r i e n t a t i o n a l c a n c e l l a t i o n c h a r a c t e r i s t i c of polar t h i r d rank 
tensors. Only i n noncentrosymmetric environments are t h e i r major 
components nonvanishing, and furthermore, only for highly correlated 
orientations of the microscopic species, do the β tensors 
constructively sum to y i e l d a large value of χ ^ . Therefore, much 
research centers around the in v e s t i g a t i o n of (noncentrosymmetric) 
molecular c r y s t a l s as possible new nonlinear o p t i c a l media which w i l l 
possess the s p e c i a l advantages designed i n t o the molecular 
constituents. Since many of the enhanced β species are nearly planar 
aromatics with large dipole moments, i t ? s been speculated that 
minimization of the t o t a l c r y s t a l energy favors a n t i p a r a l l e l 
molecular alignment t  maximiz  th  (negative) contribution f 
dispersion and dipole-dipol
dipole moments a l t e r n a t i v e l y allow the p o s s i b i l i t y to achieve 
s i g n i f i c a n t ( p a r t i a l ) e l e c t r i c f i e l d induced polar molecular 
alignments. Following Havinga and VanPelt (24), one might use a very 
large s t a t i c f i e l d to achieve an alignment of large β, large μ 
molecules dissolved at high concentration i n a polymer matrix. By 
t h e i r method, r e o r i e n t a t i o n i s performed at high temperatures i n a 
low v i s c o s i t y state with subsequent cooling i n the f i e l d to a higher 
v i s c o s i t y s tate. The f i e l d i s removed, leaving a noncentrosymmetric 
medium which they employed only f o r spectroscopic purposes. This 
medium should have nonvanishing i f the polymer can, as they 
showed, permanently prevent r e l a x a t i o n of the alignment. The 
magnitude of would be determined by the degree of alignment, the 
concentration and the magnitude of β (and some l o c a l f i e l d 
phenomena). 

We have proceeded one step further (22), expecting to use the 
inherent ( a x i a l ) alignment properties of l i q u i d c r y s t a l s to enhance 
the net guest alignment achievable with an applied f i e l d . Besides 
t h i s , use of polymers which are simultaneously l i q u i d c r y s t a l s 
increases the o p t i c a l f l e x i b i l i t y of the resultant medium since they 
are biréfringent. I t turns out, though, that the physics of our 
medium i s more complex than t h i s simple p i c t u r e . The host does not 
act as a simple matrix with only the v i s c o s i t y varying with 
temperature. S i g n i f i c a n t v a r i a t i o n of the alignment i s observed 
through SHG as function of temperature. Consequently, i n t h i s paper 
we w i l l discuss our conception of the alignment physics and report 
characterizations of aspects of these l i q u i d c r y s t a l l i n e polymers 
r e l a t i n g to t h i s problem. 
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Guest Alignment Physics 

Nematic P o t e n t i a l . (28) For a guest molecule dissolved i n l i q u i d 
c r y s t a l l i n e host, d e t a i l s of molecular shape and guest-host 
inte r a c t i o n s determine the resultant o r i e n t a t i o n a l d i s t r i b u t i o n . Of 
course, the guest introduction may modify host properties and guest-
guest int e r a c t i o n s may become important at the high concentrations 
we've used. Obviously, a l s o , the guest alignment c h a r a c t e r i s t i c s 
need not mimic those of the host. Since i n these studies we have used 
a rather large r o d - l i k e guest molecule, 
4 — dime thy lamino — 4' — n i t r o s t i l b e n e (DANS), we expect i t to 
associate nearly equally w e l l with host mesogenic u n i t s or other 
guests (which i s e s s e n t i a l l y v e r i f i e d by the r e l a t i v e l y high 
concentrations achievabl  befor  c r y s t a l l i z a t i o d b  th
properties reported below)
description where the nematic p o t e n t i a l , U(0), determines the 
o r i e n t a t i o n a l d i s t r i b u t i o n function, P(0), of guest molecules i n a 
nematic domain. P(0) i s the r e l a t i v e p r o b a b i l i t y that a guest 
molecule w i l l l i e with i t s ζ axis oriented at angle θ to the nematic 
d i r e c t o r (or laboratory reference a x i s ) . I t i s assumed, perhaps 
i n c o r r e c t l y for t h i n f i l m s , that Ρ i s independent of φ i n spherical 
polar coordinates. Also i t i s assumed that the e f f e c t s of r o t a t i o n a l 
o r i e n t a t i o n of a molecule such as DANS about i t s "long a x i s " 
( d i r e c t i o n for maximum i n t e r a c t i o n with the host), z, which i s also 
herein assumed to be a good approximation to the d i r e c t i o n of the 
permanent dipole moment ̂ , are averaged away. 

In Figure 1 we show that for i s o t r o p i c medium the renormalized 
d i s t r i b u t i o n function, 

i s f l a t , i . e . there i s no prefered o r i e n t a t i o n a l d i r e c t i o n . On the 
other hand, the nematic p o t e n t i a l causes a d i s t r i b u t i o n which i s 
peaked at 0=0 and β —m and which i s symmetric about Θ-ΊΤ/2 since U(0) 
i s . The r e l a t i v e values of P'(0) are s t a t i s t i c a l l y determined by 
r e l a t i v e values of exp{—U(0)/kT}. The nature of these 
d i s t r i b u t i o n s i s commonly probed by experiments which determine 
s p e c i f i c moments. Perhaps the easiest to study i s dichroism which 
indicates the deviation of the second moment from that of an 
i s o t r o p i c d i s t r i b u t i o n . The associated order parameter i s 

which obviously i s zero i n i s o t r o p i c and unity i n t o t a l l y p a r a l l e l 
o r i e n t a t i o n a l d i s t r i b u t i o n s . Fourth moments can be determined from 
Raman (2£) or fluorescence (30) depolarization among other 

P'(0)=P(0)/sin0 (1 

S ( 2 )=<(3cos 20-1)/2> (2 
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Figure I. Schematic representation of statistical orientational distribution functions in 
isotropic (I) and nematic (N) potentials. Dashed curves depict adjusted distributions 

under electric field poling. 
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techniques. However, because of the uncertainty i n e l e c t r i c l o c a l 
f i e l d s these o p t i c a l techniques c a r r y some unavoidable uncertainty, 
which i s diminished i f magnetic phenomena are used as probes of the 
o r i e n t a t i o n a l moments (Q.). 
P o l i n g Response. Application of a poling f i e l d i n the i s o t r o p i c 
case, even for very large f i e l d s and f o r dipoles o f the magnitude of μ 
i n DANS (7.4 D), only perturbs P'(0) weakly since the /z_*E 
e l e c t r o s t a t i c energy i s small compared to kT at or above 300 K. This 
behavior i s represented i n an exaggerated manner by the dashed curve 
I i n Figure 1. A s i m i l a r e f f e c t occurs i n the l i q u i d c r y s t a l when 

U(0)'=U(0)-rE (3 
replaces U(0) i n determinin  P'(0)  Thi  s i t u a t i o  i  als  depicted 
by the exaggerated dashe
assume that perturbation of the l i q u i d c r y s t a l l i n e host d i s t r i b u t i o n 
function i s minimal. Otherwise one must express U(0) as function of 
E. ) The net polar alignment <cos0> can be calculated (3JL) : 

<cos0> = / cos0 exp{-U'(0)/kT} sintf άθ / 
/ exp{-U'(0)/kT} sintf ύθ (4a 

= / costf exp{/iEcos0/kT} P Q(0) άθ / 
/ exp{/xEcos0/kT} P Q( θ ) άθ (4b 

= / [cos 20 (μΕ/kT) + cos 40 (/xE/kT)2/6 + ...] P Q(0) άθ / 

/ [1+COS20 (jutE/kT)2/2+cos40 (juE/kT)4/24+...] P Q(0) d0 (4c 

Here we have used the z e r o - f i e l d nematic d i s t r i b u t i o n function P Q(#) 
for convenience of notation. The degree of net polar alignment can be 
seen to be enhanced i n the l i q u i d c r y s t a l over the i s o t r o p i c case. 
The l i m i t i n g cases are isotro p i c d i s t r i b u t i o n s and the I s i n g model 
( i n which only 0=0 and θ-ττ are allowed o r i e n t a t i o n s ) . By r e t a i n i n g 
only the leading terms i n the l a s t equation one sees that i n the high 
temperature l i m i t 

^ ^ I s o t r o p i c = 
<cos0> I s i n g = μΕ/kT 

These are the f a m i l i a r o r i e n t a t i o n a l contributions to the DC 
d i e l e c t r i c response. This l i m i t , ΙμΕ/kTl^l, can be considered 
a l t e r n a t i v e l y to be a r e s t r i c t i o n to nonsaturated alignments. For 
physi c a l systems with o r i e n t a t i o n a l d i s t r i b u t i o n s intermediate 
between the i s o t r o p i c and Ising l i m i t i n g models the poling responses 

(5a 
(5b 
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are e a s i l y r e l a t e d to S ^ since f o r |/xE/kT|<1 equation (4c) above 
states that 

<cos0> = (jLiE/kT) <cos 20> E = o (6 
(2) 

Form of χ v 1. In our materials we are interested i n properties of the 
induced χ ^ tensor i n a poled sample, that i s , i n behavior of the 
t h i r d moments <rrr>. These may be calculated i n the same manner as 
<Z>=<cos0>. Before proceeding with t h i s task i t i s b e n e f i c i a l to 
make use of group theory and physical arguments to investigate the 
number of independent terms which must be considered or calculated. 
Since the p o l i n g f i e l d establishes C^y symmetry, the χ ^ tensor may 
be shown to have the followin
(through tensor analysi

(2) (?) groups χ ν ' has the same form ( 1 2 , 3 3 ) and one may look-up the χ ν ' 
tensor form of C^v (4mm) or Cg v (6mm) ( 34 ) ) : 

1 2 3 4 5 6. 

1 I 0 0 0 0 XXZ 0 
2 j 0 0 0 XXZ 0 0 
3 I z x x ZXX ZZZ 0 0 0 

The sequential order of the ZXX, XZX and XXZ (laboratory reference 
frame) p o l a r i z a t i o n labels i s important only to the extent that 
frequency dispersion a f f e c t s the magnitude of the elements of 
X ( 2 M 3 4 ) 

Considering dispersion, there are two importantly d i f f e r e n t 
types of n o n l i n e a r i t y which might be exhibited by a poled molecularly 
doped polymer. F i r s t , the p a r t i a l polar alignment gives r i s e to a 
nonvanishing component of second-order nonlinear e l e c t r o n i c 
p o l a r i z a b i l i t y which w i l l allow purely o p t i c a l processes such as SHG 
or o p t i c a l wave mixing to occur. Second, i n the el e c t r o - o p t i c 
e f f e c t s the e f f e c t i v e r e f r a c t i v e indices of the medium are altered by 
the a p p l i c a t i o n of a s t a t i c e l e c t r i c f i e l d . I f only the e l e c t r o n i c 
n o n l i n e a r i t y makes a contribution, then not only w i l l the so-called 
index interchange symmetry ( i . e . , the possible independence of 
magnitude of X j j ^ on the i j k sequential order referred to at the 
end of the l a s t paragraph) be more l i k e l y to hold under nonresonant 
conditions, but X SHG w i l 1 a l s o b e e x P e c t e d t o b e approximately 

(2) 
equal to χ ν y

E Q . However,it i s possible that i n the polymeric state 
where sub-T g motion can occur the s t a t i c f i e l d driven molecular 
r o t a t i o n , enhanced by the large value of μ, coupled with the large 
anisotropy of α (the l i n e a r e l e c t r o n i c p o l a r i z a b i l i t y ) w i l l provide 
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a s u b s t a n t i a l response. This response i s r e l a t e d to the DC Kerr 
ef f e c t which i s an e l e c t r o - o p t i c e f f e c t (2 ). The l a t t e r i s 
constrained to be second-order or higher i n the strength of the DC 
f i e l d p a r t i c i p a t i n g i n the e l e c t r o - o p t i c e f f e c t by the usual complete 
vanishing of z e r o - f i e l d polar alignment i n f l u i d s . This would not be 
the case i n the poled polymer system. In t h i s paper we w i l l 
concentrate on the f i r s t , t o t a l l y e l e c t r o n i c n o n l i n e a r i t y , but 
mention that we are pursuing evaluation of the el e c t r o - o p t i c 
response. 

(2) (2) E l e c t r o n i c χκ ' And I t s Molecular Source. The purely e l e c t r o n i c χ ν ' 
can be related to the purely e l e c t r o n i c & tensors of the molecules i n 
the sample through a de s c r i p t i o n of the manner i n which th e i r 
c a ncellation i n the absence of e l e c t r i c f i e l d i s negated by poling
Since μ.·β? i s very larg
concentration samples i t i s j u s t i f i a b l e to neglect the contribution 
of the host l c polymer to χ ^ . (£ v i s a portion of H which 
transforms as a vector i n the three dimensional r o t a t i o n group and i s 
the only portion which may consequently contribute to poling induced 

i n fluids(33).) Also since i s the only s i g n i f i c a n t element 
of £ i n DANS (25), we only need to know the d i s t r i b u t i o n of molecular 
ζ axes to approximately describe χ ^ . For t h i s purpose, since only 
the two sets X^ 2^ZZ a n d ?{ZXX} a r e n o n v a n i s h i n g a s shown above, 
one requires knowledge only of 

<(k*K) (k«K) (k-K)> = <cos 30> (7 
and 

<(k«K) (k*I) (k«I)> = <(cos0) ( s i n 2 0 ) (cos2<p)> (8 

where i , j , k ( I , J , K) are the molecular (laboratory) cartesian unit 
vectors. Remembering the independence of a nematic system from the 
spherical polar coordinate φ, 

<(cos0) ( s i n 2 0 ) (cos 2cp)> = /(costf) ( s in 20)P(0)d0/ (cos2<p)d<p 
= J(cos0-cos 30)P(0)d0/2 
= (<cos0>-<cos30»/2 (9 

For i s o t r o p i c media perturbed by the — /χ·Ε e l e c t r o s t a t i c energy 
in the high temperature, or nonsaturated alignment (|/iE/kT|<1) l i m i t , 
values are calculated to be 
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^ ^ I s o t r o p i c = ̂ E / 3 k T < 1 0 

< c o s 3 ^ I s o t r o p i c = ̂ E / 5 k T ( 1 1 

< ( c o s ^ ) ( s i n 2 0 ) ( c o s 2 9 ) > I s o t r o p i c = pE/15kT (12 

The associated poled frozen normal polymer s u s c e p t i b i l i t i e s are 

(x ( 2 )ZZz)lsotropic = F ^ z z z ^ T (13a 
( x ZXX }Isotropic = ( x ZZz)Isotropic 7 3 ( 1 3 b 

where F i s an unspecified l o c a l f i e l d c orrection factor. (We note 
that the l a s t r e l a t i o n s h i p r e l a t e s to the requirement 
χ(3) ^ ̂  ̂ = 3 χ ^ 3 ^ ^ ^22} required b  s p a t i a l d Kleinma  symmetrie  i
i s o t r o p i c media which
o p t i c a l e f f e c t s , including the case when one of the f i e l d s i s a s t a t i c 
f i e l d such as i n DC e l e c t r i c f i e l d induced second harmonic 
generation(3Ê).) 

In the I s i n g model s i m i l a r r e s u l t s are 

< c o s 0 > I s i n g = μΕ/kT (14 
<cos 30> I s. n g = μΕ/kT (15 

with the predictions 

<X ( 2 )ZZZ>Ising = F / W E / k T ( l 6 a 

( x ( 2 )ZX X>Ising = ° < l 6 b 

C e r t a i n l y for r e a l samples where the d i s t r i b u t i o n function i s 
intermediate between the i s o t r o p i c and I s i n g l i m i t s the 
s u s c e p t i b i l i t i e s also l i e between. Two i n t e r e s t i n g points can be 
made. 1) Disregarding v a r i a t i o n of F, the macroscopic n o n l i n e a r i t y 
can be enhanced by up to a factor of f i v e over the maximum achievable 
i n i s o t r o p i c media by use of l i q u i d c r y s t a l host; and 2) The 
no n l i n e a r i t y which might be used f o r n o n c r i t i c a l phase-matched SHG 
v i a the birefringence (which must depend on the magnitude of 
X^/>{ZXX}) i s diminished from that calculated for an i s o t r o p i c 
d i s t r i b u t i o n and approaches zero as the nematic d i s t r i b u t i o n 
function becomes more t i g h t l y squeezed around 0=0 and θ=π. This i s 
relat e d to the fact that the projection of DANS z-axes onto the 
laboratory X-axis i s reduced. 

One may wish to pursue the bulk phase-matched behavior beyond 
the n o n c r i t i c a l (δ=π/2, δ defined below) case. In bulk samples 
birefringence i s the usual means to overcome the natural dispersion 
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which causes nonlinear p o l a r i z a t i o n waves and harmonic l i g h t waves to 
t r a v e l with d i f f e r e n t phase v e l o c i t i e s . (In t h i n f i l m waveguides, 
one w i l l have more f l e x i b i l i t y which we do not discuss presently.) 
Consequently, either Type I or Type I I methods (3_Z) are employed to 
achieve equal v e l o c i t i e s and maximum conversion. Since t h i s medium 
i s u n i a x i a l , the imp l i c a t i o n i s that the process w i l l depend on 
eit h e r />{Qee} o r P{eoo}' H e r e ^ i n d i c a t e s o n e o f t h e s e t o f 

possible permutations, and e and ο indicate the extraordinary and 
ordinary l i g h t waves appropriate to propagation of l i g h t with wave 
vector t i l t e d at an angle δ r e l a t i v e to the uniaxis (Z-axis). Taking 
the X-axis to l i e i n the plane of the Z-axis and the wave vector, the 
o-wave i s polarized p a r a l l e l to the Y-axis and disregarding the 
nontransverse character of the e-wave i t i s polarized p a r a l l e l to 
(Icosô+Ksinô). I t i s eas
p o l a r i z a t i o n u n i t vector  jus g
form of the tensor, that 

Χ ( 2 ) Ρ { ο β β } = ^ · χ ( 2 ) · · ^ } 

= ̂ U 'x^^'dcosô+Ksinôidcosô+Ksinô)} 
= 0 (17a 

and that 

x ( 2 V o o } = ̂ ·Χ(2)··<*>} 
= P{(IcosÔ+Ksinô)«x(2)"Jj} 
= x U ;/>{zxx} s i n ô ( 1 7 b 

Consequently only second-order processes employing one e- and two 
o-waves may occur and the second conclusion of the l a s t paragraph 
applies beyond the n o n c r i t i c a l phase-matched case. 

To learn about the molecular behavior i n the l c polymer, one 
might use measurements of χ £ZZ and X ZXX a s m e a s u r e s <c°s0> 
and <eos30>. Since the l a t t e r are r e a l l y asociated with the zero-
f i e l d second and fourth moments, those measurements might be used 
with r e s u l t s of other o p t i c a l techniques referred to e a r l i e r to 
evaluate consistency of the methods and l o c a l f i e l d models. 

SHG In Thin Film Liquid Crystals 
SHG, more so than other o p t i c a l techniques, can give deceptive 

r e s u l t s due to propagation phenomena. Disregarding for the moment 
o p t i c a l absorption e f f e c t s , non-phase-matched SHG displays the 
behavior pictured i n Figure 2 (18)· The harmonic i n t e n s i t y Ι^ω 

emerging from a sample depends on the sample thickness / i n a 
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Figure 2. Depiction of the length dependence of second harmonic intensity. The lower 
curve shows the effect of decreasing the coherence length to 30% of the upper curve. 
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s i n u s o i d a l l y varying manner. The repeat distance i s twice the 
coherence length, lQ. The amplitude of the s i n u s o i d a l behavior i s 
d i r e c t l y proportional to UQ) so that care must be taken to determine 
1) where one's sample thickness f a l l s on such a curve and 2) what the 
value of IQ i s before one can comment on the actual n o n l i n e a r i t y of the 
mat e r i a l . This point i s i l l u s t r a t e d by the appearance of a lower 
curve i n Figure 2 which represents the r e l a t i v e behavior of the same 
material i f i t s coherence length were reduced to 30% of the upper. 
However, for samples thinner than ~ / Λ / 2 , Ι 2 ω i s independent of L and 

c c 
depends instead on (/) . This can be seen i n the lower l e f t hand 
corner of Figure 2 where the two curves coincide. Inclusion of weak 
l i n e a r absorption phenomen
changing t h i s conclusio

Since for determination of X ^ ^ Z Z ' 
/0 = λ / 4 ( η ζ

2 ω - η ζ
ω ) (18 

where λ i s the wavelength of the fundamental ( l a s e r ) , and since 
values of / for the 1064nm-*532nm SHG we have used are t y p i c a l l y 
10 — 30 /xrn, f i l m s l e s s than ~3 ttm t h i c k may be unambiguously used. For 
the material described herein we have done t h i s by comparing I 2 < 0 from 
a 3 tun thi c k f i l m to I 2 < 0

m o v (the maximum s i g n a l obtainable from a 
sample by varying i t s thickness, that i s , by t r a n s l a t i n g a wedge 
across the laser beam) from an a — q u a r t z c r y s t a l oriented for 

(2) (2) u t i l i z a t i o n of i t s χ Y Y Y component, χ Y Y Y i n a — q u a r t z has been 
Α Λ Λ Λ Λ Λ 

accurately determined and i s frequently used as secondary standard 
for SHG. Dealing appropriately with the weak attenuation at 532 nm as 
described elsewhere, we have determined X ^ Z Z Z ~ 3 X 10~~^ e s u f o r a 

polymer with 2 weight percent DANS loading subjected to a 1.3 V/μπι 
poling f i e l d (23). 

To give some ins i g h t into the behavior of our sample, an Ising 
l i m i t estimate of X ^ Z Z Z i s u s e f u l - Based on the reported (3.5) DC 
f i e l d induced SHG of DANS i n acetone s o l u t i o n 
< X ^ z z z > I s i n g ~ 6 X 10"9 esu. Discussion of the approximations, 
in c l u d i n g l o c a l f i e l d treatment, i s a v a i l a b l e i n our e a r l i e r report 
(23). This value i s a factor two larger than previously reported 
because of e a r l i e r neglect of the convention of reporting β i n units 
analogous to the d c o e f f i c i e n t s of SHG, which are a factor 2 smaller 
than X^sHC a s c o m m o n l y u s e d (lâ). Since the r a t i o of observed and 
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I s i n g model estimate of X ^ ^ Z Z r e ^ l e c t s t h e r a t i o of alignment 
moments, ^os ^ ^ ^ D A N S ^ ^ ^ ^ ^ ^ ^ I s i n g * T h i s reduction i s e s s e n t i a l 
for consistency with the observation of a dichroism order parameter 
S ^ = 0 . 3 or <cos 20>~O .5 . To further pursue the j o i n t implications 
of these l i n e a r and second-order o p t i c a l observations i s perhaps 
unwise considering the uncertainties associated with solvent 
dependencies of the magnitude of βν (40). Nevertheless, we have seen 
that a respectably large X ^ Z Z Z can be induced i n these materials at 
r e l a t i v e l y low poling f i e l d s . Since d i e l e c t r i c strengths i n polymers 
are t y p i c a l l y more than an order of magnitude higher than the poling 
f i e l d we employed, one can a n t i c i p a t e proportionately larger Χ 2ZZ 
can be induced. 

Turning to the investigatio
n o n l i n e a r i t y , one must b
X ^ Z X X Performed as ju s t described by simply r o t a t i n g the plane of 
p o l a r i z a t i o n of the laser beam. We t r i e d t h i s operation and saw a 
dr a s t i c decrease i n Ι 2 ω. However, t h i s may merely r e f l e c t the smaller 
magnitude of lQ i n t h i s SHG process. In t h i s case 

/ 0 = λ / 4 ( η ζ
2 ω - η χ

ω ) (19 

Whereas dispersion determines ( η ζ
2 ω — η ζ

ω ) , which i s ~0.01 i n many 
transparent d i e l e c t r i c materials for 1064nm-»532nm SHG, 
birefringence w i l l dominate ( η ζ

2 ω — η χ
ω ) . T y p i c a l l y ( η ζ

2 ω — η χ
2 ω ) i s 

0.1-0.2 i n l i q u i d c r y s t a l s . Coherence lengths i n that case are i n the 
range of 'WA — ZW /im. These lengths are smaller than our f i l m 
thickness and one must be cautious of the propagation complexity 
described above. 

Although we have not performed the evaluation to be described, 
we would l i k e to point out a simple v i s u a l inspection which can remove 
most of the uncertainty i n a comparison of harmonic i n t e n s i t i e s as 
jus t mentioned. The inspection r e l i e s on the dominance of the 
birefringence over dispersion and the s i m i l a r i t y of SHG fringe 
behavior with biréfringent waveplate transmission interference 
f r i n g e s . For a biréfringent waveplate oriented with o p t i c a l 
v i b r a t i o n d i r e c t i o n s t i l t e d simultaneously 45° to the p o l a r i z a t i o n 
d i r e c t i o n s of crossed polarizers between which i t i s placed, the 
spe c t r a l v a r i a t i o n of the f r a c t i o n of incident l i g h t passed by the 
analyzer can be u s e f u l l y employed. The f r a c t i o n o f i n t e n s i t y passed 
r e l a t e s d i r e c t l y to the r e l a t i v e phase r e t a r d a t i o n , Δφ, which has 
developed between the two orthogonal v i b r a t i o n modes of the 
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waveplate. I t i s easy to show that Δφ=27τΔη//λ' where Δη i s the 
difference i n r e f r a c t i v e indices o f the two waves for l i g h t with 
vacuum wavelength λ'. Defining a wavelength dependent "passage" 
length 

/ = λ'/2Δη (20 

i t i s also easy to show that the passed l i g h t i n t e n s i t y has the 
property l c c S i n 2 ( 7 r / / 2 / ) · Noting that for SHG I 2 c o o c s i n 2 ( 7 r / / 2 / J the 

Ρ Ρ ^ 
s i m i l a r i t y of phenomena i s emphasized. Remembering the d e f i n i t i o n of 
lQ for t h i s p a r t i c u l a r SHG process i n equation (19), at λ'=λ/2 i f 
dispersion i s neglected. Consequently, i f the f i l m has some 
v a r i a t i o n of thickness  as ours d i d  one need only observe the f i l m 
between crossed p o l a r i z e r
maximally green areas. Determinatio  magnitud
be done by accurate thickness measurement and assessment of the order 
of t h i s l i q u i d c r y s t a l f i l m waveplate. The l a t t e r could be achieved 
by either gradually thinning the sample to zero thickness (scraping 
or d i s s o l u t i o n ) or by observing the build up of fringes from the 
periphery of the sample where the a l i g n i n g f i e l d s are nonuniform. 

Dynamical and Thermal Dependences o f Induced SHG 
The physical description of DANS molecules a l i g n i n g under the 

influence of the nematic pot e n t i a l and a p o l i n g f i e l d would seem to 
adequately describe the dichroism and measurements discussed 
above. However, s p e c i a l treatment of the sample had to be used to 
achieve those r e s u l t s (23). ( B r i e f l y , a f i l m of DANS/lc polymer 
mixture was solvent cast over a 1000 ttm spaced i n t e r d i g i t a l electrode 
pattern photolithographically delineated on a glass s l i d e substrate. 
Aligned mesophase was prepared by a p p l i c a t i o n of approximately 500 V 
across the electrodes when the sample was heated near the c l e a r i n g 
temperature. Poling to induce polar alignment, as w i l l be shown 
sh o r t l y , had to be conducted at much lower temperatures.) 

Laser Assisted Relaxation. We have poled a sample which was observed 
to r e t a i n alignment longer than a week (the longest time waited 
before reexamination). In contrast i t was observed that excessive 
laser flux or i n s u f f i c i e n t thermal regulation o f the f i l m s had major 
e f f e c t on the behavior of induced SHG. At higher laser powers l o c a l 
heating of the medium can occur. This i s a reasonable expectation 
since DANS has a low l y i n g e l e c t r o n i c e x c i t a t i o n which overlaps the 
SHG frequency (3£). Either linear absorption of 2ω photons, or, more 
l i k e l y , d i r e c t nonlinear two-photon (or higher) e x c i t a t i o n can 
deposit excess energy d i r e c t l y at the DANS molecules. The energy of 
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2ω — photons or two ω — photons i s ~90kT at 300 K. I f t h i s absorbed 
energy flows i n the short term into η modes of the system, t h i s energy 
can i n a transient manner raise the l o c a l temperature by a factor of 
[(90+n)/n]. Also, though we have no evidence for t h i s , changes i n 
l o c a l structure due to the modified properties of the higher 
e l e c t r o n i c DANS state can occur. By applying, removing and reversing 
p o l a r i t y of the poling f i e l d and monitoring the time dependence of 
the SHG i n t e n s i t y one may then probe the l o c a l r e l a x a t i o n and 
reo r i e n t a t i o n behavior. We described such a study i n our e a r l i e r 
report and reproduce the time dependent observations of Figure 3-

P r i o r to time zero of Figure 3 the sample had been poled f or 
several hours at 1.3 V//xm (which i s the magnitude of the p o l i n g f i e l d 
applied subsequently and pictured at top of the f i g u r e ) . The SHG 
showed somewhat complex
We a t t r i b u t e the rapid SH
following changes i n the poling f i e l d to r o t a t i o n of the DANS 
molecule inside a "cage". The "cage" i s determined by the polymer and 
hinders the complete loss of DANS alignment. Consequently i t s much 
slower r e l a x a t i o n i s evidenced by the slower, weak re l a x a t i o n 
components of SHG. Also, the reduced response to reversed p o l a r i t y 
poling can be at t r i b u t e d to the incomplete r e l a x a t i o n of these 
cages. They are appropriate to alignment i n the o r i g i n a l p o l a r i t y , 
having been created by the continued a l i g n i n g forces i n that 
d i r e c t i o n over several hours, and consequently hinder realignment of 
DANS molecules i n the opposite d i r e c t i o n . (We note that t h i s i s a 
s l i g h t deviation from the nematic p o t e n t i a l model. In Figure 1 the 
poled d i s t r i b u t i o n , as actually drawn, r e f l e c t s t h i s d i s t o r t i o n a l 
s h i f t of the host. For the constant nematic p o t e n t i a l model, the 
poled d i s t r i b u t i o n would be t o t a l l y above or below the unpoled 
d i s t r i b u t i o n for θ less than or greater than π/2, respectively.) 
Further, the increase of SHG on repeated r e a p p l i c a t i o n of the 
o r i g i n a l p o l a r i t y f i e l d i s taken as evidence of the non-smooth nature 
of the polymeric host; repeated o r i e n t a t i o n a l r e l a x a t i o n and 
realignment provides increased opportunity f or DANS molecules to 
circumvent high l o c a l barriers to maximum r o t a t i o n i n the d i r e c t i o n 
of the f i e l d . These barriers may be associated with DANS motion 
r e l a t i v e to "permanent" host structures or may be associated with 
s l i g h t reorganization of the host configuration as the DANS molecule 
drags along the mesogenic groups with which i t must be strongly 
associated. These motions are not d r a s t i c since one may estimate the 
average angular r o t a t i o n of DANS molecules to be ~1° (the net 
alignment being ~λ% of saturation). 

