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FOREWORD 
The ACS SYMPOSIU
a medium for publishing symposi  quickly
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 

The last decade witnessed a dramatic growth in the use of energetic beam 
techniques to elucidate the electronic structures of atoms and molecules. 

Photon, electron, and ion spectroscopies applied to solids gave birth to a 
new level of surface sensitivity for studies of chemical structure and 
bonding. The time was right to provide a benchmark for the state of 
current knowledge and futur  possibilitie  i  th  field. 

The first objective o
was to focus attention on the experimental and theoretical techniques 
currently being used to describe anion and cation states in large molecules 
and polymeric solids, with special emphasis being placed on the conse
quences to electronic structure incurred upon condensation from the 
gaseous into the solid state. It is, therefore, appropriate to begin with a 
review of the state of knowledge of anion states in large, isolated molecules 
as revealed by elastic and inelastic electron scattering, electron swarm, 
mass spectrographic, and ion-cyclotron resonance experiments. Insight into 
the effects of condensation on the nature of the lowest energy excitations 
that govern many of the chemical and physical properties of polymers is 
provided by results from high-energy electron energy loss spectroscopic 
studies on representative saturated polymers. 

Energy and charge transport in saturated and conjugated polymeric 
solids represent limiting cases in the applicability of the precepts of band 
theoretical descriptions of the electronic structure of solids. Discussions of 
the nature of intrinsic localized electronic states and their consequences to 
treatments of transport phenomena in such materials comprise an important 
section of these proceedings. 

Experimental studies of fundamental excitations in conjugated poly
mers are interpreted within the framework of current theoretical electronic 
structural calculations and physical structure characterizations. The insta
bilities peculiar to this class of materials that are responsible for their 
departure from metallic behavior are identified explicitly. 

Considering the valence levels, the synergistic effect of combining 
spectroscopic measurements with theoretical calculations is illustrated by 
two pairs of chapters: (1) ultraviolet photoemission and optical absorption 
data compared to a spectroscopically parameterized CNDO/S3 model, and 
(2) x-ray photoemission compared to ab initio and intermediate approxi
mation MO calculations. 
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The firm theoretical understanding of the spectra of model molecules 
has been a major impetus to apply the techniques to complex, unknown 
solid-state structures of technological importance. Characterization of 
atomic composition, structure, and bonding in the surface and subsurface 
of "practical" specimens is the first step. Most studies interpret changes in 
the core-level spectra in terms of surface-chemical mechanisms involved 
in, for example, processing conditions, exposure to inert or reactive gas 
plasmas, chemical reactions, or aggressive service environments. 

Five chapters treat the basics as well as new developments in analytical 
methodology, emphasizing x-ray photoelectron spectroscopy for the identi
fication of structure and bonding in polymer surfaces of increasing 
complexity. Each of the seven important levels of information available 
in the core-level data is illustrated in detail  with special emphasis upon: 
(1) Auger peak positions
kinetic energy dependence of peak intensities for information on composi
tional variation with depth; and (3) enhanced resolution of functional 
groups with chemical derivatives. 

Explicitly developed are models of several theoretical multiphase 
distributions, with corresponding depth-profile results on thin-film plasma 
polymers, phase-separated block copolymers, and chemical reactions on 
fiber surfaces. Ion impact is treated from three points of view: as an 
analytical fingerprint tool for polymer surface analysis via secondary ion 
mass spectroscopy, by forming unique thin films by introducing monomers 
into the plasma, and as a technique to modify polymer surface chemistry. 

New experimental results on specific polymer material problems are 
presented in the last nine chapters. Several cases involve the study of 
polymers from commercial sources. The topics include: (1) surface 
chemistry as induced by (a) outdoor weathering, (b) chemical reactions, 
and (c) plasma exposure; (2) chemical bond formation at the polymer 
-metal interface; and (3)biomaterials characterization and relationship to 
blood compatibility. 

In summary, these proceedings provide a survey of the fundamentals 
and applications of photon, electron, and ion probes to polymers up to 
1980. The contributors include many pioneers—from the basic studies 
performed with specialized, custom apparatus on small, gas-phase mole
cules to those utilizing standard commercial spectrometers to characterize 
practical polymer systems. We hope this work will contribute to the attain
ment of the ultimate objective of a unified description of the electronic 
structures and properties of polymeric solids. 
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1 
Resonant Electron Scattering and Anion States 
in Polyatomic Molecules 

KENNETH D. JORDAN 

Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 

PAUL D. BURROW 
Department of Physics, University of Nebraska, Lincoln, NE 68588 

P h o t o e l e c t r o n s p e c t r o s c o p y (PES) (1, 2) and more r e c e n t l y 
e l e c t r o n t r a n s m i s s i o n s p e c t r o s c o p y (ETS) (3, 4) have p r o v i d e d 
much i n f o r m a t i o n on the c a t i o n and a n i o n s t a t e s , r e s p e c t i v e l y , o f 
many h y d r o c a r b o n s . W i t h i n the c o n t e x t o f the Koopmans' Theorem 
(KT) a p p r o x i m a t i o n , the c a t i o n s t a t e s can o f t e n be a s s o c i a t e d 
w i t h the f i l l e d o r b i t a l s and the a n i o n s t a t e s w i t h the u n f i l l e d 
o r b i t a l s o f a m o l e c u l e . I n t h i s sense these two methods a re 
complementary . However t he r e are i m p o r t a n t d i s t i n c t i o n s between 
these two s p e c t r o s c o p i c methods wh ich a r i s e i n p a r t from the v e r y 
d i f f e r e n t l i f e t i m e s o f the an ions and c a t i o n s . 

I n p h o t o e l e c t r o n s p e c t r o s c o p y one a n a l y z e s the energy o f 
e l e c t r o n s p h o t o e j e c t e d from a m o l e c u l e ( o r a tom) . The c a t i o n 
s t a t e s a s s o c i a t e d w i t h s i m p l e o n e - e l e c t r o n i o n i z a t i o n s a re u s u a l 
l y s t a b l e or l o n g l i v e d . Hence the l i n e w i d t h s i n p h o t o e l e c t r o n 
s p e c t r a a re g e n e r a l l y de t e rmined by the e x p e r i m e n t a l r e s o l u t i o n , 
t y p i c a l l y 0.02 eV f o r commerc i a l s p e c t r o m e t e r s , o r by the d e n s i t y 
o f v i b r a t i o n a l or r o t a t i o n a l s t a t e s i n l a r g e m o l e c u l e s . The 
a u t o i o n i z a t i o n t imes _ a ^ s o c i a t e d w i t h c e r t a i n shake-up s t a t e s may 
be much l e s s than 10 s e c , l e a d i n g i n some cases to s p e c t r a l 
w i d t h s g r e a t e r than the e x p e r i m e n t a l r e s o l u t i o n . 

I n e l e c t r o n s c a t t e r i n g methods, such as E T S , one l o o k s f o r 
the r a p i d v a r i a t i o n s i n the s c a t t e r i n g c r o s s s e c t i o n a s s o c i a t e d 
w i t h the temporary c a p t u r e o f an e l e c t r o n by a m o l e c u l e . I n these 
methods o n l y a n i o n s t a t e s w h i c h l i e above the ground s t a t e o f the 
n e u t r a l s p e c i e s a re a c c e s s i b l e . F o r many p r o t o t y p i c a l m o l e c u l e s , 
(4) i n c l u d i n g benzene , b u t a d i e n e , f o rma ldehyde , n a p h t h a l e n e , and 
s t y r e n e , a l l a n i o n s t a t e s l i e above the ground s t a t e o f the 
n e u t r a l m o l e c u l e , but f o r o t h e r s such as a n t h r a c e n e , h e x a t r i e n e , 
and g l y o x a l the ground s t a t e an ions l i e e n e r g e t i c a l l y b e l o w the 
ground s t a t e o f the n e u t r a l m o l e c u l e and cannot be s t u d i e d by ETS . 
For TCNQ the ground and at l e a s t the f i r s t e x c i t e d s t a t e o f the 
a n i o n are bound (_5) and t h e r e f o r e i n a c c e s s i b l e to s tudy by 
e l e c t r o n s c a t t e r i n g methods . I n c o n t r a s t , a l l c a t i o n s t a t e s a re 
i n p r i n c i p l e a c c e s s i b l e i n P E S . 

0097-6156/81/0162-0001 $05.00/0 
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2 PHOTON, ELECTRON, AND ION PROBES 

A second major d i f f e r e n c e between ETS and PES r e s u l t s from 
the un ique p r o p e r t i e s o f temporary a n i o n s t a t e s . The temporary 
a n i o n s t a t e s a s s o c i a t e d w i t h the occupa t i cy^ o f u n f i l e d o r b i t a l s 
o f most hyd roca rbons have l i f e t i m e s o f 10 - 10 s . S i n c e the 
FWHM r e s o l u t i o n a t t a i n a b l e i n ETS i s 0 .02 - 0 .05 eV, t h i s means 
t h a t the l i n e w i d t h s due to autodetachment are g e n e r a l l y g r e a t e r 
than the e x p e r i m e n t a l r e s o l u t i o n . I t i s p r e c i s e l y these s h o r t 
l i f e t i m e s wh ich make the s tudy o f these an ions i n the gas phase 
e x c e e d i n g l y d i f f i c u l t by o p t i c a l s p e c t r o s c o p y and wh ich makes 
e l e c t r o n s c a t t e r i n g t e c h n i q u e s i d e a l l y s u i t e d . 

E l e c t r o n t r a n s m i s s i o n s p e c t r o s c o p y can p r o v i d e i n f o r m a t i o n 
wh ich i s not r e a d i l y a v a i l a b l e or a c c e s s i b l e by o t h e r t e c h n i q u e s . 
Here we w i l l g i v e j u s t a few i l l u s t r a t i v e examples . A more 
comple te d i s c u s s i o n o f the a p p l i c a t i o n s o f ETS can be found i n a 
r e c e n t r e v i e w ( 4 ) . 

Use Of ETS To Study S u b s t i t u e n

A f r e q u e n t l y encoun te red p rob l em i n c h e m i s t r y conce rns the 
e f f e c t o f a s u b s t i t u e n t on the p r o p e r t i e s o f a p a r e n t m o l e c u l e . 
Perhaps the most i m p o r t a n t , and c e r t a i n l y the most s t u d i e d (6), 
c l a s s o f s u b s t i t u e n t s are a l k y l g r o u p s . The h i g h e s t - l y i n g o c c u 
p i e d TT o r b i t a l s o f m o l e c u l e s such as e t h y l e n e , fo rma ldehyde , and 
benzene are w e l l known to be d e s t a b i l i z e d by a l k y l s u b s t i t u t i o n . 
The s i t u a t i o n f o r the IT* o r b i t a l s i s much l e s s c l e a r . From our 
ETS s t u d i e s ( 4 , 8) we have found t h a t a l k y l s u b s t i t u t i o n 
d e s t a b i l i z e s the LUMO o f e t h y l e n e and formaldehyde but s l i g h t l y 
s t a b i l i z e s t h a t o f benzene , t o l u e n e , and t - b u t y l b e n z e n e . T h i s 
r e s u l t i s p a r t i c u l a r l y s i g n i f i c a n t because the c o n v e n t i o n a l p i c 
t u r e o f resonance and i n d u c t i v e e f f e c t s l e a d s one to expec t t h a t 
a l k y l s u b s t i t u t i o n s h o u l d a l s o d e s t a b i l i z e the benzene Tr* o r b i t 
a l s (see F i g u r e 1 ) . 

A n o t h e r i n t e r e s t i n g o b s e r v a t i o n i s t h a t a l k y l s u b s t i t u t i o n 
causes a s u b s t a n t i a l dec rease i n the l i f e t i m e o f benzene a n i o n s 
(<8). We b e l i e v e t h a t t h i s i s due to the p resence o f the I = 1 and 
I = 2 p a r t i a l waves i n the charge d e n s i t y o f the LUMO o f the 
a l k y l b e n z e n e s . The benzene a n i o n ( D ^ symmetry) i t s e l f has a 
l e a d i n g p a r t i a l wave o f &= 3 . 

We have a l s o employed ETS to s tudy the e f f e c t o f f l u o r i n e 
s u b s t i t u t i o n on the TT* o r b i t a l s o f benzene and e t h y l e n e ( 1 0 ) . 
Here we b r i e f l y d i s c u s s the r e s u l t s f o r the f l u o r o e t h y l e n e s . 
F l u o r i n e s u b s t i t u t i o n i s known to cause o n l y s m a l l s h i f t s i n TT 
i o n i z a t i o n p o t e n t i a l s ( I P ) o f u n s a t u r a t e d hyd roca rbons (1_1). F o r 
example , the v e r t i c a l IT I P ' S o f e t h y l e n e and p e r f l u o r o e t h y l e n e 
agree to w i t h i n 0 .1 eV. The r ea son t h a t has been most o f t e n 
fo rwarded to e x p l a i n t h i s i s t h a t the e l e c t r o n w i t h d r a w i n g i n d u c 
t i v e e f f e c t , wh ich s t a b i l i z e s the o c c u p i e d o r b i t a l s , i s n e a r l y 
c a n c e l l e d by the d e s t a b i l i z i n g resonance m i x i n g o f the f l u o r i n e 
p o r b i t a l s w i t h the TT o r b i t a l s o f the e t h y l e n i c doub le bond. 
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1. JORDAN AND BURROW Electron Scattering and Anion States 3 

ETS s t u d i e s show t h a t the s i t u a t i o n i s q u i t e d i f f e r e n t f o r 
the TT* o r b i t a l ; f l u o r i n e s u b s t i t u t i o n causes a d e s t a b i l i z a t i o n o f 
the TT* o r b i t a l w i t h the d i f f e r e n c e between the E A ' s o f e t h y l e n e 
and p e r f l u o r o e t h y l e n e b e i n g 1.4 eV. T h i s cannot be e x p l a i n e d 
w i t h i n the r e s o n a n c e - i n d u c t i v e m o d e l . R a t h e r , we have shown t h a t 
i t can be q u a l i t a t i v e l y u n d e r s t o o d i n terms o f the v a r i a t i o n i n 
b o n d l e n g t h s i n t h i s s e r i e s o f compounds. 

C o r r e l a t i o n Of E x c i t a t i o n E n e r g i e s W i t h I P ' s and E A ' s 

There has been a l o n g h i s t o r y o f a t t empts to c o r r e l a t e 
e l e c t r o n i c e x c i t a t i o n e n e r g i e s w i t h o n e - p a r t i c l e e n e r g i e s . I n 
p a r t i c u l a r one can d e r i v e t h e o r e t i c a l e x p r e s s i o n s ( 1 2 , 13) 
r e l a t i n g e x c i t a t i o n e n e r g i e s w i t h the q u a n t i t i y ( I P - E A T . I n 
F i g u r e 2 we p r e s e n t t h i s c o r r e l a t i o n f o r the TT -> TT* s i n g l e t and 
t r i p l e t t r a n s i t i o n s o f the f l u o r e t h y l e n e s ( K ) ) . F o r the t r i p l e t 
t r a n s i t i o n s the r e s u l t
eV. There i s c o n s i d e r a b l
s i n g l e t s . However , i f f l u o r o e t h y l e n e , 1 , 1 - d i f l u o r o e t h y l e n e , and 
t r i f l u o r o e t h y l e n e a re e l i m i n a t e d , the s i n g l e t t r a n s i t i o n s o f the 
o t h e r f ou r s p e c i e s can a g a i n be w e l l r e p r e s e n t e d by a s t r a i g h t 
l i n e . The s i n g l e t t r a n s i t i o n s f o r the t h r ee a s y m m e t r i c a l l y 
s u b s t i t u t e d m o l e c u l e s f a l l w e l l be low t h i s l i n e . We b e l i e v e t h a t 
the " d e v i a t i o n " o f the s i n g l e t t r a n s i t i o n s o f these t h r e e m o l e 
c u l e s can be u n d e r s t o o d i n terms o f a s i m p l e c o n f i g u r a t i o n m i x i n g 
m o d e l . O n l y f o r th^se t h r e e ^ m o l e c u l e s can the TT ^ TT* c o n f i g u r a 
t i o n mix w i t h the TT -* (TT*) c o n f i g u r a t i o n . T h i s c o n f i g u r a t i o n 
m i x i n g causes an energy l o w e r i n g o f t h e i r -> TT * c o n f i g u r a t i o n . 

Compar i son Of S p e c t r a Of Gas Phase And Condensed Phase A n i o n s 

I n a s o l v e n t such as m e t h y l t e t r a h y d r o f u r a n (MTHF), a n i o n 
and c a t i o n s t a t e s o f an u n s a t u r a t e d h y d r o c a r b o n are t y p i c a l l y 
s t a b i l i z e d by 1-1.5 eV. F o r example , the ground s t a t e a n i o n s o f 
b u t a d i e n e , benzene , n a p h t h a l e n e , and s t y r e n e , wh ich a re u n s t a b l e 
b y Q l . l eV or l e s s i n the gas phase , a re a l l s t a b l e i n MTHF g l a s s a t 
77 K making p o s s i b l e t h e i r s tudy by o p t i c a l s p e c t r o s c o p y . On the 
o t h e r hand , the an ions o f e t h y l e n e and 1,4 c y c l o h e x a d i e n e w h i c h 
a re u n s t a b l e by about 1.8 eV i n the gas phase have not been 
p r e p a r e d i n MTHF g l a s s . P r e s u m a b l y , the use o f a more p o l a r 
s o l v e n t would a l l o w the p r e p a r a t i o n o f these an ions i n a g l a s s . 

To i l l u s t r a t e the e f f e c t o f s o l v a t i o n on temporary a n i o n s we 
w i l l c o n s i d e r the naph tha l ene m o l e c u l e . T h i s m o l e c u l e i s p a r t i c 
u l a r l y i n t e r e s t i n g because i t i s an a l t e r n a n t h y d r o c a r b o n ( 1 4 ) , 
and f o r such m o l e c u l e s , the p a i r i n g theorem ( L 5 ) p r e d i c t s t h a t the 
a n i o n and c a t i o n s p e c t r a s h o u l d be i d e n t i c a l . T h i s theorem i s 
v a l i d fo r b o t h H u c k e l and PPP model H a m i l t o n i a n s , bu t i s not v a l i d 
f o r ab i n i t i o or CNDO c a l c u l a t i o n s . I t has been found (10) t o be 
t r u e to a good a p p r o x i m a t i o n ( ^ 0 . 1 eV) i n o r g a n i c g l a s s e s ( 1 6 ) . 
The ETS s p e c t r a a l l o w s an e x a m i n a t i o n o f the v a l i d i t y o f t h i s 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



4 PHOTON, ELECTRON, AND ION PROBES 
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Chemical Physics Letters 

Figure 2. Vertical singlet and triplet ir - > t t * excitation energies of ethylene and 
the fluoroethylenes as a function of (IP-EA) (10) 
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theorem f o r gas phase s p e c i e s . U s i n g d i f f e r e n c e s between gas 
phase E A ' s , we c o n s t r u c t (17) gas phase t r a n s i t i o n e n e r g i e s f o r 
compar i son w i t h the condensed phase v a l u e s . 

The ETS and PES s p e c t r a are p r e s e n t e d i n F i g u r e 3 i n such a 
way as to f a c i l i t a t e compar i son o f the s p a c i n g s between the a n i o n 
and c a t i o n energy l e v e l s . I n F i g u r e 4 we p r e s e n t the a n i o n 
e x c i t a t i o n e n e r g i e s o b t a i n e d from ETS, from a b s o r p t i o n s t u d i e s i n 
MTHF g l a s s , s e m i - e m p i r i c a l PPP and L o n g u e t - H i g g i n s - P o p l e C I c a l 
c u l a t i o n s , and f i n a l l y from PES , assuming the v a l i d i t y o f the 
p a i r i n g theorem. 

Perhaps the most s t r i k i n g f e a t u r e to be g l e a n e d from t h i s 
f i g u r e i s t h a t f o r the l o w - l y i n g t r a n s i t i o n s the e n e r g i e s d e t e r 
mined by a l l methods a re i n good agreement , w h i l e f o r the h i g h e r -
l y i n g t r a n s i t i o n s the gas phase r e s u l t s l i e c o n s i d e r a b l y above 
the o t h e r s . We have i n t e r p r e t e d t h i s i n terms o f a n i o n l i f e t i m e s , 
n o t i n g t h a t , i n g e n e r a l  the l i f e t i m e dec reases as one goes t o 
i n c r e a s i n g l y h i g h - l y i n g
s t a t e s near 5 eV i n naph tha l en

These t imes a re o n l y a f a c t o r o f 2-3 g r e a t e r than the t ime 
f o r an e l e c t r o n w i t h 5 eV o f k i n e t i c energy to t r a v e l a d i s t a n c e 
e q u a l to the " s i z e " o f the naph tha l ene m o l e c u l e . Hence the 
w a v e f u n c t i o n s a s s o c i a t e d w i t h these v e r y s h o r t - l i v e d resonances 
have much l e s s l o c a l i z a t i o n o f charge i n the m o l e c u l a r r e g i o n than 
do those a s s o c i a t e d w i t h l o n g - l i v e d r e s o n a n c e s . As a r e s u l t , the 
s h o r t - l i v e d resonances undergo l e s s e l e c t r o n i c r e l a x a t i o n o f the 
cha rge d e n s i t y a s s o c i a t e d w i t h the n e u t r a l m o l e c u l e . 

I n the condensed phase , where the l i f e t i m e s o f the a n i o n s are 
i n c r e a s e d and t h e i r w a v e f u n c t i o n s s h o u l d be c o n s i d e r a b l y more 
l o c a l i z e d , a l l the a n i o n s t a t e s s h o u l d e x p e r i e n c e c o n s i d e r a b l e 
r e o r g a n i z a t i o n . I n o t h e r words , when compared to the condensed 
phase a n i o n s , the h i g h - l y i n g gas phase an ions a re " n o n - r e l a x e d " 
and the l o w - l y i n g an ions e s s e n t i a l l y " f u l l y r e l a x e d " . C l e a r l y , 
any a n i o n s t a t e wh ich l i v e s s u f f i c i e n t l y l o n g to d i s p l a y s t r u c 
t u r e due to n u c l e a r m o t i o n w i l l be e s s e n t i a l l y f u l l y r e l a x e d 
e l e c t r o n i c a l l y . 

I t has been no ted by Duke and coworkers (18) t h a t the v a r i o u s 
c a t i o n s t a t e s o f u n s a t u r a t e d h y d r o c a r b o n s a re s t a b i l i z e d to n e a r 
l y the same e x t e n t g o i n g from the gas phase to the condensed 
phase . There i s b e t t e r p a i r i n g between the a n i o n and c a t i o n 
s t a t e s i n MTHF g l a s s than f o r the gas phase s p e c i e s . T h i s i s i n 
agreement w i t h the o b s e r v a t i o n t h a t the v a r i o u s a n i o n s t a t e s are 
s t a b i l i z e d by d i f f e r i n g amounts g o i n g from the gas to the c o n 
densed phase . 

C o n c l u s i o n s and D i s c u s s i o n 

I n t h i s paper we have t r i e d to g i v e the r e a d e r a g e n e r a l 
o v e r v i e w o f the types o f c h e m i c a l i n f o r m a t i o n t h a t can be o b t a i n e d 
from e l e c t r o n t r a n s m i s s i o n s p e c t r o s c o p y . ETS appears to be 
i d e a l l y s u i t e d f o r s t u d y i n g temporary a n i o n s formed by the c a p -
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Figure 3. Photoelectron and electron 
transmission spectra of naphthalene: (a) 
derivation of the transmitted current as a 
function of electron energy in naphtha
lene; (b) Hel spectra of naphthalene (21) 
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Chemical Physics 

Figure 4. Anion excitation energies in eV for naphthalene. (ETS) Energies de
rived from electron transmission measurements in the gas phase; (Soln) optical 
absorption studies in anions in MTHF glass; (PPI, CI) theoretical energies; (PT) 
values derived from the cation spectrum by applications of the Pairing Theorem 

W). 
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t u r e o f e l e c t r o n s i n t o l o w - l y i n g u n f i l l e d TT* o r b i t a l s . Temporary 
a n i o n s a s s o c i a t e d w i t h a* o r b i t a l s a p p a r e n t l y are too s h o r t - l i v e d 
i n g e n e r a l to be d i s c e r n a b l e i n the t o t a l s c a t t e r i n g c r o s s -
s e c t i o n . The o n l y s a t u r a t e d h y d r o c a r b o n f o r wh ich we have 
obse rved a shape resonance i s c y c l o p r o p a n e (19). However , t h i s 
p r o b a b l y s h o u l d not be c o n s i d e r e d an e x c e p t i o n s i n c e some o f the 
s igma o r b i t a l s o f t h i s m o l e c u l e a re known to have a p p r e c i a b l e p i 
c h a r a c t e r . F o r v e r y s h o r t - l i v e d a n i o n s t a t e s , the c r o s s s e c t i o n s 
f o r v i b r a t i o n a l e x c i t a t i o n w i l l p r o v i d e a more s e n s i t i v e means o f 
d e t e c t i o n . F o r example , W a l k e r , e t a l . (20) have l o c a t e d a a * 
r e sonance i n e t h y l e n e between 3 and 6 eV. 
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Abstract 

The temporary anions associated with low-lying unfi led 
orbitals generally have lifetimes in the range of 10-12 - 10-15s 
in the gas phase. This paper discusses the use of electron 
transmission spectroscopy (ETS) to provide information on these 
short-lived anions. The sensitivity of the lifetimes to changes 
in symmetry is illustrated by comparing the electron transmission 
of benzene and various alkyl substituted benzenes. 

Knowledge of the gas phase electron affinities for a series 
of molecules, such as the fluoroethylenes, provides new insight 
into substituent effects. The correlation between the trends in 
the singlet and triplet excitation energies of the neutral mole
cules and the quantity (IP - EA) is also examined. 

The energy levels of the anion states of naphthalene and 
styrene as determined from the gas phase studies are compared to 
those obtained from optical absorption measurements on the anions 
in organic matrices as well as with theoretical predictions. It 
is demonstrated that the effect of solvation on the energy of an 
anion state depends on its lifetime, with larger shifts being 
observed for the shorter lived anions. 
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Negative Ion States of Polyatomic Molecules1 

L. G. CHRISTOPHOROU 

Atomic, Molecular and High Voltage Physics Group, Health and Safety Research 
Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830 and 
Department of Physics, University of Tennessee, Knoxville, TN 37916 

I n t h i s paper I s h a l l e l a b o r a t e on r e c e n t knowledge c o n c e r n 
i n g ( i ) the number and e n e r g i e s , ( i i ) the c r o s s s e c t i o n s and 
d e c o m p o s i t i o n s , and ( i i i ) the l i f e t i m e s o f n e g a t i v e i o n s t a t e s 
(NISs ) o f p o l y a t o m i c o r g a n i c m o l e c u l e s . These a re formed by 
c a p t u r e o f an e l e c t r o n i n e i t h e r the f i e l d o f the ground or the 
f i e l d o f an e x c i t e d e l e c t r o n i c s t a t e th rough a number o f mecha
nisms, ( ! ) and a re m e t a s t a b l e w i t h l i f e t i m e s r a n g i n g from ^10 to 
>10 s e c . I s h a l l r e s t r i c t m y s e l f o n l y to two c a s e s , namely , 
those NISs w h i c h a re formed i n the f i e l d o f the ground e l e c t r o n i c 
s t a t e v i a a shape resonance and v i a a n u c l e a r - e x c i t e d Feshbach 
resonance mechanism. These two mechanisms are i l l u s t r a t e d i n F i g . 
1. I n the former type the e l e c t r o n i s t r apped i n the a t t r a c t i v e 
r e g i o n o f the p o t e n t i a l , w h i c h r e s u l t s from the combined e f f e c t o f 
the l o n g - r a n g e p o l a r i z a t i o n p o t e n t i a l and the s h o r t - r a n g e r e p u l 
s i o n due to the c e n t r i f u g a l m o t i o n o f the two p a r t i c l e s , and the 
NIS l i e s above the c o r r e s p o n d i n g pa ren t n e u t r a l s t a t e [ i . e . , i t s 
e l e c t r o n a f f i n i t y , E A , i s n e g a t i v e (<0 e V ) ] ; i t decays by e l e c t r o n 
e m i s i s o n and by d i s s o c i a t i v e ^ a t t a c h m e n t ( i f e n e r g e t i c a l l y p o s s i 
b l e ) u s u a l l y i n t imes <10 s e c . The l a t t e r type i n v o l v e s 
c o u p l i n g o f the k i n e t i c energy o f the c a p t u r e d e l e c t r o n to 
m o l e c u l a r v i b r a t i o n and i n t h i s case the NIS l i e s e n e r g e t i c a l l y 
be low [ i . e . , i t s EA i s p o s i t i v e (>0 eV) ] the c o r r e s p o n d i n g pa ren t 
n e u t r a l s t a t e ; i t thus can be s t a b i l i z e d , l e a d i n g to s t a b l e pa r en t 
n e g a t i v e i o n s . I n the v e r y i n i t i a l s t ep o f t h e i r f o r m a t i o n ( i . e , 
p r i o r to s t a b i l i z a t i o n ) these NISs can a l s o decay by a u t o i o n i z a -
t i o n and a u t o d e c o m p o s i t i o n ( i f e n e r g e t i c a l l y p o s s i b l e ) . The 
l i f e t i m e s o f these NISs toward autodetachiw|n t (and at t imes 
toward a u t o d i s s o c i a t i o n ) are l o n g , o f t e n >10 s e c . T h e i r c r o s s 

1Research sponsored by the Office of Health and Environmental 
Research of the US Department of Energy under contract W-7405-
eng-26 with Union Carbide Corporation. 
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s e c t i o n s a re l a r g e ( o f t e n >10 cm ) and as a r u l e r each t h e i r 
maximum v a l u e a t t h e r m a l e n e r g i e s (2^). 

We u s u a l l y l e a r n o f the p r o p e r t i e s o f NISs th rough t h e i r 
decay c h a n n e l s . Thus knowledge on ( i ) i s n o r m a l l y o b t a i n e d e i t h e r 
from the energy dependence o f the t o t a l e l e c t r o n s c a t t e r i n g c r o s s 
s e c t i o n , o r the c r o s s s e c t i o n f o r e l a s t i c s c a t t e r i n g , o r the c r o s s 
s e c t i o n f o r i n e l a s t i c s c a t t e r i n g i n v o l v i n g v i b r a t i o n a l a n d / o r 
e l e c t r o n i c e x c i t a t i o n — a t an a n g l e or i n the fo rward d i r e c t i o n — 
v i a the decay o f the NIS by e l e c t r o n e m i s s i o n ; these c r o s s 
s e c t i o n s a re measured c o n v e n i e n t l y u s i n g e l e c t r o n s c a t t e r i n g and 
e l e c t r o n t r a n s m i s s i o n t e c h n i q u e s . Knowledge on ( i ) can be 
a c q u i r e d a l s o from s t u d i e s o f the energy dependence o f the c r o s s 
s e c t i o n s f o r s p e c i f i c d i s s o c i a t i v e a t tachment fragment i o n s , 
t o t a l d i s s o c i a t i v e a t tachment c r o s s s e c t i o n s o r c r o s s s e c t i o n s 
f o r pa r en t n e g a t i v e i o n f o r m a t i o n ; the l a t t e r c r o s s s e c t i o n s a re 
u s u a l l y de t e rmined ( e s p e c i a l l y a t low e n e r g i e s ) by the swarm and 
the swarm-beam t e c h n i q u e s
e l e c t r o n beam, mass s p e c t r o m e t r i
method b e i n g most a p p r o p r i a t e f o r low e n e r g i e s and f o r n u c l e a r -
e x c i t e d Feshbach r e s o n a n c e s . Our knowledge on ( i i i ) come^ from 
e l e c t r o n s c a t t e r i n g methods when EA < 0 eV and T ^ 1 0 s e c , 
from h i g h p r e s s u r e ^ l e c t r o n swarm s t u d i e s when EA > 0 eV and T i n 
the range 10 -10 s e c , from t i m e - o f - f l i g h t mass s p e c t r o m e f r i c 
s t u d i e s when EA > 0 eV and ^ 10 s e c , and from i o n - c y c l o t r o n 
re sonance t e c h n i q u e s when EA > 0 eV and T ^ 1 0 sec (see R e f . 
2 ) . a 

M o l e c u l a r n e g a t i v e i o n s t a t e s a re abundant ; t h e i r e n e r g i e s , 
c r o s s s e c t i o n s , and l i f e t i m e s a re s t r o n g l y a f f e c t e d by the de
t a i l s o f the m o l e c u l a r s t r u c t u r e as w e l l as the medium w h i c h 
su r rounds the m e t a s t a b l e a n i o n s . The c r o s s s e c t i o n s and l i f e 
t imes o f the NISs a re f u n c t i o n s o f the e l e c t r o n energy e. O f t e n 
the NISs are d e s c r i b e d — t h e i r e n e r g i e s app rox ima ted and t h e i r 
numbers r a t i o n a l i z e d — i n terms o f the u n o c c u p i e d m o l e c u l a r o r b i t 
a l s o f the n e u t r a l m o l e c u l e . These a spec t s o f NISs w i l l be 
apparen t from the s e l e c t e d da t a p r e s e n t e d i n t h i s paper on the 
n e g a t i v e i o n shape and n u c l e a r - e x c i t e d Feshbach resonances o f 
t h r e e b a s i c groups o f p o l y a t o m i c o r g a n i c m o l e c u l e s , namely , n o n -
a r o m a t i c doub le -bonded sys tems , benzene and benzene d e r i v a t i v e s , 
and s e l e c t e d h a l o c a r b o n s . The new knowledge on NISs p r o v i d e s f o r 
e f f e c t i v e p r o b i n g o f m o l e c u l a r s t r u c t u r e and r e a c t i o n s , and f o r 
the t e s t i n g o f t h e o r e t i c a l t r ea tmen t s o f m o l e c u l a r e l e c t r o n i c 
s t r u c t u r e ; i t i s a l s o d i r e c t l y r e l e v a n t to a m u l t i p l i c i t y o f 
a p p l i e d f i e l d s and t e c h n o l o g i e s (_3, 4 ) . 

Nonaromat i c Double-Bonded S t r u c t u r e s 

E f f e c t o f Double Bonds and T h e i r M u t u a l I n t e r a c t i o n on the 
Energy o f NISs Formed v i a a Shape Resonance Mechanism. The l o w e s t 
NIS o f C 2 H ^ i s l o c a t e d ( a d i a b a t i c ; 0 + 0 t r a n s i t i o n ) a t 1.55 eV 
above the ground s t a t e and i s due to e l e c t r o n c a p t u r e i n t o the 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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(b ) o r b i t a l . S i n c e to our knowledge t h i s i s the l o w e s t NIS o f 
t h e g i s o l a t e d m o l e c u l e , the EA o f C^H^ i s - 1 . 5 5 eV. Comparing the 
p o s i t i o n s o f the r e p o r t e d lowes t RLSs OF C 2 H ^ and C 2 H 6 ( T a b l e 1) 
i t i s seen t h a t the e t h y l e n i c double bond s t a b i l i z e s the NIS 
(makes EA l e s s n e g a t i v e ) . The p resence o f an a d d i t i o n a l doub le 
bond i n the m o l e c u l e ( T a b l e 1) lowers the NIS energy even more. 
T h i s o b s e r v a t i o n appears to be v a l i d , a l s o , f o r c y c l i c compounds 
where a g a i n two double bonds lower the n e g a t i v e i o n resonance 
energy much more than does a s i n g l e doub le bond . F u r t h e r m o r e , 
t h i s l o w e r i n g i s a f u n c t i o n o f the mu tua l i n t e r a c t i o n o f the two 
d o u b l e bonds , w h i c h , i n t u r n , depends on t h e i r r e l a t i v e p o s i 
t i o n s . L o c a l i z e d doub le bonds can i n t e r a c t d i r e c t l y t h r o u g h 
space or i n d i r e c t l y th rough o t h e r bonds (2)- The changes i n the 
e n e r g i e s o f the NISs a p p a r e n t l y a re s e n s i t i v e probes o f such 
i n t e r a c t i o n s . 

The p o s i t i o n o f th  NIS  i  T a b l  1  fro  e l e c t r o
s c a t t e r i n g s t u d i e s . O
l i s t e d m o l e c u l e s i s n e g a t i v
knowledge o f the c r o s s s e c t i o n f o r f o r m a t i o n o f these NISs i s 
a v a i l a b l e . 

E f f e c t o f CH^ Group . S u b s t i t u t i o n o f CH~ f o r H lower s the 
m o l e c u l a r symmetry, and the da t a i n T a b l e 2 snow t h a t i t r a i s e s 
the p o s i t i o n o f the NIS (makes the EA s m a l l e r ) . The same e f f e c t s 
a r e obse rved when one o f the C H ^ groups o f the e t h y l e n e m o l e c u l e 
i s r e p l a c e d by a tomic oxygen , wh ich i s the u n i t e d atom e q u i v a l e n t 
o f C H 2 . S i m i l a r e f f e c t s a re obse rved f o r a r o m a t i c s ( e . g . , the 
p o s i t i o n o f the l o w e s t NIS o f a n i l i n e , m e t h y l a n i l i n e and d i m e t h y l 
a n i l i n e , were r e p o r t e d to be r e s p e c t i v e l y , - 1 . 1 3 ( 1 0 ) , - 1 . 1 9 (11) 
and - 1 . 2 4 (JjO e V ) . These da t a were a g a i n from e l e c t r p j s c a t t e r 
i n g e x p e r i m e n t s ; the NISs a re v e r y s h o r t - l i v e d (<10 sec ) and 
the EA <0 eV. 

E f f e c t s o f E l e c t r o n W i t h d r a w i n g S u b s t i t u e n t s . The s u c c e s s 
i v e s u b s t i t u t i o n o f CH^ by 0 , the u n i t e d atom e q u i v a l e n t , o r 
s u b s t i t u t i o n o f the H atom by e l e c t r o n e g a t i v e groups or atoms 
lower s the p o s i t i o n o f the n e g a t i v e i o n resonance ( i n c r e a s e s the 
EA o f the m o l e c u l e ) . A c t u a l l y f o r the l a s t two m o l e c u l e s i n T a b l e 
3 the EA i s p o s i t i v e and l a r g e . _ £ t t h e r m a l e n e r g i e s the p a r e n t 
n e g a t i v e i o n s C 2 ( C N ) ^ and ^ C l ^ a re formed and^are l o n g - l i v e d 
( t h e l i f e t i m e s , T , toward autodetachment a r e > 10 sec ) ( 2 , 1 6 ) . 
The f o r m a t i o n o f ese i o n s i s a t t r i b u t e d to the l a r g e e l e c t r o n 
w i t h d r a w i n g a b i l i t y o f CN and C I , w h i c h i n c r e a s e s the e f f e c t i v e 
p o s i t i v e charge a t the ca rbon atoms by w i t h d r a w i n g e l e c t r o n s from 
the doub le bond and hence i n c r e a s i n g the EA o f the m o l e c u l e . 

The y i e l d o f the C 2 ( C N ) , i o n and i t s x a re shown i n F i g . 2 
as a f u n c t i o n o f e . B o t h the l o n g T and i t s v a r i a t i o n w i t h e 
have _b,een d i s c u s s e d e a r l i e r (2, _17).f* I n F i g . 3 the y i e l d o f 
C 2 C 1 ^ i s compared w i t h t h a t o f SF^ . B o t h peak a t t h e r m a l 
e n e r g i e s . They a re v e r y n a r r o w , and t h e i r shapes i n F i g . 3 a r e 
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Table 1: E f f e c t of double bonds and t h e i r mutual i n t e r a c t i o n on the p o s i t i o n ( i n eV)* 
o f the NISs of nonaromatic double-bonded polyatomic molecules formed v i a a shape 
resonance mechanism. 

Reported Reported 
Formula P o s i t i o n of P o s i t i o n o f 

F i r s t NIS** Second NIS** 

Ethane H 3 C _ C H 3 2 3 

Ethylene H

1,3-Butadiene 

Cyclohexene 

1,3-Cyclohexad iene 

1,4-Cyclohexadiene 

1 ,5-Cyclooc tad iene 

* The u n c e r t a i n t y u s u a l l y i s 0.1 eV. 

** Values l i s t e d are v e r t i c a l except those i n parentheses which are a d i a b a t i c . The minus (-) 
s i g n i s used to i n d i c a t e that the EA i s nega t ive , equal to the number i n d i c a t e d . 

a Ref . 

b Ref . 6. 
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Table 2: E f f e c t of CH- s u b s t i t u t i o n on the p o s i t i o n of the f i r s t NIS of 
polyatomic molecules. 

Molecule Formula 
Reported p o s i t i o n 

of F i r s t NIS* 

Propene CH3HC=CH2 -1.99 s 

cis-Butene CH3HC=CHCH3 -2.22 a 

Formaldehyde 

>•• 
-0.7 b** (-0.65) C 

Acetaldehyde -1.3 b** 

Acetone 

:;>•
See footnote ** i n Table 1. 

** Maximum of shape resonance, 

a Ref. 6. 

b Ref. 8. 

c Ref. 9. 

Table 3. E f f e c t s of e l e c t r o n withdrawing groups or atoms on the p o s i t i o n of 
the f i r s t NIS of some e t h y l e n i c - t y p e s t r u c t u r e s . 

Molecule Formula 
Reported p o s i t i o n 
of f i r s t NIS (eV) Comments 

Ethylene H2C=CH (-1.55) a I s o e l e c t r o n i c 
sequence; 

b replace CH 2 

Formaldehyde H2C=0 (-0.65T by united 
atom equiva

Oxygen 
°2 

(+0.44) C l e n t , 0 

TetracyanoethyIene 

TetrachloroethyIene 

(CN) 2C=C(CN) 2 

c i 2 c = c c i 2 

(+2.88) c 

(+2.12?) C 

Nuclear-exc i t e d 
Feshbach 
resonance 

a See Table 1 

b See Table 2 

c Equated to the EA value reported and thus to the p o s i t i o n of 
the lowest NIS [ 0 2 (Ref. 13.), C 2 ( C N ) 4 (Ref. 14), C 2 C 1 4 (Ref. 15.)] 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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a 

RADIAL DISTANCE OF INCIDENT ELECTRON, p INTERNUCLEAR DISTANCE 

Figure 1. Schematic illustration of (a) shape and (b) nuclear-excited Feshbach 
resonances. The symbols |0> and \R> designate, respectively, the electronic 

ground state of the neutral molecule and the NIS (1). 

ELECTRON ENERGY (eV) 

Figure 2. Negative ion autodetachment lifetime (*) and negative ion current 
(measured without the retarding potential difference method) (O) for C2(CN)i~* 

as a function of electron energy (11) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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° S F 6 
TETRACHLOROETHYLENE 

CI CI 
\ / 

c = c 
/ \ 

CI CI 

0 0.5 
ELECTRON ENERGY, e (eV) 

1.0 

Figure 3. 
SF6~*. 

Journal of Chemical Physics 

Comparison of the energy dependence of the C2Cl/~* ion with that of 
The yields of the two ions were normalized at the peak (16). 
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i n s t r u m e n t a l . A t ^ 0 .0 eV the l i f e t i m e o f C 2 C 1 , toward a u t o -
detachment i s (_16) 14+3 u s e c . V e r y i n t e r e s t i n g l y the t r a n s i e n t 
C ^ C l ^ i o n can m u l t i p l y fragment^ y i e l d i n g l a r g e q u a n t i t i e s o f 
CI and a l s o s m a l l amounts o f C l ^ . The wqrk o f Johnson e t a l . 
(16) has shown t h a t the t r a n s i e n t a n i o n s , M , o f c h l o r o e t h y I e n e s 
and c h l o r o e t h a n e s fragment (even when these a re formed by the 
c a p t u r e o f e l e c t r o n s w i t h v i r t u a l l y ze ro_ene rgy ) th rough a m u l t i 
p l i c i t y o f c h a n n e l s . Depending on M , a l l or p a r t o f the 
d e c o m p o s i t i o n channe l s shown below were found (JJ>) to be p o s s i b l e . 

(*) C ) 

(M-C1)+C1_ 
C1+(M-C1) 
(M-2C1)+C1 2 _ 6 

M ( l o n g - l i v e d ; >10 sec ) 

The c r o s s s e c t i o n f o
e x i s t e n c e o f f i v e maxima be low ^ 2 . 0 eV f o r the c h l o r o e thy Iene s 
(and a l s o f o r the c h l o r o e t h a n e s ) (16>). I t seems t h a t these a re 
not due to v i b r a t i o n a l e x c i t a t i o n , bu t r a t h e r due to s e p a r a t e NISs 
a s s o c i a t e d (_16) w i t h o r b i t a l s dominated by the p - o r b i t a l s o f the 
CI atom. T h e i r p o s i t i o n s a re r e l a t i v e l y i n s e n s i t i v e , and t h e i r 
c r o s s s e c t i o n s v e r y s e n s i t i v e to the d e t a i l s o f the m o l e c u l a r 
s t r u c t u r e . A s i m i l a r b e h a v i o r i s e x h i b i t e d by a number o f 
p e r f l u o r o c a r b o n s t r u c t u r e s (see R e f s . 18 and 19 and the f o l l o w i n g 
s e c t i o n s ) . 

A l t h o u g h f o r the m o l e c u l e s i n F i g . 4 _ g i s s o c i a t i v e a t t achment 
p r o c e s s e s are expec t ed to be f a s t (<<10 s e c ) , f o r C 2 C 1 ^ a t 

M ) . 0 eV (and f o r a number o f o t h e r a u t o d i s s o c i a t i n g l o n g - l i v e d 
p a r e n t n e g a t i v e i o n s ) bo th the a u t o d i s s o c i a t i o n and the a u t o -
detachment p r o c e s s e s are s l o w , as a r e s u l t o f v i b r a t i o n a l r e d i s 
t r i b u t i o n o f i n t e r n a l energy (2^). 

E f f e c t o f P e r f l u o r i n a t i o n . As d i s c u s s e d i n the p r e c e e d i n g 
s e c t i o n , the e f f e c t o f s u b s t i t u t i o n o f an H atom by a h a l o g e n atom 
i s a g e n e r a l l o w e r i n g o f the energy o f the N I S . T h i s i s 
d r a m a t i z e d i n the case o f t o t a l r ep lacement o f the H atoms i n the 
m o l e c u l e by f l u o r i n e s w h i c h , f o r the two p e r f l u o r o c a r b o n s i n 
T a b l e 4 and f o r o t h e r s i m i l a r s t r u c t u r e s w i t h f o u r or more c a r b o n 
atoms, (_3) lowers the l owes t n e g a t i v e i o n s t a t e such t h a t the EA 
a t t a i n s a p o s i t i v e v a l u e . T h i s , i n t u r n , has a p r o f o u n d e f f e c t on 
the magni tude o f the a t tachment c r o s s s e c t i o n and the a u t o d e t a c h -
ment l i f e t i m e o f the p a r e n t a n i o n s . Thus , a l t h o u g h the n o n f l u o r -
i n a t e d forms do not a t t a c h l ow-ene rgy e l e c t r o n s , the p e r f l u o r -
i n a t e d m o l e c u l e s have v e r y l a r g e e l e c t r o n a t tachment c r o s s 
s e c t i o n s ( c l o s e to the maximum s-wave c a p t u r e c r o s s _ g e c t i o n ; see 
F i g . 5 ) , and the l i f e t i m e o f the pa ren t i o n s ^ a r e >10 s e c . i . e . , 
o r d e r s o f magni tude l o n g e r than those (<10 sec ) o f the NISs o f 
the n o n f l u o r i n a t e d a n a l o g u e s . 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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l l l l l l l l l l l l l l l l l l l I l l l I II 

0 0.5 1.0 1.5 2.0 
€, ELECTRON ENERGY (eV) 

Journal of Chemical Physics 

Figure 4. Comparison of the energy dependence of the CI' yield for the chloro-
ethylenes (16) 

0 0.4 0.8 1.2 0 0.4 0.8 1.2 1.6 2.0 
E L E C T R O N ENERGY, e (eV) MEAN ELECTRON ENERGY, <€> (eV) 

Figure 5. (a) Total electron attachment cross section as a function of electron 
energy for l,3-CJtF6 and c-C6FJ0. These were unfolded by McCorkle et al. (22) 
from the aw vs. E/P data of Ref. 18 on l,3-ChFG and of Ref. 19 on c-C6F10. 
(b) Plot of aw vs. <c> from Refs. 18 and 19. The <rs.waVe and (aw)s.wave are, 

respectively, the maximum s-wave capture cross section and capture rate. 
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Table 4 . 

PHOTON, ELECTRON, AND ION PROBES 

E f f e c t of p e r f l u o r i n a t i o n on the energies and l i f e t i m e s of NISs. 

Molecule 
P o s i t i o n of lowest 

Formula observed NIS (eV) 
Ev 

(eV) 
Autodetachment 
l i f e t i m e (ysec) 

1 ,3-Butadiene H2C=CH-CH=CH2 - 0 . 6 2 3 - « 1 

1 , 3-Perfluoro-
butadiene 

F2C=CF-CF=CF2 b >oc 7 d 

Cyclohexene c-C 6H 1 0 - 2 . 0 7 * - « 1 

P e r f l u o r o -
cyclohexene 

C - C 6 F 1 0 b >1.4+0.3 e 106;113 d 

a From Table 1 

b The o (e) a shows at l e a s t three resonances below M eV (see F i g . 5 ) . 

c EA (2-C.F, 4 6 ) = 0.7 - 1.45 e

d Ref. 2 

e Ref. 21 

I t i s i n t e r e s t i n g to no te the s t r u c t u r e i n the t o t a l e l e c t r o n 
a t t achment c r o s s s e c t i o n o* (e) be low M. eV i n F i g . 5 , w h i c h 
i n d i c a t e s the e x i s t e n c e o f t f i ree NISs i n t h i s energy r a nge . S i n c e 
a t t h e r m a l and e p i t h e r m a l e n e r g i e s the i o n s formed are l o n g - l i v e d 
and the measured a t tachment r a t e s showed (1^8, 19) no p r e s s u r e 
dependence, the a (e) i n F i g . 5 are t aken to g i v e a t r u e measure 
o f the r a t e o f f o r m a t i o n o f the l o w e s t NIS o f these m o l e c u l e s . 
S t u d i e s o f these and o t h e r p e r f l u o r o c a r b o n s (.18, 19) i n d i c a t e d 
t h a t the number and energy p o s i t i o n s o f the NISs o f these m o l e 
c u l e s do not v a r y c o n s i d e r a b l y , c o n t r a r y to the l a r g e v a r i a t i o n s 
i n the r e s p e c t i v e o ( e ) . i t w o u l d , t h e n , seem t h a t the magni tude 
o f a (e) f o r the f o r m a t i o n o f a NIS i s a r a t h e r s e n s i t i v e p robe o f 
the d e t a i l s o f m o l e c u l a r s t r u c t u r e . 

F o r a number o f p e r f l u o r o c a r b o n s , a t t h e r m a l e n e r g i e s the 
l a r g e s t c o n t r i b u t i o n to the magni tude o f o (e) comes form the 
f o r m a t i o n o f p a r e n t i o n s (_3, _19). A t h i g h e r ene rgy , o (e) 
c o n t a i n s v a r i e d c o n t r i b u t i o n s from d i s s o c i a t i v e a t tachment f r a g 
ments which depend on the d e t a i l s o f m o l e c u l a r s t r u c t u r e ( 2 3 ) . 
F o r example , the p o l y a t o m i c m o l e c u l e 1 , 3 - C ^ F , — w h i c h i s n o n -
p l a n a r w i t h two e t h y l e n e groups l y i n g i n d i f f e r e n t p l a n e s — i s 
more e a s i l y decomposed (23) by d i s s o c i a t i v e a t tachment than i t s 
i somers 2 - C ^ F ^ and c - C . F ^ . T h i s i s c l e a r l y shown i n F i g . 6 where 
the fragment and parent: i o n s a re shown_^for 1 , 3 -C^F^ and 2 - C ^ F ^ . 
The l i f e t i m e s o f 1 , 3 -C^F^ and 2 - C ^ F ^ a t t h e r m a l e n e r g i e s a re 
(23) 7 and 6 Usee, r e s p e c t i v e l y . 

F o r C«F^ the e f f e c t o f p e r f l u o r i n a t i o n seems not to be 
s u f f i c i e n t to lower the lowes t_NIS o f the i s o l a t e d m o l e c u l e be low 
t h a t o f the n e u t r a l . {C«F^ ( o r C^F^ ) was not obse rved i n 
e l e c t r o n impact s t u d i e s . The a n i o n was obse rved i n s o l i d s o l u 
t i o n , however , and i t s EPR spec t rum was c o n s i s t e n t w i t h e l e c t r o n 
c a p t u r e i n t o a a o r b i t a l ( 2 4 ) . R e c e n t l y , i t was r e p o r t e d [ N . S . 
C h i u , P . D . Burrow and K . D . J o r d a n , Chem. P h y s . L e t t . 6 8 , 121 
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able 5. Effect of structure on the positions (in eV)+ of the negative-ion resonances of benzene and 
some of its derivatives §# 

Compound Formula First tt-NIS Second tt-NIS Third tt-NIS * CO 

0 -1.35 (-1.13) -1.35 ( -1 .13T 

Substituted benzenes with electron donating substituents 

-0.61 b ( - 1 . 0 1 ) ° 

-0.55 (-1.13) -1.88 (-1.72) 

Substituted benzenes with electron accepting substituents introducing additional NIR states 

Benzaldehyde 

Benzoic Acid COOH -0.63 -1.33 ^-4.4** 

N-heterocyclic derivatives 

Pyridine N 

t The uncertainty is usually _+0.1 eV; values l isted are vert ica l except those in parentheses which are 
adiabatic. As in earl ier tables the minus (-) sign is used to indicate that EA for the NIS l isted is negative, 
equal to the number indicated. 

§ The f irst three NIRs are associated with the three unoccupied * orbitals . The V * C Q is associated with an 
additional orbital resulting from an interaction of the carbonyl tt* orbita l with one (symmetric) of the two lowest 
degenerate v orbitals of benzene. 

# The position of the lowest negative ion state ( tradit ional ly referred to as the electron a f f in i ty , EA) for 
some of the molecules in this table may be positive (>0 eV), i . e . , the lowest negative ion state may l i e 
energetically below the f irs t *-NIR l isted in the table. The EA of C,H,.CH0, for example, has been reported to be 
^+0.42 eV (25). 

** On the basis of the data in Table II of Ref. 

a-Ref. 26, b-Ref. 27, c-Ref. lfj, d-Ref. 12, e-Ref. 28, f-Ref. 29. 

( 1 9 7 9 ) ; see a l s o p r e c e e d i n g p a p e r ] t h a t f o r C«H^ f l u o r i n a t i o n 
d e s t a b i l i z e s the IT* an ions w i t h r e s p e c t to t h a t o f e t h y l e n e . ) 
A p p a r e n t l y i t does appear t h a t fou r or more ca rbon atoms are 
n e c e s s a r y f o r a p e r f l u o r o c a r b o n m o l e c u l e to have a p o s i t i v e EA and 
thus to be c a p a b l e o f fo rming l o n g - l i v e d NISs a t low e n e r g i e s ( 3 ) . 

Benzene and D e r i v a t i v e s 

Benzene . The obse rved NISs o f benzene have been a t t r i b u t e d 
t o c a p t u r e o f an e l e c t r o n i n the degenera te 7T4> ^5 ^ e 2 1 e 2 u 2^ 
and the ^ ( b ^ ) o r b i t a l s . On the b a s i s o f the d a t a i n V a b l e V o n 
the energy o r The f i r s t TT-NIS o f benzene , i t may be c o n c l u d e d t h a t 
the T r - e l e c t r o n a f f i n i t y o f the i s o l a t e d benzene m o l e c u l e i s - 1 . 1 3 e V . 

M o n o s u b s t i t u t e d Benzenes . The NISs o f m o n o s u b s t i t u t e d b e n 
zenes obse rved i n e l e c t r o n s c a t t e r i n g expe r imen t s were a l s o 
u n d e r s t o o d on the b a s i s o f the s i m p l e T T -molecu la r o r b i t a l p i c t u r e 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



PHOTON, ELECTRON, AND ION PROBES 

~i | i | i | i | i | i i i | i | i | r 
-C 4 F 6 - # (x i ) 2 - C 4 F 6 (PERFLU0R0-2 - B U T Y N E ) 

C A F f i (xl WITH RPD) 

/ 
- C , F , (x200) 

/ \ 

! / 

/ / l 
\\ CF 3 (X1000) _ 

2 3 4 5 6 
ELECTRON ENERGY (eV) 

ELECTRON ENERGY (eV) 

Journal of Chemical Physics 

Figure 6. Parent and fragment negative ion intensity as a function of electron 
energy on 1,3-CJFs and 2-CkF6 {note the multiplication factors for the various ions). 
The asterisk means that the ion was found to be metastable with respect to auto-

detachment (23). 
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and the e f f e c t o f s u b s t i t u t i o n on the T T - o r b i t a l s o f benzene . F o r 
e l e c t r o n d o n a t i n g s u b s t i t u e n t s , t h r e e NISs were obse rved due to 
e l e c t r o n c a p t u r e i n the TT̂ , TT,. and TT̂  o r b i t a l s , the degeneracy o f 
the TT̂ , TT o r b i t a l s i n benzene b e i n g removed by s u b s t i t u t i o n 
( T a b l e 5 ) . E l e c t r o n a c c e p t i n g s u b s t i t u e n t s i n t r o d u c e a d d i t i o n a l 
NISs due to f u r t h e r s p l i t t i n g ( 1 ) . The e n e r g i e s o f the NISs 
a s s o c i a t e d w i t h the TT }̂ TT̂  o r b i t a l s depend r a t h e r s t r o n g l y on the 
e l e c t r o n a c c e p t i n g / d o n a t i n g p r o p e r t i e s o f the s u b s t i t u e n t , bu t 
the energy o f the NIS a s s o c i a t e d w i t h the TT̂  o r b i t a l i s r e l a t i v e l y 
i n s e n s i t i v e to the n a t u r e o f the s u b s t i t u e n t ( 2 6 ) . 

The e n e r g i e s o f the NISs i n T a b l e 5 were de t e rmined from 
e l e c t r o n s c a t t e r i n g expe r imen t s and r e f e r to i s o l a t e d m o l e c u l e s 
and to a n i o n i c s t a t e s reached i n the v e r y i n i t i a l s t ep o f the 
e l e c t r o n - m o l e c u l e i n t e r a c t i o n . A l t h o u g h these show t h a t the TT-
e l e c t r o n a f f i n i t y o f the i s o l a t e d m o l e c u l e s o f these compounds 
are n e g a t i v e , they do no t p r e c l u d e the p o s s i b i l i t y o f p o s i t i v e EA 
v a l u e s i n r e l a x e d s t a t e
ments . Fo r s t r o n g l y e l e c t r o
N ( 0 the pa r en t m o l e c u l e ( e . g . C^H^NCO has a j i o s i t i v e (>0 .5* e V ) 
(27 EA and forms l o n g - l i v e d (x > 7 0 x 10 sec ) (2) pa ren t 
n e g a t i v e i o n s at t h e r m a l e n e r g i e s . The l i f e t i m e s and c r o s s s e c 
t i o n s f o r f o r m a t i o n o f the NISs i n T a b l e 5 a re not known. 

H e t e r o c y c l i c s . The degeneracy o f the ^ , benzene o r b i t 
a l s can a l s o be removed by rep lacement o f a C-atom i n the benzene 
s k e l e t o n by a h e t e r o a t o m such as N . E n e r g i e s o f NISs o f N -
h e t e r o c y c l i c s were o b t a i n e d by e l e c t r o n s c a t t e r i n g methods , and 
an example i s shown i n T a b l e 5 . 

F l u o r o b e n z e n e s . P a r t i a l or t o t a l r ep l acemen t o f H atoms on 
the benzene p e r i p h e r y by F atoms a f f e c t s c o n s i d e r a b l y the e n e r 
g i e s o f the two lowes t NISs bu t has o n l y a minor e f f e c t on the 
energy o f the t h i r d N I S s , as i s shown by the e l e c t r o n t r a n s m i s s i o n 
da t a i n T a b l e 6 . A l l t h r e e NISs obse rved i n e l e c t r o n t r a n s m i s s i o n 
have been a s s o c i a t e d w i t h T r - o r b i t a l s . On the b a s i s o f these d a t a , 
a l l f l u o r o b e n z e n e s have n e g a t i v e TT-e lec t ron a f f i n i t i e s . I t i s , 
however , known t h a t a t ^ e a s t the EA o f C^F^ i s p o s i t i v e (^1 .8+0.3 
eV) (21) and t h a t C^F^ i s formed w i t h a v e r y l a r g e c r o s s s e c t i o n 
at near t h e r m a l e n e r g i e s ( F i g . 7 ) ; the autodetachment l i f e t i m e , 

, o f C , F , i s l o n g ( M 2 y s e c ) ( _ 2 ) . T h i s , as was d i s c u s s e d 
e a r l i e r , U b ) sugges t s t h a t the l owes t NIS o f C^F^ i s no t c o n n e c t 
ed w i t h a TT- b u t most p r o b a b l y w i t h a a - o r b i t a l . 

The e f f e c t o f p e r f l u o r i n a t i o n on E A , T , and a i s perhaps 
d r a m a t i z e d by a compar i son o f the magni tudes o f these q u a n t i t i e s 
f o r C , H 6 and C^H^CH^ and t h e i r p e r f l u o r i n a t e d ana logues ( T a b l e 
7 ) . The EA o f the i s o l a t e d m o l e c u l e s a re p r o b a b l y n e g a t i v e f o r 
the fo rmer , bu t they a re l a r g e and j ^ q s i t i v e f o r the l a t t e r ; the 
f o r the former a re most l i k e l y < 10 s e c , bu t they a re > 10 sec 
f o r the l a t t e r ; the t h e r m a l e l e c t r o n a t tachment r a t e s , ( ° t w ) t j 1 > 
f o r the former a re o r d e r s o f magni tude s m a l l e r compared to those 
f o r the l a t t e r . 
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Table 6. TT-negative ion states of fluorobenzenes *a 

Fluorobenzene 

p-Difluoro-
benzene 

1,3,5-Trifluo-
robenzene 

-0.91 (-0.82) -1.40 -4.66 

-0.62 (-0.53) -1.41 

-0.77** 

-4.51 

-0.77** -4.48 

2,3,5,6-Tetra-
fluorobenzene 

-0.50 (-0.34?) -1.29 -4.51 

Pentafluo
robenzene 

-0.36 -1.19 -4.53 

Hexafluo-
robenzene 

-0.42** -0.42** -4.50 

* The uncertainty is usually +0.1 eV; values listed are vertical except those in 
parentheses which are adiabatic. As in earlier tables, the minus (-) sign is 
used to indicate that EA for the NIS listed is negative, equal to the number 
indicated. 

** Note the degeneracy of these NISs due to the symmetry of the molecule. 

Ref. 26. 
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Table 7. Comparison of the energy of lowest 7T-NIS, EA, x a and (ttw>th for C^Hg and 
C 6 F 6 , and C 6 H 5 C H 3 and C ^ C F ^ 

Lowest TT-NIS EA x , 
Molecule (eV) (eV) (sec) (sec torr ) 

_ . — — 
C 6 H 6 -1 .35 a * < 0 + (?) <10" 1 2 b <104 

C , F , -0 .42 a * >1.8+0.3C 1 .3xl0" 5 d 3 . 3 x l 0 9 e 

b o — — 

C 6 H 5 C H 3 - 0 . 4 ( ? ) f ; - l . l l 8 < 0(?) <10 _ 1 2 very small 

C 6 F 5 C F 3 0 .0 (? ) h >1.7+0.3C >1.2xl0" 5 d 9 . 2 x l 0 9 h 

* Posit ion of maximum of NIS in transmission; see footnote + in Table 5

+ See discussion in Ref. ^lm. 

** For CgH^ in N 2 at tota l pressures <_ 9500 torr . 

a-Ref. 26, b-Ref. 31, c-Ref. 21, d-Ref. 2, e-Ref. 30, f-Ref. 27, g-Ref. 32, h-Ref. 

Table 8. Negat ive ion s ta tes o f p y r r o l e , 
*a 

furan and thiophene 

Compound Formula F i r s t TT-NIS Second ir-NIS 
(eV)** (eV)** 

P y r r o l e UN" -H -2.38 -3 .44 

Furan 

ll ll 
-1 .76 -3 .14 

Thiophene 

U 
-1 .17 -2 .67 

* The e l e c t r o n a f f i n i t i e s of N , 0 and S a re , r e s p e c t i v e l y , <0, 1.465 
and 2.07 eV (see Ref . .24)-, 

P o s i t i o n of the center of the NIR i n an e l e c t r o n t r a n s m i s s i o n 
s tudy . The - s i g n i s used to i n d i c a t e that the EA i s n e g a t i v e . 

From Ref . 35. 
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The e f f e c t o f p e r f l u o r i n a t i o n i s c e r t a i n l y d r a s t i c f o r a r o 
m a t i c as i t i s f o r a l i p h a t i c s . I t i s a l s o no t ed t ha t—as f o r the 
a l i p h a t i c h y d r o c a r b o n s — r e p l a c e m e n t o f F by C F 3 on the benzene 
p e r i p h e r y ( F i g . 7 ) i n c r e a s e s a

a ( £ ) c o n s i d e r a b l y . 