Considering the small rotations involved with the e f f e c t s we 
have observed and considering the thermodynamic i n s t a b i l i t y of the 
poled configuration, one wonders about the factors which s t a b i l i z e 
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the alignment. Two p o s s i b i l i t i e s are impurity charge or s t r a i n 
compensation of the i n t e r n a l p o l a r i z a t i o n f i e l d s . I t i s possible, 
then, that the explanation of l a s e r assisted r e l a x a t i o n of SHG i s 
r e a l l y more complex than the simple model proposed above. I t i s also 
possible that part of the e f f e c t i s associated with reconfiguration 
of l o c a l complexes driven by transient (pulse length ~20 n s e c , 
pulse-to-pulse period=100msec. i n our experiments) temperature 
changes correlated with the explanation we o f f e r below for the 
d r a s t i c thermal dependence of induced SHG. The difference between 
the simple molecule-in-a-cage explanation and t h i s being the 
expectation to f i n d s p e c i f i c association complexes which are 
d e s t a b i l i z e d by the l o c a l l y delivered laser energy. 

Temperature Dependence of Induced SHG  We also reported e a r l i e r that 
the induced ' was strongl
the equilibrium temperatur  dependenc
materials. These are considered equilibrium properties since the 
same points were achieved, with s u f f i c i e n t time allowed for 
e s t a b l i s h i n g e q u i l i b r i u m , when approached from below or above i n 
temperature. The dashed 1/T curve i s included to contrast the 
observed behavior with the high temperature, small alignment 
prediction of the model discussed above (DANS molecules responding to 
a poling f i e l d i n a temperature independent nematic p o t e n t i a l ) . 
Several speculative explanations of t h i s behavior may be offered. An 
important accompanying observation i s that the temperature region i n 
which the d r a s t i c a l t e r a t i o n occurs i s the region of a broad second-
order t r a n s i t i o n observed i n DSC c h a r a c t e r i s t i c of polymeric Τ . 

ο 
One explanation for the behavior depicted i n Figure 4, which i s 

e a s i l y dismissed, i s that the change i s due to d r a s t i c temperature 
dependence of U(0). The maximum e f f e c t (Ising-*Isotropic) which 
could a r i s e i s a change i n i n t e n s i t y by a factor of ~25 (remembering 
that Ι 2 ω < χ ( χ ^ ) 2 ) , a smaller e f f e c t than observed. Also the strong 
dichroism was not v i s u a l l y seen to change i n t h i s temperature region. 
A l t e r n a t i v e l y , we suggest that since DANS i s a molecule expected to 
form association complexes with i t s e l f and with the mesogenic groups, 
the competitive e q u i l i b r i a among DANS containing species i s altered 
as the nature of the host changes through t h i s temperature range. I t 
should be emphasized that only association species which are 
noncentrosymmetric i n t h e i r DANS content 1) can be s i g n i f i c a n t l y 
aligned i n a polar sense through the resultant species dipole moment 
and 2) can contribute s i g n i f i c a n t l y through non-cancellation of β to 
the χ^2^ of SHG. This i s s i m i l a r to the well known phenomena that i n 
permanent dipole measurements i n l i q u i d s associations lead to dipole 
c o r r e l a t i o n f a c t o r s , g, s u b s t a n t i a l l y d i f f e r i n g from unity. In the 
temperature range i n which various host motions are becoming 
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Figure 3. Time dependence of harmonic generation (of polymer/guest induced polar 
alignment and relaxation) when the laser intensity is overly strong. Thepoling-field time 
dependence is depicted at top. (Reproduced from Ref. 23. Copyright 1983, American 

Chemical Society.) 
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Figure 4. Temperature dependence of the induced second harmonic intensity. (Repro
duced from Ref. 23. Copyright 1983, American Chemical Society.) 
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thermally actuated, one might expect to see some of these association 
constants or c o r r e l a t i o n factors to be s u b s t a n t i a l l y affected. 

The inducing and alignment re l a x a t i o n behaviors of t h i s 
medium are strongly affected by host c h a r a c t e r i s t i c s and those 
properties are associated with the T^-like t r a n s i t i o n observed i n 
DSC. We have, therefore, undertaken to synthesize l c polymers with 
shorter f l e x i b l e spacer groups with the goal to increase the 
temperature of t h i s t r a n s i t i o n . In the remainder of t h i s paper we 
report synthesis, and thermal and d i e l e c t r i c r e l a x a t i o n 
characterizations. 

Properties of the L i q u i d C r y s t a l l i n e Host Polymer 
The l c polymers which we have studied are s p e c i a l cases of the 

general type pictured i  Figur  magnitude
such that decoupling o
backbone i s s u f f i c i e n t for l i q u i d c r y s t a l l i n e cooperative 
o r i e n t a t i o n to occur. I t should be commented that copolymers are 
required for our nonlinear a p p l i c a t i o n s since y=1 polymers while 
d i s p l a y i n g l i q u i d c r y s t a l phase are not f i e l d orientable and while 
i n c l u s i o n of the cyano species creates t h i s property the x=1 polymers 
are amorphous. The material whose DANS doped properties were 
described above was that described by x=y=0.5 and m=n=6. Synthesis 
of monomers, s t r u c t u r a l i d e n t i f i c a t i o n , polymerization, molecular 
weight determinations, f i l m preparation and o p t i c a l 
c haracterization techniques have been described elsewhere 
(23,25,41). 

Several other l i q u i d c r y s t a l l i n e v a r i a t i o n s of t h i s c l a s s of 
polymers were produced for study. These had v a r i o u s l y x, y=0, 0.5, 1 
and m, n=3, 6. Figure 6 displays the thermal properties of these 
polymers observed by DSC. A l l exhibited two t r a n s i t i o n s as 
summarized i n Table 1. The higher temperature t r a n s i t i o n ( i d e n t i f i e d 
with T m) correlates with the observation of loss of "texture" 
observed i n p o l a r i z i n g microscopy associated with the loss of 
birefringence at the l i q u i d c r y s t a l l i n e phase (probably nematic) to 
i s o t r o p i c melt phase t r a n s i t i o n ( c l e a r i n g temperature, T Q ) . The 
lower temperature t r a n s i t i o n has been associated with the glass 
t r a n s i t i o n exhibited by polymers. The degree of decoupling of the 
mesogenic groups from the backbone i s strongly affected by change of 
η and m as evidenced by the progression i n Τ . The weaker dependence 
of T m may r e f l e c t the fact that motion in the backbone has already 
been thermally activated and t h i s t r a n s i t i o n i s associated with loss 
of c o r r e l a t i o n among the s i m i l a r mesogens. 
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Figure 5. Liquid crystalline polymer family of this study. 
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Figure 6. Differential scanning calorimetry scans of lc polymers. Curves are displaced 
vertically. Conditions: heating, 20 ΚI min; and cooling, 320 ΚI min. 
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Table 1. Properties of l c Polymers 

Copolymer 
Copolymer 
Copolymer 
Homopolymer (y=1) 

Homopolymer (y=1) 
Sample 3pac^r Mv, l g(DSC) IJDSC) 

47K 27°C 95°C 
33K 25°C 101°C 
37K 44°C 101°C 

57°C 103°C 
46K 44-47°C 92°C 

T c(Optical) 
95-96°C 
101.5°C 
102°C 
105°C 
99°C 

In order to increase the s t a b i l i t y of the f i e l d induced 
alignment of DANS i t may be necessary to increase the r i g i d i t y of the 
alignment medium. Decreasin
shorter spacer groups increas  coupling g 
pendant groups to the backbone with a resulting increase in backbone 
r i g i d i t y . Conversely, i t i s d i f f i c u l t to predict i f an increase in T g 

resulting from this approach w i l l adversely affect the a l i g n a b i l i t y 
of the mesogens or the loss of polar DANS ali g n a b i l i t y above Tg. 

The loss of alignment of the doped species above Τ i s contrary 
to the situation described by Havinga and VanPelt (24) where the 
decreased internal viscosity above T g i s accessed to aid in the 
poling procedure. Since we have observed maximum polar alignment to 
be achieved at or below Tg, i t i s d i f f i c u l t to predict the effect of a 
more r i g i d medium. Obviously, some freedom of motion i s required for 
this alignment to occur below Tg. Figure 7, which i s the temperature 
dependent diele c t r i c loss behavior at 1 KHz, shows that indeed there 
are sub —T g motions active in these polymers at room temperature. I t 
is apparently the fortunate weak coupling of such motions to the DANS 
alignment motions which both allows the slow (several hours) poling 
to proceed and allows the alignment stabilization factors to operate 
before relaxation can occur. 

Conclusion 
A novel second-order nonlinear optical medium which should 

offer considerable fabrication f l e x i b i l i t y has been described. The 
physics of alignment of the highly nonlinearly polarizable moiety was 
discussed. However, observation of complex dynamical and thermal 
behavior indicates that an important role i s played by the polymer 
liquid crystalline host. Additional properties of modified members 
of this family of l c polymers were consequently investigated. The 
explanations of guest alignment stabilization and thermal dependence 
of the a l i g n a b i l i t y remain unresolved issues. 
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Figure 7. Temperature dependence of dielectric loss of 1c polymers. Curves are displaced 
vertically. 
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Second-Order Nonlinear Media from Spiropyran 
Merocyanine Quasicrystals 
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S. N. F I S H M A N , E. S. G O L D B U R T , and V. A. K R O N G A U Z 

The Weizmann Institute of Science, Department of Structural Chemistry, Rehovot, Israel 

Photoinduced, spontaneous aggregation processes have been shown 
to occur when indolinobenzopyrans are irradiated in aliphatic 
solvents. The aggregates which are globular in appearance, consist 
of submicron cores of crystalline materials with an amorphous 
exterior and are termed "quasicrystals" (1-3). Spectroscopic 
studies by Krongauz and coworkers (1) indicate that the composition 
of the cores are A nB (n=2,3) and the amorphous exteriors AB. The most 
stable quasicrystals have been derived from 1-(β-metha
crolyloxyethyl)-3,3 dimethyl-6'-nitrospiro-(indoline-2,2'-[2H-1] 
benzopyran (SP-A) and its associated merocyanine form (SP-B). 

When the irradiation of SP-A in hydrocarbon solvents is performed 
in an external electric f ie ld, thread-like structures are formed 
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between the electrodes. The threads tend to be composed of globules 
of only one size and the globule sizes increase in a stepwise fashion. 
A model has been suggested (2) where the globule cores are actually 
formed from a particle consisting of associated J-aggregate type 
stacks with a diameter of approximately 40 nm. Higher order globules 
contain discrete numbers of individual particles (Table I) . 

Table I 

Size and core parameters of globules of different generations 

Generation Average globule diameter (nm) Particles in core 
1 80 1 
2 140 6 
3 200 36 

The large molecula
chromophore (4,5) and the highly polar environment of the 
quasicrystals has prompted studies of the second order nonlinear 
optical properties of these materials(6). 

The photoinduced processes leading to the isomerization and 
complexation which precedes spontaneous aggregation have been the 
subject of considerable recent interest (7-10). By monitoring the 
light intensity and concentration dependences of the species 
produced following the photoexcitation of SP-A by picosecond and 
nanosecond, transient spectroscopy, a mechanism was developed which 
accounts for formation of the species preceding quasicrystal 
formation in the picosecond to nanosecond time domain (10). The 
schematic diagram below summarizes that mechanism. A and Β indicate 
the ring closed and isomerized forms. 1A* is the f irst excited 
singlet state, 3A* the lowest excited triplet state, X is a ring 
opened form with the C-O bond broken but where the geometry of the 
parent compound is retained. The intermediacy of various short lived 

states such as X (a vibrationally hot form of X) and Â (an ηπ or 
vibrationally excited ππ triplet) have been proposed as 

the formation of ^A , X, and B(9_). The rate constants have the 
following values. 
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k i s c ~ k x < 1.2 χ 1° s" 

k B > k n - 4 χ 10 9 s'1 

k T < 10 5 s" 1 

k A B ~ 10 1 0M-V 1 

From the mechanism and values of the rate constants, the formation of 
Β occurs very r a p i d l y ; within a few hundred picoseconds and AB i s 
formed on the microsecond time scale. These species e x h i b i t 
c h a r a c t e r i s t i c absorption bands i n the 550 to 600 nm region of the 
spectrum. At very long times  i . e  several seconds of steady state 
i r r a d i a t i o n , the red s h i f
presumably due to A nB as suggested by Krongauz (L-2). Thus f a r , i t 
has not been possible to c l e a r l y time resolve the formation of 
aggregates from AB dimers, although sub t l e t i e s i n the transient 
absorption i n d i c a t e t h i s i s occurring. For instance, the time 
resolved buildup i n absorbance at the red end of 600 nm band seems to 
be slower than i t i s 10 or 20 nm further to the blue. This may 
indicate a process such as: 

nAB -» (AB) n 

or 
AB + A A 2B 
nA 2B -* (A 2B) ] 

are occurring which lead to globule formation. 
In t h i s paper we w i l l b r i e f l y review the findings of an e a r l i e r 

study of the properties of quasicrystals using SHG and present 
further experimental data to probe their structure and nonlinear 
o p t i c a l properties. F i n a l l y , a model describing the behavior of 
quasicrystals i n an external e l e c t r i c f i e l d i s developed. 

Experimental Methods 

Compound SP-A was prepared according to the method of Zajtseva, et 
a l . , ( U ) . The f i n a l product obtained from the synthesis was 
p u r i f i e d on a s i l i c i c a c i d column and r e c r y s t a l l i z e d from 1:10 
hexane. P o s i t i v e i d e n t i f i c a t i o n was made through IR and NMR 
ana l y s i s . The col o r l e s s c r y s t a l l i n e material had a melting point 
which was heating rate dependent and had a maximum value of 105°C. 

Globules and quasicrystals were prepared as described previously 
(2). In general, a solu t i o n of SP-A i n methyl-cyclohexane i s placed 
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between brass electrodes with 1mm spacing p h y s i c a l l y contacted with a 
glass cover plate and a f i e l d of 1.5 kV/mm i s generated between the 
electrodes. I r r a d i a t i o n of the s o l u t i o n r e s u l t s i n thread-like 
structures which remain on the glass s l i d e when the electrodes are 
removed and the solvent allowed to evaporate. A micrograph of 
threads deposited from a 2.5x10"% solution of SP-A i n methyl-
cyclohexane (MCH) i s shown i n Figure 1. The deposit shown i n the 
f i g u r e i s considerably more dense than that used for nonlinear 
o p t i c a l c haracterization because of the high concentration of SP i n 
the s o l u t i o n . Electron microscopic examination of a s i m i l a r sample 
c l e a r l y i l l u s t r a t e s the globular structure and thread-like 
morphology with highly anisotropic ordering r e s u l t i n g from 
deposition i n the f i e l d (F igure 2). The r e l a t i v e content of 
globules of various generation
several micrographs an
containing f i r s t generation, 70% second generation and 10% t h i r d 
generation. Globules formed i n the absence of f i e l d are shown i n 
Figure 3. By lowering the concentration of SP-A i n MCH and 
c o n t r o l l i n g the i r r a d i a t i o n f l u x , i t was possible to generate 
material which was composed of at least 90% f i r s t generation 
qua s i c r y s t a l s . As w i l l be discussed below, the i n t e r p r e t a t i o n of the 
SHG experiments i s f a c i l i t a t e d by r e s t r i c t i n g the samples to 
pri m a r i l y f i r s t generation globules. 

For SHG experiments, samples deposited on a cov e r s l i p were 
sandwiched with an addi t i o n a l c o v e r s l i p . P r i o r to creating the 
sandwich structure, t h i n s t r i p s of A l f o i l were placed on the spots 
o r i g i n a l l y occupied by the electrodes and a th i n layer of petroleum 
j e l l y was applied to the threads f o r r e f r a c t i v e index "matching". 
The A l s t r i p s , which protruded from the sandwich structure, were 
l a t e r connected to a high voltage source. A non-blocking 
configuration for the electrodes was required to prevent a r t i f a c t s 
due to f i e l d collapse during a p p l i c a t i o n of external f i e l d . 

The c h a r a c t e r i s t i c s of the l a s e r system and SHG apparatus have 
been described e a r l i e r . The fundamental wavelength was obtained from 
a Q switched Nd+3/YAG laser operating at 1.064 μπι and the harmonic 
was detected by a photomultiplier tube monochrometer combination 
with s p e c t r a l f i l t e r i n g at 532 nm. 

Results 

The SHG characterization of the quasicrystals was conducted i n two 
stages. The f i r s t study was conducted on samples with morphologies 
s i m i l a r to those i l l u s t r a t e d i n Figure 2 where a substa n t i a l 
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Figure 1. Optical micrograph of quasicrystalline threads. (Reproduced with permission 
from Ref 6. Copyright 1982, North Holland Publishing Company.) 
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Figure 2. Scanning electron micrograph of globules formed in an electric field at 1.5 
kV/mm. (Reproduced with permission from Ref 6. Copyright 1982, North Holland 

Publishing Company.) 

Figure 3. Scanning electron micrograph of globules formed in the absence of a field. 
(Reproduced with permission from Ref 6. Copyright 1982, North Holland Publishing 

Company.) 
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f r a c t i o n of the threads contained second or higher generation 
globules. These experiments were discussed previously and are 
b r i e f l y reviewed here. 

An important feature of the SHG study i s i t s s e n s i t i v i t y to 
noncentrosymmetric ordering. Because of t h i s , many unusual features 
concerning the behavior of quasicrystals i n e l e c t r i c f i e l d s were 
obtained that were not manifest i n any other way. Consistent with 
other indicators of noncentrosymmetry quasicrystals formed i n the 
presence of external f i e l d s exhibit SHG. The SHG i n t e n s i t y and i t s 
o p t i c a l plane of p o l a r i z a t i o n were shown to be sensitive to the 
d i r e c t i o n of the applied f i e l d i n which they were formed, g i v i n g 
s i g n a l an order of magnitude less when the fundamental p o l a r i z a t i o n 
was perpendicular to the thread d i r e c t i o n than when i t was p a r a l l e l
The harmonic f i e l d s wer
also found that when externa  applied, change
harmonic i n t e n s i t y and po l a r i z a t i o n could be induced. Comparison of 
the magnitude of the SHG signals with that obtained from nitrobenzene 
by the e l e c t r i c f i e l d induced second harmonic generation technique 
(EFISH) established that the ef f e c t was due to a true second order 
phenomenon and not simply a s t a t i c t h i r d order response involving the 
e l e c t r i c f i e l d s used for perturbation. Furthermore, no SHG was 
observed from globules produced i n the absence of the a l i g n i n g f i e l d , 
but SHG could be induced i n them by subsequent e l e c t r i c f i e l d 
a p p l i c a t i o n . Memory and f i e l d r e s t o r i n g tendencies associated with 
the f i e l d dependence of SHG were also seen. 

We also found that the tendency of the SHG s i g n a l to respond to 
f i e l d changed with time. The response time gradually decreased and 
the assymetry i n response to f i e l d d i r e c t i o n was gradually l o s t . 
O ptical and electron microscopic examination of the threads 
subjected to perturbing f i e l d s showed no discernable change i n t h e i r 
morphology. Since the samples contained threads consisting l a r g e l y 
of second or higher generation globules, i t was thought that the 
f i e l d induced changes i n SHG subsequent to thread formation may be 
due to rearrangement or r e l a t i v e reorientation of i n d i v i d u a l d i p o l a r 
p a r t i c l e s within the cores. Internal damage to the globule 
structure, p a r t i c u l a r l y the amorphous component, may have occurred 
when the f i e l d disturbances were prolonged. Since these observations 
did not provide a clear explanation of the behavior of quasicrystals 
in r e l a t i v e l y low e l e c t r i c f i e l d s , an additional set of experiments 
were conducted on threads composed primarily of f i r s t generation 
threads where the complexities of r e l a t i v e reorientation of 
p a r t i c l e s within the core could be eliminated. 
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The freshly prepared sample exhibited SHG p r i o r to application of 
an external f i e l d , confirming that the as formed threads are non-
centrosymmetric. Figure 4 shows a plot of SHG in t e n s i t y versus 
applied e l e c t r i c f i e l d under various conditions. The point indicated 
by START i s the SHG i n t e n s i t y of a f r e s h l y prepared sample which had 
not yet been subjected to a d d i t i o n a l external f i e l d s . Following the 
arrows, one can trace the f i e l d treatment and re s u l t a n t behavior of 
the sample. One observation to be emphasized i s associated with 
e q u i l i b r a t i o n . I f the f i e l d i s very slowly increased to +2000V, the 
SHG i n t e n s i t y i s given by point 1. When the f i e l d i s suddenly 
switched o f f , the signal returns to point 2 which i s larger than i t s 
value at START and slowly decays to i t s o r i g i n a l value over a period 
of several minutes. When the f i e l d i s suddenly switched on, the 
sig n a l assumes the valu
to point 1. S i m i l a r fas  response
f i e l d s . 

Switching the p o l a r i t y of the voltage c l e a r l y indicated an 
assymetry i n the behavior of the SHG s i g n a l . The equ i l i b r a t e d s i g n a l 
at -2000V (point 4) i s approximately h a l f the value of 3 · The curve 
defined by the points taken after apparent e q u i l i b r a t i o n (several 
minutes) at each f i e l d approximates a parabola with i t s o r i g i n at -
450V. 

Figure 5 shows a logarithmic p l o t of the steady state value of the 
SHG i n t e n s i t y versus applied voltage. The nearly quadratic response 
expected for a parabola i s evident. A 20% v a r i a t i o n from quadratic 
behavior would r e s u l t in points within the l i m i t s indicated i n Figure 
5. 

Discussion 

The measurements of SHG and i t s e l e c t r i c f i e l d dependence extends 
our understanding of the nature of c r y s t a l l i n e order i n the 
quasicrystals. O r i g i n a l l y the conclusion that the globule cores were 
c r y s t a l l i n e was based on x-ray d i f f r a c t i o n , e l e c t r o n d i f f r a c t i o n 
from i n d i v i d u a l globules, and the dichroism associated with threads 
of globules formed in e l e c t r i c f i e l d s . A strong red s h i f t i n the 
o p t i c a l absorption band suggested J-aggregate (Scheibe stack) 
structures w i t h i n the cores. I t was suggested e a r l i e r that a 
p a r a l l e l arrangement of molecular dipoles w i t h i n the stacks i s 
energetically favored when the angle between the molecule and stack 
axis i s less than 54° and the a n t i p a r a l l e l configuration favored when 
i t i s greater than 54°. The large permanent dipole moment of the 
stacks and red s h i f t are consistent with the p a r a l l e l arrangement 
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2000 -1000 0 1000 2000 
APPLIED VOLTAGE (VOLTS) 

Figure 4. Plot of SHG intensity vs. electric field under various conditions. See text for 
explanation. (Reproducedfrom Ref. 13. Copyright 1983, American Chemical Society.) 

L O G ( A p p l i e d V o l t a g e ) 

Figure 5. Plot of log SHG intensity vs. log appliedfield (20% uncertainty would produce 
the indicated variation). (Reproducedfrom Ref. 13. Copyright 1983, American Chemical 

Society.) 
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(2). These conclusions are examined i n the l i g h t of the SHG 
measurements and a model i s developed to explain the o v e r a l l behavior 
below. 

Before discussing the model based on SHG r e s u l t s , some a d d i t i o n a l 
comments concerning the nature of the SHG experiment are necessary. 
Since SHG i s a coherent process, the phase r e l a t i o n s h i p s among a l l 
the o s c i l l a t i n g p o l a r i z a t i o n d e n s i t i e s i n the sample and a l l phase 
s h i f t s occurring as the harmonic f i e l d propogates through the sample 
to the point of observation are important. On a molecular l e v e l , the 
re l a t i o n s h i p between the phases of o s c i l l a t i n g p o l a r i z a t i o n can be 
used to understand why centrosymmetric media composed of 
noncentrosymmetric molecules r e s u l t s i n no observable frequency 
doubling. Inversion of a molecule with respect to a nearby neighbor 
causes a 77 phase s h i f t i
at frequency 2ω, whic  proportiona  squar
fundamental f i e l d . This pair of molecules would broadcast 
e f f e c t i v e l y no harmonic f i e l d i f the two are separated by a distance 
much l e s s than the wavelength of l i g h t . In homogeneous media such as 
solutions or amorphous solids or centrosymmetric c r y s t a l s , the 
canc e l l a t i o n i s e s s e n t i a l l y complete (with the harmonic molecular 
p o l a r i z a t i o n s being most ea s i l y detected through hyper-Rayleigh 
s c a t t e r i n g ) . 

When dealing with small noncentrosymmetric p a r t i c l e s whose 
spacing i s near but less than the wavelength of l i g h t , the question of 
mutual o r i e n t a t i o n and spacing becomes c r u c i a l . Consider a pa i r of 
noncentrosymmetric p a r t i c l e s r e l a t e d by inversion symmetry and 
separated by 1/10 the wavelength of l i g h t . Their spacing i s 
s u f f i c i e n t l y large that they would broadcast regions of constructive 
and destructive interference i n a quadrupole pattern. In the nodal 
regions there would be l i t t l e harmonic i n t e n s i t y and i n the lobes the 
int e r p l a y between the magnitude of the nonlinear response of each of 
the o s c i l l a t o r s and the phase retardation to a p a r t i c u l a r observation 
point i n space determines the magnitude of the harmonic f i e l d . In our 
experiment, we monitor the r a d i a t i o n intercepted by an F/16 cone 
normal to the plane containing the threads. That plane i s also normal 
to the laser beam so that to the extent that the wavefront i s planar 
and the sample o p t i c a l l y t h i n , a l l the globules experience 
approximately the same phase retarded fundamental f i e l d s . In the 
example we would expect to see a li m i t e d amount of harmonic, even 
though the i n d i v i d u a l p a r t i c l e s might show an extremely large 
nonlinear response. 

As was indicated e a r l i e r , the p a r t i c l e s i z e s that we have produced 
by i r r a d i a t i o n are of the order of 1/10 the wavelength of l i g h t . 
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Therefore, before any conclusions can be drawn from a s p e c i f i c 
experiment the d e t a i l s of globule o r i e n t a t i o n and placement must be 
considered. 

One of the explanations we have considered for the e l e c t r i c f i e l d 
dependence of SHG (£.) i s that the i n d i v i d u a l s i n g l e c r y s t a l l i n e 
p a r t i c l e s are rotated within the core, thus increasing the net 
alignment i n the f i e l d d i r e c t i o n . In t h i s study, an e f f o r t was made 
to r e s t r i c t the cores to f i r s t generation material and the behavior 
was very s i m i l a r to that observed for cores with higher generation 
multiple p a r t i c l e cores. From the considerations developed above, i t 
i s not clear that rota t i o n of i n d i v i d u a l p a r t i c l e s with the 
geometrical constraints of higher generation q u a s i c r y s t a l s should 
have a s i g n i f i c a n t impact on the observed SHG  Secondly  we would 
have expected the f i r s
alignment due to the same dipolar i n t e r a c t i o n between globules within 
a thread which i s considered to be responsible f o r the unique one 
dimensional thread formation. I t i s a l s o d i f f i c u l t to understand how 
ro t a t i o n of p a r t i c l e s within the amorphous envelope can be 
accomplished without destroying the globules. 

An a l t e r n a t i v e explanation for the observed behavior i s that the 
external e l e c t r o s t a t i c f i e l d brings about r e o r i e n t a t i o n of 
i n d i v i d u a l dipoles within a stack r e s u l t i n g in an increase i n stack 
dipole moment. We w i l l consider the implications of such a model i n 
considerable d e t a i l . 

Consider a stack of i n d i v i d u a l dipoles as i l l u s t r a t e d i n Figure 6 
i n which the dipoles are a r b i t r a r i l y p a r a l l e l or a n t i p a r a l l e l to each 
other and at an angle α to the stack a x i s . The number of p a r a l l e l and 
a n t i p a r a l l e l neighboring pairs are determined by equilibrium 
conditions. I f t h i s Ising model i s r e s t r i c t e d to nearest neighbor 
i n t e r a c t i o n s , a n a l y t i c expressions for the alignment and e l e c t r i c 
f i e l d behavior can be obtained. Taking the i n t e r a c t i o n energies of 
neighboring d i p o l a r pairs to be u(ît)=u(44) and u(t^)=u(lt) and 
taking the energies of the i n d i v i d u a l dipolar species to be u(t) and 
u(4) independent of the orientation of nearest neighbors, define the 
f o l l o w i n g thermodynamic quantities 

f i s a factor taking the i n t e r n a l energy into account and σ does so 
for the energy of the molecular dipole p t i n an applied e l e c t r i c f i e l d 
E . One can choose a reference potential such that 

s = exp{-u(tt)/kT} 
ζσ = exp{-u(t)/kT} = f exp {pfE/kT> 

(1) 
(2) 
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Figure 6. Schematic diagram of the model 
molecular stack with interaction energies 
U(\\), U(\\), and single site potentials U(\), 

U(\) indicated. 
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s" 1 = exp{-u(U)/kt} 

Also since ρ φ = -p t, 

exp{-uU)/kT> = f a " 1 

(3) 

(4) 

Using the matrix method of c a l c u l a t i o n ( l i t ) , i t i s possible to show 
that the c l a s s i c a l p a r t i t i o n function of the system i s : 

Ζ = Tr (Gn) 

where G i s the 2 x 2 matri

(5) 

as 

as •1 
a - V 1 

a- 1s 
(6) 

The p r o b a b i l i t y d i s t r i b u t i o n functions of p a i r s and singletons 
were calculated from Ζ according t o t h e o r e t i c a l expressions and 
taking i n t o account Eqs. 5 and 6 : 

wt| 

wtt 

w44 

wt 

w* 

where 

n" 1 [ainZ/ain ( a " 1 ) ] = (r 2-q 2)/2r(1+r-q)=wlt (7) 

n" 1 [31nZ/ain(as)] = (r+q)/2r ( 1+r-q) (8) 

n" 1 [ainZ/ain ( a" 1s)]= (r-q)/2r(1+r-q) (9) 

wtt + W U = {ΐ + ί σ - α - ^ Κ σ - σ " 1 ) ^ - 1 4 ] - 1 7 2 } ^ (10) 

wU + wt* = { l - ( a - a - 1 ) [ ( a - a- 1) 2+4s- 4]- l / 2}/2 (11) 

q = (σ-σ"1)/2σ 

r = [ q 2 ^ " 2 

(12) 

(13) 

In the absence of a s t a t i c e l e c t r i c f i e l d ( i . e . , σ=1, q=0, and 
r=s" 2) s alone determines the co r r e l a t i o n s among neighboring 
dipoles. 
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: = wU = 1/2(1 + s 2 ) (14) 

wtt = wU = 1/2(1 + s" 2) (15) 

wtt/wti = s' (16) 

A value for s much less than unity implies that a n t i p a r a l l e l ordering 
i s favored. Large values for s favors p a r a l l e l alignment with 
a n t i p a r a l l e l pairs appearing as imperfections between regions of 
p a r a l l e l alignment. The red s h i f t e d J-aggregate type spectra 
suggests the p a r a l l e l alignment, large s case i s applicable to our 
system. 

From equations (10)
the net alignment Q, i s

Q = (wt-wl)=sinh {p t . E/kT}/[sinh 2 { p ^ E / k T ^ s " 1 1 ] ^ (17) 

The influence of the e l e c t r i c f i e l d Ε and magnitude of nearest 
neighbor interactions on the t o t a l alignment can be determined by 
examining 3Q/3E, and 32Q/3E3s under various l i m i t s . I t can be shown 
that 3Q/3E has one sign over the range of Ε implying that Q, wt, wl are 
monatonic functions of E. I t can be seen that nearest neighbor 
interactions s i g n i f i c a n t l y influence the degree of alignment induced 
by the f i e l d . Larger s improves the e l e c t r i c f i e l d alignment 
r e l a t i v e to the noninteracting case (s=1) provided c e r t a i n l i m i t s are 
not exceeded. These l i m i t s are associated with the saturation of the 
alignment and are determined from the derivative 32Q/3s3E. For Ε 
s a t i s f y i n g cosh {2p T»E/kT} < (1+s" 4) increased neighbor in t e r a c t i o n s 
increase the e l e c t r i c f i e l d alignment s u s c e p t a b i l i t y , but at larger 
f i e l d s saturation w i l l again occur. An i l l u s t r a t i v e case of the 
e f f e c t s of s and Ε occurs near E=0 where the net alignment i s given by 
the f i r s t term i n the expansion of (17) 

(Q)E=O ~ s 2 ( P f E / k T ) ( 1 8 ) 

Here the s e n s i t i v i t y to s i s evident. 

For comparison with experiment, several terms i n the expansion 
are examined 
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Q = s 2 X - (6)- 1(3s 6-s 2)x3+(120)- 1 (45s 1 0-30s 6+s 2)X 5+... (19) 

where X=pt»E/kt. As indicated e a r l i e r , s i s greater than unity for 
the molecular stackequationn the quasicrystals so that equation (19) 
converges quickly only for small X· The r e s u l t s i n Figure 2 showed a 
quadratic dependence of SHG on E. Since SHG i n t e n s i t y i s 
proportional to Q2, only the leading term contributes w i t h i n our 
a b i l i t y to determine deviations from quadratic behavior. Taking the 
r a t i o of the f i r s t to second terms and assuming that deviations of 20% 
from quadratic behavior could be detected, an upper l i m i t on s can be 
determined : 

S m a x = {[1 0.6/( ) 2]/3} 1 / 4 (20) 

At t h i s point, i t i s i n s t r u c t i v e to emphasize that s m a x i s a 
s t a t i s t i c a l f a c t o r associated with the maximum i n t e r a c t i o n energy 
u(tt)max and u ( 4 t ) m a x consistent with the quadratic dependence of 
SHG on E, within the l i m i t s of experimental c e r t a i n t y . From s ^ x and 
estimates of the dipole moment, i t i s possible to calculate the 
l i m i t s on u(tt) a n d u ( l t ) using equations (20), (1) and (3). 

[u(U)-u(tt)]< L = (kT^ilnitl+O .eikTPt-E^x) 2]^} (21) 

Although we do not have an exact value for the molecular dipole 
moment, we w i l l consider the implications of dipole moments i n the 
range of 2 to 30D. Taking α ~ 35° as a n o n c r i t i c a l estimate of the 
angle of the dipole with respect to the polar a x i s , values of L for a 
seri e s of dipole moment values are shown in Columns 1 and 2 of Table 
I I . In the range of dipoles moments of i n t e r e s t , the l i m i t on L i s 
~0.1 eV. These l i m i t s are comparable to the heats of fusion of 
molecular c r y s t a l s which makes the l i m i t quite reasonable. 
Table I I . Values of Interaction Energies for Various Molecular 

Dipole Moments 
Pt(D) L(eV) [ u ( U ) - u ( t t ) ] d - d ( e V ) « m i n for 

for a=0 [ u ( U ) - u ( t t ) ] d _ d ~ 0 . 1 eV 

2 0 .13 0.025 0° 
5 0.11 0.015 25° 

10 0.09 0.6 49° 
20 0.07 2.5 53°37f 

30 0.06 5.6 54°18* 
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An i n t e r e s t i n g comparison can be made between the experimentally 
determined l i m i t s on the i n t e r a c t i o n energies and those obtained from 
a simple dipolar model. In t h i s case, the i n t e r a c t i o n energy 
difference between two coplanar dipoles i s given by: 

[ u ( U ) - u ( U ) ] d . d = -(|p t l 2 / IH 3)2(1-3 cos 2a) (22) 

where r , p t, and α are defined i n Figure 4. Assuming the p a r a l l e l 
dipole configuration i s the more stable according to arguments given 
above, r e s t r i c t s α < 54°44 !. Assuming r=7.4A, one of the interplanar 
spacings observed from x-ray d i f f r a c t i o n patterns (lè), the maximum 
values of [u(t|)-u(tt)]d-d occurring at a=0 are given i n Table I I , 
Column 3. In the range
are an order of magnitud
[u(t4r)-u(t|)]d_d i s ~0.1 eV minimum values for α f o r various dipole 
moments can be calculated and these are given i n Column 4 of the 
table. Dipole moments i n excess of 10D, require values of a very near 
the 54° value where the dipolar i n t e r a c t i o n energy i s minimized. 
From the values i n Columns 3 and 4, several points become apparent. 
The f i r s t i s that i f dipole moments of the molecules were i n the 20 to 
30D range, other intermolecular interactions ( 1 2 ) would have to 
s t a b i l i z e the α ~ 54° configuration i n order to maintain pair-wise 
interactions i n the range of 0.1 eV consistent with the experiment 
and model. Because of the enormous dipolar energy, the system would 
want to favor much small α unless these mit i g a t i n g interactions 
exceeded 2 eV. This s i t u a t i o n hardly seems r e a l i s t i c . A second 
p o s s i b i l i t y i s that the molecules are large polarizable m systems and 
the dipole-dipole model exaggerates the value of the i n t e r a c t i o n . 
R e s t r i c t i n g the value of the intermolecular p o t e n t i a l to that 
predicted by the dipole-dipole i n t e r a c t i o n i s also u n r e a l i s t i c . 
Quantum mechanical (12) effects (e.g., dispersion forces) and 
quadrupolar e f f e c t s due to the proximity of the delocalized charge 
d i s t r i b u t i o n s could s i g n i f i c a n t l y a l t e r the p o t e n t i a l . 

Conclusions 

Quasicrystalline threads composed of predominately f i r s t 
generation globules which were formed i n an e l e c t r i c f i e l d e x h i b i t a 
strong SHG s i g n a l , v e r i f y i n g t h e i r noncentro-symmetric character. 
Application of an a d d i t i o n a l external f i e l d was found to enhance the 
SHG s i g n a l i n an asymmetric manner with roughly a quadratic 
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dependence on the applied f i e l d . A model based on in t e r a c t i n g stacks 
of nearest neighbor molecular dipoles was proposed and a n a l y t i c a l 
solutions for the alignment of molecules i n the stack as a function of 
molecular dipole moment, and nearest neighbor pair-wise i n t e r a c t i o n 
energy, were obtained* The so l u t i o n s predicted the observed 
quadratic f i e l d behavior and the experimental uncertainty i n the 
l i m i t s of the agreement was used to es t a b l i s h an upper l i m i t on the 
intermolecular i n t e r a c t i o n energy. An independent estimate was made 
of the i n t e r a c t i o n energy by c a l c u l a t i n g the energy of an array of 
in t e r a c t i n g molecules i n the dipole-dipole approximation. S e l f 
consistency with the experimental data and model i s obtained i f the 
molecular dipole moments are assumed to be less than 10D and/or other 
aspects of the intermolecular i n t e r a c t i o n reduce the e f f e c t i v e 
dipole moment. 

Obviously, the model i s crude and does not take into account many 
of the factors operating i n a r e a l molecular stack. Lack of symmetry 
with respect to the polar axis and the fact that dipoles may not 
necessarily be situated i n one plane represent a d d i t i o n a l 
complications. The angle α could a l s o be f i e l d dependent which i s 
ignored i n the model. The model a l s o requires that interactions 
between molecules i n adjacent stacks be very weak i n order f o r f i e l d s 
of 10 to 20KV/cm to overcome barriers f o r f i e l d induced 
r e o r i e n t a t i o n . The cores are then presumably composed of a more or 
less ordered assembly of stacks with a structure s i m i l a r to smectic 
l i q u i d c r y s t a l s . 

Several important aspects of the SHG experiments are not 
described i n a s t r a i g h t forward way by the model. These are the 
resi d u a l SHG p r i o r to f i e l d perturbation and asymmetric response to 
f i e l d s of d i f f e r e n t p o l a r i t y . These effects may be due to the fact 
that the dipoles w i t h i n the stacks as formed are subjected to remnant 
f i e l d s from surrounding stacks. The asymmetry may be associated with 
s t r u c t u r a l asymmetry within the stacks or some higher ordering or 
arrangement which does not allow f o r a symmetric hysteresis about 
zero voltage. A d i s t r i b u t i o n of nonidentical stacks i s also 
possible. 
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7 
Nonlinear Optical Interactions in Organic Crystal 
Cored Fibers 

Β. K. NAYAR 

British Telecom Research Laboratories, Martlesham Heath, Ipswich, Suffolk, IP5 7RE, 
United Kingdom 

A novel technique of producing waveguiding structures 
by growth of crystal
presented. This
and is particularly suited to organic materials. 
The phase-matching techniques for non-linear 
interactions in these fibres are discussed and 
optical second harmonic generation is demonstrated 
in monomode "benzil crystal cored fibres. 

Non-linear o p t i c a l interact ions occur in materials with 
high o p t i c a l in tens i t i e s and have been used to produce coherent 
l i gh t over a wide range of frequencies from the far i n f r a - r e d 
to the u l t r a - v i o l e t . The three wave mixing process i s of 
p a r t i c u l a r interest as i t can be used for o p t i c a l parametric 
ampl i f icat ion and o p t i c a l second harmonic generation (SHG) and 
occurs in n o n - c e n t r ο s y m m e t r i c materia ls . 

In recent years a number of organic materials having second 
order non- l inear i ty of the same order and greater than that of 
commonly used inorganic materials have been reported ( j_ -4 ) · These 
crysta l s are mainly those having molecules which include benzene 
rings or conjugated bonds with acceptor or donor groups. Another 
advantage in using these materials i s that , unl ike some inorganic 
mater ia ls , they exhibit resistance to o p t i c a l damage at high 
o p t i c a l i n t e n s i t i e s . To use these materials for o p t i c a l mixing 
i t i s necessary to phase match the interact ing waves as materials 
generally exhibit chromatic dispers ion. For some materials i t 
i s possible to exploit the mater ia l birefringence for phase 
matching and t h i s method i s known as 1 Angle Phase-Matching 1 . 
However, for materials which are i so tropic or do not possess 
adequate birefr ingence , i t i s possible to correct phase mismatch 
using quasi-phase-matching techniques (_5~6.). These i n pract ice 
tend to be d i f f i c u l t to implement and offer low conversion 
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© 1983 American Chemical Society 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



154 NONLINEAR OPTICAL PROPERTIES 

e f f i c i e n c i e s . A l t e r n a t i v e l y , i f they can be used to fabricate 
a waveguiding s tructure , phase matching can be achieved using 
waveguide dispers ion. 

In th i s paper, the advantages of non-l inear interact ions i n 
waveguiding structures are discussed and we report on the 
fabr ica t ion of organic c r y s t a l cored o p t i c a l f i b r e s . These 
f ibres have a c r y s t a l l i n e core and a glass c ladding. This 
method of waveguide fabr ica t ion i s simple and i s p a r t i c u l a r l y 
suited to organic materia ls . The o p t i c a l SHG was recently 
demonstrated (7_) i n benz i l c r y s t a l cored f ibres and here further 
resul ts are presented and methods of improving SHG ef f ic iency 
are discussed. 

Non-linear Interactions i n Waveguides 

The advent of integrate
of using waveguiding structure
these have been exploited by a number of researchers for o p t i c a l 
SHG and mixing. These advantages are: 

1 . Phase matching can be achieved using waveguide 
dispers ion. The waveguide dispersion arises because the phase 
ve loc i ty of a l i g h t wave of a given wavelength in a.waveguide i s 
determined by the guiding region dimensions, re frac t ive index 
difference between the guiding region and the substrate, and the 
mode of propagation. In pract ice the phase matching i s achieved 
for the interact ing modes by suitably t a i l o r i n g dimensions of the 
guiding region and/or the re frac t ive index dif ference. 

2 . The dimensions of the guiding region for o p t i c a l 
wavelengths are of the order of micrometers and as a resul t i t 
i s possible to have large o p t i c a l i n t e n s i t i e s , required for 
non-l inear in teract ions , with modest o p t i c a l powers. A l s o , as 
the o p t i c a l energy i s guided i t i s possible to have long 
interact ion lengths. An approximate comparison of the e f f ic iency 
of SHG process i n a bulk medium and that i n a waveguiding 
structure can be made by considering the product of the intens i ty 
of the beam at the fundamental frequency and the interact ion 
length. 
For bulk mater ia l : 

I L=(P/TTV 2 )(TTW 2 / λ ) = Ρ / λ ω ο ο 

where, gaussian beam d i f f r a c t i o n has been assumed and W q i s the 
beam radius at the focus. 
Whereas, for a three dimensional guide: 

I L= ( P / X 2 )L= (PA) (LA) ω 

where, i t has been assumed that the guide dimensions are 
comparable to the wavelength of the fundamental wave. 
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The advantages described above of using -waveguiding 
structures can cancel out i f the f i e l d overlap i n t e g r a l of the 
interact ing modes i s small . This arises since the SHG efficiency-
i s proportional to i t . 

Ε i s the e l e c t r i c f i e l d d i s t r i b u t i o n of the fundamental mode. 
Ε ^ ω i s the e l e c t r i c f i e l d d i s t r i b u t i o n of the SH mode. 
A i s the waveguide cross -sect ional area. 

The overlap in tegra  constraint  int
which SH can be couple
and the SH propagate as fundamental waveguide modes. In p r a c t i c e , 
phase matching i s generally achieved for SH as a higher order mode 
due to the waveguide dispersion charac ter i s t i c and th i s leads to 
low conversion e f f i c i e n c i e s . It has been shown by Ito et a l (Q) 
that i t i s possible i n some cases to maximise the overlap by 
using a mult i layer guiding region. 

The waveguiding structures used for SHG have been planar 
with the following structures : 1 . a l i n e a r guide on a non-l inear 
substrate ( 9 - 1 2 ) ; 2 . a non-l inear guide on a l i n e a r substrate 
( 1 3 - 1 6 ) ; 3 . a non-l inear guide on a non-l inear substrate ( 1 J - 2 0 ) . 
Recently, s tr ipe waveguides have been fabricated by T i 
ind i f fus ion into a LiNbC^ substrate for SHG ( 2 1 - 2 2 ) . It has not 
been poss ib le , up to now, to r e a l i s e an e f f i c i en t non-l inear 
o p t i c a l device using these structures due to a number of factors 
in addit ion to the constraints placed by the overlap i n t e g r a l . 
The most stringent requirement that has been d i f f i c u l t to achieve 
i s the need to maintain uniform guide dimensions to within a few 
percent over the waveguide length i n order to maintain phase 
matching. The other problems that have been serious are the 
scattering losses at the guide-substrate interface and the 
o p t i c a l damage as a resul t of high o p t i c a l i n t e n s i t i e s . It 
should be possible with carefu l design of waveguide structures 
and improved fabr ica t ion techniques to obtain greater SHG 
ef f i c i enc ies than those obtained with buJk media. 

Organic c r y s t a l cored f ibres 

As an a l ternat ive to planar waveguiding structures we 
report here the fabr ica t ion of c r y s t a l cored f ibres i n which i t 
i s possible to maintain uniform guide dimensions over long 
lengths. These f ibres with organic c r y s t a l core material having 
large second order non- l inear i ty could be used for miniatur izat ion 
of v i s i b l e laser sources and r e a l i z a t i o n of parametric amplif iers 
for o p t i c a l communications. 

dA 

where, 
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Organic c r y s t a l cored f ibres have been fabricated by growth 
i n glass c a p i l l a r i e s of a s ingle c r y s t a l from melt using a 
modified v e r t i c a l Bridgeman technique. This method of c r y s t a l 
growth i s only applicable to materials which are chemically 
stable on melting and have a melting point less than the glass 
transformation temperature. In addi t ion , for o p t i c a l guidance 
in these f ibres i t i s necessary to select a cladding glass from 
commercially avai lable glasses ( 2 3 ) having a re frac t ive index 
less than the core. 

I n i t i a l studies on the growth of organic crysta ls in glass 
c a p i l l a r i e s were carr ied out by a number of researchers ( 2 ^ - 2 7 ) 
to gain understanding of c r y s t a l growth mechanism in small bore 
c a p i l l a r i e s and to ident i fy useful materials for fabr ica t ion of 
f ibre optic components. The growth of m-ni troani l ine , 
m-dinitrobenzene, 2 -bromo-U-ni troani l ine  m-dihydroxybenzene
acetamide, b e n z i l and formyl-nitrophenylhydrazine
carr ied out in 15ym to 80y  glas  c a p i l l a r i e s
The best resul ts for void free s ingle c r y s t a l growth were 
obtained for m-dinitrobenzene, acetamide and b e n z i l . With these 
mater ia ls , void free s ingle c r y s t a l cored f ibres of lengths upto 
5cms have been obtained. Recently, s imi lar lengths of vo id free 
m-dinitrobeneze and benz i l crys ta l s have been grown in glass 
c a p i l l a r i e s with bore diameters i n the 2ym to 10μπι range for 
single mode operation ( 7 , 2 8 ) . 

For guided wave non-l inear interact ions i n these f ibres i t 
i s also necessary that the materia l be non-centrosymmetric, 
o p t i c a l l y transparent i n the wavelength region of interest and 
should have a non-zero SH tensor coef f ic ient which i s a 
m u l t i p l i c a t i v e factor with one of the transverse e l e c t r i c f i e l d 
components. The l a t t e r requirement i s necessary as the f i e lds 
i n a weakly guiding f ibre are very nearly transverse ( 2 9 ) . In 
the e a r l i e r studies on growth of m-dinitrobenzene and 
m-nitroani l ine i t was found that these crysta l s grow in glass 
c a p i l l a r i e s with t h e i r c r y s t a l c-axis along the f ibre ax i s . As 
these materials have t h e i r largest SH tensor coef f ic ients along 
t h e i r c-axis and because the f i e lds i n the f ibre are transverse 
they cannot be used for three wave mixing in th i s configurat ion. 

For , SHG i t i s desirable to fabricate f ibres which allow 
single mode operation at the fundamental wavelength so that a l l 
the launched power i s avai lable for conversion. The frequencies 
for which single mode operation i s possible i n a step-index 
un iax ia l c r y s t a l cored f i b r e with c r y s t a l axis along the f ibre 
axis are given by (30) 

^ 2 . 1 + 0 5 C η , / η : η > n 1 

Ω ^ UT Λ Ν 1 Ζ Ζ 1 

— a(N.A.) 
^ 2.1+05c ^ 
— a(N.A.) ζ — 1 
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•where 

a i s the core radius . 
c i s the ve loc i ty of l i g h t in vacuum. 2 1/2 
N.A. i s the numerical aperature and i s given by (n^ - η ) 
n^ is the c r y s t a l re frac t ive index transverse to the f ibre ax is . 
n z i s the c r y s t a l re frac t ive index along the f ibre ax is . 
η i s the cladding glass re frac t ive index. 

Fabricat ion of benz i l c r y s t a l cored f ibres 

In th i s i n i t i a l exploratory study, b e n z i l , a pos i t ive 
un iax ia l c r y s t a l of t r i g o n a l class and point group 32 vas used 
to demonstrate phase matched second harmonic generation in 
c r y s t a l cored f i b r e s . B e n z i l 1 s melting point i s 95°C and good 
qual i ty crysta l s can b
b e n z i l 1 s transmission spectrum
for a 5.U9mm th ick c r y s t a l grown from melt using a Perkin-Elmer 
spectrophotometer. This shows that benz i l cannot be used for 
e f f i c i ent frequency doubling of 0 . 9 y m wavelength rad ia t ion . 
Benzi l has two non-zero SH tensor coe f f i c i ent s , namely d ^ and 
d ^ of which i s of the larger magnitude (3_0 · T n e magnitude 
or d^ ^ coef f ic ient and the SH coherence length have been 
measured by Jerphagnon (32) to be ( 11 .5+1 . 5 )xd^ of <*-quartz and 
7.1+_0.7um respect ive ly . Also , i t s r e f rac t ive m d i c i e s have been 
measured i n the O .U21ym to 0 . 6 5 6 y m range ( 3 3 ) and Chandrashekar 
(3h) has derived Sellmeier-Drude formuale to f i t re frac t ive 
index dispersion i n th i s range. It has been experimentally 
v e r i f i e d by Jerphagnon that these equations can be used to give 
correct re frac t ive index values upto 1 . 06ym wavelength and we 
have used them to design benz i l cored f ibres for SHG of 1.θ6μιη 
wavelength r a d i a t i o n . 

To fabricate single mode benz i l c r y s t a l cored f ibres for 
operation at 1 . 06ym wavelength with 6ym core diameter, Schott 
glass SKN18 was selected as the cladding g lass . The c a p i l l a r i e s , 
having bore diameters in the 2ym to 10ym range, were drawn from 
a sui tably machined preform using conventional f ibre p u l l i n g 
techniques. It was found that the bore diameter tended to be 
uniform over lengths of upto 10 cm. The glass c a p i l l a r i e s were 
f i l l e d with the c r y s t a l melt by c a p i l l a r y action i n the 'hot 1 

region of the furnace p r i o r to the c r y s t a l growth. The ! h o t ! 

region of the furnace was maintained at a temperature of 5 C 
above b e n z i l T s melting point . The f i l l i n g process takes only a 
few minutes for 5cm to 10cm long c a p i l l a r i e s . The furnace used 
for c r y s t a l growth i s e s sent ia l ly a resistance furnace with a 
water flow arrangement from a constant water head, shown in 
Figure 2 . The furnace was wel l insulated i n order to have a 
stable temperature p r o f i l e . The c r y s t a l growth rate could be 
varied from 1mm/hr to 50mm /hr by means of a pul ley having 
di f ferent r a d i i connected to the shaft of a motor. The melt was 
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Figure 1. Transmission spectrum of bulk benzil crystal. 

Figure 2. Crystal growth furnace. 
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then progressively c r y s t a l l i z e d by slowly moving the c a p i l l a r i e s 
through a sharp temperature gradient. 

Voids can occur on c r y s t a l l i z a t i o n i f there are bubbles 
present in the melt during f i l l i n g . In addi t ion , as c r y s t a l l 
i za t ion occurs there i s decrease in volume and i f i t i s not f i l l e d 
by the flow of melt to the c r y s t a l face a void i s generated. A 
p u l l i n g speed of l8mm / h r and a temperature gradient of 5°C/mm 
were found to give optimum conditions for void free s ingle 
c r y s t a l growth. Void free monomode b e n z i l c r y s t a l cored f ibres 
of lengths upto 5cm have been fabr icated . The c r y s t a l length was 
l imi ted by the furnace design and, in p r i n c i p l e , i t should be 
possible to obtain longer lengths of void free f i b r e . A 
photograph of a void free monomode benz i l cored f ibre between the 
cross po lar i sers i s shown i n Figure 3 . The d irec t ion of benz i l 
c r y s t a l axis i n glass c a p i l l a r i e s was determined using a 
po lar i s ing microscope an
direc t ion which, in th i
times deviations of upto 5 were observed and these were due to 
the presence of transverse temperature gradients in the furnace. 

The attenuation i n these f ibres was measured using a 0 . 6 3 3 y m 
He-Ne laser and was estimated to be less than 2dB/cm. This value 
i s only approximately 1dB greater than the attenuation in bulk 
c r y s t a l and hence implies good c r y s t a l qua l i ty . It was d i f f i c u l t 
to measure a more accurate value for propagation loss as i t was 
not possible to determine the launch e f f i c i ency , s t r i p cladding 
modes and obtain good end qual i ty due to short lengths of the 
f ibres fabr icated . 

SHG in c r y s t a l cored Fibres 

The phase-matching for three wave mixing process can be 
achieved in an o p t i c a l f ibre for modes which sat i s fy the 
condit ion 3 1 = 3 2 + ^> w h e r e G-p ^ a n d ^3 a r e t h e P r o P a f ^ ^ - ο η 

constants for the three modes. For^opticaf second harmonic,.^ 
generation th i s condition becomes 3 = 23 , where 3 and 3 
are the propagation constants of the fundamental and the second 
harmonic. 

Opt i ca l SHG i n c r y s t a l cored f ibres can take place by 
e i ther coupling the fundamental guided mode, HE^^, into a SH 
guided mode or SH radiat ion f i e l d . These forms of phase-matching 
can be shown on a ω-β diagram, Figures h and 5· Here the 
re frac t ive index differences have been exaggerated to show the 
p r i n c i p l e of phase matching. The SH guided mode into which 
coupling can take place can be determined by the solut ion of the 
eigenvalue equation for the c r y s t a l cored o p t i c a l f i b r e . The 
overlap in tegra l for the fundamental HE^. mode and the SH modes 
i s non-zero for coupling into SH HE^ n modes and i s maximum for 
coupling into the SH HE . . However, the waveguide dispersion 
character i s t i c for the HE^-i mode does not allow phase matching 
between the fundamental ana the SH HE„Λ modes and as a resul t the 
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Figure 3. Monomode benzil crystal cored fiber viewed between cross polarizers. 
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Figure 4. Diagram (ω-β) showing phase-matching scheme for guided wave optical 
SHG. 

Figure 5. Diagram (ω-β) showing phase-matching scheme for optical SHG in the 
radiation field. 
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fundamental mode has to "be phase matched to a higher order mode. 
Also, for guided wave non-linear interactions to take place, the 
phase matching requirement i s not necessarily s a t i s f i e d for a 
given waveguide dispersion. In some cases i t should he possible 
to use the temperature dependent change in refractive index to 
change the waveguide dispersion and permit phase-matching. 

The coupling to SH radiation f i e l d i s simpler to implement 
and in t h i s case i t i s only necessary to arrange that the 
propagation constant of SH, 3 ω , i s such thgt l i e s i n £he 
continuum of the radiation f i e l d i e 3 ω < k ωη , where k and 
n^ are the free space propagation constant ana the cladding 
refractive index at 2ω. To implement th i s form of phase matching, 
the chromatic dispersion, δη, required in the cladding glass i s 
given "by 

2ω ω where, n^ = n^ + δη 

The SKN18 glass for benzil c r y s t a l cored f i b r e has chromatic 
dispersion of 0 . 0 1 8 i n the 0 . 5 3 2 y m to 1 .06Uym wavelength range 
and t h i s i s s u f f i c i e n t for the SH to couple into the radiation 
f i e l d . The SH radiation i n th i s case exits from the f i b r e core 
at an angle, a, given by 

n _2ω /. 2ω 2ω Cosa = 3 /k n^ 

where, 3 2 ω = 2 3 ω , and 3 ω i s the propagation constant of the 
fundamental HE^. mode.' 

The angle 'α1 in practice i s of the order of few degrees and 
consequently the SH wave w i l l be guided in the cladding glass. 
The theoretical analysis for this form of coupling shows that the 
SH conversion efficiency i s proportional to the interaction 
length rather than the square of the interaction length as for 
the guided wave SHG. Also, in t h i s case the overlap integral i s 
small resulting i n lower conversion e f f i c i e n c i e s than the guided 
wave interaction. 