Othe r Con juga ted Sys tems . There a re o t h e r b a s i c m o l e c u l a r 
s t r u c t u r e s such as s t y r e n e ( l i n k between the e t h y l e n i c and b e n 
z e n e - t y p e m o l e c u l e s ) , naph tha l ene ( l i n k to h i g h e r a r o m a t i c s ) , 
b i p h e n y l ( t y p i c a l o f n o n f u s e d - r i n g a r o m a t i c s ) t h a t c o u l d h e l p 
e l u c i d a t e f u r t h e r our d i s c u s s i o n o f the e f f e c t s o f s t r u c t u r e on 
the p r o p e r t i e s o f the NISs o f o r g a n i c m o l e c u l e s . The f i r s t two 
types o f m o l e c u l e s have been d i s c u s s e d i n the p r e c e e d i n g pape r , 
and the a v a i l a b l e i n f o r m a t i o n (33) on the l a s t one i s i n c o m p l e t e . 
I n t h i s s e c t i o n , t h e r e f o r e , I s h a l l r e f e r o n l y to the r e p o r t e d 
v a l u e s on the e n e r g i e s o f the l o w e s t two NISs o f a r e l a t e d group 
o f h e t e r o a t o m - c o n t a i n i n g con juga t ed o r g a n i c s , namely p y r r o l e , 
f u r an and t h i o p h e n e ( T a b l
s i x T r - e l e c t r o n s , bu t thes
than over s i x c e n t e r s as i n benzene . The obse rved l owes t two NISs 
have been a s s o c i a t e d (35) w i t h shape resonances i n w h i c h the e x t r a 
e l e c t r o n i s c a p t u r e d i n the l o w e s t two ^ - u n o c c u p i e d m o l e c u l a r 
o r b i t a l s . On the b a s i s o f t h i s d a t a , the i r - e l e c t r o n a f f i n i t i e s o f 
these systems are n e g a t i v e . The d a t a i n T a b l e 8 a l s o show t h a t the 
energy o f each o f the l owes t two NISs o f these h e t e r o c y c l i c s i s 
l o w e r e d , i . e . , the a n i o n i c s t a t e becomes more s t a b l e , w i t h i n 
c r e a s i n g e l e c t r o n a f f i n i t y o f the h e t e r o a t o m . 

S e l e c t e d H a l o c a r b o n s 

I n t h i s s e c t i o n I s h a l l r e f e r to some o f our r e c e n t work on 
the a t tachment o f s low e l e c t r o n s to c h l o r o f l u o r o e t h a n e s and c h l o -
r o f l u o r o m e t h a n e s as i t p e r t a i n s to the NISs o f these m o l e c u l e s . I n 
F i g . 8 are p r e s e n t e d the a t tachment r a t e s as f u n c t i o n s o f <e> f o r 
l , l , l - C 2 F 3 C l a , 1 , 1 , 2 - C J ? a C l 3 , l ^ l - C ^ l ^ , and 1 , 1 , 2 - C 2 C l 3 H 3 . 
The da t a i n F i g . 8 and T a o l e 9 show the e f f e c t o f F s u b s t i t u t i o n 
as w e l l as the e f f e c t o f the number and r e l a t i v e p o s i t i o n s o f the 
CI atoms i n the m o l e c u l e on the e n e r g i e s and c o r r e s p o n d i n g c r o s s 
s e c t i o n s o f the NISs o f these compounds. Fo r a g i v e n number o f CI 
atoms i n the m o l e c u l e , r ep l acemen t o f H by F l ower s the p o s i t i o n s 
o f the resonance maxima and i n c r e a s e s the magni tude o f a ( z) ; the 
magni tude o f a (e) i n c r e a s e s w i t h i n c r e a s i n g number o f CI atoms i n 
the m o l e c u l e . The 1 , 1 , 1 - o r 1 , 1 - i s o m e r s c a p t u r e e l e c t r o n s much 
more e f f i c i e n t l y than the 1 , 1 , 2 - o r 1 , 2 - i s o m e r s , and the p o s i 
t i o n s o f the resonance maxima l i e a t l ower e n e r g i e s f o r the former 
than f o r the l a t t e r . I t i s no ted t h a t the d i p o l e moments o f the 
1 . 1 . 1 - o r 1 , 1 - compounds a re as a r u l e l a r g e r than those o f the 
1 . 1 . 2 - o r 1 ,2 - i s o m e r s . 

A l t h o u g h the a t tachment c r o s s s e c t i o n s r e p o r t e d here a re 
t o t a l ( i . e . , f o r a l l n e g a t i v e i o n s p r o d u c e d ) , e a r l i e r work on 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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Figure 8. Total electron attachment rates as a function of mean electron energy, 
and swarm-unfolded electron attachment cross sections as a function of electron 

energy for chlorofluoroethanes (36) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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Table 9. Positions of electron attachment cross section maxima, values of e) at athese maxima, energy 
integrated cross sections, an

Haloethane 

compound 
e l 

(eV) 

e 2 
(eV) 

e 3 

(eV) 
° a ( e 2 ) 

(10~ 1 6 cm2) 

a a ( G 3 ) 

(10" 1 6 cm2) 

to (e)dE 
0T04a eV 

( 1 0 - 1 6 eV cm2) 

attachment 
rate 

(sec torr ; 

1 ,1 ,1 -C 2 F 3 C1 3 <0.05 0.16 0.65 64 14.6 13.5 8.93 x 109 

1,1 ,1-C 2 H 3 C1 3 <0.05 0.10 0.79 3.6 3.1 1.74 4.72 x 108 

1 ,1 ,2 -C 2 F 3 C1 3 <0.05 0.25 0.73 10 8.1 5.94 3.59 x 108 

1,1 ,2-C 2 H 3 C1 3 0.05 0.33 0.85 1.1 2 1.02 5.8 x 106 

1 ,1 -C 2 F 4 C1 2 <0.05 0.25 0.80 3.0 3.8 3.22 1.57 x 108 

1,2-C 2 H 4 C1 2 0.2 b 0.75 b 1.08b 

1 ,2 -C 2 F 4 C1 2 

1,2-C 2 H 4 C1 2 

M).05 

0.2 b 

0.33 

0.53 b 

0.95 

1.06b 

2.1 2,1 1.85 2.28 x 107 

a From Ref. ^6 unless otherwise indicated, 

b Ref. J.6.. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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Journal of Chemical Physics 

Figure 9. Total electron attachment rates as a function of mean electron energy, 
and swarm-unfolded electron attachment cross sections as a function of electron 

energy for chlorofluoromethanes (22) 
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s i m i l a r compounds (_16^ i n d i c a t e d t h a t the predominant i o n i s CI . 
O the r_ i ons [ e . g . , C l 9 o r ( p a r e n t m o l e c u l e l e s s one c h l o r i n e 
atom) ] a re p roduced Dut w i t h much lower y i e l d s . The p r e s e n t 
r e s u l t s , as w e l l as e a r l i e r s t u d i e s on a l i p h a t i c h a l o c a r b o n s , 
( 1 6 , 23) show t h a t the c r o s s s e c t i o n s f o r e l e c t r o n a t tachment to 
these compounds a re l a r g e and t h a t the e l e c t r o n a t tachment p r o 
cess p roceeds th rough a m u l t i p l i c i t y o f n e g a t i v e i o n s t a t e s . 

I n F i g . 9 the e l e c t r o n a t tachment r a t e s as a f u n c t i o n o f < e > 

f o r C C l ^ , C C l ^ F , C C 1 2 F 2 and CCIF^ and the swarm-unfo lded t o t a l 
a t tachment c r o s s s e c t i o n s as a f u n c t i o n o f e l e c t r o n energy f o r 
C C l ^ F , C C 1 2 F 2 and CCIF^ a re p r e s e n t e d . These , and o t h e r f i n d i n g s 
( s e e , f o r example , R e f s . _3, _16), show t h a t the magni tude o f 0 ( e ) 
i n c r e a s e s w i t h i n c r e a s i n g number o f CI atoms i n the m o l e c u l e , 
becoming v e r y l a r g e f o r m u l t i p l y c h l o r i n a t e d methanes, and t h a t 
the a t tachment o f s l ow e l e c t r o n s p roceeds th rough a m u l t i p l i c i t y 
o f l o w - l y i n g NISs w h i c h — o n the b a s i s o f the p o s i t i o n s o f the 
maxima i n e) ( F i g
s h i f t to lower e n e r g i e s
l y , the e x t e n s i v e f r a g m e n t a t i o n o f these compounds upon e l e c t r o n 
impact a t these low e n e r g i e s demons t ra tes t h e i r extreme f r a g i l i t y 
towards the p resence o f low energy e l e c t r o n s , i n c l u d i n g those o f 
t h e r m a l e n e r g y . 

E f f e c t o f Medium on the N e g a t i v e Ion S t a t e s o f M o l e c u l e s 

N e g a t i v e i o n s t a t e s , as o t h e r m o l e c u l a r p r o p e r t i e s and p r o 
cesses i n v o l v i n g c h a r g e s , a re d r a m a t i c a l l y i n f l u e n c e d by the 
n a t u r e and the d e n s i t y o f the medium i n wh ich they are embedded. 
These e n v i r o n m e n t a l i n f l u e n c e s a re s t i l l not w e l l u n d e r s t o o d , and 
our knowledge on the t r a n s i t i o n from gaseous to condensed-phase 
b e h a v i o r i s s t i l l i n c o m p l e t e , a l t h o u g h p r o g r e s s i s b e i n g made 
( s e e , f o r example , R e f s . 3 7 - 3 9 ) . 

Abstract 

Recent work on the negative ion states of organic molecules 
formed in the field of the ground electronic state via a shape or 
a nuclear-excited Feshbach resonance mechanism is discussed. 
Electron scattering and electron attachment data on three basic 
groups of polyatomic organic molecules (nonaromatic double-bonded 
structures, benzene and benzene derivatives, selected halocar
bons) are used to indicate the rather delicate and strong effects 
of molecular structure on the energy, cross section and lifetime 
of the negative ion states of organic molecules. The fragility of 
anionic species toward (multiple) fragmentation is shown using 
recent data on perfluorinated and other halocarbons. 
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3 
Electronic States and Excitations in Polymers 

JOHN J. RITSKO 

Xerox Webster Research Center, Webster, NY 14580 

The most common prob
is light. However, fo
electronic excitation spectrum is beyond the range of common 
optical spectrometers. For these materials electron energy loss 
spectroscopy is a particularly attractive technique for measuring 
the spectrum of electronic excitations, thus providing key in
formation for the basic understanding of the nature of the 
electronic states. The experiments reported here measured energy 
loss spectra of an 80 keV electron beam transmitted through thin 
samples (~100 nm thick) which were prepared by standard solvent 
casting techniques or polymerized in thin film form. The special 
purpose high resolution energy loss spectrometer used in these 
studies was operated with a resolution of 0.1 eV. Spectra were 
recorded as a function of scattering angle (or momentum transfer) 
over the energy range 0.2 to 400 eV, thus encompassing both 
valence and core electronic excitations. 

Radiation induced changes in the electronic structure of all 
samples were evident as changes in energy loss spectrum with 
increased exposure to the electron beam. The spectrum of radia
tion induced chromophores could thus be studied (1). Spectra 
recorded at the earliest exposure times compared favorably with 
optical results and are believed to contain primarily intrinsic 
electronic excitations (1, 2, 3, 4). An analysis of these 
intrinsic spectra is the subject of the bulk of this paper. The 
spectra of radiation damaged polymers are described briefly after 
the intrinsic excitations are discussed. 

The energy l o s s p r o b a b i l i t y f o r f a s t e l e c t r o n s , o r the 
d i f f e r e n t i a l s c a t t e r i n g c r o s s - s e c t i o n per u n i t energy l o s s , E , 
per u n i t s o l i d a n g l e , 9. , can be w r i t t e n : 

2 _v 
d a 1 . - i q * r , .2 ,, x 

q 

where q i s the momentum t r a n s f e r r e d to the sample i n the i n e l a s t i c 
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c o l l i s i o n and and a re the ground and e x c i t e d s t a t e s o f the 
sample r e s p e c t i v e l y . T h i s e x p r e s s i o n can a l s o be w r i t t e n a s : 

d a 1 , ~1 / 0 \ 
dEdft 2 _ \ 

q e (q ,E ) 

where e i s the momentum dependent d i e l e c t r i c f u n c t i o n , q depends 
on the s c a t t e r i n g a n g l e and can be v a r i e d from 0 to l A - the 
momentum a s s o c i a t e d w i t h t y p i c a l B r i l l o u i n zone b o u n d a r i e s i n 
s o l i d s . From the energy l o s s p r o b a b i l i t y the r e a l and i m a g i n a r y 
p a r t s o f the d i e l e c t r i c f u n c t i o n can be c a l c u l a t e d by a K r a m e r s -
K r o n i g a n a l y s i s ( 1 , 2, 3, 4 ) . F o r s m a l l q , e (q ,E) i s e q u i v a l e n t 
to the o p t i c a l d i e l e c t r i c f u n c t i o n and o b s e r v a b l e s such as the 
o p t i c a l r e f l e c t i v i t y and a b s o r p t i o n c o e f f i c i e n t can be c a l c u 
l a t e d . The momentum dependence o f the m a t r i x element i n E q u a t i o n 
1 i s the source o f th
s p e c t r o s c o p y can p r o v i d e
the energy l o s s spec t rum i s dominated by e l e c t r i c d i p o l e e x c i t a 
t i o n s as i n o p t i c a l measurements . However, a t l a r g e q d i p o l e 
f o r b i d d e n e x c i t a t i o n s are measured ( 5 ) . T h i s i s o f p a r t i c u l a r 
impor tance f o r the s tudy o f energy bands i n s o l i d s . O p t i c a l l y 
o n l y v e r t i c a l i n t e r b a n d t r a n s i t i o n s a re measured due to the s m a l l 
momentum o f p h o t o n s . B u t , i n e l e c t r o n s c a t t e r i n g the s p e c t r a o f 
n o n - v e r t i c a l e x c i t a t i o n s o f a r b i t r a r y q can be o b t a i n e d . T h i s can 
p r o v i d e e s s e n t i a l i n f o r m a t i o n about the w i d t h and shape o f energy 
bands i n s o l i d s and about the l o c a l or ex tended n a t u r e o f e l e c 
t r o n i c e x c i t a t i o n s (1_, 6). 

I n many p o l y m e r s , f u n c t i o n a l groups wh ich a re r e p e a t e d a l o n g 
the polymer c h a i n are f a r enough apa r t t h a t energy bands formed 
from degenera te e l e c t r o n i c s t a t e s on d i f f e r e n t groups are v e r y 
nar row and the e l e c t r o n i c s t r u c t u r e o f the polymer i s e s s e n t i a l l y 
t ha t o f the i n d i v i d u a l monomeric u n i t r epea t ed many t i m e s . E x 
amples a re pendant group po lymers O ) and po lymers such as Lexan 
( b i s - p h e n o l - A - ( p o l y c a r b o n a t e ) ) . Energy bands due to the o v e r l a p 
o f pendant groups s h o u l d be o n l y about 0.1 eV wide (_7). Some 
energy l o s s s p e c t r a a re g i v e n i n F i g u r e 1 where the s i m i l a r i t y 
between p o l y s t y r e n e , p o l y ( 2 - v i n y l p y r i d i n e ) , and L e x a n i s q u i t e 
a p p a r e n t . The r ea son f o r t h i s i s t h a t i n t h i s s p e c t r a l r e g i o n the 
s t r o n g e s t e x c i t a t i o n s are TT -> TT* bond ing to a n t i - b o n d i n g t r a n s i 
t i o n s a s s o c i a t e d w i t h i n d i v i d u a l p h e n y l r i n g s . The C = 0 e x c i t a 
t i o n s are r e l a t i v e l y weak (2^) and e x c i t a t i o n s o f the o bonds 
g e n e r a l l y occu r a t h i g h e r ene rgy . The v a l e n c e e x c i t a t i o n s p e c 
t rum can be c a l c u l a t e d w i t h s e m i e m p i r i c a l m o l e c u l a r o r b i t a l 
methods a p p l i e d to s m a l l model m o l e c u l e s . As an example , i n 
F i g u r e 1 the v e r t i c a l b a r s i n d i c a t e the s t r o n g e s t e l e c t r o n i c 
e x c i t a t i o n s i n e t h y l b e n z e n e (as a model f o r p o l y s t y r e n e ) c a l c u 
l a t e d w i t h a CNDO-S program which i n c l u d e s 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 i n the f i n a l s t a t e ( 4 ) . There i s r e a s o n a b l y good 
agreement w i t h measured s p e c t r a l f e a t u r e s . The s m a l l peak a t 4 . 7 5 
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eV i s the w e l l known symmetry f o r b i d d e n band i n benzene . I t i s 
s t r o n g e s t i n p o l y ( 2 - v i n y l p y r i d i n e ) where the n i t r o g e n q u i t e 
e f f e c t i v e l y b r e a k s the r i n g symmetry ( 4 ) . 

The e x c i t a t i o n s o f ca rbon I s co re e l e c t r o n s b e g i n at about 
285 eV. E l e c t r i c d i p o l e e x c i t a t i o n o f these a tomic s s t a t e s t akes 
p l a c e to the empty p o r b i t a l s wh ich make up the a n t i b o n d i n g 
m o l e c u l a r o r b i t a l s . S i n c e the I s s t a t e s a re sharp and w e l l 
s e p a r a t e d from the v a l e n c e o r b i t a l s , the measured spec t rum maps 
the d i s t r i b u t i o n o f empty m o l e c u l a r o r b i t a l s (_3, 4 ) . R e s u l t s f o r 
p o l y s t y r e n e and Lexan a re g i v e n i n F i g u r e 2 . As i n d i c a t e d by the 
v e r t i c a l b a r s , w h i c h show the c a l c u l a t e d p o s i t i o n o f the empty 
o r b i t a l s o f e t h y l - b e n z e n e (4) (computed w i t h CNDO-S) , the e x c i t a 
t i o n spec t rum i s dominated by t r a n s i t i o n s to a n t i - b o n d i n g IT r i n g 
o r b i t a l s wh ich are s i m i l a r i n p o l y s t y r e n e and Lexan due to the 
l o c a l n a t u r e o f the e l e c t r o n i c s t r u c t u r e . I n p o l y ( 2 - v i n y l p y r i -
d i n e ) the i n i t i a l s t r o n g peak a t 285 eV i s s p l i t i n t o a d o u b l e t 
due to d i f f e r e n t ca rbon
i n e q u i v a l e n t charge s t a t e
pendant r i n g ( 4 ) . Thus , e l e c t r o n energy l o s s s p e c t r o s c o p y can 
p r o v i d e c h e m i c a l i n f o r m a t i o n about a tomic charge s t a t e s s i m i l a r 
to ESCA or x - r a y p h o t o e l e c t r o n s p e c t r o s c o p y . The s h i f t o f the 
f i r s t peak i n Lexan to h i g h e r energy may be such a c h e m i c a l 
e f f e c t . The d i f f e r e n c e s i n p o s i t i o n and i n t e n s i t y o f the h i g h e r 
peaks a re due to s u b t l e d i f f e r e n c e s i n the a n t i b o n d i n g o r b i t a l s o f 
the two m a t e r i a l s . 

The a bonds i n the backbone o f v i n y l po lymers s h o u l d not be 
d e s c r i b a b l e i n terms o f l o c a l s t a t e s o f s m a l l model m o l e c u l e s 
because o f o v e r l a p o f ca rbon a tomic o r b i t a l s o n l y 1.5& a p a r t . 
T h i s concept can be t e s t e d i n p o l y e t h y l e n e where the l e a s t bound 
C-C bond band w i d t h s have been c a l c u l a t e d to be about 3 eV ( 8 ) . 
The energy l o s s f u n c t i o n , I m ( - l / e ) , f o r p o l y e t h y l e n e i s g i v e n i n 
F i g u r e 3 where and e^, the r e a l and i m a g i n a r y p a r t s o f the 
d i e l e c t r i c f u n c t i o n computed v i a a K r a m e r s - K r o n i g a n a l y s i s , a re 
a l s o g i v e n (_1). F i g u r e 4 shows the computed o p t i c a l r e f l e c t i v i t y 
and o p t i c a l a b s o r p t i o n c o e f f i c i e n t wh ich f o l l o w from the d i e l e c 
t r i c f u n c t i o n . I n the r e g i o n o f the fundamental a b s o r p t i o n edge 
t h e r e appears to be r e a s o n a b l e agreement between o p t i c a l and 
energy l o s s r e s u l t s (I) a l t h o u g h i t would be d e s i r a b l e to ex tend 
the compar i son to h i g h e r e n e r g i e s as was s u c c e s s f u l l y done f o r 
p o l y s t y r e n e , p o l y ( 2 - v i n y l p y r i d i n e ) and p o l y m e t h y l m e t h a c r y l a t e ( 2 , 
4 ) . 

R e s u l t s o f p h o t o e m i s s i o n s t u d i e s o f p o l y e t h y l e n e have shown 
d e f i n i t e e v i d e n c e f o r wide energy bands among deep v a l e n c e o r b i t 
a l s (90 , bu t the n a t u r e o f the fundamental a b s o r p t i o n edge has not 
been r e s o l v e d . Band s t r u c t u r e c a l c u l a t i o n s p r e d i c t d i r e c t i n t e r -
band e x c i t a t i o n s to o c c u r above 12 .6 eV (8) whereas the a b s o r p t i o n 
t h r e s h o l d i s a t 7 .2 eV and a s t r o n g peak i n o c c u r s a t 9 .0 eV. 
The momentum dependence o f the a b s o r p t i o n t h r e s h o l d i n d i c a t e s 
t h a t the t h r e s h o l d i s o f e x c i t o n i c o r i g i n , i . e . the e x c i t a t i o n i s 
l o c a l i z e d by the s t r o n g e l e c t r o n - h o l e or c o n f i g u r a t i o n i n t e r -
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1_1 , I, 111, , , 1,11 Ml HI_J 
4 6 8 10 12 

ENERGY (ev) 

Figure 1. Valence electronic excitations: polystyrene ( ); lexan (bisphenol-A-
(polycarbonate)) ( ); poly(2-vinylpyridine) (- • -). Vertical bars indicate calcu

lated excitations of ethylbenzene. 

ENERGY (ev) 

Figure 2. Carbon Is core electronic excitations: polystyrene ( ). Vertical bars 
indicate positions of antibonding molecular orbitals of ethylbenzene with first orbital 

aligned with strong peak in polystyrene Lexan ( ). 
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Journal of Chemical Physics 

Figure 3. Polyethylene: measured energy loss function, Imf—l/e) (• • -J. Re
sults of a Kramers-Kronig analysis: tt( ); c2 ( ) (1). 

Journal of Chemical Physics 

Figure 4. Polyethylene: the normal incidence reflectivity ( ) and optical ab
sorption coefficient ( ) computed from the dielectric function of Figure 3 (1) 
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a c t i o n ene rgy , thus o c c u r r i n g below the o r i g i n a l bandgap (I). 
T h i s c o n c l u s i o n was reached by measu r ing the momentum dependence 
o f the energy l o s s s p e c t r a shown i n F i g u r e 3 . The t h r e s h o l d d i d 
not change p o s i t i o n w i t h momentum c o n t r a r y to the l a r g e changes 
e x p e c t e d f o r the d i r e c t n o n - v e r t i c a l i n t e r b a n d t r a n s i t i o n s r e 
q u i r e d by the energy band models (_1). Thus , a l t h o u g h the ground 
e l e c t r o n i c s t a t e s a re d e l o c a l i z e d i n t o r e l a t i v e l y wide energy 
bands the e x c i t e d s t a t e spec t rum may be l o c a l i z e d by the e l e c t r o n -
h o l e i n t e r a c t i o n . 

I n f u l l y con juga t ed po lymers such as p o l y a c e t y l e n e the t o t a l 
bandwid th o f the l e a s t bound IT o r b i t a l s i s q u i t e l a r g e , about 12 
eV, and the e x c i t a t i o n spec t rum s h o u l d resemble t h a t o f common 
i n o r g a n i c s emiconduc to r s such as S i or Ge wh ich have s i m i l a r wide 
energy bands . Energy l o s s s p e c t r a as a f u n c t i o n o f momentum are 
shown i n F i g u r e 5 . Due to bond l e n g t h a l t e r n a t i o n p o l y a c e t y l e n e 
i s not a s i m p l e m e t a l b u t r a t h e r an i n s u l a t o r w i t h a fundamenta l 
a b s o r p t i o n edge a t 1.4 eV
1 2 ) . T h i s same t h r e s h o l
a l s o show some r e s i d u a l a b s o r p t i o n due to i m p u r i t i e s b e l o w 0 .8 eV 
(6). As momentum i s i n c r e a s e d the onse t o f a b s o r p t i o n a t 1.4 eV 
does not change, thus s u g g e s t i n g , as i n the case o f p o l y e t h y l e n e , 
t h a t the t h r e s h o l d i t s e l f i s i n d i r e c t , due e i t h e r to d i s o r d e r or 
e x c i t o n i c e f f e c t s ( 6 ) . 

The e x i s t e n c e o f d e l o c a l i z e d e l e c t r o n i c s t a t e s and wide 
energy bands i n p o l y a c e t y l e n e i s c o n f i r m e d by the r a p i d d i s p e r 
s i o n to h i g h e r energy w i t h i n c r e a s i n g momentum o f the s t r o n g peak 
a t 4 .1 eV w h i c h i s due to e l e c t r o n i c e x c i t a t i o n s . As i n d i c a t e d 
by K r a m e r s - K r o n i g a n a l y s e s o f o p t i c a l (12) and energy l o s s d a t a 
(6) t h i s energy l o s s peak i s a s s o c i a t e d w i t h a z e r o c r o s s i n g o f 
e , . When the d i e l e c t r i c f u n c t i o n goes th rough z e r o the response 
o r the s o l i d to an i n f i n i t e s i m a l charge f l u c t u a t i o n i s f i n i t e and 
c o l l e c t i v e o s c i l l a t i o n s o f the e l e c t r o n gas o c c u r wh ich are 
c a l l e d p l a smons . I n s i m p l e m e t a l s where the v a l e n c e e l e c t r o n i c 
s t a t e s a re c o m p l e t e l y d e l o c a l i z e d , plasmons a re the dominant 
e x c i t a t i o n . A n d , due to the e x t e n t o f the energy bands the 
plasmons e x h i b i t p o s i t i v e d i s p e r s i o n ( 6 ) . I n f a c t , the magni tude 
o f the plasmon d i s p e r s i o n i n (CH) i s s i m i l a r to t h a t measured i n 
g r a p h i t e i n wh ich the e l e c t r o n i c s t a t e s a re w e l l known to be 
d e l o c a l i z e d . Thus , above the fundamental a b s o r p t i o n edge, the 
e x c i t a t i o n spec t rum i n d i c a t e s the s i g n i f i c a n c e o f wide energy 
bands s i m i l a r to those i n i n o r g a n i c s o l i d s . 

I n po lymers w i t h l o c a l i z e d e l e c t r o n i c s t a t e s such as p o l y 
s t y r e n e , wh ich a l s o c o n t a i n s s t r o n g energy l o s s peaks due to IT 
e l e c t r o n i c e x c i t a t i o n s as seen i n F i g u r e 1, p o s i t i v e d i s p e r s i o n 
i s not o b s e r v e d (1_3). These r e s u l t s a re shown i n F i g u r e 6 . As 
momentum i s i n c r e a s e d , the s t r o n g peak a t 7 eV due to TT TT* 
e x c i t a t i o n s o f the benzene r i n g s i n p o l y s t y r e n e shows v e r y l i t t l e 
momentum dependence. S i n c e the bandwid th o f v a l e n c e and c o n d u c 
t i o n bands due to o v e r l a p o f IT o r b i t a l s on ad j acen t p h e n y l r i n g s 
i s < 0.1 eV l i t t l e momentum dependence to the n o n - v e r t i c a l 
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Figure 5. Momentum dependence of the energy loss probability of polyacetylene, 
(CH)X (( ; q = 0.1 A'1;(• • - j q = 0.4 A'1'; ( )q = 0.7 A'1) 
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Journal of Chemical Physics 

Figure 6. Momentum dependence of the energy loss probability of polystyrene: 
Curve a: q = 0.15 A'1, very similar to Figure 1 data; Curve b: q = 0.37 A'1'; Curve 
c: q = 0.74 A'1; Curve d: q = 1.0 A'1; arrow indicates optically forbidden excita

tion (13) 
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e x c i t a t i o n s wou ld be expec t ed c o n s i s t e n t w i t h the e x p e r i m e n t a l 
d a t a . The v e r y s l i g h t n e g a t i v e d i s p e r s i o n o f the s t r o n g 7 eV 
energy l o s s peak was a t t r i b u t e d to l o c a l f i e l d e f f e c t s ( 1 3 ) . The 
a r row i n d i c a t e s a f e a t u r e w h i c h i s much s t r o n g e r a t h i g h q than a t 
s m a l l q thus i d e n t i f y i n g i t as an o p t i c a l l y f o r b i d d e n t r a n s i t i o n 
(13) . 

Hence , the momentum dependence o f e x c i t a t i o n s as measured i n 
e l e c t r o n energy l o s s s p e c t r o s c o p y can p r o v i d e a t e s t o f the l o c a l 
o r ex tended n a t u r e o f e l e c t r o n i c s t a t e s i n p o l y m e r s . I n p o l y a c e 
t y l e n e , e l e c t r o n i c s t a t e s and t h e i r e x c i t a t i o n s a re c l e a r l y o f an 
ex tended n a t u r e a l t h o u g h the onse t o f a b s o r p t i o n near the bandgap 
appears to be i n d i r e c t o r e x c i t o n i c (6), I n p o l y e t h y l e n e w h i l e 
the ground s t a t e s may be ex t ended , s t r o n g e x c i t o n i c e f f e c t s 
l o c a l i z e e x c i t a t i o n s at the fundamenta l a b s o r p t i o n edge. I n 
pendant group p o l y m e r s , b o t h ground and e x c i t e d s t a t e s a re l o c a l 
i z e d (_7). 

A l l o f the above s p e c t r
dose much l e s s than t h a
damage. The e f f e c t s o f c o n t i n u e d exposure to the e l e c t r o n beam 
a re shown i n F i g u r e 7 (_14 ) . A t the doses i n d i c a t e d f o r the bo t tom 
p a n e l o f F i g u r e 7 , the spec t rum o f e l e c t r o n - i n d u c e d chromophores 
i s s i m i l a r to t h a t p roduced by UV p h o t o l y s i s o r gamma r a d i a t i o n 
(14) . S p e c i f i c a l l y , e l e c t r o n r a d i a t i o n - i n d u c e d peaks a t 4 . 2 and 
5.1 eV i n p o l y m e t h y l m e t h a c r y l a t e as w e l l as the 4 . 7 eV peak i n 
p o l y s t y r e n e are a l s o p r o d u c t s o f UV p h o t o l y s i s wh ich have been 
a s s i g n e d to u n s a t u r a t e d bond f o r m a t i o n i n the po lymer backbone 
(140 . I n p o l y e t h y l e n e , the e l e c t r o n beam c l e a v e s C-H bonds 
l e a d i n g to u n s a t u r a t e d bond f o r m a t i o n . The s t r o n g a b s o r p t i o n 
peak at 6 .5 eV i s c l e a r l y a s s o c i a t e d w i t h a s i n g l e i s o l a t e d 
u n s a t u r a t e d bond w h i l e a b s o r p t i o n a t 5 . 3 , 4 . 3 , 4 . 0 and 3 .6 eV can 
be a s s o c i a t e d w i t h the f o r m a t i o n o f h i g h e r p o l y e n y l g r o u p s . 
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E l e c t r o n i c t r a n s p o r t i n m o l e c u l a r c r y s t a l s i s a c o m p l i c a t e d 
phenomenon f o r two r e a s o n s . The f i r s t i s the c o m p l e x i t y o f the 
v i b r a t i o n s . I n m o l e c u l a r c r y s t a l s the phonons i n c l u d e m o l e c u l a r 
modes and t r a n s l a t i o n a l and v i b r a t i o n a l l a t t i c e modes, each w i t h 
i t s c h a r a c t e r i s t i c f r e q u e n c y , b a n d w i d t h , and mechanism o f e l e c -
t r on -phonon c o u p l i n g , a g a i n w i t h d i f f e r e n t s t r e n g t h s . The second 
r e a s o n why t r a n s p o r t i s c o m p l i c a t e d i s the absence o f any c l e a r 
o r d e r i n g o f the d i f f e r e n t p a r a m e t e r s . The e l e c t r o n i c bandwid ths 
may range from b e i n g l a r g e r than most phonon f r e q u e n c i e s and 
bandwid ths ( f o r charge c a r r i e r s ) to b e i n g s m a l l e r than e i t h e r 
( f o r t r i p l e t e x c i t o n s ) . The e l e c t r o n - p h o n o n c o u p l i n g energy may 
be l a r g e or s m a l l compared w i t h e l e c t r o n i c and v i b r a t i o n a l e n e r g 
i e s , and i f l a r g e may cause the e l e c t r o n i c bandwid th to na r row 
r a p i d l y w i t h i n c r e a s i n g t empera tu re , so chang ing the parameter 
o r d e r i n g . 

E a r l y t r a n s p o r t t h e o r i e s were r e s t r i c t e d i n scope and d i d 
not r e f l e c t these c o m p l i c a t i o n s . As w e l l as t r e a t i n g o n l y a 
s i n g l e phonon band , f o r s i m p l i c i t y , the t h e o r i e s would assume a 
p a r t i c u l a r parameter o r d e r i n g and a t r a n s p o r t mechanism ( 1 - 1 1 ) . 
T r a n s p o r t has been d e s c r i b e d by the mean-square p a r t i c l e d i s 
p lacement as a f u n c t i o n o f t i m e , so p e r m i t t i n g s tudy o f the 
c l o t h i n g o f the p a r t i c l e by phonons and the development o f 
d i f f u s i v e m o t i o n . These approaches a l s o r e v e a l the change from 
h o p p i n g to band m o t i o n as the tempera ture i s lowered i n systems 
w i t h s t r o n g e l e c t r o n - p h o n o n c o u p l i n g . 

However, the a v a i l a b l e t h e o r i e s have s t i l l been r e s t r i c t e d 
to s e l e c t e d parameter o r d e r i n g s . I n p a r t i c u l a r , i t has been 
assumed i n t h e o r i e s o f e x c i t o n t r a n s p o r t t h a t the e x c i t o n b a n d 
w i d t h i s na r rower than the phonon b a n d w i d t h , and t h i s a s sumpt ion 
has been c a r r i e d ove r to t h e o r i e s o f c a r r i e r t r a n s p o r t . I n f a c t , 
c a r r i e r bandwid ths may w e l l be much l a r g e r than phonon bandwid ths 
a t low t e m p e r a t u r e s , becoming s m a l l e r than phonon bandwid ths as 
the tempera ture i s r a i s e d , owing to p o l a r o n band n a r r o w i n g 
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e f f e c t s . There i s t h e r e f o r e a need f o r a t h e o r y wh ich can t r e a t 
b o t h wide and nar row e l e c t r o n i c bands i n m o l e c u l a r c r y s t a l s w i t h 
e i t h e r s t r o n g or weak e l e c t r o n - p h o n o n c o u p l i n g . We have a l r e a d y 
d i s c u s s e d how such a t h e o r y may be d e v e l o p e d , (_12) and he re we 
d e s c r i b e the t h e o r y i n d e t a i l . 

P r i n c i p l e s 

We s t a r t from the f o l l o w i n g model H a m i l t o n i a n , i n w h i c h we 
t a k e h = l : 

H =£ e a + a + Z J a + a n n n n , m n m n n 

+ £ GO ( b + b + 1/2) + N " 1 / 2 £ gnoo ( b + + b ) a + a ( 2 . 1 ) 
q q q q nq 6 q q q q n n 

Here the o p e r a t o r s a + and  c r e a t d d e s t r o  e l e c t r o n i
e x c i t a t i o n ( e x c i t o n o r
w h i l e the o p e r a t o r s b y  phono
f requency w and wavevec to r j | . The q u a n t i t y J =J i s the 
t r a n s f e r i n t e g r a l between s i t e s n and m. The l a s t 0 term i s the 
e l e c t r o n - p h o n o n c o u p l i n g t e rm, ^of^magni tude de t e rmined by the 
d i m e n s i o n a l e s parameters g R =g e 1 ^* n , where £ i s the p o s i t i o n 
v e c t o r o f s i t e n . The c o u p r i n f i s l o c a l ( d i a g o n a l ) i n e x c i t a t i o n 
s i t e . Such a c o u p l i n g can a r i s e from m o l e c u l a r d i s t o r t i o n i n the 
e x c i t e d or i o n i z e d s t a t e , i n wh ich case g and u) a r e expec t ed to 
be a lmos t independent o f q , o r from v i b r a t i o n a l ? f l u c t u a t i o n s i n 
the e x c i t o n s i t e s h i f t or charge c a r r i e r p o l a r i z a t i o n e n e r g y , i n 
wh ich case g and u) may v a r y more marked ly w i t h q . 

I f the eflectror? phonon c o u p l i n g i s weak (| g |<<1 f o r a l l (j,), 
the H a m i l t o n i a n may be used d i r e c t l y to s tudy t r a n s p o r t , as i n 
s e c t i o n I I I . I f the c o u p l i n g i s s t r o n g , the H a m i l t o n i a n i s 
t r a n s f o r m e d to y i e l d a weaker c o u p l i n g as i n s e c t i o n I V . I n 
e i t h e r c a s e , the H a m i l t o n i a n i s w r i t t e n 

H = H + H , + N " 1 / 2 V v a*a ( 2 . 2 ) 
6 X P h k ^ * & 

where H^ and H ^ a re o p e r a t o r s d i a g o n a l i n e x c i t a t i o n wavevec to r 
k and pnonon wavevec to r q> and V, i s a f u n c t i o n o f phonon 
o p e r a t o r s . ^ * 

T r a n s p o r t i s s t u d i e d i n terms o f the mean-square d i s p l a c e 
ment o f an e x c i t a t i o n c r e a t e d a t the o r i g i n a t t ime z e r o . A t l o n g 
t i m e s , the r a t e o f change o f t h i s q u a n t i t y g i v e s the d i f f u s i o n 
c o e f f i c i e n t ; we s h a l l not c o n s i d e r the t r a n s p o r t b e f o r e i t b e 
comes d i f f u s i v e . The mean-square d i s p l a c e m e n t i s o b t a i n e d from 
the e x c i t a t i o n d e n s i t y m a t r i x , w h i c h i s the f u l l d e n s i t y m a t r i x , 
o f the c o u p l e d sys tem i n t e g r a t e d over a l l phonon s t a t e s . E x a c t 
f o r m a l e x p r e s s i o n s f o r t h i s q u a n t i t y can be o b t a i n e d , bu t more 
t r a c t a b l e e x p r e s s i o n s f o l l o w i f o n l y terms up to second o r d e r i n 
the V ^ are r e t a i n e d . A f t e r f u r t h e r n e g l e c t o f s m a l l q u a n t i t i e s , 

the d i f f u s i o n c o e f f i c i e n t can be e x p r e s s e d as ( 1 2 ) . 
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where the doub le a n g l e b r a c k e t s denote a t h e r m a l average over 
e x c i t a t i o n s t a t e s o f energy and ^ i s the v e l o c i t y The 

a r e the r a t e s o f s c a t t e r i n g out o f s t a t e so t h a t the f i r s t 
t e rm i n E q . ( 2 . 3 ) has the u s u a l form f o r band t r a n s p o r t , and the 

n a v e t n e form o f hopp ing r a t e s . 
B o t h and Y ^ a r ^ o b t a i n e d from q u a n t i t i e s 

W k k ' ; q s = J o ^ i < V s k . \ q ^ ) > e i ( E s " E k , ) T + 

< V s k - ( T ) V ° e " i ( E k _ E q ) T } ( 2 ' 4 ) 

The s i n g l e a n g l e Jy racke t
( T ) = e l H p h T V ^ e p h

" i v e n by ^ 

' k k * " " ^ q q s k k ( 2 - 5 ) 

q 
and the hopp ing r a t e s a re g i v e n by 

2 2 

q , q + K ; k , k + K | K = ( ) 

( o r v a r i o u s e q u i v a l e n t forms (6^, 12). D e r i v a t i o n o f the d i f f u s i o n 
c o e f f i c i e n t thus r e q u i r e s e v a l u a t i o n o f the c o r r e l a t i o n f u n c t i o n s 
< V , , V k ( T ) > , o f the i n t e g r a l s i n E q . ( 2 . 4 ) , o f the sums i n E q s . 
( 2 ? 5 ) an*d ( 2 . 6 ) , and o f the t h e r m a l average i n E q . ( 2 . 3 ) . 

Un t rans fo rmed C o u p l i n g 

G e n e r a l R e s u l t s . I f the e l e c t r o n - p h o n o n c o u p l i n g i s s u f f i c 
i e n t l y weak, the l a s t te rm i n E q . ( 2 . 1 ) can be t r e a t e d as a 
p e r t u r b a t i o n . Then i n E q . ( 2 . 2 ) the o p e r a t o r V, i s g i v e n by 

icq 

V k q = 8 k . q k . q ( b k _ q + b : k + q ) . ( 3 . 1 ) 

The r e q u i r e d c o r r e l a t i o n f u n c t i o n s a re o f the form 

< V k + K , q + K V q k ( T ) > = K - q l ^ - q X 

L ( n k _ ^ + l ) e ^ ^ - q 6 q ( 3 . 2 ) 

where we have used the r e s u l t s g =g and to =u) . I n E q . ( 3 . 2 ) 
- q 6 q - q q 
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n ^ _ i s the t h e r m a l e q u i l i b r i u m number o f phonons i n mode k - q , 
g i v i n by 

V , " n ( V q ) • ( e 6 w k - < L l ) - l (3.3) 

where 3 = l / k g T t n e B o l t z m a n c o n s t a n t . 

O p t i c a l Phonons . F o r a nar row o p t i c a l phonon band we can se t 
gq =g> ( j°q = ( J°> a n c * n q = n ^ o r a ^ T ^ e s c a t t e r i n g r a t e s a re then 

r ° £ = 27Tg 2 o) 2 [(n+l)N (E, -to)+nN (E, +u>)], (3.4) 
K.K ex K. ex K. 

where N (E) i s the e x c i t a t i o n d e n s i t y o f s t a t e s . I n g e n e r a l the 
r e s u l t i n g d i f f u s i o n c o e f f i c i e n t i s d i f f i c u l t to o b t a i n e x c e p t by 
n u m e r i c a l means. Howeve
such t h a t B>>to, we can

f k k ^ 2 7 r g 2

a )

2 ( 2 n + l ) N e x ( E k ) (3.5) 

where m* i s the e f f e c t i v e mass. C o n v e n t i o n a l p r o c e d u r e s (L3) t hen 
l e a d to 

D / a 2 = [ 2 7 T k B T / ( m * ) 5 ] ^ / g 2 o ) 2 ( 2 n + l ) (3.7) 

w h e r e ^ a ^ i s the i n t e r m o l e c u l a r d i s t a n c e . ^ . ^ S i n c e m * ^ l / B , t hen 
D^B /to . The m o b i l i t y y=e$D v a r i e s as T ' /tat low t empera tu res 
such t h a t k T«u> , chang ing e v e n t u a l l y to T when k _ T » w . 

A c o u s t i c Phonons . We assume t h a t a c o u s t i c phonons can be 
a d e q u a t e l y d e s c r i b e d by a Debye spec t rum c u t - o f f f requency 
and the e l e c t r o n - p h o n o n c o u p l i n g i s g i v e n by the d e f o r m a t i o n 
p o t e n t i a l a p p r o x i m a t i o n 

g q = <A/u> (3.8) 

The s c a t t e r i n g r a t e i s then 

r a £ = 27 rAN~ 1 y> { (n +1)6(E. -E ,+w ) + kk q q k - q k q 

n 6(E, -E,-co )} (3.9) q k - q k q 

I n some l i m i t s , r e s u l t s can be o b t a i n e d more d i r e c t l y . I n 
the c o n v e n t i o n a l s emiconduc to r l i m i t B>>k T»w^y we have 
n % k f i T / ( A ) >>1, and | E k _ - E ^ | »<O excep t f o r a few s e t s o f wave-
v i c t o r s . These r e s u l t s ^ y i e l d q 
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f f f = 4 1 TAk_TN (E, ) (3 .10 ) kk B ex k 

D/a 2 = [>/k T(m*)5]V (3 .11 ) 
15 

5/2 3/2 
so tha t D'vB /A^B i f we assiime A i s p r o p o r t i o n a l to B. E q . 
(3 .11 ) g i v e s the s t anda rd T temperature dependence f o r the 
m o b i l i t y (13 ) . 

In m o l e c u l a r c r y s t a l s one may a l s o r e q u i r e the l i m i t 
k BT>>u)D>>B. Then i n E q . (3 .9 ) nonzero c o n t r i b u t i o n s a r i s e on l y 
f o r f r e q u e n c i e s u) <B. Tak ing on average |E, _ -E, |% %B y i e l d s f o r 
a l l k, q 

r a C % 4*Ak TN U ( ^ B ) , (3 .12 ) 
15 pn 

where fo r ^ Debye spect rum N (o))=3w /u) . Tak ing s i m i l a r l y 
< v k >^(^Ba) Z , we o b t a i n p t l D 

D/a 2=a)^/127rAk BT, (3 .13 ) 

3 3 
so that D^a^/A^o^/B^wi th the p r e v i o u s assumpt ion A 0 CB) and the 
m o b i l i t y v a r i e s as T . The narrow e x c i t a t i o n band i n t h i s l i m i t 
g r e a t l y reduces the number o f a l lowed one-phonon s c a t t e r i n g p r o 
c e s s e s , so tha t the d i f f u s i o n c o e f f i c i e n t may be l a r g e , as the 
r a t i o ^ D/B i n d i c a t e s . 

F i n a l l y , i n the l i m i t k BT>>B>>u)D, the s c a t t e r i n g r a t e s are 
g i v e n by E q . (3 .10 ) but the therma l averages i n D hay^e to be^taken 
over a narrow e x c i t a t i o n band. We take v, ^(%Ba) and 
N e x ( E k M / B , o b t a i n i n g 

D/a 2=B 3/(167rAk T) (3 .14 ) 
15 

-2 
so tha t the m o b i l i t y v a r i e s as T . T h i s r e s u l t a c co rds w i th the 
narrow e x c i t a t i o n band t rea tments o f Glarum (14) and Fr iedman 
( 15 ) . _ 

Trans formed C o u p l i n g 

T r a n s f o r m a t i o n . The t r a n s f o r m a t i o n o f the H a m i l t o n i a n (2 .1 ) 
which y i e l d s a weak r e s i d u a l e x c i t a t i o n - p h o n o n c o u p l i n g even when 
the g are l a r g e has been d i s c u s s e d s e v e r a l t imes ( 4 , T_9 16^> 17) . 
I t pr8duces a u n i f o r m s h i f t i n the e x c i t a t i o n energy l e v e l s and a 
d i s p l a c e m e n t i n the e q u i l i b r i u m p o s i t i o n o f the phonons c o r r e s 
pond ing to the f o rma t i on o f a p o l a r o n . S ince the t r a n s f e r 
i n t e r a c t i o n s J compete w i th t h i s tendency to form a l o c a l i z e d 
s t a t e , the optimum t r a n s f o r m a t i o n shou ld be de te rmined v a r i a t i o n -
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J = exp n Y 

a l l y ^6 , J 7 ) . However , fo r p r e s e n t purposes we use the f u l l 
c l o t h i n g t r a n s f o r m a t i o n which i s e x a c t fo r J=0 and y i e l d s the 
c o r r e c t un t r ans fo rmed r e s u l t s f o r l a r g e J and weak c o u p l i n g . The 
r e s u l t s a re q u a l i t a t i v e l y s i m i l a r to those wh ich would be o b t a i n 
ed w i t h the f u l l v a r i a t i o n a l t r a n s f o r m a t i o n , bu t a re s i m p l i f i e d 
by the absence o f the t empera tu re -dependen t v a r i a t i o n a l p a r a 
me te r s . 

A f t e r the t r a n s f o r m a t i o n , the e x c i t a t i o n p a r t o f the 
H a m i l t o n i a n ( 2 . 2 ) i s 

H e x - * ( e - r t c * | g | 2

 + z \e*'%n) a j a k ( 4 . 1 ) 
k q n 

where R i s a l a t t i c e v e c t o r and ^ n 

J , = J . < 0 + j l U 9 > (4 .2) h n+h,n n+h n 

[ N 1 / 2 E ( g
q q q - q 

< e n + h V = e x p [ - N _ 1 I ( 2 n + l ) | g ^ ( l - c o s ^ . ^ ) ] (4.4) 
q 

The phonon p a r t i s 

ph ^ q q q 

The r e s i d u a l c o u p l i n g i s d e s c r i b e d by the o p e r a t o r s 
- 1 / 2 V \ i k - R i ( k - q ) . R r + n + A , ( 4 . 6 ) V. = N / A e ^ ^ n % % ^n<\Q , e -<0 , , 6 >]> kq h e L n+h n n+h n J 

n , h 
The e x c i t a t i o n p a r t and the c o u p l i n g are t empera ture dependent 
t h rough the t h e r m a l averages i n E q s . ( 4 . 2 ) and ( 4 . 6 ) ; t h i s 
p a r t i t i o n o f the H a m i l t o n i a n ensures the c o r r e c t t h e r m a l e q u i l i 
b r i u m b e h a v i o r . 

D i f f u s i o n C o n s t a n t 

When the d i f f u s i o n c o n s t a n t i s e v a l u a t e d we f i n d 

D / A 2 1 ( B 2

 + r 2 ) 

^ [ i „ ( y ) - l ] <%2+ 2f 2 ) 1 * 
o 

* | A i 0 < y > - i ] - ^ — ^ ( 4 . 6 ) 

* u ( 2 B Z + r V 

A l t h o u g h the d e r i v a t i o n o f t h i s e x p r e s s i o n has used a number o f 
s i m p l i f y i n g a s s u m p t i o n s , t h e r e are none about the r e l a t i v e s i z e s 
o f B and f. 
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The f i r s t term i n E q . ( 4 . 6 ) r e p r e s e n t s the band c o n t r i b u 
t i o n , w h i c h f a l l s w i t h i n c r e a s i n g tempera ture owing to the i n 
c r e a s e i n I Q ( Y ) - The c o r r e s p o n d i n g dec rease i n B v i a E q s . ( 4 . 2 ) 
and ( 4 . 4 ) c o n t r i b u t e s to the f a l l i n t h i s c o n t r i b u t i o n u n l e s s 
f>>B. The second term i n E q . ( 4 . 6 ) r e p r e s e n t s the hopp ing 
c o n t r i b u t i o n , w h i c h i n c r e a s e s w i t h i n c r e a s i n g tempera ture th rough 
I g ( y ) and the e x p o n e n t i a l f a c t o r . However , once B becomes much 
l e s s than f,^ the e x p o n e n t i a l f a c t o r becomes c o n s t a n t , and the 
dec rease i n B ou twe ighs the i n c r e a s e i n I ( y ) , so t h a t e v e n t u a l l y 
the second te rm a l s o dec reases w i t h i n c r e a s i n g t e m p e r a t u r e . The 
o c c u r r e n c e o f t h i s decrease i s d i s c u s s e d i n more d e t a i l b e l o w . 

I n the l i m i t f>>B assumed i n most p r e v i o u s work , we f i n d 

, 2 f ^ [ I 0 ( y ) - 1 ] B 2 

D / a z = j — i + 2 
( 2 ^ ) J s [ l 0 ( y ) - l ] 4 f ( 4 ? J 

T h i s i s e s s e n t i a l l y o f the form d e r i v e d e a r l i e r ( 4 ) . We note t h a t 
i n E q . ( 4 . 7 ) f, o r e q u i v a l e n t l y A, cannot tend to z e r o ( w h i c h 
wou ld make D i n f i n i t e ) , because the e q u a t i o n i s v a l i d o n l y f o r 
f>>B. On the o t h e r hand, J( can tend to z e r g , i n wh ich case o n l y 
the band term r e m a i n s . As the v e l o c i t i e s v i n E q . ( 2 . 3 ) t end to 
z e r o , so do the s c a t t e r i n g r a t e s £ • b o t h f a c t o r s v a r y as % , so 
t h a t t h e i r r a t i o tends to a c o n s t a n t . 

Le 
>e 

w r i t t e n as 
2 

D / a 2 = ( B

2 Q s i n h | ^ e x p ( - 2 g 2 t a n h ( 4 . 8 ) 
8Ag 2 2 

I n the o p p o s i t e l i m i t B > > T > we o b t a i n the new r e s u l t 

D / a 2 - -x L _ + [ T ( y ) - 1 ] B e - B 2 « 2 / 8 

^ [ l Q ( y ) - l ] 4 ° 

Here f does not occu r and so can tend to z e r o , b e i n g a l r e a d y 
assumed much s m a l l e r than B . I f then B t ends to z e r o , the 
d i f f u s i o n c o e f f i c i e n t v a n i s h e s , as e x p e c t e d . V i b r a t i o n a l d i s p e r 
s i o n (nonze ro A ) i s t h e r e f o r e not e s s e n t i a l to o b t a i n d i f f u s i v e 
m o t i o n and f i n i t e t r a n s p o r t c o e f f i c i e n t s i n t h i s l i m i t , bu t to 
show t h i s has r e q u i r e d a s u f f i c i e n t l y g e n e r a l t h e o r y . 

D i s c u s s i o n 

I n t h i s paper we have shown how e l e c t r o n i c t r a n s p o r t i n 
m o l e c u l a r c r y s t a l s can be t r e a t e d much more g e n e r a l l y than 
h i t h e r t o . The p r e s e n t t r ea tment a v o i d s ( i ) the a s sumpt ion t h a t 
v i b r a t i o n a l r e l a x a t i o n i s f a s t compared w i t h e x c i t a t i o n t r a n s f e r 
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(f>>B, as u s u a l l y assumed i n p o l a r o n and e x c i t o n t r a n s p o r t 
t h e o r i e s ) , and ( i i ) the a s sumpt ion t h a t the e x c i t a t i o n - p h o n o n 
c o u p l i n g i s weak (gtjon<<B, as u s u a l l y assumed i n c o n v e n t i o n a l 
s emiconduc to r t r a n s p o r t t h e o r i e s ) . I n p a r t i c u l a r , such a gene r 
a l i z a t i o n i s n e c e s s a r y to t r e a t c h a r g e - c a r r i e r t r a n s p o r t i n a r o 
m a t i c h y d r o c a r b o n c r y s t a l s , i n these ^ sys t ems , the c a r r i e r band-
w i d t h s are o f the o r d e r o f 1000 cm compared w i t h phonon b a n d -
w i d t h s o f no more than a few tens o f cm , bu t the e l e c t r o n - p h o n o n 
c o u p l i n g need not be weak. T h i s f e a t u r e has a l s o been r e c o g n i z e d 
i n r e c e n t s p e c i a l i z e d t h e o r i e s o f c a r r i e r t r a n s p o r t i n an th racene 
and n a p h t h a l e n e , (21) and d i f f e r e n t regimes o f e x c i t o n - p h o n o n 
c o u p l i n g have been d i s c u s s e d . 

However , most o f the d e t a i l e d r e s u l t s i n t h i s paper have been 
d e r i v e d under s i m p l i f y i n g assumpt ions to p e r m i t e a s i e r a l g e b r a i c 
and n u m e r i c a l a n a l y s i s . On ly l o c a l l i n e a r e x c i t a t i o n - p h o n o n 
c o u p l i n g has been t r e a t e d  and a n i s o t r o p y has been i g n o r e d  The 
f u l l y c l o t h e d t r a n s f o r m a t i o
used r a t h e r than the p rope
w h i c h r e q u i r e s s e p a r a t e n u m e r i c a l e v a l u a t i o n ( a l t h o u g h t h i s c o u l d 
r e a d i l y be i n c o r p o r a t e d once e v a l u a t e d ) . The e x c i t a t i o n and 
phonon d e n s i t i e s o f s t a t e s i n s e c t i o n IV have been t aken as 
G a u s s i a n , and the parameters have been chosen to s a t i s f y 3A<<1 and 
B / (A )<1 . 

W i t h these r e s t r i c t i o n s on the v a l i d i t y o f the f i n a l r e s u l t s 
i n s e c t i o n I V , i t i s not a p p r o p r i a t e to a t tempt a q u a n t i t a t i v e f i t 
to the b e h a v i o r o f any s p e c i f i c subs t ance , e s p e c i a l l y f o r c h a r g e -
c a r r i e r s . I n any c a s e , i n f o r m a t i o n on the parameter v a l u e s i s 
r a t h e r s p a r s e . Adequate phonon d i s p e r s i o n c u r v e s and d e n s i t i e s 
o f s t a t e s are f a i r l y r e a d i l y a v a i l a b l e or o b t a i n a b l e by c a l c u l a 
t i o n s , but the re are r a t h e r few e x c i t o n and c h a r g e - c a r r i e r band 
s t r u c t u r e s a v a i l a b l e , and these are m o s t l y s e v e r a l y e a r s o l d and 
hence do not i n c o r p o r a t e r e c e n t advances i n quantum c h e m i s t r y . 
The d i f f e r e n t types o f e l e c t r o n - p h o n o n c o u p l i n g have been i d e n t i 
f i e d , but the re are few a t tempts to deduce a c c u r a t e c o u p l i n g 
p a r a m e t e r s . E x c e p t i o n s are the use o f s e m i - e m p i r i c a l c a l c u l a 
t i o n s to o b t a i n c o u p l i n g s to m o l e c u l a r v i b r a t i o n s (23) and the 
a n a l y s i s o f s p e c t r a to o b t a i n e x c i t o n - p h o n o n c o u p l i n g s ( 2 4 , 2 5 ) . 
However , even though a q u a n t i t a t i v e f i t to expe r imen t i s i n a p p r o 
p r i a t e , we can i n d i c a t e how the q u a l i t a t i v e f e a t u r e s o f our 
r e s u l t s may r e l a t e to e x p e r i m e n t a l d a t a . We c o n s i d e r o n l y c h a r g e -
c a r r i e r m o b i l i t i e s , w h i c h have been measured as a f u n c t i o n o f 
tempera ture f o r enough subs tances to b e g i n to r e v e a l some k i n d o f 
p a t t e r n . 

S c h e i n (26) has emphasized the tendency fqjc i n a b i l i t i e s i n 
m o l e c u l a r c r y s t a l s to l i e i n the range 0 . 1 - 1 0 cm V s and to 
v a r y w i t h t empera ture at T w i t h t y p i c a l l y 0<N<2. Most o f the 
c r y s t a l s s t u d i e d a re a r o m a t i c s and h e t e r o a r o m a t i c s f o r w h i c h 
r e l a t i v e l y wide c a r r i e r bands are e x p e c t e d . C a l c u l a t i o n s show 
tha t a l t h o u g h g e n e r a l l y lower m o b i l i t i e s are o b t a i n e d as the 
e l e c t r o n - p h o n o n c o u p l i n g s t r e n g t h g i n c r e a s e s , t h i s t r e n d i s 
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l e a s t marked f o r the w i d e s t bands w i t h B/u) = l . M o b i l i t i e s i n the 
r e t i r e d ran^e are o b t a i n e d at 1/Bu>=2. (room tempera ture i f o)=100 
cm ) fo r g = 0 . 1 - 1 . A l s o , the d i f f u s i o n c o e f f i c i e n t f o r B/u)=l 
depends o n l y weak ly on tempera ture f o r much o f the range i n v e s t i 
g a t e d , e x c e p t fo r weak and v e r y s t r o n g c o u p l i n g . S i n c e the 
m o b i l i t y c o n t a i n s the e x t r a f a c t o r T , these dependences i m p l y a 
v a r i a t i o n T w i t h n c l o s e t o ^ 1 , n o t i c e a b l y d i f f e r e n t from the 
s t a n d a r d na r row-band r e s u l t T bu t i n q u a l i t a t i v e agreement w i t h 
the obse rved t r e n d . 

I t has been remarked (27) t h a t the s m a l l e s t m o b i l i t i e s tend 
to show an a c t i v a t e d b e h a v i o r , i n t e r m e d i a t e ones the weak temper
a t u r e dependence j u s t d i s c u s s e d , and l a r g e r ones a more r a p i d 
d e c r e a s e l i k e T w i t h n=2 .5 -3 . As no ted i n s e c t i o n I V , a c t i v a t e d 
b e h a v i o r r e q u i r e s v e r y s t r o n g e l e c t r o n - p h o n o n c o u p l i n g , but i t i s 
not o b v i o u s why t h i s might be p r e sen t i n the v e r y low m o b i l i t y 
c r y s t a l s s t u d i e d , e l e c t r o n s i n o r t h o r h o m b i c s u l p h u r (28) and $
n i t r o g e n (29) and h o l e
ex t r eme , the hole^ and
durene v a r y as T , a t t a i n i n g va^ues^ a j h i g h as 50 cm V s 
b e l o w 150K and f a l l i n g to 5 and 8 cm V s , r e s p e c t i v e l y , a t room 
tempera tu re ( 3 0 ) . Durene has the same c r y s t a l s t r u c t u r e as 
a n t h r a c e n e , bu t the p e r i p h e r a l m e t h y l groups migh t be e x p e c t e d to 
reduce the c a r r i e r bandwid ths i n the j ib p l a n e . However , i n the 
p r e s e n t t r ea tmen t a s m a l l e r bandwid th does not n e c e s s a r i l y i m p l y 
a s m a l l e r m o b i l i t y i f the e l e c t r o n - p h o n o n c o u p l i n g i s weaker t o o . 
Weaker c o u p l i n g a l s o i m p l i e s a w i d e r r e g i o n i n w h i c h band m o t i o n 
dominates w i t h i t s r a t h e r s t r o n g tempera ture dependence. Thus 
the b e h a v i o r o f durene c o u l d be e x p l a i n e d i n terms o f p a r t i c u l a r l y 
weak c o u p l i n g , but any m i c r o s c o p i c r ea son f o r such weak c o u p l i n g 
remains to be found. 

The p r e s e n t model i s t h e r e f o r e a b l e to i n t e r p r e t the 
o b s e r v e d rough c o r r e l a t i o n between the magni tude o f c a r r i e r 
m o b i l i t i e s and t h e i r t empera ture dependence c o n s i s t e n t l y as a 
dependence o f b o t h q u a n t i t i e s on the e l e c t r o n - p h o n o n c o u p l i n g 
s t r e n g t h . T h i s i n t e r p r e t a t i o n appears p h y s i c a l l y r e a s o n a b l e , bu t 
the o m i s s i o n o f n o n l o c a l c o u p l i n g from the model s h o u l d be bo rne 
i n mind . Such c o u p l i n g i s c e n t r a l to t h e o r i e s (2_1, 31) o f the 
a lmos t t empe ra tu r e - i ndependen t e l e c t r o n m o b i l i t i e s i n the c* 
d i r e c t i o n o f an th racene and naph tha lene and t h e i r d e u t e r a t e d 
forms and o f the r a p i d i n c r e a s e i n the m o b i l i t y f o r naph tha l ene 
and d e u t e r o n a p h t h a l e n e at low t empera tu res (_32, _33) . The p r e s e n t 
methods can be ex tended to t r e a t n o n l o c a l c o u p l i n g and s t r o n g 
a n i s o t r o p y , w h i c h appears to p l a y a major r o l e i n an th racene and 
n a p h t h a l e n e ( 2 1 ) . 

The p r o b l e m w i t h the t h e o r y o f e l e c t r o n i c t r a n s p o r t i n 
m o l e c u l a r c r y s t a l s has been to deduce the t r a n s p o r t , g i v e n a model 
H a m i l t o n i a n c o n t a i n i n g what one c o n s i d e r s to be the e s s e n t i a l 
p h y s i c a l i n t e r a c t i o n s . S i n c e s e v e r a l i n t e r a c t i o n s may be compar
a b l e i n s i z e , s i m p l e p e r t u r b a t i v e methods f a i l . The method (12) 
adopted here y i e l d s a r a t h e r d i r e c t s o l u t i o n to the p r o b l e m . 
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G i v e n the c l o t h i n g t r a n s f o r m a t i o n , one has then to e v a l u a t e the 
c o r r e l a t i o n f u n c t i o n s , wh ich can be r ega rded as the c e n t r a l 
f a c t o r s i n the t r a n s p o r t t h e o r y . 