Experimental results 

In order to demonstrate o p t i c a l SHG i n benzil c r y s t a l cored 
fibres by coupling to SH radiation f i e l d , l i g h t from a Q-switched 
Nd:YAG laser operating at 1 .06Uym wavelength was launched into 
a 3cm long f i b r e using a x 1 0 microscope objective. The f i b r e 
core diameter was approximately 3 .75ym. a n d- "the numerical aperture 
was 0 . 2 . The SH so generated was seen to be guided i n the 
cladding and could be seen on a screen to correspond to the far 
f i e l d pattern of the cladding, Figure 6 . The SH conversion 
efficiency of 2 x 1 0 % has been estimated for t h i s f i b r e . 
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To determine o p t i c a l damage in bulk benz i l crys ta l s a 
Q-switched Nd:YAG laser with 1KW peak power, pulse width of 0.1ys 
and pulse repe t i t ion rate of 500Hz was used. The laser power was 
attenuated using a set of neutral density f i l t e r s and focussed 
onto a bulk benz i l c r y s t a l using a x10 microscope object ive . No 
op t i ca l damage was observed with op t i ca l in tens i t i e s of upto 
100MW/cm · A l s o , no o p t i c a l damage was observed in benz i l cored 
f ibres with s imi lar o p t i c a l i n t e n s i t i e s . 

Discussion 

The SHG ef f ic iency obtained in the above case i s rather low. 
This i s due to the small value of b e n z i l 1 s SH non- l inear i ty and 
since the SH wave i s guided i n the cladding i t may destruct ively 
interfere with the SH generated at l a t e r instants  This 
interference process i
in the cladding as a numbe
being a multimode d i e l e c t r i c tube waveguide, and the modes having 
s imi lar f i e l d configuration and po lar i sa t ion w i l l in ter fere . 
This problem arises because of the long coherence length of the 
Nd:YAG laser and w i l l not ar i se for instance with high power 
semiconductor lasers having short coherence lengths. Hence, 
coupling of SH to rad ia t ion f i e l d could be usefu l ly employed for 
SHG in the v i s i b l e using high power semiconductor la sers . 

For a p r a c t i c a l device, guided wave SHG and parametric 
ampl i f icat ion are preferable because of the higher conversion 
ef f ic iency and the ease of use. It i s possible to maximise the 
overlap in tegra l by phase matching the fundamental and the SH 
HE^ modes by using either a b i a x i a l c rys ta l materia l or growing 
the c r y s t a l materia l in glass c a p i l l a r i e s having an e l l i p t i c a l 
bore. In the case of a b i a x i a l core material i t may be possible 
to arrange that with the fundamental wave launched in the f ibre 
a s y ^ l l m o d e > t h e P n a s e matching condition i s s a t i s f i e d for 
coupling to the SH HE mode. This form of phase matching i s 
shown in Figure 7 · In a s imi lar manner i t may be possible to 
exploit shape dependent birefringence of an e l l i p t i c a l cored 
f ibre by having the fundamental and the SH modes as HE^ ^ and 
e H E ^ respect ive ly . A l s o , i n order to use materials l i k e 
m-mtroan i l ine , having large SH tensor coeff ic ients along the 
c r y s t a l ax i s , the p o s s i b i l i t y of changing the c r y s t a l growth 
d irec t ion in glass c a p i l l a r i e s i s being invest igated. 

Conclusions 

In conclusion a method of fabr icat ion of guiding structure 
which i s simple and suited to organic materials has been 
presented and o p t i c a l SHG i n benz i l c r y s t a l cored f ibres 
demonstrated. A l s o , phase matching schemes have been discussed 
for which the f i e l d overlap in tegra l i s maximum. 
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Figure 6. Optical SHG in benzil crystal cored fiber by coupling ω - 3 to the 
radiation field. 

Figure 7. Diagram (ω-β) showing phase-matching scheme for guided wave SHG in a 
biaxial crystal cored fiber with both the fundamental and the S H as HEn modes. 
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8 
Optical Nonlinearities and Photoinduced Solitons 
in Conjugated Polymer Crystals 

CHRISTOS F L Y T Z A N I S 

Laboratoire Propre du Centre National de la Recherche Scientifique (CNRS), 
Ecole Polytechnique, Laboratoire d'Optique Quantique, 91128 Palaiseau, Cedex, France 

The linear and nonlinear optical properties of the 
conjugated polymeric crystals are reviewed. It is 
shown that the dimensionality of the π - e l e c t r o n dis
tribution and electron-phonon interaction drastically 
influence the order of magnitude and time response 
of these properties. The one-dimensional conjugated 
crystals show the strongest nonlinearities ; their 
response time is determined by the diffusion time of 
the intrinsic conjugation defects whose dynamics are 
described within the soliton picture. 
It is also shown that the electron-phonon interaction 
is operative in the polymerization process of the 
one-dimensional conjugated polymeric crystals ; a 
simple dynamical model for the polymerisation in po
lydiacetylenes is presented that accounts for the 
existing observations. 

The potent ia l use and applicat ions of very sophisticated non
l inear opt i ca l processes i n opt i ca l telecommunications and integra
ted optics have put requirements on the nonlinear opt i ca l materials 
which cannot a l l be met with the current ly used inorganic crys ta l s , 
ion ic or semiconductors. The use of organic materials and polymers 
i n p a r t i c u l a r became more imperative than ever. The interplay of 
high nonl inear i ty , appropriate form, size and response time of the 
nonlinear op t i ca l material which i s very important i n these a p p l i 
cations can be more ingenuously optimized with the l a t t er ones. 
Furthermore with a better understanding of the topochemical reac
tions that govern the growth and deposit ion of these materials new 
far reaching applicat ions may be conceived by combining chemical 
and opt i ca l operations. 
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Theoret ical estimations and experimental invest igations r irmly 
established (J_) that large electron d e r e a l i z a t i o n i s a perequisite 
for large values of the nonlinear opt i ca l coef f ic ients and this 
can be met with the π - e l e c t r o n s in conjugated molecules and poly
mers where also charge asymmetry can be adequately introduced i n 
order to obtain non-centrosymmetric structures . Since the e l ec tro 
nic density d i s t r i b u t i o n of these systems seems to be eas i ly modi
f ied by their interact ion with the molecular v ibrat ions we a n t i c i 
pate that these materials may possess large p i e z o e l e c t r i c , pyroe-
l e c t r i c and photoacoustic coe f f i c i en t s . 

Conjugated polymer crys ta l s are expected to occupy a p r i v e -
leged pos i t ion i n diverse nonlinear op t i ca l devices i f the ir topo-
chemical growth is adequately mastered and the ir i n t r i n s i c defects 
are properly characterized. Here we assess the main factors and 
mechanisms that determine the magnitude and dynamics of the non
l inear opt i ca l coef f ic ient
stress the key role playe
d e r e a l i z a t i o n and the electron-phonon in terac t ion . It i s shown 
that these factors have the ir strongest impact i n one-dimensional 
conjugated systems but with c o n f l i c t i n g tendancies ; one-dimensio
nal d e r e a l i z a t i o n enchances the nonlinear coef f ic ients while e lec
tron-phonon interact ion i n such systems introduces i n t r i n s i c conju
gation defects that may l i m i t their time response. 

The polydiacetylene crys ta l s (1-4) most s t r i k i n g l y corrobora
te these conjectures. Along this l ine of thought is also shown that 
this electron-phonon interact ion is intimately interwoven with the 
polymerisation process i n these materials and plays a profound r o 
le there. We make the conjecture that this occurs through the mo
t ion of an unpaired electron i n a non-bonding p - o r b i t a l dressed 
with a bending mode and guided by a c l a s s i c a l intermolecular mode. 
Such a polaron type d i f fus ion combined with the theory of non r a 
d ia t ive trans i t ions explains the essentials of the spectral cha
r a c t e r i s t i c s of the materials as well as their polymerisation dy
namics. 

Main s tructura l and opt i ca l properties of conjugated polymers 

Conjugated polymers are i n general characterized by highly 
anisotropic o p t i c a l , d i e l e c t r i c , conducting and mechanical proper
t ies (2,5). This i s because the valence electrons, responsible for 
these propert ies , respond more eas i ly to perturbations along d i 
rections where the conjugation occurs than in others ; the ir d e r 
ea l i za t ion in the other d irect ions i s hindered by saturated bonds 
which keep the conjugated systems with an i so la tor type behavior 
in d irect ions across the conjugation d irec t ion but semiconducting 
behavior along this d i r e c t i o n . In the present review we sha l l l i 
mit ourselves i n the semiconducting polymers. 

The charac ter i s t i c valence four of the C-atom is the o r i g i n 
of the enormous var ie ty of these systems. Purely s t er i c and topo
l o g i c a l considerations indicate that carbon conjugated polymeric 
structures can be either one- or two- dimensional since the conju-
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gation arises from the electrons i n p -orb i ta l s which do not p a r t i 
cipate i n sp-hybridizat ion to form the skeleton of the saturated 
bonds. Indeed conjugation cannot be present i f the four electrons 
are involved i n four d i f ferent bonding direct ions l i k e i n the d i a 
mond structure. Besides carbon, nitrogen or sulfur can also be used 
as bui ld ing blocks of conjugated polymers but such materials are 
not yet f u l l y characterized and w i l l not be e x p l i c i t l y discussed. 
The d i f ferent expressions for the nonlinear coeffcient derived be
low are however so parametrized that they may be used for other 
than carbon polymers as w e l l . 

Two-dimensional conjugated systems are thus expected to be 
formed by benzene type hexagonal rings so arranged to form plans 
and the π - e l e c t r o n s are delocal ized there with only s l ight a n i -
sotropy ; these plans are well separated from each other so that 
the opt i ca l properties f thes  system  quit  d i f ferent
and p a r a l l e l to the plans
re 1) two structures th g  centrosymme
t r i c ; the l i m i t i n g case of the A-structure is the graphite (C) 
profably the only stable configurat ion. The re frac t ive indices and 
opt i ca l gaps of graphite p a r a l l e l and perpendicular to the plans 
are (6) nM= 2.73, E , , - 0.0-0.1 eV and η^= 1.53, E ^ - 6 eV respect ive
ly ; i t s density p-1.7g/cm3. There are no measurements of nonlinear 
coef f ic ients yet . 

One dimensional conjugated carbon polymers can occur i n many 
configurations as depicted i n Figure 2 where also we included some 
chains with nitrogen and sulfur for la ter reference. Also included 
there are inorganic one dimensional semiconductors, l i k e SbSI and 
SbSBr for la ter comparison. Besides the depicted one-dimensional 
systems, others l i k e TCNQ- and KCP-salts could be included here 
as wel l but rough measurements of their nonlinear coef f ic ients gave 
deceptively small values which combined with the ir i l l - c h a r a c t e r i 
sation make them poor candidates for nonlinear op t i ca l devices. 

Polydiacetylenes (2) come closest to the model one-dimensional 
organic semiconductor and can be readi ly obtained i n form of large, 
nearly defect-free s ingle crys ta l s so that a large number of expe
riments and measurements have been carr ied out on these materia ls . 
Their structure i s shown in Figure 3 where also some typ ica l s ide-
groups R are indicated. On table I we summarize some measured va-

Table I . Optical properties of polydiacetylene crysta ls 

Compound Ligth Opt ica l Density Refactive 1 0 1 2 χ ^ Opt ica l 
(R) polar gap (gr/cm^) index (esu) Breakdown 

Eoicm" 1) η Threshold 
(picoseconds) 

pulses 
10GW/cm2 PTS II 

II 
JL 

15800 1.46 1.86 
1.58 
1.80 
1.65 

160 
<0.1 

TCDU 17900 40 
<0. 1 
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Figure I. Two-dimensional structures. See text for discussion. 

Figure 2. One-dimensional structures. See text for discussion. 
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lues ( 3 ) of coefficients relevant for optoelectronic devices. It 
should be stressed that these values may not be indicative for a l l 
polydiacetylenes as they strongly depend on the side groups which 
d r a s t i c a l l y affect their structural characteristics. 

As a general rule these crystals exhibit a sharp absorption 
edge and a strong peak in r e f l e c t i v i t y at roughly 2eV for l i g h t po
larized p a r a l l e l to the chains (7). Their spectrum along the same 
polarisation contains additional sidebands indicative of strong 
electron-phonon coupling ; on the other hand the spectrum perpendi
cular to the chain direction i s very weak and featureless up to 4 
eV. Optical and Raman spectroscopy (resonant and nonresonant) down 
to helium temperature revealed (7-8) dramatic changes i n the spec
trum of some polydiacetylenes (figure 4) . 

Besides their potential use as optical devices the interast in 
these materials r e l i e s o  th  fact that the  obtained through 
a unique topochemical polymerizatio
mer crystal by a very s p e c i f i
s i t e imposed by the packing of the molecules ; polymerization oc
curs by successive t i l t i n g of each monomer along the ladder without 
moving the center of gravity. It can be caused by X-or UV-irradia-
tion, heating of shear stress. The thermal polymerisation of PTS 
most dramatically exhibits an autocatalytic effect (9) i n the con-
version-vs time curve which sets i n at about 10% polymer conversion, 
the activation energy however i s the same throughout the process 
(y 22 kcal/mole). A key role i n the polymerisation process i s play
ed by a 5% mismatch between monomer and polymer repeat distances 
in the chain direction (a polymer i s required to elongate by a 5% 
to be commesurate with the monomer l a t t i c e ) . There are ESR measure
ments indicating (10) formation of b i r a d i c a l and carbene-interme-
diates. These measurements essentially concern the two compounds 
PTS and TCDU (Figure 2 ). A l l polydiacetylenes do not exhibit such 
well defined properties and i t i s doubtfull whether their majority 
does. There i s a gap to be bridged between the actual chemical 
achievement and the desirable ones for physical investigation and 
engineering applications. Furthermore their defects are not yet 
properly characterized. The situation i s s t i l l worse for other ty
pes of c r y s t a l l i n e conjugated polymers. Time resolved studies are 
needed (11) i n the picosecond range for a better understanding of 
their optical properties and i n t r i n s i c photoexcited defects. 

Nonlinear op t i c a l s u s c e p t i b i l i t i e s 

Définitions.Expressions. The e l e c t r i c f i e l d Ε of an optical 
beam induces i n a material a polarization ΔΡ which can be written 
( i l ) : 

ΔΡ = Ρ - P 0 = χ ( 1 ) Ε + χ ( 2 ) Ε Ε + χ ( 3 ) Ε Ε Ε + ... (1) 

for stationary f i e l d s on the transparency region of the material ; 
i t i s assumed that the e l e c t r i c f i e l d causes no i r r e v e r s i b l e chemi-
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Figure 3. PTS-diacetylene crystal 

R(%) 
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Figure 4. Reflectivity of the PTS-diacetylene crystal for two different temperatures. 
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c a l changes i n the mater ia l . The s u s c e p t i b i l i t i e s l inear and 
nonlinear, are tensor ia l quantit ies that measure the po lar i z ing ef
fect of the o p t i c a l f i e lds on the outer valence electrons. Since 
the la ter are the most strongly affected by the chemical bonding 
of the material the order of magnitude of the s u s c e p t i b i l i t i e s va 
r ie s substant ia l ly from material to material ; i n par t i cu lar 
χ (2η )=ο f o r a n v centrosymmetric material . It should be kept i n 
mind that in sett ing expression (1) i t i s t a c i t l y assumed that the 
matter-radiat ion interact ion is l o c a l (d ipo lar ) . 

In table II we have gathered some representative values of i n 
organic materials and in table I and III those of organic ones. To 
make the comparison easier we have also inserted the corresponding 

Table I I . Nonlinear coef f ic ients of some inorganic semiconductors 
(reference 13) 

Compound 106x(2}:esu
GaAs 0.9 22 12 120 
InSb 3.3 110 >50 >1700 
Si 0 0 6 60 
Ge 0 0 100 2300 
SbSI 1 -

Table I I I . Nonlinear coef f ic ients of some organic compounds 

Molecule 10 3 03(esu) 10 3 6 y(esu) re f . 
Trans 3-carotene - 10 3 14 
Trans r e t i n a l - 102 14 
CH 3 -NOCH=CHONH 2 42 13 15 
N 0 2 O N H 2 21 5 16 
C H 3 - N O C H = C H O O 103 - 17 

values of inorganic materials and i n table I and III those of orga
nic ones. To make the comparison easier we have also inserted the 
corresponding values of the macroscopic p o l a r i s a b i l i t i e s a^n^ f o r 
mally defined by x ( n ) = a ' n V v where ν i s the^value of the repeat un
i t in the c r y s t a l (unit c e l l ) ; we put 3=ot and γΞοΛ Let us 
evaluate the order of magnitude of these coe f f i c i en t s . 

In periodic systems the e lectronic states are d i s tr ibuted i n 
Bloch type bands (18,19). For the descr ipt ion of the op t i ca l pro
pert ies i n the transparency region of an organic semiconductor to 
which conjugated polymer crysta l s can be assimilated we may l i m i t 
ourselves to two bands, the highest valence (v) and the lowest con
duction (c) bands. Using the Genkin-Mednis (20,12) approach, one 
can derive the expressions of the nonlinear s u s c e p t i b i l i t i e s as 
integrals of cer ta in combinations of i n t e r - and intraband terms 
over the whole B r i l l o u i n Zone (or eventually the extended Jones 
Zone (18,19)). Thus for the xx-components of the l inear and th i rd 
order s u s c e p t i b i l i t i e s of a centrosymmetric semiconducting c r y s t a l 
one has (4,21,22) 
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X 0 ) = $i [ Ω S dk (2) XX M j R 7 vc cv 

(3) 8e 4 

χ = —χ— xxxx 

as as 
cv vc Ω S S S dk (3) 

ω 8k 8k vc cv vc cv cv 

where the band energy difference ^ c v = e c - e v , Ω Γ ( : i s the t r a n s i t i o n 
dipole moment matrix element between the two bands, δ Ν Ο

= Ω ν α / ω ν ( : 

and ε α > ν are the band energies. It i s important to notice that the 
l inear s u s c e p t i b i l i t y only arises from interband t rans i t i ons , 
while χ ^ ) arises from the competition of interband and intraband 
terms and th is i s true for a l l nonlinear s u s c e p t i b i l i t i e s ; for 
very delocal ized systems (namely strong overlap of wave functions) 
the quantit ies ω ο ν and Ω ^ . vary strongly with k over the B r i l l o u i n 
Zone and the intraband term becomes the dominant one (4)

From the physicochemica
the present review, the questio
to the character i s t i c s of the constituant molecules and how this 
information can be extracted from ( 2 , 3 ) . The answer r e l i e s on the 
fact that the essent ia l contributions to these integrals come from 
only few nonoverlapping c r i t i c a l regions i n the j o i n t density of 
states (18,19) ; these are points , l ines and surfaces depending on 
the spa t ia l extension of the conjugated electron d i s t r i b u t i o n . They 
are defined by the condit ion 

v > = 0 (4) k cv ' 

This d i r e c t l y establishes a r e l a t i o n between the o p t i c a l suscept i 
b i l i t i e s χ(η' and the topology and dimensionality of the joints den
s i t y of states ; more importantly i t allows one to express χ^ i n 
terms of the values that Ω 0 Ν and ω ο ν take at these c r i t i c a l regions; 
the l a t t e r being expressed i n terms of the character i s t i c s of the 
e lectron d i s t r i b u t i o n (heteroatomicity, bond a l ternat ion and super-
a l t ernat ion , chain p a i r i n g , e lectron correlat ion) this functional 
dependence allows one to g loba l ly assess the impact of these featu
res on the nonlinear s u s c e p t i b i l i t i e s . 

One-dimensional c r y s t a l s . In one-dimensional systems (ID) the 
problem is amenable to an a n a l y t i c a l so lut ion and allows one to 
gain some insight to this approach. We i l l u s t r a t e th is point with 
the simple bond alternated i n f i n i t e carbon chain (polyene) and 
adopt the Huckel approximation. Such a chain i s then characterized 
(23) by two resonance energies 3 i and 32 that alternate along the 
chain. We assume complete separation between σ - and π - electrons 
and we concentrate our attent ion only on the π - e l e c t r o n contr ibu
t i o n . The e lectron states i n such a chain can be obtained a n a l y t i 
c a l l y and one has (see 2 1 , 22_ .) η ω ο ν = 2 3 2 ζ θ , eiïCv=iea(1-v2)/4ζ§ 
where C Q = ( l + v 2 + 2 v c o s k a ) a n ( j ν = ρ 1 / ρ 2 # inser t ing this expression 
of u ) c v i n (4) we see that the j o i n t density of states becomes i n f i 
n i te at the edge of the B . Z . , ka=n ( c r i t i c a l po in t ) , where also the 
matrix element Ω Ο Γ ^ 3 ) attains i t s maximum value (see Figure 5) 
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I n c v ( k a - i r ) I =a | S i + 3 2 | / | β 2 - β χ | E L d 

(opt ical de loca l i za t ion length) 
and the energy difference η ω ο ν be
comes smallest li(o c v(ka=7r)=2 | β 2 - 3 ι | 
=E 0 (opt ica l gap). The coinciden
ce of these three features at a 
single point i s an essent ia l cha
r a c t e r i s t i c of the ID systems and 
i s the o r i g i n of the enhancement 
of the π - e l e c t r o n contribution 
over the σ - e l e c t r o n s i n χ ^ η ^ . In
deed one finds (4,22) that for 
strong d é l o c a l i s a t i o n , N (jE4Ld/a> 1, 
the intraband term i n (4) i s the 
dominant one and 

3π Χ σ i N d 

(3)_ 16 

Figure 5. Energy bands (—), dipole transi
tion moment (-·-), and density of states 

(—) for bond alternated chain. 

45π λ σ d 

and in general 

(2n-l) (2n-l) 4n-2 
χ σ d 

(5) 

( 6 ) 

(7) 

» where N d = | 3 i + 3 2 | / | 3 i - 3 2 | and χ^ 
is the expression of the suscept i 
b i l i t y for a chain of saturated 

bonds ( σ - e l e c t r o n s ) . It has been shown (4,22) that the above func
t iona l dependence of the odd order s u s c e p t i b i l i t i e s on the deloca
l i z a t i o n parameter N d i s very general and charac ter i s t i c of a l l ID 
systems (with or without center of invers ion, chain pa ir ing or e-
lectron corre la t i on ) . Since can at ta in high values for conjuga
ted polymers the much higher dependence of the nonlinear suscept ib i 
l i t i e s on N d than the quadratic one found for χ ^ Ο j u s t i f i e s the 
neglect of the side group contribut ion to x^ 3 ^ while th is i s not 

. ° ( \ \ xxxx, 
necessari ly the case for x ^ 1 ' ; there the contributions of the σ -

/ j j X X . 
and π - e l e c t r o n s to χκ 'are round to be of the same order of magni
tude. Thus the nonlinear s u s c e p t i b i l i t i e s can be e f fec t ive ly used 
to measure the conjugated e lectron de loca l i za t ion . Local f i e l d cor
rections can also be taken into account (21 ,22). 

Expressions (5-7) can also be cast i n the form (2n-l) A (2n-l) 
X ^ Χ σ 

4n-2 ( 8 ) 

which contains d i r e c t l y accessible experimental values ( E F i s the 
Fermi l eve l and Eg i s the o p t i c a l energy gap) and also allows d i 
rect comparison with inorganic semiconductors SbSI and SbSBr which 
can have high values of nonl inear i t i e s as wel l since E-p/E >>1 there; 
unfortunately the crys ta l growth for these materials i s at presen
t l y an insurmontable problem (24). 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



176 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 s i tuat ion i s d r a s t i c a l l y d i f ferent with the second order 
s u s c e p t i b i l i t y which i s non-vanishing only i n materials without i n 
version symmetry. Its expression is ( 2 2 ) 

rn\ 3 r r ι r 3S 8S u 
x(2)=4i g S (Ω -Ω ) - I s - £ 3 ϋ --2 £ s dk (9) 
Here the interband and intraband terms can each have e i ther sign so 
that they may add or substract . It is in truct ive so study again the 
bond alternated carbon chain i n the Huckel approximation ; i n order 
to be asymmetric hetero-atomicity must be present as wel l which i s 
taken into account by l e t t i n g the coulomb integra l to take a l t erna
t i v e l y the values cq and (*2 along the chain. The expressions of 
Ω γ ο and ω α γ are given i n ( 2 1 , 2 2 ) . Careful analysis of (9) reveals 
that contributions to the integrand only come from regions where 
Ω α ν i s complex ; i t vanishe
ginary and this i s prec i se l
l o u i n zone of an I D system. Thus i n contrast to 9 χ  ' does 
not take f u l l advantage of the i n f i n i t e density of states there 
and the highly delocal ized character of these states ; or otherwi
se stated, charge assymetry, (a perequisite for non-vani shing χ ^ ) , 
being a loca l feature shows i t s f u l l impact at most over a unit 
c e l l and larger d e r e a l i z a t i o n is i r re l evant . Expression ( 9 ) with 
the commonly used values of the Coulomb and resonance in tegra l s , 
(04,012) and ( 3 i , 3 2 ) respect ive ly , shows that x ^ 2 ) cannot exceed 
( 2 2 ) the value of 1 0 " ? esu which is an order of magnitude below 
that of GaAs and two orders of magnitude below the one expected for 
a merocyanine crys ta l ( 1 7 ) ; this seems to be confirmed from recent 
measurements i n a s y m é t r i e polydiacetylenes ( 2 5 ) . Therefore any im
provement of the values of χ^ ought to be sought i n the optimisa
t ion of the p o l a r i z a b i l i t y values of small molecules ( l ike the me
rocyanine) and the ir packing i n the c r y s t a l . In p a r t i c u l a r s ide-
groups with large second order p o l a r i z a b i l i t y values appropriately 
attached along a pplydiacetylene chain may provide crysta ls with 
large values of χ^ ' along direct ions other than the chain d i r e c 
t ion ; the c r y s t a l growth of such materials seems however d i f f i c u l t 
i f not hopeless ( 2 5 ; . The I D inorganic semiconductors SbSI and SbSBr 
(see Figure 2 and Table II) seem also to be favorable materials 
with large values of χ ( 2 ) ( 2 4 ) ; unfortunately here too the crys 
t a l growth seems at presently an insurmontable problem. 

Quite in tr igu ing i s also the case of centrosymmetric homoato-
mic bond alternated chains which get coupled into pairs i n an asym
metric configuration (A). For such a system χ ( 2 ) can a t ta in ( 2 2 ) 
values larger than those of the s ingle heteroatomic bond alternated 
chain. 

Two- and three-dimensional c r y s t a l s . I n two-dimensional ( 2 D ) 
systems the c r i t i c a l regions are of two kinds : points at energy 
E Q at the edge of the B . Z . reminiscent of I D patterns i n the e lec
tron d i s t r i b u t i o n with a contr ibut ion i n χ Ο and χ ( ' as given by 
( 7 ) and l ines at energy Ej i n t r i n s i c to the 2 D system. The effect 
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of the l a t t e r i n the nonlinear s u s c e p t i b i l i t i e s i s to reduce the 
impact of the point E Q by borrowing and d i f fus ing i t s o s c i l l a t o r 
strength and density of states and repe l l ing E Q to higher energies 
( E I < E Q ) . The a n a l y t i c a l ca lcu la t ion of (3) even i n the Huckel ap
proximation i s quite involved although the expressions of Ω ο ν and 
ω ο ν can be read i ly derived ; theoret ica l calculat ions i n graphite 
confirm the above qua l i ta t ive conclusion giving values of v(3) l o 
wer by one or two order of magnitude than for ID systems. In gene
r a l planar systems are rather unstable and the ir use as nonlinear 
opt i ca l devices i s questionable. 

Three-dimensional (3D) conjugated systems do not exist but one 
can conceive 3D organic semiconductors comparable to the inorganic 
ones (Ge, GaAs). There, besides contributions from points E Q and 
l ines E j , χ^ η^ w i l l also contain contributions from c r i t i c a l sur
faces at energy Ε2· Sinc  E E J < E Q th  impac f E Q i  furthe  redu
ced. This i s s t r ink ing l
where estimations of th
using (26) simple models for the jo in t density of states. It i s 
found that the main contr ibut ion to v(3) comes from the 2D and ID 
c r i t i c a l regions of the B . Z . while the contr ibut ion from the c r i t i 
ca l point E Q (zero dimensional) the so-cal led Penn-gap is substan
t i a l l y reduced as one proceeds to low gap semiconductors. This i s 
because the intraband terms are more important i n the lower energy 
c r i t i c a l regions than i n the higher ones ( Ω ο ν and ω ο ν vary more r a 
p i d l y over the B . Z . . On the other hand a semiconductor l i k e Ge, 
with one of the largest values of v(3). as w i l l be discussed below, 
barely equals that of a polydiacetylene. This is par t i cu lary s t r i 
king when contrasted with the fact that the density of valence e lec
trons i n Ge i s by an order of magnitude higher than that of the 
π - e l e c t r o n i n a polydiacetylene. Furthermore the polydiacetylenes 
have a higher transparency, are o p t i c a l l y anisotropic and possess 
a lower index of re frac t ion than Ge. It i s unfortunate that there 
i s no measurement of χ (3) i n inorganic ID semiconductors (24) l i k e 
SbSI and SbSBr since they would allow a better comparison with the 
organic semiconductors. 