Abstract 

A theory of exciton-phonon coupling is presented and the 
consequences of this coupling for spectral line shapes and 
exciton transport are discussed. The theory is valid for 
arbitrary phonon and exciton bandwidths and for arbitrary exciton 
phonon coupling strengths. The dependence of the diffusion 
constant on temperature and the other parameters is analyzed. 
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5 
Percolation of Molecular Excitons 

RAOUL KOPELMAN 

Department of Chemistry, University of Michigan, Ann Arbor, MI 48109 

Band T h e o r y , L o c a l i z a t i o

B a s i c a spec t s o f s o l i d s t a t e t h e o r y face t h e i r c r i t i c a l t e s t s i n 
d i s o r d e r e d o r g a n i c s o l i d s . I n the F e b r u a r y 1980 i s s u e o f P h y s i c s 
Today the t i t l e o f the a r t i c l e by Duke and S c h e i n i s : " O r g a n i c 
S o l i d s : i s energy band t heo ry enough? 1 1 . They show the d i f f i c u l 
t i e s f a c i n g not o n l y the t r a d i t i o n a l e l e c t r o n - b a n d t h e o r y bu t 
a l s o the t r a d i t i o n a l e l e c t r o n hopp ing theo ry when compared w i t h 
e x p e r i m e n t s . Energy ( e x c i t o n , e x c i t a t i o n ) t r a n s p o r t i n o r g a n i c 
s o l i d s may be e q u i v a l e n t to e l e c t r o n t r a n s p o r t b o t h i n i t s 
impor t ance and i n i t s t h e o r e t i c a l s i g n i f i c a n c e . A g a i n the t r a d i 
t i o n a l band and hopp ing models a re s u s p e c t . Two i m p o r t a n t 
c o n c e p t s i n modern t h e o r i e s o f s emiconduc to r s ( i n c l u d i n g amor
phous ones) a re Ander son l o c a l i z a t i o n (1_) and p e r c o l a t i o n (2> 3) 
( b o t h approaches seem to have o r i g i n a t e d a t B e l l Labs at about the 
same t i m e , i . e . 1957) . These two approaches have o f t e n been 
r e p r e s e n t e d as i r r e c o n c i l a b l e , even though t he r e i s no b a s i c 
c o n t r a d i c t i o n between the two. 

Ander son d e r e a l i z a t i o n r e f e r s to the f o r m a t i o n , a t z e r o 
t e m p e r a t u r e , o f a band ( e l e c t r o n or e x c i t o n ) , r e s u l t i n g i n m e t a l 
l i c c o n d u c t i o n . The h a l l m a r k o f m e t a l l i c (band) c o n d u c t i o n i s a 
n e g a t i v e t empera tu re c o e f f i c i e n t . Our e x p e r i m e n t a l r e s u l t s show 
t h a t t h i s i s not the case he re (see b e l o w ) . 

A t h e r m a l l y a s s i s t e d hopp ing p r o c e s s i s based on l o c a l i z e d 
s t a t e s . The l o c a l i z a t i o n c o u l d be due to Ander son l o c a l i z a t i o n o r 
s e l f - t r a p p i n g ( e . g . s m a l l p o l a r o n s ) or some o t h e r f a c t o r . T h i s 
process* g i v e s a t y p i c a l " n o n - m e t a l l i c 1 1 c o n d u c t i o n ( o r m i g r a t i o n ) , 
e x h i b i t i n g a p o s i t i v e t empera tu re c o e f f i c i e n t . The d e t a i l s o f 
such a hopp ing p r o c e s s may be d e s c r i b e d by a p e r c o l a t i o n m o d e l . 
The l a t t e r i s based on the c l u s t e r s w i t h i n wh ich t h e r e i s e f f i 
c i e n t h o p p i n g f o r a g i v e n t i m e - s c a l e . The p o i n t on the o r d e r 
parameter a x i s a t wh ich the average c l u s t e r s i z e r i s e s s h a r p l y i s 
the c r i t i c a l p e r c o l a t i o n p o i n t and may d e f i n e a p e r c o l a t i o n 
t r a n s i t i o n (2^). 

We g i v e be low a b r i e f o v e r v i e w o f p e r c o l a t i o n concep t s ( I I ) 
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and o f the f o r m a l i s m o f e x c i t a t i o n p e r c o l a t i o n ( i l l ) , w h i c h l e a d s 
to s c a l i n g and c r i t i c a l b e h a v i o r . E x p e r i m e n t a l r e s u l t s a re g i v e n 
( I V ) and shown to f u l l y suppor t the t h e o r e t i c a l p r e d i c t i o n s 
( I I I ) . A p h y s i c a l p i c t u r e emerges ( V ) , i n v o l v i n g p a r t i a l de-
l o c a l i z a t i o n ( " i s l a n d s o f cohe rence" ) over m i c r o d o m a i n s , w h i l e 
e f f i c i e n t m i g r a t i o n t akes p l a c e over l a r g e r domains ( w h i c h domin
a te the p e r c o l a t i o n t r a n s i t i o n b e h a v i o r ) . An e p i l o g u e ( V I ) and 
" E x p e r i m e n t a l " s e c t i o n ( V I I ) conc lude t h i s pape r . 

What i s E x c i t o n P e r c o l a t i o n ? 

An example o f m a c r o s c o p i c p e r c o l a t i o n i s the f l o w o f m a t t e r 
th rough the random but f i x e d channe l s i n a porous g l a s s f i l t e r . 
An example o f m i c r o s c o p i c p e r c o l a t i o n i s the m i g r a t i o n o f a gas 
th rough a s o l i d ( 4 ) . The n o m i n a l d i s t i n c t i o n between d i f f u s i o n 
and p e r c o l a t i o n i s t h a t the l a t t e r i m p l i e s m i g r a t i o n th rough a 
m i c r o s c o p i c a l l y he te rogeneou
the m i g r a t i o n o f e x c i t o n s
( t i g h t l y bound e l e c t r o n - h o l e p a i r s ) . 

P e r c o l a t i o n has a l s o been v iewed as an a g g l o m e r a t i o n o f 
s m a l l c l u s t e r s i n t o l a r g e aggrega tes ( " i n f i n i t e c l u s t e r s " ) (.2). 
I n t e r e s t i n g l y enough t h i s i d e a has been a p p l i e d to s p i n c l u s t e r s , 
i . e . magne t i c phase t r a n s i t i o n s , l o n g b e f o r e i t has been a p p l i e d 
to po lymers (2)* G e l a t i o n and v u l c a n i z a t i o n have been r e c e n t l y 
t r e a t e d w i t h a s i t e - b o n d p e r c o l a t i o n approach (_5, 6), and a 
r e l a t e d model has been a p p l i e d to s u p e r - c o o l e d wa te r (_7). These 
a re " s t a t i c " p e r c o l a t i o n problems t h a t are r e l a t e d to s t a t i c 
c r i t i c a l phenomena (8) r a t h e r than to dynamic ( t r a n s p o r t ) c r i t i 
c a l phenomena. The l a t t e r d e a l w i t h e l e c t r i c a l c o n d u c t i o n and 
w i t h energy t r a n s p o r t - the t o p i c o f i n t e r e s t h e r e . 

The m i g r a t i o n o f F r e n k e l e x c i t o n s i s dynamic i n n a t u r e bu t 
can s t i l l be r e l a t e d to the p re sence o f l a r g e c l u s t e r s or agg re 
ga te s o f the a p p r o p r i a t e m o l e c u l e s ( o f t e n c a l l e d g u e s t , donor or 
c a r r i e r m o l e c u l e s ) . The l a r g e r the average c l u s t e r , the h i g h e r 
the e x c i t o n m i g r a t i o n e f f i c i e n c y . S i m u l t a n e o u s l y i t has t o be 
r e a l i z e d t h a t a g i v e n t ime s c a l e d e f i n e s an average m i g r a t i o n 
range wh ich c o n c e p t u a l l y i s c l o s e l y r e l a t e d to an average c l u s t e r 
s i z e . The r e s u l t i n g m i g r a t i o n c l u s t e r s ("dynamic c l u s t e r s " ) can 
be t r e a t e d m a t h e m a t i c a l l y l i k e the c o n v e n t i o n a l ( " s t a t i c " ) c l u s 
t e r s , w h i c h do not depend on t i m e . The e x c i t o n m i g r a t i o n p robes 
a re " i n t e r n a l " to the dynamic c l u s t e r and thus t he re i s no 
r equ i r emen t t h a t the e x c i t o n s r e a c h the s u r f a c e o f the c r y s t a l o r 
c r y s t a l l i t e . T h i s i s somewhat ana logous to the AC c o n d u c t i v i t y o f 
compos i t e m a t e r i a l s ( e . g . s i l v e r l oaded t e f l o n ) . The emphasis i s 
thus on a 3 - d i m e n s i o n a l c l u s t e r ( a " p e r c o l a t i o n vo lume" r a t h e r 
than a p e r c o l a t i o n p a t h ) . 

E x c i t a t i o n P e r c o l a t i o n 

Here we l i m i t o u r s e l v e s to e x c i t a t i o n p e r c o l a t i o n i n v e r y 
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s i m p l e d i s o r d e r e d m o l e c u l a r m a t e r i a l s . These bear some r e 
semblance to n a t u r a l p h o t o s y n t h e t i c antenna systems and may have 
some b e a r i n g on f u t u r e p h o t o v o l t a i c m a t e r i a l s (9). 

A t y p i c a l "energy s e m i c o n d u c t o r " c o n t a i n s t h r e e k i n d s o f 
m o l e c u l e s or m o l e c u l a r u n i t s : Energy d o n o r s , energy t r a p s and 
" i n e r t " h o s t . The h o s t ' s e l e c t r o n i c energy l e v e l s a re too h i g h to 
be e x c i t e d . The energy l e v e l s o f the donor a re s i g n i f i c a n t l y 
lower and thus a re e x c i t a b l e . The energy t r a p s have even lower 
energy l e v e l s , thus e n a b l i n g e f f i c i e n t quench ing o f the donor 
e x c i t a t i o n s . The systems o f i n t e r e s t e x h i b i t m u l t i p l e d o n o r -
donor energy t r a n s f e r e v e n t u a l l y r e s u l t i n g i n the t r a p p i n g o f the 
e x c i t a t i o n . The energy t r a p p i n g may i n i t i a t e some " p h o t o c h e m i s 
t r y " ( a c t u a l l y , " e x c i t o c h e m i s t r y " ) , as i n p h o t o s y n t h e s i s , o r , on 
the c o n t r a r y , may i n h i b i t p h o t o c h e m i s t r y by o f f e r i n g a more 
e f f e c t i v e r o u t e f o r r a d i a t i v e or r a d i a t i o n l e s s decay o f the 
e x c i t a t i o n . 

One o f the most i n t e r e s t i n
the e x c i t a t i o n p e r c o l a t i o
(10) to magne t i c phase t r a n s i t i o n s and o t h e r c r i t i c a l phenomena 
(2^, 8 ) . I n i t s s i m p l e s t form the p r o b l e m i s one o f c o n n e c t i v i t y . 
I n a b i n a r y sys t em, made o n l y o f h o s t s and d o n o r s , the q u e s t i o n 
i s : can the e x c i t a t i o n t r a v e l from one s i d e o f the m a t e r i a l t o 
the o t h e r ? The i m p l i c i t a s sumpt ion i s t h a t t he r e a re e x c i t a t i o n -
t r a n s f e r - b o n d s o n l y between two donors t h a t are " c l o s e enough" , 
where " c l o s e enough" has a p r a c t i c a l a s p e c t ( e . g . d e f i n e d by the 
e x c i t a t i o n t r a n s f e r p r o b a b i l i t y or t i m e ) . O b v i o u s l y , i f t he re i s 
a s u c c e s s i o n o f e x c i t a t i o n - b o n d s from one edge o f the m a t e r i a l to 
the o t h e r , one has " p e r c o l a t i o n " , i . e . a connec ted c h a i n o f donors 
fo rming an e x c i t a t i o n c o n d u i t . We note t h a t the e x c i t a t i o n - b o n d s 
se ldom c o r r e s p o n d to r e a l c h e m i c a l bonds ; r a t h e r more o f t e n they 
c o r r e s p o n d to v a n - d e r - W a l l s type bonds and most o f t e n they c o r 
r e spond to a d i p o l e - d i p o l e or e q u i v a l e n t quan tum-mechan ica l 
i n t e r a c t i o n . 

F o r a sys tem where the donors are d i s t r i b u t e d a t random i t 
can be shown m a t h e m a t i c a l l y t h a t t he r e e x i s t s a c r i t i c a l c o n c e n 
t r a t i o n C ( a l s o c a l l e d " p e r c o l a t i o n c o n c e n t r a t i o n " ) be low w h i c h 
the p e r c o l a t i o n ( edge - to - edge c o n n e c t i v i t y ) has a p r o b a b i l i t y o f 
z e r o and above which the p e r c o l a t i o n p r o b a b i l i t y (P ) r i s e s 
s h a r p l y w i t h donor c o n c e n t r a t i o n ( C ) . A m a t h e m a t i c a l r e l a t i o n 
(2^), f o r a s u b s t i t u t i o n a l ^ d i s o r d e r e d b i n a r y l a t t i c e , i s : 

P * | C - C | 3 C>C (1 ) 
oo C 1 C 

where the exponent 3 i s about 0 .13 f o r a 2 - d i m e n s i o n a l t o p o l o g y 
and 0 .35 f o r a 3 - d i m e n s i o n a l one ( 2 , 1 0 ) . We note t h a t 0 " = 0 
( f o r C = C c ) , 0 . 0 0 1 U , i J = 0 . 4 1 , 0 . 0 r , H = 0 .55 and 0 . 1 0 , 1 J = 0 . 7 4 . 

Fo r t e r n a r y systems ( h o s t , donor , t r a p ) , w h i c h are u s u a l l y 
o f i n t e r e s t , the q u e s t i o n i s no l o n g e r whether the e x c i t a t i o n w i l l 
make i t from one edge o f the m a t e r i a l to the o t h e r , bu t whether 
the e x c i t a t i o n w i l l make i t to a n e a r - b y ( o r not so n e a r - b y ) t r a p . 
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A r e l e v a n t concep t i s t h a t o f a donor c l u s t e r , w h i c h i s d e f i n e d as 
a se t o f donors connec ted by bonds . The average c l u s t e r s i z e 
( I ^ y ) w i l l be i n f i n i t e above the c r i t i c a l c o n c e n t r a t i o n b u t 
f i n i t e be low i t . T h i s average c l u s t e r s i z e i s m a t h e m a t i c a l l y 
r e l a t e d to a c r i t i c a l exponent y ( w h i c h i s about 2 . 2 - 2 .4 i n 2 -
d i m e n s i o n s (10 ) ) : 

I A T 7 « | c - C | ~ Y C < C (2 ) 
AV 1 c 1 c 

We note t h a t O . l " ^ ' 2 = 1.6 x 1 0 2 , O . O l " 2 , 2 = 2 .5 x 1 0 4 , O . O O l " 2 ' 2 

= 4 . 0 x 10 and 0 * = ° ° ( f o r C=C ) . The g e n e r a l e x p r e s s i o n f o r 
the m i g r a t i o n e f f i c i e n c y ( t r a p p i n g p r o b a b i l i t y P) o f an e x c i t a 
t i o n i s q u i t e complex (9). However, t h e r e a re some s i m p l e 
c o n c e n t r a t i o n l i m i t s , ( 1 0 , 11) 

P = P M C » C (3 ) 
oo c 

and 

P « I A T 7 , C « C (4 ) AV c 

t o g e t h e r w i t h the s p e c i a l r e l a t i o n s h i p (_7): 

P = S 1 / < S C=C , S « l (5) 
c ' 

where 6 = yl $ + 1- C o m b i n i n g , r e s p e c t i v e l y , eqs . 1 and 3 and eqs . 
2 and 4 , one g e t s , r e s p e c t i v e l y : 

P « | C—C 1 3 C » C (6 ) 1 c 1 c 

and 

P <x | C - C I ~ Y C « C (7) 1 c 1 c 

The l a s t t h r ee e q u a t i o n s account f o r the c r i t i c a l b e h a v i o r (2^, 8, 
10) o f the energy t r a n s p o r t i n these sys t ems . 

S c a l i n g E x p e r i m e n t s 

Ex tended e x p e r i m e n t a l i n v e s t i g a t i o n s were per formed on the 
naph tha lene t r i p l e t e x c i t o n , the f i r s t sys tem to e x h i b i t a c r i t i 
c a l t r a n s i t i o n ( 9 ) . The energy t r a n s p o r t was measured f o r s e t s o f 
c o n c e n t r a t i o n ranges (C) o f c i o H ^ ^ C 1 0 D 8 ' w h e r e e a c h s e t * s d ^ s " 
t i n g u i s h e d by a g i v e n s u p e r t r a p ^ a c c e p t o r ) , s u p e r t r a p c o n c e n t r a 
t i o n S ( r e l a t i v e to c

1 0

H g ) and tempera ture ( F i g . 1 ) . The s i x 
cu rves o f F i g . 1 a re r e p l o t t e d a g a i n s t the reduced c o n c e n t r a t i o n 
C /C ( F i g . 2 ) , r e s u l t i n g i n a s t r i k i n g u n i v e r s a l b e h a v i o r . R e -
p l o t t i n g a g a i n these da ta i n c o n v e n t i o n a l l o g a r i t h m i c f a s h i o n 
( F i g . 3) y i e l d s the c r i t i c a l exponents b o t h above and be low the 
c r i t i c a l c o n c e n t r a t i o n . T h i s r e s u l t s i n the e x p e r i m e n t a l expon-
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Figure 1. Donor concentration dependence (16) of the energy transport measure 
h hot = h/(h + h), where ls is the acceptor ("supertrap") phosphorescence 
(O—O) and ld is that of C10H8, for Series A (x-trap, S ^ 104; (0) 1.7 K, (O) 
4.2 K); Series B (BMN, S = 103; (0)1.7 K, (A) 4.2 K), and Series C (BMN, S = 
10*; (X) 1.7 K, O 4.2 K). The lines are visual guides. BMN is betamethyl-

naphthalene. 

Figure 2. Universal energy transport 
curve. The data points and designations 
are the same as in Figure 1. For each 
family of data points Cc was derived from 
Figure 1 via Equation 7, using P = Is/ 

hot-

Figure 3. "Scaled" energy transport 
curve. The data points and designations 
are the same as in Figures 1 and 2. Error 
bars were added to a few points to indi
cate experimental uncertainties. The 
dashed lines are least-squares fits to the 
experimental data, giving y = 2.1 ± 0.2 

and 0 = 0.13 ±0.05. 
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e n t s : 3 = 0 .13 ± 0 .05 and y = 2 .1 ± 0 . 2 , i n e x c e l l e n t agreement 
w i t h the m a t h e m a t i c a l exponents ( 0 . 1 3 and 2 .2 ) f o r 2 - d i m e n s i o n a l 
l a t t i c e s (JL0). An a p p a r e n t l y unexpec ted r e s u l t i s the wide 
s c a l i n g r e g i o n , i . e . the v a l i d i t y o f the c r i t i c a l exponent ap
p roach over a wide range o f c o n c e n t r a t i o n s , even " f a r away 1 1 from 
the c r i t i c a l p o i n t (C ) . However, i n c o n t r a s t to o t h e r c r i t i c a l 
phenomena, the p e r c o f a t i o n - t r a n s i t i o n (2) e x h i b i t s s c a l i n g r e 
l a t i o n s h i p s over a wide range o f the o r d e r parameter ( c o n c e n t r a 
t i o n ) w i t h n o n - c l a s s i c a l exponents (2), as has been argued t h e o 
r e t i c a l l y (_12) and demons t ra ted by computer s i m u l a t i o n s ( 1 3 ) . 
T h i s means t h a t e q s . 1 and 2 s h o u l d be v a l i d ove r a l a r g e C -
r e g i o n , and l i k e w i s e eqs . 6 and 7. The l a t t e r i s i n e x c e l l e n t 
agreement w i t h exper imen t ( F i g . 3 ) . 

P h y s i c a l I n t e r p r e t a t i o n 

M i g r a t i o n c l u s t e r
i n t e r a c t i o n s (_11). Thes
and c l u s t e r s ( " s e c o n d a r y c l u s t e r s " ) . E x c i t a t i o n d e r e a l i z a t i o n 
w i l l u s u a l l y happen w i t h i n " p r i m a r y c l u s t e r s " , d e f i n e d by near 
n e i g h b o r i n t e r a c t i o n s . 

The e x c i t o n d e l o c a l i z a t i o n over p r i m a r y c l u s t e r s has been 
demons t ra ted by i n v e s t i g a t i o n s o f c l u s t e r s p e c t r a (11). Thus 
w i t h i n the i n t e r m e d i a t e - r a n g e ( " s e c o n d a r y " ) c l u s t e r s t h e r e a re 
e x c i t a t i o n jumps ("hops") among the d e l o c a l i z e d p r i m a r y c l u s t e r 
s t a t e s . Among the i n t e r m e d i a t e - r a n g e c l u s t e r s o c c a s i o n a l " l e a k s " 
may occur v i a l o n g e r - r a n g e i n t e r a c t i o n s . The l a t t e r d e f i n e 
" t e r t i a r y " c l u s t e r s . We p o i n t out t h a t the s c a l i n g r e s u l t s a re 
c o n s i s t e n t w i t h a l e a k y c l u s t e r model (11_) where the e x c i t a t i o n i s 
not a b s o l u t e l y c o n f i n e d w i t h i n a secondary c l u s t e r , bu t i s c o n 
f i n e d w i t h i n a " t e r t i a r y c l u s t e r " ( a se t o f weak ly communica t ing 
seconda ry c l u s t e r s ) . I t has a c t u a l l y been shown (_n , 14) t h a t (1) 
r a i s i n g the t empe ra tu r e , (2) l e n g t h e n i n g the m i g r a t i o n t i m e , o r 
(3 ) i n c r e a s i n g the s u p e r t r a p c o n c e n t r a t i o n , s h i f t s the c r i t i c a l 
p o i n t to a lower C ^ H g c o n c e n t r a t i o n . T h i s i s p h y s i c a l l y r e a s o n 
a b l e f o r a h o p p i n g m o d e l . P o i n t s (1) and (3) a re a l s o c o n f i r m e d 
by the d a t a i n F i g . 1. We a l s o note t h a t the v a r i a t i o n o f C w i t h 
S and T ( F i g . 1) i s i n c o n s i s t e n t w i t h an A n d e r s o n - M o t t m o b i l i t y 
edge (11) i n t e r p r e t a t i o n o f our e x p e r i m e n t a l r e s u l t s b u t i s c o n 
s i s t e n t w i t h a hopp ing (dynamic) p e r c o l a t i o n mechanism. F i n a l l y , 
we note t h a t the l i f e t i m e o f the t r i p l e t e x c i t a t i o n i s e x t r e m e l y 
l o n g (3 sec f o r n a p h t h a l e n e (11)). Thus we c a n , i n p r i n c i p l e , 
c l a i m an ana logy between F r e n k e l e x c i t o n t r a n s p o r t and charge 
t r a n s p o r t . 

E p i l o g u e 

We b e l i e v e t h a t e x c i t a t i o n p e r c o l a t i o n w i l l be a common 
o c c u r r e n c e i n many complex he te rogeneous sys tems , b o t h s y n t h e t i c 
and n a t u r a l . E x c i t a t i o n p e r c o l a t i o n has been proposed f o r the 
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p r i m a r y p h o t o s y n t h e t i c s t e p , c o n s i s t i n g o f e x c i t a t i o n m i g r a t i o n 
on a q u a s i l a t t i c e o f c h l o r o p h y 11-a (^ , L5 ) . Whether the p e r 
c o l a t i o n model w i l l a l s o be u s e f u l f o r the d e s c r i p t i o n o f charge 
t r a n s p o r t i n such systems remains an open q u e s t i o n . 

E x p e r i m e n t a l 

C r y s t a l samples used f o r the t r i p l e t expe r imen t s were p r e 
pa red from p o t a s s i u m f u s e d , zone r e f i n e d C i n D R ( M e r c k , Sharp & 
Dohme, 98% i s o t o p i c p u r i t y ) and a " C ^ H g / B W S t a n d a r d . 1 1 The 
" s t a n d a r d " was made by m i x i n g 5 .0 mg zone r e f i n e d BMN w i t h 5 .00 g 
p o t a s s i u m - f u s e d , z o n e - r e f i n e d C ^ H g . T h i s method a l l o w e d us_^o 
h o l d the r e l a t i v e s u p e r t r a p c o n c e n t r a t i o n S c o n s t a n t a t say 10 
The r e l a t i v e s u p e r t r a p c o n c e n t r a t i o n i n t h i s s e r i e s o f samples 
d i d not v a r y by more than 30%. S i n g l e c r y s t a l s were c u t a l o n g the 
ab ( c l e a v a g e ) p l a n e , mounted i n a sample h o l d e r " cage" and 
immersed i n l i q u i d h e l i u m
by s h u t t e r i n g a 1600
NiSO^/COSO^ s o l u t i o n f i l t e r ) w i t h a U n i b l i t z programmable s h u t 
t e r . S p e c t r a l l y r e s o l v e d CTQH« 0-0 phosphorescence ( a t 21208 cm 

) was measured w i t h an ITT F^-4ul3 pho to tube mounted i n a P r o d u c t s 
f o r Resea rch h o u s i n g ( c o o l e d to -25 C ) . Data were c o l l e c t e d w i t h 
a PAR model 1120 d i s c r i m i n a t o r and model 1110 pho ton c o u n t e r u s i n g 
a DEC SC1-11 m i c r o c o m p u t e r . S p e c i a l l y w r i t t e n so f tware p e r m i t t e d 
c o l l e c t i o n o f t ime r e s o l v e d da ta i n a m u l t i s c a l i n g mode f o r 
a v e r a g i n g a number o f decay c u r v e s . The t ime r e s o l u t i o n was 
l i m i t e d by the c l o s i n g speed o f our s h u t t e r sys tem to about 4 ms. 
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Abstract 

Exciton migration experiments on isotopic naphthalene crys
tals reveal a universal behavior with reduced donor concentra
tion, irrespective of temperature, acceptor species or acceptor 
concentration, giving a very wide scaling region with cr i t ica l 
exponents γ = 2.1 ± 0.2 and β = 0.13 ± 0.05. This is consistent 
with a 2-dim. dynamic exciton percolation model, but not with an 
Anderson-Mott mobility edge, down to 1.7K. The physical model 
assumes a hierarchy of clusters: (1) Primary, short-range donor 
clusters ("static-clusters") within which the excitation is de-
localized. Among the primary clusters the excitation hops rather 
quickly, provided that such primary clusters form a (2) Second
ary, intermediate-range cluster ("dynamic cluster"), within which 
the excitation migrates fast compared to the time-scale of the 
experiment. Occasional leaks may occur among the secondary 
clusters, resulting in (3) Tertiary, long-range clusters. The 
hopping-percolation process is thermally assisted. Analogies 
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between long lived Frenkel exciton transport and charge transport 
are discussed. 
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Localization of Electronic States in Polymers 
and Molecular Solids 
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The n a t u r e o f the e l e c t r o n i c s t a t e s a s s o c i a t e d w i t h i n j e c t e d 
cha rges and o p t i c a l e x c i t a t i o n s i n p o l y m e r i c and m o l e c u l a r s o l i d s 
has been a s u b j e c t o f renewed i n t e r e s t i n r e c e n t y e a r s b o t h 
because o f the i n c r e a s i n g use o f such m a t e r i a l s i n e l e c t r o n i c 
d e v i c e s and because a q u e s t i o n has a r i s e n c o n c e r n i n g the a p p r o 
p r i a t e n e s s o f t r a d i t i o n a l o n e - e l e c t r o n energy band t h e o r y f o r the 
d e s c r i p t i o n o f these s t a t e s (_1, 2> 3). I n p a r t i c u l a r , i t has been 
sugges ted t h a t under many c i r c u m s t a n c e s charges i n j e c t e d i n t o 
p o l y m e r i c and m o l e c u l a r m a t e r i a l s a re more ana logous to l o c a l i z e d 
m o l e c u l a r i o n s i n s o l u t i o n than to the extended " B l o c h " s t a t e s 
wh ich are thought to be a s s o c i a t e d w i t h e l e c t r o n i c m o t i o n i n 
m e t a l s and common c o v a l e n t s emiconduc to r s Q , 2). C o n s e q u e n t l y , 
a s u s p i c i o n has been g rowing t ha t s e m i c o n d u c t i n g o r g a n i c s o l i d s 
s h o u l d not be rega rded as " o r g a n i c s e m i c o n d u c t o r s " i n the t r a d i 
t i o n a l sense , i n s p i t e o f an e x t e n s i v e e a r l y l i t e r a t u r e i n wh ich 
ene rgy-band models were a p p l i e d to i n t e r p r e t measurements o f 
t h e i r o p t i c a l and t r a n s p o r t p r o p e r t i e s (4). 

The purpose o f t h i s paper i s the p r e s e n t a t i o n o f a b r i e f 
o v e r v i e w o f r e c e n t l i t e r a t u r e i n wh ich new models o f e l e c t r o n i c 
s t a t e s i n po lymers and m o l e c u l a r s o l i d s have been proposed (1̂ , 2, 
3_y 5-16). S i n c e l o c a l i z e d ( e . g . , m o l e c u l a r - i o n ) s t a t e s seem 
p r e v a l e n t i n these m a t e r i a l s , I i n d i c a t e i n S e c . I I the p h y s i c a l 
phenomena wh ich l e a d to l o c a l i z a t i o n . Sec . I l l i s devoted to the 
d e s c r i p t i o n o f a model wh ich p e r m i t s the q u a n t i t a t i v e a n a l y s i s o f 
the l o c a l i z e d - e x t e n d e d c h a r a c t e r o f e l e c t r o n i c s t a t e s and to the 
i n d i c a t i o n o f the r e s u l t s o f s p e c t r o s c o p i c d e t e r m i n a t i o n s o f the 
parameters i n t h i s model f o r v a r i o u s c l a s s e s o f p o l y m e r i c and 
m o l e c u l a r m a t e r i a l s . I c o n c l u d e w i t h the m e n t i o n i n S e c . IV o f an 
i m p o r t a n t p r a c t i c a l a p p l i c a t i o n o f these concep t s and m o d e l s : 
The c o n t a c t charge exchange p r o p e r t i e s o f i n s u l a t i n g po lymers (_7, 
17, 18, 19). 

0097-615 6/ 81 /0162-0065$05.00/0 
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R e l a x a t i o n and F l u c t u a t i o n s 

When a charge ( o r o p t i c a l l y - e x c i t e d e x c i t o n ) i s i n j e c t e d 
i n t o a m o l e c u l a r s o l i d , i t i nduces changes i n the e l e c t r o n i c 
charge d e n s i t y and a tomic p o s i t i o n s b o t h on the m o l e c u l a r s i t e 
wh ich i t o c c u p i e s ( i n t r a m o l e c u l a r r e l a x a t i o n ) and on n e i g h b o r i n g 
m o l e c u l a r s i t e s ( i n t e r m o l e c u l a r r e l a x a t i o n ) . T h i s phenomenon i s 
c a l l e d " r e l a x a t i o n " and l e ads to a l o w e r i n g o f the energy o f the 
compos i t e sys t em o f added charge p l u s m o l e c u l a r s o l i d by an amount 
c a l l e d the " r e l a x a t i o n e n e r g y , " E . The r e l a x a t i o n energy i s 
f o r m a l l y d e f i n e d f o r an i n j e c t e d charge ( e . g . , m o l e c u l a r i o n ) as 
the d i f f e r e n c e between the ground s t a t e energy o f the i o n and the 
H a r t r e e - F o c k m o l e c u l a r o r b i t a l e i g e n v a l u e ( i n the c a n o n i c a l 
b a s i s ) w h i c h c o r r e s p o n d s to the f r e e - i o n s t a t e . B o t h the i n t r a 
m o l e c u l a r and i n t e r m o l e c u l a r c o n t r i b u t i o n s to the r e l a x a t i o n 
energy can be l a r g e for m o l e c u l a r s o l i d s : I . e . , E ( i n t r a ) = 
E ( i n t e r ) = l - 2 e V ( 1 , 2,
an ions ( c a t i o n s ) i n condense
lower ( h i g h e r ) than the c o r r e s p o n d i n g f r e e - m o l e c u l e o r b i t a l s . 
D e t a i l e d models o f the v a r i o u s c o n t r i b u t i o n s to the r e l a x a t i o n 
energy are g i v e n e l sewhere (2_, .5, 8 ) . 

An i m p o r t a n t f e a t u r e o f the i n t e r m o l e c u l a r c o n t r i b u t i o n s to 
the r e l a x a t i o n energy i s t h e i r dependence on the l o c a l a t omic 
s t r u c t u r e i n the v i c i n i t y o f the i n j e c t e d i o n or e x c i t o n . F o r 
example , a s u r f a c e i o n e x h i b i t s on ly about 60% o f the b u l k 
r e l a x a t i o n energy because o f the absence o f p o l a r i z a b l e n e i g h b o r 
i n g s p e c i e s o u t s i d e the condensed phase ( 1 , 6). T h i s v a r i a t i o n i n 
the v a l u e o f the m o l e c u l a r - i o n s i t e energy a t the s u r f a c e r e l a t i v e 
to the b u l k l e d to the p r e d i c t i o n (1_) and subsequent o b s e r v a t i o n 
(20) o f l o c a l i z e d s u r f a c e s t a t e s f o r m o l e c u l a r f i l m s ( s p e c i f i c a l 
l y , a n t h r a c e n e ) . More g e n e r a l l y , l o c a l v a r i a t i o n s i n the compo
s i t i o n and s t r u c t u r e o f po lymers and m o l e c u l a r g l a s s e s cause 
s p a t i a l f l u c t u a t i o n s i n the s i t e e n e r g i e s o f m o l e c u l a r i o n s and 
e x c i t o n s i n these m a t e r i a l s . Fo r i n t r i n s i c m o l e c u l a r - i o n s t a t e s , 
the magni tude o f these f l u c t u a t i o n s may be i n f e r r e d v i a a n a l y s e s 
o f the w i d t h s o f v a l e n c e - e l e c t r o n p h o t o e m i s s i o n l i n e s (_2, 6> 8) o r 
o f c o n t a c t charge exchange s p e c t r a (2^, 6, L 8 , 19)* T y p i c a l l y one 
f i n d s E r - 0 . 5 - 1 . 0 e V . The impor tance o f these f l u c t u a t i o n s i s 
t h e i r c r e a t i o n o f l o c a l i z e d m o l e c u l a r - i o n s t a t e s i n po lymers and 
g l a s s e s (1_, 2, 3). I n p a r t i c u l a r , i n t r i n s i c l o c a l i z e d m o l e c u l a r -
i o n s t a t e s are thought to be i n v o l v e d i n the c o n t a c t charge 
exchange b e h a v i o r o f pendant group po lymers (T_, _T7, 18, 19) and 
e x t r i n s i c l o c a l i z e d m o l e c u l a r - i o n s t a t e s dominate the t r a n s p o r t 
p r o p e r t i e s o f m o l e c u l a r l y doped polymers (21^, 22 , 2 3 ) . 

A n o t h e r s i g n i f i c a n t source o f v a r i a t i o n s i n the l o c a l s i t e 
e n e r g i e s o f m o l e c u l a r i o n s and e x c i t o n s i n condensed media i s the 
m o d u l a t i o n o f these e n e r g i e s by the t h e r m a l v i b r a t i o n s e i t h e r o f 
the medium ( e . g . , a c o u s t i c a l phonons and l i b r o n s ) or o f the 
m o l e c u l a r i o n ( e x c i t o n ) i t s e l f ( i n t r a m o l e c u l a r v i b r a t i o n s ) . A 
model H a m i l t o n i a n wh ich i n c o r p o r a t e s e l e c t r o n i c i n t e r a c t i o n s w i t h 
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the v a r i o u s b ranches o f the v i b r a t i o n a l spec t rum was p roposed by 
R i c e et a l . , ( lfJ) and s u b s e q u e n t l y was extended and a p p l i e d to 
p r o v i d e an i n t e r p r e t a t i o n o f UV a b s o r p t i o n and p h o t o e m i s s i o n 
s p e c t r a ( 8 , _12, _24). Three fundamen ta l l y d i f f e r e n t phenomena 
o c c u r : the m o d u l a t i o n o f l o c a l m o l e c u l a r - i o n e n e r g i e s by v i b r a 
t i o n s c h a r a c t e r i s t i c o f the medium i n which i o n i s embedded (8>, 
9^), t h e i r m o d u l a t i o n by modes i n t e r n a l to the i o n i t s e l f (9^, 10, 
2 4 ) , and the m o d u l a t i o n o f the s i t e - t o - s i t e e l e c t r o n t r a n s f e r 
i n t e g r a l s by v i b r a t i o n s c h a r a c t e r i s t i c o f the medium C3 , j ) , 1 0 ) . 
Each o f these phenomena a f f e c t s p h o t o e m i s s i o n , UV a b s o r p t i o n , and 
t r a n s p o r t i n i t s own un ique f a s h i o n so t h a t a comple te d e s c r i p t i o n 
o f any o f these measurements must encompass a l l t h r e e . A c o m p a r i 
son o f the n a t u r e and consequences o f the t h r ee e f f e c t s has been 
g i v e n by Duke ( 3 , 9). 

L o c a l i z a t i o n 

The l o c a l or extende
s t a t e s i n m o l e c u l a r s o l i d s i s de t e rmined by a c o m p e t i t i o n between 
f l u c t u a t i o n s i n the l o c a l s i t e e n e r g i e s o f these s t a t e s ( w h i c h 
tend to l o c a l i z e them) and the hopp ing i n t e g r a l s f o r i n t e r - s i t e 
e x c i t a t i o n t r a n s f e r ( w h i c h tend to d e l o c a l i z e them). I n o rde r to 
d e f i n e t h i s f l u c t u a t i o n - i n d u c e d l o c a l i z a t i o n concep t more p r e 
c i s e l y , c o n s i d e r the model d e f i n e d by the o n e - e l e c t r o n 
H a m i l t o n i a n 

H = ^2 e ( a ) a + a + 2 ^ V a a ,

f a +

f . a „ (1) n n , a n , a Mmrd. n n 1 n ' a 1 n a . n , a ' ' n f n 1 ' 
a , a 

i n wh ich n i s a s i t e i n d e x ; a d e s i g n a t e s the m o l e c u l a r o r b i t a l ; 
V , d e s i g n a t e the i n t e r m o l e c u l a r hopp ing i n t e g r a l s ; and a i s 
tfie a n n i h i l a t i o n o p e r a t o r f o r an e l e c t r o n o c c u p y i n g the o r b i ? a l a 
a t the s i t e n . 

B o t h the m o l e c u l a r i o n e n e r g i e s ( i . e . , s i t e e n e r g i e s , e ) 
and the hopp ing i n t e g r a l s , V , form d i s t r i b u t i o n s because o f tfie 
l o c a l v a r i a t i o n s i n c o m p o s i t i o n and s t r u c t u r e . W h i l e a p rope r 
a n a l y s i s o f the r e s u l t i n g model i s c o m p l i c a t e d ( 2 5 , 2 6 ) , the 
q u a l i t a t i v e f e a t u r e s o f i n t e r e s t to us can be d e f i n e d i n terms o f 
a mean s i t e energy e , the rms d e v i a t i o n from t h i s mean 

A E > / c ( e n - D 2 > A V (2 ) 

and a mean hopp ing i n t e g r a l , V . V a r i a t i o n s i n the s i t e e n e r g i e s 
from the mean ( d e s c r i b e d by A ) are r e f e r r e d to as " d i a g o n a l 
d i s o r d e r " whereas ana logous v a r i a t i o n s o f the hopp ing i n t e g r a l s 
a re c a l l e d " o f f - d i a g o n a l d i s o r d e r . " S i m i l a r i l y , i f these v a r i 
a t i o n s are caused by l o c a l t i m e - i n d e p e n d e n t f l u c t u a t i o n s i n com
p o s i t i o n or s t r u c t u r e one speaks o f " s t a t i c d i s o r d e r " w h i l e i f 
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they are gene ra t ed by t h e r m a l v i b r a t i o n s one employs the te rm 
"dynamic d i s o r d e r . " Whereas s t a t i c d i a g o n a l and o f f - d i a g o n a l 
d i s o r d e r can occur i n p o l y m e r s , o n l y dynamic d i s o r d e r s h o u l d be 
p r e s e n t i n m o l e c u l a r c r y s t a l s . A model p r o p e r l y embodying dynam
i c d i s o r d e r i s more c o m p l i c a t e d than E q . (1) ( 3 , 8, 9). The 
i m p o r t a n t p o i n t f o r our p r e s e n t p u r p o s e , however , i s the r e c o g n i 
t i o n t h a t a l l sou rces o f d i s o r d e r must be c o n s i d e r e d i n o r d e r to 
de te rmine the l o c a l i z e d or ex tended c h a r a c t e r o f the e l e c t r o n i c 
s t a t e s a s s o c i a t e d w i t h charges ( o r e x c i t o n s ) i n j e c t e d i n t o p o l y 
mers and m o l e c u l a r m a t e r i a l s , and t h a t these sources o f d i s o r d e r 
a re d e s c r i b e d by c h o o s i n g s u i t a b l e d i s t r i b u t i o n s o f the and 
V , parameters i n E q . (1) or an a p p r o p r i a t e g e n e r a l i z a t i o n 
t R e r e o f . 

I n terms o f the s i m p l i f i c a t i o n o f E q . (1) d e f i n e d by c o n 
s i d e r i n g o n l y n e a r e s t - n e i g h b o r hopp ing i n t e g r a l s ( i . e . , n e g l e c t 
i n g l o n g - r a n g e h o p s ) , i t can be shown ( 2 5  26) t h a t i n j e c t e d 
charges are l o c a l i z e d
a n i o n s w i t h i n the s o l i d

A>czV (3) 

i n which z i s the c o o r d i n a t i o n number o f the (p resumably i d e n t i 
c a l ) m o l e c u l a r s i t e s and c i s a d i m e n s i o n l e s s number o f the o r d e r 
o f u n i t y which depends b o t h on the c o n n e c t i v i t y ( i . e . , d i m e n s i o n 
a l i t y ) o f the m o l e c u l a r sys tem and on the e x t e n t o f o f f - d i a g o n a l 
d i s o r d e r . T y p i c a l l y c - 2 .5 f o r ( i s o t r o p i c ) t h r e e d i m e n s i o n a l 
sys tems , 1.5 f o r two d i m e n s i o n a l sys tems , and z e r o f o r one-
d i m e n s i o n a l sys t ems . I n e q u a l i t y 03) i s b e l i e v e d to be s a t i s f i e d 
i n most p o l y m e r s : I n t h i s case charges i n j e c t e d i n t o the po lymer 
form l o c a l , m o l e c u l a r an ions and c a t i o n s , r e s p e c t i v e l y , r a t h e r 
than ex tended m o b i l e s t a t e s l i k e those c h a r a c t e r i s t i c o f c r y s t a l 
l i n e c o v a l e n t s e m i c o n d u c t o r s . C o n s e q u e n t l y , under these c i r 
cumstances the e l e c t r o n s and h o l e s are more a c c u r a t e l y v i s u a l i z e d 
as i o n s i n s o l u t i o n wh ich move, however , by c a r r i e r h o p p i n g r a t h e r 
than i o n i c d i f f u s i o n . On the o t h e r hand, s t a t i c d i a g o n a l d i s o r d e r 
s h o u l d be ze ro i n b u l k o r g a n i c c r y s t a l s , so t h a t i n e q u a l i t y (3) i s 
not n e c e s s a r i l y s a t i s f i e d and ex tended b a n d - l i k e s t a t e s are no t 
r u l e d o u t . I n any c a s e , i f A and V are known, an assessment o f the 
l o c a l i z a t i o n o f the i n j e c t e d charges can be made. 

D i f f e r e n t c l a s s e s o f po lymers and m o l e c u l a r j s o l i d s e x h i b i t 
s y s t e m a t i c a l l y d i s t i n c t ranges o f v a l u e s o f A and V . Fo r t y p i c a l 
pendan t -g roup and m o l e c u l a r l y doped p o l y m e r s , O . l e V A l e V , 
V <. O . l e V fo r m o t i o n a l o n g the p o l y m e r i c backbone o f pendant group 
p o l y m e r s , and o t h e r w i s e V << O . l e V ( 1 , 8). T h e r e f o r e i n e q u a l i t y 
(3>) i s c l e a r l y s a t i s f i e d fo r these m a t e r i a l s , so i n j e c t e d charges 
form i n t r i n s i c (pendan t -g roup po lymers ) or e x t r i n s i c ( m o l e c u l a r -
l y - d o p e d p o l y m e r s ) l o c a l m o l e c u l a r - i o n s t a t e s ( 1 , 2, _3, 6, T_> 8 ) . 
A s i m i l a r s i t u a t i o n seems to p r e v a i l f o r m o l e c u l a r g l a s s e s , 
a l t h o u g h the parameter v a l u e s are not y e t f i r m l y e s t a b l i s h e d i n 
t h i s c a s e . Fo r b u l k m o l e c u l a r c r y s t a l s i n the absence o f d e f e c t s 
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the s t a t i c d i s o r d e r c o n t r i b u t i o n to A v a n i s h e s so one expec t s A = 
C'KT i n which c f i s a c o n s t a n t . T h i s o b s e r v a t i o n l e d to the 
p r e d i c t i o n (_1) and subsequent o b s e r v a t i o n (_3, 27 , 28) o f a 
t r a n s i t i o n w i t h d e c r e a s i n g tempera ture from hopp ing m o t i o n b e 
tween l o c a l i z e d s t a t e s to band m o t i o n i n ex tended s t a t e s i n 
naph tha l ene and d e u t e r a t e d n a p h t h a l e n e . F i n a l l y , f o r s e g r e g a t e d -
s t a c k l i n e a r c h a i n charge t r a n s f e r s a l t s ( e . g . , TTF-TCNQ) and 
n o n - s a t u r a t e d - b a c k b o n e po lymer s ( e . g . , p o l y ( s u l f u r n i t r i d e ) and 
p o l y a c e t y l e n e ) A < V so t ha t t r a n s p o r t v i a d e l o c a l i z e d s t a t e s i s 
p o s s i b l e p r o v i d e d the e l e c t r o n i c m o t i o n i s not s t r i c t l y one 
d i m e n s i o n a l . I n some c a s e s , however , the q u a s i - o n e - d i m e n s i o n a l 
na tu re o f the m a t e r i a l s s t r o n g l y sugges t s the o c c u r r e n c e o f 
F e r m i - s u r f a c e i n s t a b i l i t i e s ( 1 0 - 1 5 , 2 9 ) . Fo r example , i n p o l y 
a c e t y l e n e P e i e r l ' s i n s t a b i l i t i e s , wh ich m a n i f e s t themse lves as 
b o n d - a l t e r n a t i n g backbone s t r u c t u r e s i n undoped m a t e r i a l s , seem 
t o p redomina te ( L 5 , _16) • I t f u r t h e r has been sugges ted (_L3  14
30) t h a t these i n s t a b i l i t i e
upon dop ing than those wh ic
semiconduc t o r s . 

We c o n c l u d e , t h e r e f o r e , t h a t a l t h o u g h the o p t i c a l and t r a n s 
p o r t p r o p e r t i e s o f o r g a n i c po lymers and m o l e c u l a r s o l i d s may 
appear ana logous to those o f t y p i c a l c o v a l e n t s e m i c o n d u c t o r s , the 
m a t e r i a l s s h o u l d not be thought o f as " o r g a n i c s e m i c o n d u c t o r s " i n 
the J i r a d i t i o n a l o n e - e l e c t r o n sense . Most commonly ( i . e . , when 
A>> V) they are more a c c u r a t e l y r ega rded as F e r m i g l a s s e s c h a r a c 
t e r i z e d by l o c a l i z e d i n t r i n s i c a n d / o r e x t r i n s i c m o l e c u l a r i o n 
s t a t e s w i t h e n e r g i e s near the F e r m i ene rgy . Sometimes ( e . g . , i n 
the case o f p o l y a c e t y l e n e ) they a re b e s t c o n s i d e r e d to be o r g a n i c 
m e t a l s wh ich have become semiconduc to r s because o f F e r m i - s u r f a c e 
i n s t a b i l i t i e s . O c c a s i o n a l l y , as i n the case o f u l t r a p u r e naph
t h a l e n e and d e u t e r o n a p h t h a l e n e at T £_100K, o r g a n i c c r y s t a l s do 
seem to e x h i b i t t r a d i t i o n a l o n e - e l e c t r o n energy-band t r a n s p o r t . 
T h i s s i t u a t i o n i s , however , the e x c e p t i o n r a t h e r than the r u l e . 

C o n t a c t Charge Exchange 

A n impor t an t p r a c t i c a l p r o b l e m wh ich r e q u i r e s f o r i t s s o l u 
t i o n the concep t s deve loped i n the p r e c e e d i n g s e c t i o n i s t h a t o f 
c o n t a c t charge exchange between i n s u l a t o r s . Long v iewed i n terms 
o f the t r a d i t i o n a l s emiconduc to r model (31^, 3 2 ) , charge i n j e c t i o n 
and m o t i o n i n h i g h po lymers have s u c c e s s f u l l y e l u d e d q u a n t i t a t i v e 
i n t e r p r e t a t i o n u n t i l the r e c o g n i t i o n i n r e c e n t y e a r s (_5, 6, 18 , 
19) t h a t the p o l y m e r i c m a t e r i a l s i n v o l v e d are b e s t d e s c r i b e d as 
F e r m i g l a s s e s . S p e c i f i c a l l y , the l o c a l i z a t i o n o f i n j e c t e d 
cha rges p r e d i c t e d by the F e r m i - g l a s s model i s r e q u i r e d b o t h to 
unde r s t and the good i n s u l a t i n g p r o p e r t i e s o f p o l y m e r i c m a t e r i a l s 
(32) and to i n t e r p r e t the n o n - e q u i l i b r i u m f e a t u r e s o f c o n t a c t 
cha rge exchange C7, 18, _19, 3 3 , 3 4 ) . 

The b a s i c c o n s t r u c t o f the F e r m i - g l a s s model i s a s p a t i a l l y 
averaged d e n s i t y o f donor and a c c e p t o r s t a t e s wh ich i s a f u n c t i o n 
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o f ene rgy . T h i s s t a t e d e n s i t y e i t h e r may be c a l c u l a t e d from the 
m i c r o s c o p i c models no ted above ( 2 , 6 , _7> .§> 2) o r m a v ^e d e t e r ~ 
mined p h e n o m e n o l o g i c a l l y v i a p h o t o e m i s s i o n (8) or m e t a l - p o l y m e r 
c o n t a c t charge exchange (6, 8 , 18, 19) measurements . Once the 
d e n s i t i e s o f s t a t e are known f o r two i n s u l a t o r s , t h e i r s t e a d y -
s t a t e c o n t a c t charge exchange can be p r e d i c t e d (_7). A phenomeno-
l o g i c a l v e r s i o n o f t h i s F e r m i - g l a s s model has been shown t o 
p r e d i c t s u c c e s s f u l l y the c o n t a c t charge exchange o f v a r i o u s c o 
po lymers o f p o l y s t y r e n e and p o l y ( m e t h y l m e t h a c r y l a t e ) , and o f 
c a r b o n - b l a c k p igmented po lymers (J)- The model a l s o has been used 
to i n t e r p r e t q u a n t i t a t i v e l y p h o t o e m i s s i o n and UV a b s o r p t i o n d a t a 
f o r p o l y s t y r e n e and p o l y ( 2 - v i n y l p y r i d i n e ) ( 2 , 8 ) , and to 
c a l c u l a t e hopp ing a c t i v a t i o n e n e r g i e s i n p o l y ( 2 - v i n y l p y r i d i n e ) 
(35). C o n s e q u e n t l y , i t c o n s t i t u t e s the f i r s t s u c c e s s f u l a t t empt 
to p r o v i d e a s i m p l e , u n i f i e d t heo ry o f o p t i c a l a b s o r p t i o n , charge 
i n j e c t i o n , and charge t r a n s p o r t i n h i g h p o l y m e r s

Abstract 

The extended or localized character of charges injected into 
solids is determined by a competition between fluctuations in the 
energies of these charges from one site to another and their 
probability of extending over more than one site. We illustrate 
for trinitrofluorenone and triphenylamine the fact that injected 
charges can exhibit widely different transport behaviors in con
densed molecular systems characterized by similar geometrical and 
electronic structures. A model of charge localization in con
densed molecular solids is developed. This model embodies dis
tributions of site energies and of electronic overlap integrals. 
A procedure for estimating these distributions using spectro
scopic data is indicated and applied to a variety of polymers and 
molecular solids. The model predicts the systematic occurrence 
of localized states in certain types of materials (e.g., aromatic 
pendant-group polymers like polystyrene) but not in others (e.g., 
crystalline, non-saturated-backbone polymers like polyacetyl-
ene). Fermi-surface instabilities occur, however, in linear 
polymer systems which exhibit extended states. A survey is given 
of the varied behaviors expected for localized and extended-state 
polymeric materials. As an example of their utility, the results 
of the analysis are applied to an important practical problem: 
the description of contact charge exchange between polymeric 
insulators. 
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Applied Mathematics, University of Waterloo, Waterloo, Ontario, Canada, N2L 3G1 

Method 

The ab i n i t i o SCF LCAO c r y s t a l o r b i t a l (CO) method (wh ich 
a p p l i e s a n o n - l o c a l exchange and keeps a l l the o c c u r r i n g t h r e e -
and fou r c e n t e r i n t e g r a l s i f the number o f ne ighbou r s to be t aken 
i n t o account has been chosen) was deve loped about t w e l v e y e a r s ago 
(1_). I n t h i s t h e o r y one has to s o l v e the g e n e r a l i z e d e i g e n v a l u e 
e q u a t i o n 

! (£ )d .Oc) = e . ( S ) § ( £ ) d . ( £ ) (l) 

where _ ^ 
ikR-* ikR+ 

| ( k ) = £ e q g t f ) , § ( £ ) = £ e q § ( q ) (2) 
->• ->• 
q q 

( i ( ? ) ) r , s = < X r

5 | x s

? > < 3 a > 

( I ( q » r > s - < X r ° | F | x s ^ > X r V N | x s

5 > 

$ U'V 1 2_ 
P(^42) x « X r O ( 1 ) X u

q i ( 2 ) | ^ - | x / ( l ) X v

q 2 ( 2 ) > - ^ < x / ( l ) 
u , v 12 

\ ( 2 ) q i | ^ l x v ( D 2 x s

q ( 2 ) > ) (3b) 
12 

Here y ^ i s the s - t h AO i n the u n i t c e l l c h a r a c t e r i z e d by the 
s 

p o s i t i o n v e c t o r R> and the g e n e r a l i z e d cha rge -bond o r d e r m a t r i x 
e lement i s g i v e n t^r the e x p r e s s i o n (1): 

c n * (4) 
P ( q l " ^ u . v = \ J £ d ? , u ( ^ d i , v ^ ) e X P ^ 
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where w s t ands f o r the volume o f the f i r s t B r i l l o u i n zone i n 
r e c i p r o c a l space , %. i s the c r y s t a l momentum and n * denotes the 
number o f f i l l e d bands . 

I t was easy to show t h a t we can f o r m u l a t e the method a l s o i n 
the case o f a combined symmetry o p e r a t i o n ( f o r i n s t a n c e h e l i x 
o p e r a t i o n = t r a n s l a t i o n + r o t a t i o n ) i n s t e a d o f s i m p l e t r a n s l a t i o n 
(2^). I n t h i s case k i s d e f i n e d on the combined symmetry o p e r a t i o n 
and from g o i n g from one c e l l to the nex t one, one has (1) t o pu t 
the n u c l e i i n the p o s i t i o n s r e q u i r e d by the symmetry o p e r a t i o n and 
(2) one has to r o t a t e a c c o r d i n g l y a l s o the b a s i s s e t . 

F i n a l l y i t s h o u l d be ment ioned t h a t e f f i c i e n t t e c h n i q u e s 
have been deve loped to h a n d l e l o n g range e l e c t r o s t a t i c e f f e c t s i n 
po lymers u s i n g a m o d i f i e d m u l t i p o l e e x p a n s i o n ( 3 ) . 

P o l y a c e t y l e n e s and P o l y d i a c e t y l e n e s 

The d e s c r i b e d metho

( = C H ^ C H = ) and t r a n s - c i s o i d 

C H = C H 

( — C H CH—) p o l y a c e t y l e n e and to p o l y d i a c e t y l e n e ( i d e a l 

CH—CH 
a c e t y l e n e s t r u c t u r e ) . Fo r the p o l y a c e t y l e n e s the geometry e s t a b 
l i s h e d by I t o h et a l (4) and fo r p o l y d i a c e t y l e n e the geometry 
p u b l i s h e d by Chance e_t a_l (_5) has been u s e d . Fo r the c a l c u l a t i o n s 
an ST0-3G b a s i s se t (6) has been a p p l i e d ( u s i n g an ST0-4G b a s i s 
se t no s i g n i f i c a n t change has been found i n the band s t r u c t u r e s ) . 
F o r the p o l y a c e t y l e n e s i x t h n e i g h b o u r ' s i n t e r a c t i o n s and f o r the 
p o l y d i a c e t y l e n e f i f t h ne ighbour s i n t e r a c t i o n s have been t aken 
i n t o a c c o u n t . I n T a b l e 1 we show the c o n d u c t i o n and v a l e n c e bands 
o f these sys t ems . 

As we can see from the T a b l e a l l the t h r ee c h a i n s (and t h i s 
i s the case a l s o f o r f u r t h e r two o t h e r p o l y a c e t y l e n e and t h r ee 
p o l y d i a c e t y l e n e c h a i n s (7 ) w h i c h a l s o have been c a l c u l a t e d ) have 
b road v a l e n c e and c o n d u c t i o n bands w i t h w i d t h s between 4 . 4 and 6 .5 
e V - s . Comparing the band s t r u c t u r e o f the two p o l y a c e t y l e n e 
c h a i n s we can f i n d t h a t the p o s i t i o n o f the bands and t h e i r w i d t h s 
i s not v e r y s t r o n g l y i n f l u e n c e d by the d i f f e r e n t g e o m e t r i e s . T h i s 
i s a g a i n the case i f we compare the here not d e s c r i b e d band 
s t r u c t u r e s o f the f u r t h e r p o l y a c e t y l e n e and p o l y d i a c e t y l e n e 
c h a i n s . On the o t h e r hand the p o s i t i o n o f the v a l e n c e and 
c o n d u c t i o n bands and the w i d t h s o f the v a l e n c e bands o f the 
p o l y d i a c e t y l e n e c h a i n s i s more d i f f e r e n t from those o f the p o l y 
a c e t y l e n e c h a i n s . To c o n c l u d e we can say t h a t due to the b road 
v a l e n c e and c o n d u c t i o n bands o f these systems (wh ich mean r a t h e r 
l a r g e h o l e and e l e c t r o n m o b i l i t i e s , r e s p e c t i v e l y ) one can expec t 
t h a t i f doped w i t h e l e c t r o n a c c e p t o r s or donors these systems w i l l 
become good c o n d u c t o r s , wh ich i s , as i t i s e x p e r i m e n t a l l y e s t a b -
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T a b l e I 

The C o n d u c t i o n and V a l e n c e Band o f c i s - t r a n s o i d and t r a n s - c i s o i d 
P o l y a c e t y l e n e s and o f P o l y d i a c e t y l e n e ( I d e a l A c e t y l e n e S t r u c 
t u r e ) i n e V ' s 

V a l e n c e Band C o n d u c t i o n Band 

e . m m z 
max 

( min max 6e 

P o l y a c e t y l e n e 

c - t - 9 . 7 5 - 4 . 5 2 5, .23 3 .30 9.77 6 .47 

t - c - 9 . 6 4 - 4 . 5 6 5, .08 3.65 9 .71 6 .06 

P o l y d i a c e t y l e n e - 8 . 0 8 

t Bandwid th 

l i s h e d , the c a s e . I n t h i s r e s p e c t one s h o u l d men t ion t h a t a 
( C H ? ) or a ( S i H ) c h a i n has a l s o b road v a l e n c e and c o n d u c t i o n 
bands* (£$). S i n c e £ h e s e c h a i n s do not c o n t a i n 7t e l e c t r o n s , one 
would need more p o w e r f u l a c c e p t o r s ( l i k e a l k a l i m e t a l i o n s ) t o 
t a k e out e l e c t r o n s from the v a l e n c e band . I n the a u t h o r s ' o p i n i o n 
t h i s c o u l d be done and i n t h i s way these c h a i n s c o u l d become a l s o 
good c o n d u c t o r s ( s i n c e a c c e p t o r s never t ake out a f u l l e l e c t r o n i c 
charge per bond , bu t o n l y a s m a l l f r a c t i o n o f i t , the chances t h a t 
i n t h i s way the a bonds o f the c h a i n w i l l be b r o k en i s v e r y 
s m a l l ) . 

T u r n i n g now to l a r g e r systems the ab i n i t o SCF LCAO CO method 
has been a p p l i e d a l s o to n e u t r a l TCNQ and TTF s t a c k s ( u s i n g the 
geometry which they have i n the mixed c r y s t a l (9)) and to the 
s t a c k e d DNA bases a p p l y i n g the same geometry as i n a s i n g l e c h a i n 
o f the i n v i v o s t a b l e B form o f DNA ( 1 0 ) . The ST0-3G b a s i s has 
been a p p l i e d a l s o f o r these c a l c u l a t i o n s and s i n c e the s t a c k i n g 
d i s t a n c e i n a l l these systems i s over 3& (3 .47& f o r TTF, 3 .17A f o r 
TCNQ and 3 . 3 6 $ f o r the h o m o p o l y n u c l e o t i d e s ) o n l y second n e i g h 
b o u r ' s i n t e r a c t i o n s have been t aken i n t o a c c o u n t . I n T a b l e I I we 
p r e s e n t the r e s u l t s f o r the v a l e n c e and c o n d u c t i o n bands o f these 
sys t ems . I n the case o f the h o m o p o l y n u c l e o t i d e s we g i v e a l s o ( i n 
p a r e n t h e s i s ) v a l e n c e and c o n d u c t i o n bands c o r r e c t e d f o r l o n g 
range c o r r e l a t i o n u s i n g the e l e c t r o n i c p o l a r o n model ( 1 1 ) . 

I n the case o f the TTF and TCNQ s t a c k s , i t i s i n t e r e s t i n g to 
note t h a t the v a l e n c e band o f TTF ( f rom w h i c h i n the mixed c r y s t a l 
the charge t r a n s f e r o c c u r s ) and the c o n d u c t i o n band o f TCNQ ( t o 
wh ich the charge i s t r a n s f e r r e d ) a re c o m p a r a t i v e l y b road ( ^ 0 . 3 eV 
and o» 1.2 eV, r e s p e c t i v e l y ) , w h i l e the c o n d u c t i o n band o f TTF and 
the v a l e n c e band o f TCNQ are v e r y na r row. The p o s i t i o n o f the 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



76 PHOTON, ELECTRON, AND ION PROBES 

T a b l e I I 

The V a l e n c e and C o n d u c t i o n Bands o f TCNQ and TTF S t a c k s and o f the 
F o u r H o m o p o l y n u c l e o t i d e s ( i n e V - s ) 

V a l e n c e Band C o n d u c t i o n Band 

e 6e e 6e 
min max m i n max 

TTF - 3 . 8 0 - 3 . 5 0 0 .30 8.51 8.59 0 .08 
TCNQ - 7 . 2 5 - 7 . 1 6 0 .09 - 0 . 4 9 0 .69 1.18 
P o l y - - 9 . 6 7 - 9 . 1 1 0 .56 1.54 2 .78 1.24 
c y t o s i n e ( - 9 . 1 9 ) ( - 8 . 6 7 ) ( 0 . 5 2 ) ( 1 . 1 2 ) ( 2 . 2 7 ) ( 1 . 1 5 ) 
P o l y - - 9 . 5 8 - 9 . 1 5 0 .43 3 .00 3 .93 0 .93 
thymine ( - 9 . 2 2 ) ( - 8 . 8 1
P o l y - - 9 . 1 8 - 8 . 7
ad en ine ( - 8 . 8 2 ) ( - 8 . 4 1 ) ( 0 . 4 1 ) ( 2 . 4 8 ) ( 3 . 4 1 ) ( 0 . 9 3 ) 
P o l y - - 8 . 0 3 - 7 . 4 0 0 .63 3 .68 4 . 7 3 1.05 
guan i n e ( - 7 . 6 5 ) ( - 7 . 0 6 ) ( 0 . 5 9 ) ( 3 . 3 5 ) ( 4 . 3 6 ) ( 1 . 0 1 ) 

bands ( h i g h - l y i n g v a l e n c e band o f TTF and l o w - l y i n g c o n d u c t i o n 
band o f TCNQ) f a v o r s a l s o s t r o n g l y the charge t r a n s f e r from TTF to 
TCNQ. 

Comparing the w i d t h s o f the v a l e n c e bands and o f the c o n 
d u c t i o n bands o f the fou r h o m o p o l y n u c l e o t i d e s one f i n d s t h a t they 
have about the same w i d t h s as the v a l e n c e band o f TTF and the 
c o n d u c t i o n band o f TCNQ. T h i s means t h a t i f one wou ld dope them 
w i t h good e l e c t r o n a c c e p t o r s o r d o n o r s , one would expec t a r a t h e r 
l a r g e c o n d u c t i v i t y a l s o i n these sys tems . One s h o u l d p o i n t ou t 
t h a t though r e a l DNA i s a p e r i o d i c , the h o m o p o l y n u c l e o t i d e s ( w h i c h 
c o n t a i n a l s o the sugar phosphate p a r t n e g l e c t e d i n these c a l c u l a 
t i o n s , bu t wh ich most p r o b a b l y would not e f f e c t too much the 
v a l e n c e and c o n d u c t i o n bands , because b o t h are TT bands) have been 
s y n t h e t i z e d i n the l a b o r a t o r y . A c c o r d i n g to our knowledge no 
t r a n s p o r t p r o p e r t y measurements o f doped h o m o p o l y n u c l e o t i d e s have 
been pe r fo rmed . The numbers i n p a r e n t h e s i s i n d i c a t e t h a t l o n g 
range c o r r e l a t i o n dec reases the bandwid ths and gaps o n l y moder
a t e l y ( i n c o n t r a r y to s i m p l e m e t a l s and i o n i c c r y s t a l s ( 1 1 ) ) . 

The A p e r i o d i c i t y P r o b l e m ; the (SN) - (SNH) Sys tem. We have 
r e p o r t e d p r e v i o u s l y Q_2) an ab i n i t o S&F LCAO So band s t r u c t u r e 
c a l c u l a t i o n on the (SN) c h a i n u s i n g the e x p e r i m e n t a l geometry 
(13) and a d o u b l e £ b a s i s s e t (_14). Though t h i s c a l c u l a t i o n t r e a t e d 
( S N ) x o n l y as a o n e - d i m e n s i o n a l sys tem, r a t h e r good agreement 
w i t h exper iment has been a c h i e v e d fg r the e f f e c t i v e mass and 
d e n s i t y o f s t a t e s a t the F e r m i l e v e l (m ( E f ) = 1.71m , exp : 2-Om^; 
p ( E F ) = 0 .17 ( e V s p i n mol) , exp:0.1*?) and w i t h ?he amount o f 
charge t r a n s f e r r e d from S to N ( 0 . 4 e , exp : 0 . 3 - 0 . 4 e ) . 
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I n the l a s t y e a r s 4-8 mol p e r c e n t hydrogen i m p u r i t i e s have 
been found i n (SN) a t IBM, San Jose ( 1 5 ) . One o f the most 
p r o b a b l e s i t e o f H b o n d i n g i s the N atom i n the (SN) u n i t s . To 
i n v e s t i g a t e the e f f e c t o f randomly d i s t r i b u t e d H atoms on the band 
s t r u c t u r e o f (SN) we have performed a s i n g l e s i t e one-band 
cohe ren t p o t e n t i a l a p p r o x i m a t i o n (CPA) c a l c u l a t i o n f o r the ( S N ) x 

- (SN) mixed sys tem assuming d i f f e r e n t c o n c e n t r a t i o n s o f h y d r o -
A x 

gen i m p u r i t i e s (_16). F o r t h i s purpose we have e x e c u t e d b e s i d e s 
the (SN) c h a i n a l s o a band s t r u c t u r e c a l c u l a t i o n f o r an ( S N L 

kx 

c h a i n . S i n c e the d e n s i t y o f s t a t e s c u r v e s o f the two systems 
a re v e r y d i f f e r e n t , no c o n s t a n t s e l f energy ( z ) c o u l d be a p p l i e d , 
bu t one had to use a k and energy dependent £ ( k , E ) . An 
a p p r o p r i a t e f o r m a l i s m has been worked out ( f o r the d e t a i l s see 
(16^)) and the c o u p l e d Dyso
i t e r a t i v e way u n t i l s e l

A c c o r d i n g to the r e s u l t s o b t a i n e d a l r e a d y at 3 p e r c e n t H 
s p i k e s and d i p s o c c u r i n the d e n s i t y o f s t a t e s c u r v e o f the mixed 
s y s t e m . A t l a r g e r c o n c e n t r a t i o n s o f i m p u r i t i e s due to c l u s t e r i n g 
e f f e c t o f the i m p u r i t y , a p a r t o f the gaps d i s a p p e a r ( 1 6 ) . 
F i n a l l y , i t s h o u l d be ment ioned t h a t w i t h the i n c r e a s e o f the 
i m p u r i t y c o n c e n t r a t i o n , as the c a l c u l a t i o n s show, the d e n s i t y o f 
s t a t e s a t the F e r m i l e v e l i n c r e a s e s and t h e r e f o r e we wou ld expec t 
an i n c r e a s e o f the t r a n s i t i o n tempera ture between the s u p e r c o n 
d u c t i n g and norma l s t a t e s . ( T h i s e x p e r i m e n t , as f a r as we know, 
has not been per formed y e t ) . We can c o n c l u d e from t h i s CPA 
c a l c u l a t i o n t h a t a p e r i o d i c i t y ( d i s o r d e r ) has a r a t h e r s e r i o u s 
e f f e c t on the band s t r u c t u r e o f p o l y m e r s . 

T h i s f i n d i n g was s u p p o r t e d by an i n v e s t i g a t i o n o f the mixed 
g l y c i n e - a l a n i n e sys tem ( the c o r r e s p o n d i n g homopo lypep t ide s have 
v e r y s i m i l a r band s t r u c t u r e s ) t a k i n g 1 ,000-10 ,000 u n i t s o f the 
mixed c h a i n o f g i v e n sequences . I n the cou r se o f t h i s s tudy ( 1 7 ) , 
the H u c k e l m a t r i c e s o f the l o n g c h a i n s ( t he d i a g o n a l e lements o f 
these m a t r i c e s were f i x e d on the b a s i s o f the p o s i t i o n s o f the SCF 
LCAO bands o f the homogeneous c h a i n s and the o f f - d i a g o n a l 3. . 
pa rameters have been de t e rmined w i t h the h e l p o f the band w i d t h s ^ 
were b rough t to an upper t r i a n g u l a r form w i t h the a i d o f sub 
sequent G a u s s i a n t r a n s f o r m a t i o n s . U s i n g Dean ' s n e g a t i v e e i g e n 
v a l u e theorem (18) from the d i a g o n a l e lements o f the t r a n s f o r m e d 
m a t r i x one can o b t a i n d i r e c t l y the d e n s i t y o f s t a t e s o f the mixed 
c h a i n s . 

The r e s u l t s wh ich were o b t a i n e d show t h a t depending on the 
sequence and c o n c e n t r a t i o n o f the i m p u r i t y u n i t s ( a l a n i n e u n i t s 
i n a g l y c i n e c h a i n ) the band s t r u c t u r e o f p o l y g l y c i n e i s v e r y 
s t r o n g l y e f f e c t e d . I f we per formed s e l f c o n s i s t e n t c a l c u l a t i o n s 
between the d i f f e r e n t u n i t s ( c l u s t e r c a l c u l a t i o n s to t a k e i n t o 
account i n t e r u n i t s e l f c o n s i s t e n c y a re i n p r o g r e s s ) p r o b a b l y t h i s 
e f f e c t would be s m a l l e r , bu t most p r o b a b l y s t i l l r a t h e r i m p o r t 
a n t . Such c a l c u l a t i o n s a re i n p r o g r e s s . 
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C o n c l u d i n g Remarks 

B e s i d e s the ment ioned a p e r i o d i c i t y p rob l em the t r ea tmen t o f 
c o r r e l a t i o n i n the ground s t a t e o f a po lymer p r e s e n t s the most 
f o r m i d a b l e p r o b l e m . I f one has a polymer w i t h c o m p l e t e l y f i l l e d 
v a l e n c e and c o n d u c t i o n bands , one can F o u r i e r t r a n s f o r m the 
d e l o c a l i z e d B l o c h o r b i t a l s i n t o l o c a l i z e d Wannier f u n c t i o n s and 
use these ( i n s t e a d o f the MO-s o f the po lymer u n i t s ) f o r a quantum 
c h e m i c a l t r ea tment o f the s h o r t range c o r r e l a t i o n i n a s u b u n i t 
t a k i n g o n l y e x c i t a t i o n s i n the s u b u n i t or between the r e f e r e n c e 
u n i t and a few n e i g h b o u r i n g u n i t s . W i t h the a i d o f the Wannier 
f u n c t i o n s then one can pe r fo rm a M o e l l e r - P l e s s e t p e r t u r b a t i o n 
t h e o r y ( P T ) , or f o r i n s t a n c e , a c o u p l e d e l e c t r o n p a i r a p p r o x i m a 
t i o n (CEPA) (18) y or a c o u p l e d c l u s t e r e x p a n s i o n (19) c a l c u l a 
t i o n . The l o n g range c o r r e l a t i o n then can be app rox ima ted w i t h 
the h e l p o f the a l r e a d y ment ioned e l e c t r o n i c p o l a r o n model ( 1 1 )

The s i t u a t i o n i s muc
f i l l e d v a l e n c e b a n d ( s )
o b t a i n l o c a l i z e d o r b i t a l s ( o n l y i f a commensurable p a r t , e . g . 
1/2, 1/4, e t c . p a r t o f the band i s f i l l e d wh ich i s u s u a l l y not the 
c a s e ) , one u s u a l l y f a l l s back to homogeneous or inhomogeneous gas 
methods wh ich a re r a t h e r q u e s t i o n a b l e i n the case o f o r g a n i c 
po lymers w i t h c o m p a r a t i v e l y s m a l l d e n s i t i e s and l a r g e d e n s i t y 
g r a d i e n t s ( i f t h e r e a re h e t e r o a toms) . 

A p r o m i s i n g p o s s i b i l i t y f o r the t r ea tment o f c o r r e l a t i o n i n 
m e t a l l i c po lymers i s to t r y to s u b d i v i d e the p a r t i a l l y f i l l e d band 
(and a few n e i g h b o u r i n g f i l l e d and u n f i l l e d bands) i n t o r e g i o n s 
each o f wh ich i s c h a r a c t e r i z e d by a s i n g l e r e p r e s e n t a t i v e l e v e l 
( t h i s d i s c r e t i z a t i o n o f a con t inuum i s f a m i l i a r i n the t h e o r y o f 
s c a t t e r i n g p r o c e s s e s , but has no t been a p p l i e d f o r the c o r r e l a 
t i o n p r o b l e m ) . T h i s s u b d i v i s i o n can be a c h i e v e d by s t u d y i n g the 
d e n s i t y o f s t a t e s cu rve o f the band and i n v e s t i g a t i n g the change 
w i t h k o f the s p a t i a l d i s t r i b u t i o n o f the p a r t i a l charge due to 
the band under c o n c e n t r a t i o n . ( U s i n g these two c r i t e r i a a 
d i v i s i o n o f the v a l e n c e and c o n d u c t i o n bands o f p o l y c y t o s i n e has 
been a l r e a d y pe r fo rmed (21)). A f t e r a c h i e v i n g a more or l e s s 
c o n s i s t e n t d i v i s i o n o f the band , one can a t t r i b u t e to each r e g i o n 
a we igh t f a c t o r i n t e g r a t i n g the d e n s i t y o f s t a t e s c u r v e over the 
g i v e n r e g i o n (and t a k i n g the square r o o t o f t h i s q u a n t i t y ) . One 
can then p e r f o r m e x c i t a t i o n s between the d i s c r e t e l e v e l s r e p r e 
s e n t i n g these r e g i o n s and m u l t i p l y i n g each m a t r i x element w i t h 
the c o r r e s p o n d i n g we igh t f a c t o r s . These q u a n t i t i e s can be sub
s t i t u t e d f i n a l l y i n t o the e x p r e s s i o n s o f any s i z e c o n s i s t e n t 
method f o r the t r ea tmen t o f c o r r e l a t i o n ( M o e l l e r - P l e s s e t P . T . , 
CEPA, CPMET, e t c . ) . The i n v e s t i g a t i o n o f the method ( t h e depen
dence o f the r e s u l t s on the s u b d i v i s i o n o f the band) and i t s 
a p p l i c a t i o n to m e t a l l i c po lymers i s i n p r o g r e s s . 
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Abstract 

For the calculation of the Hartree-Fock band structures of 
polymers a method has been developed including non-local exchange 
and full-self consistency. It is applicable also in the case of a 
combined symmetry (e.g., helix). 

The method has bee
polydiacetylene chains
and stacked). Applications have been done also to TCNQ and TTF 
stacks, to (SN)x and to periodic DNA models (the four homopoly
nucleotides), to the sugar phosphate chain of DNA and to different 
periodic protein models (homopolypeptides). A l l these systems 
have relatively broad valence and conduction bands (bandwidths 
around or larger than 0.5eV) according to our results. 

In the final part of the lecture methods to treat the 
electronic correlation and the aperiodicity of polymers wi l l be 
outlined. For the latter case CPA results for a (SN)x -(SN) 
mixed system wi l l be discussed and extensions to aperiodic |H 

biopolymers (which are in progress) wi l l be indicated. 
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Spectroscopic Studies of Polydiacetylenes 

D. B L O O R 

Department of Physics, Queen Mary College, Mile End Road, 
London E1 4NS, United Kingdom 

Con juga ted po lymers have been s t u d i e d f o r many y e a r s p r i n c i 
p a l l y as p o t e n t i a l s e m i c o n d u c t o r s . I n 1970 the f i e l d was seen to 
be e x p a n d i n g , bu t s t i l l i n i t s e a r l y s t ages and l a c k i n g a u n i f y i n g 
t h e o r y ( 1 ) . The absence o f such a t h e o r y was not due to l a c k o f 
e f f o r t by t h e o r i s t s , who had deve loped s e v e r a l a l t e r n a t i v e a p 
proaches to e x p l a i n the o c c u r r e n c e o f an energy-gap i n c o n j u g a t e d 
po lymers ( 2 ^ 9 ) . The main p r o b l e m was the amorphous s t r u c t u r e o f 
the con juga t ed po lymers then a v a i l a b l e . Thus , i t was not p o s s i b l e 
to d i s t i n g u i s h i n t r i n s i c from e x t r i n s i c p r o p e r t i e s , f o r example 
the paramagnet ism obse rved i n a l l con juga ted po lymers had been 
a t t r i b u t e d to an i n t r i n s i c s p i n - a l t e r n a t i o n ( H ) ) , b o n d - a l t e r 
n a t i o n d e f e c t s (11) and to a number o f o t h e r causes ( 1 2 ) . 

I n t e r e s t i n con juga t ed po lymers waned somewhat i n the e a r l y 
p a r t o f the l a s t decade but has re-emerged f o l l o w i n g the d i s c o v e r y 
o f m e t a l l i c c o n d u c t i v i t y and s u p e r c o n d u c t i v i t y i n (SN) ( L 3 ) and 
m e t a l l i c c o n d u c t i v i t y i n doped (CH) ( 1 4 ) . The l a t t e r has been 
shown not to be un ique ( L 5 , 16) i n d i c a t i n g the g e n e r a l i t y o f h i g h 
c o n d u c t i v i t y i n doped c o n j u g a t e d po lymers and the p o s s i b i l i t y o f 
the d i s c o v e r y o f t e c h n o l o g i c a l l y a p p l i c a b l e m a t e r i a l s . However , 
though (CH) i s p a r t i a l l y c r y s t a l l i n e the morphology i s s t i l l 
complex and the obse rved p r o p e r t i e s have been i n t e r p r e t e d i n 
terms o f e i t h e r the fundamenta l p r o p e r t i e s o f the (CH) polymer 
( 1 4 , 17 ) , o r the d i s o r d e r e d and inhomogeneous n a t u r e o f the 
samples (_18). Thus , d e s p i t e the emergence o f s o p h i s t i c a t e d 
t h e o r i e s (17^ 2 9 , 20) the b a s i c p r o b l e m o f i n t e r p r e t a t i o n imposed 
by sample morphology r e m a i n s . 

One approach to the d e t e r m i n a t i o n o f i n t r i n s i c p r o p e r t i e s , 
wh ich has been u t i l i z e d s i n c e the e a r l i e s t i n t e r e s t i n c o n j u g a t e d 
p o l y m e r s , i s to s tudy the p r o p e r t i e s o f r e l a t e d o l i g o m e r s , as i n 
the p r e c e d i n g paper ( 2 1 ) . I t i s , however , a l s o p o s s i b l e to s tudy 
model m a c r o m o l e c u l e s , the p o l y d i a c e t y l e n e . The e x i s t e n c e o f 
s o l i d s t a t e p o l y m e r i z a t i o n i n d i a c e t y l e n e monomers has a l o n g 
h i s t o r y ( 2 2 , 2 3 , 24 , 2 5 ) , bu t i t was not t h o r o u g h l y s t u d i e d u n t i l 

0097-6156/81/0162-0081 $06.00/ 0 
© 1981 American Chemical Society 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



82 PHOTON, ELECTRON, AND ION PROBES 

about ten yea r s ago ( 2 6 ) . I t was then e s t a b l i s h e d t h a t the 
p o l y m e r i z a t i o n c o u l d p roceed to c o m p l e t i o n by a homogeneous s o l i d 
s t a t e r e a c t i o n to g i v e a polymer s i n g l e c r y s t a l as the p r o d u c t 
( 2 7 , 2 8 ) . The r e a c t i o n i s shown s c h e m a t i c a l l y i n F i g u r e 1, 
t y p i c a l end-groups (R , R 1 ) , w h i c h l e a d to the f o r m a t i o n o f o r d e r e d 
polymer c h a i n s , a re l i s t e d i n T a b l e I . As i n d i c a t e d i n the t a b l e 
numerous d i a c e t y l e n e compounds have now been s y n t h e s i z e d , p o l y 
m e r i z e d and t h e i r p h y s i c a l p r o p e r t i e s s t u d i e d ; t h i s work has been 
e x t e n s i v e l y r e v i e w e d ( 2 9 , 30 , 31_, 3 2 ) . The c r y s t a l s o b t a i n e d 
d i s p l a y the i n t r i n s i c p r o p e r t i e s o f the polymer s i n c e d e f e c t 
l e v e l s a re s u f f i c i e n t l y low to be a minor p e r t u r b a t i o n . 

T a b l e I 

S u b s t i t u e n t groups f o r the p o l y d i a c e t y l e n e s w h i c h a r e r e f e r r e d 
to i n the t e x t by the l i s t e d a b b r e v i a t i o n s 

R 

- C H 2 O S 0 2 C 6 H 4 C H 3 Symmetr ic TS 

- C H o 0 C 0 N H C . H . 
Z 0 3 

PU 

- ( C H 2 ) 3 O C O N H C 6 H 5 PUDD 

- ( C H 2 ) 4 O C O N H C 6 H 5 TCDU 

- ( C H 2 ) 4 O C O N H C 2 H 5 ETCD 

- ( C H 2 ) 4 O C O N H C H ( C H 3 ) 2 IPUDO 

- ( C H 0 ) 0C0NHCH oC00Z 
Z n z NZCMU 

- C H 2 N C 1 2 H 8 DCH 

- ( C H 2 ) 2 O H OD 

- ( C H 2 ) 3 O H " DD 

- C O O ( C H 2 ) g C H 3 CAP 

- C H 2 0 H - C H 3 10H 

- ( C H 2 ) 9 C H 3 - ( C H 2 ) 8 C 0 0 H TCDA 

- ( C H 2 ) 9 C H 3 - ( C H 2 ) 8 C O O ~ . L i + L i - T C D A 

- C 6 H 4 O C O ( C H 2 ) 3 O C O C 6 H 4 -
- ( C y c l i c ) BPG 
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Jb-R 

R - c > R 

C Figure 1. Solid-state polymerization of 
XQ diacetylenes shown schematically: (left) 

a n array of monomer molecules in the 
o_r* crystal lattice; fright; the resulting poly-
K u\ diacetylene chain. 
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The range o f env i ronments to wh ich the po lymer c h a i n s may be 
s u b j e c t v a r i e s w i d e l y . I n the c r y s t a l l i n e s t a t e the s t r u c t u r e o f 
the l a t t i c e i s s t r o n g l y i n f l u e n c e d by the b u l k y s i d e - g r o u p s , 
wh ich p r o v i d e the arrangement o f monomer m o l e c u l e s n e c e s s a r y f o r 
s o l i d s t a t e r e a c t i v i t y . Thus , polymer m o l e c u l e s i n p a r t i a l l y or 
f u l l y p o l y m e r i z e d c r y s t a l s o f d i f f e r e n t monomers a re s u b j e c t e d to 
d i f f e r e n t s t a t i c d i s t o r t i o n s . D r a m a t i c changes i n bo th s t a t i c 
and dynamic d i s t o r t i o n s can occu r when the c r y s t a l l a t t i c e unde r 
goes a phase t r a n s i t i o n . Such changes can a l s o be produced when 
the po lymer i s p r e p a r e d i n a d i s o r d e r e d fo rm, e . g . i n s o l u t i o n 
( 3 3 ) , as c o l l o i d a l p a r t i c l e s ( 3 4 ) , by d e f o r m a t i o n o f s i n g l e 
c r y s t a l s (35) and by e x t r a c t i o n o f the po lymer f rom p a r t i a l l y 
p o l y m e r i z e d c r y s t a l s ( 3 6 ) . S t u d i e s o f c r y s t a l s c a n , t h e r e f o r e , 
p r o v i d e i n f o r m a t i o n about fundamenta l p r o p e r t i e s and t h e i r de
pendence on c h a i n s t r u c t u r e w h i l e the l e s s p e r f e c t samples can be 
used to s tudy the m o d i f i c a t i o n o f p h y s i c a l p r o p e r t i e s by d i s 
o r d e r . 

These i d e a s w i l l b
a l and ESR s p e c t r a o f a range o f p o l y d i a c e t y l e n e s . The i n d i v i d u a l 
m a t e r i a l s ment ioned have d i f f e r e n t s i d e - g r o u p s w h i c h a re l i s t e d , 
t o g e t h e r w i t h the a b b r e v i a t i o n s used s u b s e q u e n t l y to i d e n t i f y the 
m a t e r i a l s , i n T a b l e I . 

O p t i c a l S p e c t r o s c o p y 

The p o l a r i z e d , m e t a l l i c r e f l e c t i v i t y o f a f u l l y p o l y m e r i z e d 
p o l y d i a c e t y l e n e c r y s t a l shows i m m e d i a t e l y i t s i n t r i n s i c a n i s o -
t r o p y . A t y p i c a l r e f l e c t i o n spec t rum, f o r p o l y TS (37^), i s shown 
i n F i g u r e 2 , the o p t i c a l c o n s t a n t s o b t a i n e d by K r a m e r s - K r o n i g 
a n a l y s i s show t h a t the a b s o r p t i o n maximum o c c u r s near 2 eV (16 ,000 
cm ) ( 38 , 3 9 ) . T h i s e l e c t r o n i c e x c i t a t i o n i s the o n l y s t r o n g 
f e a t u r e o f the spec t rum over the range 1.65 to 10 eV ( 3 8 ) . The 
a b s o r p t i o n i s h i g h l y a n i s o t r o p i c w i t h an a b s o r p t i o n t e n s o r w i t h 
i t s p r i n c i p a l axes p a r a l l e l to the po lymer c h a i n and p e r p e n d i c u 
l a r to the c h a i n , f i r s t i n the p l a n e o f the c h a i n and s e c o n d l y 
normal to the p l a n e o f the c h a i n . The v a l u e s o f the . p r i n c i p a l 
a b s o r p t i o n c o e f f i c i e n t s f o r p o l y TS a t 2 eV a re 9 x 10 , 2 x 10 
and l e s s than 5 cm . E s s e n t i a l l y s i m i l a r r e s u l t s have been 
o b t a i n e d f o r a number o f o t h e r p o l y m e r s , e . g . TCDU, ETCD, DCH, 
4BCMU and IPUDO ( 4 0 , 4 1 , 4 2 , 4 3 ) . The t empera ture dependence o f 
the a b s o r p t i o n energy i s s m a l l , see F i g u r e 3 , as a consequence o f 
the v e r y s m a l l t h e r m a l e x p a n s i v i t i e s o f the c r y s t a l s ( 4 4 ) . The 
po lymers w i t h u re thane s i d e g r o u p s have c r y s t a l l o g r a p h i c phase 
t r a n s i t i o n s i n v o l v i n g r e o r i e n t a t i o n o f the s i d e g r o u p s and r e l a t e d 
l a r g e s h i f t s i n a b s o r p t i o n ene rgy . F i l m s o f nBCMU polymer c a s t 
from s o l u t i o n have l a r g e c o n t i n u o u s s h i f t s i n a b s o r p t i o n energy 
( 4 2 ) . These i n d i c a t e the onse t o f c o n s i d e r a b l e d i s o r d e r a t h i g h 
t e m p e r t u r e s , as d i s c u s s e d l a t e r . 

The a b s o r p t i o n was i n i t i a l l y i n t e r p r e t e d as an i n t e r b a n d 
t r a n s i t i o n s i n c e the a b s o r p t i o n p r o f i l e was o f the c o r r e c t form 
f o r a van Hove s i n g u l a r i t y i n one d i m e n s i o n : 
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Physics Status Solidi 

Figure 2. Reflection spectrum of poly TS crystal at room temperature for light 
polarized parallel to the polymer chains: (a) detail of the reflection in the visible 

and (b) spectrum over the range 1.6 to 12 eV (38). 

DCH 
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Temperature [K] 

Figure 3. Temperature dependence of the intense optical absorption for a number 
of polydiacetylenes. With the exception of the nBCMU solution cast films, all 

samples were crystalline. 
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oc (ha) - E ) 
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(1) 2 

where E i s the gap ene rgy . However, the absence o f marked 
p h o t o c o n d u c t i v i t y at 2 eV ( 4 5 , 46) c a s t doubt on t h i s i n t e r 
p r e t a t i o n . The o r i g i n a l s u g g e s t i o n (_37) t h a t the a b s o r p t i o n i s 
due to an e x c i t o n i s now w i d e l y a c c e p t e d . T h e o r e t i c a l models 
i n d i c a t e the e x i s t e n c e o f an e x c i t o n i c s t a t e wh ich can s t e a l 
i n t e n s i t y from the i n t e r b a n d t r a n s i t i o n ( 4 7 , 4 8 , 4 9 ) . The l i n e 
shape can a l s o be d e s c r i b e d by an a s y m e t r i c L o r e n z t i a n (38) 

where C i s a c o n s t a n t
asymmetry pa rame te r . T h i
tons w i t h c o u p l i n g to low f requency phonon modes ( 5 0 ) . The 
p re sence o f such low f requency s idebands i n p o l y d i a c e t y l e n e s has 
been c o n f i r m e d by compar i son o f the a b s o r p t i o n p r o f i l e w i t h the 
pure e l e c t r o n i c p r o f i l e o b t a i n e d from r e sonan t Raman s c a t t e r i n g 
expe r imen t s (_51). The r e s u l t s o f the Raman expe r imen t s a re a l s o 
c h a r a c t e r i s t i c o f an e x c i t o n i c s t a t e . E x c i t o n s u r f a c e p o l a r i t o n s 
have been obse rved i n p o l y TS ( 5 2 ) . Thus the w e i g h t o f e v i d e n c e 
i s i n f a v o r o f ass ignment o f an e x c i t o n i c s t a t e to the i n t e n s e 
o p t i c a l a b s o r p t i o n . 

However , as shown i n F i g u r e 3 the a b s o r p t i o n can o c c u r ove r a 
wide energy r ange . A somewhat l a r g e r range o f a b s o r p t i o n e n e r g i e s 
i s found f o r po lymer c h a i n s i n p a r t i a l l y p o l y m e r i z e d c r y s t a l s 
( 5 3 ) , see F i g u r e 4 . T h i s , and the g e n e r a l l y l a r g e r t empera tu re 
dependence, r e f l e c t s the g r e a t e r v a r i a t i o n i n envi ronment 
p o s s i b l e i n p a r t i a l l y p o l y m e r i z e d c r y s t a l s as compared w i t h f u l l y 
p o l y m e r i z e d c r y s t a l s . A t low tempera tures the s m a l l changes i n 
l i n e w i d t h and p o s i t i o n can be d e s c r i b e d by c o u p l i n g w i t h a Debye 
phonon spec t rum (54) and a t h i g h e r t empera tu res by the response o f 
the polymer c h a i n s to the monomer l a t t i c e e x p a n s i o n (51.). The 
parameters r e l a t i n g a b s o r p t i o n energy to po lymer c h a i n deforma
t i o n were t aken from the r e s u l t s o b t a i n e d f o r p o l y TS samples i n 
e x t e n s i o n (55) and under h y d r o s t a t i c p r e s s u r e ( 5 6 ) . T h i s i n t e r 
p r e t a t i o n i s based on the o c c u r r e n c e o f po lymer c h a i n s w i t h a 
l a r g e number o f r epea t u n i t s , o f the o r d e r 100 or more, even a t 
low l e v e l s o f c o n v e r s i o n to p o l y m e r . E v i d e n c e s u p p o r t i n g t h i s i s 
p r o v i d e d by m o l e c u l a r we igh t measurements f o r r a d i a t i o n p o l y m e r 
i z e d samples ( 3 3 ) , and by the s m a l l o p t i c a l l i n e w i d t h s obse rved 
f o r p a r t i a l l y p o l y m e r i z e d samples at low tempera tu res wh ich a re 
comparable w i t h those o f f u l l y p o l y m e r i z e d samples ( 3 8 ) . I t 
s h o u l d be no ted t h a t the s h i f t s i n a b s o r p t i o n energy shown i n 
F i g u r e 4 c o u l d no t r e a d i l y be p roduced by e x t e r n a l f o r c e s . 

r + A(W-O) ) 
I(w) = c o (2) 

(co-u) ) 2 + r 2 

o 
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The spectra of fully and partially polymerized polydiacetyl
enes can be described in terms of the response of the polymer 
chain to its environment. The most important contribution is 
taken to be the static (time averaged) deformation of the polymer 
backbone. The dynamic (thermal) deformations are considered to 
give rise to the homogeneous (temperature dependent) linewidths. 
Large inhomogeneous linewidths can also be observed in highly 
strained or disordered systems. The static deformation primarily 
depends on the side-groups, which determine the lattice packing 
of the monomer crystal and, therefore, to a large extent the 
polymer crystal structure. 

The influence of the side-groups will be much less in 
solution but, until recently, there have been few studies of 
polydiacetylene solutions since most fully polymerized materials 
are insoluble. However, a number of soluble polydiacetylenes 
have now been identified (33, 34, 57, 58, 59, 60). In the case of 
nBCMU polymers hydrogen-bondin
single polymer chain ca
solution (57), which has an absorption energy close to that of 
single crystals. A l l other solutions have a broad absorption 
spectrum, as shown in Figure 5, which is independent of the side-
group. The electronic origin of this absorption does not occur at 
the absorption maximum but, as shown by second derivative _and 
fluorescence spectra (34), lies near 2.5 eV (^20,000 cm ). 
Colloidal polymer powders have been obtained, which retain the 
solution conformation; these have a narrower linewidth with the 
electronic absorption at 2.5 eV (20,160 cm ), as shown in Figure 
6. 

The interpretation of these results is based on the fact that 
the polymer chains retain an extended form in solution. This has 
been shown by viscosity measurements (33) and the observation of 
distinct spectral features for the colloidal polymer. If chain 
deformation primarily produced a distribution of short conjuga
tion sequences, as has been suggested (57), this spectrum would 
have a featureless profile; the alternative of a single well 
defined fold length does not appear reasonable. The range of 
spectral profiles observed can be explained simply in terms of 
differences in linewidth. Figure 7 shows calculated profiles 
using the lineshape of Equation 2 and including three phonon 
sidebands, further details of these calculations are given else
where (34J. Linewidth factors of 100, 300,^800 and more than 
1,200 cm give profiles similar to those of poly TS as single 
crystals of 4K and 300K, colloidal particles and in solution 
respectively. In the latter two cases the linewidths must also 
contain an inhomogeneous broadening factor, this has been simply 
treated as a contribution to the linewidth factor. These factors 
appear reasonable for the different environments involved. Thus, 
we conclude that even in solution the time averaged structure of 
the extended polymer backbone is the main factor determining the 
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Figure 4. Temperature dependence of 
the intense optical absorption for poly-
diacetylene chains in their monomer 
matrices at typical concentrations of 1%; 

all samples were crystalline. 
100 100 300 

Temperature [K] 
400 

0.15-1 

Figure 5. Absorption spectrum of poly TS in chloroform. The rising absorption 
at 300 nm is due to side-group absorption, principally to the monomer, which was 

present at about 100 times the concentration of the polymer. 
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1.0-

TS colloidal powder precipitated from 
chloroform solution. Similar results are 
obtained for acetone and nitrobenzene 

Wavelength [nm] 

0 2 
Wavenumber [103cm1] 

Figure 7. Model absorption profiles calculated from Equation 2 with A = 0.08 
and vibrational sideband frequencies of 950, 1480, 2080 cm'1. The integrated 
intensities are not normalized, resulting in a vertical displacement as the linewidth 
parameter takes the values 100, 300, 500, 1,000, and 2,000 cm'1, respectively. 
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a b s o r p t i o n e n e r g y , w h i l e the dynamic p e r t u r b a t i o n s de te rmine the 
l i n e w i d t h . 

The i n f l u e n c e o f the s i d e - g r o u p s can a l s o be reduced i n the 
s o l i d s t a t e . I f the c r y s t a l s t r u c t u r e becomes d i s o r d e r e d t h e r e i s 
a g e n e r a l tendency f o r the a b s o r p t i o n energy to i n c r e a s e . T h i s 
may occur i n the s o l i d e i t h e r due to a phase t r a n s i t i o n , f o r 
example i n the h i g h t empera tu re d i s o r d e r e d phases o f L i - T C D S (60) 
as i n d i c a t e d i n F i g u r e 4 , or by e x t r a c t i o n o f the po lymer from the 
monomer l a t t i c e at low c o n v e r s i o n or a c o m b i n a t i o n o f b o t h , as f o r 
nBCMU f i l m s , F i g u r e 3 . F o r e x t r a c t e d po lymer u n l e s s t h e r e i s 
s t r o n g s i d e - g r o u p i n t e r a c t i o n , the a b s o r p t i o n energy moves t o 
wards the s o l u t i o n v a l u e (_59). T y p i c a l a b s o r p t i o n e n e r g i e s f o r 
e x t r a c t e d j i o l y m e r s are 2 .26 eV (18 ,250 cm_ ) f o r OD, 2 .29 eV 
( 1 8 , 4 2 0 cm ) f o r DD and 2 .31 eV (18 ,620 cm ) f o r TCDA. 

These r e s u l t s show tha t the a b s o r p t i o n energy o f a p o l y -
d i a c e t y l e n e ex tended c h a i n s i n s o l u t i o n i s 2 .5 eV and t h a t the 
lower v a l u e s obse rved fo
r i g i d - p l a n a r c o n f o r m a t i o
posed on the polymer by the i n t r a - and i n t e r - m o l e c u l a r i n t e r 
a c t i o n s o f the s i d e - g r o u p s . W h i l e r e a s o n a b l e agreement has been 
o b t a i n e d i n some c a s e s , u s i n g e x p e r i m e n t a l l y de t e rmined p a r a 
m e t e r s , the d e t a i l s o f the r e l a t i o n s h i p between a b s o r p t i o n energy 
and s t r u c t u r e have y e t to be worked o u t . 

P r o g r e s s i n t h i s d i r e c t i o n i s h i n d e r e d by the l i m i t e d number 
o f po lymer s t r u c t u r e s a v a i l a b l e . I n a d d i t i o n , the l a r g e s t s h i f t s 
i n e x c i t a t i o n energy o c c u r i n s i t u a t i o n s where X - r a y s t r u c t u r a l 
i n f o r m a t i o n i s not r e a d i l y o b t a i n e d , i . e . i n d i s o r d e r e d p o l y m e r s 
and p a r t i a l l y p o l y m e r i z e d c r y s t a l s ( see F i g u r e s 3 and 4 ) . Even 
when s t r u c t u r a l i n f o r m a t i o n i s a v a i l a b l e i t may be i n a d e q u a t e , 
e . g . the s p l i t t i n g obse rved fo r TS ( F i g u r e s 3 and 4 ) o c c u r s f o r 
d i s t o r t i o n s wh ich a re not d e t e c t e d by s t r u c t u r a l a n a l y s i s . I n the 
case o f TCDU the X - r a y s t r u c t u r e shows a p o l y b u t a t r i e n e c h a i n , 

RC = C = C = C R , w h i c h has prompted the ass ignment o f a h i g h 
a b s o r p t i o n energy to t h i s s t r u c t u r e ( 4 0 , 4 1 , 4 2 , 4 3 ) . However , 
the s t r u c t u r e shows a number o f o t h e r u n u s u a l bond l e n g t h s ( 6 1 ) . 
T h i s sugges ts a f o r c e d computer f i t o f a s l i g h t l y d i s o r d e r e d 
s t r u c t u r e , an e f f e c t wh ich has been obse rved f o r o t h e r p o l y d i a c e 
t y l e n e s ( 6 2 ) . Thus , i n v i ew o f the e s s e n t i a l l y c o n t i n u o u s spread 
o f e x p e r i m e n t a l a b s o r p t i o n e n e r g i e s over the range 1.6 to 2 .5 eV, 
t h i s ass ignment i s open to q u e s t i o n . F u r t h e r doubt i s caused by 
the f a c t t ha t the p o l y b u t a t r i e n e c h a i n s h o u l d have a somewhat 
lower e x c i t a t i o n energy than the yne-ene s t r u c t u r e o f F i g u r e 1 
(51). I n a d d i t i o n r e c e n t c a l c u l a t i o n s suggest t h a t the p o l y 
b u t a t r i e n e s t r u c t u r e does not have a s t a b l e energy minimum, i n the 
absence o f s i d e - g r o u p i n t e r a c t i o n s ( 6 3 ) . Raman s t u d i e s o f c o l 
l o i d a l po lymer p a r t i c l e s show tha t the d i s o r d e r e d c h a i n s have 
bond l e n g t h s c l o s e to an i d e a l yne-ene s t r u c t u r e ( 3 4 ) . T h i s 
sugges t s t h a t a more d e t a i l e d a n a l y s i s o f the e x c i t a t i o n e n e r g i e s 
o f deformed yne-ene c h a i n s i s c a p a b l e o f e x p l a i n i n g the e x p e r i 
m e n t a l d a t a . 
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The e x i s t e n c e i n con juga ted polymers o f pa ramagne t i c 
c e n t e r s , w i t h g v a l u e s c l o s e to the f r e e e l e c t r o n v a l u e and h a v i n g 
a narrow s p e c t r a l l i n e w i d t h , has been known f o r many y e a r s ( 6 4 , 
6 5 ) . I t was, t h e r e f o r e , n a t u r a l to i n v e s t i g a t e the ESR spec t rum 
o f p o l y d i a c e t y l e n e s . The e a r l i e s t s t u d i e s r e v e a l e d a s i m i l a r but 
v e r y weak ESR s i g n a l ( 3 7 , 6 6 ) . More d e t a i l e d s t u d i e s r e v e a l e d 
t ha t the s i g n a l s t r e n g t h was c o r r e l a t e d w i t h sample h i s t o r y and 
was v e r y weak i n the b e s t s i n g l e - c r y s t a l samples (j>7, 6 8 , 6 9 ) . I t 
was, t h e r e f o r e , c o n c l u d e d t h a t the pa ramagne t i c c e n t e r s i n p o l y 
d i a c e t y l e n e s were a s s o c i a t e d w i t h d e f e c t s and , u n l i k e the o p t i c a l 
a b s o r p t i o n d i s c u s s e d above , were not an i n t r i n s i c p r o p e r t y o f the 
i d e a l po lymer c h a i n . However , the s p i n c o n c e n t r a t i o n f o r d i s 
o r d e r e d samples was o n l y an o r d e r o f magni tude l a r g e r than t h a t i n 
good s i n g l e c r y s t a l s (69) showing t h a t o n l  a s m a l l f r a c t i o n o f 
a l l the d e f e c t s were p a r a m a g n e t i c

Subsequent s t u d i e s  p r i m a r i l y
f i c a t i o n o f r e a c t i v e s p e c i e s p r e s e n t d u r i n g p o l y m e r i z a t i o n ( 6 8 , 
7 0 - 7 4 ) . The emergence o f (CH) , the r e d i s c o v e r y o f i t s ESR 
spec t rum (75) and the i n t e r p r e t a t i o n u s i n g the s o l i t o n model (17) 
caused renewed i n t e r e s t i n the pa ramagne t i c c e n t e r s i n f u l l y 
p o l y m e r i z e d p o l y d i a c e t y l e n e s . I n i t i a l s t u d i e s were conce rned 
w i t h the p o s s i b i l i t y o f dop ing p o l y d i a c e t y l e n e samples . I n 
g e n e r a l t h i s was u n s u c c e s s f u l because e i t h e r the dopant c o u l d no t 
d i f f u s e i n t o the s i n g l e c r y s t a l samples or i t r e a c t e d w i t h the 
s i d e - g r o u p s . However , e x t r a c t e d p o l y 10H samples were found to 
abso rb l a r g e q u a n t i t i e s o f i o d i n e w i t h a consequent l a r g e i n 
c r e a s e i n the g ^2 ESR s i g n a l ( 7 6 , 7 7 ) . The b road s i g n a l i n doped 
samples can be a t t r i b u t e d to r a d i c a l s formed at s t a t i c d e f e c t s , 
b u t on i l l u m i n a t i o n w i t h v i s i b l e l i g h t a nar row s p e c t r a l compon
e n t , s i m i l a r to the s t a b l e found i n (CH) , appeared i n b o t h doped 
and undoped samples . 

The s t r u c t u r e o f 10H monomer i s shown i n F i g u r e 8 ( 7 8 ) . 
A d j a c e n t rows o f monomer a re l i n k e d by hydrogen bonds and though 
the p a c k i n g i s c l o s e to the optimum f o r s o l i d s t a t e r e a c t i v i t y 
f a i l u r e o f the weaker Van der Waals bonds l e a d s to b reak up o f the 
c r y s t a l b e f o r e p o l y m e r i z a t i o n i s c o m p l e t e . S m a l l q u a n t i t i e s o f 
f i b r o u s po lymer w i t h a g r e e n i s h l u s t e r can be o b t a i n e d by d i s s o l v 
i n g the monomer l a t t i c e a t low l e v e l s o f c o n v e r s i o n . These 
samples g i v e a w e l l d e f i n e d powder X - r a y d i f f r a c t i o n p a t t e r n 
i n d i c a t i n g a h i g h degree o f c r y s t a l l i n i t y . E l e c t r o n m i c r o g r a p h s 
show f i n e f i b e r s , up to 25 nm i n d i a m e t e r , ex tended i n the po lymer 
c h a i n d i r e c t i o n w i t h f i b e r b u n d l e s w i t h l e n g t h s g r e a t e r than 20ym 
( 7 9 ) . The g ^ 2 E S R ^ s i g n a l o f such samples has a l i n e w i d t h o f 
about 10 gauss (10 T) and i s o f low i n t e n s i t y . T h i s b road 
component i n c r e a s e s i n i n t e n s i t y on i o d i n e d o p i n g . When an 
undoped sample i s i l l u m i n a t e d an a d d i t i o n a l nar row component, 
w i t h i n t e n s i t y r e l a t e d to the i r r a d i a t i o n i n t e n s i t y , i s o b s e r v e d . 
T y p i c a l s p e c t r a t aken at d i f f e r e n t t empera tu res a re shown i n 
F i g u r e 9 to 11 . 
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Figure 8. Crystal structure of 10H 
monomer projected on to the ab-plane. 
Hydrogen bonds between H(01) and 
0(1/ are shown dashed. Polymer chains 
grow with their axes along the chain lines. 
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The narrow s p e c t r a l component was found to be m e t a s t a b l e 
down to 4 . 2 K . The i n c r e a s e o f s i g n a l under i l l u m i n a t i o n and the 
subsequent decay was r e p r o d u c i b l e f o r r e p e a t e d i l l u m i n a t i o n . The 
r a t e o f growth and decay was tempera ture dependent , as shown i n 
F i g u r e 12. These c u r v e s cannot be d e s c r i b e d by a s i n g l e exponen
t i a l f a c t o r and , a l t h o u g h the da ta i s i n s u f f i c i e n t f o r an a c c u r a t e 
A r h e n i u s p l o t , the a c t i v a t i o n energy appears to be l o w , <0 .1 eV. 
W i t h a f i l t e r e d l i g h t source the maximum p h o t o - s e n s i t i v i t y _at 
4 . 2 K was found to o c c u r a t about 700 nm ( M . 7 5 eV, ^ 14 ,000 cm ) 
but to ex tend to beyond 800 nm at room t e m p e r a t u r e . The i n t e n s i t y 
o f the p h o t o - i n d u c e d s i g n a l was found to depend on sample volume 
showing t h a t i t i s a b u l k e f f e c t , and not a s u r f a c e e f f e c t . 
T r a n s m i s s i o n s p e c t r a o f polymer f i l m s , F i g u r e 13 , have an a b s o r p 
t i o n onse t near 800 nm w i t h an a b s o r p t i o n c o e f f i c i e n t low enough 
f o r volume i r r a d i a t i o n o f a b u l k sample down to about 650 nm. 

The ESR s p e c t r a were f i t t e d by two L o r e n z t i a n components 
w i t h l i n e w i d t h s a t roo
nar row component i s d i s p l a c e
r e l a t i v e to the b r o a d component. The f i t t i n g r e v e a l e d weak 
h y p e r f i n e s t r u c t u r e a s s o c i a t e d w i t h the b road s p e c t r a l component. 
T h i s , t o g e t h e r w i t h the i n c r e a s e d s i g n a l s t r e n g t h obse rved on 
d o p i n g , sugges t t h a t a l o c a l i z e d d e f e c t i s r e s p o n s i b l e f o r t h i s 
s p e c t r a l component. The b r o a d component i s a l s o more s t r o n g l y 
c o u p l e d to the l a t t i c e , t y p i c a l s a t u r a t i o n r e s u l t s a re shown i n 
F i g u r e 14. A t 4 . 2 K the d i f f e r e n c e s i n s p i n - l a t t i c e r e l a x a t i o n 
t imes become more p ronounced , the nar row component b e i n g s p i g 
p o l a r i z e d a t a l l excep t the lowes t microwave powers 2 x 10 
w a t t ) . 

Three p o s s i b l e e x p l a n a t i o n s f o r these o b s e r v a t i o n s a re (a ) a 
p h o t o - c h e m i c a l p r o c e s s , (b) a m o b i l e d e f e c t , s i m i l a r to the (CH) 
' s o l i t o n ' and ( c ) p h o t o - e x c i t e d c h a r g e - t r a n s f e r . The f i r s t o f 
these can be e l i m i n a t e d s i n c e p h o t o c h e m i s t r y even i n 10H monomer 
r e q u i r e s u - v i r r a d i a t i o n and the r a d i c a l s p roduced i n i r r a d i a t e d 
monomer (80) and r e l a t e d m a t r i x i s o l a t e d s p e c i e s (81) have s p e c 
t r a w i t h s t r o n g h y p e r f i n e s t r u c t u r e . 

The s p e c t r a r e p o r t e d here and those found f o r t r a n s - ( C H ) 
have comparable l i n e w i d t h s , see T a b l e 2 , and l i n e s h a p e s . I t may, 
t h e r e f o r e , be a p p r o p r i a t e to ex tend the model deve loped f o r (CH) 
to p o l y d i a c e t y l e n e s . The model o f a m o b i l e b o n d - a l t e r n a t i o n 
d e f e c t has been used i n g e n e r a l terms to e x p l a i n the e a r l i e r 
o b s e r v a t i o n s on p o l y d i a c e t y l e n e s ( 6 6 , 67_9 6 8 , 6 9 ) . A d e t a i l e d 
t heo ry was not f o r m u l a t e d u n t i l methods e v o l v e d i n the a n a l y s i s o f 
s o l i t o n s were a p p l i e d to b o n d - a l t e r n a t i o n d e f e c t s i n CH ( 8 5 , 
1 7 ) . I n t h i s model the b o n d - a l t e r n a t i o n i s not a b r u p t , as 
o r i g i n a l l y p roposed by P o p l e and Walmsley ( L L ) , bu t ex tends ove r 
s e v e r a l po lymer r e p e a t u n i t s as shown i n F i g u r e 15 . The c r e a t i o n 
energy i s s m a l l , 0 . 4 eV, and the energy f o r m o t i o n a l o n g the 
polymer c h a i n v e r y s m a l l , ^ 2 meV, so t h a t a s t a b l e c o n c e n t r a t i o n 
o f m o b i l e c e n t e r s w i t h a d e l o c a l i z e d s p i n i s p r e d i c t e d , as 
r e q u i r e d to e x p l a i n the e x p e r i m e n t a l d a t a . 
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Figure 9. The g ~ 2 ESR signals ob
served for extracted 10H polymer at 
300 K: (upper spectrum) after dark stor
age with a gain of 10 X 103', flower spec
trum) during illumination with a gain of 
4 X 103- The microwave power was the 

Figure 10. The same spectra as in Fig
ure 9 but with a sample temperature of 
105 K: (upper spectrum) after overnight 
dark storage at < 100 K, gain 5 X 103, 
power attenuation 20 dB; flower spec
trum) after illumination, gain 2.5 X 103, 
power attenuation 35 dB (0 dB s= 20 

mW). 

Figure 11. The g ~ 2 ESR signal observed for extracted 10H polymer at 4.2 K 
after illumination (gain 2.5 X 103, power attenuation 60 dB (0 dB = 20 mW)) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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1 

Figure 12. Growth and decay of the 
photoinduced ESR signal in 10H polymer 
extracts at the different temperatures indi
cated. Illumination commences at time 

-, , j | zero and terminates at the time indicated 
1 2 3 u by the arrow. The spectral range used 

Time [min] was from about 570 to 700 nm. 

Figure 13. Transmission spectrum at 
500 600 700 800 room temperature of a poly 10H extract 

Wavelength [nm] about 0.5-mm thick 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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Figure 15. Extended (soliton) bond-alternation defects in polyacetylene (upper) 
and polydiacetylene flower) chains. The regions in which the bond lengths change 
gradually, and over which the unpaired electron is delocalized, are shown dashed. 
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T a b l e I I 

ESR l i n e w i d t h s f o r g ^ 2 s p e c i e s i n p o l y 10H e x t r a c t s 
and p o l y a c e t y l e n e a t d i f f e r e n t t e m p e r a t u r e s , a l l v a l u e s 
i n gaus s . 

M a t e r i a l Re fe rence 300K 
L i n e w i d t h 

105K 4 . 2 K 

p o l y 10H T h i s work >•< 3 . 2 b 3 . 7 b 

( C H ) x 

- -

( C H ) x 75 1 . 4 3 d - 4 . 6 7 d 

( C H ) x 84 4 . 1 d - 6 . 7 d 

(CD) 84 1 . 9 d - 3 . 1 d 

a Broad component 
b L i g h t i n d u c e d component 
c c i s - f o r m 
d t r a n s - f o r m 

The a p p l i c a t i o n o f t h i s model to p o l y d i a c e t y l e n e s (86) l e a d s 
to d i f f e r e n t r e s u l t s s i n c e the c h a i n s t r u c t u r e must be d i f f e r e n t 
on e i t h e r s i d e o f the d e f e c t , as shown i n F i g u r e 15 . B o n d -
a l t e r n a t i o n d e f e c t must , t h e r e f o r e , be c r e a t e d i n p a i r s a t e i t h e r 
end o f a p o l y b u t a t r i e n e sequence . The c r e a t i o n o f the new c h a i n 
s t r u c t u r e w i l l r e q u i r e c o n s i d e r a b l e energy and w i l l be h i n d e r e d 
by b u l k y , i n t e r a c t i n g s i d e - g r o u p s . Thus , they a re l i a b l e to be 
few i n number, and , i n v i e w o f the h i g h e r energy i n t r i n s i c and the 
r e l a t i v e i n s t a b i l i t y o f the p o l y b u t a t r i e n e s t r u c t u r e , w i l l be 
m e t a s t a b l e . The o c c u r r e n c e o f such d e f e c t s w i l l be f a v o r e d i n 
p a r t i a l l y c r y s t a l l i n e m a t e r i a l s w i t h s m a l l s i d e - g r o u p s such as 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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p o l y 10H. P o p u l a t i o n o f such s p e c i e s v i a the polymer a b s o r p t i o n 
t a i l would be p o s s i b l e i f the e l e c t r o n d i s t r i b u t i o n i n the e x c i t e d 
s t a t e s was d i s t o r t e d towards the p o l y b u t a t r i e n e form i n the 
e x c i t e d s t a t e , as sugges ted by model c a l c u l a t i o n s ( 8 7 ) . Thus , i n 
p r i n c i p l e t h i s model can e x p l a i n the e x p e r i m e n t a l d a t a f o r p o l y 
10H. 

The t h i r d p o s s i b i l i t y has been sugges ted p r e v i o u s l y to e x 
p l a i n a v e r y na r row, 1.4 gauss l i n e w i d t h , component obse rved i n 
amorphous p o l y TS e x t r a c t s ( 6 9 ) . Charge t r a n s f e r e x c i t a t i o n i s 
p o s s i b l e between c o n j u g a t e d po lymer c h a i n s o f d i f f e r e n t l e n g t h s 
and d i f f e r e n t i o n i z a t i o n p o t e n t i a l s ( 8 8 ) . F o r l o n g c h a i n s these 
d i f f e r e n c e s c o u l d be s m a l l . A g a i n d i s o r d e r e d samples a re n e c e s 
s a r y to a l l o w f o r c h a i n c o n t a c t , wh ich i s a l s o f a v o r e d f o r s m a l l 
s i d e - g r o u p s . However , the b r i e f d i s c u s s i o n s o f t h i s model a v a i l 
a b l e i n the l i t e r a t u r e (89) do not enab le i t to be t e s t e d 
a d e q u a t e l y a g a i n s t the e x p e r i m e n t a l d a t a f o r p o l y 10H. 

C o n c l u s i o n s 

The i n t r i n s i c o p t i c a l a b s o r p t i o n o f p o l y d i a c e t y l e n e s can 
occur over a wide energy range depending on the po lymer c h a i n 
e n v i r o n m e n t . " F r e e " c h a i n s i n s o l u t i o n adopt a c o n f o r m a t i o n w i t h 
an yne-ene b o n d i n g and an a b s o r p t i o n energy o f 2 .5 eV. Lower 
v a l u e s o c c u r i n s i t u a t i o n s where s i d e - g r o u p i n t e r a c t i o n s p l a y an 
impor t an t r o l e . D i s o r d e r i n the po lymer appears m a i n l y to a f f e c t 
the a b s o r p t i o n l i n e w i d t h . A s i m i l a r l y weak impac t on polymer 
p r o p e r t i e s i s seen i n the s m a l l i n c r e a s e s i n paramagnet i sm o f 
d i s o r d e r e d samples r e l a t i v e to t h a t o f s i n g l e c r y s t a l s . These 
s m a l l e f f e c t s r e f l e c t the r i g i d i t y o f the p o l y a c e t y l e n e c h a i n s , 
wh ich r e t a i n i n c h a i n ex tended form even when d i s o r d e r e d . 

However, d i s o r d e r appears to be c r u c i a l i n the o c c u r r e n c e o f 
p h o t o e x c i t e d pa ramagne t i c c e n t e r s s i n c e i r r a d i a t i o n o f s i n g l e 
c r y s t a l samples , e . g . p o l y TS , has no e f f e c t . The energy l e v e l s 
i n the low energy a b s o r p t i o n t a i l o f the d i s o r d e r e d samples p l a y 
an i m p o r t a n t p a r t . I t i s not c l e a r i f these d e r i v e from e x c i t o n i c 
o r i n t e r b a n d t r a n s i t i o n s bu t i t s h o u l d be no ted t h a t i n p r i n c i p l e 
any d i s t o r t i o n o f the po lymer c h a i n can l e a d to d e f e c t s t a t e s i n 
the o p t i c a l gap (90) and t h a t the weak a b s o r p t i o n t a i l i n c r y s t a l s 
i s a major f a c t o r d e t e r m i n i n g p h o t o c o n d u c t i o n (91). Thus , i t 
appears t h a t a b a s i s e x i s t s f o r the c o r r e l a t i o n o f s t r u c t u r e and 
the i n t r i n s i c a b s o r p t i o n s p e c t r a but t h a t f u r t h e r e f f o r t s a re 
r e q u i r e d to o b t a i n a b e t t e r u n d e r s t a n d i n g o f d e f e c t s t a t e s and 
t h e i r s p e c t r o s c o p i c p r o p e r t i e s . 
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Abstract 

The complex morphology of most conjugated polymers prevents 
direct measurement, and hinders understanding, of their intrinsic 
properties. Such problems do not occur for the polydiacetylenes, 
which can be prepared as macroscopic single crystals. Since 
polydiacetylenes can also be obtained in less perfect forms the 
effects of disorder can be studied. Spectroscopic techniques 
have been widely use
polydiacetylenes and thei
obtained by optical and electron spin resonance spectroscopy are 
discussed. 
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The N u c l e a r D i s t o r t i o n

I n r e c e n t y e a r s s tudy o f q u a s i o n e - d i m e n s i o n a l ( ID) systems 
has become an i n c r e a s i n g l y impor t an t f i e l d o f s o l i d s t a t e p h y s i c s 
and c h e m i s t r y (1_). One b a s i c i d e a here i s the P e i e r I s 1 theorem (2^) 
s t a t i n g t ha t e q u i d i s t a n t n u c l e a r c o n f i g u r a t i o n s o f s t r i c t l y ID 
c h a i n s w i t h p a r t l y f i l l e d energy bands ( m e t a l l i c spect rum) a re 
u n s t a b l e towards n u c l e a r d i s t o r t i o n s l e a d i n g to f o r b i d d e n energy 
gaps i n the o n e - p a r t i c l e spec t rum. There i s ano the r i n s t a b i l i t y 
o f a q u i t e d i f f e r e n t k i n d (_3) p r e s e n t i n the H a r t r e e - F o c k - t y p e 
w a v e f u n c t i o n o f m e t a l l i c (and sometimes a l s o o t h e r ) sy s t ems : 
i n t r o d u c t i o n o f c e r t a i n e x t r a v a r i a t i o n a l freedom ( u s u a l l y f o r 
m a l l y i n c r e a s i n g the l a t t i c e p e r i o d ) may l e a d to o c c u r r e n c e o f 
symmetry b r e a k i n g (SB) s o l u t i o n s such as c h a r g e - d e n s i t y - w a v e s 
(CDW) and s p i n - d e n s i t y - w a v e s (SDW). P e r f o r m i n g H a r t r e e - F o c k (HF) 
type e l e c t r o n i c band s t r u c t u r e c a l c u l a t i o n s on a number o f ID 
po lymers ( 4 , _5, 6) i t has been obse rved t h a t o c c u r r e n c e o f CDW 
s o l u t i o n s p o i n t s towards e n e r g e t i c a l advantageousness o f n u c l e a r 
d i s t o r t i o n s . Q u i t e r e c e n t l y C a l a i s , P u l a y (_7) and o t h e r s have 
drawn a t t e n t i o n to the s tudy o f t h i s c o u p l i n g mechanism. We 
examine the r e l a t i o n o f these b roken symmetry HF w a v e f u n c t i o n s 
and the b e h a v i o r o f the p o t e n t i a l energy cu rve o f the n u c l e i 
around the e q u i d i s t a n t c o n f i g u r a t i o n . 

The degree o f bond l e n g t h a l t e r n a t i o n i s c l o s e l y r e l a t e d to 
the magni tude o f the f o r b i d d e n energy gap, E , w h i c h i n t u r n 
a f f e Q t s e l e c t r i c a l , o p t i c a l and o t h e r p h y s i c a l p r o p e r t i e s o f the 
sys t em. W i t h i n the o n e - e l e c t r o n p i c t u r e ( H u c k e l - m o d e l ) one can 
show, t h a t E = 2 | $ s h o r t " $ 1 q | where 6 h o r t

 a n d ^ i o n

 a r e 

the resonance^ i n t e g r a l ! c o r r e s p o n d i n g to the snoTfc and l o n g n § o n d s 
i n an a l t e r n a t i n g p o l y e n e , r e s p e c t i v e l y . The o r i g i n o f the E i n 
pure p o l y a c e t y l e n e , (CH) , has been d i s c u s s e d r e p e a t e d l y (8)^and 
we p r e s e n t some t h e o r e t i c a l e v i d e n c e a t H a r t r e e - F o c k l e v e l , t h a t 
nonzero e x p e r i m e n t a l E i s c o m p a t i b l e w i t h the a l t e r n a t i n g m o d e l . 
A r e l a t e d p rob lem i s f%und at the p o l y d i a c e t y l e n e s ( P D A ' s ) where 
the two d i f f e r e n t l y b o n d - a l t e r n a t e d s t r u c t u r e s have d i f f e r e n t 
a b s o r p t i o n . 
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© 1981 American Chemical Society 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



106 PHOTON, ELECTRON, AND ION PROBES 

F o r c e s A c t i n g On The N u c l e i 

The r e s u l t s o f a s tudy o f the H u c k e l H a m i l t o n i a n enab led the 
f o l l o w i n g c l a s s i f i c a t i o n o f the shape o f the t o t a l energy per u n i t 
c e l l , E t , as f u n c t i o n o f the asymmetr ic d i s t o r t i o n , A , o f the 
c h a i n : ( i ) E ^ x l A l l n l A l + v A ( P e i e r l s c a s e ) ; ( i i ) 
E ^ - x ' A + y^A ( h e t e r o a t o m i c c h a i n ) , ( i i i ) E t ^± x 1 f A + 
y ^ f A ( b o n d - a l t e r n a t i n g c a s e ) . The c o r r e s p o n d i n g H u c k e l 
H a m i l t o n i a n s may be i l l u s t r a t e d a s : ( i ) B ^ j ^ B ; ( i i ) ^ B ^ i B . ; and 
( i i i ) j ^ G ' i j * . Case ( i ) i s l a b i l e , case ( i i i ) p r e d i c t s n e c e s s 
a r i l y bond l e n g t h a l t e r n a t i o n , w h i l e i n case ( i i ) the s t a b i l i t y o f 
the e q u i d i s t a n t c o n f i g u r a t i o n ( A = 0) depends on the s i g n o f y ' -
x 1 . 

W i t h o u t d i s c u s s i n g more s o p h i s t i c a t e d H a m i l t o n i a n s , e x p l i c 
i t l y i n c l u d i n g Coulomb i n t e r a c t i o n l e t us d i s c u s s the e f f e c t o f 
charge d e n s i t y waves (CDW) h e u r i s t i c a l l y . Suppose t h a t t h e r e i s a 
CDW-type e l e c t r o n i c d i s t r i b u t i o
r e a s o n i n the c h a i n an
C o u l o m b - f o r c e s . I n o r d e r to take i n t o account t h i s e f f e c t w i t h i n 
the H u c k e l model we have to change the a 1 s and /o r 3 f s . T r a d i t i o n 
a l CDW co r r e sponds to a l t e r n a t i n g + and - charges on n e i g h b o r i n g 
atoms and c o n s e q u e n t l y n e i g h b o r i n g a v a l u e s change a l s o i n an 
a l t e r n a t i n g p a t t e r n . The a l t e r n a t i o n o f the resonance i n t e g r a l s , 
3, c o r r e s p o n d to an o f f - d i a g o n a l CDW where charges a l t e r n a t e i n 
the bond r e g i o n ( o f f - d i a g o n a l CDW or b o n d - o r d e r a l t e r n a t i o n wave, 
BOAW). As a consequence w i t h i n the H u c k e l m o d e l , i n case o f BOAW, 
bond l e n g t h d i s t o r t i o n i s p r e d i c t e d w h i l e i n case o f d i a g o n a l CDW 
t h i s depends on the r e l a t i o n o f x 1 and y f . 

F o r a q u a l i t a t i v e d i s c u s s i o n the Hel lmann-Feynman theorem 
may be u s e d . Then , the f o r c e s a c t i n g on the n u c l e i a re d e t e r m i n e d 
s o l e l y by the c l a s s i c a l e l e c t r o s t a t i c f o r c e s due to the charge 
d i s t r i b u t i o n o f the e l e c t r o n s and n u c l e i . I n o r d e r to see i f the 
x component ( a l o n g the c h a i n ) o f the f o r c e a c t i n g on n u c l e u s i , 
F ^ i s z e r o or n o t , i t i s s u f f i c i e n t to check whether the charge 
d i s t r i b u t i o n i s i n v a r i a n t under the x -> - x t r a n s f o r m a t i o n or n o t . 
S i n c e i n e q u i d i s t a n t l i n e a r arrangement the f i e l d o f the o t h e r 
n u c l e i i s i n v a r i a n t , i t i s n e c e s s a r y to c o n s i d e r the e l e c t r o n s 
o n l y . From t h i s c o n s i d e r a t i o n s o l e l y f o l l o w s t h a t nonzero 
Hel lmann-Feynman f o r c e s occur i n the BOAW case but not i n the 
d i a g o n a l CDW c a s e . T h i s c o n c l u s i o n i s a l s o v a l i d fo r z i g z a g 
c h a i n s i f the n u c l e i are i n p l a n e s o f m i r r o r symmetry o r t h o g o n a l 
to the x - a x i s , l i k e i n e q u i d i s t a n t p o l y a c e t y l e n e , (CH) and 
p o l y m e t h y n e i m i n e , (HCN) . From the t e c h n i c a l p o i n t o f v i e w i t i s 
impor t an t to n o t e , t h a t symmetry v i o l a t i n g i n c o r r e c t i n t e g r a l 
a p p r o x i m a t i o n s used i n the l i t e r a t u r e (9) l e a d i n s e v e r a l c a se s 
i n c o r r e c t l y to BOAW and, c o n s e q u e n t l y , to wrong p o t e n t i a l energy 
cu rve around A = 0 . 
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A c t u a l C a l c u l a t i o n s ( H ) x , ( C > x > (CH)^ and (HCN)^ : 

The main r e s u l t s o f the c a l c u l a t i o n s at ab i n i t i o H a r t r e e -
Fock l e v e l may be summar ized , t h a t the e q u i d i s t a n t h y d r o g e n , 
ca rbon and (CH) c h a i n s have , b e s i d e s the m e t a l l i c s o l u t i o n 
ano the r one w i t h ^ower t o t a l energy p o s s e s s i n g a CDW. The l a t t e r 
i s o f the BOAW type i n a l l t h ree c a s e s , and c o n s e q u e n t l y the 
c o r r e s p o n d i n g t o t a l energy cu rve s t a r t s l i n e a r l y as a f u n c t i o n o f 
A as i n case ( i i i ) . T h e r e f o r e the most s t a b l e n u c l e a r c o n f i g u r a 
t i o n c o r r e s p o n d s to an a l t e r n a t i n g s t r u c t u r e i n a l l t h r e e c a s e s . 
Po lyme thne imine i s d i f f e r e n t : he re the d e n s i t y m a t r i x i s o f 
d i a g o n a l CDW-type, and t h i s c o r r e s p o n d s to case ( i i ) . A c t u a l l y 
the a l t e r n a t i n g geometry i s s l i g h t l y more f a v o r a b l e (1CJ ) , bu t 
t h i s c o n c l u s i o n may depend e . g . on the b a s i s s e t u s e d . 