Polydiacetylene c r y s t a l s . The enhancement of 
v(3) 

because of 
one-dimensional e lectron d e r e a l i z a t i o n is s t r i k i n g l y corroborated 
i n the polydiacetylene c r y s t a l s . Their structure i s that of a super 
alternated chain with four atoms per unit c e l l and the Huckel appro
ximation y ie lds four bands for the π - e l e c t r o n s , two valence and two 
conduction bands. When depicted i n the extended Jones zone, each 
pair can be viewed as a r i s i n g by a d i scont inui ty at the middle of 
the B r i l l o u i n zone of the polyene chain. The dominant contribut ion 
to " ^ comes from the c r i t i c a l point at the edge of the exten
ded Jones zone ( i n i t i a l l y at the center of the reduced B . Z . ) . The 
complete expressions are derived i n (4,22) and calculated for d i f 
ferent polydiacetylenes. We reproduce the values of for TCDU 
and PTS i n table IV. The calculated values are i n good agreement 
with the measured Que s (3). They are of the same order of magnitude 
as the values of Χξξξξ in Ge and GaAs which are 10"* and 1 0 - 1 1 e s u , 
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Table IV. Calculated values of χ ( 3 ) i n time polydiacetylenes 
(Ref. 22) 

Compound Light Refract 1 0 1 2 χ ( 3 ) 
(R) polarization Index (esu) 
PTS II 1 .92 70 

JL 1.72 <.l 
TCDU II 1 .76 25 

1 1.65 <.l 

respectively (Table n ) , ξ being one of the (1 1 1)-crystal direc 
tions. These high values of 

ν (3) 
are due to the high d e r e a l i z a 

tion of the π-electrons f th  larg  conjugatio
that i s established upo
one compares the value o  χ ( ^ )  polyme
nomer ; i n the l a t t e r case χ ( 3 ) has values less than 10"* esu. 
The same i s true for the values of .across the chains i n the 
polymer crystal ; these are less than lO" 1^ esu. These low values 
can be well accounted for by using a d d i t i v i t y arguments for the hy-
pe r p o l a r i z a b i l i t y . This dramatic increase of χ (3) over the other 
components because of the π-electron d e r e a l i z a t i o n i s pa r t i c u l a r 
l y s t r i k i n g when contrasted with the facts that (a) the density of 
the localized electrons, which are the only ones contributing to 
the other components, i s much higher than that of the π-electrons 
(only 1 out of 40 valence electrons per unit c e l l i s a π-electron) 
and (b) their contribution to χ ^ ) , across the chain direction, i s 
further enhanced by lo c a l f i e l d corrections (20 ,22). Because of 
the much milder dependence of χ ^ on N^, the linear s u s c e p t i b i l i 
ty does not show such marked anisotropy. The above values of 

v(3) 
where measured (3) at room temperature. At lower temperatures, be
low 1 6 0 ° K , the optical properties of some of these polymers, l i k e 
the PTS-diacetylene, undergo some dramatic changes (absorption peak 
s p l i t t i n g , e t c . . ) and the conjecture was made (27) that the chains 
may get coupled i n pairs i n an S-configuration at low temperature. 
The mechanism of the pairing i s probably a rearrangement of the s i 
de groups allowing the π-electrons of one chain of the pair to 
jump over to i t s partner chain. If this i s the case, the considera
tions of ref (22) indicate that χ ^ ' may increase by an amount out
side the experimental error. • 

There i s no experimental determination of the sign of χ yet; 
this can only be obtained by interference techniques (CARS or simi
la r ( 1 2 ) ) . In the tight-binding (or Huckel) description i t i s pre
dicted to be plus (+) in the large d e r e a l i z a t i o n l i m i t (expression 
6) and minus (-) i n the small d e r e a l i z a t i o n l i m i t ( f l a t bands). 
On the other hand in the exciton description occasionnally adopted 
by some authors to interpret the main absorption peak in the poly
diacetylenes one finds χ* ' negative and i t s values two orders of 
magnitude lower than expression 6 ; since electron correlation (28) 
i s essential i n the exciton model, the calculation of even the sim
plest optical properties becomes prohibitively complicated and 
the physical insight i s obscured. 
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If any of the frequencies (ω, 2ω or 3ω in t h i r d harmonic gene
rat ion or s imi lar frequency combinations in three wave mixing expe
riments) approach the region of intense absorption situated around 
16000 cm appreciable changes i n the values of 

v(3) are expected 
(22) because of the dispersion and have been observed (3, 29 ) . In 
par t i cu lar the i n t r i n s i c two-photon absorption without taking into 
account e l ec t ron- la t t i c e coupling was predicted (22) to be impor
tant and some experimental evidence (30,31) seemingly corroborate 
this predic t ion but the precise o r i g i n of this absorption i s s t i l l 
unclear. Actual ly the electron-phonon coupling i n ID conjugated 
chains leads to drast ic modifications i n the e lectron states at the 
edge of the B . Z . . Thus Fano-type interference (32 ) between the con
tinuum of band states and v ibronic ones s i g n i f i c a n t l y changes the 
appearance of the absorption spectrum above the main peak  More im
portant ly , the main absorptio
distors ions of the ^ C ^
This introduces an i n e r t i a and l imi t s the response speed of the op
t i c a l nonl inear i t i es as w i l l be shown i n the next sect ion. 
Time response of the opt i ca l n o n l i n e a r i t i e s . Sol i tons . 

The most s t r i k i n g impl icat ion of the e lectron l a t t i c e cou
p l ing i n ID chains is the appearance of the semiconducting state : 
the equal bond ID l a t t i c e (metall ic state) i s unstable (33) with 
respect to a l a t t i c e d i s tors ion and this so ca l l ed s ta t i c Pe ier l s 
i n s t a b i l i t y is the o r i g i n of the opening of the i n t r i n s i c band gap 
at the edge of the B . Z . with an i n f i n i t e density of states there 
and the presence of band a l ternat ion . 

By extension one may say that the power laws (5-7) which deter
mine the magnitude of the l inear and nonlinear opt i ca l coef f ic ients 
are consequences of this strong e l ec t ron- la t t i c e coupling. We now 
make the conjecture that the time response of these coef f ic ients i s 
severely affected by the dynamics of the e l e c t r o n - l a t t i c e coupling 
i n conjugated chains when two or more resonant chemical structures 
can coexist ; this i s the case for many of the organic chains of 
Figure 2. 

Because of this degeneracy and coexistence of these resonant 
structures one expects i n t r i n s i c conjugation defects to exist and 
be formed along the chain, the so-cal led Pople-Wamsley defects (34) 
which i n the case of polyacenes and polydiacetylenes takes the form 

respect ively ; they are characterized by the appearance of new s ta
tes below the band gap E Q that borrow the ir o s c i l l a t o r strength-
from there. It i s the formation and motion of these defects during 
the l i g h t pulse that determine the temporal behaviour of the opt i ca l 
non l inear i t i e s . 

Since ID conjugated chains are interrupted by such i n t r i n s i c 
defects (the Pople-Wamsley defects) or eventually impurit ies the 
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Figure 6. y 2 N vs. N N for finite chains of 
different lengths. The dotted line corre
sponds to the slope of χ(3) for an infinite 

chain. 

f i r s t question arises then to 
what extend the behaviour of ' 
obtained i n (6) for an i n f i n i t e 
chain persists down to f i n i t e 
chains of 2N sites ; we neglect 
momentarily any motion of these 
defects. The relevant optical co
e f f i c i e n t i s now the third order 
p o l a r i z a b i l i t y γ. It i s shown in 
(4) and depicted i n Figure 6 that 
as long N̂ <N one gets γ^Ν^, i.e. 
the same functional dependence as 
for an i n f i n i t e semiconducting 
chain but for N<N̂  and Ν large, 
one gets ( 1,22) γ^Ν which i s 

cl e a r l y show the c r u c i a l role 
played by the electron d e r e a l i z a 
tion length L^ for the magnitude 
of the nonlinear optical c o e f f i 
cients; i t s dynamical behaviour, 
dictated by the soliton type mo
tion (35,36) of these defects 7 a l 
so determines the response time 
of these defects. 

These defects can be create by photoexcitation of frequency ωχ 
near the main absorption peak but also below i t . The strong elec
t r o n - l a t t i c e coupling leads to a polaron type or sol i t o n state 
(35,36) where the electron state i s dressed with large amplitude 
bending mode extending over a few repeat units and propagating 
roughtly with the sound vel o c i t y . This introduces a time scale of 
roughtly 1-4 ps right after photoexcitation during which the appea
rance of the absorption peak and the polarisation state of the 
chain w i l l be markedly different from that observed for pulses lon
ger than 10-100 ps. This behaviour w i l l strongly be f e l t by a se
cond pulse of frequency ω£ below the band gap and this i s precise
ly the case i n three wave mixing experiments described by χ^^(ωι, 
- ω χ , ω 2 ) . 

For pulses shorter than ^ lps the sepctrum w i l l be broader and 
less pronounced that for pulses longer than 1 ps. Otherwise stated, 
the electron states immediately after excitation find themselves 
in a "foreign l a t t i c e 1 1 and this introduces strains which take f i 
nite time to diffuse before the π-electrons accomodate themselves 
in a new l a t t i c e . These i n i t i a l strains broaden the spectrum i n the 
i n i t i a l stage of excitation (up to 1 ps) ; for time longer than 
1 ps the spectrum coalesces to the one observed with very long pul-
esor stationnary sources. 

Thus the π-electron d e r e a l i z a t i o n length L^ and the linear and 
nonlinear optical coefficients i n ID conjugated systems reach their 
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f u l l values computed i n the previous section in times longer than 
1-4 ps, the d i f fus ion time of these i n i t i a l s t ra ins . This f i n i t e 
response time of the opt i ca l coef f ic ients i n ID conjugated systems 
should be contrasted with the essent ia l ly instantaneous one expec
ted i n 3D semiconductors ; i n ID conjugated systems the π - e l e c -
trons cannot avoid the contraints along the chain and are forced 
to accomodate with the l a t t e r and eventually loose some of the ir 
charac ter i s t i c s . The dynamical behaviour of the opt i ca l l inearand 
nonlinear coef f ic ients along this approach i s derived i n 37. 

The above conclusions introduce i n t r i n s i c l imi tat ions to the 
use of the ID conjugated systems in nonlinear op t i ca l devices. 
Although these may benefit (38) from the high non l inear i t i e s , the ir 
response speed w i l l be l imited by the motion of such defects. The
se may also be formed by other means than l i g h t and this w i l l c l e 
ar ly have implications on photoelast ic  pyroe lec tr ic and piezoelec
t r i c effects as w e l l . W
lenes may show appreciabl

Selective^phonon localiz^ation and polymerization of diacetylenes 

The so l id state polymerisation of diacetylenes (2) with U.V. 
rad ia t ion , heating or shear force i s most indicat ive cTf the predo
minant influence of e l e c t r o n - l a t t i c e coupling. The de ta i l s 
of the chemical changes that occur during the polymerisa
t ion process are c r u c i a l (2,40) but the overa l l descr ipt ion only 
needs part of this chemical information. The k ine t i c s and thermo
dynamics of the polymerisation process using an e l a s t i c s t r a i n ap
proach have been worked out i n (41). 

Here we out l ine a dynamical descr ipt ion (42) of the polymeri
sation of the polydiacetylenes. The approach r e l i e s much on the 
one used (43,44) i n the theory of non radia t ive trans i t ions i n 
crysta l s and the so l i ton descr ipt ion of the defects i n the ID-or
ganic semiconductors. 

One of the basic assumptions of this theory is that the polyme
r i s a t i o n rate can be computed from the t rans i t i on rate from an i n i 
t i a l e lectronic state E£ to a f i n a l one Ef of the c r y s t a l at a g i 
ven polymerisation state. The energies of these states depend on 
the nuclear configuration and their changes around the equi l ibrium 
posit ions for the i n i t i a l and f i n a l e lectronic states can be ex
pressed (43) i n terms of v i b r a t i o n a l o s c i l l a t o r s which at a given 
temperature are either c l a s s i c a l *nu)c<kT (predominantly intermole-
cular) or quantum ^^<kT (predominantly intramolecular) . 

The overa l l energy being conserved the t r a n s i t i o n form the i n i 
t i a l to the f i n a l state occurs at a configuration (the t rans i t i on 
state) where the two states, and E f , have the same energy. The 
associated ac t ivat ion energy E a and react ion path are determined 
by the c l a s s i c a l modes the main contr ibut ion coming from a very 
spec i f i c intermolecular mode (guiding mode) and an almost intramo
lecular one, the C 3 C - C bending mode at approximately ω^<300 cm"1 

which i s strongly coupled with the adjacent electrons of the t r i -
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pie bond ; at room temperature this mode i s i n the d iv id ing l ine 
between c l a s s i c a l and quantum mode (ηω, - k T ) . It i s easy to see 
that when this bending mode i s driven beyond a certa in amplitude 
a non bonding p - o r b i t a l i s formed with one unpaired electron at 
chain-end which i s very reactive; the b i r a d i c a l s and carbenes, the 
chemical intermediates(40), are prec i se ly of this form. The g u i 
ding intermolecular mod€pnu)c then creates the favorable conditions 
for the react ion with the neighboring species to take place. C lear 
ly the e lectronic states involved are d i f ferent at d i f ferent s ta 
ges of the polymerisation process. In the i n i t i a l stages, (forma
t ion of oligomers from monomers) the l i fe t ime of the react ive spe
cies i s short but beyond a cer ta in polymerisation, (by progres
sion and fusion of chains) a s t a b i l i s a t i o n of the react ive species 
occurs which now can be pictured as an unpaired electron i n a non-
bonding p - o r b i t a l dressed with a large amplitude bending mode and 
guided through a c l a s s i c a
strongly reminds that o
progressing to i n f i n i t e chains the butatriene s t r u c t u r e ( \ s i , s 5 : : : i \ ) n 

more favorable for the strained chain evolves to the acetylynic 
one ( \ V ^ ^ ) r t as the s trains are released. This i s also the o r i 
gin of the i n t r i n s i c conjugation defects. When i n p a r t i c u l a r , the 
polymer i s photoexcited the butratiene s t ruc ture l s again favorable 
energet ica l ly and one has a large density of such defects at the 
i n i t i a l stage of the photoexcitation for a time shorter than M-4ps; 
thus, one may say that at this i n i t i a l stage of photoexcitation 
the polymer r emémorâtes the f i n a l polymerisation stages and one 
may even expect hysteresis e f fe ts . 

The above dynamical descr ipt ion of the polymerisation strongly 
p a r a l l e l s that of nonradiative trans i t ions and this i s not a c c i 
dental ; althouth the monomer crys ta l from which the polymeric one 
i s issued, do f luoresce, the polymeric one does not, despite i t s 
strong absorption at 2 eV. This strongly indicates e f f i c i e n t non-
radiat ive re laxat ion of the exc i tat ion and strong electron-phonon 
coupling. 

The above picture points to the very interest ing p o s s i b i l i t y of 
se l ec t ive ly inducing or enhancing the polymerisation process, at a 
temperature where this i s u n l i k e l y , by resonantly dr iv ing with an 
intense laser beam i n the infrared the v i b r a t i o n a l modes and u)c 

that are involved i n the polymerisation. As a consequence of their 
anharmonicity (45) these modes, when driven near resonance by an 
electromagnetic f i e l d , beyond a cer ta in c r i t i c a l value of the l a -
t er , can reach amplitudes comparable to the c r i t i c a l ones required 
for the polymerisation to be i n i t i a t e d or proceed ; the anharmoni
c i t y i n the presence of the intense laser beam acts as a defect 
and loca l izes the phonons creating thus a c r i t i c a l d i s t o r s i o n . 

We wish to conclude with a simple k ine t i c model that i s compa
t i b l e with the above picture and i s based on the theory of continu 
urn Zip-react ions (46,47). Let us assume random i n i t i a t i o n at s i tes 
d i s tr ibuted at random along a chain followed by zip i n both d i r e c 
tions with speed v . If we denote by ρ the l inear density of such 
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events and by ξ ( 0 the conversion 
rate at time t one gets (46) 

Ι - ξ ί Ο - e 
-2pv(e K t + k t - l ) (10) 

where 1/k is the ac t ivat ion time 
for such a s i t e (vp)" 1 i s the 
propagation time between two s i 
tes which can be activated and 
c r i t i c a l l y depends on the cont
rains along the chain. These con-
trains resul t form the repeat 
unit mismatch ; they are more im
portant for ξ > ξ ς where ξ^-10% 
which i s the c r i t i c a l conversion 

c r i t i c a l conversion rate ξ 0 at a 
given temperature Τ i s reached at 
time t c at that pv has the values 
λΟ and λα, before and after the 
time t c respect ive ly . Then one 
gets from (10) with simple proba-
b i l i t i s t i c arguments ^ 

l-C(t)=e" A o te~ Ao<. k ( t" t<= ) 2 Y i f t c ) 
whereY(x) is the Heaviside step 

function. As can be seen on Figure 7 this reproduces remarkably 
well the experimental resul ts (48). More detai led considerations 
using t rans i t ion state theory allow to obtain a rough estimate of 
t c . We i n s i s t however that the above approach is e s sent ia l ly app l i 
cable to the PTS-polydiacetylene or s imi lar ones and dras t i c de
v iat ions may occur for other compounds. 

Figure 7. Calculated conversion rate (— ) at 
T- 60 ° from expression 11 (see text) with λ 
= 0.03 h-', tc = 20h 30min, ξί = 0.06, andpvk 
- 0.18 h~2. The circles are experimental 

values from Ref. 48. 

Conclusion 

The l inear and nonlinear opt ica l properties of one-dimensional 
conjugated polymers contain a wealth of information c lose ly r e l a 
ted to the structure and dynamics of the π - e l e c t r o n d i s t r i b u t i o n 
and to their interact ion with the l a t t i c e d i s tors ions . The ex is 
t ing values of the nonlinear s u s c e p t i b i l i t i e s indicate that these 
materials are strong candidates for nonlinear op t i ca l devices in 
di f ferent appl icat ions . However the ir time response may be l imited 
by the d i f fus ion time of i n t r i n s i c conjugation defects and the 
electron-phonon coupling. Since these defects ar ise from competi
t ion of resonant chemical structures the possible remedy i s to con
t r o l this competition without af fect ing the d e r e a l i z a t i o n . The 
understanding of the polymerisation process i s consequently essen
t i a l . 
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Nonlinear Optical Properties of Polydiacetylenes 

M. L. SHAND and R. R. CHANCE 

Allied Corporation, Corporate Research and Technology, Morristown, NJ 07960 

The nonlinea  optical propertie f novel
soluble polydiacetylene
The nonlinear optica  propertie
using resonance Raman scattering, coherent anti
-stokes Raman scattering and coherent stokes Raman 
scattering. The two-photon polarizability is found 
to be very large in these materials. General 
aspects of the third-order susceptibility of these 
materials are also discussed. 

The l inear and nonlinear o p t i c a l properties of 
polydiacetylenes have received considerable attention recently 
(1-3) . This interest is at tr ibutable to the fully-conjugated 
backbone structure 

which leads to essent ia l ly one dimensional e lectronic propert ies . 
The acetylene mesomer (A) i s the lowest-energy conformation for 
the polymer, and numerous x-ray structures have yielded bonding 
sequences which are very close to A above (4_) · There is some 
evidence for the higher-energy butatriene mesomer (5, 6) i n 
systems, such as the ones we are considering here, where backbone 
s t r a i n is introduced due to intramolecular interactions of the 
substituent groups (R). 

0097-6156/83/0233-0187$07.25/0 
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Extensive electron d e r e a l i z a t i o n along the chain d irect ion 
leads to an e lectronic t rans i t ion energy for one-photon absorption 
( E 0 ) of t y p i c a l l y 15 000-16 000 cm"1 for an unstrained backbone 
(7) . This value is very close to that of polyacetylene (or 
polyene) (HC=CH)n which has E 0~14 000 cm"1 ( 8 ) . For both 
polymers, E Q varies with chain length (or conjugation length) i n 
much the same manner (9). This analogy to the polyene system 
leads to the expectation that the polydiacetylenes might have 
unusually large third-order s u s c e p t i b i l i t i e s ( χ ) as had been 
demonstrated for polyenes of varying length. This expectation was 
borne out by the work of Sauteret et a l . (1_) who found χ values 
for polydiacetylene crystals comparable to those of inorganic 
semiconductors. Their results suggested at tract ive p o s s i b i l i t i e s 
for these one-dimensional materials i n nonlinear opt i ca l devices. 
Appl icat ions i n parametric o s c i l l a t o r s which u t i l i z e three-wave 
mixing were p a r t i c u l a r l
experiments were unsuccessfu
as well as nonlinear absorption problems which Lequime and Hermann 
(11) at tr ibuted to absorption by photogenerated defects. 

Recently, polydiacetylenes have been discovered which are 
soluble in common organic solvents (12). These polymers have 
urethane substituent groups of the form 

0 
II 

- (CH 2 ) m 0C-NH-X 

where m=3 or 4. In the work discussed here X i s -COOC4H9 ; these 
materials are referred to as mBCMU (BCMU 
butoxycarbonylmethylurethane). The most interest ing feature of 
these polymers is that the v i s i b l e absorption spectra can be 
varied i n a control led manner by solvent var ia t ion (see F i g . 1). 
This phenomenon i s due to the fact that the degree of conjugation 
(or planarity) of the chains in solution is control led by 
intramolecular hydrogen bonding of the C=0 and N-H funct iona l i t i e s 
on adjacent urethane substituent groups. In good solvents, such 
as CHCI3, about one out of every four polymer repeat units ( r . u . ) 
i s not hydrogen bonded, which leads to a conjugation length of ~4 
repeat units ( r . u . ) and a large blue sh i f t in op t i ca l absorption 
( E 0 ~ 21 000 cm""1) (12). In poor solvents, such as CHCl3-hexane 
mixtures, e ssent ia l ly every polymer unit i s hydrogen bonded, which 
leads to E 0 ~ 16 000 cm"1 for 3BCMU and E 0 ~ 19 000 cm"1 for 4BCMU. 
The blue sh i f t of the l a t t e r compared to the usual c r y s t a l values 
i s at tr ibuted to s t r a i n (12, 13). 

This paper w i l l review the l inear and nonlinear opt i ca l 
properties of polydiacetylenes with an emphasis on our work with 
the nBCMU polymers. The following section w i l l discuss material 
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Figure I. Linear absorption spectra for polydiacetylene solutions. The three solutions 
are referred to in the text as blue, red, and yellow (from left to right in the figure). 
(Reproduced with permission from Ref. 24. Copyright 1979, American Institute of 

Physics.) 
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properties including the conformational t r a n s i t i o n . The next 
sections include the l inear opt ica l properties of polydiacetylenes 
and how they relate to the material propert ies , the nonlinear 
o p t i c a l properties and, f i n a l l y , the present understanding of 
these propert ies . 

Material Properties and Linear Opt ica l Properties 

The so l id-s ta te polymerization of diacetylenes is an example 
of a l a t t i c e - c o n t r o l l e d so l id-s tate react ion. Polydiacetylenes 
are synthesized v i a a 1,4-addition reaction of monomer crystals of 
the form R-CEC-CEC-R . The polymer backbone has a planar, f u l l y 
conjugated s tructure . The e lectronic structure is essent ia l ly one 
dimensional with a lowest-energy opt ica l t rans i t i on of t y p i c a l l y 
16 000 cm" 1 . The polydiacetylenes are unique among organic 
polymers i n that they ma
c r y s t a l s . 

Solutions of CMU polymers show dramatic color changes when 
the solvent/nonsolvent rat io is var ied . The color changes have 
the ir origins in a conformational t rans i t ion which can be viewed 
as a one-dimensional c r y s t a l l i z a t i o n of a single chain in the 
polymer so lut ion . 3BCMU is quite soluble in chloroform (>5% by 
weight or >0.1 r . u . m o l e / l i t e r ) . The 3BCMU polymer so lut ion , at 
su f f i c i en t d i l u t i o n , i s yellow i n appearance (E 0~21 000 c m " 1 ) · On 
addit ion of hexane, a dramatic reversible color t rans i t ion to a 
dark blue so lut ion occurs (E 0~16 000 cm" 1); subsequent addit ion of 
hexane results in the prec ip i ta t ion of the polymer as a blue 
s o l i d . The blue solut ion i s a true solut ion; i t is quite stable 
and does not prec ip i tate on standing or during centr i fugat ion. 
Since the color t r a n s i t i o n i s independent of polymer 
concentration, i t i s c l ear ly a s ingle-chain phenomenon. 
Completely analogous results are obtained for 4BCMU except the 
t r a n s i t i o n i s from yellow ( E 0 = 21 000 cm"1) to red ( E Q = 19 000 
cm"1) . 

Absorption spectra for 3BCMU are shown i n Figure 2. The 
broad structureless spectra of the yellow solutions (XCHC13 = 0-87, 
1.0) are not unexpected; i n fact , the behavior of the longer-chain 
polyenes is quite analogous (14). The opt i ca l properties of a 
conjugated system are determined not by the chain length but by 
the conjugation length λ , i . e . , the length over which planari ty of 
the conjugated units i s maintained without in terrupt ion . Rotation 
about the single bond i n the polydiacetylene backbone would 
interrupt conjugation at a cost of - 1 kcal/mole i n resonance 
energy (11) - a cost eas i ly suplied by the increased entropy of 
the chain and the bulky, f l ex ib le side groups. Such rotations 
would be f a c i l i t a t e d by the interact ion of the chloroform solvent 
with the ester and urethane units of the R group, an interact ion 
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Figure 2. Visible absorption spectra of solutions of 3BCMUfor various mole fractions 
of chloroform in hexane. The spectra are progressively offset by multiples of 5000 

L/mol-cm. The polymer concentration is 1.94 * 10~5 mol/L. 
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which i s undoubtedly a major factor i n the high s o l u b i l i t y of the 
CMU polymers. Based on the analogous polyene behavior, we can 
estimate that the absorption peak corresponds to I « 7 r.u. (or 14 
conjugated multiple bonds) i n the yellow solution (9, 16). Thus, 
i n the yellow solution the backbone has acquired a basically 
nonplanar conformation. 

As the nonsolvent hexane i s added the solvent-polymer 
interaction i s decreased - a process which would eventually lead 
to precipitation. In this case, however, a conformational 
tr a n s i t i o n occurs from the nonplanar polymer structure of the 
yellow solution to a planar structure in the blue solution, giving 
r i s e to the 16 000 cm"! optical t r a n s i t i o n . This optical 
t r a n s i t i o n energy i s essentially the i n f i n i t e conjugation length 
l i m i t , since i t is very close to that t y p i c a l l y observed for 
polydiacetylene crystals.(7) Clearly  the conjugation lengths are 
quite long; i i s estimate
based on comparison t
coefficients for the blue solution are in good agreement with the 
polyene results (17) and with results for polydiacetylene crystals 
(18, 19). 

It i s important to point out that in Figure 2, though 
intermediate spectra (XCHC1Q =0·79, 0.71) are observed i n the 
tr a n s i t i o n , there is no indication of intermediate electronic 
species. The observed changes are discontinuous (in terms of 
spectral shifts) so that the 16 000 cm"1 optical transition is 
already evident at the e a r l i e s t stages of the color change. This 
suggests some cooperative behavior as would be expected with 
nucleation and growth i n the proposed one-dimensional 
c r y s t a l l i z a t i o n process. 

The s t a b i l i z a t i o n of the planar conformation i n these 
materials i s due primarily to intramolecular hydrogen bonding 
between the N-H and C=0 (urethane) groups on adjacent R groups. 
The resulting polymer conformation is shown schematically in 
Figure 3. This explanation of the color transition is clearly 
evident from infrared spectra (12), which w i l l not be discussed 
here. 

Completley analogous results have been obtained for 
poly-4BCMU, though changes in the v i s i b l e and infrared spectra are 
considerably less dramatic (5). For example, the frequency s h i f t 
i n the v i s i b l e absorption spectrum i s -2400 cm"1 for poly-4BCMU 
compared to -4400 cm"1 for poly-3BCMu (Fig. 2). Molecular models 
sugest that the hydrogen bonds are more easily formed i n the 3BCMU 
case. 

Nonlinear Optical Properties 

The aspects of nonlinear optics as applied to 
polydiacetylenes which w i l l be discussed i n this section include 
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Figure 3. CMU polymer in planar (hydrogen bonded) configuration. The structure 
shown is that suggested by molecular models of3BCMU where η = 3 and Z= -C4H», i.e. 
the wavy line in the figure at the end of the substituent group is -CH2COOC4Hç. 
(Reproduced with permission from Ref. 12. Copyright 1979, American Institute of 

Physics.) 
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Raman scattering (RS) and resonance Raman scattering (RRS), which 
show conclusively that the broad absorption l ine shape i s due to a 
d i s t r i b u t i o n of chains of varying conjugation lengths rather than 
a homgeneously broadened l ine width, and three wave mixing (TWM) 
which shows that the large χ ( 3 ) in polydiacetylenes i s dominated 
by a strongly allowed two-photon t r a n s i t i o n . 

We begin with a br ie f mention of the experiments of Sauteret 
et a l . (_1) who measured th i rd harmonic generation i n 
polydiacetylene crystals and found χ ( ^ ) values comparable to those 
of inorganic semiconductors. They observed a 1000 fold 
enhancement of χ ( ^ ) i n the polymer compared to the monomer and an 
anisotropy of at least 100, with χ ( ^ ) largest i n the polymer chain 
d i r e c t i o n . X ^ ^ was measured for two polymers and at two 
incident frequencies, 3820 cm""1 and 5290 cm" 1 . The largest value 
of χ ( 3 ) (~ iCfiO esu) was obtained for the polydiacetylene PTS [R 
i s -CH2SO3C6H4CH3] at 529
ignoring l o c a l f i e l d effects
polymer chain d i r e c t i o n . Note that 3ω (15 870 cm"1) i s quite near 
the band edge of PTS (16 200 cm"1) and resonance effects are 
undoubtedly important. In fact , with 3820 cm"1 exc i ta t ion , 
χ ( 3 ) i s found to be about five times l ess . S imi lar ly in another 
polymer with a higher band gap, X < 3 ) values were s i g n i f i c a n t l y 
lower. This work opened up at tract ive p o s s i b i l i t i e s for 
polydiacetylene as nonlinear opt i ca l materials (1, 20). 

Raman Scatter ing. The RS and RRS (21, 22) measurements actual ly 
were done after the TWM (23-25) , but w i l l be described f i r s t 
because the TWM analysis used important assumptions la ter 
confirmed by the RRS work. The RRS process enhances the ordinary 
RS process when the incident l ight energy (ω^) or the scattered 
l i g h t energy ( ω 8 ) i s near resonance with e lectronic states in the 
scat ter ing medium. In a sample with several components, RRS is 
s e l ec t ive , enhancing only those chromophores which have e lectronic 
states near or ω 8 . In this study is shifted throughout the 
absorption band of polydiacetylene solutions to test the 
hypothesis that these solutions are composed of a number of 
chromophoric components each of which has dif ferent e lectronic 
states contributing to di f ferent regions of the absorption band. 
As 0)£ i s shifted the RS from dif ferent components w i l l be enhanced 
and the observed v ibrat iona l frequencies w i l l be those of the 
photoselected component. 