The Energy Gap I n Trans ( C H ) ^ : 

From the above r e s u l t
geometry i s an a l t e r n a t i n g one at HF l e v e l w i t h nonzero E . I t s 
a c t u a l v a l u e , however , i s too l a r g e i n compar i son w i t h the § p t i c a l 
a b s o r p t i o n maximum obse rved be low 2 eV (9). T h i s p r o b l e m o f the 
t h e o r e t i c a l o v e r e s t i m a t i o n o f the energy gap i s a known drawback 
o f the ab i n i t i o H a r t r e e - F o c k method (11) and s e r v e s as one o f the 
main m o t i v a t i o n s to go beyond the HF d e s c r i p t i o n . U n f o r t u n a t e l y , 
as we have r e c e n t l y obse rved ( 1 2 ) , the s i m p l e s t such d e s c r i p t i o n 
( the s p i n - u n r e s t r i c t e d HF method) does not lower the gaps a t a l l 
fo r the po lymers i n q u e s t i o n i n c o n t r a s t to the s u g g e s t i o n o f 
M i s u r k i n and O v c h i n n i k o v (13). The s i t u a t i o n i s c o m p l i c a t e d by 
the d i f f i c u l t y i n s e p a r a t i n g the e x c i t a t i o n s c r e a t i n g f r e e e l e c 
t r o n s and h o l e s from the bound e l e c t r o n - h o l e q u a s i - p a r t i c l e s 
( e x c i t o n s ) . O n l y the former c o r r e s p o n d to the E , w h i l e the 
c r e a t i o n o f the energy o f the l a t t e r , E , l i e s w i f t i i n the gap . 
E - E may be even a l a r g e f r a c t i o n o f e £ , and the expe r imen t s 
wf?icfiXmay d i s t i n g u i s h between E and E ( ] § i o t o c o n d u c t i o n , p h o t o 
v o l t a i c e f f e c t ) a re d i f f i c u l t §6* carry**out to y i e l d unambiguous 
r e s u l t . One o f us has r e c e n t l y c a r r i e d ou t an e x c i t o n c a l c u l a t i o n 
u s i n g a P a r i s e r - P a r r - P o p l e (PPP) model (14) w o r k i n g out e x c i t o n 
f o r m a l i s m i n the i n t e r m e d i a t e b i n d i n g ( l o c a l i z e d on , bu t a l s o 
d e l o c a l i z e d over s e v e r a l (CH) u n i t s ) . A c c o r d i n g to t h i s as w e l l 
as o t h e r e x c i t o n c a l c u l a t i o n s (15) > the 2 eV peak i n ( C H ) x may 
v e r y w e l l be due to e x c i t o n s . I n case o f the p o l y d i a c e t y l e n e s the 
d i f f e r e n c e o f the p h o t o c o n d u c t i o n onse t and the a b s o r p t i o n t h r e s 
h o l d i s ~ 0 . 5 eV, t h e r e f o r e i n t h a t case the e x c i t o n p i c t u r e seems 
w e l l e s t a b l i s h e d ( 1 6 ) . 

The B l u e S h i f t I n P o l y d i a c e t y l e n e s : 

The s t r u c t u r e o f some p o l y d i a c e t y l e n e (PDA) s i n g l e c r y s t a l 
po lymers wh ich c l o s e l y resemble (CH) a re known due to e x i s t e n c e 
o f l a r g e s i n g l e c r y s t a l s amples . The two p o s s i b l e s t r u c t u r e s o f 
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the m a i n c h a i n are the a c e t y l e n i c - t y p e , (= RC - C = C - RC=) , A T , 
and the b u t a t r i e n e - t y p e - f R C = C = C = R C ) ^ , BT s t r u c t u r e s . 
There i s a s i g n i f i c a n t b l u e s h i f t i n the 2 eV range o p t i c a l 
a b s o r p t i o n spec t rum o f these m a t e r i a l s o f the o r d e r o f 0 .3 eV 
g o i n g from AT to BT s t r u c t u r e . We b e l i e v e , t h a t t h i s phenomenon 
i s a consequence o f the i n t e r a c t i o n o f the e l e c t r o n s w i t h the 
s t a t i c l a t t i c e o f the n u c l e i i n the ma in c h a i n . I t s u n d e r s t a n d i n g 
i s d e s i r a b l e as the e x p e r i m e n t a l f a c t s a re much b e t t e r known f o r 
DPA than for (CH) , a l t h o u g h the a l t e r n a t i o n p r o b l e m here i s 
p r i n c i p a l l y d i f f e r e n t from t h a t o f (CH) s i n c e b o t h s t r u c t u r e s 
have a l r e a d y a n o n - z e r o gap, and p r o b a b l y s i d e c h a i n s a re f i x i n g 
the AT or BT type s t r u c t u r e . 

We have c a r r i e d out c r y s t a l o r b i t a l c a l c u l a t i o n s u s i n g the 
H u c k e l - m o d e l (as W i l s o n (11) d i d ) as w e l l as the more r e f i n e d 
s e l f - c o n s i s t e n t PPP m o d e l . Next t a b l e summarizes a few r e s u l t s 
( i n e V ) . As i s a p p a r e n t  the H u c k e l v a l u e s are s m a l l and a b i g 
r ed s h i f t i s o b t a i n e d
r e p u l s i o n i n t e g r a l s t ake
p r e d i c t s b l u e s h i f t and E i n rough agreement w i t h e x p e r i m e n t . 
True PPP model w i t h a l t e r n a t i n g 3 's g i v e s v e r y l a r g e gaps and a 
s m a l l b l u e s h i f t . 

T a b l e I 

Methods A c e t y l e n e B u t a t r i e n e S h i f t 

E x p e r i m e n t 2 .0 2 .3 +0.3 

H u c k e l ' 1.487 0 .578 b ) - 0 . 9 0 9 

PPP 
( a l l 3=-2 .39eV) 1.843 2 .129 +0.286 

PPP a ^ 5.855 5.905 +0.050 

a) U s i n g v a l u e s depending on bond l e n g t h a l a L . Sa lem ( 2 ) ; 
b) W i l s o n v a l u e ( 1 7 ) . 

These c o m p u t a t i o n a l f i n d i n g s may be r a t i o n a l i z e d by t a k i n g 
i n t o account the exchange term i n PPP . W i t h i n the f i r s t n e i g h b o r 
a p p r o x i m a t i o n E = | 2 $ g * - 3 * - 3 | (17), where 3 > = 3 i - 1/2 
P .Y • . The i increx r e f e r s to the s i n g l e ( s ) , doub l e C<1) a n d X t r i p l e 
( t ) 1 b o n d i n the AT s t r u c t u r e , and s i m i l a r l y f o r BT . The - 1 / 2 P . y . 
t e r m comes from exchange. I n the H u c k e l model Y ^ = 0 . When we 
t a k e a l l 3^ = - 2 . 3 9 eV o n l y exchange de te rmines the gap. The 
a l t e r n a t i n g e f f e c t o f the 3 resonance term en fo rces the a l t e r -
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n a t i o n o f the exchange terms i n the SCF p rocedu re and t h i s r e s u l t s 
i n the v e r y l a r g e gaps o f the t h i r d row i n the t a b l e . 

T h i s r e s u l t r a i s e s a q u e s t i o n on the n a t u r e o f the e x c i t e d 
s t a t e o f an a l t e r n a t i n g con juga ted po lymer (18). I t can be shown, 
t h a t i f the e x c i t e d s t a t e c o n t a i n s a c o l l e c t i v e s h i f t o f the 
c h a r g e - d e n s i t y - w a v e ( a l l TT e l e c t r o n s ) over a f i n i t e r e g i o n o f N -
10-20 T T - e l e c t r o n s , then (a ) t h i s e x c i t a t i o n i s s t r o n g l y c o u p l e d 
to pho tons ( l a r g e t r a n s i t i o n moment, y ^ C N exp ( - d N ) , d e r i v e d i n 
ana logy to M u l l i k e n ' s c h a r g e - t r a n s f e r t h e o r y ( 1 9 ) ) , (b) e x h i b i t s 
the r i g h t s h i f t f o r P D A ' s as g i v e n i n the t h i r d row o f T a b l e 1, 
even i f c o r r e c t e d fo r the energy o f the s h i f t o f the CDW over N 
atoms, and ( c ) e x p l a i n s q u a l i t a t i v e l y some o f the o p t i c a l p r o p e r 
t i e s o f P D A ' s ( t h e n o n l i n e a r band t a i l i n g due to l a s e r l i g h t ( 2 0 ) , 
the absence o f a van Hove s i n g u l a r i t y i n the spec t rum (2_1), the 
l a r g e t h i r d o r d e r s u s c e p t i b i l i t i e s (22_), p e c u l i a r i t i e s o f the 
Raman s p e c t r a (16^, 2 3 ) )  These c o l l e c t i v e s t a t e s i n v o l v i n g a 
s h i f t e d c h a r g e - d e n s i t y - w a v
l e d to p h o t o n s , but th
moment does not c o n t a i n a m u l t i p l i c a t i v e f a c t o r o f N (_18) . I t i s 
w o r t h m e n t i o n i n g tha t the impor tance o f m u l t i e x c i t a t i o n s i n the 
s p e c t r a o f f i n i t e po lymers has been r e a l i z e d e a r l i e r ( 2 3 ) . 

T h i s work was p a r t l y suppor t ed by the RC o f S l o v e n i a , by the 
H u n g a r i a n Academy o f S c i e n c e s , by the D i v i s i o n o f Sponsored 
R e s e a r c h as w e l l as by the N a t i o n a l S c i e n c e F o u n d a t i o n ( g r a n t CHE 
7906129) . We are i n d e b t e d to D r . T . J . F a b i s h f o r the o p p o r t u n i t y 
to p r e s e n t our r e s u l t s a t the 1980 ACS Houston M e e t i n g . 

Abstract 

The structural and electronic properties of semiconducting 
conjugated polymers as polyacetylene (equivalent terminology: 
polyene, /CH/x), polydiacetylene /PDA/, and poly /p-phenylene/ 
are closely interrelated. Peierls theorem on nonexistence of 
one-dimensional metals predicts e.g. the structure of trans-/CH/ x 

to contain alternatingly short double- and long single-bonds, 
with a nonzero forbidden energy gap, Eg. The equidistant model 
with Eg=0 (metal) i s , accordingly, energetically unstable. We 
summarize herein the theoretical work done on some conjugated 
polymers using combined sol id state physical and quantum chemical 
methods, as ab initio and semi empirical Hartree-Fock crysta l 
o rb i t a l calculations. We offer a c lass i f i ca t ion of situations 
which may occur for equidistant chains based on Hellmann-Feynman 
forces acting on the nucle i : i/ Peierls case, ii/ diagonal charge 
density wave (CDW) with zero forces, and iii/ non-diagonal CDW 
with necessarily implied bond-distortion. According to the re
sults of actual calculations /CH/ x belongs to case ii/. The 
corresponding energy gaps are discussed with reference to elec
tronic correlation effects including the possibility of exciton
-formation. We attempt to elucidate the blue-shift of PDA's, which 
is observed going from acetylene to butatriene structure. In-
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formation concerning dopant- /CH/x interaction is obtained using 
protonation potential maps. 
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10 
Models of Radical Cation States in Molecules, 
Molecular Solids, and Polymers 

C. B. DUKE 

Xerox Webster Research Center, Xerox Square-114, Rochester, NY 14644 

In this paper I describe the construction of a model to 
interpret photoemission and optical-UV absorption from molecules 
in both gaseous and condensed phases. In the case of isolated 
molecules in the gas phase, molecular-orbital theory suffices to 
describe such spectra, although i t must be adapted to include a 
consideration of the intramolecular relaxation induced by the ion 
(photoemission) or molecular exciton (UV absorption) generated 
via the absorption of an incident photon (1, 2). In the case of 
condensed systems, like molecular glasses, molecular crystals and 
polymers, additional phenomena must be incorporated into a model 
which affords a quantitative description of photoemission spec
troscopy (PES) and UV absorption (UVA). Foremost among these is 
the intermolecular relaxation induced by ion (PES) and exciton 
(UVA) states (3, 4, 5). This relaxation causes a shift to lower 
binding energies of the order of 1eV for ion states and 0.1eV for 
exciton states (6). In addition, however, this shift varies from 
one site to another in the bulk of molecular glasses and polymers 
as well as at the surfaces of all condensed molecular and polymer
ic materials (6, 7). These variations generate surface states for 
molecular crystals (6, 8), localized molecular ion states in 
polymers and molecular glasses (6, 7, 9), and inhomogeneous 
broadening of PES and UVA spectra (7, 8, 10). 

I proceed by first describing in Sec. II the construction of 
a molecular-orbital model suitable for interpreting molecular PES 
and UVA spectra. Then, this model is extended to encompass 
intramolecular (Sec. III) and intermolecular (Sec. IV) relax
ation. The paper concludes with an indication of the applications 
of the model to interpret PES and UVA from polyacetylene (H_) and 
from two pendant-group polymers, polystyrene and poly(2-vinyl 
pyridine) (9, 10). 

0097-6156/81/0162-0113$05.00/ 0 
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CND0/S3 Mode l 

The m o l e c u l a r o r b i t a l model wh ich has been deve loped to 
d e s c r i b e PES and UVA from a r o m a t i c hyd roca rbons and h e t e r o c y c l e s 
i s a s p e c t r o s c o p i c a l l y p a r a m e t e r i z e d CNDO mode l , c a l l e d the 
CND0/S3 m o d e l , c o n s t r u c t e d to d e s c r i b e these s p e c t r a f o r benzene 
(12), p - x y l e n e (12), p y r o l l e ( L 3 ) , f u r a n (14) and p - d i f l u o r o b e n -
zene ( 2 5 ) . The CNDO e q u a t i o n s f o r the one e l e c t r o n o r b i t a l s a r e 
s p e c i f i e d by E q s . ( l b ) - ( 4 b ) i n L i p a r i and Duke (_12). The p a r a 
meters u t i l i z e d i n these e q u a t i o n s to d e f i n e the CND0/S3 model a r e 
g i v e n i n T a b l e I . 

T a b l e 1 

Parameters used to d e f i n
coulomb i n t e g r a l s a r e
v a l u e s ( T A » Y R ) t n e d i s t a n c e between the a tomic c e n t e r s (^ A R) 
v i a Y A f i = T7*.§97 [28.794 ( Y A + Y R ) _ 1 + 

Atom I s ( eV ) I p ( eV ) 3 s ( e V ) 3 p ( e V ) Y(eV) C(A" 

H 13 .60 10 — 12.85 2 .33 

C ( s p 2 ) 21.34 11.54 20 17 10.63 3 .78 

C ( s p 3 ) 21.34 11.54 20 17 10.63 3 .07 

N 27.51 14.34 25 20 12.37 3 .03 

0 35 .50 17.91 31 26 13 .10 4 32 

F 43 .70 20 .89 39 33 15.18 4 25 

The CND0/S3 model has been a p p l i e d to e v a l u a t e the e l e c 
t r o n i c s t r u c t u r e o f a l a r g e number o f a r o m a t i c hyd roca rbons 
i n c l u d i n g m-xy lene (12) , p - x y l e n e (12), 1 , 4 - d i s ( t r i f l u o r o m e t h y l ) 
benzene (12_), 1,2 d i ( p - t o l y l ) e t h a n e (_16) , [ 2 . 2 ] - p a r a c y c l o p h a n e 
(_16), p s e u d o p a r a - d i c y a n o [ 2 . 2 ] p a r a c y c l o p h a n e (_16), p s e u d o - p a r a -
d i c h l o r o [ 2 . 2 ] p a r a c y c l o p h a n e (16), 1 , 1 , 2 , 2 , 9 , 9 , 1 0 , 1 0 o c t a f l u -
oro [ 2 . 2 ] p a r a c y c l o p h a n e (16^), naph tha l ene (12^), an th racene ( 1 2 ) , 
nap thacene (j^2), pentacene (.12), e t h y l e n e (_n , 1 5 ) , t e t r a f l u o r o -
e t y l e n e ( L 5 ) , the f l u o r o b e n z e n e s C ^ F ^ F , l < n 6 <(15) , a z u l e n e 
(V7) , s t i l b e n e ( r 7 ) , d i p h e n y l b u t a d i e n e ^lf) , d i p h e n y l h e x a t r i e n e 
(_17), d i p h e n y l o c t a t e t r a e n e (1_7), o c t a t e t r a e n e (11), and p o l y a c e -
t y l e n e ( 1 1 ) . I t a l s o has been u t i l i z e d to d e s c r i b e UPS a n d / o r UV 
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a b s o r p t i o n s p e c t r a o f 7 , 7 , 8 , 8 , - t e t r a c y a n o - p - q u i n o d i m e t h a n e 
("TCNQ") ( 1 8 ) , p y r r o l e ( 1 3 , 19 ) , i n d o l e ( 1 3 ) , i s o i n d o l e ( 1 3 ) , 
9 , 1 0 - d i h y d r o a c r i d i n e ( 1 3 ) , 5 H - d i b e n z [ b , f ] a z e p i n e ( 1 9 ) , 1 0 , 1 1 - d i -
h y d r o - 5 H - d i b e n z [ b , f ] a z e p i n e ( L 3 , _19), f r ee -base p o r p h i n ( 2 0 ) , 
c h l o r i n ( 2 0 ) , p h l o r i n ( 2 0 ) , p h t h a l o c y a n i n e ( 1 9 ) , t r i p h e n y l a m i n e 
( 2 1 ) , N , N , - N f , N f - t e t r a m e t h y l - p - p h e n y l e n e d i a m i n e ( 1 3 ) , N , N ' - d i -
( m - t o l y l ) N , N , 1 - d i p h e n y l - p - p h e n y l e n e d i a m i n e ( L 3 ) , N , N , N ' , N ' -
t e t r a m e t h y l - 4 , 4 f - d i a m i n o b i p h e n y l (13) , N , N ' - d i - ( m - t o l y l ) - N , N f -
d i p h e n y l - 4 , 4 1 d i a m i n o b i p h e n y l (13), N , N f - d i - ( m - t o l y l ) - 4 , 4 f d i -
a m i n o b i p h e n y l (L3 ) , p y r i d i n e (lfJ) , 2 - m e t h y l p y r i d i n e (10), 2 -
e t h y l p y r i d i n e ( 1 0 ) , 2 - m e t h y l p y r i d i n e ( 1 0 ) , 2 - e t h y l p y r i d i n e 
(10), and c a r b a z o l e ( 2 2 ) . F i n a l l y , a l t h o u g h l e s s a t t e n t i o n has 
been g i v e n the oxygen h e t e r o c y c l e s , f a i r l y e x t e n s i v e CND0/S3 
c a l c u l a t i o n s have been performed fo r f u r a n , benzo fu ran and d i -
b e n z o f u r a n ( 1 4 , 19 ) . We c o n c l u d e , t h e r e f o r e , t h a t the CNDO/S3 
model has p roved u s e f u l i n e v a l u a t i n g the e l e c t r o n i c s t r u c t u r e o f 
a c o n s i d e r a b l e number o
v i a the i n t e r p r e t a t i o n
m o l e c u l e s . 

Two f u r t h e r e x t e n s i o n s o f the CNDO/S3 model a l s o have p r o v e n 
v a l u a b l e . F i r s t , i t has been u t i l i z e d to e v a l u a t e e l e c t r o n -
m o l e c u l a r - v i b r a t i o n i n t e r a c t i o n s i n benzene ( 2 3 , 2 4 ) , TCNQ ( 2 5 , 
2 6 ) , and TTF ( 2 6 ) . A r e v i e w o f these c a l c u l a t i o n s and t h e i r 
a p p l i c a t i o n s to i n t e r p r e t the t r a n s p o r t p r o p e r t i e s o f m o l e c u l a r 
c r y s t a l s has been g i v e n e l sewhere ( 2 7 ) . I n a d d i t i o n , the CND0/S3 
model a l s o has been ex tended to encompass c h a l c o g e n i d e m o l e c u l e s , 
most n o t a b l y S Q ( 2 8 , 2 9 ) , S e Q ( 2 9 ) , S . N , ( 3 0 ) , A s , S. ( 3 1 ) , A s , S . 
( 3 ) , and A s . S e f (31) ~ 8 ~ 4 4 ~ 4 4 — 4 6 
— 4 4 — 

R e l a x a t i o n I n I s o l a t e d M o l e c u l e s 

When the a b s o r p t i o n o f a photon causes an e l e c t r o n to change 
i t s quantum s t a t e ( e . g . , by l e a v i n g the s o l i d i n P E S ) , the quantum 
s t a t e s o f the o t h e r e l e c t r o n s i n the m o l e c u l e a l s o a re m o d i f i e d i n 
response to the changes i n charge d e n s i t y a s s o c i a t e d w i t h the 
p h o t o n - s t i m u l a t e d t r a n s i t i o n . The t o t a l energy o f the m o l e c u l e 
(o r m o l e c u l a r c a t i o n i n the case o f PES) i s l owered by t h i s 
p r o c e s s , w h i c h i s c a l l e d r e l a x a t i o n . S p e c i f i c a l l y , i n PES the 
d i f f e r e n c e i n energy between the g r o u n d - s t a t e energy o f the 
m o l e c u l a r c a t i o n caused by the p h o t o i o n i z a t i o n event and the 
H a r t r e e - F o c k m o l e c u l a r o r b i t a l e i g e n v a l u e ( i n the c a n o n i c a l 
b a s i s ) i s d e f i n e d to be the " r e l a x a t i o n energy" (1_, 2, 4 ) . 

The c o n t r i b u t i o n s to the r e l a x a t i o n energy o f an i s o l a t e d 
m o l e c u l e , d e s i g n a t e d as i n t r a m o l e c u l a r i n c h a r a c t e r , E ( i n t r a ) , 
a r i s e from two sources ( 4 , 6). E l e c t r o n i c r e l a x a t i o n s gene ra t e 
e n e r g i e s E ( i n t r a ) = l - 2 e V whereas a tomic r e l a x a t i o n s y i e l d E 
( i n t r a ) = J f l - 0 . 2 e V . The e l e c t r o n i c c o n t r i b u t i o n s a re b u i l t i n i o 
the s e m i e m p i r i c a l CND0/S3 model by c o n s t r u c t i o n . S p e c i f i c a l l y , 
the p rocedu re o f d e t e r m i n i n g the model pa ramete rs by f i t t i n g PES 
da t a f o r examplary m o l e c u l e s (benzene , f u r a n , p y r r o l e ) p r o v i d e s a 
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d i r e c t co r respondence between the CND0/S3 o r b i t a l e i g e n v a l u e s o f 
the n e u t r a l m o l e c u l e s and the e i g e n s t a t e s o f the c o r r e s p o n d i n g 
r a d i c a l c a t i o n s . 

The a tomic r e l a x a t i o n s w h i c h o c c u r upon p h o t o i o n i z a t i o n have 
been d e s c r i b e d u s i n g a compos i t e model c o n s i s t i n g o f the CND0/S3 
d e s c r i p t i o n o f the o r b i t a l e i g e n v a l u e s and e i g e n f u n c t i o n s t o 
ge the r w i t h s u i t a b l e v a l e n c e - f o r c e - f i e l d models o f the m o l e c u l a r 
normal modes o f v i b r a t i o n ( 2 7 ) . A l t h o u g h the magni tude o f the 
a tomic c o n t r i b u t i o n s to the r e l a x a t i o n energy a re modest f o r 
v a l e n c e - e l e c t r o n p h o t o i o n i z a t i o n (E ( i n t r a ) = 0 . 2 5 e V ) , a tomic 
r e l a x a t i o n s i n l a r g e r i g i d o r g a n i c mc^fecules make i m p o r t a n t m o d i 
f i c a t i o n s o f the p h o t o i o n i z a t i o n l i n e s h a p e s wh ich can be used as 
" s i g n a t u r e s 1 1 o f the n a t u r e o f the r a d i c a l c a t i o n s t a t e . The 
e f f e c t has been used , f o r example , to c l a r i f y the o r d e r i n g o f 
p h o t o i n d u c e d r a d i c a l c a t i o n s t a t e s i n benzene , deu te robenzene , 
and the f l u o r o b e n z e n e s ( L 5 , 2 4 ) . E l e c t r o n - v i b r a t i o n i n t e r a c t i o n s 
deduced from e x a m i n a t i o n
t i o n o f t r a n s p o r t i n m o l e c u l a
t r a n s f e r r e a c t i o n s between such m o l e c u l e s i n b i o l o g i c a l and e l e c 
t r o c h e m i c a l sys t ems , l i k e p h o t o s y n t h e t i c membranes ( 3 2 ) . 

A n o t h e r m a n i f e s t a t i o n o f p h o t o i n d u c e d a tomic r e l a x a t i o n i n 
m o l e c u l e s i s the pho togene ra t ed change i n geometry o f compos i t e 
m o l e c u l e s compr i sed o f fragments l i n k e d by s i n g l e bonds . M o r e 
over such changes a re s e n s i t i v e to the m o l e c u l e ' s envi ronment and 
hence can d i f f e r between the gaseous and v a r i o u s condensed 
s t a t e s . The CND0/S3 model has been a p p l i e d to de te rmine the 
d i f f e r e n c e between r a d i c a l c a t i o n geome t r i e s o f a r o m a t i c amines 
i n the gas phase and i n condensed t h i n f i l m s . A s i m p l e i l l u s t r a 
t i o n o f t h i s phenomenon i s a f f o r t e d by the PES o f t r i p h e n y l a m i n e 
( 2 1 ) . 

R e l a x a t i o n I n Condensed M e d i a 

The p h o t o i n d u c e d c r e a t i o n o f an i o n or e x c i t o n i n condensed 
m o l e c u l a r media causes g r e a t e r r e l a x a t i o n than i n i s o l a t e d m o l e 
c u l e s because the induced charge r e d i s t r i b u t i o n gene ra t e s e l e c 
t r o n i c and a tomic r e l a x a t i o n i n the o t h e r c o n s t i t u t e n t s o f the 
medium as w e l l as i n the e x c i t e d m o l e c u l e i t s e l f . The a s s o c i a t e d 
i n t e r m o l e c u l a r c o n t r i b u t i o n s to the r e l a x a t i o n energy a re compar
a b l e i n magni tude to the i n t r a m o l e c u l a r ones from the m o l e c u l e 
i t s e l f , i . e . , E r ( i n t e r ) = l - 2 e V , E ( i n t e r ) ^ 0 . l e V ( 4 , 6, 9 , 1 0 ) . 
A wide v a r i e t y models have been p roposed to e v a l u a t e t hese 
i n t e r m o l e c u l a r c o n t r i b u t i o n s to the r e l a x a t i o n e n e r g y , i n c l u d i n g 
ab i n i t i o models f o r h y d r a t e d e l e c t r o n s (33) and h y d r a t e d i o n s 
( 3 4 ) , m i c r o s c o p i c models based on d i p o l a r l a t t i c e s ( 3 5 ) , and 
d i e l e c t r i c models r a n g i n g from the c l a s s i c Born model o f s o l v a 
t i o n to i t s more modern e x t e n s i o n s ( £ , 10, 3 6 ) . The model w h i c h 
we u t i l i z e to d e s c r i b e PES and UVA s p e c t r a i s the d i e l e c t r i c model 
deve loped by Duke et a l . , (9, 10 ) . S p e c i f i c a l l y , t h i s model 
p r e d i c t s s u c c e s s f u l l y b o t h the r e l a x a t i o n i n d u c e d s h i f t s and 
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a d d i t i o n a l w i d t h s r e l a t i v e to the gas phase o f c o n d e n s e d - s t a t e 
PES i o n i z a t i o n s (6> _7> 12.)- S p e c i f i c examples i n c l u d e Sg ( 6 ) , 
TCNQ ( 6 ) , an th racene ( 8 ) , e t h y l benzene (<9, 10) and 2 - e t h y l 
p y r i d i n e ( 1 0 ) . 

A p p l i c a t i o n s To Po lymers 

The d e t a i l s o f the a p p l i c a t i o n s o f these models t o d e s c r i b e 
the e l e c t r o n i c p r o p e r t i e s o f po lymers depend on the po lymer b e i n g 
c o n s i d e r e d . I n the case o f po lymers wh ich c o n s i s t o f a r o m a t i c 
pendant groups suspended from an a l i p h a t i c backbone , p h o t o i n d u c e d 
m o l e c u l a r c a t i o n s t a t e s tend to be l o c a l i z e d on the i n d i v i d u a l 
a r o m a t i c m o i e t i e s r a t h e r than ex tended over the e n t i r e macromole-
c u l e (6, _7» 12.)- P E S a n d from p o l y s t y r e n e and p o l y ( 2 - v i n y l 
p y r i d i n e ) a f f o r d e x c e l l e n t examples o f the s p e c t r o s c o p y o f such 
l o c a l i z e d m o l e c u l a r i o n s t a t e s ( £  1 0 )  M o r e o v e r  based on the 
concep t s deve loped from
e n o l o g i c a l model o f th
p r o p e r t i e s o f these and r e l a t e d po lymers has been d e v e l o p e d ( 3 7 ) . 
I n the case o f n o n - s a t u r a t e d - b a c k b o n d po lymers l i k e p o l y ( s u l f u r 
n i t r i d e ) , p o l y a c e t y l e n e and the p o l y d i a c e t y l e n e s , however , the 
e l e c t r o n i c e x c i t a t i o n s may be extended over a l a r g e r p o r t i o n o f 
the m a c r o m o l e c u l a r backbone , the d e t a i l e d e x t e n t depending upon 
the c h a i n c o n f o r m a t i o n and polymer morpho logy . T r a n s - p o l y a c e t y l -
ene c o n s t i t u t e s an example o f such a s i t u a t i o n , because i t s PES 
and UVA s p e c t r a admit a s i m p l e i n t e r p r e t a t i o n i n terms o f the same 
CND0/S3 model wh ich d e s c r i b e s these s p e c t r a f o r l a r g e , even 
p o l y e n e s ( _ H ) . From the success o f the compos i t e CND0/S3-
d i e l e c t r i c r e l a x a t i o n model i n d e s c r i b i n g PES and UVA from such 
d i v e r s e l i n e a r p o l y m e r s , we c o n c l u d e t h a t t h i s compos i t e m o d e l , 
d e s c r i b e d i n d e t a i l by Duke et a l . (1CJ), s h o u l d be w i d e l y u s e f u l 
i n the q u a n t i t a t i v e i n t e r p r e t a t i o n o f these s p e c t r a from o t h e r 
po lymers as w e l l . 
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Intermolecular Relaxation Effects in the 
Ultraviolet Photoelectron Spectroscopy of 
Molecular Solids 
Molecular-Ion States in Aromatic Pendant Group Polymers 

W. R. SALANECK 

Xerox Webster Research Center, Webster, NY 14580 

T h i s c o n t r i b u t i o n d e a l s w i t h the use o f u l t r a v i o l e t p h o t o -
e l e c t r o n s p e c t r o s c o p y (UPS) f o r the s tudy o f the s u r f a c e and b u l k 
e l e c t r o n i c s t r u c t u r e o f o r g a n i c m o l e c u l a r and p o l y m e r i c s o l i d s . 
I n so f a r as i s n e c e s s a r y , some f e a t u r e s o f the UPS o f i s o l a t e d 
model monomer m o l e c u l e s i n the gas phase a re d e s c r i b e d i n o r d e r to 
p r o v i d e a b a s i s f o r an u n d e r s t a n d i n g o f c e r t a i n phenomena t h a t 
o c c u r i n the c o r r e s p o n d i n g condensed m o l e c u l a r and p o l y m e r i c 
s o l i d s . Some f e a t u r e s o f p h o t o e l e c t r o n s p e c t r o s c o p y i n g e n e r a l 
a r e o u t l i n e d w i t h an emphasis on the p h e n o m e n o l o g i c a l i n t e r p r e t a 
t i o n o f s p e c t r a f o r the s e v e r a l case s t u d i e s to be r e v i e w e d . The 
compl imen ta ry n a t u r e o f X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y (XPS or 
sometimes ESCA) and UPS i s p o i n t e d o u t . The d i s c u s s i o n s p r e s e n t e d 
a re focused upon the e x p e r i m e n t a l a s p e c t s o f the UPS o f i n s u l a t i n g 
o r g a n i c m o l e c u l a r and p o l y m e r i c s o l i d s , bu t s p e c i f i c hardware 
c o n s i d e r a t i o n s a re not i n c l u d e d . A v a r i e t y o f r e f e r e n c e s , some o f 
a r e v i e w n a t u r e , a re i n c l u d e d , bu t the con t en t i s not i n t e n d e d to 
be h i s t o r i c a l l y c o m p l e t e . Examples f o r e x a m i n a t i o n a re drawn 
p r i m a r i l y from the a u t h o r ' s own e x p e r i e n c e . 

H i s t o r i c a l Background 

The t e c h n i q u e s o f UPS (_1, 20 and X P S , a l s o known as ESCA ( 3 , 
4 ) , a re w e l l documented i n the l i t e r a t u r e (_5). These two branches 
o f p h o t o e l e c t r o n s p e c t r o s c o p y have been d i v i d e d h i s t o r i c a l l y i n t o 
two c a t e g o r i e s based upon t e c h n i c a l g r o u n d s : UPS u t i l i z i n g f a r uv 
photons w i t h e n e r g i e s t y p i c a l l y l e s s than about 50 eV; w i t h XPS 
u t i l i z i n g the s o f t X - r a y photon sou rces M g ^ (1254 eV) and A l K a 

(1487 e V ) . Recent use o f s y n c h r o t r o n r a d i a t i o n sou rces o f f e r i n g a 
wide range o f pho ton energy make t h i s d i s t i n c t i o n l e s s a p p r o p r i 
a t e (_5, 6, 7). From ano the r p o i n t o f v i e w , however , UPS d e a l s 
w i t h v a l e n c e e l e c t r o n i c s t r u c t u r e o f ma t t e r by v i r t u e o f the 
pho ton e n e r g i e s i n v o l v e d , whereas XPS can be used to s tudy b o t h 
v a l e n c e and c e r t a i n c o r e - l e v e l e l e c t r o n i c s t a t e s . 
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ESCA or XPS o f o r g a n i c polymer m a t e r i a l s has been p i o n e e r e d 
by C l a r k and coworkers ( 8 ) , who have worked m a i n l y w i t h c o r e - l e v e l 
s p e c t r a . V a l e n c e l e v e l s o f o r g a n i c polymers have a l s o been 
s t u d i e d by XPS b y , among o t h e r s , C l a r k and coworkers (8) as w e l l 
as A n d r e , P i r e a u x and c o l l e g u e s (9). The UPS o f o r g a n i c m o l e c u l e s 
i n gas phase i s v e r y w i d e l y p r a c t i c e d (_1, 2), bu t f a r l e s s has 
been done on o r g a n i c m o l e c u l a r s o l i d s ( H ) , JĴ )- Some i n o r g a n i c 
m o l e c u l a r and p o l y m e r i c s o l i d s have been s t u d i e d by p h o t o e l e c t r o n 
s p e c t r o s c o p y ( 1 0 ) , bu t are not r e f e r r e d to h e r e . V e r y few s t u d i e s 
o f o r g a n i c p o l y m e r i c s o l i d s have been r e p o r t e d , p r i m a r i l y because 
o f the i n c i p i e n t t e c h n i c a l d i f f i c u l t i e s i n v o l v e d i n o b t a i n i n g 
u n d i s t o r t e d d a t a . The e a r l i e s t work t h a t i n v o l v e s UPS s p e c t r a o f 
a r e a l po lymer i s t h a t o f F u j i c h i r a and I n o k u c h i , who used phonon 
e n e r g i e s up to 11.27 eV to s tudy the d e n s i t y - o f - s t a t e s o f p o l y 
e t h y l e n e ( 1 2 ) . The polymer s t u d i e s d i s c u s s e d h e r e , however , 
r e p r e s e n t the most comple te combined UPS and o p t i c a l a b s o r p t i o n 
s t u d i e s o f any polymer

P h o t o e l e c t r o n S p e c t r a o f M o l e c u l a r S o l i d s : B a s i c I s s u e s 

I s o l a t e d M o l e c u l e s . Some f a m i l i a r i t y w i t h a few c e n t r a l 
i s s u e s i n p h o t o e l e c t r o n s p e c t r o s c o p y (PES) i s a p r e r e q u i s i t t o 
the d i s c u s s i o n o f l o c a l i z e d m o l e c u l a r - i o n s t a t e s i n a r o m a t i c 
pendant group (APG) po lymers t h a t f o l l o w s . One must be conce rned 
w i t h what i s a c t u a l l y measured i n P E S , i n r e l a t i o n to what one 
would r e a l l y l i k e to know a b o u t . The b a s i c p rob lem i s t h a t 
i n f o r m a t i o n i s u s u a l l y r e q u i r e d on the c h e m i c a l and e l e c t r o n i c 
s t r u c t u r e o f n e u t r a l m o l e c u l e s i n the ground s t a t e , whereas PES 
measures the (sometimes m u l t i - ) e x c i t e d s t a t e s o f the c o r r e s p o n d 
i n g m o l e c u l a r c a t i o n s . K e e p i n g i n mind the p r o p e r concep t e n a b l e s 
a t l e a s t a b e t t e r p h e n o m e n o l o g i c a l i n t e r p r e t a t i o n o f s p e c t r a . 
Q u a n t i t a t i v e a n a l y s i s then r e l i e s e i t h e r on compar i son o f a g i v e n 
spec t rum w i t h c o r r e s p o n d i n g s p e c t r a o f a s e r i e s o f l o g i c a l l y 
chosen model m o l e c u l e s , o r compar i son w i t h a p p r o p r i a t e model 
c a l c u l a t i o n s . The p h o t o e m i s s i o n p roces s f o r m o l e c u l a r p h o t o 
e l e c t r o n s p e c t r o s c o p y i s o u t l i n e d below ( 1 3 ) . 

For an i s o l a t e d m o l e c u l e the b a s i c e x c i t a t i o n by a b s o r p t i o n 
o f a photon o f energy >ia) i s 

E j ( N ) + Kb) = E * ( N , k ) , (1) 

where E*(N) i s the t o t a l i n i t i a l ground s t a t e energy o f the 
n e u t r a l m o l e c u l e c o n t a i n i n g N e l e c t r o n s , and E ( N , k ) i s the t o t a l 
energy o f the N - e l e c t r o n sys tem i n the k f i n a l s t a t e , i n c l u d i n g 
the p h o t o e l e c t r o n . When K OJ i s s u f f i c i e n t l y l a r g e , the p h o t o 
e l e c t r o n i s o n l y weak ly c o u p l e d to the i o n c o n t a i n i n g N - l e l e c 
t r o n s i n the f i n a l s t a t e o f the e x c i t a t i o n p r o c e s s . Then the 
f i n a l s t a t e wave f u n c t i o n i s s e p a r a b l e , and the energy can be 
p a r t i t i o n e d i n t o 
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E*(N) = E * ( N - l , k ) + E R ( k ) , (2) 

where E ^ ( N - l , k ) i s the t o t a l energy o f the N - l e l e c t r o n m o l e c u l a r 
i o n i n the k f i n a l s t a t e , and E (k) i s the k i n e t i c energy o f the 
e l e c t r o n e m i t t e d from s t a t e k . A p h o t o e l e c t r o n spec t rum c o n s i s t s 
o f a p l o t o f the number o f e l e c t r o n s d e t e c t e d per u n i t t ime at an 
energy E , v e r s u s E , t h a t i s , n (E ) . Combin ing E q f s (1 ) and (2) 
y i e l d s trie s t a n d a r d ^ o p e r a t i o n e q u a t i o n i n p h o t o e l e c t r o n s p e c t r o -
s copy , 

E f i ( k ) = Ho) - E K ( k ) , (3) 

where 

E f i ( k ) = E ^ ( N - l , k )  E * ( N )  (4) 

The E f i ( k ) are the s o - c a l l e d b i n d i n g e n e r g i e s o f the e l e c t r o n s 
e m i t t e d from the s t a t e k and are de te rmined from the peaks i n 
n ( E R ) t h rough E q . ( 3 ) . Note t h a t k l a b e l s the p o s s i b l e f i n a l 
e l e c t r o n i c c o n f i g u r a t i o n s o f the m o l e c u l a r i o n , and s p e c i f i c a l l y 
not i n i t i a l s t a t e s . T h i s means t h a t the peaks i n n(E ) c o r r e s p o n d 
to s t a t e s o f the m o l e c u l a r i o n and must be r e l a t e d to the s t a t e s 
o f the n e u t r a l m o l e c u l e th rough some i n t e r m e d i a r y s t e p ( s ) . 

P h e n o m e n o l o g i c a l i n t e r p r e t a t i o n o f PES s p e c t r a most commonly 
r e l i e s upon o n e - e l e c t r o n models o f the n e u t r a l m o l e c u l e . One 
draws a one - to -one cor respondence between the major peaks i n 
n ( E R ) and the o n e - e l e c t r o n m o l e c u l a r o r b i t a l s (MO's ) (19). I f one 
s e t s the n u m e r i c a l v a l u e s o f the e n e r g i e s o f the peaks i n n ( E ^ ) 
e q u a l to the energy e i g e n v a l u e s o f the MO's o f the n e u t r a l ground 
s t a t e m o l e c u l e , one has the commonly employed Koopman's theorem 
Q - 6 ) . T h i s s i m p l e e q u a l i t y i s o b v i o u s l y q u a n t i t a t i v e l y , and 
o f t e n q u a l i t a t i v e l y (1_5), i n s u f f i c i e n t . Fo r i n t e r p r e t a t i o n a l 
s i m p l i c i t y the most p o p u l a r p r a c t i c e i s to d i s c u s s the e x c i t e d 
s t a t e s o f the m o l e c u l a r i o n i n t e r m i n o l o g y t h a t employs the one-
e l e c t r o n b a s i s f u n c t i o n s (MO's ) o f the n e u t r a l m o l e c u l e i n the 
ground s t a t e . I t i s then n e c e s s a r y to put i n "by hand" ( o r i n 
some more s o p h i s t i c a t e d t h e o r e t i c a l f a s h i o n JL5) the e l e c t r o n i c 
r e o r g a n i z a t i o n and e l e c t r o n c o r r e l a t i o n e f f e c t s t h a t l e a d to the 
s o - c a l l e d r e l a x a t i o n phenomena t h a t account fo r the d i f f e r e n c e s 
between the MO's o f the n e u t r a l m o l e c u l e and the m o l e c u l a r i o n . 
I n a p h e n o m e n o l o g i c a l v i e w , the e i g e n s t a t e s o f the m o l e c u l a r i o n 
are not those o f the n e u t r a l m o l e c u l e , and t h i s f a c t must be t aken 
i n t o account i n i n t e r p r e t i n g s p e c t r a , and i n compar ing s p e c t r a 
w i t h n u m e r i c a l v a l u e s o f model c a l c u l a t i o n s . S o - c a l l e d " s h a k e -
up" s a t e l l i t e s are m a n i f e s t a t i o n s o f the m u l t i e l e c t r o n p r o c e s s e s 
t h a t do not f a l l w i t h i n the framework o f o n e - e l e c t r o n models o f 
p h o t o e m i s s i o n (17). However, shake-up e f f e c t s are many-body 
e f f e c t s they are sometimes r a t i o n a l i z e d w i t h i n the b a s i s o f a one-
e l e c t r o n framework. A w e a l t h o f l i t e r a t u r e e x i s t s t h a t d e a l s w i t h 
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these i s s u e s (17^). F o r the p r e s e n t p u r p o s e s , however , we need to 
keep i n mind the f a c t t h a t i n t r a - m o l e c u l a r r e l a x a t i o n o c c u r s when 
a h o l e - s t a t e i s c r e a t e d ( p o s i t i v e charge l e f t b e h i n d ) on a g i v e n 
m o l e c u l e i n p h o t o e m i s s i o n , and to ex tend the concep t to i n t e r 
m o l e c u l a r r e l a x a t i o n i n m o l e c u l a r s o l i d s . 

M o l e c u l a r S o l i d s . C o n s i d e r a Van der Waals m o l e c u l a r s o l i d 
as one i n wh ich the m o l e c u l e s not o n l y r e t a i n t h e i r i d e n t i t y bu t 
a re h e l d t o g e t h e r o n l y by weak Van der Waals f o r c e s (10). The 
po lymers to be c o n s i d e r e d s u b s e q u e n t l y f a l l i n t o t h i s c a t e g o r y 
w i t h r e s p e c t to the polymer c h a i n s . I n the condensed Van der 
Waals m o l e c u l a r s o l i d phase , i n a d d i t i o n to the i n t r a m o l e c u l a r 
e l e c t r o n i c r e l a x a t i o n e f f e c t s t h a t o c c u r i n response to the 
g e n e r a t i o n o f the h o l e - s t a t e i n PES o f i s o l a t e d m o l e c u l e s i n the 
gas phase , as d i s c u s s e d above , t he r e e x i s t i n t e r m o l e c u l a r r e l a x 
a t i o n e f f e c t s ( 1 0 , 1 1 , 1 8 )  P h e n o m e n o l o g i c a l l y  the i n t e r m o l e c
u l a r r e l a x a t i o n i s due t
t r o n s i n m o l e c u l e s s u r r o u n d i n
ences p h o t o e m i s s i o n o f an e l e c t r o n . T h i s p o l a r i z a t i o n ene rgy , o r 
i n t e r m o l e c u l a r r e l a x a t i o n e n e r g y , i s g i v e n to the e s c a p i n g p h o t o 
e l e c t r o n . The c o r r e s p o n d i n g peak i n the n (E^) spec t rum then 
appears a t h i g h e r k i n e t i c ene rgy , and thus lower apparen t b i n d i n g 
ene rgy , when p h o t o e m i s s i o n i s from the m o l e c u l e i n the condensed 
m o l e c u l a r s o l i d s t a t e as compared w i t h p h o t o e m i s s i o n from the 
same l e v e l , k , when the m o l e c u l e i s i s o l a t e d i n the gaseous s t a t e . 
The p h o t o i o n i z e d m o l e c u l e i t s e l f e x p e r i e n c e s a change i n t o t a l 
c h a r g e , a subsequent r e d i s t r i b u t i o n o f the r e m a i n i n g ne t charge 
and an u l t i m a t e accompanying d i s t o r t i o n i n the m o l e c u l a r geometry 
( 2 1 ) . T h i s r e l a x a t i o n then r e s u l t s i n s e v e r a l s p e c i a l c h a r a c t e r 
i s t i c s o f p h o t o e l e c t r o n s p e c t r a o f m o l e c u l a r s o l i d s . 

Fo r example , m o l e c u l e s i n the s u r f a c e m o l e c u l a r l a y e r o f a 
m o l e c u l a r s o l i d e x p e r i e n c e d i f f e r e n t i n t e r m o l e c u l a r r e l a x a t i o n 
than t h e i r c o u n t e r p a r t s i n the b u l k ( 1 8 ) . T h i s d i f f e r e n c e i s due 
to the e x i s t a n c e o f a s m a l l e r number o f n e a r e s t n e i g h b o r m o l e c u l e s 
f o r a g i v e n m o l e c u l e on the s u r f a c e , as compared to w i t h i n the 
b u l k s o l i d . A l s o , the e l e c t r o n i c s t a t e s o f a i n s u l a t i n g o r g a n i c 
Van der Waals m o l e c u l a r s o l i d are l o c a l i z e d on the i n d i v i d u a l 
m o l e c u l e s (21^, 2 2 ) . T h i s l o c a l i z a t i o n i n space l e a d s to l o c a l i z a 
t i o n i n energy o f the e l e c t r o n i c s t a t e s o f the e x c i t e d n e u t r a l 
m o l e c u l e i n o p t i c a l a b s o r p t i o n , and o f the m o l e c u l a r c a t i o n i n 
p h o t o e l e c t r o n s p e c t r o s c o p y . I n the q u e s t i o n o f charge ( e l e c t r o n 
or h o l e ) t r a n s p o r t i n m o l e c u l a r s o l i d s , s u f f i c i e n t l o c a l i z a t i o n 
o f the m o l e c u l a r - i o n s t a t e s can p r e c l u d e an energy band p i c t u r e 
f o r the s o l i d (1CJ, 11_, 2 3 ) . E l e c t r o n i c t r a n s p o r t i s governed by 
s o - c a l l e d t r a n s f e r i n t e g r a l s between n e a r e s t - n e i g h b o r m o l e c u l e s 
wh ich tend to d e l o c a l i z e e l e c t r o n i c s t a t e s i n m o l e c u l a r c r y s t a l s 
( 2 1 , 2 3 ) . The energy l o c a l i z a t i o n now p r o v i d e s an energy d i f f e r 
ence between n e i g h b o r i n g o n e - e l e c t r o n o r b i t a l s . The c o m p e t i t i o n 
between these two phenomena de t e rmines the d e t a i l e d n a t u r e o f the 
charge t r a n s p o r t i n m o l e c u l a r s o l i d s ( 2 1 , 2 3 ) . S u r f a c e t r a n s p o r t 
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p r o p e r t i e s may be expec ted to be s i g n i f i c a n t l y d i f f e r e n t , how
e v e r , due to the s m a l l e r i n t e r m o l e c u l a r r e l a x a t i o n on the m o l e c u 
l a r s o l i d s u r f a c e ( 1 8 ) . 

Other consequences o f i n t e r m o l e c u l a r r e l a x a t i o n a re e v i d e n t 
i n UPS. B o t h the i n t e r m o l e c u l a r r e l a x a t i o n energy s h i f t ( i n gas 
v e r s u s s o l i d s t a t e s p e c t r a ) and the b r o a d e n i n g o f UPS l i n e s i n 
m o l e c u l a r s o l i d s as compared w i t h the c o r r e s p o n d i n g m o l e c u l a r 
ga se s , can be e x p l a i n e d by s t a r t i n g w i t h a o n e - e l e c t r o n f o r m a l i s m 
and i n c l u d i n g the c o u p l i n g o f the e l e c t r o n i c s t a t e s (MO's ) o f an 
i s o l a t e d m o l e c u l e to the v i b r a t i o n a l modes o f the pa r en t m o l e c u l e 
as w e l l as to the l o n g i t u d i n a l p o l a r i z a t i o n f l u c t u a t i o n s o f the 
m o l e c u l a r s o l i d ( d i e l e c t r i c medium) i n wh ich the pa ren t m o l e c u l e 
i s imbedded ( 2 0 ) . When c a s t i n a d i e l e c t r i c c o n s t a n t framework, 
the i n t e r m o l e c u l a r r e l a x a t i o n energy s h i f t s r e s u l t from weak 
c o u p l i n g o f the l o c a l i z e d m o l e c u l a r e l e c t r o n i c s t a t e s to c e r t a i n 
e x c i t a t i o n s o f the d i e l e c t r i c medium, w h i l e the b r o a d e n i n g o f UPS 
l i n e s i n m o l e c u l a r s o l i d
e l e c t r o n i c s t a t e s o f th
medium ( 2 0 , 21^, 25 , 26 , 2 7 ) . These i s s u e s w i l l be e l u c i d a t e d 
f u r t h e r i n subsequent p a r t s o f t h i s a r t i c l e . 

UPS V e r s u s XPS . There are s e v e r a l d i f f e r e n c e s between the 
UPS and XPS s p e c t r a o f i n s u l a t i n g o r g a n i c m o l e c u l a r s o l i d s . XPS 
o f course enab les the i n v e s t i g a t i o n o f c o r e - l e v e l s to w i t h i n 
about 1400 eV o f the vacuum l e v e l 4 ) . UPS i s l i m i t e d to 
v a l e n c e r e g i o n and some v e r y low b i n d i n g energy c o r e - l i k e l e v e l s 
by v i r t u e o f the lower photon e n e r g i e s i n v o l v e d Q , 2> _5, 7^). Two 
o t h e r f e a t u r e s a re perhaps l e s s o b v i o u s . F i r s t , because o f the 
i n h e r e n t l i n e w i d t h o f the t y p i c a l pho ton sources i n v o l v e d , UPS i s 
c a p a b l e o f h i g h e r r e s o l u t i o n (1_, 2^). X - r a y m o n o c h r o m a t i z a t i o n 
h e l p s t h i s p o i n t f o r XPS or ESCA (60 , bu t not to the e x t e n t o f 
UPS. S e v e r a l d i s c u s s i o n s can be found i n the l i t e r a t u r e f o r 
d e t a i l s ( 1 J J . The r e s o l u t i o n i n h e r e n t i n UPS i s not r e a l i z e d i n 
condensed m o l e c u l a r s o l i d s or p o l y m e r i c m a t e r i a l s , however . L i n e 
w i d t h s o f UPS peaks i n condensed m o l e c u l a r s o l i d s e x h i b i t w i d t h s 
( f u l l - w i d t h - a t - h a l f - m a x i m u m ) around 1 eV near room tempera ture 
( 1 8 , 20 , 26 , 2 7 ) , even when the p a r t i c u l a r UPS peak i s v e r y nar row 
f o r the m o l e c u l e i n the gas phase . There are a v a r i e t y o f 
c o n t r i b u t i o n s to the UPS l i n e w i d t h s i n condensed m o l e c u l a r 
s o l i d s . These w i l l be addressed i n the d i s c u s s i o n s o f the model 
m o l e c u l e work on an th racene and i s o p r o p y l benzene b e l o w . 

Perhaps the most u s e f u l o f the d i f f e r e n c e s between XPS and 
UPS v a l e n c e s p e c t r a a re the p h o t o e l e c t r o n c r o s s s e c t i o n s t h a t 
v a r y w i t h ene rgy . We men t ion o n l y two ex t remes , XPS a t about 1200 
to 1400 eV and UPS i n the range o f about 20 to 40 eV. When d e a l i n g 
w i t h o r g a n i c i n s u l a t i n g m o l e c u l a r s o l i d s , we are concerned m a i n l y 
w i t h the C(2p) and C ( 2 s ) a tomic o r b i t a l s i n as much as they 
c o n t r i b u t e to the v a l e n c e s p e c t r a o f the v a r i o u s m o l e c u l e s . A t 
about 21 eV photon ene rgy , the C(2p) c r o s s s e c t i o n i s over t en 
t imes t h a t o f the C(2s ) c r o s s s e c t i o n , w h i l e a t 1200 to 1400 eV, 
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the C ( 2 s ) c r o s s s e c t i o n i s over a f a c t o r o f t en l a r g e r than the 
C(2p) c r o s s s e c t i o n (6). Thus at UPS e n e r g i e s , the C ( 2 p ) - d e r i v e d 
s t a t e s are g r e a t l y emphasized over the C ( 2 s ) - d e r i v e d s t a t e s , 
w h i l e i n XPS v a l e n c e s p e c t r a , m o s t l y the b r o a d C ( 2 s ) - d e r i v e d 
s t a t e s a re o b s e r v e d . I n t h i s sense XPS and UPS a re complementary 
f o r the s tudy o f o r g a n i c m o l e c u l a r s o l i d s . I n c i d e n t a l l y , the n p -
t o - n s c r o s s s e c t i o n r a t i o s a re d i f f e r e n t f o r d i f f e r e n t e l e m e n t s , 
and the above s c e n a r i o does not n e c e s s a r i l y a p p l y f o r o t h e r 
e l e m e n t s . 

I n the examples o f our work on o r g a n i c m o l e c u l a r and p o l y m e r 
i c s o l i d s t h a t f o l l o w , f i r s t some c o n t r i b u t i o n s to the UPS l i n e 
w i d t h s i n condensed m o l e c u l a r s o l i d s a re d i s c u s s e d f o r two p r o t o 
type sys t ems , an th racene and i s o p r o p y l benzene ; then the UPS o f 
t w o . a r o m a t i c pendant group p o l y m e r s , p o l y s t y r e n e and p o l y ( 2 - v i n y l 
p y r i d i n e ) , a re d i s c u s s e d and compared w i t h some s p e c t r a c o n c e r n 
i n g the s i m p l e s t l i n e a r con juga ted p o l y m e r  p o l y a c e t y l e n e

Some T e c h n i c a l A s p e c t s

Sample p r e p a r a t i o n i s o f c r i t i c a l impor tance i n o b t a i n i n g 
d i s t o r t i o n f r e e UPS s p e c t r a o f i n s u l a t i n g m o l e c u l a r s o l i d s . T h i s 
i s s u e has been d i s c u s s e d at l e n g t h i n the l i t e r a t u r e ( 3 0 ) . We 
u s u a l l y employ vapor d e p o s i t i o n onto c o l d m e t a l s u b s t r a t e s t o 
p repa re samples o f i n s u l a t i n g m o l e c u l a r s o l i d s ( L 8 , 3 0 ) . I n the 
case o f p o l y m e r s , however , s o l u t i o n c a s t i n g i n an i n e r t atmo
sphere w i t h subsequent vacuum d r y i n g has been employed s u c c e s s 
f u l l y ( 2 0 ) . I t has been de te rmined t h a t t h i n f i l m s o f t h i c k n e s s 
i n the 20 to 30 X r ange , a re r e q u i r e d . T h i s t h i c k n e s s i s 
de t e rmined by the magni tude o f the escape depth o f the p h o t o e l e c -
t r o n s , w h i c h f o r UPS and o r g a n i c i n s u l a t o r s i s i n the range o f 
about 5 X (JJ3, 31). F i l m s o f t h i c k n e s s g r e a t e r than about 50 X 
y i e l d d e b i l i t a t i n g c h a r g i n g a f f e c t s t h a t a f f e c t the a c q u i r e d UPS 
s p e c t r a ( 3 2 ) . I f the sample i s an i n s u l a t o r and too t h i c k , f o r 
every e l e c t r o n removed from the s u r f a c e r e g i o n o f the sample , a 
p o s i t i v e charge remains b e h i n d . There i s then Coulomb a t t r a c t i o n 
between the p o s i t i v e charge and subsequent e x c a p i n g p h o t o e l e c -
t r o n s . T h i s a t t r a c t i v e i n t e r a c t i o n l e a d s to v a r i o u s degrees 
smear ing o f the UPS s p e c t r a . A t a t h i c k n e s s o f about 20 to 30 X, 
however , the sample i s s t i l l t h i c k enough t h a t p h o t o e m i s s i o n from 
the m e t a l s u b s t r a t e does not o c c u r , ye t t h i n enough t h a t sample 
c h a r g i n g does not o c c u r . The l a c k o f c h a r g i n g can be a t t r i b u t e d 
to any or a l l o f s e v e r a l p o s s i b l e phenomena: p h o t o i n j e c t i o n o f 
n e g a t i v e charge from the s u b s t r a t e , s i n c e the u . v . photons have an 
a t t e n u a t i o n l e n g t h g r e a t e r than the sample t h i c k n e s s ; e l e c t r o n 
t u n n e l i n g from the s u b s t r a t e ; or d i r e c t e l e c t r i c - f i e l d - d e p e n d e n t 
t r a n s p o r t o f the p o s i t i v e charge from the s u r f a c e , th rough the 
t h i c k n e s s o f the f i l m , and to the s u b s t r a t e . 

Some XPS v a l e n c e band s p e c t r a o f t h i c k i n s u l a t i n g samples 
have been o b t a i n e d u s i n g a low energy e l e c t r o n e m i s s i o n sou rce 
( f l o o d gun) to n e u t r a l i z e the p o s i t i v e s u r f a c e c h a r g e . T h i s 
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p r a c t i c e has been shown i n at l e a s t one c a s e , however , to i t s e l f 
l e a d to d i s t o r t i o n s o f the v a l e n c e s p e c t r a o b t a i n e d (_33). We 
never employ f l o o d gun t e c h n i q u e s fo r t h i s r e a s o n . 

A n o t h e r i s s u e o f c r i t i c a l impor tance i s t h a t o f s u r f a c e 
c l e a n l i n e s s . S i n c e the p h o t o e l e c t r o n escape depths from o r g a n i c 
i n s u l a t i n g m a t e r i a l s at t y p i c a l UPS e n e r g i e s l i e i n the r e g i o n o f 
about 5 A , s u r f a c e c o n t a m i n a t i o n can d i s t o r t UPS s p e c t r a . The 
s p e c t r o s c o p y i s thus c a r r i e d out i n ^ a n u l t r a h i g h vacuum e n v i r o n 
ment, w i t h p r e s s u r e s o f about 10 T o r r or l e s s , and numerous 
s t eps are t aken to a s su re a c l e a n sample s u r f a c e . P r o b a b l y the 
most c e r t a i n p r a c t i c e i s t h a t o f in s i t u vapor d e p o s i t i o n w i t h 
subsequent e x a m i n a t i o n by UPS b e f o r e c o n t a m i n a t i o n can o c c u r . 
T h i s t e c h n i q u e has been used to p repa re bo th n o n - s i n g l e - c r y s t a l 
l i n e and c r y s t a l l i n e samples . I n the case o f the po lymers to be 
d i s c u s s e d , the f i l m s were c a s t upon o x i d i z e d aluminum s u b s t r a t e s 
i n a f l o w i n g atmosphere f o l l o w i n g by vacuum d r y i n g by immediate 
i n s e r t i o n i n t o the UP
t e c h n i q u e was p e r f e c t e d
n e g l i g i b l e s u r f a c e c o n t a m i n a t i o n . The d e t a i l s a re d i s c u s s e d i n 
R e f . 20 and i n the A p p e n d i x to t h i s a r t i c l e . 

Examples o f C o n t r i b u t i o n s o f I n t e r m o l e c u l a r R e l a x a t i o n E f f e c t s to 
UPS S p e c t r a o f M o l e c u l a r S o l i d s 

I n t h i s s e c t i o n , s e v e r a l s t u d i e s o f model m o l e c u l a r s o l i d s 
are r ev i ewed t h a t shed some l i g h t on the o r i g i n o f the l i n e w i d t h s 
and g a s - t o - s o l i d s p e c t r a l energy s h i f t s i n the UPS s p e c t r a o f 
m o l e c u l a r s o l i d s . F i r s t , examples are g i v e n o f c o n t r i b u t i o n s to 
the s o l i d s t a t e UPS l i n e b r o a d e n i n g . A f o l l o w i n g d i s c u s s i o n d e a l s 
w i t h the energy s h i f t and e l e c t r o n i c l o c a l i z a t i o n i s s u e s , w h i c h 
a re d i r e c t l y r e l a t e d . 

S u r f a c e E f f e c t s i n I n t e r m o l e c u l a r R e l a x a t i o n . U s i n g a n t h r a 
cene m o l e c u l e s , the e f f e c t o f the s u r f a c e on the i n t e r m o l e c u l a r 
r e l a x a t i o n energy s h i f t i n gas v e r s u s m o l e c u l a r s o l i d UPS s p e c t r a 
has been i n v e s t i g a t e d (18). T h i s s h i f t i s sometimes r e f e r r e d to 
as the p o l a r i z a t i o n energy s h i f t . I n UPS s t u d i e s , i t i s obse rved 
t h a t s p e c t r a o f m o l e c u l e s i n the condensed s t a t e are s h i f t e d 
a p p r o x i m a t e l y r i g i d l y towards h i g h e r k i n e t i c e n e r g i e s ( t owards 
lower apparen t b i n d i n g e n e r g i e s ) w i t h r e s p e c t to the c o r r e s p o n d 
i n g gas phase s p e c t r a . The amount o f the s h i f t i s c a l l e d the 
i n t e r m o l e c u l a r r e l a x a t i o n ene rgy , o r p o l a r i z a t i o n e n e r g y , E ( 1 1 , 
1 8 , 19, 3 4 ) . The s u r f a c e monomolecular l a y e r w i l l e x p e r i e n c e a 
p o l a r i z a t i o n d i f f e r e n t from t h a t o f s u c c e e d i n g l a y e r s i n the b u l k 
f i l m , s i n c e the number o f n e a r e s t n e i g h b o r m o l e c u l e s i s d i f f e r e n t 
on the s u r f a c e compared w i t h i n the b u l k . 

An th racene was chosen as an i d e a l m o l e c u l e w i t h wh ich to l o o k 
f o r a s u r f a c e c o n t r i b u t i o n to E f o r s e v e r a l r e a s o n s : (a ) the 
f i r s t IP ( p h o t o e m i s s i o n peak) co r r e sponds to a d e l o c a l i z e d TT-
s t a t e ( 3 5 ) , w e l l s e p a r a t e d i n energy from the r e m a i n i n g I P ' s ; (b) 
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the m o l e c u l e i s f l a t and s t a b l e , e n a b l i n g the p r e p a r a t i o n o f t h i n 
v a p o r - d e p o s i t e d f i l m s , which under the p r o p e r c o n d i t i o n s w i l l 
have the m o l e c u l e s l y i n g f l a t on the s u b s t r a t e (36); and ( c ) 
o p t i c a l s t u d i e s had a l r e a d y i n d i c a t e d t h a t s u r f a c e e x c i t o n s i n 
an th racene a re d i f f e r e n t than those i n the b u l k ( 3 7 ) . 

F o r t h i s s tudy the s p e c t r o m e t e r geometry was i m p o r t a n t . The 
ang le between the photon source and the a n a l y z e r e n t r a n c e s l i t was 
f i x e d at 90 . However, the sample c o u l d be r o t a t e d such t h a t the 
a n a l y z e r would c o l l e c t e l e c t r o n s p h o t o e m i t t e d n e a r l y p a r a l l e l t o 
the sample normal or n e a r l y p e r p e n d i c u l a r to the sample normal 
( i . e . , n e a r l y p a r a l l e l to the s u r f a c e ) . T h i s l a t t e r geometry 
e n a b l e s the o b s e r v a t i o n o f o n l y the top s u r f a c e m o l e c u l a r mono
l a y e r when e l e c t r o n s o f s u f f i c i e n t l y s m a l l e l e c t r o n e l a s t i c mean 
f r ee p a t h , X , are c o l l e c t e d ( 3 8 ) . I n o r d e r to a v o i d any p o s s i b l e 
c o m p l i c a t i o n o f the s p e c t r a due to s - p o l a r i z a t i o n ( v e c t o r E o f the 
photon beam p e r p e n d i c u l a r to the p l a c e o f i n c i d e n c e ) and p -
p o l a r i z a t i o n ( v e c t o r E p a r a l l e
l i g h t beam, the uv lam
o f r o t a t i o n o f the sample , w h i l e m a i n t a i n i n g the 90 a n g l e to the 
a n a l y z e r . Thus , the p o l a r i z a t i o n e f f e c t s were m i n i m i z e d . I n 
a d d i t i o n , the da t a were o n l y accumula ted over a 60 range o f 6 
( f r o m 6 = 20 to 6=80 ) , f u r t h e r m i n i m i z i n g any p o s s i b l e p o l a r i z a 
t i o n e f f e c t s . 

The samples were p r epa red as f o l l o w s : A g o l d f o i l s u b s t r a t e 
was i o n - s p u t t e r c l e a n e d , and the energy s c a l e c a l i b r a t i o n was 
checked by a s s u r i n g t h a t the r e c o r d e d UPS k i n e t i c - e n e r g y d i f f e r 
ence between the g o l d F e r m i l e v e l i n the H e l (21 .21 eV) spec t rum 
and t ha t i n the He I I (40 .81 eV) spec t rum was e x a c t l y 19 .60 eV. 
Energy r e s o l u t i o n was about 0 .1 eV as judged by the w i d t h o f the 
F e r m i edge o f the g o l d s u b s t r a t e . Then 99 .99 % pure z o n e - r e f i n e d 
a n t h r a c e n e , pu rchased from M a t e r i a l s L i m i t e d , was vapor d e p o s i t e d 
a t the v e r y low r a t e o f about 40 X /hour onto the g o l d f o i l a t 
- 1 0 0 ° C . Under p r o p e r c o n d i t i o n s , (36) p l a n a r m o l e c u l e s l i e " f l a t " 
on the s u b s t r a t e . A t v e r y low t e m p e r a t u r e s , the s u r f a c e m o b i l i 
t i e s a re a p p a r e n t l y s m a l l enough to p r e v e n t n u c l e a t i o n and growth 
o f n e e d l e - l i k e c r y s t a l s a s , f o r example , obse rved f o r o t h e r 
p l a n a r o r g a n i c m o l e c u l e s d e p o s i t e d near room tempera tu re ( 3 1 ) . 
The f i n a l sample t h i c k n e s s e s were a lways about 20 X, as de t e rmined 
by a t t e n u a t i o n o f the XPS A u ( 4 f ? / 2 ) s i g n a l u s i n g M g K a (1253 .7 eV) 
r a d i a t i o n and a X = 22 . lX a p p r o p r i a t e f o r o r g a n i c o v e r l a y e r s on 
Au s u b s t r a t e s and M g K a X - r a y s ( 3 9 ) . The 20 A sample t h i c k n e s s 
was i m p o r t a n t . I t was t h i c k enough t h a t the A u - s u b s t r a t e p h o t o 
e m i s s i o n peaks were c o m p l e t e l y absent from the UPS d a t a , ye t t h i n 
enough t h a t no sample c h a r g i n g o c c u r r e d , as measured by the 
sharpness o f the c u t o f f o f the s e c o n d a r y - e l e c t r o n d i s t r i b u t i o n . 

The w i d e - s c a n UPS spec t rum o b t a i n e d a t 21 .2 eV pho ton energy 
(18) (He I r a d i a t i o n ) i s shown i n F i g . 1. The da t a a re i n 
e x c e l l e n t agreement w i t h those o f Grobman and Koch (11) on 
an th racene c r y s t a l s . I n F i g . 2 , na r row (4 eV w i d t h ) scans t h rough 
I P ( 1 ) r e v e a l a b r o a d e n i n g on the h i g h - k i n e t i c - e n e r g y ( l o w e r b i n d -
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Figure 1. Hel UPS data for a 20-A anthracene film on a gold substrate collected 
at 0 = 20° (data points). The inset defines the geometry. The gas phase UPS data 
of Ref. 61 are traced below. Note the relaxation energy shift of E r = 1.2 eV be

tween the energy scales, both of which refer to the vacuum level. 

i 1—i—•—i—«—i— 1—i— 1—i 
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BINDING ENERGY (eV) 

Figure 2. High-resolution Hel UPS 
angle-dependent data on Ipo(l) of anthra
cene. For clarity, the 0 = 20 data are 
approximately normalized to the peak 
intensity of the 0 = 80° data at about 
6.3-eV binding energy; IP(1) from Ref. 
61 is shown for determination of the top-
layer relaxation energy, Er(l) = 1.2 ± 
0.1 eV and the subsequent layer value, 

Er{n> 2) = 1.5 ±0.1 eV. 
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i n g energy) s i d e f o r near normal e l e c t r o n e x i t (8 = 20 ) . T h i s 
b r o a d e n i n g i s not obse rved i n o t h e r w i s e i d e n t i c a l s t u d i e s employ
i n g l a r g e r c a g e l i k e m o l e c u l e s where m o l e c u l a r d imens ions are 
l a r g e r than the e l e c t r o n e l a s t i c mean f r e e p a t h , X , and thus the 
e f f e c t i s not expec t ed to o c c u r ( I j*) . The da ta o f F i g . 2 a re 
n o r m a l i z e d to a p p r o x i m a t e l y e q u a l peak i n t e n s i t y f o r d i s p l a y 
p u r p o s e s . The dashed l i n e f o r the 0 = 80 da t a ( e l e c t r o n e x i t 
n e a r l y p a r a l l e l to the s u r f a c e ) a re e x p e c t e d to c o r r e s p o n d to o n l y 
the top m o l e c u l a r monolayer when X ^ d , the m o l e c u l a r t h i c k n e s s 
( 3 8 ) . As an e s t i m a t e o f X f o r the p r e s e n t s t u d y , r e c a l l t h a t 
N i e l s e n has de t e rmined t h a t X i s a p p r o x i m a t e l y one m o l e c u l a r 
t h i c k n e s s (abou t 3 .5 X) i n t e t r a t h i a f u l v a l e n e (TTF) and t e t r a -
cyanoquinodimethane (TCNQ) m o l e c u l e s a t about 5-eV e l e c t r o n k i n e 
t i c energy above the vacuum l e v e l ( 3 1 ) . 

Thus , u s i n g the l e a d i n g ( l o w - b i n d i n g - e n e r g y ) edge o f the 
spec t rum to de te rmine the l i n e shape  the peak shown as a dashed 
l i n e i n F i g . 2 r e p r e s e n t
a n t h r a c e n e . The f u l l w i d t
eV. T h i s w i d t h i s not due to sample c h a r g i n g i n v i e w o f the 20-A 
mean t h i c k n e s s and the sharpness o f the obse rved c u t o f f o f the H e l 
s e c o n d a r y - e l e c t r o n spec t rum. O r i g i n s o f t h i s 0 .7 eV c o n t r i b u t i o n 
to the UPS l i n e w i d t h w i l l be d i s c u s s e d b e l o w . Note t h a t the 
r e l a x a t i o n - e n e r g y s h i f t , E , i s 1.2 eV f o r I P ( 1 ) , i n agreement 
w i t h the r e s u l t s o f Grobman and Koch (_11) f o r a p p r o x i m a t e l y 
t a n g e n t i a l e l e c t r o n e x i t . Here E i s r e f e r r e d to the most i n t e n s e 
peak i n v i b r a t i o n a l l y s p l i t I P ( l f c o n s i s t e n t w i t h R e f . 11 r a t h e r 
than the c e n t e r o f g r a v i t y o f the v i b r a t i o n a l e n v e l o p e . T h i s 
l a t t e r case would l e a d to an i n c r e a s e i n the magni tude o f E by 
about 0 .1 eV. r 

F i n a l l y , a t 6 = 80 , the u n s c a t t e r e d e l e c t r o n s emanate from 
X ( 8 0 ° ) = X ( c o s 8 0 ° ) = 0 .17 X from w i t h i n the s o l i d . S i n c e the 

i n t e r m o l e c u l a r s p a c i n g i n an th racene i s ( 8 . 7 X per u n i t c e l l ) / ( 3 
m o l e c u l e s per u n i t c e l l ) = 2 . 9 X / m o l e c u l e ( 4 0 ) , X wou ld have to 
be about 26 X i n o r d e r to see a s i g n i f i c a n t c o n t r i b u t i o n to 1P(1) 
from the m i d d l e o f the second an th racene l a y e r i n the 9 = 80 
d a t a , an un rea sonab l e number at 15 eV k i n e t i c energy (31., 3 9 ) . 
A l t e r n a t i v e l y , i f X =26 X, t hen the f e a t u r e s o f the Au s u b s t r a t e 
wou ld show d i s t i n c t i v e l y i n the 6 = 2 0 ° UPS d a t a f o r 20-X f i l m s . 
Thus the XPS t h i c k n e s s d e t e r m i n a t i o n a l o n e puts an upper l i m i t on 

X i n the UPS energy r e g i o n o f l e s s than 10 X. 
The 0 = 2 0 ° UPS da t a o f F i g . 2 then i n c l u d e c o n t r i b u t i o n s to 

I P ( 1 ) from the s u c c e e d i n g s u b l a y e r s o f the sample . U s i n g the 
dashed l i n e as a measure o f I P ( 1 ) from o n l y the f i r s t m o l e c u l a r 
m o n o l a y e r , the 0 = 20 da t a were d e c o n v o l u t e d w i t h a Du Pont No. 
610 curve r e s o l v e r i n t o o n l y two peaks o f FWHM = 0 .7 eV, o f 
a p p r o x i m a t e l y e q u a l i n t e n s i t y , and s e p a r a t e d i n energy by 0 .3 eV. 
T h i s f a c t i m p l i e s t h a t the second and subsequent an th racene 
l a y e r s have E = 1.5 * 0.1 eV to w i t h i n the a c c u r a c y o f t h i s 
e x p e r i m e n t . A v e r y s i m p l e a n a l y s i s based upon the p e a k - i n t e n s i t y 
r a t i o and i n t e r m o l e c u l a r s p a c i n g y i e l d s a measure o f the e l a s t i c 
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mean f r ee pa th f o r the p h o t o e l e c t r o n s i n v o l v e d : X = 4 X a t 15 eV 
above the vacuum l e v e l , c o n s i s t e n t w i t h the 20-X sample t h i c k n e s s 
n e c e s s a r y to obscure a l l t r a c e s o f p h o t o e m i s s i o n from the Au 
s u b s t r a t e i n the UPS d a t a , w h i l e not i n the XPS d a t a , where * = 22 
X a t about 1200 eV ( 3 6 ) . 

The s u r f a c e e f f e c t d i s c u s s e d above i s an a s p e c t o f i n t e r 
m o l e c u l a r r e l a x a t i o n i n m o l e c u l a r s o l i d s i s t h a t a s s o c i a t e d w i t h 
the depth o f the m o l e c u l e from the sample s u r f a c e . T h i s e f f e c t 
m a n i f e s t s i t s e l f as an apparent l i n e - b r o a d e n i n g i n UPS s p e c t r a , 
o t h e r c o n t r i b u t i o n s to l i n e - b r o a d e n i n g a l s o e x i s t . These , as 
w e l l as some s p e c i f i c mechanisms t ha t l e a d to the o b s e r v e d 
i n t e r m o l e c u l a r p o l a r i z a t i o n e f f e c t w i l l be d i s c u s s e d b e l o w . 

Homogeneous and Inhomogeneous C o n t r i b u t i o n s . Two o t h e r 
c o n t r i b u t i o n s to UPS l i n e w i d t h s fo r m o l e c u l a r s o l i d s have been 
a r t i c u l a t e d i n a s tudy o f i s o p r o p y l benzene f i l m s a t low temper
a t u r e s ( 2 4 ) . The shape
p r o h i b i t e d the e x p l i c i
cussed f o r a n t h r a c e n e . I s o p r o p y l benzene was o f i n t e r e s t as a 
model m o l e c u l e f o r p o l y s t y r e n e , however . The measurements were 
c a r r i e d out on condensed m o l e c u l a r - s o l i d f i l m s i n the t empera tu re 
range 15°K < T < 150°K. 

I s o p r o p y l benzene , a s chema t i c d i ag ram o f wh ich i s i n c l u d e d 
i n F i g . 3 , was u t i l i z e d i n t h i s s tudy f o r s e v e r a l r e a s o n s . The 
p r i m a r y m o t i v i a t i o n f o r the s tudy was the a c q u i s i t i o n o f da t a on 
the tempera ture dependence o f UPS l i n e w i d t h s i n m o l e c u l a r 
s o l i d s . These da ta might then e i t h e r c o n f i r m or d i s p r o v e our 
r e c e n t l y - p r o p o s e d d i e l e c t r i c model o f c h a r g e - i n d u c e d r e l a x a t i o n 
i n these m a t e r i a l s ( 2 0 , 21)' S i n c e p o l y s t y r e n e (PS) and condensed 
f i l m s o f e t h y l benzene had been s t u d i e d as p r o t o t y p e systems i n an 
e a r l i e r i n v e s t i g a t i o n o f the r e l a x a t i o n energy s h i f t s i n s o l i d -
s t a t e v e r s u s gas phase p h o t o e m i s s i o n s p e c t r a ( 2 0 ) , i t was app ro 
p r i a t e to u t i l i z e an ana logous model m o l e c u l e i n the p r e s e n t 
e x a m i n a t i o n o f the f l u c t u a t i o n - i n d u c e d w i d t h s o f the s o l i d - s t a t e 
s p e c t r a . I s o p r o p y l benzene has a lower vapor p r e s s u r e than 
benzene and e t h y l benzene which were s t u d i e d p r e v i o u s l y ( 2 0 ) , 
c o n s e q u e n t l y , i t l e n d s i t s e l f to i n v e s t i g a t i o n over a s l i g h t l y 
l a r g e r tempera ture r a nge . I s o p r o p y l benzene i s o t h e r w i s e as 
s u i t a b l e a model m o l e c u l e fo r p o l y s t y r e n e as e t h y l benzene . 

The UPS spec t rum, o b t a i n e d w i t h 32 eV p h o t o n s , f o r a 15 X 
t h i c k v a p o r - d e p o s i t e d f i l m o f i s o p r o p y l benzene 30 K i s shown i n 
F i g . 3. A l s o shown i n the f i g u r e i s the UPS spec t rum from the 
c l e a n p a l l a d i u m c r y s t a l used as a s u b s t r a t e s i g n a l , and the 
i s o p r o p y l benzene UPS s p e c t r a p r e v i o u s l y o b t a i n e d i n the gas 
phase at 21 .2 eV pho ton energy ( 4 1 ) . 

The da ta on the tempera ture dependence o f the width* o f the 
lowes t b i n d i n g energy i o n i z a t i o n ( i . e . , a t a b i n d i n g energy o f 
about 7.6 eV) from t h i c k e r , a p p r o x i m a t e l y 25 X f i l m s o f i s o p r o p y l 
benzene are summarized i n F i g . 4 . The da ta have been a n a l y z e d 
e x p e r i m e n t a l l y by assuming tha t the obse rved f u l l - w i d t h - a t - h a l f -
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Figure 3. UPS spectra of the clean Pd substrate of a molecular thin-film (~ 15 A) 
sample of isopropyl benzene in the gas phase (41). 

The photon energies are 32 eV, 32 eV, and 21.2 eV (top to bottom). The energy scale 
is for the solid-state spectra and should be shifted to read higher building energy by 
1.5 eV for the gas-phase spectrum. The isopropyl benzene film in this case is only about 
15-A thick, and consequently the Pd d-band is not totally obliterated. The data of 
Figure 4 are for approximately 25-A thick films, where the Pd signal can not be seen. 
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Figure 4. Square of the experimental temperature contribution to UPS linewidth, 
A(T)2, as a function of temperature for two totally independent runs ( A , Q ) in the 

top panel. 
The large error bars reflect the signal-to-noise ratio relative to the magnitude of the total 
observed linewidths. In the lower panel, a solid line is drawn for the standard deviation 
of a gaussian linewidth using the slope from the upper panel, where c = 2.6 (±0.5) X 
lQ-zji/2 ( j jhe nnewidth data points plotted in the lower panel show consistency 

with the T1/2 behavior predicted by a molecular-ion model calculation (20, 21). 
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maximum i s g i v e n by the square r o o t o f the sum o f the squares o f 
the i n d i v i d u a l c o n t r i b u t i o n s to the l i n e w i d t h , namely 

(T) = ( E i ? ) 1 / 2 , (5 ) 
i 

where the se t o f A . a re independent c o n t r i b u t i o n s to 6(T) , the 
obse rved p e a k w i d t h : 1 i s the 0 .67 eV l i n e w i d t h o f the peak i n 
the gas phase ; A i s the i n s t r u m e n t a l r e s o l u t i o n e s t i m a t e d a t 0 . 1 
eV from the w i d t h o f the F e r m i l e v e l o f the c l e a n m e t a l s u b s t r a t e ; 
A = A ( T ) i s the T-dependent c o n t r i b u t i o n t h a t i s e x t r a c t e d from 
the d a t a ; and A i s the r e s i d u a l T - independen t c o n t r i b u t i o n 
o b t a i n e d by the e x t r a p o l a t i n g to T = 0 . O p e r a t i o n a l l y , ^re p l g t 
6 (T) v e r s u s T , e x t r a p o l a t e to T = 0 and then s u b t r a c t ( A + A ) 
= 0 .68 eV i n o r d e r to de te rmine A . We f i n d A q ^ ^ ) . 4 e v , 
depending on the vapor d e p o s i t i o
m u l t i p l e exposures to
However , a f a s t 20 L exposure y i e l d e d A % 0 .6 eV. T h i s l a t t e r 
case p r o b a b l y co r r e sponds to a g r e a t e r cPegree o f m o l e c u l a r d i s 
o r d e r i n the r e s u l t a n t sample . We have a t t r i b u t e d the r e s i d u a l , 
T - independen t f a c t o r to s p a t i a l v a r i a t i o n s i n l o c a l s i t e e n e r g i e s 
and to the c o r r e s p o n d i n g inhomogeneous i n t e r m o l e c u l a r r e l a x a t i o n 
( p o l a r i z a t i o n ) e n e r g i e s as d e s c r i b e d p r e v i o u s l y (18^, 20 , 2 1 , 2 8 ) . 
A f t e r d e t e r m i n i n g the s p e c i f i c A c o n t r i b u t i o n f o r each s e p a r a t e 
r u n , the da ta a re p l o t t e d as A(T3 = 6(T) - 6(T=0) , i n F i g . 
4 f o r two t o t a l l y independent r u n s . The da t a can be c o n v e r t e d to 
the s t anda rd d e v i a t i o n parameter o f a g a u s s i a n c u r v e , o , and 
p l o t t e d as a f u n c t i o n o f T , as a l s o shown i n F i g . 4 . Then a c u r v e 
t h a t goes as T appears to be c o n s i s t e n t w i t h the da t a as shown 
i n F i g . 4 b . 

A most i m p o r t a n t a spec t o f these da t a i s the t empera ture 
dependence o f the w i d t h o f the m o l e c u l a r s o l i ^ i pho^to- ip^niza t ion 
peak . T h i s T-dependence i s o f the form A ( T ) = A + C T , w h i c h 
i s the form which had been p r e v i o u s l y d i s c u s s e d , bu t not q u a n t i t a 
t i v e l y o b s e r v e d , i n c o n n e c t i o n w i t h an X - r a y p h o t o e l e c t r o n s p e c 
t r o s c o p y (XPS) s tudy o f c o r e - l e v e l peaks o f the a l k a l i h a l i d e s 
( 2 5 ) . Sample c h a r g i n g ^ef fee ts i n h i b i t e d the s tudy o f the l i n e a r 
T-dependence o f A^ (T) i n the XPS c a s e . A l i n e a r t empera ture 
dependence o f A i s p r e d i c t e d by any model i n wh ich a l o w -
f requency v i b r a t i o n a l mode, tfu) < k T , i s s t r o n g l y c o u p l e d to the 
m o l e c u l a r i o n s t a t e ( 2 ^ , 25 , 26 , 27 , 4 2 , 4 3 , 4 9 ) . The most 
o b v i o u s such c o u p l i n g i s a s s o c i a t e d the e x c i t a t i o n o f i n t r a m o 
l e c u l a r modes upon p h o t o i o n i z a t i o n ; a phenomenon wh ich p roduces 
s t r u c t u r e on photo i o n i z a t i o n l i n e s i n the gas phase as w e l l as 
s o l i d s t a t e . E v a l u a t i o n o f the r e l e v a n t c o u p l i n g c o n s t a n t s f o r 
benzene based m o l e c u l a r i o n s (43) sugges t s t ha t the c o u p l i n g to 
these modes i s too wea^ to p r o v i d e a q u a n t i t a t i v e d e s c r i p t i o n o f 
the obse rved v a l u e o f c , a l t h o u g h we cannot d e f i n i t i v e l y e x c l u d e 
t h i s mechanism because we do not know the normal modes o f a 
condensed i s o p r o p y l benzene . A more l i k e l y mechanism i s the 
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c o u p l i n g o f the m o l e c u l a r i o n s t a t e to d i p o l e a c t i v e normal modes 
o f n e i g h b o r i n g m o l e c u l e s v i a l o n g - r a n g e Coulomb i n t e r a c t i o n s . 
The consequences o f t h i s i n t e r a c t i o n can be d e s c r i b e d by a 
g e n e r a l i z a t i o n o f the Huang-Rhys model (44 , 4 5 , 4 6 ) , t h a t was 
p roposed to i n t e r p r e t the e a r l i e r XPS s t u d i e s o f a l k a l i h a l i d e s 
( 2 5 ) . A r e c e n t mode^l c a l c u l a t i o n has been c a r r i e d out (21) t h a t 
p r e d i c t s c = 4 x 10 eV(°K) f o r condensed benzene , a v a l u e in 
g o o d ^ o r r e g p o n d e n c e w i t h the obse rved v a l u e o f c=2.6 + 0 .5 x 10 
eV ( K) f o r i s o p r o p y l benzene o b t a i n e d from F i g . 4 . From t h i s 
c l o s e co r re spondence we have i n f e r r e d t h a t c o u p l i n g o f a g i v e n 
i s o p r o p y l benzene m o l e c u l a r i o n s t a t e to i n f r a - r e d a c t i v e v i b r a 
t i o n s o f n e i g h b o r i n g n e u t r a l i s o p r o p y l benzene m o l e c u l e s i s the 
p redominant cause o f the obse rved tempera ture dependent l i n e -
w i d t h . 

The o r i g i n o f the t e m p e r a t u r e - i n d e p e n d e n t s o l i d s t a t e 
b r o a d e n i n g , 0 .4 eV A <0 .6 eV we a t t r i b u t e d to s p a t i a l v a r i 
a t i o n s i n the e l e c t r o n i
r e l a x a t i o n e n e r g i e s i n th
S i m i l a r w i d t h s ( t o 0 .6 eV) have been obse rved i n a v a r i e t y o f 
o t h e r c o n t e x t s , i n c l u d i n g condensed t h i n f i l m s o f and CO 
m o l e c u l e s (28) and the sub-monolayer a d s o r p t i o n o f these m o l e c u 
l e s on m e t a l s u r f a c e s (29). I n t e r a t o m i c Auger and e l e c t r o n - h o l e 
shakeup p r o c e s s e s have been p r o p o s e d , bu t found to be too s m a l l to 
account f o r the obse rved w i d t h s i n these cases ( 2 8 , 4 7 , 4 8 ) . On 
an e n e r g e t i c b a s i s these l a t t e r p roposed p r o c e s s e s a re e x p e c t e d 
to o c c u r f o r i n n e r v a l e n c e o r b i t a l s and not f o r the ou t e r -mos t IP 
s t u d i e d h e r e . A l s o , they c o n t a i n no s i g n i f i c a n t t empera tu re 
dependence. By the p r o c e s s o f e l i m i n a t i o n , s p a t i a l v a r i a t i o n s i n 
the r e l a x a t i o n e n e r g i e s a re the o n l y e x t e n t i n t e r p r e t a t i o n o f the 
t empe ra tu r e - i ndependen t ( inhomogeneous) b r o a d e n i n g . 

The s tudy o f i s o p r o p y l benzene can be summarized as f o l l o w s . 
The w i d t h o f the UPS l i n e c o r r e s p o n d i n g to r emova l o f the l o w e s t 
b i n d i n g energy i r - e l e c t r o n i s t empera tu re dependent . T h i s tem
p e r a t u r e dependence c o n t r i b u t e s s i g n i f i c a n t l y to the UPS l i n e -
w i d t h at e l e v a t e d t e m p e r a t u r e s . The f a c t t h a t the w i d t h i s 
t empera tu re dependent i n d i c a t e s t h a t the mechanism i n v o l v e s 
v i b r a t i o n s . A l t h o u g h e x p e r i m e n t a l l y , i n t r a m o l e c u l a r and i n t e r 
m o l e c u l a r e f f e c t s c o u l d not be s e p a r a t e d , t h e o r e t i c a l models 
p r e d i c t t h a t o f the e f f e c t i s m o s t l y i n t e r m o l e c u l a r . The s m a l l 
r e s i d u a l l i n e w i d t h obse rved i s due to sample i n h o m o g e n e i t i e s . 
P r e s u m a b l y , an i d e a l s i n g l e c r y s t a l t h i n f i l m wou ld e x h i b i t the 
same A(T) b u t have a s m a l l e r A . 

R e l a x a t i o n Energy S h i f t s and L o c a l i z e d M o l e c u l a r - I o n S t a t e s 
i n A r o m a t i c Pendant Group P o l y m e r s . The e l e c t r o n i c s t r u c t u r e o f 
p o l y s t y r e n e (PS) and p o l y v i n y l p y r i d i n e (PVP) have been s t u d i e d 
u s i n g a v a r i e t y o f e l e c t r o n i c s p e c t r o s c o p i e s and model c a l c u l a 
t i o n s ( 2 0 ) . H e r e , we r e v i e w the r e s u l t s o f the UPS and u l t r a 
v i o l e t a b s o r p t i o n s p e c t r o s c o p y (UAS) p o r t i o n o f t h a t s t u d y , and 
d i s c u s s the r e s u l t s i n a phenomeno l o g i c a l manner. The a im o f t h i s 
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s tudy was to c h a r a c t e r i z e the e l e c t r o n i c e x c i t a t i o n s o f the 
po lymers i n terms o f those o f the m o l e c u l a r b u i l d i n g b l o c k s o f the 
p o l y m e r s . To t h i s end, the a p p r o p r i a t e model monomer m o l e c u l e s 
were s t u d i e d i n b o t h the gas phase and the condensed m o l e c u l a r 
s o l i d phases . Some t e c h n i c a l d e t a i l s o f the p h o t o e l e c t r o n s p e c 
t r o s c o p y o f the polymer f i l m s a re g i v e n i n the A p p e n d i x . Some o f 
the g e n e r a l p r a c t i c e s d i s c u s s e d t he r e a p p l y to the condensed 
m o l e c u l a r s o l i d s as w e l l . 

A t t h i s p o i n t i t i s wor th r e p h r a s i n g some o f the i s s u e s o f 
the above d i s c u s s i o n s . The UPS s p e c t r a are a measure o f the 
s i n g l e - p a r t i c l e e x c i t a t i o n spec t rum o f the m o l e c u l e , i n so f a r as 
r emova l o f an e l e c t r o n i s c o n c e r n e d , w h i l e UAS d a t a a re a measure 
o f the p a r t i c l e - h o l e e x c i t a t i o n spec t rum. I n o t h e r t e rms , UPS 
measures the m o l e c u l a r - i o n s t a t e s w h i l e UAS measures e x c i t e d 
s t a t e s o f the n e u t r a l m o l e c u l e . Fo r a m o l e c u l e i n i s o l a t i o n , i n a 
o n e - e l e c t r o n p i c t u r e the v a l e n c e e l e c t r o n m o l e c u l a r c a t i o n s t a t e s 
a re compr i sed o f the se
( M O f s ) c o n t a i n i n g one h a l f - f i l l e
u l a r o r b i t a l and the t o t a l i t y o f o t h e r f u l l y o c c u p i e d o r b i t a l s , 
d i s t o r t e d from t h e i r s i t u a t i o n i n the n e u t r a l m o l e c u l e due to the 
r emova l o f an e l e c t r o n from the m o l e c u l e i n a p h o t o e l e c t r o n 
t r a n s i t i o n (21_). The charge d e n s i t y change t h a t o c c u r s upon the 
g e n e r a t i o n o f a h o l e - s t a t e r e s u l t s i n a r e o r g a n i z a t i o n o f the 
t o t a l charge d i s t r i b u t i o n o f the m o l e c u l e . The d i f f e r e n c e s 
between the m o l e c u l a r c a t i o n s t a t e s measured by p h o t o e l e c t r o n 
s p e c t r o s c o p y and the e i g e n s t a t e s o f the n e u t r a l m o l e c u l e a re then 
j u s t those d i c t a t e d by the r e d i s t r i b u t i o n o f t o t a l cha rge ( r e o r 
g a n i z a t i o n ) as w e l l as the accompanying change i n e l e c t r o n c o r 
r e l a t i o n (1J5, 16 )̂ ( n e g l e c t i n g r e l a t i v i s t i c e f f e c t s ) . The energy 
g a i n e d by the m o l e c u l e i n the e x c i t e d s t a t e i s termed the i n t r a -
m o l e c u l a r r e l a x a t i o n ene rgy , o f wh ich t he r e are a tomic (a5 and 
e l e c t r o n i c (e) c o n t r i b u t i o n s (21). T h i s energy i s sometimes 
c a l l e d the Koopman's d e f e c t , s i n c e i t i s t h i s energy w h i c h 
accoun t s fo r the d i s c r e p e n c y between Koopman's theorem and o b 
s e r v e d UPS s p e c t r a i n a o n e - e l e c t r o n f o r m a l i s m (15^, 1 6 ) . 

I n a condensed m o l e c u l a r s o l i d , however , t h e r e a re a l s o 
i n t e r m o l e c u l a r r e l a x a t i o n ( p o l a r i z a t i o n ) e f f e c t s t h a t o c c u r i n 
a d d i t i o n to the i n t r a m o l e c u l a r e f f e c t s (jLO, 11), as d i s c u s s e d 
above . I n f a c t , i n any d i e l e c t r i c medium, the t o t a l ne t p o s i t i v e 
charge d e n s i t y on the m o l e c u l a r c a t i o n induces c o r r e s p o n d i n g 
e l e c t r o n i c , and u l t i m a t e l y a t o m i c , d i s t o r t i o n s i n the s u r r o u n d i n g 
med ium. 

The c l e a r e s t e v i d e n c e fo r the v a l i d i t y o f the m o l e c u l a r - i o n 
concept i s the o b v i o u s s i m i l a r i t y between the UPS and UAS s p e c t r a 
o f PVP and those o f i t s c o r r e s p o n d i n g model m o l e c u l e 2 - e t h y l 
p y r i d i n e . These s p e c t r a are shown i n F i g s . 5 and 7 , r e s p e c t i v e l y . 
I n p a r t i c u l a r , i n F i g . 5 the UPS s p e c t r a f o r the s e r i e s o f 
m a t e r i a l s p y r i d i n e ( v ) , 2 - e t h y l p y r i d i n e ( v ) , 2 - e t h y l p y r i d i n e ( s ) , 
and PVP are p r e s e n t e d i n o r d e r to show e x p l i c i t l y the r e l a t i v e 
consequences o f the 2 - e t h y l s u b s t i t u e n t and c o n d e n s a t i o n e f f e c t s 
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Figure 5. UV photoemission spectroscopy data for the series of materials pyri
dine (v) (2), 2-ethyl pyridine (s), and poly(2-vinyl pyridine) (s). 

The shift of 0.5 eV between the lowest binding-energy peak for pyridine and for 2-ethyl 
pyridine reflects the effects of hyperconjugation induced by the ethyl group substituent. 
The additional shift of 1.5 eV between the vapor (v) and solid-state (s) data on 2-ethyl 
pyridine arises from the intermolecular relaxation effects discussed in text. The spectra 
are presented in the figure shifted relative to each other by an amount such that the 
lowest energy ionization potentials are aligned. The absolute values of these ionization 

potentials are indicated in the figure. 
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Figure 6. UV photoemission spectroscopy data for the series of materials ben-
zene (v) (3), 2-ethyl benzene (v), 2-ethyl benzene (s), and polystyrene (s). 

The shift of 0.14 eV between the lowest binding-energy peak for benzene and the 2-ethyl 
benzene reflects the effects of hyperconjugation induced by the ethyl group substituent. 
The additional shift of 1.5 eV between the vapor (v) and solid-state (s) spectra on 2-ethyl 
benzene arises from the intermolecular relaxation effects discussed in the text. The 
spectra are presented in the figure shifted relative to each other by an amount such that 
the lowest energy ionization potentials are aligned. The absolute values of these ionza-

tion potentials are indicated in the figure. 

Figure 7. UV absorption spectra in the region of the first absorption band in pyri
dine CAt -»1Blt

 1B2) for 2-ethyl pyridine and poly(2-vinyl pyridine). 
The similarity of these two spectra indicates that the aromatic pyridine group determines 
these lowest energy optical excitations of the polymer. The slight relaxation energy shift 
is discussed in the text. The vibrational progression involving the rj'10 vibration of pyri

dine (50, 62) is clearly visible. 
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i n t o a s o l i d on the e v a l u a t i o n o f the spec t rum o f PVP from t h a t o f 
i t s p y r i d i n e pendan t -g roup m o i e t y . I n the above n o t a t i o n , v 
r e f e r s to the vapor phase , w h i l e s r e f e r s to s o l i d phase . Based 
upon these s p e c t r a i n c o n j u n c t i o n w i t h model MO c a l c u l a t i o n s 
( 2 0 ) , i t i s c l e a r t h a t the uppermost t h r ee i o n i z a t i o n p o t e n t i a l s 
i n P V P , emanat ing from 2b^(7r), laA1*), and l l a ^ ( a ) s t a t e s o f 
p y r i d i n e are p r e s e r v e d th roughout t h i s sequence o f m a t e r i a l s , 
a l t h o u g h the r e l a t i v e o r d e r i n g o f these s t a t e s i s a l t e r e d by the 
2 - e t h y l s u b s t i t u t i o n ( 2 0 ) . S i m i l a r l y , the d e t a i l e d resemblance 
between the lowes t energy (TT •> TT*) U V a b s o r p t i o n (UAS) bands 
i n PVP and 2 - e t h y l p y r i d i n e (50) shown i n F i g . 7 , demons t ra tes 
t h a t the low-energy e l e c t r o n i c t r a n s i t i o n s i n n e u t r a l PVP a re 
e s s e n t i a l l y those o f 2 - e t h y l p y r i d i n e . C o n s e q u e n t l y , we see t h a t 
the low-energy e l e c t r o n i c e x c i t a t i o n s o f PVP a re e s s e n t i a l l y 
those o f the p y r i d y l e t h y l e n e repea t u n i t s wh ich make up PVP. 
W i t h i n the c o n t e x t o f the uv a b s o r p t i o n bands o f s u b s t i t u t e d 
p o l y e t h y l e n e s t h i s r e s u l
p o l y s t y r e n e (PS (51^, 5 2 )
o b s e r v a t i o n s to i n c l u d e m o l e c u l a r c a t i o n s t a t e s ( i . e . , p h o t o 
e m i s s i o n s p e c t r a ) i n a d d i t i o n to m o l e c u l a r e x c i t o n s t a t e s . The 
UPS and UAS s p e c t r a f o r PS ana logous to those shown i n F i g s . 5 and 
7 f o r PVP are g i v e n i n F i g ' s 6 and 8 f o r the s e r i e s b e n z e n e ( v ) , 
e t h y l b e n z e n e ( v ) , e t h y l b e n z e n e ( s ) , and PS . I t i s c l e a r from 
F i g ' s . 6 and 8 and the l i t e r a t u r e on the uv a b s o r p t i o n p r o p e r t i e s 
o f s u b s t i t u t e d p o l y e t h y l e n e s ( 5 1 , 52 , 53) t h a t the low-ene rgy 
e l e c t r o n i c e x c i t a t i o n s o f these m a t e r i a l s are p r o p e r l y i d e n t i f i e d 
as b e i n g l o c a l i z e d on the pendant -group m o i e t i e s . We c o n c l u d e , 
t h e r e f o r e , t h a t the m o l e c u l a r - i o n concept i s a d e q u a t e l y based on 
s p e c t r o s c o p i c da t a i n the case o f a r o m a t i c s u b s t i t u t e d p o l y e t h y l 
enes . 

F i g u r e s 5-8 show f u r t h e r t ha t the two f e a t u r e s o f the 
condensed phase s p e c t r a wh ich d i f f e r from t h e i r gas -phase c o u n t 
e r p a r t s are the e n e r g i e s and w i d t h s o f the i n d i v i d u a l i o n i z a t i o n 
peaks or o p t i c a l - a b s o r p t i o n l i n e s . I n b o t h the UPS and UAS 
s p e c t r a the l i n e s i n the s o l i d s t a t e a re s h i f t e d to lower e n e r g i e s 
r e l a t i v e to the c o r r e s p o n d i n g ones i n the gas phase by a r e l a x 
a t i o n ene rgy , ^ 1 eV f o r i o n s t a t e s and ^ 0 . 1 eV f o r e x c i t o n 
s t a t e s , a s s o c i a t e d w i t h the i n t e r m o l e c u l a r p o l a r i z a t i o n i n d u c e d 
by the i o n or e x c i t o n ( 1 0 , _19, 20 , 2 1 , 2 2 ) . I n a d d i t i o n , these 
l i n e s a l s o are b r o a d e r i n the s o l i d s t a t e , due i n p a r t to the 
i n t e r a c t i o n o f the i ons and e x c i t o n s w i t h i n t e r m o l e c u l a r p o l a r 
i z a t i o n f l u c t u a t i o n s (_19, 20 , 2 1 , 22 , 36 , 54) and to a l e s s e r 
e x t e n t to the s p a t i a l inhomogene i ty o f the p o l a r i z a t i o n - i n d u c e d 
r e l a x a t i o n energy i n the v i c i n i t y o f a s u r f a c e (_18, _19, 3 7 ) . I t 
i s impor t an t to note i n F i g ' s 5 and 6 , however , t h a t f o r h o l e 
s t a t e s i n b o t h PVP and P S , these s o l i d - s t a t e e f f e c t s a re e s s e n 
t i a l l y f u l l y m a n i f e s t e d i n the condensed m o l e c u l a r s o l i d f i l m s . 
I n f a c t , bo th the i n t e r m o l e c u l a r r e l a x a t i o n e n e r g i e s , E = 1.5 ± 
0 .1 eV, and s o l i d - s t a t e -rr-electron l i n e w i d t h s , Air ^ 1.0 eV, = a re 
the same w i t h i n e x p e r i m e n t a l e r r o r f o r the polymer and the 
condensed m o l e c u l a r s o l i d f i l m s . 
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The r e s u l t s d e r i v e d from F i g ' s . 5 and 6 a re t h a t the i n t e r 
m o l e c u l a r r e l a x a t i o n ( p o l a r i z a t i o n energy) s h i f t s a re e s s e n t i a l l y 
u n i f o r m fo r a l l the m o l e c u l a r c a t i o n s t a t e s i . e . , E % 1.5 eV 
independent o f the i d e n t i f y o f the MO i n v o l v e d , t h a t t h e v a l u e s 
o f these s h i f t s are i d e n t i c a l for PVP and P S , and t h a t the 
l i n e w i d t h s o f the uppermost i r - e l e c t r o n c a t i o n s t a t e s are i d e n t i 
c a l i n PVP and P S . The e q u a l i t y o f the i n t e r m o l e c u l a r r e l a x a t i o n 
e n e r g i e s fo r PS and PVP i s s u r p r i s i n g because o f the e x i s t a n c e o f 
a much l a r g e r v a l u e o f the s t a t i c d i e l e c t r i c c o n s t a n t i n ( p o l a r ) 
PVP than i n ( n o n p o l a r ) P S , l e a d i n g to the p r e d i c t i o n o f a c o r r e s 
p o n d i n g l y l a r g e r r e l a x a t i o n energy i n the B o r n t h e o r y o f s o l v a 
t i o n , w h i c h had been commonly used to model p o i n t charges i n 
d i e l e c t r i c media (2X)). M o r e o v e r , t h i s d i s c r e p a n c y t r a n s c e n d s the 
a d i a b a t i c as w e l l as the i n d e p e n d e n t - e l e c t r o n v e r s i o n s o f the 
t h e o r y o f d i e l e c t r i c r e l a x a t i o n ( 5 5 ) . T h e r e f o r e our e x p e r i m e n t a l 
UPS da t a shown i n F i g s . 5 and 6 have r e v e a l e d a fundamental 
f a i l u r e o f p r e v i o u s t h e o r i e
t i o n which have been show
m o l e c u l a r - i o n model ( 2 0 ) . 

S p e c i f i c a l l y , i n the B o r n t heo ry model o f s o l v a t i o n , the 
i n t e r m o l e c u l a r r e l a x a t i o n energy i s (21) 

where e i s the e l e c t r o n i c c h a r g e , R i s the r a d i u s o f a sphere o f 
volume e q u i v a l e n t to t h a t o f the m o l e c u l e i n q u e s t i o n , and e (0 ) i s 
the z e r o f requency ( s t a t i c ) d i e l e c t r i c c o n s t a n t . S i n c e t he r e i s 
over a f a c t o r o f two d i f f e r e n c e between e (0) fo r PVP and P S , the 
Born model p r e d i c t s a E o f about 4 . 5 eV fo r PVP and about 1.3 eV 
f o r P S ; i n d i sagreement w i t h the observed r e s u l t o f 1.5 ± 0.1 eV 
fo r b o t h PS and P V P . A m o l e c u l a r i o n model t a k i n g i n t o account 
the i n t e r a c t i o n s o f the e l e c t r o n i c ( i o n i c ) s t a t e s w i t h the l o n g i 
t u d i n a l p o l a r i z a t i o n f l u c t u a t i o n s o f the ( d i e l e c t r i c ) medium, 
however , accoun t s fo r the o b s e r v a t i o n s ( 2 0 ) . The low f requency 
t o r s i o n a l and i . r . l o n g i t u d i n a l p o l a r i z a t i o n modes are s t r o n g l y 
c o u p l e d to the e l e c t r o n i c e x c i t a t i o n s . T h e r e f o r e these f l u c t u 
a t i o n s homogeneously broaden the UPS l i n e s r a t h e r than s h i f t them 
( 2 J J . The weak ly c o u p l e d b ranches o f the d i e l e c t r i c f u n c t i o n then 
c o n t r i b u t e to the i n t e r m o l e c u l a r r e l a x a t i o n i n the form ( 5 6 ) , 

where ea(u)) i s the v a l u e o f e( w) fo r j u s t above the e l e c t r o n i c 
e x c i t a t i o n r e g i o n o f the e(u)) c u r v e , w h i l e (̂w) i s the v a l u e 
j u s t be low the e l e c t r o n i c e x c i t a t i o n r e g i o n o f e ( w ) . S i n c e the 
e l e c t r o n i c c o n t r i b u t i o n s to the d i e l e c t r i c c o n s t a n t , e ( w ) , f o r 1 
eV < Ha) < 10 eV, a re e s s e n t i a l l y i d e n t i c a l fo r PS and P V P , these 
weak ly c o u p l e d modes are expec ted to produce the same r e s u l t i n 

E r = f [ l - e ( 0 ) 1 ] , 
R 

(6) 

(7) 
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the i n t e r m o l e c u l a r r e l a x a t i o n s h i f t i n the UPS s p e c t r a f o r b o t h PS 
and PVP; as o b s e r v e d . I n a d d i t i o n , the a s s o c i a t e d homogeneous 
c o n t r i b u t i o n s to the l i n e w i d t h s a re A h ^ 0 .3 eV. S i n c e t h i s v a l u e 
i s much s m a l l e r than the p r e d i c t e d inhomogeneous s t a t i c - f l u c t u 
a t i o n - i n d u c e d v a l u e o f about 0 .75 eV ( 2 1 ) , we expec t the obse rved 
UPS l i n e s to be inhomogeneously broadened and about the same w i d t h 
i n b o t h PS and P V P , a g a i n i n accordance w i t h the measurements . 
The q u a n t i t a t i v e p r e d i c t i o n o f the e x p e r i m e n t a l r e s u l t s by the 
m o l e c u l a r i o n model concep t a l s o i s v e r y good ( 2 0 ) . 

The f i n a l p o i n t to be d i s c u s s e d i n v o l v e s the g a s - t o - s o l i d 
s h i f t s i n the o p t i c a l a b s o r p t i o n s p e c t r a . H a v i n g e s t a b l i s h e d the 
co r respondence between the e l e c t r o n i c e x c i t a t i o n s o f the c o n 
densed monomer f i l m s and the polymer f i l m s , we can focus on a 
compar i son o f the gas phase monomer UAS s p e c t r a w i t h the po lymer 
f i l m s p e c t r a . As shown i n F i g ' s 7 and 8 the polymer UAS s p e c t r a 
are s h i f t e d and broadened r e l a t i v e to t h e i r gas phase c o u n t e r 
p a r t s . As i n the case
a g a i n be q u a n t i t a t i v e l y
u l a r i o n framework. The UAS i n t e r m o l e c u l a r r e l a x a t i o n energy 
s h i f t i s t w i c e as l a r g e i n PVP ( 0 . 0 9 eV) as i n PS ( 0 . 0 4 e V ) . T h i s 
o b s e r v a t i o n i s c o n s i s t e n t w i t h the e x i s t a n c e o f a l a r g e r number o f 
weak ly c o u p l e d l o n g i t u d i n a l p o l a r i z a t i o n modes i n PVP as compared 
w i t h P S . I n a d d i t i o n , the b r o a d e n i n g o f the gas phase 2 - e t h y l 
p y r i d i n e UAS s p e c t r a as compared w i t h the gas phase e t h y l benzene 
s p e c t r a i s an i n d i c a t i o n t h a t t he r e are more s t r o n g l y c o u p l e d 
i n t r a m o l e c u l a r modes i n 2 - e t h y l p y r i d i n e than i n e t h y l benzene ; a 
f a c t c o n s i s t e n t w i t h the p o l a r n a t u r e o f 2 - e t h y l p y r i d i n e . F i n a l 
l y , the s o l i d s t a t e (po lymer ) UAS s p e c t r a f o r PVP a re more 
s e v e r e l y broadened than the UAS s p e c t r a f o r P S ; once a g a i n 
c o n s i s t a n t w i t h the e x i s t e n c e the l a r g e r number o f i . r . a c t i v e 
modes i n PVP ( 5 6 ) . 

The purpose o f t h i s s e c t i o n has been to u t i l i z e a m o l e c u l a r 
i o n concept to p r o v i d e a s a t i s f a c t o r y i n t e r p r e t a t i o n o f the UPS 
and UVA da t a g i v e n i n F i g s . 5 , 6 , 7 and 8. I n p a r t i c u l a r , the 
m o l e c u l a r i o n concept a f f o r d s an e l emen ta ry p r e d i c t i o n o f the 
s u r p r i s i n g r e s u l t t h a t the measured i n t e r m o l e c u l a r r e l a x a t i o n 
e n e r g i e s are the same f o r b o t h PVP and PS (20) even though the 
former i s a p o l a r m a t e r i a l and w h i l e the l a t t e r i s not ( i . e . , the 
two m a t e r i a l s e x h i b i t q u i t e d i f f e r e n t l o w - f r e q u e n c y d i e l e c t r i c 
r e s p o n s e s ) . 

We summarize here the f e a t u r e s o f the UPS and UVA da t a w h i c h 
l e a d to the m o l e c u l a r i o n concept f o r these a r o m a t i c pendant group 
p o l y m e r s . F i r s t , the s p e c t r a o f the po lymers PVP and PS a re 
e s s e n t i a l l y i d e n t i c a l to those o f condensed model m o l e c u l a r 
m o i e t i e s 2 - v i n y l p y r i d i n e and e t h y l benzene , r e s p e c t i v e l y . 
Second , the s o l i d - s t a t e s p e c t r a are r e l a t e d to the gas -phase 
s p e c t r a o f these model m o i e t i e s by an e s s e n t i a l l y c o n s t a n t s h i f t 
to h i g h e r energy ( l o w e r b i n d i n g energy) o f a l l the i o n i z a t i o n 
peaks by E r = 1.5 ± 0.1 eV. T h i r d , the w i d t h i n energy o f the 
s o l i d - s t a t e i o n i z a t i o n peak i s ATT = 1.0 ± 0 .1 f o r b o t h po lymers 
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Figure 8. UV absorption spectra in the 
region of the first absorption band in 
benzene (1A19 -> 1B2u) f°r the

zene in the gas phase and
The similarity of the molecular and polymer 
spectra indicates that the aromatic groups 
determine these lowest energy optical exci
tations in the polymer. The slight relaxation 
energy shift is discussed in the text. The 
vibrational progressions of both ethyl ben

zene and PS are clearly seen. 

to 
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Figure 9. Gas-phase UPS spectra of ethylene molecules (2) compared with that 
of polyacetylene (51) 
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a t T = 3 0 0 ° K , a l t h o u g h i t s t empera ture dependence was not mea
s u r e d . The t empera tu re e f f e c t was i n v e s t i g a t e d , however , employ
i n g m o d e l - m o l e c u l e s t u d i e s , i . e . i s o p r o p y l benzene as d i s c u s s e d 
above . 

The s i m i l a r i t y o f the polymer UPS da t a and those o f the g a s -
phase model m o l e c u l a r m o i e t i e s i s i n c o r p o r a t e d i n t o a m o l e c u l a r -
i o n framework by e n v i s a g i n g the i o n s t a t e s i n the s o l i d to be 
those o f the i s o l a t e d model m o i t i e s m o d i f i e d o n l y by t h e i r 
i n t e r a c t i o n w i t h p o l a r i z a t i o n f l u c t u a t i o n s i n the s u r r o u n d i n g 
d i e l e c t r i c medium. I f these f l u c t u a t i o n s cause l a r g e enough 
v a r i a t i o n s i n the r e l a x a t i o n e n e r g i e s , they l o c a l i z e the i o n 
s t a t e s i n the po lymer onto i n d i v i d u a l pendan t -g roup m o i e t i e s . 
That such i s the case i n PVP and PS was d i s c u s s e d above. T h i s 
f l u c t u a t i o n - i n d u c e d l o c a l i z a t i o n s u f f i c e s to e x p l a i n the d e t a i l e d 
s i m i l a r i t y between the UPS d a t a o f the condensed model m o l e c u l e s 
and those o f the c o r r e s p o n d i n g po lymer ( F i g s  5 and 7) f o r those 
l o w - i o n i z a t i o n - p o t e n t i a
t r i b u t i o n s from the v a l e n c
a l k a n e backbone . I n a d d i t i o n , t h e s h i f t s and b r o a d e n i n g o f g a s -
phase s p e c t r a l l i n e s i n the s o l i d s t a t e a re q u a n t i t a t i v e l y p r e 
d i c t e d by a m o l e c u l a r i o n model ( 2 0 , 21_9 5 6 ) , the l i t e r a t u r e f o r 
wh ich s h o u l d be r e f e r r e d to f o r a d e t a i l e d m a t h e m a t i c a l d i s c u s s 
i o n . 

E l e c t r o n i c S t a t e s o f P o l y a c e t y l e n e . I n c o n t r a s t to the 
l o c a l i z e d m o l e c u l a r i o n s t a t e s seen i n the s p e c t r a o f PS and PVP 
i n the p r e v i o u s s e c t i o n , we o u t l i n e he re v e r y b r i e f l y the r e s u l t s 
o f a s tudy o f the f u l l y con juga t ed p o l y m e r , p o l y a c e t y l e n e , o r 
( C H ) x , u s i n g p h o t o e l e c t r o n s p e c t r o s c o p y (57^, 5 9 ) . T h i s work was 
s t i m u l a t e d by the enormous change i n e l e c t r i c a l c o n d u c t i v i t y o f 
f r e e s t a n d i n g f i l m s o f (CH) upon dop ing ( 6 0 ) . The e l e c t r o n i c 
s t r u c t u r e o f p o l y a c e t y l e n e has been a s u b j e c t o f c o n t r o v e r s y f o r 
decades ( 5 7 ) . F o r the p r e s e n t p u r p o s e s , we focus on what wou ld be 
the d e l o c a l i z e d n a t u r e o f the l o w e s t b i n d i n g energy ir-band (57) i n 
an i s o l a t e d i d e a l c h a i n o f (CH) and compare i t w i t h the l b ^ ( TT ) 
s t a t e i n e t h y l e n e . A l t h o u g h a c e t y l e n e has a t r i p l e C=C Bond, 
p o l y a c e t y l e n e c o n t a i n s a l t e r n a t i n g doub le C=C and s i n g l e C-C 
bonds . The e t h y l e n e m o l e c u l e , t h e r e f o r e , i s a good model m o l e c u l e 
r e p r e s e n t a t i v e o f the l o c a l e l e c t r o n i c s t r u c t u r e i n (CH) . The 
l o w e s t b i n d i n g energy i r - s t a t e , however , i s d e l o c a l i z e d over the 
e n t i r e (CH) c h a i n . R e s i d u a l e l e c t r i c a l c o n d u c t i v i t y a r i s e s from 
b o n d - a l t e r n a t i o n - d e f e c t s f r o z e n i n t o the po lymer f i l m d u r i n g the 
f i l m g r o w t h , u s i n g a Z i e g l e r - N a t t a c a t y l i s t ( 6 0 ) . More r e c e n t 
models (62) o f the e l e c t r i c a l c o n d u c t i v i t y i n v o k e q u a s i - l o c a l i z e d 
s t a t e s i n a F e r m i g l a s s d e s c r i p t i o n . 

The magni tude o f the i n t e r m o l e c u l a r r e l a x a t i o n energy s h i f t s 
i n the s o l i d phase UPS s p e c t r a o f the polymer f i l m s r e l a t i v e to 
the gas phase UPS s p e c t r a o f the model m o l e c u l e s seen f o r the 
a r o m a t i c pendant group po lymers i s a l s o obse rved i n the case o f 
the (CH) v e r s u s e t h y l e n e UPS s p e c t r a , as can be seen i n F i g . 9 . 
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The f a c i l i t y f o r u n d e r s t a n d i n g the i n t e r m o l e c u l a r r e l a x a t i o n 
energy s h i f t i s c o n t a i n e d w i t h i n the framework o f the m o l e c u l a r 
i o n concep t and i s c o n s i s t e n t w i t h r e c e n t models ( 5 6 , 62) o f the 
v e r y ir-band edges i n (CH) . S i n c e the o p t i c a l a b s o r p t i o n i n ( C H ) x 

has been shown to be e x c i t i o n i c i n n a t u r e (_57), w i t h l a r g e m o l e c u 
l a r e x c i t o n b i n d i n g e n e r g i e s (^ 1 e V ) , the v e r y band edge s t a t e s 
are s a i d to be c o n s i s t e n t w i t h a F e r m i g l a s s m o d e l . Thus the 
l o c a l i z a t i o n a l l o w s an i n t e r p r e t a t i o n o f the i n t e r m o l e c u l a r 
r e l a x a t i o n energy s h i f t on the same grounds as f o r the a r o m a t i c 
pendant group p o l y m e r s . Recen t p h o t o v o l t a i c e f f e c t measurements 
(63) have v e r i f i e d the e x i s t a n c e o f an e x c i t o n i c a b s o r p t i o n edge 
at a photon energy c o r r e s p o n d i n g to what i s c a l l e d the gap energy 
i n (CH) and the e x i s t a n c e o f a f ree e-h p a i r a b s o r p t i o n edge 
about 1*1/2 eV to h i g h e r pho ton ene rgy . These o b s e r v a t i o n s thus 
v i n d i c a t e the o b s e r v a t i o n o f the i n t e r m o l e c u l a r r e l a x a t i o n energy 
i n the UPS s p e c t r a t h a t  o t h e r w i s  expec t ed o n l  f o  m o l e c u l a
i n s u l a t i n g s o l i d s w i t h l o c a l i z e

A p p e n d i x : Sample P r e p a r a t i o n and some o t h e r E x p e r i m e n t a l D e t a i l s 
R e l e v a n t to the Study o f P o l y s t y r e n e and P o l y ( 2 - V i n y l P y r i d i n e ) 

A 4 0 . 8 eV UPS spec t rum o f a n o m i n a l l y 2oX t h i c k f i l m o f 
p o l y s t y r e n e (PS) i s a l s o shown i n F i g . 6 . R a t h e r c a r e f u l s o l u t i o n 
c a s t i n g p r o c e d u r e s , c o u p l e d w i t h immediate i n s e r t i o n i n t o the 
s p e c t r o m e t e r vacuum chamber f o r d r y i n g , was n e c e s s a r y to p roduce 
f i l m s o f u n i f o r m t h i c k n e s s , r e l a t i v e l y f r e e from s u r f a c e con tam
i n a t i o n . The r a t i o n a l e f o r the t h i n samples was d i s c u s s e d above . 
The 4 0 . 8 eV He I I r esonance l i n e was chosen f o r use f o r two 
r e a s o n s : i t s e n e r g y , when used w i t h a monochromator to f i l t e r out 
o t h e r l i n e s , enab l e s e x a m i n a t i o n o f a w i d e r range o f energy o f 
MO's than the u s u a l 21.2 eV He I resonance l i n e ; and t h e r e i s l e s s 
i n f l u e n c e over most o f the spec t rum from background due t o 
i n e l a s t i c e l e c t r o n s . The e f f e c t o f s u r f a c e c o n t a m i n a t i o n was 
s t u d i e d by compar ing 21.2 eV and 4 0 . 8 eV UPS s p e c t r a , as w e l l as 
by s u b s e q u e n t l y e x p o s i n g the samples to l a b o r a t o r y a i r f o r s h o r t 
p e r i o d s o f t ime and then e x a m i n i n g the s p e c t r a . The s l i g h t peak 
at about 14 eV b i n d i n g energy i n the PS spec t rum r e l a t i v e to the 
spec t rum o f condensed e t h y l benzene , i n F i g . 6 , i s due to s u r f a c e 
c o n t a m i n a t i o n . 

The f i r s t o p t i c a l a b s o r p t i o n bands o f benzene and p y r i d i n e 
a r e known to o c c u r near 5 eV. The o p t i c a l da t a on 1000 A t h i c k , 
s o l u t i o n c a s t , PS and PVP as w e l l as on the model m o l e c u l e s e t h y l 
benzene and 2 - e t h y l p y r i d i n e i n the gas phase were r e c o r d e d on a 
Cary 14 doub le beam i n s t r u m e n t . The da t a a re t h e r e f o r e l i m i t e d t o 
K w < 6 eV by the o p t i c s o f the i n s t r u m e n t . Condensed m o l e c u l a r 
s o l i d s p e c t r a were not n e c e s s a r y s i n c e the p h o t o e m i s s i o n s t u d i e s 
had a l r e a d y shown t h a t the polymer and condensed m o l e c u l a r s p e c 
t r a were e q u i v a l e n t . T h e r e f o r e a compar i son o f gas-phase m o d e l -
m o l e c u l e s p e c t r a w i t h t h a t o f the c o r r e s p o n d i n g po lymer s p e c t r a 
was s u f f i c i e n t . 
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Abstract 

Intermolecular relaxation effects are a central issue in the 
interpretation of the ultraviolet photoelectron spectroscopy 
(UPS) of molecular solids. These relaxation effects result in 
several significant characteristics of UPS valence spectra, in 
termolecular relaxation phenomena lead to localized electron 
molecular-ion states, which are responsible for rigid gas-to-
solid molecular spectral energy shifts, spectral line broadening, 
and dynamic electronic localization effects in aromatic pendant 
group polymers. 
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12 
Band Structure Calculations and Their Relations 
to Photoelectron Spectroscopy 
J E A N - M A R I E ANDRÉ, J O S E P H D E L H A L L E , and JEAN J A C Q U E S P I R E A U X 

Facultés Universitaires Notre-Dame de la Paix, 61, rue de Bruxelles, 
5000-Namur, Belgium 

Methods For The D e t e r m i n a t i o

S i n c e the f i r s t t h e o r e t i c a l works o f the s i x t i e s (1_) on LCAO 
t e c h n i q u e s i n po lymer quantum c h e m i s t r y , the f i e l d has known a 
r a p i d development and s t a n d a r d SCF c a l c u l a t i o n s on r e g u l a r p o l y 
mers are now r o u t i n e l y p e r f o r m e d . I n those methods , the t r a n s l a -
t i o n a l symmetry i s f u l l y e x p l o i t e d (and c o n s e q u e n t l y assumed) i n 
o rde r to reduce to manageable d imens ions the f o r m i d a b l e t a sk o f 
comput ing e l e c t r o n i c s t a t e s o f an ex tended sys t em. 

I n the t h e o r e t i c a l d e s c r i p t i o n o f r e g u l a r p o l y m e r s , the 
m o n o e l e c t r o n i c l e v e l s ( o r b i t a l e n e r g i e s i n the m o l e c u l a r d e s c r i p 
t i o n ) are r e p r e s e n t e d as a m u l t i v a l u e d f u n c t i o n o f a r e c i p r o c a l 
wave number d e f i n e d i n the i n v e r s e space d i m e n s i o n . The se t o f 
a l l those b ranches (energy bands) p l o t t e d v e r s u s the r e c i p r o c a l 
wave number ( k - p o i n t ) i n a w e l l d e f i n e d r e g i o n o f the r e c i p r o c a l 
space ( f i r s t B r i l l o u i n zone) i s the band s t r u c t u r e o f the p o l y 
mers . I n the u s u a l t e r m i n o l o g y , we note the ana logy between the 
o c c u p i e d l e v e l s and the v a l e n c e bands , the u n o c c u p i e d l e v e l s and 
the c o n d u c t i o n band . 

The o n e - d i m e n s i o n a l p e r i o d i c l a t t i c e o f a po lymer c o n s i s t s 
o f a l a r g e number, 2N + 1 (N-*») o f u n i t c e l l s ^ o f l e n g t h & each 
c o n t a i n i n g n u c l e i at p o s i t i o n s % , ^ > •••> A ^ r e ^ a t ^ v e t o t n e 

c e l l s o r i g i n s j o z , j = 0 , ± 1 , ±2T, ±N, and 2n e l e c t r o n s 
d i s t r i b u t e d a l o n g the c h a i n . A s t r i c t e l e c t r o n e u t r a ? i t y o f the 
c e l l s ( 2 n Q = + + . . . + Z^) i s n e c e s s a r y . The e l e c t r o n s a re 
assumed to doub ly occupy a se t o f o n e - e l e c t r o n o r b i t a l s , <$> ( k , r ) , 
o f B l o c h type w r i t t e n as p e r i o d i c c o m b i n a t i o n s o f a) b a s i s f u n c 
t i o n s , X ( r ) . 