The e lectronic properties and thus the absorption bands of a 
polymer depend on the conjugation length A. The absorption energy 
decreases as I increases reaching a l imi t ing value of - 16 000 
cm"1 as I approaches i n f i n i t y . If the polymer solut ion consists 
of a d i s t r i b u t i o n of conjugation lengths ( i . e . chromophores), 
photoselection of the di f ferent chromophores within the 
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inhomogeneously broadened absorption band should be possible with 
RRS. The Raman frequencies for backbone carbons are expected to 
vary with I for bas ica l ly the same reason that op t i ca l absorption 
varies with £ , i . e . , electron d e r e a l i z a t i o n . In p a r t i c u l a r , as 
e lectron d e r e a l i z a t i o n increases with increasing i, the C=C bonds 
and the C^C bonds become weaker and the Raman active v ibra t iona l 
frequencies associated primari ly with these bonds, vC = C and vC=C, 
w i l l decrease. As usual , in the fol lowing, the 3BCMU i n 
CHCl3-hexane is referred to as the "blue solution" and 3BCMU in 
CHCL3 is referred to as the "yellow solut ion". 

An example of a RRS spectrum from the yellow solut ion with 
λ^=488 nm (a)j=20 492 cm - 1 ) is shown in F i g . 4. Also shown are 
spectra in the vC = C regions. The Raman modes of interest are the 
667 c m - 1 CHCI3 peak which is used for polymer mode normalization, 
vC = C at 1520 cm"1 and v c = c at 2120 cm" 1  Analysis of the peaks in 
the yellow solut ion is straightforwar
not overlap. 

Raman spectra of v^ =^ i n the blue solut ion are complicated 
because of hexane l ines at 1450 cm""1 and by modes which do not 
s h i f t with ω-£. Peak intens i t i es can be inferred by comparison to 
the nonresonant hexane s ignal near 1450 cm""1 which shows only the 
usual nonresonant ω-^ v a r i a t i o n . A l ine at 1460 c m - 1 i s present 
which does not sh i f t with incident frequency. v^=C f o r 3BCMU 
polymer single c rys ta l i s 1460 cm" 1 . Thus, for greater 
than approximately 540 nm the RS indicates an absorption spectrum 
with chains having a single v ^ = c Raman frequency - the frequency 
value indicat ing an e f fect ive ly i n f i n i t e conjugation length, as 
does the E Q value. 

The var ia t ion of v^-C is shown i n F i g . 5 for both the yellow 
and blue solut ions . For comparison the absorption spectrum of 
each solut ion is also shown i n F i g . 5. In the yellow solut ion at 
small ω-£ a l l chromophores are in preresonant conditions and a l l 
contribute to the Raman l i n e , which is broadened (width larger 
than 30 cm""1) and peaks at an average value of ^1520 cm" 1 . At 
lowest energy and farthest from resonance the Raman l ine is 
asymmetrically broadened as expected (Fig 4) . As i s increased, 
approaching the absorption band, chromophores with largest I reach 
resonant condit ions, their contribution to the Raman l ine 
dominates, and the peak frequency decreases to the value 
charac ter i s t i c of these chains. As ω-£ is increased further 
through the absorption band, chrompohores of successively smaller 
average i values are i n resonance (photoselected) and dominate the 
spectrum. Thus, the peak frequency increases with ω-£. In a l l RRS 
spectra the linewidth is nearly constant at 26 cm" 1 , decreasing 
only s l i g h t l y with increasing ω^. The blue solut ion results are 
s imi lar in the high energy region though the short chain component 
to these solutions is c l ear ly less than i n the yellow so lut ion . 
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Figure 4. Raman spectra of the yellow solution. Key: top, entire spectrum with λ, = 488 
nm; bottom, spectra of the vc~c and vc=c regions with λ, = 458 nm (-)and λ, - 556 nm 
(—) and vc ~c regions with λ, = 752 nm (—). (Reproduced with permission from Ref 21. 

Copyright 1982, American Institute of Physics.) 
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Figure 5. Absorption spectra and Raman data for 3BCMU yellow and blue solutions. 
The data points indicate the ω, dependence of vc=c. The conjugation length scale is an 
estimate of the length ofa chromophore with absorption frequency ω. (Reproduced with 

permission from Ref 21. Copyright 1982, American Institute of Physics.) 
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A model has been given (25) which attempts to quantify the 
qua l i ta t ive interpretat ion given above. As previuosly discussed 
the results are described in terms of photoselection of 
chromophores ( i . e . , conjugated units of length I r . u . ) . The f i r s t 
step in this analysis is to model the d i s t r i b u t i o n of chain 
lengths using the absorption spectrum, which is shown in F i g . 6 
( s o l i d curve) for the yellow solut ion. The absorption peak for 
th is solut ion (21 000 cnfl) corresponds to £ - 6 - 7 un i t s . However, 
infrared studies of side group interact ions c l ear ly indicate an 
average I of 3-4 uni t s . We at tr ibute this difference to an 
increase i n the e lectronic linewidth with decreasing I. This 
increase can be expected due to, for example, l i f e t ime shortening 
because of intrachain , nonradiative energy transfer from short to 
long chain segments. A model based on these ideas and a Gaussian 
d i s t r i b u t i o n of chain lengths gives the results shown i n F i g . 6. 
There are two free parameter

The Raman modes v^
manner which para l l e l s the absorption energy dependence on chain 
length (25) . The contribution of each chromophore to the observed 
Raman peak i s determined by the RS intens i ty for incident l i gh t at 
energy ω^. The RS peak posit ion i s then a weighted average of a l l 
the Raman modes of a l l chromophores. The f i t to the data with the 
model (same as in F i g . 6) i s shown in F i g . 7 for v c = c and for 
VC=C i n the yellow so lut ion . In both cases the experimental data 
are quite well represented considering that there is only one 
parameter in the f i t . The model also adequately describes the 
Raman exc i tat ion p r o f i l e . The good agreement between the model 
and the experimental results confirms the basic premise of the 
model that the indiv idual polymer chains in solution contain a 
d i s t r i b u t i o n of chain lengths which determine the absorption 
charac ter i s t i c s of the solut ions . 

We should note in passing that the above work on Raman 
photoselection is d i r e c t l y relevant to the current controversy 
regarding s imi lar so l id - s ta te experiments on polyacetylene, 
- (HC=CH) n - . The l inear opt ica l properties of polyacetylene and 
polydiacetylene are very s imi lar and the close analogy between the 
two systems has been emphasized i n previous work ( 9 ) · Kuzmany et 
a l . (26) observe effects i n Raman spectra of polyacetylene which 
are quite s imi lar to those seen in our blue solutions and apply 
bas i ca l l y the same interpretat ion , i . e . , conjugation length 
d i spers ion . Mele (27) and Lauchlan et a l . (28) argue against this 
in terpretat ion and suggest a model based on hot luminescence. The 
l a t t e r model is not consistent with our yellow solut ion data. 
Therefore, the in ternal consistency between our yellow and blue 
so lut ion data and the s i m i l a r i t y of the l a t t e r to the 
polyacetylene case argues heavily in favor of the conjugation-
length dispersion model for polyacetylene. 
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Figure 6. Comparison of experimental (—) and theoretical (—) absorption spectra for 
the yellow solution. Peaks in the theoretical curve are due to contributions from chains of 
length 1 and are labeled with the appropriate 1. (Reproduced with permission from Ref. 

21. Copyright 1982, American institute of Physics.) 
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In the next sect ion, we w i l l discuss three wave mixing 
experiments (two-photon absorption) i n these so lut ions . The Raman 
resul ts provide important background information for two reasons: 
1) the conjugation-length dispersion model is confirmed by the 
Raman data and suggests a s imi lar dispersion i n the energies of 
two-photon accessible states and 2) the Raman results demonstarte 
that , over the pre-resonance frequency range of our three wave 
mixing experiments, the laser "sees" the ensemble average of the 
conjugation length d i s t r i b u t i o n . The l a t t e r is ref lected in the 
average value of ν^=0 a n d VC=C observed up to - 17 500 cm""l in 
the yellow so lut ion . 

Three Wave Mixing. A number of resonances are possible in the 
th ird-order s u s c e p t i b i l i t y , χ ( 3 ) . These resonances may be due to 
phonons or v ibronic exc i tat ion such as in CARS (Coherent 
Anti-Stokes Raman Scatter ing)
or two photons ( t y p i c a l l
other exc i tat ion i n the nonlinear mater ia l . In general , χ (3) 
represents "four-photon" or "four-wave" processes which have been 
ca l l ed four-wave mixing (FWM). The process described here in 
which only two input beams are present (one beam is u t i l i z e d twice 
i n each process) has been ca l led three-wave mixing (TWM) (29) as 
wel l as FWM. The t r a d i t i o n a l TWM w i l l be used in this paper. 

TWM is accomplished by focusing two laser beams with 
frequencies and u)2 in the polymer so lut ion . Incident laser 
beams are generated by two dye lasers pumped by a s ingle N2 la ser . 
Wavelengths for the incident beams ranged from 760 nm to 590 nm 
(or to the region of large absorption). The beams are focused 
into the sample with a 15-cm focal length lens. The crossing 
angle between the two beams is adjusted for phase matching 
(approximately 4° outside the sample c e l l ) . The sample solutions 
are held i n a 1-cm cuvette. The beam generated at 0)3 = 2ω^ -0)2 i s 
f i l t e r e d with a double monochromator and i t s intens i ty measured 
with a photomultiplier and boxcar e l ec tron ics . Our analysis 
u t i l i z e s the measurement of the 0)3 intens i ty as a function of 
polymer concentration to determine the rea l and imaginary parts of 
the two-photon hyperpo lar izab i l i ty (24, 30). The 0)3 intens i ty of 
the solvent serves as an in terna l intens i ty reference. The f i r s t 
discussion of TWM experiments w i l l be of the two photon 
absorptions. F i n a l l y , the Raman resonances in χ ( ^ ) w i l l be 
discussed. 

In order to extend the range of 2ω^ possible with a l imited 
range of laser exc i ta t ion , both CARS (Coherent Anti-Stokes Raman 
Scattering) and CSRS (Coherent Stokes Raman Scattering) are used. 
In both cases 0)3 = 2u)j - ω 2 · In the CARS mode 01)3 > > ω 2 ; in the 
CSRS mode 0)2 > > 003. One-photon resonance effects are the same 
i n both cases as described l a t e r . Phase matching i s also the same 
i n both cases with £3 = 2Έ\ -^2 · 
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Linear absorption spectra for the three solutions considered 
herein are given i n F i g . 1. The concentration range avai lable i n 
the yellow solut ion is 0-120 χ 10^ r .u . / cm^. For the other 
solutions an upper l i m i t is imposed on the concentration range due 
to polymer prec ip i ta t ion: ~4 χ 10^ r .u . /cm^ for the red soution 
and ~9 χ 10*' r .u . /cm^ for the blue so lut ion . 

The two-photon hyperpolar izabi l i ty is determined from the 
var ia t i on of the 0)3 intensi ty with polymer concentration. This 
concentration dependence is determined most accurately for the 
yellow so lut ion , since the concentration range i s largest i n that 
case. In addi t ion , the low-energy t a i l of the l inear absorption 
(which corresponds to the high-frequency cut off of our 
experimental range) is at higher energies in the yellow solut ion 
than i n the blue or red solut ions . Therefore, the yellow 
solutions y i e l d the more extensive data sets and these results are 
presented and discussed

Six samples of yello
concentration up to 1.2 χ 10^ r .u . / cm^. At higher concentrations 
and i n regions of l inear absorption the phase-matching conditions 
depend on concentration. These higher concentrations are not used 
i n order to avoid changing the phase-matching angle during a 
series of measurements. The third-order nonlinear mixing i s 
determined i n both the CARS and CSRS geometries, ωι - u)2 i s tuned 
away from any Raman resonances at about 1300 cm - *. The output 
in tens i ty is measured for each sample and for the solvent without 
polymer (pure chloroform for the yellow so lut ion) . The to ta l 
s u s c e p t i b i l i t y i s 

Xtot - Xs + Xp + XT = Xs + Ν γ ρ + « Y V ^ ' T ) ( Χ) 

where χ 8 i s the solvent suscep t ib i l i t y (assumed to be posi t ive and 
r e a l ) , χρ i s the polymer nonresonant s u s c e p t i b i l i t y , χ τ is the 
two-photon s u s c e p t i b i l i t y , Ν is the polymer concentration, γ ρ is 
the polymer nonresonant hyperpo lar i zab i l i t y , and γ-p = y'lj+ly''^ i s 
the two-photon hyperpo lar i zab i l i t y . (Note that we take γ = χ / Ν , 
ignoring l o c a l - f i e l d effects (24)) . The (1)3 intensi ty I is 
proport ional to |χ|2 so that 

I S + P _ \xmr\2

 1 , 2NR , N2(R2 + Ύ Τ "2 ) ( 2 ) 

where I s + P i s the (1)3 intens i ty for the polymer so lut ion , I s i s the 
0)3 in tens i ty for the pure solvent, and R^Yp+Y'f. It has been 
shown previously that the contribution of γ ρ to R i s very small 
over our frequency range (23-25). Therefore, R can be ident i f i ed 
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as the rea l part of the two-photon hyperpo lar izab i l i ty γ'τ. Note 
that , because of the interference of terms in |xtot I > both the 
magnitude and sign of γ ' χ i s determined. Furthermore, we 
emphasize again that the solvent acts as an in terna l reference so 
that the results do not depend on measurement of absolute l ight 
i n t e n s i t i e s . 

I s + P / I s as a function of Ν i s shown in F i g . 8 for two values 
of ω ι . The closed and open c i r c l e s are the data with 2u>i = 32 362 
cnf l and = 26 554 cm"""1, respect ive ly . For the former, the 
in tens i ty decreases with increasing Ν for small N, which indicates 
γ !

τ < 0 for 2d)! = 32 362 cm" 1; for the l a t t e r , the intens i ty 
increases with increasing Ν indicat ing γ ! χ > 0 for 2ω^ = 26 554 
c m ' 1 . Thus the energy of the two-photon state, determined by 
γ ' χ = 0 , i s between these two values of 2u>\. The so l id l ines in 
F i g . 8 are obtained from Eq.(2) with Y'T/XS and γ''τ/Xs determined 
from a l inear regressio
Ref. 31: χ 8 = 0 . 8 7 x 10~
hexane. There are no two-photon resonances in the solvents in the 
frequency range of interest here (31). The resul t ing values of 
γ'τ and γ"τ> with 90% confidence l imi t s expressed as error bars, 
are shown i n F i g . 9. Each data pair is determined from the 
concentration dependence of I S + P / J S a t o n e value of i n e i ther a 
CARS or a CSRS configurat ion. 

The so l id l ines in F i g . 9 are a least-squares f i t of the real 
and imaginary parts to the theoret ica l form of γ χ (21): 

γ Χ Ξ Α / ( < ω β £ > - 2 ω 1 - ί Γ β £ ) (3) 

where 

A - 3 f » f g i f " f 1 \ I 1
 +

 1 J <*> 
16hm'Ka)gi><a)if> \ < ω β ι > - ω ^ \<a>gi>-u>2 <^g±>~^3 J 

where u)gf and T g f are the energy and width of the state accessible 
to two-photon exc i tat ion (with only one such state assumed for an 
i n d i v i d u a l chromophore). The ground state i s represented by g and 
the f i n a l (two-photon) state by f. The bracketed frequencies in 
Eqs. 3 and 4 represent averages over the ensemble of chromophores 
in teract ing with the photon f i e l d s . The terms in parentheses in 
E q . 4 represent the one-photon resonance enhancement to the two-
photon absorption term i n χ-ρ. It i s assumed that one state 
( labeled i ) with energy Mg± and width Tg± i s responsible for these 
resonances. In general a summation over a l l e lectronic states and 
a l l conjugation lengths would be required. However, our lasers do 
not come in resonance with any of the avai lable one photon states 
and we have demonstrated the appropriateness of this averaging 
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25 50 

N(IO , 7r.u./cm3) 

Figure 8. Variation in the normalized ω3 output intensity with polymer concentration 
for the yellow solution at two incident ωι values. The solid lines represent theoretical fits 
to the data according to Equation 2. (Reproduced with permission from Ref. 25. 

Copyright 1980, American institute of Physics.) 
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Figure 9. Variation of the real (m) and imaginary (o)parts of the two photon hyperpolar
izability (yT) with two-photon energy (2ω^ for the yellow solution. The error bars 
represent 90% confidence limits. All data are taken in a 1111 geometry (all beams 
polarized \\). The solid lines are theoretical fits to the data according to Equation 3. 
(Reproduced with permission from Ref. 24. Copyright 1979, American Institute of 

Physics.) 
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procedure, as already mentioned, with our Raman resu l t s . (The 
width is ignored, since u>gi - ω » ?g±*) The factor Φ accounts 
for the fact that the TWM signal i s an average over a l l molecular 
orientat ions i n solut ion; Φ varies from 1 for an i so trop ic 
chromophore to 1/5 for a one-dimensional chromophore (our case), 
fjfc i s the o s c i l l a t o r strength for the t rans i t i on from j to k. 
The average over the ensemble of chromophores ( i . e . , chain 
lengths) has been approximated in Eq. (3) by a Lorentzian with a 
width Tgf which represents the inhomogeneous width of the two-
photon resonance due to the d i s t r i b u t i o n of chain lengths plus any 
v i b r a t i o n a l progressions. The frequency <Mg±> and o s c i l l a t o r 
strength fg^ for the one-photon g+i t rans i t ion are obtained from 
l i n e a r absorption data such as those in F i g . 1. Therefore, the 
only parameters varied in the f i t t i n g procedure are <(*)gi>, 
r^f (the average frequency and inhomogeneous width of the 
d i s t r i b u t i o n of states
f i f the o s c i l l a t o r strengt
intermediate state to the two-photon f i n a l s tate . Po lar iza t ion 
measurements and theoret ica l calculat ions show that the state 
observed i n l inear absorption measurements i s , as expected, the 
intermediate state i n the two-photon resonance. 

The two-photon state as determined by the f i t to the yellow-
so lut ion data has <u)gf>=30 500 cm" 1 . The effect of the one-photon 
resonance enhancement on γ-j can be seen i f we consider the form of 
the s o l i d curves i n F i g . 9 under conditions that no one-photon 
resonance is present. In this case, γ ' χ would be a dispersive 
type curve with inversion symmetry around the γ ' χ = 0 point at 
30 500 cm"1 and γ " τ would be an absorptive l i k e curve centered at 
30 500 cm" 1 . The large increase i n the magnitudes of γ ? χ and 
γ"τ on the high-energy side of the spectrum is therefore 
at tr ibuted to one-photon resonance. The peak expected for at 
30 500 cm"1 i s barely d iscernible as a broad shoulder, since i t is 
almost completely obscured by the one-photon resonance. 

The strong one-photon absorption is observed for polar iza ion 
p a r a l l e l to the chain axis (7) . Our po lar iza t ion studies of the 
three-wave mixing demonstrate that the two-photon absorption 
observed i n these experiments i s also polarized along the chain 
ax i s . 

Similar measurements and analysis have been carried out for 
the red so lut ion . In this case the concentration of polymer i n 
the chloroform-hexane solvent is l imited to less than 4 χ 10^ 
r . u . / c m ^ . Therefore, the errors for γ ' χ and γ "χ are larger than 
i n the case of the yellow so lut ion . In addit ion, the absorption 
band of the red solution is shifted to the red with respect to 
that of the yellow so lut ion . Therefore, 2ω^ can only be extended 
up to 32 000 cm" 1 . 

The blue so lut ion , 3BCMU i n chloroform and hexane, has 
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s imi lar l inear opt i ca l properties to the 4BCMU red solut ion but 
with a considerable red shi f t of the l inear absorption spectrum 
( F i g . 1). Therefore, the accessible range of 2ω\ is e f fec t ive ly 
l imi ted to a s ingle frequency (26 554 cm" 1), and we can only make 
estimates of <u)gf> and Tgf . A comparison of the concentration 
dependence for the yellow solution and the blue solut ion in F i g . 
10 at the same such that <u)gf>(blue) < 2ω^ < < U ) g f > ( y e l l o w ) 
c l e a r l y shows the effect of the change of sign of γ ' χ . 

The values <o)gf> and Tgf determined from the f i t t i n g to 
γ χ ( 2 ω ι ) from the red and yellow solutions along with estimates for 
the blue solut ion are shown i n Table I . The results for fg-̂  
determined from l inear absorption data and f^f determined from the 
γ-ρ data for a l l three solutions are also included i n Table I . 
Note that these o s c i l l a t o r strengths correspond to the values 
appropriate for po lar izat ion p a r a l l e l to the chain d i r e c t i o n
Though the re s t r i c t e
s ign i f i cant uncertaintie
the blue solut ion i s reasonably well determined nevertheless. 

TABLE I . Energies, widths, and o s c i l l a t o r strengths for 
one- and two-photon absorption in polydiacetylene solutions 
(energies and widths i n c m - 1 ) . 

Solution <(A)gi> < a )gf> r g f f i f a 

Yellow 21 300 1.3 30 500 4600 2.7 
Red 18 900 1.6 28 100 4000 2.5 
Blue 15 900 1.4 -22 000 -3000 2.5 

a Both fgj_ and f^f represent o s c i l l a t o r strengths for po lar izat ion 
p a r a l l e l to the chain d i r e c t i o n . 

The consistency of the o s c i l l a t o r strength for a l l three 
materials indicates that the only difference i n the experimental 
resul t s for each case are the resonance terms due to changes in 
o)gi and <A)gf. The large o s c i l l a t o r strengths are an i n t r i n s i c 
property of the conjugated polymer which, together with one photon 
resonance e f fects , lead to the remarkably large two photon 
h y p e r p o l a r i z a b i l i t i e s . The fg i values are large , but not 
unexpectedly so; the f-^f values given in Table I represent the 
f i r s t such determination to our knowledge. The magnitudes of both 
f g i and f i f are understandable based on r e l a t i v e l y simple 
theore t i ca l considerations (25). We should note that the re la t ive 
constancy i n fg^ and f^f values for the di f ferent solutions 
suggests a lack of any conjugation length dependence - a result 
which can be expected based on polyene behavior (32) . 

It should be emphasized that the < W g f > and Tgf values 
correspond to a Lorentzian descript ion of the energy d i s t r i b u t i o n 
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Figure 10. Variation of the normalized ωχ output intensity (CSRS) vs. polymer concen
tration for the blue solution (φ) and the yellow solution (o)at 2ωι - 26,554 cm'1. The solid 
lines are theoretical fits to the data: yT - (0.15 + Ί0.30) x 10~33 esu for the yellow solution 
and yT- (-5.36 + Ί3.52) * 10~33 esu for the blue solution. (Reproduced with permission 

from Ref 25. Copyright 1982, American institute of Physics.) 
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of two-photon accessible states. The inhomogeneous width Tgf is 
a t tr ibuted to a d i s t r i b u t i o n of conjunction lengths plus 
v i b r a t i o n a l sidebands. It is reasonable to expect this width to 
be s imi lar to or somewhat greater than the inhomogenous width of 
the one-photon trans i t ion (~ 2500 c m - 1 ; see F i g . 1). As a 
consequence of this f i t t i n g procedure, <u)gf> represents an average 
energy for the two-photon state and the e lectronic or ig in (0-0 
two-photon t rans i t i on energy) would probably be less than <o)gf> by 
at most a few thousand wave numbers, i . e . , ~ T g f . This effect 
would be most important for the red and blue solutions where a 
f a i r l y well defined 0-0 trans i t ion i s evident in the solution 
spectra of F i g . 1. Thus, for the blue solut ion a near coincidence 
of u)gi and u)gf i s poss ible . 

Based on these re su l t s , and on theoret ica l work which is in 
r e l a t i v e l y good agreement with experiment (25)  we suggest that 
the large two-photon hyperpo lar i zab i l i t
polydiacetylenes. Th
combination of large o s c i l l a t o r strengths and large one-photon 
resonance ef fects . Polydiacetylene crys ta l s , which have Mg± = 
15 000-19 000 c m - 1 , should also display large two-photon 
absorption TPA. This i s an important point i f these materials are 
to be considered for use in nonlinear opt ica l devices based on the 
large s u s c e p t i b i l i t i e s measured with infrared lasers (1) . There 
have been two previous measurements of TPA i n polydiacetylene 
c r y s t a l s . Reimer and Bassler (33) found a two-photon absorption 
coe f f i c i en t , 3, of - 5 χ 10~ 4 8 cm^-sec/photon-r.u. at 2ω=18 880 
cm"1 for PTS (R i n polydiacetylene structure i s -CH2SO3C6H4CH3; 
<u)gi>=16 200 cm" 1 ). This value i s large , though not remarkably so 
and is consistent with our values for γ"·ρ which is d i r e c t l y 
proport ional to 3· 

Lequime and Hermann (11) measured TPA over an extended range 
i n two polymers: PTS "arid TCDU [R is - (CH 2 )4 OCONHC5H5; 
<o)gi>=18 500 cm""1] . They u t i l i z e d a 9400-cm"1 exc i tat ion beam and 
a low-intensity probe beam. Their results are i n good agreement 
with the single-frequency result of Ref. 30 and indicate 
remarkably large 3 values, especial ly for PTS. They attr ibuted 
th i s absorption to a two-step process involving defect formation 
and defect absorption. However, we are able to describe their 
data quite accurately based on TPA solution results (25) · We 
conclude that the data of Lequime of Hermann, including the large 
difference they observed for two crystals with dif ferent u)g£ 
values, are eas i ly explained by TPA without invoking defects. We 
further conclude that strong TPA is a fundamental property of the 
polydiacetylene backbone. 

The large values of the hyperpo lar izab i l i ty in these mole
cules imply large s u s c e p t i b i l i t i e s for more concentrated solutions 
or so l id -s ta te f i lms . This large third-order s u s c e p t i b i l i t y can 
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be u t i l i z e d as a frequency sh i f t er , even though χ has i t s o r i g i n 
i n two-photon absorption (34). Linear absorption l imi t s these 
devices to energies below 600 nm in 4BCMU, for example. This 
energy range is appropriate for extending the output of the 
alexandrite laser which produces l ine emission at 680 nm and 
tunable emission from 700 to 820 nm (35). TWM leads to generation 
of l i ght with wavelengths as long as 1.1 ym. The ef f ic iency of 
converting 680 nm radiat ion to the infrared for an oriented f i lm 
of 4BCMU i s calculated to be 1-10% depending on incident 
i n t e n s i t i e s . TPA l imi t s the intens i ty of the incident beams which 
may be used. 

Two experiments were attempted with higher density polymer 
materia ls . CSRS was observed in 4BCMU single c r y s t a l , - 69 μπι 
t h i c k , with = 730 nm. Very l i t t l e energy (-1.8 y J) focused on 
the sample caused v i s i b l e change; the sample turned red
presumably due to meltin
second experiment CAR
density of -10*8 r .u . / cm^. The incident beam at = 650 nm was 
not absorbed and no damage occurred. However, the CARS s ignal was 
strongly dependent on pos i t ion of focusing i n the sample due to 
inhomogeneities i n the gel and was not as large as predicted from 
so lut ion measurements. Therefore, these polymers are not at 
present p r a c t i c a l parametric o s c i l l a t o r s because of l imitat ions of 
sample qual i ty and, poss ibly , of TPA. 

Resonances i n v(3) also occur for Raman modes. Enhancement 
of the 0)3 output beam occurs when Δω=ω^-ω2 i s near Raman active 
molecular vibrations as well as when 2ω^ is near an e lectronic 
e x c i t a t i o n . In this case there is an addi t ional term to be added 
to X ( 3 ) , E q . (1) , (23, 37): 

— (7) 
ω ρ - Δ ω - 1 Γ ρ

 K U 

where Ν i s the number density of polymer repeat units in r .u . / cm^, 
u)p and Γρ are the Raman mode frequency and width in the polymer. 
As Δω i s scanned over the polymer v ibrat ion at 1518 cm""1, which i s 
the C=C stretch mode, the third-order mixing s ignal varies as 
shown i n F i g . 11. The s o l i d curves are the experimental re su l t s . 
The dashed curves are least square f i t s of the data. The f i t s to 
the data use the results of the two-photon s u s c e p t i b i l i t i e s 
determined previously . The f i t determines ω ρ , Γ ρ and A . Similar 
resul ts are also obtained for Raman modes in the chloroform. The 
resul t s are consistent with frequencies and widths determined by 
other means, and with the general model we have applied to these 
s o l u t i o n s · 
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Figure 11. Third-order mixing (CA RS) in a solution of 4 BCMUin 2/3 hexane and 1 /3 
chloroform for the frequency region of the polymer vibration. Key: —, experimental 
data; and —, theoretical fit. (Reproduced with permission from Ref. 23. Copyright 

1978, American institute of Physics.) 
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10 
Third-Order Nonlinear Susceptibility in Multilayers 
of Polydiacetylene 

GARY M. CARTER, YUNG JUI CHEN, and SUKANT K. TRIPATHY 

GTE Laboratories Inc., Fundamental Research Laboratory, Waltham, MA 02254 

The degenerate third order nonlinear susceptibility 
of a polydiacetylen
effect on the inde
The polydiacetylene was deposited to a thickness of 
5000 Å a monolayer at a time using The Langmuir 
Blodgett technique on a silver overcoated grating 
etched on a silicon wafer. The grating allowed 
coupling of a freely propagating laser beam into 
the planar waveguide structure formed by the poly
diacetylene on the metal. By changing the intensity 
of the laser beam a change in coupling angle to the 
waveguide mode was observed, from which an estimate 
of the nonlinear index of refraction of the poly
diacetylene near the absorption edge was obtained. 