• n U . D = ( 2 N + 1 ) ~ 2 ^ C n p ( k ) ^ . . ^ ( 1 ) 

where r i s the p o s i t i o n v e c t o r measured from an a r b i t r a r y bu t 
f i x e d o r i g i n , z i s a u n i t v e c t o r i n the d i r e c t i o n o f l a t t i c e 
p e r i o d i c i t y , P the c e n t e r o f the b a s i s f u n c t i o n X ( r ) , and k i s a 
p o i n t i n the f i r s t B r i l l o u i n zone ( B Z ) , [—TT/£ +T\/CL] , o f the 
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p o l y m e r ; L R C > the l e n g t h o f t h i s B r i l l o u i n zone, i s e q u a l to 2TT/<X; 

u) i s the s i z e o f the b a s i s s e t . 
The $ ( k , r ) ' s r e p r e s e n t the w a v e f u n c t i o n o f a s i n g l e e l e c 

t r o n i n the p e r i o d i c p o t e n t i a l c r e a t e d by the n u c l e i and the o t h e r 
e l e c t r o n s . The o p t i m a l se t o f those polymer o r b i t a l s f o r a g i v e n 
a tomic b a s i s se t i s o b t a i n e d i n the u s u a l way by s o l v i n g the 
H a r t r e e - F o c k e q u a t i o n s . The SCF m o n o e l e c t r o n i c o p e r a t o r has the 
e x p l i c i t form 

+N tt ^ 
F ( r . ) = - h V 2 ( r \ ) - E E Z | ? . - A - h a z | + 

1 h=-N u-1 U 1 U 

n =1 k* 

where n i s the number o f doub ly o c c u p i e d bands . The Cou lombic 
and exchange terms a re

J n - k - ( ? i > * n ( k > ? i ) = / • 5 - ( k , ' ? j ) r " ] ^ . ( k ' , ? . ) d v . ^ ( k , ? . ) 

(3 ) 

K , , , ( ? . ) * ( k , ? . ) = f c j ) * ( ( k ' , r . ) rT* <f> ( k , r \ ) d v . <J> , ( k ' , r . ) 
n k l n ' i / n J 1 J n J J n 1 

(4 ) 

The terms i n c l u d e d i n e q u a t i o n 2 , a re r e s p e c t i v e l y the k i n e t i c 
o p e r a t o r , the a t t r a c t i o n o f a s i n g l e e l e c t r o n w i t h a l l n u c l e i 
c e n t e r e d i n a l l c e l l s , the averaged e l e c t r o s t a t i c p o t e n t i a l o f 
a l l e l e c t r o n s and the averaged exchange i n t e r a c t i o n . 

As i t i s the case fo r c o m p l i c a t e d problems where e x p a n s i o n s 
i n t o known f u n c t i o n s are r e q u i r e d , the f i n a l c o m p u t a t i o n a l e x 
p r e s s i o n s are c a s t i n m a t r i x fo rm. By fo rming the e x p e c t a t i o n 
v a l u e o f the monoelec t r o n i c H a r t r e e - F o c k o p e r a t o r and by a p p l y i n g 
the v a r i a t i o n a l p r o c e d u r e f o r the LCAO c o e f f i c i e n t s , C ( k ) , the 

. np f o l l o w i n g sys tem o f e q u a t i o n s , o f s i z e w} i s o b t a i n e d : 

E C (k) f z e i k j a (F j - E (k ) S j ) ] = 0 (5) 
p np - -[ E e i k j a (F J - E (k ) S j ) l 

j Pq n pq 

The c o m p a t i b i l i t y c o n d i t i o n o f t h i s sys t em 

|E e i k j a (F j - E ( k ) S j ) |= 00 (6 ) 
j pq pq 

g i v e s the band s t r u c t u r e , { E ( k ) } , as a m u l t i v a l u e d f u n c t i o n o f k 
i n the reduced zone scheme, n o t e t h a t F ̂  i s a m a t r i x e lement 
o f the m o n o e l e c t r o n i c o p e r a t o r , F ( r . ) , between the a tomic o r b i t 
a l s x and X c e n t e r e d i n c e l l j . £ ̂ , an o v e r l a p i n t e g r a l , has 
the slime m e i n i n g f o r the u n i t o p e r a t o r . B o t h m a t r i x e lements 
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decrease e x p o n e n t i a l l y w i t h the d i s t a n c e between the o r b i t a l s 
g i v i n g r i s e to a n a t u r a l convergence o f the summation over c e l l s 
a p p e a r i n g i n the s e c u l a r systems ( e q . 5) and d e t e r m i n a n t s ( e q . 6 ) . 
L e t us note t h a t , i n s t e a d o f h a v i n g r e a l symmetr ic m a t r i c e s as i n 
m o l e c u l a r c a l c u l a t i o n s , we have here h e m i t i a n complex m a t r i c e s . 
I n our p rograms , the complex e i g e n v a l u e p r o b l e m ( e q . 5) i s s o l v e d 
f o r s e l e c t e d k - p o i n t s ( i n our work , 21 e q u i d i s t a n t k - p o i n t s are 
r eques t ed i n h a l f a B r i l l o u i n zone) by the v e r y e f f i c i e n t and 
s e l f - c o n t a i n e d r o u t i n e CBORIS (2) u s i n g the Househo lde r 
s i m i l a r i t y t r a n s f o r m a t i o n and the s o - c a l l e d QR a l g o r i t h m o f 
F r a n c i s which makes use i n the d i a g o n a l i z a t i o n p roces s o f a 
f a c t o r i z a t i o n i n t o the p r o d u c t o f a u n i t a r y m a t r i x Q and an u p p e r -
t r i a n g u l a r m a t r i x R . 

The key p rob l em i s thus the n u m e r i c a l e v a l u a t i o n o f the 
m a t r i x e lements F ^ o f eq . 5 . The most comple te and c o r r e c t way 
i s to e v a l u a t e q u a n t i t i e s from f i r s t p r i n c i p l e s  i . e  when 
the geometry o f the polyme
are f i x e d , a l l n e c e s s a r
approach i s known as "ab i n i t i o " . Ab i n i t i o programs are now 
a v a i l a b l e f o r po lymers and c u r r e n t l y a p p l i e d i n s e v e r a l groups 
(_3). However, i t has to be r e a l i z e d t h a t s o p h i s t i c a t e d ab i n i t i o 
methods , a l r e a d y t i m e - c o n s u m i n g f o r m i d d l e - and l a r g e - s i z e d m o l e 
c u l e s , become v e r y onerous when a p p l i e d to po lymers o f c h e m i c a l 
i n t e r e s t . F u r t h e r m o r e , comput ing t imes are l a r g e l y dependent on 
the s i z e and the q u a l i t y o f the b a s i s s e t s u sed . 

I n some c a s e s , the cheaper s e m i - e m p i r i c a l t e c h n i q u e s c o u l d , 
i n p r i n c i p l e , p r o v i d e an i n t e r e s t i n g a l t e r n a t i v e b u t , g e n e r a l l y , 
they s u f f e r from crude a p p r o x i m a t i o n and a r b i t r a r y s i m p l i c a t i o n s . 
T h i s makes i n t e r p r e t a t i v e works e s p e c i a l l y t i c k l i s h ; f o r example , 
s t a n d a r d extended H u c k e l c a l c u l a t i o n s r ep roduce f a i r l y w e l l band 
s t r u c t u r e s o f h y d r o c a r b o n p o l y m e r s but f a i l to i n t e r p r e t p h o t o 
e l e c t r o n s p e c t r a o f h i g h l y p o l a r systems l i k e f l u o r o p o l y e t h y l -
e n e s . CNDO (Comple te N e g l e c t o f D i f f e r e n t i a l O v e r l a p ) produce 
g e n e r a l l y non s i g n i f i c a n t d e n s i t y o f s t a t e s , even i n the r e f e r 
ence p o l y e t h y l e n e c a s e . However, i t s h o u l d be p o i n t e d out t h a t i n 
c l u s t e r s o f p o l y a c e t y l e n e s , good agreement has been o b t a i n e d by 
s p e c t r o s c o p i c CNDO p a r a m e t r i z a t i o n ( 4 ) . 

T h i s i s a r e a s o n why we have c o n c e n t r a t e d on t e c h n i q u e s wh ich 
o f f e r the advantages o f b o t h s e m i - e m p i r i c a l ( c o m p u t a t i o n a l l y 
f a s t ) and ab i n i t i o (more r e l i a b l e ) schemes; our i n t e n t i o n i s not 
to a v o i d ab i n i t i o c a l c u l a t i o n s wh ich remain n e c e s s a r y f o r an 
a c c u r a t e d e s c r i p t i o n o f e l e c t r o n i c s t a t e s bu t we f e e l t h a t , i n 
most c a s e s , e x c e l l e n t q u a l i t a t i v e (o r even q u a n t i t a t i v e ) i n f o r m a 
t i o n s are o b t a i n e d from the cheaper t e c h n i q u e s p r e s e n t e d b e l o w . 

An i n t e r e s t i n g approach fo r compar i son w i t h XPS e x p e r i m e n t s 
i s a g e n e r a l i z a t i o n o f the F l o a t i n g S p h e r i c a l G a u s s i a n O r b i t a l 
(FSGO) t e c h n i q u e . I n t h i s method, each e l e c t r o n p a i r i s r e p r e 
sen ted by a s i n g l e G a u s s i a n b a s i s f u n c t i o n whose exponent and 
p o s i t i o n are o b t a i n e d by a v a r i a t i o n a l p r o c e d u r e or by r e f e r e n c e 
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to s e l e c t e d m o d e l - m o l e c u l e s . T h i s a l l o w s to c a l c u l a t e band 
s t r u c t u r e s w i t h i n a s i m p l e and f a s t comput ing scheme. The o r d e r 
o f o n e - e l e c t r o n e n e r g i e s o f v a r i o u s a l k a n e s computed w i t h t h i s 
FSGO t e c h n i q u e r e l a t e s w e l l w i t h the r e s u l t s o b t a i n e d when u s i n g 
more ex tended a tomic b a s i s s e t s and c o n f i r m s t h i s p rocedu re as a 
v a l u a b l e approach f o r i n t e r p r e t i n g XPS s p e c t r a . S i m i l a r l y , v a r i 
a t i o n s i n bond l e n g t h s and g e o m e t r i c a l s t r u c t u r e s are i n good 
agreement w i t h e x p e r i m e n t a l d a t a . Such t r ends h o l d e q u a l l y w e l l 
f o r h y d r o c a r b o n p o l y m e r s ; X - r a y s c a t t e r i n g f a c t o r s and p r o p e r t i e s 
d i r e c t l y r e l a t e d to e l e c t r o n d e n s i t y d i s t r i b u t i o n a re w e l l e s t i 
mated . S u c c e s s f u l compar i sons o f t h e o r e t i c a l e l e c t r o n i c d e n s i t y 
o f s t a t e s w i t h XPS s p e c t r a have been r e c e n t l y o b t a i n e d f o r 
p o l y e t h y l e n e , f l u o r o p o l y e t h y l e n e s and p o l y p r o p y l e n e (_5). 

However , t h i s method l o o s e s some o f i t s advantages when 
a p p l i e d to u n s a t u r a t e d sys t ems . E x t e n s i o n s have been p r o p o s e d 
bu t they genera te the f u l l c o m p l e x i t y o f SCF (S_elf C o n s i s t e n t 
F i e l d ) c a l c u l a t i o n s . I
" C h r i s t o f f e r s e n ' s m o l e c u l a
Type O r b i t a l s (GTO) are u sed . P a r t o f these o r b i t a l s are p l a c e d 
at p o i n t s o f space o the r than on n u c l e i , f o r example , i n b o n d i n g 
r e g i o n s . I n con juga ted sys t ems , the a - f ramework i s a d e q u a t e l y 
d e s c r i b e d by somewhat l o c a l i z e d FSGO's w h i l e the T T - d e n s i t y i s 
r e p r o d u c e d by a n t i s y m m e t r i c a l c o m b i n a t i o n o f s - g a u s s i a n s wh ich 
are s y m m e t r i c a l l y p l a c e d above and be low the c e n t r a l atoms i n 
v o l v e d i n the T T - b o n d i n g . I n a second approach ( W h i t t e n f s a p 
p r o a c h ) , we no l o n g e r make use o f l o c a l i z e d o r b i t a l s but i n s t e a d 
we keep the n o t i o n o f a tomic o r b i t a l s c o n s t r u c t e d as r e p r e s e n t a 
t i o n s o f p l a t e r - T y p e O r b i t a l s (STO) . T h i s approach d i f f e r s from 
the u s u a l ones by the c h o i c e o f 2p o r b i t a l s w h i c h , as w i t h the 
p r e v i o u s c a s e , a re formed by n o n - n u c l e i - c e n t e r e d a n t i s y m m e t r i c a l 
c o m b i n a t i o n o f two s - G T O f s (6). 

I n a d d i t i o n to t h e i r v e r s a t i l i t y and t h e i r a p p l i c a b i l i t y to 
a wide c l a s s o f sys t ems , b o t h the o r i g i n a l FSGO method and i t s 
e x t e n s i o n s have the m e r i t o f h a v i n g o u t l i n e d the e x i s t e n c e o f a 
c r u c i a l n u m e r i c a l p rob l em r e l a t e d to the p h y s i c a l l o n g - r a n g e 
domain o f e l e c t r o s t a t i c i n t e r a c t i o n s between e l e c t r o n s and b e 
tween e l e c t r o n s and n u c l e i ; m a i n l y , i n p o l a r s i t u a t i o n s (even a CH 
bond has some degree o f p o l a r i t y ) , the c o r r e c t b a l a n c e between 
a t t r a c t i o n and r e p u l s i o n i s u s u a l l y not p r o p e r l y t aken i n t o 
accoun t due to the s low convergency p r o p e r t i e s o f 1 / r - l i k e 
s e r i e s . A c c u r a t e methods u s i n g F o u r i e r - t r a n s f o r m s or m u l t i p o l e 
e x p a n s i o n t e c h n i q u e s are now a v a i l a b l e fo r c o r r e c t l y comput ing 
t hose e f f e c t s (_7) . 

Methods based on s i m u l a t e d Ab i n i t i o M o l e c u l a r O r b i t a l t e c h 
n i q u e (SAMO) or on the a p p l i c a t i o n o f L i n e a r C o m b i n a t i o n o f 
L o c a l i z e d O r b i t a l s have been p r o p o s e d . The a p r i o r i advantages 
are a n e g l i g i b l e c o s t ( t y p i c a l l y o f the o r d e r o f magni tude o f an 
ex tended H u c k e l c a l c u l a t i o n ) and the ab i n i t i o c h a r a c t e r o f the 
a p p r o a c h . They s u f f e r however from a r a t h e r t e d i o u s g e n e r a t i o n o f 
a h i g h number o f m a t r i x e lements and i t i s s t i l l i m p o s s i b l e to 
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c o r r e c t s i g n i f i c a n t d i s c r e p a n c i e s i n the shapes and the w i d t h s or 
energy-bands ( p r o b a b l y due to the n e g l e c t o f l o n g - r a n g e e f f e c t s ) 
( 8 ) . 

A l a s t bu t p r o m i s i n g p rocedure i s based on the use o f 
e f f e c t i v e H a m i l t o n i a n s . I n such app roaches , i t i s supposed t h a t 
the v a l e n c e H a m i l t o n i a n t h a t r ep roduces the Fock o p e r a t o r i s a sum 
o f k i n e t i c and v a r i o u s e f f e c t i v e a tomic p o t e n t i a l s f o r atoms 
w i t h i n t h e i r c h a r a c t e r i s t i c c h e m i c a l e n v i r o n m e n t . I n p r a c t i c a l 
c o m p u t a t i o n s , those e f f e c t i v e p o t e n t i a l s a r e , f o r example , chosen 
i n a n o n - l o c a l form o f G a u s s i a n p r o j e c t o r s w i t h s p h e r i c a l or n o n -
s p h e r i c a l symmetry. P a r a m e t e r i z a t i o n o f these p o t e n t i a l s i s 
per formed by l e a s t square f i t t i n g o f c o r r e s p o n d i n g v a l e n c e Fock 
o p e r a t o r s f o r s m a l l model m o l e c u l e s (9^). 

As an i n d i c a t i o n o f the comput ing t ime needed f o r po lymer 
c a l c u l a t i o n s , an " e x a c t " ab i n i t i o G a u s s i a n - l o b e ST0-3G band 
s t r u c t u r e o f p o l y e t h y l e n e r e q u i r e s about 55 hours on D i g i t a l DEC 
2050. I n such a c a l c u l a t i o n
e v a l u a t e d between 34 ca rbo

a c t i o n s up to i n f i n i t y a re h a n d l e d by a m u l t i p o l e e x p a n s i o n . T h i s 
i m p o r t a n t comput ing t ime i s p a r t l y due to the l a r g e amount o f 
i n t e r a c t i o n s taken i n t o account i n the c a l c u l a t i o n and to the l o b e 
G a u s s i a n s u sed . The use o f c a r t e s i a n G a u s s i a n s i n s t e a d o f l o b e 
ones and the e x p l i c i t i n c l u s i o n o f a s h e l l a tomic s t r u c t u r e as i n 
r e c e n t m o l e c u l a r programs would p r o b a b l y reduce t h i s f i g u r e by a 
f a c t o r o f 10 or more . F o r a sake o f c o m p a r i s o n , the t ime r e q u i r e d 
i n the " C h r i s t o f f e r s e n m o l e c u l a r f ragment" a p p r o a c h , i s 25 
minutes w h i l e i t i s o n l y o f the o r d e r o f 2 minu tes i n the model 
p o t e n t i a l t e c h n i q u e . 

Fo r p o l y m e r s , the e x p l i c i t c o n s i d e r a t i o n o f the h e l i c a l 
symmetry (10) w i l l r e s u l t i n a d d i t i o n a l comput ing t ime s a v i n g s 
s i n c e the s i z e s o f the m a t r i c e s a re c o n s i d e r a b l y r e d u c e d . Our 
e x p e r i e n c e i s a f a c t o r o f 3 f o r screw a x i s o f o r d e r 2 and a f a c t o r 
as l a r g e as 10 f o r a screw a x i s o f o r d e r 3 . 

As a p r a c t i c a l c o n c l u s i o n o f t h i s s e c t i o n , we a re a l l o w e d to 
say t h a t we have now at our d i s p o s a l a number o f e f f i c i e n t methods 
f o r c a l c u l a t i n g i n r e a s o n a b l e machine t imes band s t r u c t u r e s o f 
s t e r e o r e g u l a r p o l y m e r s . 

R e l a t i o n s Between O n e - E l e c t r o n Bands And PS S p e c t r a 

To our knowledge , the f i r s t p u b l i s h e d v a l e n c e XPS spec t rum 
o f a mac romolecu le goes back to 1972 w i t h the work o f Wood et a l . 
(12) where an e x p e r i m e n t a l spec t rum o f C ^ H ^ was compared to a 
CND0/2 c a l c u l a t e d band s t r u c t u r e o f a l l - t r a n s - p o l y e t h y l e n e . 

However, i t has to be r e a l i z e d t h a t band s t r u c t u r e i s not 
measu rab le d i r e c t l y and one has to a p p l y t r a n s f o r m a t i o n s to b r i n g 
c a l c u l a t e d da t a i n a form r e a d i l y comparable to e x p e r i m e n t . We 
s h o u l d l i k e to s t r e s s at t h i s p l a c e t h a t , i n a u t h o r ' s o p i n i o n , 
band s t r u c t u r e p l o t s do not o f f e r the be s t r e p r e s e n t a t i o n o f 
v a l e n c e bands p r o p e r t i e s p a r t i c u l a r l y i n those systems where a 
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l a r g e number o f bands l i e s i n a narrow e n e r g e t i c r e g i o n as i t i s 
the case fo r p o l y m e r s . We have thus implemented and s y s t e m a t i z e d 
a t h r e e - s t e p p rocedure wh ich produces a " t h e o r e t i c a l XPS s p e c 
t rum" based on a s t r i c t o n e - e l e c t r o n p i c t u r e ( 1 3 ) . I n i t s 
p r e s e n t l y s i m p l i f i e d fo rm, t h i s p rocedure c o r r e s p o n d s 

a) to the c a l c u l a t i o n o f the d e n s i t y o f s t a t e s h i s t o g r a m s , 
b) t a k i n g i n t o account c r o s s - s e c t i o n e f f e c t s , and 
c ) c o n v o l u t e d f o r s i m u l a t i n g e x p e r i m e n t a l r e s o l u t i o n . 
The f i r s t s t ep i s to c a l c u l a t e over the energy bands a 

f u n c t i o n r e f e r r e d to as the energy d i s t r i b u t i o n o f the j o i n t 
d e n s i t y o f s t a t e s . Fo r po lymers i t amounts to a o n e - d i m e n s i o n a l 
i n t e g r a t i o n over the B r i l l o u i n Zone (BZ) o f a r a t h e r c o m p l i c a t e d 
i n t e g r a n d such as found i n the t h e o r e t i c a l e v a l u a t i o n o f o p t i c a l 
s p e c t r a . Fo r s u f f i c i e n t l y h i g h photon e n e r g i e s the f i n a l s t a t e s 
a re r a t h e r u n s t r u c t u r e d and the f u n c t i o n to be compared w i t h 
expe r imen t may be s i m p l i f i e d i n t o 

occ 
J ( E ) * I 6 [ E - E . ( k )

i = l BZ 1 1 

where the summation ex tends over a l l o c c u p i e d s t a t e s and P . ( k ) i s 
the p r o b a b i l i t y f o r the e j e c t i o n o f an e l e c t r o n i n s t a t e | l , k > by 
a photon o f energy ha>. 

M a k i n g use o f Koopmans 1 theorem the p rocedure can be s i m p l i 
f i e d i n t o the e v a l u a t i o n o f the number o f e l e c t r o n i c energy s t a t e s 
pe r u n i t energy range and per u n i t l e n g t h P ( E ) : 

i = l 1 E i ( k ) = E 

E l e c t r o n i c d e n s i t i e s o f s t a t e s d i s t r i b u t i o n are not s t r a i g h t 
fo rward to e v a l u a t e n u m e r i c a l l y but the p rob l em has been w e l l 
a n a l y z e d and v a r i o u s approaches to compute these f u n c t i o n s have 
been proposed ( 1 4 ) . 

One has then to t ake the p h o t o i o n i z a t i o n c r o s s s e c t i o n i n t o 
a c c o u n t . I t i nduces an a p p r e c i a b l e m o d i f i c a t i o n o f the g e n e r a l 
shape o f the d e n s i t y o f s t a t e s . The e f f e c t i s r a t h e r d i f f i c u l t to 
e v a l u a t e r i g o r o u s l y . 

A p r a c t i c a l and q u i t e s u c c e s s f u l approach i s the i n t e n s i t y 
model p roposed by G e l i u s (1_5) w h i c h i n v o l v e s M u l l i k e n p o p u l a t i o n 
a n a l y s i s and c o n s i d e r s r e l a t i v e a tomic p h o t o i o n i z a t i o n c r o s s -
s e c t i o n , a ^ ' s , to approx ima te P ^ ( k ) : 

P w ( k ) ^ C * (k) [I S (k) C ( k ) ] a (8) 
n p n p q p q n q p 

The a f s are the r e l a t i v e p h o t o i o n i z a t i o n c r o s s - s e c t i o n s o f a 
p a r t i c u l a r a tomic sub she11; they have been o b t a i n e d by a f i t t i n g 
p r o c e d u r e on r e f e r e n c e sys t ems . 

I n p r a c t i c e , one computes h i s t o g r a m s , l ( E ) , r a t h e r than 
J ( E ) : n 
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dE 

(9) 

L a s t l y , i t i s g e n e r a l l y assumed tha t 0 .5eV i s the be s t 
p o s s i b l e r e s o l u t i o n for s o l i d s t a t e XPS measurements and the 
e x p e r i m e n t a l r e s o l u t i o n f u n c t i o n i s r e a s o n a b l y w e l l r ep roduced by 
a G a u s s i a n o f f u l l w i d t h f at h a l f maximum o f 0 . 7 e V . A f i n a l 
" t h e o r e t i c a l XPS spec t rum" i s o b t a i n e d a f t e r c o r r e c t i o n o f the 
b a s i c d e n s i t y o f s t a t e s f u n c t i o n by c r o s s - s e c t i o n e f f e c t s and 
c o n v o l u t i o n by the e x p e r i m e n t a l r e s o l u t i o n f u n c t i o n ( 1 6 ) : 

D e s p i t e a l l the s i m p l i f i c a t i o n s
a b l e s t a r t i n g p o i n t f o r p r e l i m i n a r y i n v e s t i g a t i o n s and we s h a l l 
see i n the nex t s e c t i o n t h a t e n c o u r a g i n g r e s u l t s have a l r e a d y been 
o b t a i n e d . 

Compar isons Between T h e o r e t i c a l and E x p e r i m e n t a l XPS V a l e n c e 

The p r e v i o u s l y d i s c u s s e d t h r e e - s t e p p rocedure has been 
a p p l i e d to the t e s t case o f an a l l - t r a n s - p o l y e t h y l e n e c h a i n . The 
compar i son o f d i f f e r e n t t h e o r e t i c a l l y de t e rmined s p e c t r a and o f 
the obse rved one i s e x c e l l e n t . The p o s i t i o n s o f b o t h t h e o r e t i c a l 
and e x p e r i m e n t a l peaks agree s u r p r i s i n g l y w e l l and b o t h f i n e 
s t r u c t u r e s are d i r e c t l y comparable (17). As an example , the FSGO 
band s t r u c t u r e o f a l l - t r a n s - p o l y e t h y l e n e , i t s d e n s i t y o f s t a t e s 
and b o t h the e x p e r i m e n t a l and t h e o r e t i c a l XPS s p e c t r a a re d i s 
p l a y e d i n F i g u r e 1. Due to the d i f f i c u l t p r o b l e m o f a s s i g n i n g an 
a b s o l u t e energy o r i g i n to XPS s p e c t r a o f i n s u l a t o r s , we have 
super imposed the t h e o r e t i c a l XPS spec t rum and the e x p e r i m e n t a l 
one by b r i n g i n g i n t o c o i n c i d e n c e the most i n t e n s e peak o f the C-C 
band . As i t can be n o t i c e d from the f i g u r e , the o v e r a l l agreement 
i s q u i t e s a t i s f a c t o r y . T h i s i s e s p e c i a l l y t r u e at l a r g e b i n d i n g 
e n e r g i e s , the low i n t e n s i t y r e g i o n ( t o p most l e v e l s ) i s u n r e l i 
a b l e from the e x p e r i m e n t a l p o i n t o f v i e w s i n c e i t compr i se s those 
o n e - e l e c t r o n s t a t e s fo r wh ich the C - H o r b i t a l s ( v e r y low r e l a t i v e 
c r o s s s e c t i o n s ) a re dominant i n the l i n e a r c o m b i n a t i o n . 

A n a t u r a l development o f t h i s work was to s tudy the e f f e c t s 
o f s t r u c t u r a l p e r t u r b a t i o n s l i k e c o n f o r m a t i o n a l changes on the 
v a l e n c e bands o f s t e r e o i s o m e r s . We have c o n s i d e r e d the fou r 
c o n f o r m a t i o n s r e l e v a n t to the i n t e r p r e t a t i o n o f the v i b r a t i o n a l 
spec t rum o f p o l y e t h y l e n e (IS). The t h e o r e t i c a l c a l c u l a t i o n s on 
those four conformers o f p o l y e t h y l e n e T , TG, G and TGTG 1 r e v e a l e d 
so i m p o r t a n t d i f f e r e n c e s i n the shape o f d e n s i t i e s o f s t a t e s t h a t 

I ( E ) ^ n (10) 

S p e c t r a 
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PQLYETHYLQC ZIC-ZAC 

Figure 1. Electronic structure of all-trans polyethylene: (A) valence band struc
ture; (B) density of states histogram and its integration curve; (C) experimental 

(- - -) and theoretical ( ) XPS spectra. 
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they s h o u l d be o b s e r v a b l e p r o v i d e d those c o n f o r m a t i o n s c o u l d be 
i s o l a t e d w h i c h i s not the case u n f o r t u n a t e l y . The t h e o r e t i c a l XPS 
s p e c t r a o f those four p o s s i b l e c o n f o r m a t i o n s a re r ep roduced i n 
F i g u r e 2. I t i s seen at f i r s t s i g h t t h a t c o n f o r m a t i o n a l changes 
do a f f e c t the g e n e r a l s t r u c t u r e s o f the d e n s i t y o f s t a t e s . F o r 
example , the C-C bands are a f f e c t e d . T h e i r b o t t o m energy v a l u e s 
a re a lmos t c o n s t a n t w h i l e a m o d i f i c a t i o n t akes p l a c e a t the top o f 
the bands g i v i n g r i s e to i m p o r t a n t changes i n the band w i d t h s . 
A n o t h e r a s p e c t i s t h a t an energy gap appears i n the C-C band o f 
p o l y e t h y l e n e f o r wh ich we have s u c c e s s i v e t r a n s - g a u c h e con fo rm
a t i o n s (TG and T G T G 1 ) . A n o n - n e g l i g i b l e f a c t i s t h a t t r a n s and 
gauche are v e r y e a s i l y d i s t i n g u i s h e d by the f i n e s t r u c t u r e o f the 
C-C peak wh ich i s c l e a r l y d o u b l e t f o r a l l t r a n s (T) p o l y e t h y l e n e 
w h i l e b e i n g d e f i n i t e l y t r i p l e t f o r a l l - g a u c h e (G) compound. 
Those e f f e c t s c o u l d p r o b a b l y be e x p e r i m e n t a l l y obse rved i f w e l l -
c h a r a c t e r i z e d samples o f those f o u r p o l y e t h y l e n e s a re a v a i l a b l e 
( 1 9 ) . 

T h i s p r e v i o u s compute
o f p o l y e t h y l e n e p r e d i c t s d e f i n i t e o b s e r v a b l e i n f l u e n c e o f the 
c o n f o r m a t i o n on the e l e c t r o n i c d e n s i t y o f s t a t e s d i s t r i b u t i o n s . 
I t was thus i n c e n t i v e to i n v e s t i g a t e a r e a l case and p rove the 
e x i s t e n c e o f o b s e r v a b l e c o n f o r m a t i o n a l e f f e c t s on the v a l e n c e 
e l e c t r o n i c d e n s i t y o f s t a t e s o f i s o - and s y n d i o t a c t i c p o l y p r o p y 1 -
enes . I n the case o f an i s o t a c t i c p o l y p r o p y l e n e , the g e o m e t r i c a l 
arrangement i s t ha t o f an i s o c l i n e d 2*3/1 h e l i x ( 2 0 ) . A t e n t a t i v e 
i n t e r p r e t a t i o n o f the e x p e r i m e n t a l XPS spec t rum by assuming a 
z i g - z a g p l a n a r c o n f o r m a t i o n has been r e p o r t e d (21) and i s i l l u s 
t r a t e d i n the upper p a r t o f F i g u r e 3 . No s a t i s f a c t o r y agreement 
as to the peak s t r u c t u r e was o b t a i n e d . Fo r example , an i n t e n s e 
and sharp peak emerging i n the m i d d l e o f the e x p e r i m e n t a l clump 
does not appear i n the t h e o r e t i c a l z i g - z a g c a l c u l a t i o n . More 
o v e r , o n l y f o u r d i s t i n c t peaks are obse rved i n the c a l c u l a t e d 
s p e c t r a i n s t e a d o f f i v e i n the e x p e r i m e n t . The p r e v i o u s and 
i n s p i r i n g computer expe r imen t sugges t s the r o l e o f c o n f o r m a t i o n a l 
e f f e c t s . Thus , the p r o b l e m has been r e i n v e s t i g a t e d by comput ing 
the p r o p e r t i e s o f an i s o t a c t i c p o l y p r o p y l e n e i n i t s a c t u a l h e l i x 
fo rm. The r e s u l t s are shown i n the lower p a r t o f F i g u r e 3 . As a 
consequence o f the c o n f o r m a t i o n a l e f f e c t s , the r i g h t s t r u c t u r e 
now appears i n the C-C c lump: the m i s s i n g i n t e n s e and sharp peak 
i s now p r e s e n t and the outermost sub-bands s p l i t i n t o two compon
e n t s ; peaks i n t e n s i t i e s a l s o f o l l o w the r i g h t o r d e r ( 2 2 ) . The 
c o n f o r m a t i o n a l e f f e c t c o u l d p r o b a b l y be n i c e l y i l l u s t r a t e d i n the 
case o f s y n d i o t a c t i c p o l y p r o p y l e n e wh ich does e x i s t i n the z i g 
zag (23) and i n the h e l i c a l form ( 2 4 ) . T h e o r e t i c a l XPS d e n s i t y o f 
s t a t e s o f the a r t i f i c i a l z i g - z a g i s o t a c t i c p o l y p r o p y l e n e and o f 
e x p e r i m e n t a l c o n f o r m a t i o n s o f h e l i c a l i s o t a c t i c and o f b o t h z i g 
zag and h e l i c a l s y n d i o t a c t i c p o l y p r o p y l e n e a re p r e s e n t e d i n 
F i g u r e 4 . Those r e s u l t s were o b t a i n e d by a model p o t e n t i a l 
t e c h n i q u e . They reproduce the a l r e a d y d i s c u s s e d d i f f e r e n c e s 
between z i g - z a g and h e l i c a l i s o t a c t i c p o l y p r o p y l e n e . They show 
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Figure 2. Theoretical XPS spectra of 
four possible conformations of poly
ethylene (T, G, TG, TGTGf). Results 
were obtained using a model potential 

technique. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



12. ANDRE ET AL. Band Structure Calculations 161 

E(au.) 

0.5 

Bi 

5 w * * 

E(au) 
- r -

0 

E(au) 

1 1 

ko 

Figure 3. XPS spectra of isotactic polypropylene: (A) theoretical (extended 
Huckel) for the zig-zag planar conformation; (B) experimental; (C) theoretical 
(extended Huckel) for the helical 2*3/1 conformation. Intensities and energies 

are given respectively in arbitrary and atomic units. 
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Figure 4. Theoretical XPS density of 
states obtained by a model potential tech
nique for isotactic and syndiotactic poly-

propylenes 
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some expec ted m o d i f i c a t i o n s i n the s y n d i o t a c t i c c o n f o r m a t i o n s . 
More e x p e r i m e n t a l i n v e s t i g a t i o n s are now i n p r o g r e s s to check the 
v a l i d i t y o f these c o n c l u s i o n s . 

F o l l o w i n g the way j u s t i n d i c a t e d , the e f f e c t s o f a s y s t e 
m a t i c s u b s t i t u t i o n on the e l e c t r o n i c s t r u c t u r e o f models can be 
examined. The s e r i e s o f po lymers o b t a i n e d v i a f l u o r o - s u b s t i t u t e d 
e t h y l e n e i s i d e a l l y w e l l de s igned f o r t h i s purpose as most 
compounds are a v a i l a b l e to the e x p e r i m e n t a l i s t s and f l u o r i n e i s 
l i k e l y to i nduce some o f the s t r o n g e s t e l e c t r o n i c e f f e c t s on the 
band s t r u c t u r e . As obse rved i n o t h e r c a s e s , i t i s found t h a t the 
v a l e n c e bands c o n s t i t u t e a r e a l and unique f i n g e r p r i n t o f the 
p o l y m e r . Indeed , they p r o v i d e complementary and sometimes l e s s 
ambiguous i n f o r m a t i o n than co re l e v e l s . I n the case o f f l u o r o -
p o l y m e r s , adequate t h e o r e t i c a l methods ( i . e . those a b l e to t a k e 
i n t o account the l a r g e r e d i s t r i b u t i o n s e f f e c t s due to f l u o r i n e 
e l e c t r o n e g a t i v i t y ) l i k e FSGO  model p o t e n t i a l or ab i n i t i o ones 
produce t h e o r e t i c a l s p e c t r
An example i s g i v e n i n
s t a t e s o b t a i n e d by the FSGO t e c h n i q u e (but not i n c l u d i n g any c r o s s 
s e c t i o n e f f e c t s ) are compared to e x p e r i m e n t a l r e s u l t s . 

V a l u a b l e i n f o r m a t i o n for f u t u r e a p p l i c a t i o n s to o the r 
f l u o r o p o l y m e r s or o the r copolymers can be o b t a i n e d from such 
c o m p a r i s o n s . Fo r example , the energy l o c a t i o n o f C-F and bo t tom 
o f C-C peaks i s found to be c o n s t a n t i n each spec t rum ( C - F = 40eV, 
bo t tom o f C-C = 2 0 e V ) . A p o s s i b l e use o f those peaks i s to a c t 
d i r e c t l y as i n t e r n a l r e f e r e n c e p o i n t s f o r e x p e r i m e n t a l i s t s 
e s p e c i a l l y as the C - F band can a lways be unambiguous ly a s s i g n e d 
( 2 5 ) . 

Those examples c l e a r l y demonst ra te the i n t e r e s t o f a combin 
ed t h e o r e t i c a l - e x p e r i m e n t a l approach to ex t end the f i e l d o f ap
p l i c a t i o n o f p h o t o e l e c t r o n s p e c t r o s c o p y i n po lymer p h y s i c a l chem
i s t r y . 

A n o t h e r c h a l l e n g i n g p r o j e c t would be to pu t more e f f o r t i n 
d e v e l o p i n g t e c h n i q u e s c a p a b l e o f p r e d i c t i n g e l e c t r o n i c s p e c t r a o f 
s u b s t i t u t i o n a l l y d i s o r d e r e d p o l y m e r s . F o r example , these methods 
c o u l d be v a l u a b l e fo r the i n v e s t i g a t i o n o f copo lymers o f v a r i o u s 
t y p e s ( 2 6 ) : 

b l o c k random a l t e r n a t i n g 

- ( A ) - ( B ) - . . . A - B - B - A - B - A - A - - ( A B ) -n m n 

One may t h i n k o f f l u o r o p o l y m e r s as w o r k i n g examples ( s i n c e they 
c o n t a i n the h i g h l y e l e c t r o n e g a t i v e f l u o r i n e atoms) and c o n s i d e r 
s e v e r a l a r r angement s : 

- P e r f e c t h e a d - t o - t a i l p o l y v i n y l i d e n e f l u o r i d e 

- C H 2 - C F 2 - C H 2 - C F 2 - C H 2 - C F 2 - C H 2 - C F 2 - C H 2 - C F 2 -

h t h t h t h t h t 
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Figure 5. Theoretical (FSGO) and experimental XPS valence spectra of various 
fluoro-polyethylenes (theoretical results do not include any cross-section effects) 
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- p e r f e c t a l t e r n a t i n g copolymer o f e t h y l e n e and t e t r a -
f l u o r o e t h y l e n e 

- C H 2 - C H 2 - C F 2 - C F 2 - C H 2 - C H 2 - C F 2 - C F 2 - C H 2 - C H 2 - C F 2 - C F 2 -

h h t t h h t t h h t t 

somewhat l e s s p e r f e c t bu t more r e a l i s t i c d i s t r i b u t i o n 
i n p o l y v i n y l i d e n e f l u o r i d e fo r 

- C H 2 - C F 2 - C H 2 - C F 2 - C F 2 - C H 2 - C H 2 - C F 2 - C H 2 - C F 2 -

h t h t t h h t h t 

C o n c l u s i o n s 

I t i s r e l e v a n t t
approach ( e x p e r i m e n t a l XP
t u r e c a l c u l a t i o n s ) i s a b l e to p r o v i d e a good i n s i g h t i n t o the 
e l e c t r o n i c s t r u c t u r e o f r e g u l a r p o l y m e r s . I t i s a l s o to be 
p o i n t e d out t h a t s i m p l e c o m p u t a t i o n a l t e c h n i q u e s l i k e FSGO, model 
p o t e n t i a l or ex tended H u c k e l sometimes p r o v i d e a cheap a l t e r n a 
t i v e to more comple te ab i n i t i o r e s u l t s . From a p r a c t i c a l p o i n t 
o f v i e w , the o r i g i n a l t h r e e - s t e p p r o c e d u r e ( c a l c u l a t i o n o f band 
s t r u c t u r e s , o f d e n s i t y o f s t a t e s and o f s i m u l a t e d d e n s i t y o f 
s t a t e s ) t u r n s out to be a n e c e s s a r y complement to i n t e r p r e t f i n e 
e f f e c t s on the v a l e n c e s t r u c t u r e s . Indeed , i t has the m e r i t o f 
open ing new i n r o a d s i n t o the areas o f s t e r e o r e g u l a r po lymer s but 
r e f i n e d i n v e s t i g a t i o n s a re c e r t a i n l y needed i n the near f u t u r e to 
c o n f i r m and /o r c o r r e c t some c o n c l u s i o n s . T h i s paper has m a i n l y 
d i s c u s s e d the work deve loped by groups at the u n i v e r s i t y o f Namur 
( B e l g i u m ) . We would l i k e to s t r e s s t h a t complementary c o n t r i b u 
t i o n s have been made at the U n i v e r s i t y o f Durham ( E n g l a n d ) (D. 
C l a r k , D. K i l c a s t , . . . ) , at IBM-San J o s e ( P . G r a n t , I . B a t r a , . . . ) , 
a t X e r o x ( C . B . Duke, W. S a l a n e c k , H . R . T h o m a s , . . . ) and s h o u l d 
compete w i t h t h i s work . 

Some n o t a t i o n s l i k e T, G, TG, TGTG 1 or 2*3/1 h e l i x are 
perhaps not too f a m i l i a r to non -chemis t r e a d e r s ; A d e t a i l e d 
e x p l a n a t i o n o f those symbols can be found i n s t a n d a r d r e f e r e n c e 
books l i k e : f l A . J . Hop f i n g e r , C o n f o r m a t i o n a l P r o p e r t i e s o f 
M a c r o m o l e c u l e s , Academic (1973) , New Y o r k 1 1 o r n H . Tadokoro , 
S t r u c t u r e o f C r y s t a l l i n e P o l y m e r s , W i l e y ( 1 9 7 9 ) , New Y o r k . " 

Abstract 

Applications of quantum mechanical methods to polymers has 
become increasingly important over the last decade. One of the 
several reasons for that is the parallel improvement of experi
mental techniques for investigating electronic properties of 
polymers like Photoelectron Spectroscopy (PS) and especially X-
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ray induced Photoelectron Spectroscopy (XPS), sometimes known as 
ESCA. 

The present paper wi l l first review shortly the way of 
performing Hartree-Fock (HF) calculations for ground state pro
perties of polymers. By use of the Koopmans' theorem, the 
corresponding HF density of states is of direct interest as an 
interpretative tool of XPS experiments. A practical way of 
correlating band structure calculations and XPS spectra is thus 
presented. In the last part, we illustrate the type of mutual 
enrichment which can be gained from the interplay between theory 
and experiment for the understanding of valence electronic pro
perties. 
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Electronic Structure of Polymers 
X-Ray Photoelectron Valence Band Spectra 

J. J . PIREAUX1, J . R I G A , R. C A U D A N O , and J. V E R B I S T 

Facultés Universitaires Notre-Dame de la Paix, Laboratoire de Spectroscopie 
Electronique, 61 rue de Bruxelles, 5-5000 Namur, Belgium 

The first X-ray photoelectron spectra of polymers valence 
bands and core levels were recorded almost ten years ago (exactly 
in 1971 and 1972) for polytetrafluoroethylene (1), polyethylene 
(2), and nitroso rubbers (3). That same period was the beginning 
of an exploding interest of the spectroscopists for the technique 
better known under the acronyms XPS (X-ray Photoelectron Spectro
scopy) and ESCA (Electron Spectroscopy for Chemical Analysis). 
Indeed, since that time, the technique has grown into a valuable 
method to study the electronic structure of materials, particu
larly polymers. But, contrary to all the other fields of research 
(on metals, semiconductors, compounds,...), applications to the 
polymeric materials were, until recently, almost only concerned 
with core levels analysis; in numerous series of polymers, empha
sis was put on the study of the gross and fine chemical composi
tion, the chemical bonds, the electronic charge distributions, of 
(copolymers as clean and pure materials, or after some reaction 
(aging, casing, adhesion, oxidation, sputtering, electrical or 
plasma discharge...). 

Until recently, the valence bands of polymers have received 
the attention of very few scientists: XPS studies of valence band 
spectra are still scarce; although they are measuring the less 
bound electrons of the materials, those that are directly in
volved in the bonds between the atoms of the molecules, and 
consequently those that are containing the best potential inform-
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Scientifique, Belgium. 
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a t i o n to unde r s t and the m o l e c u l a r s t r u c t u r e o f the p o l y m e r s . I n 
f a c t , the r e c o r d i n g o f po lymer v a l e n c e band s p e c t r a and the 
i n t e r p r e t a t i o n o f these da t a r e q u i r e on one hand v e r y c a r e f u l and 
p a t i e n t e x p e r i m e n t a t i o n , on the o t h e r hand , the suppor t o f 
e l a b o r a t e and a c c u r a t e quantum m e c h a n i c a l c a l c u l a t i o n s a n d / o r the 
compar i son w i t h o t h e r types o f e x p e r i m e n t a l d a t a , . . . i n o r d e r t o 
e x t r a c t a l l the i n f o r m a t i o n h i d d e n b e h i n d the e x p e r i m e n t a l d a t a . 

I t appeared r e c e n t l y t h a t XPS v a l e n c e band d a t a o f p o l y m e r s , 
t h a t were known to c o n t a i n v a l u a b l e i n f o r m a t i o n r e l a t e d to the 
s u b s t i t u e n t s e f f e c t s ( p r i m a r y s t r u c t u r e s ) , c o u l d a l s o be used as 
p o w e r f u l -and sometimes u n i q u e , compared to a c o r e l e v e l a n a l y 
s i s - f i n g e r p r i n t s to c h a r a c t e r i z e as s u b t l e systems as those 
conce rned w i t h p u r e l y ca rbon c o n t a i n i n g c h a i n s , i s o m e r i s m , and 
c r y s t a l l i n e s t r u c t u r e . . . what w i l l be c a l l e d the secondary s t r u c 
t u r e o f the p o l y m e r s . 

The purpose o f the p r e s e n t paper i s to r e v i e w t h i s f i e l d o f 
r e s e a r c h - a summary o
b r i e f i n t r o d u c t i o n ( p a r
l y o r i e n t e d to the s tudy o f the po lymer v a l e n c e bands , g i v e n i n 
o r d e r to s t r e s s upon the i n h e r e n t d i f f i c u l t i e s (and l i m i t a t i o n s ) 
o f the e x p e r i m e n t , we s h a l l p r e s e n t s p e c i f i c examples o f the 
v a r i o u s types o f i n f o r m a t i o n s t h a t can be a c q u i r e d on the po lymer 
m o l e c u l a r and e l e c t r o n i c s t r u c t u r e ; ( p a r t 3) s u b s t i t u t i o n e f f e c t s 
i n the v a l e n c e bands ; ( p a r t 4 ) s t r u c t u r a l i s o m e r i s m , s t e r e o i s o 
mer i sm, and g e o m e t r i c a l c r y s t a l l i n e s t r u c t u r e ; ( p a r t 5) o t h e r 
t ypes o f i n f o r m a t i o n . 

Expe r i men t 

I n v i e w o f the number o f monograph ies , r e v i e w a r t i c l e s , . . . 
p u b l i s h e d on the XPS t e c h n i q u e , i t i s u s e l e s s to d e s c r i b e he re i n 
l e n g t h a l l the d e t a i l s o f the e x p e r i m e n t . H e r e , we w i l l o n l y 
r e c a l l the e l e m e n t a r y concep t s f o r the n o n - e x p e r t s i n the f i e l d 
and d i r e c t the r e a d e r s to the l i t e r a t u r e f o r a complementary 
p r e s e n t a t i o n i f n e c e s s a r y (.5). P a r t i c u l a r t o p i c s , t h a t a re 
p r o p e r to the s tudy o f po lymers w i l l be d e s c r i b e d i n g r e a t e r 
l e n g t h . 

The XPS Measurement . I n an XPS s p e c t r o m e t e r , the s t u d i e d 
m a t e r i a l i s exposed i n s i d e a vacuum chamber to a f l u x o f X - r a y s 
(energy 1 k e V ) . The k i n e t i c energy o f the p h o t o e l e c t r o n s e j e c t e d 
from the sample i s measured by an a p p r o p r i a t e a n a l y z e r . T h i s 
energy i s d i r e c t l y r e l a t e d to the b i n d i n g energy o f the e l e c t r o n s 
i n s i d e the sample ; on a wide scan XPS spec t rum, the u n s e a t t e r e d 
e l e c t r o n s r e s u l t i n c h a r a c t e r i s t i c p e a k s : t h e i r e n e r g i e s s e r v e 
to i d e n t i f y the e lements i n the m a t e r i a l ( a t o m i c c o m p o s i t i o n ) , to 
c h a r a c t e r i z e the m o l e c u l a r env i ronment o f these atoms ( c h e m i c a l 
a n a l y s i s , see i n s e t A o f F i g u r e 1 ) , and , by the measurement o f the 
p h o t o e l e c t r i c l i n e s r a t i o s , to r e a c h some q u a n t i t a t i v e r e s u l t s . 
Such type o f measurement from the c o re l e v e l peaks can u s u a l l y be 
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Figure 1. Wide survey scan of an ethylene tetrafluoroethylene copolymer. Inset A 
represents the G-ls core level peaks; inset B pictures the copolymer valence band. 
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a c h i e v e d r a t h e r a c c u r a t e l y i n a few tens o f m i n u t e s . L e t us he re 
make a few remarks o f i m p o r t a n c e : 

1. ThegSample b e i n g s t u d i e d i n vacuum ( u s u a l l y b e t t e r than 
10 T o r r ) , i t must be a s o l i d , and , i f l i q u i d at room 
tempera tu re ( l i k e f o r p r e - p o l y m e r s w i t h low m o l e c u l a r 
w e i g h t ) , i t must be c o o l e d by some r e f r i g e r a n t c i r c u l a 
t i o n . T h i s l i m i t s a l s o the p o s s i b i l i t y to s tudy h i g h 
t empera tu re e f f e c t s on such m a t e r i a l s . 

2 . As the p h o t o e l e c t r o n s r e a c h i n g the a n a l y z e r escape from 
a 50-100 X l a y e r a t the top o f the s t u d i e d s o l i d , the 
t e c h n i q u e i s e x t r e m e l y s u r f a c e s e n s i t i v e , i . e . i t 
c o u l d d e t e c t i m p u r i t i e s ( a c o m p o s i t i o n d i f f e r e n t from 
the b u l k ) at the extreme s u r f a c e o f the sample (6). 
G r e a t ca r e must then be t aken i n the p r e p a r a t i o n and 
h a n d l i n g o f th  sample  t  a v o i d s p u r i o u  c o n t r i b u t i o n
from c o n t a m i n a t i o n
be a d v a n t a g e o u s l y  advantag
s t u d y i n g ( i n an a n g l e r e s o l v e d expe r imen t ) r e a c t i o n s a t 
the s u r f a c e s , e . g . no te t h a t the s u b s t a n t i a l d i f f e r e n c e 
o f escape depth fo r e l e c t r o n s o r i g i n a t i n g from the 
v a l e n c e l e v e l s compared to co re l e v e l s may a l s o be used 
to o b t a i n i n f o r m a t i o n on a depth p r o f i l e (7). 

3 . I t h e l p s to the p r e c i s i o n o f the i n t e r p r e t a t i o n o f the 
s p e c t r a , t o use a monochromat ized X - r a y source to i r 
r a d i a t e the sample . T h i s can be c o n v e n i e n t l y done f o r 
the A l K a l i n e (energy 1 4 8 6 . 6 e V ) , the apparen t w i d t h o f 
the p h o t o e l e c t r o n peaks b e i n g reduced by the use o f a 
monochromator from 0 .9 to 0 .6eV ( i n t h e o r y ) . T h i s 
h e l p s a l s o to remove s p u r i o u s e x c i t a t i o n l i n e s and 
r educe a p p r e c i a b l y the background o f the r e c o r d e d s p e c 
t r a . 

4 . F o r a v a l e n c e band a n a l y s i s , the need to use a mono
c h r o m a t i z e d X - r a y source i s a lmos t e v i d e n t ; the e x c i t a 
t i o n l i n e h a v i n g s a t e l l i t e s a t 10-12eV ( f o r A l K a , w i t h 
a r e l a t i v e i n t e n s i t y o f 10%), cannot probe w i t h o u t 
d i s t u r b i n g the spec t rum a v a l e n c e e l e c t r o n r e g i o n the 
w i d t h o f which ranges from 20 to 35eV ( f o r ca rbon 
p o l y m e r s , to s u b s t i t u t e d p o l y m e r s ) ( 1 1 ) . I t i s a l s o o f 
p r ime impor tance to remove the B r e m s s t r a h l u n g con t inuum 
o f the r a d i a t i o n s o u r c e , to improve c o n s i d e r a b l y the 
s e n s i t i v i t y and r e l i a b i l i t y o f the f i n e d e t a i l s c o n 
t a i n e d i n the v a l e n c e bands . 

5 . B e i n g i n s u l a t o r s , the po lymers p r e s e n t a p a r t i c u l a r 
p r o b l e m d u r i n g the XPS a n a l y s i s due to the e j e c t i o n o f 
the p h o t o e l e c t r o n t h e i r s u r f a c e becomes (sometimes i n -
homogeneous l y ) c h a r g e d , what p e r t u r b s the measurements 
by d i s p l a c i n g the p o s i t i o n , and d i s t o r t i n g the shape o f 
the p h o t o e l e c t r o n peaks , and p r e v e n t i n g any d i r e c t 
c a l i b r a t i o n o f the e l e c t r o n b i n d i n g energy s c a l e . 
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6. R a d i a t i o n damage might o c c u r d u r i n g the s tudy o f p o l y 
m e r s . I n our i n v e s t i g a t i o n s , o n l y the c h l o r i n e - c o n 
t a i n i n g compounds were found to p r e s e n t a c o l o r change, 
b u t no l o s s o f c h l o r i n e c o u l d be d e t e c t e d on the XPS 
c o r e l e v e l s p e c t r a . 

The advantages o f u s i n g a X - r a y source i n s t e a d o f a UV lamp 
s tudy the po lymers a re many f o l d : 

1. W i t h X - r a y e x c i t a t i o n , i t i s p o s s i b l e to p robe deeper 
i n b i n d i n g energy i n the m o l e c u l a r o r b i t a l s ( M . O . ) o f 
the v a l e n c e bands and a c c e s s o r i l y , t o l e t the use r 
b e n e f i t o f the p o s s i b i l i t y o f a co re l e v e l a n a l y s i s . 

2 . I n t r i n s i c a l l y , a UV lamp has a much b e t t e r r e s o l u t i o n 
( a few meV), t h a t i n f a c t t u r n s out to be v e r y u s e f u l to 
s tudy g a s e s . Bu t i n a s o l i d , the m o l e c u l a r o r b i t a l s a re 
g rouped i n t
t i o n s , and becom
t h a t a p h o t o e l e c t r o n v a l e n c e band spec t rum r e c o r d e d 
w i t h a UV lamp do not o f f e r s u b s t a n t i a l advantages 
compared to a XPS e x p e r i m e n t . 

3 . The p h o t o e l e c t r i c c r o s s s e c t i o n f o r a g i v e n e l e c t r o n i c 
o r b i t a l v a r i e s w i t h the energy o f the e x c i t a t i o n 
s o u r c e : on a UV v a l e n c e band spec t rum, the ca rbon 2p 
o r b i t a l s appear w i t h l a r g e r i n t e n s i t y than the C2s 
ones . The r e v e r s e i s t r u e when a X - r a y e x c i t a t i o n 
sou rce i s u s e d : the c r o s s s e c t i o n i s g r e a t e r f o r M . O . 
w i t h major 2s c h a r a c t e r . T h i s enhances the i n t e n s i t y 
o f the 2s bands t h a t a re g e n e r a l l y s i m p l e r to i n t e r p r e t 
than the 2p ones . I t must be s a i d t h a t the compar i son 
between the two ( X - r a y and UV) e x c i t e d s p e c t r a can be o f 
g r e a t h e l p to a s s i g n the symmetr ies o f the probed M . O . 
(compare e . g . p o l y s t y r e n e ( X - r a y ) o f ( 1 0 ) , and (UV) o f 
( 9 ) . 

4 . When e x c i t e d w i t h a UV lamp, the p h o t o e l e c t r o n s have a 
k i n e t i c energy range (0 -40eV) where the escape depth i s 
s m a l l ( ^ 5&) : the c o n t a m i n a t i o n p r o b l e m i s then c r u c i a l 
i n t h i s c a s e . On the c o n t r a r y , when e x c i t e d w i t h a X -
r a y s o u r c e , the e l e c t r o n s e m i t t e d from the v a l e n c e 
l e v e l s have a l a r g e r escape d e p t h , so t h a t the s u r f a c e s 
f e a t u r e s do not c o n t r i b u t e as c r u c i a l l y to the v a l e n c e 
band spec t rum than to the co re l e v e l p e a k s . 

5 . F o r a v a l e n c e band a n a l y s i s , the need to use a mono-
c h r o m a t i z e d X - r a y source i s a lmos t e v i d e n t ; the e x c i t a 
t i o n l i n e h a v i n g s a t e l l i t e s a t 10-12eV ( f o r A l K a , w i t h 
a r e l a t i v e i n t e n s i t y o f 10%), cannot probe w i t h o u t 
d i s t u r b i n g the spec t rum a v a l e n c e e l e c t r o n r e g i o n the 
w i d t h o f wh ich ranges from 20 to 35eV ( f o r ca rbon 
p o l y m e r s , to s u b s t i t u t e d po lymer s ) (11). I t i s a l s o o f 
p r ime impor tance to remove the B r e m s s t r a h l u n g con t inuum 
o f the r a d i a t i o n s o u r c e , to improve c o n s i d e r a b l y the 
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s e n s i t i v i t y and r e l i a b i l i t y o f the f i n e d e t a i l s c o n 
t a i n e d i n the v a l e n c e bands . 

The R o l e o f the V a l e n c e B a n d . The v a l e n c e band r e p r e s e n t s 
on ly a v e r y s m a l l p a r t o f the p h o t o e l e c t r o n spec t rum ( i n s e t B o f 
F i g u r e 1 ) : due to the v e r y low p h o t o e l e c t r i c c r o s s - s e c t i o n s f o r 
e l e c t r o n s h a v i n g low b i n d i n g e n e r g i e s , the r e c o r d i n g o f one 
v a l e n c e band spec t rum r e q u i r e s many h o u r s . I n s p i t e o f t h i s f a c t , 
i t i s i n p r i n c i p l e p o s s i b l e to p e r f o r m on v a l e n c e band d a t a a 
s i m i l a r ( e l e m e n t a l and c h e m i c a l ) a n a l y s i s than on the co re 
l e v e l s . B u t , i n a v a l e n c e b a n d , and f o r the same energy window, 
the p h o t o e l e c t r o n l i n e s are more numerous and g e n e r a l l y 
a s s o c i a t e d w i t h i n bands . Why spend more t ime f o r a v a l e n c e band 
a n a l y s i s t o o b t a i n s i m i l a r r e s u l t s than w i t h a XPS a n a l y s i s o f the 
co re l e v e l s ? T h i s e x p e r i e n c e i s not i n f a c t u n r e a l i s t i c , as the 
m o l e c u l a r o r b i t a l s a n a l y z e d i  v a l e n c  band spec t ru  i n v o l v
those e l e c t r o n s t h a t ar
bonds : i t w i l l be show  expe r imen t
o the r types o f i n f o r m a t i o n on the po lymer m o l e c u l a r s t r u c t u r e , 
t h a t a re not a v a i l a b l e from the c o re l e v e l p h o t o e l e c t r o n s . 

P r a c t i c a l D e t a i l s . To face the problems and r e q u i r e m e n t s 
announced above , the s p e c t r a p r e s e n t e d he re and chosen among the 
most r e c e n t c o n t r i b u t i o n s from the a u t h o r s 1 l a b o r a t o r y , were 
o b t a i n e d under the f o l l o w i n g c o n d i t i o n s : 

1. The p h o t o e l e c t r o n s p e c t r a have been r e c o r d e d w i t h a 
H e w l e t t - P a c k a r d s p e c t r o m e t e r (HP5950A) u s i n g a mono-
c h r o m a t i z e d A l K a r a d i a t i o n . 

2 . The c h a r g i n g e f f e c t on the po lymers i s c o n t r o l l e d by 
the use o f an e l e c t r o n f l o o d - g u n whose c u r r e n t and 
energy a re a d j u s t e d to n e u t r a l i z e the s u r f a c e e l e c t r o 
s t a t i c c h a r g e s : the c h a r g i n g e f f e c t become s t a b i l i z e d , 
b u t no t a b s o l u t e l y compensated. T h i s e x t e r n a l e l e c t r o n 
sou rce does not a l l o w t h e r e f o r e to measure a b s o l u t e 
e n e r g i e s a u t o m a t i c a l l y , bu t h e l p s to p a r t i a l l y c a n c e l , 
o r homogenize the c h a r g i n g e f f e c t on the whole i n s u l a 
t o r s u r f a c e , i n such a way t h a t the r e c o r d e d s p e c t r a a re 
much b e t t e r r e s o l v e d and v e r y s t a b l e on the energy 
s c a l e d u r i n g the l o n g a c c u m u l a t i o n runs o f the v a l e n c e 
band s p e c t r a . 

3. The p r e p a r a t i o n o f the polymer m a t e r i a l as a v e r y t h i n 
f i l m ( d e p o s i t e d from a s o l u t i o n onto a m e t a l l i c s u b 
s t r a t e ) was found to be the most s a t i s f a c t o r y to reduce 
the c h a r g i n g e f f e c t . 

4 . A r e p r o d u c i b l e c a l i b r a t i o n o f the r e c o r d e d s p e c t r a was 
o b t a i n e d by m i x i n g the polymer w i t h a r e f e r e n c e com
pound h a v i n g s i m i l a r e l e c t r i c a l p r o p e r t i e s ( e . g . p o l y 
e t h y l e n e , o r p o l y t r i f l u o r o e t h y l e n e ) , and s t u d y i n g the 
m i x t u r e under d i f f e r e n t s e t t i n g s o f the e l e c t r o n bom-
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bardment s o u r c e . A b s o l u t e b i n d i n g e n e r g i e s , e x p r e s s e d 
r e l a t i v e l y to the F e r m i l e v e l o f the s p e c t r o m e t e r a re 
o b t a i n e d w i t h a p r e c i s i o n u s u a l l y o f the o r d e r o f 0 . 1 -
0 .2eV ( t h a t means t h a t s e v e r a l independent measurements 
were c o n s i s t e n t w i t h each o t h e r to t h i s A E ) . 

5. The r e c o r d i n g o f one v a l e n c e band spec t rum r e q u i r e s 
t y p i c a l l y one o v e r n i g h t a c c u m u l a t i o n . B u t one v a l e n c e 
band spec t rum i s r e c o g n i z e d as s a t i s f a c t o r y o n l y when a 
few s i m i l a r s p e c t r a have been r e c o r d e d s e p a r a t e l y on 
d i f f e r e n t s amples . P a r t o f the s p e c t r a p r e s e n t e d he re 
( F i g u r e s 7 , 8 , 9 , 10, 12) were d i g i t a l l y smoothed; the 
o t h e r s a re shown as r e c o r d e d . 

6 . The po lymers were a l l s t u d i e d , w i t h o u t f u r t h e r c h e m i c a l 
t r e a t m e n t , as r e c e i v e d from t h e i r s o u r c e s , most g e n e r 
a l l y u n i v e r s i t i e s o r i n d u s t r i a l r e s e a r c h l a b o r a t o r i e s , 
where i n the t  the  c h a r a c t e r i z e d b  th
c o n v e n t i o n a l

L i k e fo r the c o r ,  p h o t o e l e c t r o
spec t rum i s composed o f peaks or bands h a v i n g the f o l l o w i n g 
c h a r a c t e r i s t i c s : 

the b i n d i n g energy ( e x p r e s s e d r e l a t i v e l y to a r e f e r e n c e 
v a l u e ) ; 
the i n t e n s i t y ; 

- the peak /band w i d t h and shape. 
Each o f these c h a r a c t e r i s t i c s can be i n t e r p r e t e d to i n f e r the 
m o l e c u l a r and e l e c t r o n i c s t r u c t u r e o f the p o l y m e r s . 