The t h i r d order nonlinear s u s c e p t i b i l i t y i s an important o p t i c a l 
property of materials because of i t s contributions to numerous 
nonlinear o p t i c a l processes. (I) (2) With the growing interest i n 
a l l - o p | i c a l s ignal processing i t has been proposed (3) recently 
that χ (ω^, ω 2 , ω β ) , and espec ia l ly the degenerate t h i r d order 
nonlinear s u s c e p t i b i l i t y χ^ ' ( - ω , ω, ω) [defined as χ ^ ( ω ) ] , be 
u t i l i z e d through i t s contributions to the changes in d i e l e c t r i c 
constant ε with o p t i c a l f i e l d strength E : 

(3) 2 ε = (ω) + 4ττχ ( - ω , ω, ω) Ε ( ω ) , 

(3) 
χ (ω) also contributes to such wel l known effects as se l f - focus 
ing , se l f - trapping and self-bending of l i g h t , degenerate four-
wave mixing and phase conjugation. (4_) (5_) A class of polymers, the 
polydiacetylenes, at wavelengths below the absorption edge have 
t h i r d order nonlinear s u s c e p t i b i l i t i e s as large as inorganic semi
conductors. (6) (7) A d d i t i o n a l l y , this c lass of c r y s t a l l i n e poly
mers provide immense f l e x i b i l i t y i n s t ruc tura l modif ication and 
ease of f a b r i c a t i o n . These exc i t ing p o s s i b i l i t i e s and the large 
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value of χ ^ ) ( ω ) reported for the polydiacetylene po ly(b is (p-
toluene sulfonate) of 2,4 hexadiyn -1,6 d io l ) (abbreviated as 
PTS) has attracted interest for potent ia l a l l - o p t i c a l s ignal 
processing techniques using this class of mater ia ls . (_3) 

In order to understand the nonlinear s u s c e p t i b i l i t i e s 
of the polydiacetylenes (or any material) one must have a detai led 
knowledge of the wavefunctions for many levels i n the system. 
Some insight into the problem can be gained by examining χ ' ' ( ω ) 
for a two-level atom or molecule: (8) 

Ny 4 

( E  * ω ) 3 

Here Ν = the number of  (molecules) pe  y
trans i t i on dipole moment between the two states , E a = t rans i t i on 
energy (separation i n energy between the two s tates ) , and ϋω 
is the energy of the incident photon. This formula i s v a l i d when 
the photon energy i s near the t r a n s i t i o n energy. Clear ly χ ( 3 ) ( ω ) 
can be large for a large Ν ( e . g . , by having a s o l i d ) , and by 
having a large y(as i s the case for polydiacetylenes) . 

For one dimensional systems l i k e the polydiacetylenes, crys 
t a l l i n e order i s necessary to achieve the maximum value of χ'-*) 
represented by Equation 1, because randomization of the t r a n s i t i o n 
dipole moment d i rec t ion reduces χ ' ' ( ω ) by angle averaging. 
A d d i t i o n a l l y , the t rans i t ion dipole moment i t s e l f may diminish as 
backbone conjugation is decreased due to s t ruc tura l or conforma
t i o n a l disorders . Interest ingly the method of polymerization 
i n these systems i n h i b i t s such disorders and w i l l be discussed i n 
d e t a i l in a l a t e r sect ion. Although not ent i re ly applicable to 
the polydiacetylene, Equation 1 also shows that as ΊΊω approaches 
E a , χ ^ ' ( ω ) i s enhanced. As i n the case of the l inear suscept i 
b i l i t y there i s no s ingu lar i ty when Ε = "ηω because of the 
existence of an imaginary component i n the resonant denominator. 
Obviously, the polydiacetylenes are a lo t more complicated than 
the two-level system described above. A more appropriate descr ip
t ion i s to use a mul t i l eve l molecular model, which has been 
applied with reasonable success i n inorganic semiconductors at 
the off-resonance region. (10) To apply the mul t i l eve l model in 
the resonant region is somewhat t r i cky because one has to sum a l l 
the relevant states with appropriate density of state factors and 
damping coe f f i c i en t s . We note that a one-dimensional semiconduct
or model has also been proposed which agrees reasonably well with 
the experimental data for the nonlinear s u s c e p t i b i l i t i e s of the 
polydiacetylenes at Τιω « E a , i . e . , for off-resonance. (9) 

For th i s material system we can conclude that the of f -reson
ance o p t i c a l non l inear i t i e s are not model sens i t ive . However, 
as one approaches resonance, the physics of χ ' -* ' (ω) i s actual ly 
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quite complicated and not very well known. It i s interest ing to 
point out that the f i r s t absorption edge i n some polydiacetylenes 
has been at tr ibuted to an excitonic state below the band e d g e . Q l ) 
However, no detai led model exists for the contributions to x ' ^ ( ω ) 
by excitons. 

F i n a l l y , we would l i k e to point out that i n the off-resonance 
region, the response time of the nonl inear i ty i s l imi ted only by 
the o p t i c a l pulse width τ , as long as ( E a -Ήω)/Τΐ » 2 π ( τ " " 1 ) . (8) 
This i s no longer true when c o l l i s i o n s (or phonons in sol ids) are 
present. For o p t i c a l frequencies close enough to the absorption 
edge, the c o l l i s i o n induced trans i t ions to the excited state w i l l 
cause the x ' - * ) f

s response time to be l imi ted by the re laxat ion 
time of the excited states . (8) 

In th is pub l i ca t ion , we present the preliminary results of 
our research e f fort which i  aimed t measurin  th  magnitud
and response time in χ ( ^ ) (
edge in a class of polydiacetylene  grow
control led thickness c r y s t a l l i n e thin films on sui table sub
s trates . The purpose of th is research i s twofold. F i r s t , a 
detai led invest igat ion of the l inear and nonlinear o p t i c a l prop
er t ies of the mult i layer thin films i s expected to y i e l d impor
tant correlat ions between the s t ruc tura l requirements and the 
properties of in teres t . Second, th i s information w i l l be used to 
guide new synthesis , c r y s t a l growth and fabr ica t ion techniques. 

We f i r s t discuss the materials research which includes 
monomer synthesis , growth of monomer c r y s t a l l i n e structures and 
polymerization in the s o l i d s tate , y i e l d i n g the requis i te polymer 
s tructures . Next, the nonlinear o p t i c a l experimental research 
i s discussed which includes a novel experimental technique to 
measure χ ( ^ ) ( ω ) . Linear and nonlinear op t i ca l data obtained for 
the polydiacetylene films is subsequently presented. Detailed 
theoret i ca l analysis re la t ing the data to χ ^ ^ ( ω ) and subsequent
l y to i t s molecular basis w i l l be discussed i n a la ter pub l i ca 
t i o n . 

Choice of the Monomer and Monomer Synthesis 

The diacetylene monomer employed in the th in f i lm growth tech
nique pioneered by Langmuir and Blodgett (12) must have a 
strongly polar "head group" and a nonpolar~ n r r ta i l ." The monomer 
we have used in our studies , CH3 - (CH2) i5 - C = C - C = C -
(CH2)g - COOH, has a long a l k y l group as the nonpolar " t a i l . " 
This class of monomers has been extensively studied for the 
s t ruc tura l aspects of the ir molecular assemblies. (13) Apart 
from the acid group as the polar end, other end groups such as 
alcohols and various a l k a l i metal sa l t s of the acids have also 
been invest igated. 

The monomer used i n our studies was synthesized by Cadiot-
Chodkiewicz Coupling (14) of 1-iodooctadecyne and 10-Undecynoic 
a c i d . 10 Undecynoic acid was used as received from Farchan Labs 
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and the iodooctadecyne was prepared from 1-octadecyne by the 
procedure provided below. Two grams of 1-octadecyne (0.008 mole) 
in 15 ml of hexane was added by drops to 5 ml of a 1.8 molar n -
butyl lithium/hexane so lu t ion . The bright yellow so lut ion was 
refluxed for 40 minutes and allowed to coo l . A s l i ght excess of 
iodine (0.009 mole) in 90 ml of hexane was then added by drops 
to the so lu t ion , which was then refluxed for one hour. The r e 
su l t ing purple solut ion was allowed to s t i r overnight. The so lu 
t ion was subsequently a c i d i f i e d with g l a c i a l acet ic acid to a pH 
of 4. The hexane layer was washed with water and a 10 percent 
aqueous solut ion of sodium thiosul fate and dried over anhydrous 
magnesium su l fa te . The product was obtained by evaporating the 
solvent at reduced pressure. The IR spectrum of the product 
showed no evidence of unreacted 1-octadecyne. 

For the coupling react ion  a l l manipulation  don  i
the dark and under iner
of cuprous chloride wa  ethy  (70%) 
in water and added to 0.76 gram (0.0045 moles) of 10-undecynoic 
acid i n 35 ml of methanol. Enough hydroxylamine hydrochloride 
was then added to the f lask to turn the so lut ion color from bright 
blue to c l e a r . 1.70 grams (0.0045 moles) of 1-iodooctadecyne 
was dissolved in 40 ml of tetrahydrofuran and added by drops to 
the f lask while rapidly s t i r r i n g the contents. As the addit ion 
proceeded, the so lut ion turned yellow and then green at which 
time the c a t a l y t i c copper species was regenerated by adding 
hydroxylamine hydrochloride. This step was repeated as often as 
necessary to maintain the yellow color of the so lu t ion . It is 
important to note that the reaction stops i f the pH drops below 7. 

After the completion of the react ion , the solut ion was a c i d i 
f i ed to a pH of 4 with 2N s u l f u r i c a c i d , followed by the addit ion 
of 50 ml of water. The so lut ion was then extracted several 
times with ether. The extractant was dried over magnesium sulfate 
and the solvent was removed by evaporation at reduced pressure. 
Cold petroleum ether was then added to the resultant o i l y material 
to prec ip i ta te the product. The product was further washed with 
cold ( 1 0 ° C) petroleum ether and r e c r y s t a l l i z e d several times from 
warm petroleum ether. The melting point of the f i n a l product 
was 7 3 . 5 ° C. Infrared spectrum of the product showed major ab
sorption peaks relevant to the pure monomer (Figure 1). Under UV 
rad ia t ion , white flakes of the monomer s o l i d turned deep blue 
( p a r t i a l polymerization) . 

Thin Fi lm Growth and Mul t i layer Assemblies 

The diacetylene monomers can be spread as a monomolecular layer 
on the air-water interphase of a Langmuir-Blodgett trough. The 
molecules are wel l oriented because of the preferences of the hy-
droph i l i c head group of the monomer to be in coordination with the 
subphase. The monomers can be spread using a good solvent l i k e 
chloroform. 
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The Langmuir-Blodgett trough essent ia l ly consists of a tef lon 
coated rectangular trough. A f ixed barr i er with an attached 
transducer at one end contains the monomer molecules within a sur
face region and also records the surface pressure. A b a r r i e r on 
the other end of the trough that can be moved through the length 
of the trough i s used to reduce the surface area avai lable per 
monomer and thus get them into an organized continuous monolayer 
f i l m . A schematic of a LB apparatus i s shown in Figure 2. The 
pressure-area isotherms give an indicat ion of the extent of pack
ing and the "quality" of the f i l m . 

The pressure-area isotherm of the diacetylene monomers i s 
shown i n Figure 3. The arrow shows the point at which the f i l m 
has buckled. The monomer molecules are optimally packed at a 
surface pressure of -30 dynes/cm. At th i s stage polymerization 
in the monolayer can be carr ied out by UV r a d i a t i o n  In our 
laboratory a spec ia l ly designe
covering the whole monolaye
There are several factors that effect the "quality" of the mono
layer f i lms . The monomer so lut ion should be free of impurit ies 
and the trough should be clean and f i l l e d with d i s t i l l e d deionized 
water. The manner of deposition of the monomer solut ion onto the 
trough i s c r u c i a l . In our experiments the monomer solut ion was 
deposited near the f ixed b a r r i e r while the movable b a r r i e r was 
being moved away. This has an or ient ing effect on the monomer 
and l i m i t s any agglomeration. A l so , the ro ta t iona l freedom of the 
monomer molecule i s maintained by saturating the region above the 
interphase with the solvent vapour as the monomers get into a 
close packed arrangement. 

As the f i lm i s polymerized there i s some reduction (̂ 10%) 
in the t o t a l surface area of the f i lms . The f i lm can be trans
ferred to a suitable substrate by dipping the substrate through 
the f i lm and subsequently p u l l i n g i t off while a f ixed f i lm 
surface pressure i s maintained. Thus, i n each "dipping" 
two monolayers are transferred onto the substrate. By successive 
dippings a mult i layer assembly can be fabricated on the substrate. 
The preferred substrate for the mult i layer dipping should have 
a hydrophobic character. This leads to an excellent adhesion 
between the a l i p h a t i c t a i l s of the monomer to the substrate. 

Mul t i layer assemblies of -0.5 urn thickness were b u i l t up on 
quartz plates and the films were characterized in d e t a i l using 
spectroscopic (v i s . IR) and electron microscopic techniques. 
Figure 4 i s an o p t i c a l absorption spectrum from a mult i layer 
assembly and shows the sharp absorption in the v i s i b l e character
i s t i c of the polydiacetylenes. Electron d i f f r a c t i o n reveals a 
c r y s t a l l i n e layered s tructure . However, reg i s try between layers 
i s less than perfect . Electron d i f f r a c t i o n from a few layers 
indicates a strong p o s s i b i l i t y for growing wel l -oriented s t ruc 
tures , and th i s i s being pursued i n our laboratory. 

For the e luc idat ion of the o p t i c a l and nonlinear o p t i c a l 
properties of the polydiacetylene layers , we have employed a wave-

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1 0 . C A R T E R ET A L . Multilayers of Polydiacetylene 2 1 9 

POSITION 
ENCODER 

PRESSURE 
SENSOR 

w 

FLEXIBLE 
BARRIER 

Œ 

uv 
LAMP 

.COMPRESSION 
BARRIER 

ai 
MOTOR 

AMPLIFIER 

MONOMER 

MONOLAYER 

POLYMER 

MONOLAYER 

Figure 2. Schematic of the Langmuir Blodgett film balance and monolayer deposition 
at the air-water interphase. 
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Figure 3. Pressure area isotherm at room temperature for the diacetylene under 
investigation. 
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Figure 4. Absorption spectrum in the visible region of the multilayer polydiacetylene 
film deposited on a quartz substrate. Note the sharp absorption edge. 
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guide coupling technique which w i l l be discussed in the subse
quent sect ion. For th i s purpose mult i layer assemblies were 
fabricated on a s i l v e r coated grating etched on a s i l i c o n sub
s tra te . The grating was fabricated using s i l i c o n planar techno
logy and a s i l v e r layer was subsequently over la id by vapour 
deposit ion. 

Measurement Technique 

The experimental technique used to measure the t h i r d order non
l i n e a r s u s c e p t i b i l i t i e s of polydiacetylenes was developed recently 
at our laboratory. (15) This technique u t i l i z e s the in tens i ty -
dependent dispersion r e l a t i o n of confined modes of PDA films and 
determines by measuring the change of coupling angles with 
input in tens i ty . Since th i s nonlinear coupling technique deter
mines the change of inde
film) with input l i gh t in tens i ty
both the magnitude and the sign (with respect to of · 
In the cases that the input wavelength i s near the absorption 
edge of PDA, where many nonlinear mechanisms could be contributing 
to the t h i r d order non l inear i ty , th i s knowledge of both the sign 
and the magnitude of 

v(3) 
i s p a r t i c u l a r l y valuable for ident i fy ing 

the dominating nonlinear mechanisms. The nonlinear coupling 
technique can also be used with the pump and probe technique to 
obtain further information about the re laxat ion time of various 
nonlinear mechanisms. 

Since the confined modes (whether they are waveguide modes or 
surface plasmons) are nonradiative ( i . e . , the ir wavevector p a r a l 
l e l to the in ter face , ^n, i s greater than the wavevector of the 
photon i n a i r ) , one must increase kn of the input photon to 
couple into the confined mode. This can be accomplished by using 
e i ther a prism or a grating coupling technique. (16)(17) For 
reasons of fabr ica t ion ease, coupling s t a b i l i t y , lower background 
noise and ease of alignment, we chose the grating coupling method 
for our experiments. 

The experimental setup i s shown i n Figure 5. Our l i g h t 
source i s derived from a high power YAG pumped pulsed dye laser 
(100 mj/pulse , 10 pulse/sec and a pulse width -5 nsec) . The dye 
laser i s tunable throughout the v i s i b l e spectrum. When a high 
pressure H2 c e l l i s used to Raman-shift the wavelength (through 
simulated stokes Raman processes), the dye laser can be tuned 
beyond 1.3 Urn. An x-ray spectrogoniometer (having an angular 
reso lut ion of 0 . 0 1 ° ) was used for the r e f l e c t i o n measurements. 
The holographic gratings (per iod ic i ty -4854 angstroms) were etched 
on the S i substrates using a dry-etch technique. (18) A micron 
thick layer of s i l v e r was subsequently evaporated on to the 
grating in a vacuum chamber at 10""** t o r r . As discussed e a r l i e r , 
the PDA layers were deposited onto the s i lvered grating using 
a dipping apparatus subsequent to polymerization on the air-water 
in ter face . 
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As shown in the inset of Figure 5, the polar ized laser beam 
was incident on the PDA surface at an incident angle Θ. The 
grating grooves are set v e r t i c a l l y (normal to the s a g i t t a l p lane) . 
Both v e r t i c a l l y polar ized (TE) and hor izonta l ly polar ized (TM) 
incident l ight were studied. In the TE case, two (one at wave
lengths > 8500 angstroms) waveguide modes i n the PDA fi lms were 
observed. In the TM case, a surface plasmon (at the Ag-PDA 
interface) and two or one TM waveguide mode were observed. We 
w i l l l i m i t our discussion only to the TE waveguide modes. The 
d e t a i l discussion of TM mode resul ts w i l l be reported in a l a t er 
publ i ca t ion . 

Since the PDA films were deposited using the Langmuir-Blod-
gett technique, the polymer chains i n each layer were oriented 
along the plane. Thus the PDA f i lm can be treated as an i so trop ic 
medium for the TE modes  Figur  6 show  t y p i c a l angula f 
ref lected intens i ty resul
coupling e f f i c iency an  η
i s approximately h a l f of that of the η = 2 mode (from the width 
and s ize of the r e f l e c t i v i t y d i p ) . Since there are two possible 
grating coupling regions for the waveguide mode: the PDA fi lm-Ag 
interface and the air-PDA f i lm in ter face , the resul t suggests 
that the dominate coupling region i s at the air-PDA f i lm interface 
( i . e . , the PDA f i lm surface kept the grating p r o f i l e ) . Figure 7 
shows the f i e l d d i s t r ibut ions for the η = 1 and η = 2 modes 
using reasonable o p t i c a l parameters (index 1.51, d=5500 angstroms) 
for the PDA f i l m . We note that the f i e l d amplitudes at the a i r -
PDA f i lm interface for both modes are much larger than the corre
sponding f i e l d amplitude at the PDA fi lm-Ag in ter face , which 
confirms our previous argument that the PDA-air interface i s 
a better coupling region i f a comparable grating ex i s t s . 

For the nonlinear experiments, one changes the input laser 
intens i ty and, hence, changes the d i e l e c t r i c constant of the f i l m 
v i a the effect of χ ^ ' ί ω ) , This change in d i e l e c t r i c constant 
causes a change i n coupling angle ( i . e . , sh i f t s the pos i t ion of 
the r e f l e c t i v i t y minimum) by ΔΘ. By using the l inear coupling 
coef f ic ients and knowledge of the mode p r o f i l e , one can deduce 
v(3) 

(ω) from ΔΘ. (15) We present preliminary data (Figure 8) at 
λ = 6700 angstroms in the absorption region of the PDA f i l m . For 
a E L = .7xl0~ 63 and E H = 7 x l 0 - 6 3 ( E L > E R are the incident laser 
energies for the two curves) , the measured Δθ= - 1 . 7 ° . We note 
the angular sh i f t i s negative, which indicates that χ 3' i s nega
t ive with respect to the zero f i e l d index. 

Although a great deal of data analysis i s needed to obtain 
a value of the o p t i c a l nonl inear i ty from this measurement, we 
can estimate the order of magnitude of the value. The estimate 
comes from a comparison of th i s data with that taken on a s imi lar 
experiment using S i as the nonlinear mater ia l . (15) The two 
experiments used approximately the same laser power and beam geom
e try , and the l i n e a r r e f l e c t i v i t y curves were s imi lar in shape and 
s ize (the minimum value of r e f l e c t i v i t y ) . Neglecting differences 
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Figure 5. Expérimental setup for the intensity-dependent nonlinear coupling measure
ment. The sample, as shown in the inset, is mounted on an x-ray spectrogoniometer and 

the polarized light is incident on the PDA film surface at an angle, Θ. 
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Figure 7. Field distribution for then - l and η = 2 TE waveguide mode for an air-PDA 
film-silver system for nPDA - 1.51, d = 5500 À and a Drude-model metal. 

In Nonlinear Optical Properties of Organic and Polymeric Materials; Williams, D.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



226 NONLINEAR OPTICAL PROPERTIES 

A P P R O A C H 

Figure 8. Nonlinear coupling result (reflectivity vs. angle) for PDA film atk- 6700 Â. 
The high and low intensity (Hi I and Lo I) measurements were done under the same 
experimental condition and YLL = 0.7* 10~6j and EH = 7 * 10~6j (details are discussed in the 

text). Note 0D is the detector angle - 2Qi. 
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in mode shape between the two cases, the observed sh i f t was ap
proximately the same in each case, thus indicat ing the value for 
n 2 for this PDA at 6700 angstroms ~ 10""5 (MW/cm2)""1, where the 

χ sign means "of the order." The S i data was also taken i n the 
absorption edge of that mater ia l , and the nonl inear i ty observed 
by this technique agreed well with that obtained by other 
techniques. (15)(19) 

We are current ly extending our study to other wavelengths, 
espec ia l ly in the transparent region of the f i l m , λ > 7000 ang
stroms. By examining the l inear coupling coeff ic ients and mode 
shape as a function of wavelength, we should be able , once ΔΘ vs . 
λ i s measured, to determine the X^3) V s . λ . 

Conclusion 

Linear and nonlinear o p t i c a
lenes that can be grown
thin fi lms have been invest igated. This involved an integrated 
research ef fort including monomer synthesis , thin f i l m growth and 
new measurement techniques. 

The ease of grating coupling to the polydiacetylene waveguide 
structure and our observation of the o p t i c a l nonl inear i ty in the 
absorptive region of the mater ia l , along with the s e n s i t i v i t y of 
the measurement technique, has opened up the p o s s i b i l i t y of a 
detai led study of n 2 versus λ i n the absorptive and transparent 
regions, as wel l as in the time domain. From the narrow angular 
width of the r e f l e c t i v i t y dips for these planar waveguides, 
observed electron microscopy and d i f f r a c t i o n data and the observ
able op t i ca l non l inear i ty , we conclude that there i s a high degree 
of order in thin films deposited to form the waveguide. 

The success of this research i s guiding our materials 
ef forts into increasing chain packing density and or ientat ion 
to increase n 2 , including a var ie ty of new thin f i lm deposition 
techniques. 

One should note that to rea l i ze p r a c t i c a l devices based on 
these mater ia l s , i n addit ion to the research described i n the 
preceding, research in processing and fabr ica t ion techniques 
related to the PDA's i s necessary. In fac t , this i s also true 
for inorganic semiconductor materia ls . 
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Epitaxial Growth of Polydiacetylenes 

S C O T T E. RICKERT, J E R O M E B. L A N D O , and S T E P H E N C H I N G 

Case Western Reserve University, Department of Macromolecular Science, 
Cleveland, OH 44106 

The two-step process of epitaxial polymerization has 
been applied to symmetrically substituted diacetylenes. 
Firs t , the monomers have been crystallized epitaxially 
on alkal i halides substrates from solution and the 
vapor phase. The oriented monomer crystals are then 
polymerized under the substrate's influence by gamma
-irradiation. The diacetylenes in this study are 2,4-
hexadiyn-1,6-diol (HD) and the bis-phenylurethane of 
5,7-dodecadiyn-1,12-diol (TCDU). The polydiacetylene 
crystal structures and morphologies have been examined 
with the electron microscope. Reactivity and polymor
phism are found to be controlled by the substrate. 

E p i t a x i a l polymerization i s a general process applicable to 
monomers that may be polymerized in the s o l i d state . The study of 
d i s u l f u r n i t r i d e vapor phase c r y s t a l l i z a t i o n on a l k a l i halides with 
thermal polymerization to p o l y t h i a z l , (SN) , has shown that sub
strate control led reaction led to three new c r y s t a l phases of 
(SN)^_(l-2). Diacetylenes are monomers that can be polymerized from 
the monomer crysta ls to varying degrees of conversion and crys -
t a l l i n i t y depending on the nature of the substituents and the ir 
packing within the monomer lattice(3). Furthermore, the polymer 
backbone may adopt e i ther an acetylenic ^RC-CEC-CR^ or a buta-
triene 4RC=C=C=CR)- bonding. 

The urethane-substituted polydiacetylenes exhibit thermo-
chromic t rans i t i on with low and high temperature c r y s t a l phases 
favoring acetylenic and butatriene backbone, respect ively (4-6). Our 
interest i n the appl icat ion of ep i tax ia l polymerization to diacety
lenes has been the p o s s i b i l i t y of substrate control over or ienta 
t i o n , s tructure , and the s ingle crys ta l nature of th in f i lms. 

0097-6156/83/0233-0229$06.00/0 
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Experimental 

2,4-hexadiyne-l,6-diol (DMDA) from Farchan Laboratories was 
re c r y s t a l l i z e d from toluene. Solutions up to 1 wt. % in toluene 
were prepared for ep i t a x i a l c r y s t a l l i z a t i o n . Bis-phenylurethane 
of 5,7-dodecadiyne-l, 12-diol (TCDU) was supplied by A l l i e d 
Chemical Co. The monomer was extracted from the p a r t i a l l y poly
merized l a t t i c e with acetone. The monomer was dissolved i n ethyl 
acetate to make a 0.4 wt. % solution. 

Table I. TCDU 

Phase 1 Phase 2 

Monomer 

Polymer 

a = 0.708 nm a = 1.160 nm 

3 = 115.85° Ύ = 91.0° 
a = 0.623 nm a = 1.184 nm 
b = 3.903 nm b = 1.987 nm 
c = 0.491 nm c = 0.495 nm 
3 = 106.85° Ύ = 94.94° 

Epit a x i a l c r y s t a l l i z a t i o n was accomplished by the immersion 
of a preheated substrate (the substrates for ep i t a x i a l c r y s t a l l i 
zation were single crystals of a l k a l i halides from Harshaw 
Chemical Co.) into the monomer solution followed by i t s i n - s i t u 
cleavage to expose two fresh (100) surfaces. 

Table II. Diol Unit C e l l Parameters 
a b c 3 

Monomer .409 1 60 .477 106 .3 
Polymer .411 1 61 .482 106 .1 
Polymer/KBr .421+.04 1 02+. 10 

units in nm 

The isothermally c r y s t a l l i z e d monomers were polymerized with 
2-4 Mrad γ-irradiation. The polymer film was removed from the 
substrate after C , Pt coating by dissolving the s a l t . A JEOL JEM 
100B electron microscope was used to examine the samples. 

Results and Discussion 

Large domains of oriented single crystals of poly(TCDU) and 
poly(DMDA) were produced on the a l k a l i halide surface. Figures 1 
and 2 show the typical elongated platelet morphology. Selected 
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Figure 1. Poly(TCD U) polymerized on KCl and depositedfrom α0.4\νίψο ethyl acetate 
solution at 30 °C 

Figure 2. DM DA polymerized on Κ Br and deposited from a w/% toluene solution at 
78 °C 
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area electron d i f f r a c t i o n from such domains gave single c r y s t a l 
l i n e pattern as in Figures 3 and 4. The unit c e l l parameters are 
given i n Tables 1 and 2. 

Poly(TCDU) i n thin f i l m exists in the acetylenic phase 2, as 
opposed to the butatriene phase 1 found in bulk crystals poly
merized from macroscopic monomer crystals (7). Polymerization to 
completion in thin f i l m , thereby removing the constraint of the 
monomer l a t t i c e , could account for the acetylenic phase. 

The orthogonal projection of the e p i t a x i a l poly(DMDA) could 
not be indexed using the unit c e l l data for the bulk polymerized 
cry s t a l (8). However, poly(DMDA) cannot usually be polymerized 
to completion or to high c r y s t a l l i n i t y in the bulk due to cross-
linking. The use of an e p i t a x i a l substrate may have controlled 
the polymerization process that led to oriented single cr y s t a l s . 

Conclusion 

Two diacetylenes have been e p i t a x i a l l y polymerized as thin 
films in contact with a l k a l i halide substrates. These films i n 
contact with a l k a l i halide substrates. These films consisted of 
highly oriented single crystals aligned along both <110> direc
tions of the substrate. The structures of both poly(TCDU) and 
poly(DMDA) were modified by this technique and, in a l l cases, 
highly c r y s t a l l i n e near-perfect films were achieved. 

Figure 3. Electron diffraction of poly (TC DU) formed under conditions specified in 
Figure I. 
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Figure 4. Electron
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Nonlinear Electro-optic and Dielectric Properties 
of Flexible Polymers 

G A R O K H A N A R I A N 1 and ALAN E. T O N E L L I 

Bell Laboratories, Murray Hill, NJ 07974 

Experimental and theoretica
and dielectric effects
effect, electric field induced light scattering, dielectric saturation and electric 
field induced second harmonic generation. We show the relationship between 
the dipole moment, polarizability, hyperpolarizability, the conformation of the 
polymer and these electrooptic and dielectric effects. We find that these effects 
are very sensitive to the details of polymer structure such as the rotational 
isomeric states, tacticity, and in the case of a copolymer, the comonomer 
composition. 

The nonlinear optical and dielectric properties of polymers find increasing use in devices, 
such as cladding and coatings for optical fibres, piezoelectric and optical fibre sensors, 
frequency doublers, and thin films for integrated optics applications. It is therefore 
important to understand the dielectric, optical and mechanical response of polymeric 
materials to optimize their usage. The parameters that are important to evaluate these 
properties of polymers are their dipole moment μ, polarizability a, hyperpolarizabilities β 

and 7, and their relationship to the conformation of the polymer. To elucidate these 

parameters we have undertaken experimental and theoretical studies of a number of 
nonlinear dielectric and electrooptic effects of single polymer chains. 

The electrical and optical properties of polymers such as the dipole moment and 
hyperpolarizabilities are tensors of rank 1,2,3,4 etc. In order to extract as much 
information as possible about the elements of these tensors, it is necessary to orient the 
polymers; in this paper the orientation is achieved by application of a strong electric field. 
The degree of orientation is probed by a weak analyzing electric field, this field being either 
static or of very high frequency from a light source. The combination of strong orienting 
and weak analyzing fields gives rise to a number of electrooptic and dielectric experiments. 
In this paper we shall discuss the Kerr effect 0—5) dielectric polarization and saturation 
(6,7) electric field induced second harmonic generation (8) and electric field induced light 
scattering. (9) 

7Current address: University of Massachusetts, Polymer Research Institute, Amherst, MA 
01003. 
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The above effects have been studied in the gas and solution phase for rigid organic 
molecules and their electrical properties have been readily deduced. In the case of flexible 
molecules and polymers there is an additional complication in the interpretation of the 
experimental results, due to the existence of many conformations. Flory (10) has shown 
how we may calculate the average of any configurationally dependent property of a 
polymer. The method rests upon two important assumptions. Firstly, it is assumed that 
each rotatable bond has a discrete number of states, usually three corresponding to the 
trans, gauche plus and minus conformations, respectively. This is called the rotational 
isomeric state approximation (RIS). Furthermore it is assumed that only nearest neighbor 
interactions are important in determining the probabilities of the bond rotational states. 
Secondly it is assumed that the electrical property to be calculated, say a, is the tensorial 
sum of noninteracting contributions a from groups or segments that constitute the polymer. 

—i 

The bond additivity approximation (BAA) appears to work for polymers dissolved in 
isotropically polarizable nonpolar solvents  However in the gas phase  BAA has been shown 
to be incorrect by Ward and coworker
provides a symmetrical environmen
adjoining bonds, are cancelled by fields due to solvent molecules. Thus assuming the 
correctness of the RIS and BAA models, the configurational average <g(r)> over all 
internal degrees of freedom τ is given by 

<g(r)> - Z - ' j ' G f J (1) 

where Ζ is the partition function, Gf denotes a serial product of generator matrices for each 
bond in the chain (1 to n), and J* and J are row and column vectors. The generator matrix 
Gj contains information about the geometry, rotational states and their energies and 
electrical parameters of the ith bond of the polymer. Flory's book10 gives the generator 
matrices for the configurational averages occuring in this paper. 

Kerr Effect 

The Kerr effect is the birefringence induced in a medium by an external electric field 
(12). From such an experiment we deduce the molar Kerr constant mK, thus 

<tr(â°â)> < μ τ α μ > 

kT + k 2 T 2 

à — a — âl (2) 

In eqn (2) N A , k and Τ are Avogadro's number, Boltzmann's constant and temperature 
respectively, à and a° are the optical and static anisotropic polarizability tensors and â and 
I denote the average polarizability and identity matrix, μ and μ τ are the dipole moment 
and its transpose, respectively. In eqn (2) the first and second terms are the induced and 
permanent dipole contributions to the orientation. 

We built a sensitive Kerr effect apparatus (0 which used a phase sensitive technique to 
detect birefringences of the order of 10~5 to 10~6 radians. Polymers were dissolved in 
nonpolar solvents in the concentration range 0.5 to 2% w.w. Using procedures for 
extrapolation to infinite dilution, we obtained experimental mK values. The polymers that 
we studied were the α,ω dibromoalkanes (1), poly(oxyethylene glycol) (2) and its oligomers, 
poly(vinylchloride) (4) and its oligomers, the copolymer poly(styrene-co-p-bromostyrene) 
(3) and fluorinated polymers (5) including poly(vinylidene fluoride). We also calculated 
mK from eqn (1) and (2), using the RIS model applicable to the polymer under study. 

mK -
2πΝΑ 

135 
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Our conclusions are that a) theta conditions are not necessary to obtain experimental mK 
values unperturbed by excluded volume interactions, b) the RIS and BAA approximations 
are applicable and c) mK is a very sensitive to the details of the RIS model, the tacticity 
and the composition of a copolymer. 

In table I we present the molar Kerr constants and mean square dipole moments < μ 2 > 
of three fluorinated polymers, poly(trifluoroethylene) (PF3E), poly(vinylidene fluoride) 
(PVF2) and poly(fluoromethylene) (PFM), dissolved in p-dioxane. The results show the 
sensitivity of mK to the degree and type of fluorination varying over an order of magnitude 
and also changing sign. Calculations of mK and < μ 2 > for comparison are in progress (5). 

Table I 

mK/xUlO" 1 2 cm7 SC^mol" 1) and <μ 2 >/χ(χ1(Γ 3 6 SC2cm2) 

per monome

polyivinylidene

PFM, measured in p-dioxane solution at 25 °C. 

Polymer Structure mK/x <μ 2 >/χ 

PF 3 E ( - C H F - C F 2 - ) X -9.1 0.86 

PFM ( - C H F - ) X - 0 0.31 

PVFf* ( - C F 2 - C H 2 - ) X 14 2.38 

a) Measured at 60 °C 

In figure 1 we present the experimental and calculated mK values of the copolymer 
poly(styrene-co-p-bromostyrene). From this study (3) we were able to show unequivocally 
that the tacticity of this polystyrene sample is pr — 0.55, where pr is the probability of 
racemic dyad replication. 

Electric Field Induced Light Scattering 

Light scattering from macromolecules is used routinely to obtain molecular weights, 
radii of gyration and polymer-solvent and polymer-polymer interaction parameters. A 
closely related technique, electric field induced light scattering (EFLS) (13,14) has received 
less attention, but is also potentially useful for polymer characterization. 

In the case of EFLS we observe the change in light scattering intensity when a strong 
electric field Ε is applied across a polymer solution. The change occurs because the 

—ο 
polymers are oriented and also deformed by the electric field. The deformation arises 
because the more polar conformations are energetically preferred over the less polar ones, in 
the presence of the external electric field. Consider a polymer solution of Ν polymer chains 
sufficiently dilute so that interference between the chains is negligible. Let each chain have 
η segments and total polarizability a. Then the change in VV scattering with the field on 
and off, AIw-MEMvvto) is (9), 
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Figure 1. Molar kerr constant values (* 10~12 cm7 SC^mot1 ) calculatedfor poly(styrene-
co-p-bromostyrene) copolymers as a function of composition Cand tacticity pr. Black 
squares are experimental results. (Reproduced from Ref 3. Copyright 1981, American 

Chemical Society) 
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E 2 

Να 2 

2k2T 2 T 2 7 ? 
1 1 M 

< J 0 ( q r j j ) M 2 > 

- < J 2 ( q n j ) 

( μ τ ) 2 

3 

- <j0(qrij)> 
< μ 2 > 

> p 2(cosn) (3) 

We have assumed that the local and external field are equal. In eqn (3) j0(x) and j2(x) are 
the zeroth and second order spherical Bessel functions, r is the distance vector connecting 

the ith and jth bonds of the polymer 3 x 2 l 

between the scattering vector q  magnitud  q
~ ~o λ 2 

and the summation extends over all elements i,j of the polymer. The angular brackets 
denote averaging over all internal configurations of the polymer. Eqn (3) shows that EFLS 
is a sensitive function of polymer flexibility and conformation. Few experimental results 
have been reported on flexible polymers. However Jennings (14) and coworkers have shown 
the sensitivity of EFLS to shape and flexibility for rigid and semi-rigid macromolecules. 

Recently, Buckingham (15,16) and coworkers have predicted and observed a linear 
electrooptic effect, whereby an applied electric field induces a linear change in the intensity 
of light scattered by a gas in circularly polarized incident radiation. In this experiment one 
observes the difference in light scattering for left and right circularly polarized light in a 
plane normal to the applied electric field. This effect is a property of all molecules (chiral 
and achiral) and gives information about elements of the optical activity tensor G and the 

dipole moment μ. Experimental results have been reported for chloromethane (16) in the 
gas phase. 

Dielectric Polarization and Saturation 

The linear response of a medium to a weak applied electric field is characterized by the 
dielectric constant €0. From this experiment we deduce the molar polarization mP which is 
related to the mean square dipole moment < μ 2 > by 

mP • 
4TTNA 5" + < μ 2 > 

3kT 
(4) 

< μ 2 > has been used by us (1 -5 ) and others to characterize the conformation of polymers, 
although it is not as sensitive to the details of polymer conformation as mK. 

When a strong static electric field is applied across a medium, its dielectric and optical 
properties become anisotropic. When a low frequency analyzing electric field is used to 
probe the anisotropy, it is called the nonlinear dielectric effect (NLDE) or dielectric 
saturation 07). It is the low frequency analogue of the Kerr effect. The interactions which 
cause the NLDE are similar to those of EFLS. For a single flexible polar molecule, the 
external field will influence the molecule in two ways; firstly, it will interact with the total 
dipole moment and orient it, secondly, it will perturb the equilibrium conformation of the 
molecule to favor the conformations with the larger dipole moment. Thus, the orientation 
by the field will cause a decrease while the polarization of the molecule will cause an 
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increase in the dielectric constant respectively, the net result depending on a sensitive 
interplay between the two effects. 

Experimentally, one measures an incremental dielectric constant K. Thus 

Κ - e0 + 3bE 0

2 + 5cE 0

4 + .... (5) 

where E c is the static external field. A measure of the N L D E is the Piekara (18) factor, 

At K - € 0 

E 0

2 E 2 

From such an experiment we obtain the molar N L D E constant mS. Thus, 

mS - 4TTNA 
<*(*·*•)> , 2 < » T ? » > 3 < μ 4 > _ 5 < μ 2 > 2 

15kT 15k 2T 2 90k 3 T 3 

(6) 

(7) 

The first two terms arise from
orientation, respectively. In figure 2
mS of the α,ω-dibromoalkanes, (16,19,20) and we find that the agreement is good. 

It is interesting to note that the mS values calculated with the gauche states of all C - C 
bonds at ± 1 2 0 ° (solid line) disagree with the N L D E constants measured for all the α,ω 
dibromoalkanes except 1,3-dibromopropane. When the terminal C - C bonds are permitted 
to adopt φ%± - ± 8 0 ° , all other C - C bonds retaining gauche states at ± 1 2 0 ° , the 
calculated N L D E constants (dashed lines) are in much better agreement with those 
observed for all the α,ω—dibromoalkanes except 1,3-dibromopropane. This behavior has a 
simple explanation in terms of the nonbonded steric and electrostatic interactions (21) 
resulting from rotation about the terminal C - C bonds. 

When the terminal C - C bonds are in the gauche conformation, the Br atom and the y 
carbon are in close proximity. In all α,ω—dibromoalkanes longer than 1,3-dibromopropane, 
the sterically bulky Br atom moves away from the y carbon by adopting gauche states 
< 1120° I for the terminal C - C bonds. In 1,3-dibromopropane however, the y carbon bears 
a partial charge of the same magnitude, but of opposite sign to that possessed by the Br 
atom. Thus, in the gauche states about the C - C bonds in 1,3-dibromopropane the attractive 
electrostatic interactions compensate the repulsive steric interactions between Br and C 7 , 
resulting in φ%± — ± 1 2 0 ° . Clearly then, comparison of observed and calculated N L D E 
constants can provide detailed conformational information. 

In Eqn (7) the last term is usually the most important for polar molecules and polymers. 
Therefore we may write to a good approximation that 

4 π Ν Α <μ2>2 σ 
mS -

30k 3 T 3 

σ . ^ _ 1 ( 8) 
< μ 2 > 2 3 

σ is a measure of the deviation of a polymer from Gaussian statistics since σ—*o as the 
number of repeat units χ approaches infinity, σ differs from zero only when the chain is 
relatively short, say, fifty bonds or less. In table II we calculate (7) mS/x for the polymer 
poly(oxyethylene dimethyl ether) as a function of x. 
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Figure 2. Nonlinear dielectric effect constant (* 10~8cm?SC~2mol~l) of Br(CH2)n ,Br at 
25 °C. Points represent the experimental results of Chelkowski (19, 20). The solid and 
dashed lines are calculated with φ^± = ± 120 ° and ±80 °, respectively, for the first and last 
C-C bonds. (Reproduced with permission from Ref. 6. Copyright 1981, American 

institute of Physics.) 
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Table II 

mS/x(xlO~9 cm7 SC^moP 1) and σ calculated for 

polyioxyethylene dimethyl ether) at 25 °C 

CH 3 (OC 2 H4) x OCH3 

X mS/x 10 3 σ 

1 -16.4 -381 
2 -7.70 -199 
3 -2.87 -75 
5 0.78 20 
20 

80 4.71 15 

Calculations on other polymers and copolymers (7) show that the NLDE is sensitive to 
chain length, tacticity, copolymerization, and the details of the RIS model. Thus the 
NLDE is potentially useful to characterize the dielectric properties, microstructures and 
conformations of polymers. 
Electric field Induced Second Harmonic Generation 

When an intense laser beam of frequency ω passes through a medium lacking a center 
of symmetry, it is possible to observe second harmonic generation (SHG). In the case of an 
isotropic medium such as a liquid or a gas, the center of symmetry is removed by applying 
a strong electric field and the effect is called electric field induced second harmonic 
generation (EFSHG) (15,22). The effect depends on the square of the optical field strength 
Ε ω and linearly on the static field E 0 . The third order susceptibility of a single polymer 
chain to the optical and static fields is given by (22) 

7 a - T < 7 « ^ > + 5 k T (9) 

In eqn (9) Ύααββ transforms as a scalar. Clearly, when one uses the BAA, Ύααββ w i H D e 

independent of conformation. We add the contribution of each bond in the molecule, as 
shown by Levine (22). y can also be obtained from the optical Kerr effect. The second 
term in eqn (9) contains the product of two terms which transform as vectors. Thus we 
write 

<ναβαββ> ~ <μ'β> (10) 

The configurational average in eqn (10) can also be performed (8) with eqn (1). In table 
III we present the results of our calculations (8) of eqn (10) for poly(p-nitrostyrene) versus 
the tacticity of the polymer. No experimental EFSHG results have been reported for 
flexible polymers. 
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Table III 

<μ·β>/χ (xlO" 4 8 cm 6) and < M

2 >/x (xlO- 3 6 SC 2 cm 2 ) 

Calculated for poly(p-nitrostyrene) at 25 °C versus 
tacticity Pr; χ - 200 repeat units 

Pr <μ'β>/χ < μ 2 > / χ 

0.0 (isotactic) 21.5 10.7 

0.2 16.6 8.27 

0.4 16.3 8.12 

0.6 16.8 8.36 

0.8 

1.0 (syndiotactic) 12.5 6.23 

Conclusions 

We have shown in this paper the relationships between the fundamental electrical 
parameters, such as the dipole moment, polarizability and hyperpolarizability, and the 
conformations of flexible polymers which are manifested in a number of their electrooptic 
and dielectric properties. These include the Kerr effect, dielectric polarization and 
saturation, electric field induced light scattering and second harmonic generation. Our 
experimental and theoretical studies of the Kerr effect show that it is very useful for the 
characterization of polymer microstructure. Our theoretical studies of the N L D E , E F L S 
and E F S H G also show that these effects are potentially useful, but there are very few 
experimental results reported in the literature with which to test the calculations. More 
experimental studies are needed to further our understanding of the nonlinear electrooptic 
and dielectric properties of flexible polymers. 
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Classical partition function, matrix 

method 147 
Coherence length 29 

equation 122 
Conjugated bonds 153 
Conjugated polymer crystals, photoinduced 
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Conjugated systems 

See also Polydiacetylenes 
optical properties 190 
three-dimensional 177 
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difference 150 

Crystal-cored fibers 
biaxial, phase matching scheme 164/* 
second harmonic generation 159-62 

Crystal growth 
from melt 101 
in solution 99 

Crystal growth furnace 158/ 
Crystal quality, control 101 
Crystal structure and second harmonic 

generation 65-78 
Crystalline powders, second harmonic 

generation 28 
Crystallization 

of molecules 65 
voids 159 

Crystals 
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D C S H G — See DC-induced second harmonic 
generation 

Debye-Lorentz model, polarizability 52 
Diacetylene crystals 172/ 

reflectivity 172/ 
Diacetylene films 20, 22 

deposition 20 
polymerization 218 

Diacetylene polymer crystals 
mechanical damage resistance 18 
radiation damage resistance 18 

Diacetylene single crystal polymers, 
disubstituted 13-20 
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film growth 216-22 
IR spectrum 217/ 
Langmuir-Blodgett film balance 219/ 
monomer synthesis 215-16 
multilayer assemblies 216-22 
phonon localization 181 
polymerization 18
pressure area isotherm 220

description 21
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Dibromoalkanes, nonlinear dielectric 
constant 241/ 

Dielectric polarization and saturation 239-42 
Dielectric strengths in polymers 123 
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electric field induced second harmonic 
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liquid crystalline polymer 34 
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growth 156 
Dipole array model 36-39 
Display technology, inexpensive 109 
Disubstituted diacetylene single crystal 

polymers 13-20 
DNP—See 1,6-Bis(2,4-dinitrophenoxy)-

2,4-hexadiyne 13 
5,7-Dodecadiyne-1,12-diol, 

polymerization 231/ 
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model 78/ 
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Electric field induced light scattering 237, 238 
Electric field induced second harmonic 

generation 242 
characterization problems 44-45 
propagation phenomena 35-36 
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Electron derealization of polyacetylenes 188 
Electronic second-order nonlinearity, 
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Electronic susceptibility, second-order 

nonlinear, origin 5-7 
Electro-optic applications, characterization of 

liquid crystalline polymers 109-34 
Electro-optic effect, linear 3/ 

Epitaxial crystallization, method 230 
Epitaxial growth, of polydiacetylenes 229-34 
Epitaxial polymerization 229 
Equivalent internal field model 64 
External electrostatic field, reorientation of 

individual dipoles 145 

F 
Fabrication, of benzil crystal cored 

fibers 157 59 
Ferroelectric liquid crystalline media, 

generation 110 
Flexible polymers 

dielectric properties 235-44 
nonlinear electro-optic properties 235-44 

Fresnel transmission of light 43 
Fused silica 49 
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H 
Harmonic generation, time dependence 127/ 
Heterocyclic substrates, nonlinear effects 72 
2,4-Hexadiyne-l,6-diol, polymerization 231/ 
/ratts^'-Hydroxy-N-methyM-stilbazolium 

ion 30 
/rizm-4'-Hydroxy-7V-methyl-4-stilbazolium 

camphor sulfonate, structure 31/ 
Hyperpolarizabilities 59 

molecular, measurement 84 
optical, origins 64 

Indolinobenzopyrans, irradiation 135 
Induced second harmonic generation 

dynamic and thermal dependence 124-28 
temperature dependence 126, 127/ 128 

Inorganic one-dimensional semiconductors . . . 169 
Inorganic semiconductors, nonlinear 

coefficients 173/ 
Intensity 37 
Intensity-dependent nonlinear coupling 

measurement, setup 224/ 
Intermediate free wave 47 
Ising limit estimate 122 
Ising model 116, 119 
Isotropic case, poling field 116 
Isotropic potentials, orientational 

distribution function 115/ 
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Kerr constant, molar 236 
Kerr effect 236-37 
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Lambot method 105 
Langmuir-Blodgett trough 218 
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nonlinearity 119 
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Liquid crystalline polymers \29f 
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uses 109-34 

dielectric loss, temperature effects 131/ 
differential scanning calorimetry 129/ 
molecularly doped 34 
properties 130/ 
thermotropic 112 13 

Liquid crystals 
biréfringent 11
guest alignment physics 11
high cooperative light scattering 3
laser-assisted relazation 124-25 
nematic potential 114-16 
and optics 109-111 
poling response 116 
thin film, second harmonic generation . . 120 24 
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Macroscopic nonlinearity, enhancement by 
liquid crystal host 119 

Macroscopic polarization, equation 59 
Madelung energy, increasing 30 
Merocyanine, second harmonic generation 

activity 62 
Merocyanine chromophore, 

hyperpolarizability 136 
Metanitroaniline, second harmonic generation 

powder intensities 32/ 
Methyl substitution effects 78/ 
Methylene carbons, linking 18 
2- Methyl 4 nitroaniline 

crystallographic unit cell 6f 
second harmonic generation 

activity 62 
powder intensities 32/ 

second-order nonlinearity 32 
structure 6/ 

3- Methyl 4 nitropyridine I-oxide 
concept of chirality 89 
crystal engineering 87-94 
molecular beta-components 92/ 
phase matching 89 
phase-matching curve 90/ 
residual metallic impurities 96/ 
synthesis 94 

Molar Kerr constant 236 
poly(styrene-co-p-bromostyrene) 238/ 

Molar polarization, deduction 239 
Molecular crystallization 65 
Molecular dipole moments, interaction 

energies 149/ 

Molecular engineering 83-87 
Molecular hyperpolarizabilities, 

measurement 84 
Molecular liquid characterization, by third 

harmonic generation 47-51 
Molecular nonlinear optical materials, design 

and characterization 27 56 
Molecular optics 1-26 
Molecular source, electronic second-order 

nonlinearity 118-20 
Molecular structure and second harmonic 

generation 63-65 
Molecularly doped liquid crystalline 

polymer 34 
Molecularly doped thermotropic liquid 

crystalline polymers 112 13 
Monomode benzil crystal cored fiber 160/ 
Monosubstituted aromatic molecules, 

nonlinearity 85/* 
4-Morpholinecarboxamide, structure 60 

Nematic distribution function, zero-field 116 
Nematic potentials 

equation 116 
orientational distribution function 115/ 

Nitroaniline-based nonlinear materials 73/ 
4 Nitroaniline, second harmonic generation 

activity 62 
p-Nitroaniline 

contour diagrams 12/ 
gas phase results, experimental vs. 

theoretical 11 
N-4 Nitrophenylprolinol 

crystal engineering 87-94 
localized dipole moment 88 
phase matching configuration 90/ 
residual metallic impurities 96/ 

Noncentrosymmetric environments 113 
nonvanishing 113 

Noncentrosymmetric particles, mutual 
orientation and spacing 144 

Nonintuitive light propagation effects, in 
third-order nonlinearities 35-36 

Nonlinear coefficients, for inorganic 
semiconductors and organic 
compounds 173/ 

Nonlinear crystalline materials, 
discovering 29, 30 

Nonlinear dielectric constant 
dibromoalkanes 241/ 
equation 240 ' 

Nonlinear interactions, in waveguides 154 55 
Nonlinear materials, organic 59-63,60-61/ 
Nonlinear optical properties of 

polyd'acetylenes 187 213 
Nonlinear optical susceptibilities 

definitions and expressions 171 76 
one-dimensional crystals 174 76 
polydiacetylene crystals 177-79 
two- and three-dimensional crystals 176-77 

Nonlinear organic crystals 81 -107 
Nonlinear polarization wave 29, 35 
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Nonlinear second-order optical susceptibility, 
origin 5 7 

Nucleophilic aromatic substitution 72 

Ο 

One-dimensional crystals, nonlinear optical 
susceptibilities 174-76 

One-dimensional semiconductors 170/ 
inorganic 169 

Onsager model, polarizability 52 
Optical birefringence 18 
Optical guided wave structures 20, 22 
Optical harmonic generation 

dipole array models 38/ 
vibration diagrams 42/ 

Optical hyperpolarizabilities, origins 64 
Optical interactions, in organic crystal cored 

fibers 153-67 
Optical nonlinearities, time response 179 81 
Optical polarizabilities, origins 6
Optical properties, of polydiacetylen

crystals 169
Optical second harmonic generation, 

organic materials 57-80 
Optical susceptibility, nonlinear second order, 

origin 5 7 
Optical third harmonic generation 33 

air effects, vibration diagrams 45/ 
vibration diagram of absorbing liquid 50/ 

Optics 
and liquid crystals 109-11 
and polymers 111-12 

Organic compounds, nonlinear 
coefficients 173/ 

Organic crystal cored fibers 155-57 
fabrication 156 
nonlinear optical interactions 153-67 

Organic materials 
required properties 58 
uses 57 

Organic nonlinear materials 59-63, 60-61/ 
Orientational distribution function, 

equation 114 
Oscillating dipoles 37 

Ρ 

Parametric oscillation, efficiency 82 
Paranitroaniline, electronic states 86 
Pentacosa-10,12 diynoic acid, x-ray induced 

polymerization 23/ 
Permutations 120 
Phase-matching scheme 161/ 
Phase-mismatch 40 
ττ Phase shift 144 
Phonon localization, of diacetylenes 181 
Photoexcitation 180 
Photoinduced solitons, in conjugated 

polymer crystals 167-85 
Polarizabilities 

cubic 64 
Debye Lorentz model 52 
Onsager model 52 
optical, origins 64 

Polarization, equation 2, 171 
Polarization density, relationship to linear 

oscillating electric field 36 
Polarization optic coefficient 2 
Polarization waves, nonlinear 29 
Poling response, liquid crystals 116 
Polyacetylenes 

electron derealization 188 
third-order susceptibilities 188 

Poly[bis(p-toluene sulfonate) of 
2,4-hexadiyn 1,6-diol] 214 

Polydiacetylene(s) I l l , 169 
backbone structure 187 
epitaxial growth 229, 234 
importance of crystalline order 214 
linear optical properties 190 92 
material properties 190 92 
multilayers and third-order nonlinear 

susceptibility 213-29 
nonlinear optical properties 187-213 

two photon absorption 206, 208 
two-photon hyperpolarizability 201-2 

real vs. imaginary parts 204/ 
Polydiacetylene crystals 

nonlinear optical susceptibilities 177-79 
optical properties 169/ 

Polydiacetylene films 
absorption spectrum 221/ 
nonlinear coupling 226f 

Polydiacetylene solutions, linear absorption 
spectra 189/ 

Poly(5,7-dodecadiyne- 1,12-diol) 
crystal production 230 
electron diffraction 232/ 

Poly(fluoromethylene), molar Kerr 
constants 237 

Poly(2,4-hexadiyne-1,6 diol) 
crystal production 230 
electron diffraction 233/ 

Polymer(s) 
dielectric strengths 123 
and optics 111-12 

Polymer crystals, conjugated, photoinduced 
solitons 167-85 

Polymeric nonlinear optical materials, 
design and characterization 27-56 

Polymerization, of diacetylenes 181-83 
Polymerization rate, computation 181 
Poly(oxyethylene dimethyl ether), nonlinear 

dielectric constant 242 
Poly(styrene co/7-bromostyrene), molar 

Kerr constant 238/ 
Polythiazyl 229 
Poly(trifluoroethylene), molar Kerr 

constants 237 
Poly(vinylidene fluoride) I l l 

molar Kerr constants 237 
Pople-Wamsley defects 179 
Powder efficiency 59 
Pseudo-antiparallel orientation 30 
Pseudo-inversion dimers 30 
Purely bound wave 47 
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PVF2—See Polyvinylidene fluoride 
Pyridine, nonlinear effects 72 

Q 
Quasicrystalline threads, optical 

micrograph 139/ 
Quasicrystals 33-34 

definition 135 
second harmonic generation 34 

R 

Raman modes 198 
Resonance Raman spectroscopy 195 
Rigid lattice gas approximation, macroscopic 

susceptibility 4 
Rotational isomeric state approximation 236 

S 

Second harmonic coefficient 2 
Second harmonic generation 

in crystal cored fibers 159-62 
and crystal structure 65-78 
crystalline powders 28 
DC-induced 7-9 
electric field dependence 142, 145 
enhancement and applications 82 
field response 141 
induced 

dynamic and thermal dependence 124 28 
temperature dependence 126, 127/ 128 

manifestation 58 
and molecular structure 63-65 
organic materials 57-80 
origin 59 
powder intensities 32/ 
propagation phenomena 36 
quasicrystals 34 
requirements . 2 
sensitivity to noncentrosymmetric 

ordering 141 
tensor components 3/ 
in thin film liquid crystals 120-24 
vs. applied field 143/ 
vs. electric field 143/ 

Second harmonic intensity, coherence length 
effects 121/ 

Second harmonic polarization 7 
Second-order nonlinear electronic 

susceptibility, origin 5-7 
Second-order nonlinear polarizabilities, 

enhanced 113 
Second-order nonlinearity preserving 

alignments, methods and 
evaluation 28 34 

Second-order perturbation theory 4 
SHG—See Second harmonic generation 
Silica, fused 49 
Solitons 179 81 
Solubility curves 102/ 

Spiropyran, merocyanine form 33 
Spiropyran globules 

S E M micrograph 140/ 
from various generations 138 

Spiropyran merocyanine quasicrystals . . . . 135-52 
intermediates 136 

Styrylpyridinium cyanine dye, second 
harmonic generation activity 62 

Substituents, action on π-electrons 86 

Τ 

Tensorial correlations 51 
Thermotropic liquid crystalline polymers, 

molecularly doped 112-13 
Third harmonic generation 

air effects, vibration diagrams 45/ 
for molecular liquid characterization 47 
optical 33 
problems in characterization 43-44 

vibration diagram of absorbing liquid 50/" 
Third-order nonlinear optics, 

characterizations 35-54 
Third-order nonlinear susceptibility in 

multilayers of polyd'acetylenes 213-29 
Third-order nonlinear susceptibilities, 

measurement 222-27 
Third-order nonlinearities, nonintuitive 

propagation effects 35-36 
Third-order susceptibilities 242 

molecular interpretation 51-54 
of polyacetylenes 188 

Three-dimensional conjugated systems 177 
Three wave mixing, polydiacetylenes 200-210 
Two-photon state, determination for 

polydiacetylenes 205 

U 
Urea 58 

structures 60 
Urethane substituent groups on 

polydiacetylenes 188 

V 
Vector dipole moment 63 
Vibration diagram method 39-43 

description 40 

W 
Waveguides, nonlinear interactions 154 
Wave-vector mismatch 41 

Ζ 
Zero-field nematic distribution function 116 
Zip-reactions 182-83 
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