Compar i son w i t h T h e o r e t i c a l C a l c u l a t i o n s . I t appears t h a t 
the polymer v a l e n c e bands a re ( v e r y ) d i f f i c u l t to i n t e r p r e t 
w i t h o u t the a i d o f a t h e o r e t i c a l b a s i s , o r a m o d e l , o r o f the use 
o f a r e f e r e n c e spec t rum o b t a i n e d from a model compound. Indeed , 
Quantum C h e m i c a l t h e o r y i s nowadays a b l e to c a l c u l a t e band s t r u c 
t u r e and d e n s i t y o f s t a t e s f o r p o l y m e r s , to s i m u l a t e the l i m i t e d 
r e s o l u t i o n o f the s p e c t r o m e t e r , and to modula te these t h e o r e t i c a l 
d e n s i t y o f s t a t e s to account f o r the p h o t o i o n i z a t i o n c r o s s s e c 
t i o n s t h a t v a r y c o n s i d e r a b l y f o r v a l e n c e bands o f po lymers c o n 
t a i n i n g d i f f e r e n t types o f a toms, and e l e c t r o n s w i t h v a r i o u s 
s y m m e t r i e s . C o n s e q u e n t l y , one i s a b l e now to p r e d i c t t h e o r e t i c 
a l l y the e n e r g i e s o f the v a r i o u s m o l e c u l a r o r b i t a l s , but a l s o 
t h e i r r e l a t i v e i n t e n s i t i e s . As i t i s p roven e l s ewhe re (^12) and i n 
ano ther r e v i e w at t h i s c o n f e r e n c e ( 1 3 ) , the suppor t o f such 
t h e o r e t i c a l r e s u l t s o f an a p p r e c i a b l e and a p p r e c i a t e d v a l u e i s to 
e x t r a c t a l l the i n f o r m a t i o n t h a t a re h i d d e n b e h i n d the f i n e 
d e t a i l s o f the v a l e n c e bands o f p o l y m e r s . Bu t we w i l l no t d i s c u s s 
f u r t h e r t h i s t h e o r e t i c a l a spec t o f the s tudy o f the e l e c t r o n i c 
s t r u c t u r e o f the p o l y m e r s . The purpose o f the n e x t s e c t i o n s w i l l 
be to show t h a t , i n s p i t e o f the t ime and s p e c i a l c a r e r e q u i r e d to 
a n a l y z e v a l e n c e band s p e c t r a , the p a r t i c u l a r and un ique r o l e 
p l a y e d by the low energy o r b i t a l s to d e s c r i b e the b o n d i n g o f the 
atoms w i t h i n the m o l e c u l e , makes i t w o r t h w h i l e to u n d e r t a k e t h e i r 
s t u d y . 
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S u b s t i t u t i o n E f f e c t s i n the V a l e n c e Bands 

To d i s c u s s the i n f o r m a t i o n a v a i l a b l e from XPS s p e c t r a o f 
p o l y m e r s , i t i s n e c e s s a r y f i r s t to unde r s t and the e l e c t r o n i c 
s t r u c t u r e o f the s i m p l e s t o f these compounds, p o l y e t h y l e n e ( P E ) , 
the spec t rum o f wh ich w i l l c o n s t i t u t e the b a s i s f o r the i n t e r p r e t 
a t i o n o f a l l the o t h e r s t u d i e d compounds. 

P o l y e t h y l e n e and Other Mode l Compounds. The p o l y e t h y l e n e 
XPS v a l e n c e band spec t rum i s r e p o r t e d on F i g u r e 2 . Super imposed 
on a background g e n e r a t e d by the s c a t t e r i n g o f the p h o t o e l e c t r o n s 
on t h e i r way o u t s i d e the s o l i d , two s t r u c t u r e s a re r e s o l v e d on 
t h i s s p e c t r u m . The f i r s t one a t h i g h b i n d i n g energy has two peaks 
w i t h d i f f e r e n t magni tudes at 18 .8 and 13 .2eV; the second s t r u c 
t u r e c o n t a i n s s e v e r a l f i n e components ( t h e y a re j u s t emerging 
from the s t a t i s t i c a l background on a b e t t e r spec t rum (JL5); they 
a re not e a s i l y d i s c e r n e

A s a t i s f a c t o r y i n t e r p r e t a t i o
r e t i c a l c a l c u l a t i o n s - o f t h i s v a l e n c e band i s to a s s i g n the low 
energy s t r u c t u r e to a C - H band ( w i t h C2p and H i s polymer o r b i t 
a l s ) , and the h i g h energy s t r u c t u r e s to the C-C band ( w i t h a 
dominant C2s c h a r a c t e r ) i n the p o l y m e r : the l e f t m o s t peak i s the 
bond ing c o m b i n a t i o n o f the C2s-C2s o r b i t a l s , the r i g h t m o s t i s the 
a n t i b o n d i n g ana logue (14-, 15_, 1 6 ) . 

I n o r d e r to b e t t e r u n d e r s t a n d t h i s v a l e n c e band s p e c t r u m , we 
found i t i n t e r e s t i n g to i n v e s t i g a t e the e f f e c t o f o n e - d i m e n s i o n a l 
p e r i o d i c i t y on the b r o a d e n i n g o f energy l e v e l s ( i n an atom o r i n a 
m o l e c u l e ) , wh ich g i v e s r i s e to the energy bands ( i n a s o l i d ) . 
I ndeed , po lymers e x i s t w i t h a wide p o s s i b l e range o f m o l e c u l a r 
w e i g h t (M.W.) - o r c h a i n l e n g t h s - ; c o u l d we t h i n k o f d i s t i n g u i s h 
i n g po lymers w i t h d i f f e r e n t M . W . ' s ? 

The a l k a n e s s e r i e s i s s u i t a b l e to s tudy such an e f f e c t ; the 
s u c c e s s i v e m o l e c u l e s w i t h an i n c r e a s i n g number o f c a r b o n atoms i n 
the a lmos t l i n e a r c h a i n a re c o n s i d e r e d as p r o g r e s s i v e s t e p s i n the 
f o r m a t i o n o f an i d e a l one d i m e n s i o n a l s o l i d , p o l y e t h y l e n e ( 1 7 , 
1 8 ) . On the M o l e c u l a r O r b i t a l p o i n t o f v i e w , the e l e c t r o n i c 
l e v e l s o f ca rbon i n c r e a s e i n d e n s i t y , to f i n a l l y form a band 
s t r u c t u r e . S e l e c t e d s p e c t r a r e c o r d e d f o r the l i g h t e s t a l k a n e s 
are r e p o r t e d on F i g u r e 3 . A l l show d i s t i n c t C2s and C2p r e g i o n s 
s e p a r a t e d by an energy gap; the number o f l e v e l s i n the C - C ( C 2 s ) 
r e g i o n i s e q u a l to the number o f c a rbon atoms i n the a l k a n e c h a i n . 
As these l e v e l s a re c o n f i n e d i n a l i m i t e d energy r ange , the 
s p a c i n g between each o f them dec reases and soon , a band w i l l be 
formed. From w h i c h m i n i m a l c h a i n l e n g t h , w i l l the v a l e n c e band 
spec t rum approx ima te the band s t r u c t u r e o f the i n f i n i t e s o l i d 
p o l y e t h y l e n e ? F i g u r e 4 shows t h a t the e s s e n t i a l f e a t u r e s o f the 
p o l y e t h y l e n e v a l e n c e band a re a l r e a d y p r e s e n t i n the n - t r i d e c a n e 
s o l i d : the e x p e r i m e n t a l r e s o l u t i o n does not a l l o w to r e s o l v e a l l 
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Figure 3. XPS valence band spectra of the lightest alkanes: (from top to bottom 
and left to right) methane, ethane, propane, n-butane, n-pentane, n-nonane, suc

cessively. The measurements were performed in the gas phase. 
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Figure 5. XPS valence band spectra of the acenes (from top to bottom,): benzene, 
naphthalene, anthracene, and tetracene (20) 
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the components o f the C2s band, the w i d t h o f wh ich ( 7 . 6 e V ) 
approaches the v a l u e measured f o r p o l y e t h y l e n e ( 7 . 7 e V ) . 

As we obse rved t h a t a dozen o f ca rbon atoms i n the a l k a n e 
c h a i n i s s u f f i c i e n t to s i m u l a t e the e l e c t r o n i c p r o p e r t i e s o f 
p o l y e t h y l e n e , i t becomes e v i d e n t t h a t the XPS t e c h n i q u e , by the 
a n a l y s i s o f the v a l e n c e bands , w i l l no t be a b l e to d i s t i n g u i s h 
between po lymers w i t h d i f f e r e n t h i g h m o l e c u l a r w e i g h t s . 

B u t , the same exper imen t p roves on ano the r hand t h a t the XPS 
t e c h n i q u e i s not too s h o r t range s e n s i t i v e : i t i s shown t h a t the 
v a l e n c e band p h o t o e l e c t r o n s l e a v i n g the po lymer sample b r i n g 
i n f o r m a t i o n on the e l e c t r o n i c s t r u c t u r e o f one " s l i c e " o f the 
p o l y m e r i c s k e l e t o n c o n t a i n i n g at l e a s t a dozen ca rbon a toms. 

A n o t h e r e x p e r i m e n t a l e v i d e n c e f o r t h i s t y p e o f l i m i t a t i o n 
i s p r o v i d e d by the XPS v a l e n c e band measurements o f the p o l y a c e n e s 
(benzene , n a p h t h a l e n e , a n t h r a c e n e , and t e t r a c e n e ) ( 1 9 , 2 0 ) . 
P a s s i n g f rom benzene t  t e t r a c e n  (se  F i g u r  5 )  th  numbe f 
m o l e c u l a r o r i b i t a l s i n c r e a s e
A , B , C) become l e s s r e s o l v e d
e v o l u t i o n obse rved f o r the TT e l e c t r o n s (peak E) t h a t p r o g r e s s i v e 
l y become more d e l o c a l i z e d ; t h i s e f f e c t i s i m p o r t a n t to be 
measured as i t i s d i r e c t l y r e l a t e d to the e l e c t r i c a l p r o p e r t i e s o f 
the p o l y a c e n e s . 

A t h i r d example o f t h i s e f f e c t i s e v i d e n c e d by a s tudy o f the 
v a l e n c e band s t r u c t u r e s o f the s e r i e s o f n - p h e n y l m o l e c u l e s 
c o n v e r g i n g to the polymer p - p o l y p h e n y l whose v a l e n c e band s p e c 
t rum can be seen i n F i g u r e 6 (21) . T h i s e x p e r i e n c e c o n f i r m s the 
r e s u l t s o b t a i n e d f o r the a l k a n e s and the p o l y a c e n e s . 

When one ( o r more) hydrogen a tom(s) o f the p o l y e t h y l e n e 
monomeric u n i t i s ( a r e ) r e p l a c e d by a h e t e r o a t o m , an a l i p h a t i c o r 
an a r o m a t i c g r o u p , m o d i f i c a t i o n s a re i nduced i n the v a l e n c e band 
spec t rum; new p e a k s , band s h i f t a n d / o r s p l i t t i n g , r e d i s t r i b u t i o n 
o f the e l e c t r o n i c p o p u l a t i o n among the m o l e c u l a r o r b i t a l s w i l l 
denote the new bonds c r e a t e d i n the m o l e c u l e . S i m i l a r e f f e c t s 
w i l l be obse rved f o r the i n s e r t i o n o f h e t e r o a t o m ( s ) between two 
c a r b o n e lements o f the polymer s k e l e t o n . 

Hydroca rbon Based P o l y m e r s . The s u b s t i t u t i o n o f one h y d r o 
gen atom i n the - C ^ - C ^ - u n i t by some s h o r t ca rbon c h a i n s i n d u c e s 
s u b t l e m o d i f i c a t i o n s i n the e l e c t r o n i c s t r u c t u r e ( m o l e c u l a r 
o r b i t a l s ) o f the p o l y m e r s . Though these m o d i f i c a t i o n s cannot be 
e a s i l y e v i d e n c e d on the XPS c a r b o n I s co re l e v e l s p e c t r a , i t 
appears t h a t the XPS v a l e n c e band s t r u c t u r e s a re much more 
s e n s i t i v e to these s u b s t i t u t i o n s and t h a t they become un ique and 
r e a d a b l e f i n g e r p r i n t s o f the po lymers ( l f J , 2 2 ) . We w i l l no t speak 
he re o f the C l s shake-up da ta t ha t were r e v e a l e d u s e f u l t o 
d i s t i n g u i s h between s a t u r a t e d and u n s a t u r a t e d bonds ( t h i s f i e l d 
w i t h v a r i o u s a p p l i c a t i o n s was r e c e n t l y r e v i e w e d ( 2 3 ) ) . 

Up to now, o n l y the v a l e n c e bands o f the s i m p l e s t and 
c o m m e r c i a l l y most used po lymers have been r e c o r d e d , and t h e i r 
m o l e c u l a r o r b i t a l s a s s i g n e d ( 1 0 ) ; these a re p o l y p r o p y l e n e ( P P ) , 
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Figun e 6. XPS valence band spectra of benzene (solid phase), polystyrene, 
p-poly phenyl (4) 

and 
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p o l y ( l j b u t e n e ) ( P B ) , p o l y ( v i n y l c y c l o h e x a n e ) (PVCH) f o r the 
s a t u r a t e d compounds, and p o l y ( s t y r e n e ) ( P S ) , and p o l y p h e n y l (PPH) 
f o r the compounds c o n t a i n i n g u n s a t u r a t e d bonds . Some o t h e r 
s e r i e s o f po lymers were a l s o s t u d i e d , but the s t r e s s was put on 
ano the r s u b j e c t than the comple te u n d e r s t a n d i n g o f the v a l e n c e 
m o l e c u l a r o r b i t a l s ; they w i l l be d i s c u s s e d i n ano the r s e c t i o n o f 
t h i s pape r . 

I n p o l y p r o p y l e n e , one m e t h y l group r e p l a c e s an hydrogen atom 
i n the p o l y e t h y l e n e r e p e t i t i v e u n i t ; t h i s r e s u l t s i n an i n t e n s e 
s t r u c t u r e l o c a t e d i n the m i d d l e o f the C-C (C2s) band . I n 
i s o t a c t i c p o l y p r o p y l e n e moreover , the b o n d i n g and a n t i b o n d i n g 
s t r u c t u r e s o f t h i s band are s p l i t i n accordance w i t h t h e o r e t i c a l 
c a l c u l a t i o n s per formed on i s o t a c t i c p o l y p r o p y l e n e i n an h e l i c a l 
c o n f o r m a t i o n ( l f j , 4 4 ) . 

S u b s t i t u t i n g a hydrogen i n PE by a - C H ^ - C H ^ r a d i c a l m o d i f i e s 
more d r a s t i c a l l y the v a l e n c  band spec t ru f p o l y ( l - b u t e n e )  A
i n t e r p r e t a t i o n o f t h i s spec t ru
r e c o r d e d f o r the s a t u r a t e  h y d r o c a r b o
m e r i c u n i t , n - b u t a n e . The two s p e c t r a d i f f e r however i n some 
d e t a i l s ( r e l a t i v e i n t e n s i t i e s o f the bands , or s p l i t t i n g s o f the 
peaks) due to the new bonds c r e a t e d i n the polymer by the b o n d i n g 
o f the - C H 2 - C H 3 group to the p o l y e t h y l e n e s k e l e t o n ( 1 0 ) . 

The e l e c t r o n i c s t r u c t u r e o f p o l y ( v i n y l c y c l o h e x a n e ) i s i n a 
s i m i l a r way e x p l a i n e d w i t h the XPS spec t rum o f s o l i d c y c l o h e x a n e 
(1TJ); bu t i n t h i s c a s e , the s i m i l a r i t y w i t h the PE spec t rum i s 
v e r y l o w . Coming from P E , to P P , PB and PVCH, the l e n g t h o f the 
monomeric u n i t becomes l o n g e r th rough the s i d e group t h a t i s 
i m p o s i n g i t s shape to the CC band . T h i s C2s s t r u c t u r e c o n s t i t u t e s 
a r e a l f i n g e r p r i n t o f the e l e c t r o n i c s t r u c t u r e o f the p o l y m e r ; 
a lmos t i m m e d i a t e l y , the po lymer can be i d e n t i f i e d th rough i t s C-C 
band shape ( 2 2 ) . 

P o l y s t y r e n e (PS) and p - p o l y p h e n y l (PPH) a re two TT e l e c t r o n i c 
systems whose p h o t o e l e c t r o n v a l e n c e band s p e c t r a can be compared 
to the da ta r e c o r d e d f o r s o l i d benzene ( F i g u r e 6 ) . The ass ignment 
o f the peaks i s s t r a i g h t f o r w a r d ; the bands are s i m i l a r i n shape , 
the p h o t o e l e c t r o n peaks a re l o c a t e d at about the same b i n d i n g 
e n e r g i e s . L o o k i n g more c a r e f u l l y to the s p e c t r a , we no te s l i g h t 
d i f f e r e n c e s ; i n P P H , band D i s broadened and s p l i t due t o an 
i n t e r a c t i o n o f the l o w e s t l y i n g c a r b o n 2s a and the h i g h e s t C2 po 
M . 0 . f s from v a r i o u s u n i t s i n t o the polymer c h a i n ; the PPH TT bands 
have a d i f f e r e n t shape, d i s c l o s i n g an i n t e r a c t i o n o f the TT 
e l e c t r o n s between d i f f e r e n t p h e n y l groups w i t h i n d i f f e r e n t p o l y 
mer m o l e c u l e s ; the b i n d i n g energy o f the lowes t o c c u p i e d n 
m o l e c u l a r o r b i t a l i s measured at 1 .8eV, compared to 2 .9eV i n 
p o l y s t y r e n e . T h i s s o l e measurement e x p l a i n s the d i f f e r e n t e l e c 
t r i c a l p r o p e r t i e s o f the two p o l y m e r s ; the low b i n d i n g energy o f 
these TT e l e c t r o n s f o r PS (compared to the C2p band o f the p u r e l y 
s a t u r a t e d h y d r o c a r b o n p o l y m e r s ) shows t h a t these e l e c t r o n s r e ma in 
l o c a l i z e d i n the pendant benzene r i n g s , and t h a t they do no t 
p a r t i c i p a t e i n the bond ing o f the ca rbon s k e l e t o n o f the po lymer 
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(10) . A much lower energy f o r these T e l e c t r o n s i n PPH r e v e a l s an 
i n t e r a c t i o n between a l l the ^ e l e c t r o n s , t h a t become more d e -
l o c a l i z e d i n t o the po lymer m a t e r i a l . I n o t h e r w o r d s , the TT 
e l e c t r o n s o f PS a re shown to r ema in i n the pendant group on the 
po lymer c h a i n , whereas those o f PPH are s u b j e c t to i n t e r m o l e c u l a r 
i n t e r a c t i o n s , w h i c h e x p l a i n s a much more pronounced c o n d u c t o r 
c h a r a c t e r f o r PPH ( 2 1 ) . 

When the polymer backbone c o n t a i n s a l a r g e number o f s u b -
s t i t u e n t s , or l o n g s i d e c h a i n s , i t i s c l e a r t h a t i t s v a l e n c e band 
p h o t o e l e c t r o n spec t rum w i l l c o n t a i n a l o t o f p e a k s ; each s i d e 
group w i l l b r i n g i t s own f i n g e r p r i n t i n the XPS s p e c t r u m , and the 
i n t e r p r e t a t i o n o f the da t a w i l l be v e r y d i f f i c u l t . An example o f 
t h i s l i m i t a t i o n has been found i n the s tudy o f p o l y d i a c e t y l e n e s , 
wh ich u n t i l now were not s y n t h e s i z e d w i t h s u f f i c i e n t l y s h o r t s i d e 
c h a i n s to reduce the number o f bands ( m o l e c u l a r o r b i t a l s ) appea r 
i n g i n the v a l e n c e spec t rum ( 2 4  2 5 )

I t i s the r e a s o n wh
a t i c a l l y the XPS v a l e n c
s u b s t i t u t e d by an h e t e r o a t o m ; i t i s n e c e s s a r y to d i s c o v e r a l s o the 
f i n g e r p r i n t ( s ) o f these s u b s t i t u e n t s i n o r d e r to u n d e r s t a n d i n 
the f u t u r e more c o m p l i c a t e d sys t ems . 

F l u o r o - s u b s t i t u t e d P o l y m e r s . The f l u o r o p o l y m e r s were b e 
tween the f i r s t to be s t u d i e d by the XPS t e c h n i q u e because the 
s u b s t i t u t i o n o f F a tom(s) i n the - C H - C ^ - u n i t i n d u c e d v e r y l a r g e 
m o d i f i c a t i o n s i n the XPS co re l e v e l s p e c t r a ( s h i f t s up to 8eV) 
t h a t were easy to d e t e c t and i n t e r p r e t . The XPS v a l e n c e band 
s p e c t r a o f s i m i l a r compounds, namely p o l y ( v i n y l f l u o r i d e ) ( P V F ) , 
p o l y ( v i n y l i d e n e f l u o r i d e ) ( P V F 2 ) , p o l y ( t r i f l u o r o e t h y l e n e ) 
( P V F 3 ) , and p o l y ( t e t r a f l u o r o e t h y l e n e ) (PTFE) ( 2 6 , 27 , 28) are 
a l s o e x p e c t e d to r e f l e c t the i n d u c t i o n o f such s t r o n g e l e c t r o n i c 
e f f e c t s a t the v a l e n c e m o l e c u l a r l e v e l . 

The f i r s t , and a lmos t e v i d e n t f i n g e r p r i n t o f the s u b s t i t u 
t i o n o f hydrogen atom(s) by f l u o r i n e i s the appearance i n the 
v a l e n c e band spec t rum o f two new s t r u c t u r e s r e l a t e d to the 
e l e c t r o n i c p r o p e r t i e s o f f l u o r i n e , namely i t s 2s and 2p o r b i t a l s 
whose bands a re e x p e c t e d to appear i n the b i n d i n g energy r e g i o n 
between 0 and 40eV. The s p e c t r a p r e s e n t e d a t F i g u r e 7 show 
c l e a r l y the F2s peak a p p e a r i n g w i t h a v e r y h i g h c r o s s s e c t i o n 
between 30 and 40eV ( the t h e o r e t i c a l r e l a t i v e p h o t o i o n i z a t i o n 
c r o s s s e c t i o n s f o r the F 2 s , C 2 s , F2p and C2p o r b i t a l s a re r e s 
p e c t i v e l y 4 . 2 , 1.0, 0 . 3 5 , and 0 .032 ( 2 9 ) ) . The F2p peak i s l e s s 
s h a r p , bu t g a i n s i n r e l a t i v e i n t e n s i t y when the number o f f l u o r i n e 
atoms i n the monomeric u n i t i n c r e a s e s ; i t i s l o c a t e d a t about 10 -
12eV. 

The C-C band o f the f l u o r o p o l y m e r s e r i e s s t i l l appears w i t h 
the same shape than i n P E , i t s low energy l i m i t s h i f t i n g to h i g h e r 
b i n d i n g e n e r g y , w h i l e i t s h i g h energy l i m i t moves s l i g h t l y l e s s ; 
t h i s r e s u l t s i n a n a r r o w i n g o f the band i n the s e r i e s . I t i s a l s o 
no tewor thy to remark t h a t the energy s e p a r a t i o n between the F2s 
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Figure 7. XPS valence band spectra of 
the fluoropolymers: ΡΕ, PVF, PVF2, 

PVF3, and PTFE (27) 
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and the a n t i b e n d i n g p a r t ( s t r u c t u r e a t l owes t energy) i n the C-C 
band i s c o n s t a n t to w i t h i n 0 . 3 e V . These peaks may then s e r v e as 
markers i n each spec t rum, e s p e c i a l l y as the F2s peak can a lways be 
unambiguous ly a s s i g n e d . 

The c o m p i l a t i o n o f such da ta c o n s t i t u t e d a f i r m b a s i s t h a t 
was used to s tudy a s p e c i f i c and more c o m p l i c a t e d sys t em; the 
e l u c i d a t i o n o f the e l e c t r o n i c s t r u c t u r e o f a copolymer o f e t h y l 
ene (48%) and t e t r a f l u o r o e t h y l e n e (52%) whose s y n t h e s i s was c o n 
duc ted i n o r d e r to max imize the a l t e r n a t i n g sequences . The 
v a l e n c e band spec t rum o f such a compound ( F i g u r e 8) was found v e r y 
s i m i l a r to the one measured e . g . f o r p o l y ( v i n y l i d e n e f l u o r i d e ) . 
B u t , by l o o k i n g to the f i n e d e t a i l s o f the s p e c t r u m , by s i m u l a t i n g 
the v a l e n c e band o f a b l o c k copolymer (by a d d i t i o n o f PE and PTFE 
s p e c t r a ) , and by compar i son w i t h model c a l c u l a t i o n s , i t was 
p o s s i b l e to show t h a t the C-C band w i d t h and the d i s t a n c e F 2 s - t o p 
o f the C-C band were c h a r a c t e r i s t i c o f an e t h y l e n e - t e t r a f l u o r o -
e t h y l e n e copolymer w i t

C h l o r i n e - c o n t a i n i n g P o l y m e r s . Po lymers c o n t a i n i n g one 
c h l o r i n e atom i n v a r i o u s env i ronments ( o t h e r s u s t i t u e n t s ) were 
s t u d i e d by X P S ; p o l y ( v i n y l c h l o r i d e ) PVC, p o l y ( c h l o r o t r i f l u o r o 
e t h y l e n e ) PCTFE, an ( e t h y l e n e - c h l o r o t r i f l u o r o e t h y l e n e ) c o p o l y ^ 
mer, and p o l y ( e p i c h l o r o h y d r i n e ) P E P I , were chosen because b e s i d e s 
ca rbon atoms they c o n t a i n c h l o r i n e i n p resence o f h y d r o g e n , 
f l u o r i n e , and oxygen atoms. The v a l e n c e band s p e c t r a o f these 
compounds (see F i g u r e 9) show t h a t f e a t u r e s can be e a s i l y and 
unambiguous ly a s s i g n e d to a c o n t r i b u t i o n from the c h l o r i n e m o l e c 
u l a r o r b i t a l s . 

From the C13s and C13p l e v e l s t h a t a re e x p e c t e d to appear i n 
the s t u d i e d energy r a n g e , the C13p band i s the dominant s t r u c t u r e 
o f the s p e c t r u m , as i t i s d e t e c t e d as the f i r s t ( c l o s e s t t o the 
F e r m i l e v e l ) and most i n t e n s e peak . I t s energy i s not c o n s t a n t ; 
i t v a r i e s i n the range o f 5 ( f o r PVC and P E P I ) t o 8eV ( f o r PCTFE 
and the c o p o l y m e r ) . The p re sence o f such an i n t e n s e s t r u c t u r e 
a f f e c t s the r e s t o f the spec t rum as i t causes a l i f t i n g o f a l l the 
o t h e r s t r u c t u r e s over an i n t e n s e b a c k g r o u n d , r e s u l t i n g from the 
i n e l a s t i c a l l y s c a t t e r e d p h o t o e l e c t r o n s th rough the m a t e r i a l . The 
C13s l e v e l appears at a v a r y i n g p o s i t i o n i n the m i d d l e o f the C-C 
(C2s) band ; i t i s much l e s s r e s o l v e d , bu t a t an a lmos t c o n s t a n t 
energy o f 12eV from the C l 3 p peak . We no te t h a t the C13p band i s 
more i n t e n s e than the CI3s one, w h i l e the r e v e r s e was found f o r 
the c o r r e s p o n d i n g symmetr ies o f the outermost F o r b i t a l s i n the 
f l u o r o p o l y m e r s (compare F i g u r e s 7 and 9 ) . 

A more comple te d e s c r i p t i o n o f the f e a t u r e s a p p e a r i n g i n the 
v a l e n c e band s p e c t r a o f these compounds w i l l be p r e s e n t e d e l s e 
where ( 3 0 ) . We note he re t h a t , when the po lymer c o n t a i n s c h l o r i n e 
and f l u o r i n e a toms, i t s v a l e n c e band spec t rum becomes ( v e r y ) 
c o m p l i c a t e d , c o n s i s t i n g o f an a lmos t c o n t i n u o u s s u c c e s s i o n o f 
m o l e c u l a r o r b i t a l s w i t h s i m i l a r i n t e n s i t i e s . T h e i r i n t e r p r e t a 
t i o n c o u l d not have been g i v e n w i t h o u t the a i d o f a r e l a t i v e l y 
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Figure 9. XPS valence band spectra of (A) polyvinyl chloride, (B) polyfepi chloro-
hydrine), (C) poly(chlorotrifluoroethylene), (D) cofethylene-tetrafluoroethylene 
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comple te se t o f r e f e r e n c e s p e c t r a r e c o r d e d f o r s i m i l a r po lymers 
( 1 0 , 3 0 ) . 

Oxygen C o n t a i n i n g P o l y m e r s . Oxygen can be i n c o r p o r a t e d i n t o 
a po lymer c h a i n as p a r t o f d i f f e r e n t f u n c t i o n a l g r o u p s : a l c o h o l , 
e t h e r ( l i n e a r and b r a n c h e d ) , e s t e r , c a r b o n a t e , . . . V a l e n c e band 
da t a on p o l y a c r y l a t e s (7) and p o l y m e t h y l a c r y l a t e s (34) have a l 
ready been p u b l i s h e d , bu t w i t h o u t a comple te ass ignment o f the 
m o l e c u l a r o r b i t a l s . Compounds b e l o n g i n g to o t h e r s e r i e s were 
s t u d i e d i n our l a b o r a t o r y 031, 32) w i t h the a i d o f t h e o r e t i c a l 
c a l c u l a t i o n s ( 3 4 ) . But we chose to p r e s e n t he re s p e c i a l t o p i c s 
t h a t w i l l shed a l i t t l e more l i g h t on our u n d e r s t a n d i n g o f the 
v a l e n c e band s p e c t r a o f p o l y m e r s . 

The l i n e a r p o l y e t h e r s a re model compounds to show the e f f e c t 
o f the i n s e r t i o n o f one oxygen atom at d i f f e r e n t p o s i t i o n s i n t o 
the p o l y e t h y l e n e - C H ^ - C H - r e p e t i t i v e u n i t . What w i l l be the 
i n f l u e n c e on the po lyme
the one o f p o l y e t h y l e n
th ree m a t e r i a l s ; p o l y ( m e t h y l e n e o x i d e ) o r PMO, p o l y ( e t h y l e n e 
o x i d e ) or PEO, and p o l y ( t e t r a m e t h y l e n e o x i d e ) o r PTMO, t h a t a re 
c o n v e n i e n t l y p i c t u r e d by the f o r m u l a —PCH2^ > w i t h x = l , 
2 , and 4 r e s p e c t i v e l y . F i g u r e 10 r e p o r t s the v a l e n c e band s p e c t r a 
o f these p o l y m e r s , where from two types o f i n f o r m a t i o n s can be 
deduced : 

1. The p resence o f oxygen i n the polymer i s e a s i l y deduced 
from the appearance o f a new peak l o c a t e d at about 27eV: 
the 02s m o l e c u l a r o r b i t a l , t h a t r e t a i n s p r o b a b l y most 
o f i t s a tomic l e v e l c h a r a c t e r ( i . e . does not f e e l the 
i n f l u e n c e o f the o t h e r m o l e c u l a r o r b i t a l s d e f i n i n g the 
r e a l v a l e n c e band at lower b i n d i n g e n e r g i e s ) . On the 
c o n t r a r y , the 02p l e v e l i s s t r o n g l y mixed w i t h the 
o t h e r ( c a r b o n and hydrogen) l e v e l s , as i t i s the medium 
t h a t bounds the oxygen to the o t h e r a toms; i t does not 
appear c l e a r l y on the XPS s p e c t r a . Notewor thy i s the 
s i g n a t u r e o f the oxygen lone p a i r s (02p TT non b o n d i n g 
m o l e c u l a r o r b i t a l s ) ; they appear as the r i g h t m o s t 
s t r u c t u r e s , a t the l owes t b i n d i n g ene rgy . They p l a y an 
i m p o r t a n t r o l e i n c h a r a c t e r i z i n g the polymer m o l e c u l a r 
s t r u c t u r e , as they are i n t i m a t e l y r e l a t e d to the p r o 
p e r t i e s o f s u r f a c e w e t t a b i l i t y o f such types o f com-
p ound s. 

2 . The i n t e r a c t i o n (bond ing ) o f oxygen w i t h the carboneous 
s k e l e t o n i s seen e . g . i n the C-C b o n d i n g band as new 
s t r u c t u r e s t h a t a re r e l a t e d to the o v e r l a p between the 
C2s and 02p m o l e c u l a r o r b i t a l s to form the new C-0 bonds 
( t h e y a re b e s t seen i n the PTMO spec t rum as the two new 
s t r u c t u r e s a p p e a r i n g i n the m i d d l e o f the C-C b a n d ) . 
The d i s c u s s i o n and ass ignment o f the M . O . o f the p r e 
sen ted s p e c t r a are g i v e n e l sewhere ( 3 1 , 3 2 ) . We want 
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Figure 10. XPS valence band spectra of the linear polyethers: (1) poly (methylene 
oxide), (2) polyfethylene oxide), (4) poly(tetramethylene oxide) (4). 
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here to s t r e s s o n l y on the t r e n d s t h a t a re c l e a r l y seen 
i n the bandwid ths and shapes , as a consequence o f the 
i n t e r a c t i o n s between the ca rbon and oxygen o r b i t a l s . 
F o r example , the 02s peak i s measured to na r row from 5 .7 
to 3 .8 and 3 .5eV f o r the po lymers PMO, PEO, and PTMO 
r e s p e c t i v e l y ; t h i s f i n g e r p r i n t s the p r o g r e s s i v e i s o l a 
t i o n o f the oxygen atom i n the ca rbon c h a i n (as a 
r e f e r e n c e , the 02s l i n e w i d t h o f p o l y ( v i n y l m e t h y l 
e t h e r ) PVME and p o l y ( v i n y l a l c o h o l ) PVOH a re 3 .7 and 
3 .8eV r e s p e c t i v e l y ) . C o r r e s p o n d l i n g l y , the C2s band 
broadens out from 5.1 (PMO) to 7 .1eV (PTMO), a p p r o a c h 
i n g the w i d t h measured f o r the i n f i n i t e - C H ^ - sequence 
i n p o l y e t h y l e n e ; 7 . 7 e V . I t i s no tewor thy to p o i n t out 
he re t h a t these t r e n d s obse rved i n the v a l e n c e band 
s p e c t r a are c o r r e l a t e d by s e p a r a t e t h e o r e t i c a l c a l c u l a 
t i o n s a t the Ex tended H u c k e l l e v e l ( 3 3 )

M i s c e l l a n e o u s . T
v a l e n c e band s p e c t r a i t would be u s e f u l to add measurements on 
v a r i o u s n i t r o g e n , o r s i l i c o n , o r s u l f u r c o n t a i n i n g p o l y m e r s . 
These d a t a are not y e t a v a i l a b l e n o w . . . t h e y would be o f i n t e r e s t 
f o r the XPS s tudy o f p o l y u r e t h a n e s , p o l y s i l o x a n e s , r e s i n s , p o l y 
m e r i c g l u e s , p o l y s u l f o n e s . . . 

I somer i sm 

I n t r o d u c t i o n . S u b s t i t u t i o n e f f e c t s i n the v a l e n c e band 
s p e c t r a o f po lymers a re the l a r g e s t e f f e c t s one c o u l d hope to see 
w i t h the XPS t e c h n i q u e ; i n d e e d , l i k e f o r a co re l e v e l a n a l y s i s , i t 
i s when one he t e roa tom i s i n c l u d e d i n or a s i d e the po lymer 
s k e l e t o n t h a t one expec t s to see the most s u b s t a n t i a l m o d i f i c a 
t i o n s i n the s p e c t r a ; new peaks o r bands , i n f l u e n c e ( s h i f t . . . ) on 
the e x i s t i n g s t r u c t u r a l c h a r a c t e r i s t i c s . B u t , a l l the po lymers 
t h a t a re p r o c e s s e d and s t u d i e d nowadays do not d i f f e r e x c l u s i v e l y 
by t h e i r c h e m i c a l c o m p o s i t i o n . W i t h i n one s e r i e s or f a m i l y o f 
p o l y m e r s , t he r e e x i s t s compounds w i t h v a r i o u s m o l e c u l a r w e i g h t 
(we d i d show p r e v i o u s l y t h a t the XPS t e c h n i q u e i s not a b l e t o 
d i s t i n g u i s h between two po lymers w i t h d i f f e r e n t h i g h m o l e c u l a r 
w e i g h t ) . , c r y s t a l l i n i t y , t a c t i c i t y , i s o m e r i s m ( l i n e a r , b r a n c h e d , 
r a m i f i e d s t r u c t u r e s ; h e a d - t o - h e a d l i n k a g e s . . . ) . 

c h e m i c a l i n d u s t r i e s s y n t h e s i z e now more and more e l a b o r a t e d 
m a t e r i a l s , they e x p l o i t not o n l y a d d i t i v e s ( f o r the s y n t h e s i s , 
the p r o c e s s i n g , the s t a b i l i t y . . . ) , bu t a l s o r e a c h now the v e r y 
p r o m i s i n g f i e l d o f the copo lymers where a l l the parameters c i t e d 
above c o u l d be p l a y e d w i t h f o r two, or t h r e e . . . p o l y m e r s i n the 
same m a t e r i a l . These new po lymers a re expec t ed to become v e r y 
s o p h i s t i c a t e d and d e d i c a t e d to v e r y s p e c i f i c a p p l i c a t i o n s . . . . 
T h e r e f o r e , new t e c h n i q u e s a re scanned now to widen the a v a i l a b l e 
a n a l y t i c a l t o o l s i n o r d e r to h e l p the more c l a s s i c a l ones ( i n f r a 
r e d a b s o r p t i o n and n u c l e a r magne t i c r e s o n a n c e ) . 
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X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y , t h rough the a n a l y s i s o f 
the polymer co re l e v e l s s p e c t r a d i d succeed i n g i v i n g p a r t i a l 
answer to a few q u e s t i o n s o f these t y p e s . A l t h o u g h s t u d i e s o f the 
degree o f c r y s t a l l i n i t y were n e g a t i v e (35^ 36), some r e s u l t s were 
o b t a i n e d i n the s tudy o f s t r u c t u r a l i s o m e r i s m , f o r n i t r o s o r u b 
b e r s (3), p o l y b u t y l a c r y l a t e s (_7) > and p a r a c y c l o p h a n e s (37). The 
l i m i t s o f the method are a l r e a d y n o t e d : the c o r e l e v e l s p e c t r a o f 
s t r u c t u r a l i somers are v i r t u a l l y i d e n t i c a l . I n some p a r t i c u l a r 
c a s e s , one migh t be a b l e to i d e n t i f y i s o m e r s , u s i n g XPS w i t h 
monochromat ized X - r a y s o u r c e , s t u d y i n g the shake-up s a t e l l i t e s i f 
any, and w i t h the h e l p o f a p p r o p r i a t e t h e o r e t i c a l c a l c u l a t i o n s . 
R e s u l t s o b t a i n e d on copo lymers are more p r o m i s i n g to s tudy the 
s u r f a c e c o m p o s i t i o n , t opography , morpho logy , and the f i r s t o u t e r 
most l a y e r s ( e . g . c o ( p o l y d i m e t h y l s i l o x a n e and p o l y s t y r e n e ) , or 
c o ( p o l y s t y r e n e and p o l y ( e t h y l e n e o x i d e ) ) (38, 39). 

The XPS v a l e n c e band s p e c t r a p i c t u r e d i r e c t l  the bonds 
between the atoms o f th
the compounds (34) e s p e c i a l l y  po lymer g y
atoms; c o u l d the t e c h n i q u e ( w i t h the use o f complementary r e f e r 
ence s p e c t r a , a n d / o r t h e o r e t i c a l d e n s i t y o f s t a t e s c a l c u l a t i o n s ) 
be s e n s i t i v e enough to a l l o w an i d e n t i f i c a t i o n o f i somers? 

I f i n the s tudy o f the po lymers p r i m a r y s t r u c t u r e we d i d not 
e s p e c i a l l y take i n t o accoun t p a r t i c u l a r c h a r a c t e r i s t i c pa ramete rs 
o f the compounds because " s u b s t i t u t i o n e f f e c t s " a re so c l e a r l y 
marked , i t i s c l e a r t h a t i n s t u d y i n g the secondary s t r u c t u r e o f 
the p o l y m e r s , we must be v e r y c a r e f u l and c r i t i c a l , about the 
p r e p a r a t i o n and c h a r a c t e r i z a t i o n o f the compounds as f a r as the 
i s o m e r i c c o n f o r m a t i o n , t a c t i c i t y , a n d / o r c r y s t a l l i n i t y . . . a re 
c o n c e r n e d . I t i s i ndeed expec t ed t h a t the e f f e c t s t h a t must be 
e x p e r i m e n t a l l y e v i d e n c e d w i l l be ( v e r y ) f i n e , and s m a l l i n a m p l i 
t u d e . I t i s the r e a s o n why the compounds, whose XPS s p e c t r a a re 
d i s c u s s e d b e l o w , were s y n t h e s i z e d and c h a r a c t e r i z e d by s p e c i a l 
i z e d l a b o r a t o r i e s i n the w o r l d ( p r a c t i c a l i n f o r m a t i o n s w i l l be 
g i v e n e l sewhere (40, 41). 

I somer i sm i s a te rm c o v e r i n g d i f f e r e n t m o l e c u l a r con fo rma
t i o n e f f e c t s . We w i l l not speak here a g a i n on the type o f 
i n f o r m a t i o n t h a t can be g a i n e d on the a l t e r n a t i n g or b l o c k 
s t r u c t u r e o f c o p o l y m e r s , as was e x p l a i n e d above f o r an e t h y l e n e -
t e t r a f l u o r o e t h y l e n e c o p o l y m e r . Fo r homopolymers , we w i l l d i s t i n 
g u i s h v a r i o u s c a t e g o r i e s : 

- c o n s t i t u t i o n i s o m e r s , i . e . po lymers t h a t have the same 
c h e m i c a l f o r m u l a , bu t whose bonds a re d i f f e r e n t l y o r g a n 
i z e d , l i k e i n l i n e a r or b ranched s t r u c t u r e s ; 

- h e a d - t o - h e a d l i n k a g e s ; 
- s t e r e o i s o m e r i s m , i . e . po lymers whose f u n c t i o n a l groups are 

c i s - o r t r a n s - , r e l a t i v e to a doub le bond; 
- o r i s o - and s y n d i o - p o l y m e r s , r e l a t i v e to the ma in s k e l e t o n 

( t a c t i c i t y ) . 

S t r u c t u r a l I s o m e r i s m . S o l e l y h y d r o c a r b o n based po lymers ( t h a t 
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d i f f e r o n l y by s a t u r a t e d and u n s a t u r a t e d bonds) can be c o n s i d e r e d 
i n a broadened sense as s t r u c t u r a l i s o m e r s . I t has a l r e a d y been 
shown t h a t XPS c o r e l e v e l s p e c t r a can e a s i l y d i s t i n g u i s h between 
the two types o f compounds as shake-up s a t e l l i t e s a re r e l a t e d t o 
the e x i s t e n c e o f e l e c t r o n s i n the u n s a t u r a t e d po lymers (23^). We 
want to men t ion here t h a t s i m i l a r r e s u l t s a re a c h i e v e d by an 
o v e r l o o k to the v a l e n c e band s p e c t r a o f the concerned compounds; 
t h i s was a l r e a d y shown f o r p o l y s t y r e n e and p o l y ( v i n y l c y c l o 
h e x a n e ) , see above and ( l f j ) . We p r e s e n t here ( F i g u r e 11) ano the r 
example o f t h i s p o t e n t i a l i t y o f the t e c h n i q u e ; i t concerns 
p o l y ( l - b u t e n e ) and p o l y ( b u t a d i e n e l , 4 ) c i s . These v a l e n c e band 
s p e c t r a a re so p r o f o u n d l y d i f f e r e n t t h a t they u n d o u b t l y f i n g e r 
p r i n t the compounds. 

Examples o f r e a l i s o m e r i s m o f c o n s t i t u t i o n are v e r y numerous; 
we l i s t he re a few s e r i e s o f compounds wh ich were more or l e s s 
e a s i l y i d e n t i f i e d by t h e i r XPS v a l e n c e band s p e c t r a  G e n e r a l l y
they are r e l a t i v e l y s i m p l
monomer i c u n i t c o n t a i n
expec t ed t h a t the d i s t i n c t i o n between two i somers w i l l be l e s s 
e v i d e n t . We d i s t i n g u i s h here the two f o l l o w i n g groups o f p o l y 
mers , and o n l y l i s t the compounds a l r e a d y s t u d i e d ( the l i s t 
c o n t a i n s a l l the compounds a l r e a d y s t u d i e d i n the l a b o r a t o r y or 
e l s e w h e r e ; i t i s no t r e s t r i c t i v e : a l l the i somers s t u d i e d up to now 
were found d i f f e r e n t by t h e i r v a l e n c e band s p e c t r a ) : 

1. f o r p u r e l y h y d r o c a r b o n p o l y m e r s : 
- p o l y ( 3 - m e t h y l l - b u t e n e ) a n d p o l y ( l - p e n t e n e ) , w i t h a 

C , . H l n monomeric u n i t . 
- p o l y C 4 - m e t h y l 1-pentene) and a c o p o l y m e r ( b u t e n e - 2 , 

e t h y l e n e ) w i t h a C ^ H ^ monomeric u n i t . 

2 . f o r oxygen c o n t a i n i n g p o l y m e r s : 
- p o l y ( v i n y l a l c o h o l ) and p o l y ( e t h y l e n e o x i d e ) w i t h a 

C^H^O u n i t ; bu t i n t h i s case the ca rbon I s co re l e v e l 
s p e c t r a o f the two compounds a re d i f f e r e n t ( 2 4 , 3 1 , 
3 2 ) ; 

- p o l y ( p r o p y l e n e o x i d e ) and p o l y ( v i n y l m e t h y l e t h e r ) w i t h 
a C ^ O u n i t ; 

- p o l y t t e t r a m e t h y l e n e o x i d e ) and p o l y ( v i n y l e t h y l e t h e r ) 
w i t h C^HgO u n i t ; 

- t h r e e i s o m e r i c p o l y ( b u t y l a c r y l a t e s ) (7) w i t h a CyH^^O^ 
u n i t ; 

- f o u r i s o m e r i c p o l y ( b u t y l m e t h a c r y l a t e s ) (34) w i t h a 
C 8 H 1 4 ° 2 U n i t * 

The i n t e r p r e t a t i o n o f the v a l e n c e band s p e c t r a o f these 
po lymers can be found e l sewhere ( 3 1 , 3 2 ) . 

F i g u r e 12 i s i n c l u d e d to s u b s t a n t i a t e the a b i l i t y o f the XPS 
t e c h n i q u e to d i s t i n g u i s h two c o n s t i t u t i o n i s o m e r s ; i t compares 
the co re and v a l e n c e s p e c t r a r e c o r d e d f o r PPO and PVME, and shows 
t h a t , whereas the C l s l e v e l s appear v e r y much a l i k e , the v a l e n c e 
bands r e a d i l y d i s t i n g u i s h the two p o l y m e r s . 
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Figure 12. XPS valence band and core level spectra of poly(propylene oxide) and 
poly(vinyl methyl ether) (4) 
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Head-to-Head and Head-to-Tail Linkages. Errors in the l ink
ages between successive monomeric units of the polymers are 
possible (and always statist ically present). The effect of head-
to-head (HH) and head-to-tail (HT) bonds in the XPS core levels 
spectra of substituted polymers have been computed and found at 
the limit of the sensitivity of the technique (e.g. 42). The 
control of these linkages during the synthesis is diff icult and 
the number of polymers that can be prepared with 100% of HH or HT 
linkages is small (43). 

Two compounds of this type were placed at our disposal; 
isotactic polypropylene and an alternating erythro-iso-copolymer 
of butene-2 and ethylene. Looking to the extended chemical 
formula of the latter (Figure 13), it is indeed immediately 
evident that this copolymer can be considered as an equivalent to 
a HH polypropylene. The XPS analysis of the valence band spectrum 
of this compound reveals that its electronic structure, reflected 
through the C-C (C2s) molecula
from that of polypropylen

In view of this favorable experience, it is now highly 
desirable to test the potentiality of the technique on other 
series of HH and HT polymers. 

Stereoisomerism. The first trials to use the XPS valence 
band spectra to distinguish between two stereoisomers were un
successful. Cis- and trans- poly(isoprene) - with short branched 
chain and small substitution effects-, as well as c is- and trans-
poly (1,4dichloro-2,3epoxybutene) - with longer branched chain and 
more intense substituent effects- did not show in our first 
measurements significant differences in their valence band spec
tra that could be attributed to the searched effect. Before 
concluding in a limitation of the technique, we note: 

- that the poly(isoprene) samples were commercially 
available compounds, whose (chemical and stereo
isomer ic) purity was not known, and that very likely 
they were highly cross linked as no care was taken to 
store adequately the polymers. 

- the poly(1,4 dichloro-2,3 epoxybutenes), two well char
acterized research products, are probably much too 
complicated systems to be distinguished by their XPS 
valence band spectra. 

Indeed, preliminary results just acquired for cis- and 
trans- 1,4polybutadiene are more promising as substantial modi
fications appear in their valence band spectra (the Cis core level 
peaks are exactly comparable (41)). This indicates that more 
research in this field is worthwhile and wil l be carried on in the 
near future. 

Tacticity. As the XPS core level investigation of the 
tacticities in the polymers revealed itself a relatively in 
sensitive technique (34), it was worthwhile to test the poten-
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Figure 13. Extended chemical formula of a butene-2 and ethylene copolymer 
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Figure 14. XPS valence band spectra of HH and HT polypropylenes 
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t i a l i t y o f the XPS v a l e n c e band a n a l y s i s . S t u d i e s ( l f j , 44) o f 
p o l y p r o p y l e n e r e v e a l e d d i s c r e p a n c i e s i n the compar i son o f e x p e r i 
m e n t a l and quantum c h e m i c a l c a l c u l a t i o n s on the v a l e n c e band . The 
s i m p l i c i t y o f the monomer s t r u c t u r e and the a c t u a l c o m m e r c i a l 
i n t e r e s t o f the polymer r ende r i t s s tudy more a t t r a c t i v e . 
S p e c i a l l y s y n t h e s i z e d and c h a r a c t e r i z e d i s o - (99%) and s y n d i o -
(80-95%) t a c t i c p o l y p r o p y l e n e were s t u d i e d , and the v a l e n c e band 
s p e c t r a o f the two s t e r e o i s o m e r s were found p r o f o u n d l y d i f f e r e n t 
by t h e i r C2s band shape ( F i g u r e 1 5 ) ; i t s w i d t h i s i d e n t i c a l i n the 
two compounds, but the b o n d i n g subband (a t h i g h e s t b i n d i n g 
energy) i s marked ly reduced i n i n t e n s i t y and l o s s e s o f i t s 
s u b s t r u c t u r e s i n s y n d i o - t a c t i c P P . We note i n a d d i t i o n t h a t no 
change i n the ca rbon I s l e v e l c o u l d be d e t e c t e d . The da ta a re 
d i s c u s s e d i n l e n g t h w i t h the a i d o f new t h e o r e t i c a l c a l c u l a t i o n s 
e l sewhere ( 1 ^ , 4 0 ) . 

Po lymer C o n f o r m a t i o
r e g u l a r i t y and t a c t i c i t y
po lymer c h a i n i n the s o l i d m a t e r i a l c o u l d i n f l u e n c e i t s e l e c t r o n 
i c s t r u c t u r e , t h rough a m o d i f i c a t i o n o f i t s v a l e n c e band m o l e c 
u l a r o r b i t a l s . I ndeed , a few y e a r s ago, v e r y c h a r a c t e r i s t i c band 
s t r u c t u r e s were c a l c u l a t e d f o r T , G, TG, and TGTG p o l y e t h y l e n e s 
( 4 5 ) . More r e c e n t l y , Ex tended H u c k e l c r y s t a l o r b i t a l c a l c u l a 
t i o n s showed t h a t f o r i s o t a c t i c p o l y p r o p y l e n e , a z i g - z a g p l a n a r 
or a h e l i c a l c o n f o r m a t i o n r e s u l t e d i n s i g n i f i c a n t changes i n the 
t h e o r e t i c a l v a l e n c e band s p e c t r a , s u p p o r t i n g the i d e a t h a t c o n 
f o r m a t i o n e f f e c t s c o u l d be d e t e c t e d e x p e r i m e n t a l l y by the XPS 
method ( 4 4 ) . 

I s o t a c t i c p o l y p r o p y l e n e does not e x i s t i n the two z i g - z a g 
and h e l i x c o n f o r m a t i o n s , bu t s y n d i o t a c t i c PP i s a good c a n d i d a t e 
f o r t h i s s e a r c h . Indeed , a c c o r d i n g to the p r e p a r a t i o n p rocedure 
o f the po lymer ( 4 6 ) , i t can e x i s t i n a h e l i x o r z i g - z a g p l a n a r 
c o n f o r m a t i o n . S y n d i o - P P f i l m s were p r e p a r e d f o l l o w i n g b o t h ways , 
t h e i r c o n f o r m a t i o n checked by I R , and s t u d i e d by X P S . T h e i r 
v a l e n c e band s p e c t r a a g a i n show d i s t i n c t d i f f e r e n c e s i n the C2s 
band ( F i g u r e 1 6 ) ; f o r z i g - z a g PP t h a t i s p r o b a b l y h i g h l y amor
phous , the C-C band w i d t h i n c r e a s e d by about l e V , whereas the 
bond ing subband i n c r e a s e d i n i n t e n s i t y and became more s t r u c t u r e d 
( 4 0 ) . 

That success l e d us to t a c k l e ano the r more c o m p l i c a t e d 
q u e s t i o n ; i s i t p o s s i b l e w i t h the XPS v a l e n c e band s p e c t r a t o 
d i s t i n g u i s h between c r y s t a l l i n e and amorphous po lymers? I t has 
a l r e a d y been shown t h a t co r e l e v e l a n a l y s i s was not s u c c e s s f u l 
( 3 6 ) . From o t h e r measurements , m a i n l y on semiconduc to r mate
r i a l s , i t i s known t h a t , i f the co r e l e v e l peaks o f the amorphous 
m a t e r i a l s were s l i g h t l y b r o a d e r , the main m o d i f i c a t i o n s appear i n 
the v a l e n c e band where the f i n e d e t a i l s a re smeared out compared 
to the c r y s t a l l i n e m a t e r i a l ( 4 7 ) . 

C r y s t a l l i n e and amorphous p o l y s t y r e n e were chosen f o r the 
XPS s t u d y . B u t , the two r e c o r d e d v a l e n c e band s p e c t r a do no t 
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Figure 15. XPS valence band spectra of iso- and syndio-polypropylenes 
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Figure 16. XPS valence band spectra of syndio-polypropylene in the helical and 
zig-zag planar conformations 
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appear n o t a b l y d i f f e r e n t from each o t h e r . We n o t i c e d o n l y a 
s l i g h t m o d i f i c a t i o n o f the w i d t h o f the a n t i b o n d i n g C2s band , and 
a s m a l l ( 0 . 1 5 e V , a t the i n s t r u m e n t a l d e t e c t i o n l i m i t ) s h i f t o f the 
whole C-C band r e l a t i v e to the C-H m o l e c u l a r o r b i t a l s . F o r 
c o m p l e t e n e s s , we add t h a t the two p o l y s t y r e n e s d i d not p r e s e n t 
d i f f e r e n t C i s c o r e peaks and C i s shake-up s a t e l l i t e s ( o n l y the C i s 
l i n e i t s e l f i s s l i g h t l y b roadened , from 1.1 to 1 . 2 e V - i n the 
amorphous s t a t e ) . I s t h i s f a i l u r e due to a damage o f the samples 
by i r r a d i a t i o n ? ) ? I s t h i s exper iment a p r o o f o f one l i m i t a t i o n i n 
the p o t e n t i a l i t i e s o f the XPS t e c h n i q u e ? F u r t h e r expe r imen t s a re 
needed to g i v e a d e f i n i t i v e answer , bu t i t i s a l r e a d y c l e a r a t the 
moment - t h rough the r e s u l t s p r e s e n t e d i n t h i s r e v i e w - t h a t , l i k e 
f o r the s t u d i e s o f o t h e r types o f compounds, the dominant s t r u c 
t u r e s a p p e a r i n g i n the v a l e n c e band s p e c t r a o f the po lymers a re 
d i c t a t e d by the a tomic p r o p e r t i e s ( c h e m i c a l c o m p o s i t i o n d e f i n i n g 
the s u b s t i t u e n t e f f e c t )  and by the s h o r t range o r d e r ( i n the 
l a r g e s t sense , i s o m e r i s
r ega rds the l o n g range
polymer c r y s t a l l i n e form or the i n t e r c h a i n i n t e r a c t i o n s . . . ) , i t 
p r o b a b l y i n f l u e n c e s the e l e c t r o n i c s t r u c t u r e o f the v a l e n c e bands 
th rough o n l y ( t o o ) f i n e d e t a i l s . 

Other I n f o r m a t i o n s A v a i l a b l e from the V a l e n c e Band S p e c t r a 

F o r sake o f comple teness and o n l y b r i e f l y (as o t h e r r e v i e w s 
a re s p e c i a l l y d e d i c a t e d to these s u b j e c t s ) , we would l i k e t o 
men t ion t h a t XPS v a l e n c e band s p e c t r a o f po lymers can a l s o be used 
- g o i n g beyond a s o l e i n t e r p r e t a t i o n o f the m o l e c u l a r o r b i t a l s i n 
the v a l e n c e band - to p r o v i d e i n f o r m a t i o n s on some s o l i d s t a t e 
pa ramete rs and on s u r f a c e s t r u c t u r e e f f e c t s o f the p o l y m e r s . 

The low b i n d i n g energy s t r u c t u r e s i n the v a l e n c e band o f the 
po lymers a re b r o a d , l e s s s t r u c t u r e d and o f low i n t e n s i t y . N e v e r 
t h e l e s s , from these da ta i t i s p o s s i b l e to e x t r a c t v a l u a b l e 
i n f o r m a t i o n s on the band gap (between the v a l e n c e and c o n d u c t i o n 
bands) and the work f u n c t i o n o f the p o l y m e r s . These p r o p e r t i e s 
are r e l e v a n t to u n d e r s t a n d e . g . the c o n d u c t i v i t y and a d h e s i o n o f 
commerc i a l p o l y m e r s . Data a re a v a i l a b l e on model compounds, 
a l k a n e s (_18), benzene (_19) and o t h e r acenes (2_0), p o l y p h e n y l (21) 
and o t h e r po lymers ( l f j , 4 8 ) . 

B e i n g e s s e n t i a l l y a s u r f a c e t e c h n i q u e , XPS v a l e n c e band 
s p e c t r a a l s o a l l o w s to m o n i t o r m o d i f i c a t i o n s o c c u r r i n g at the 
polymer s u r f a c e d u r i n g a d s o r p t i o n , r e a c t i o n s , o f d e g r a d a t i o n . . . 
V e r y few c o n t r i b u t i o n s a r e , up to now, d e a l i n g w i t h such s t u d i e s 
( 4 9 ) . The most d i r e c t use o f the t e c h n i q u e i s a c t u a l l y a 
compar i son o f the co re and v a l e n c e p h o t o e l e c t r o n l i n e i n t e n s i t i e s 
t o deduce i n f o r m a t i o n s about the s u r f a c e and the i n - d e p t h com
p o s i t i o n o f the p o l y m e r , as w e l l as about the o r i e n t a t i o n o f the 
m a c r o m o l e c u l a r c h a i n at the s u r f a c e boundary . 
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C o n c l u s i o n s 

X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y used to s tudy the e l e c 
t r o n i c s t r u c t u r e o f po lymers th rough the a n a l y s i s o f t h e i r 
v a l e n c e band s p e c t r a was found to p r e s e n t v e r y i n t e r e s t i n g p o t e n 
t i a l i t i e s , bu t a l s o some l i m i t s . 

I f the t e c h n i q u e was not found s e n s i t i v e to d i s t i n g u i s h 
po lymers w i t h d i f f e r e n t h i g h m o l e c u l a r w e i g h t , we p roved t h a t i t 
g i v e s an i n s t a n t a n e o u s p i c t u r e o f the e l e c t r o n i c s t r u c t u r e o f a 
r a t h e r l a r g e (10 to 20 c o n s e c u t i v e ca rbon atoms) p o r t i o n o f the 
polymer s k e l e t o n . 

S u b s t i t u t i o n o f hydrogen atom i n the C H ^ - C ^ - po lymer 
s k e l e t o n r e s u l t s a lways i n s i g n i f i c a n t m o d i f i c a t i o n s i n the 
v a l e n c e bands ; t h i s i s m o s t l y i n t e r e s t i n g f o r the s o l e l y h y d r o 
ca rbon based p o l y m e r s , f o r wh ich the v a l e n c e band da t a r e p r e s e n t a 
un ique source o f i n f o r m a t i o n  as they u s u a l l y f i n g e r p r i n t the 
po lymer (when no shake-u
d a t a ) . G e n e r a l t r e n d
p r e s e n t e d f o r po lymers c o n t a i n i n g f l u o r i n e , c h l o r i n e , and oxygen 
atom( s ) . 

Numerous examples o f c o n s t i t u t i o n i somer i sms t h a t can be 
s o l v e d w i t h the a i d o f the v a l e n c e band s p e c t r a were g i v e n . A l s o , 
f o r s p e c i a l l y s y n t h e s i z e d and c h a r a c t e r i z e d compounds, i t was 
p o s s i b l e to show a p o t e n t i a l i t y o f the t e c h n i q u e to e v i d e n c e h e a d -
t o - h e a d l i n k a g e s , s t e r e o i s o m e r s ( ? ) , t a c t i c i t i e s and ( a l t e r 
n a n t / b l o c k ) s t r u c t u r e o f c o p o l y m e r s . I f the i n f l u e n c e o f c o n 
f o r m a t i o n i n the v a l e n c e band c o u l d a l s o be e v i d e n c e d , no success 
was o b t a i n e d f o r d i f f e r e n t i a t i n g c r y s t a l l i n e and amorphous 
p o l y m e r s . 

A lmos t t en yea r s a f t e r the r e c o r d i n g o f the f i r s t v a l e n c e 
band s p e c t r a o f p o l y m e r s , i t appears t h a t the method has not y e t 
r eached i t s m a t u r i t y . A fundamen ta l , c a u t i o u s , s y s t e m a t i c , and 
p r o g r e s s i v e i n v e s t i g a t i o n o f the s i m p l e s t po lymers i s needed to 
d i s c o v e r a l l the i n f o r m a t i o n s t h a t can be e x t r a c t e d from the f i n e 
d e t a i l s c o n t a i n e d i n the po lymer v a l e n c e band d a t a . T h i s i s 
c e r t a i n l y one f i e l d o f r e s e a r c h t h a t w i l l p r o g r e s s i n the near 
f u t u r e . 
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Identification of Chemical States by Spectral 
Features in X-Ray Photoelectron Spectroscopy 

C. D . W A G N E R 

Surfex Company, 29 Starview Drive, Oakland, CA 94618 

W h i l e the p r i n c i p a
p l i c a t i o n o f s u r f a c e a n a l y t i c a
po lymers o f t e n c o n t a i n , b e s i d e s C, H , and 0 , e lements o f Group V I I 
( h a l o g e n s ) , Group V I ( S , Se, T e ) , Group V ( N , P , A s , S b ) , and 
sometimes Group IV ( S i , Ge, S n ) . I n polymer t e c h n o l o g y the s tudy 
o f po lymers i n he t e rophase systems i s i n c r e a s i n g l y i m p o r t a n t , 
w i t h p r o c e s s i n g a d d i t i v e s , f i l l e r s , p i g m e n t s , and i n t e r f a c e s i n 
compos i tes i n v o l v i n g many o the r e l e m e n t s . F o r these reasons i t 
seems a p p r o p r i a t e to d i s c u s s t h i s s u b j e c t i n q u i t e a g e n e r a l way. 

From the e a r l i e s t p r e s e n t a t i o n s o f t h i s t e c h n i q u e (1) i t was 
c l e a r t ha t a p r i n c i p a l v a l u e o f the method i s the i n f o r m a t i o n i t 
f u r n i s h e s on the envi ronment o f the e m i t t i n g atom, o b t a i n e d by 
o b s e r v i n g the exac t energy o f the p h o t o e l e c t r o n s . C h e m i c a l 
s h i f t s i n t h i s energy a re s u b s t a n t i a l (2^) f o r c a r b o n , s u l f u r , and 
n i t r o g e n . The range i n p h o t o e l e c t r o n energy f o r these e lements i n 
o r g a n i c systems i s 7-8 eV. S i n c e l i n e p o s i t i o n s a f t e r charge 
r e f e r e n c i n g are o r d i n a r i l y d e t e r m i n a b l e w i t h an e r r o r l e s s than 
0 .5 eV, the t e c h n i q u e has been o f g r e a t v a l u e i n a n a l y s i s o f 
po lymer s u r f a c e s . 

The p r i n c i p a l l i m i t a t i o n i n i d e n t i f i c a t i o n o f c h e m i c a l 
s t a t e s has been the f a c t t h a t p h o t o e l e c t r o n l i n e energy i s a one 
parameter sy s t em. M o r e o v e r , c h e m i c a l s h i f t s i n some e lements a re 
v e r y s m a l l ; f o r example those o f Z n , A g , C d , I n , and the a l k a l i 
m e t a l s and a l k a l i n e e a r t h s encompass ranges o f l e s s than two 
e l e c t r o n v o l t s , so t h a t f o r these e lements t h i s t e c h n i q u e has 
l i t t l e use . C l e a r l y t he re i s much i n c e n t i v e to f i n d o t h e r 
s p e c t r a l f e a t u r e s t h a t p r o v i d e i n f o r m a t i o n on c h e m i c a l s t a t e . 

Shakeup S a t e l l i t e s . An u n u s u a l f e a t u r e i n many s p e c t r a i s 
the shakeup s a t e l l i t e , a l i n e or l i n e s u s u a l l y s e v e r a l eV lower i n 
k i n e t i c energy than the p a r e n t p h o t o e l e c t r o n l i n e . I t a r i s e s when 
the p h o t o e l e c t r i c t r a n s i t i o n has a s i g n i f i c a n t p r o b a b i l i t y o f 
g e n e r a t i n g a f i n a l i o n i n an e x c i t e d s t a t e . The e x t r a energy i n 
the e x c i t e d s t a t e i s r e f l e c t e d i n the energy s e p a r a t i o n o f the 
s a t e l l i t e from the main l i n e . A common example i n o r g a n i c systems 
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i s t ha t due to the TT* TT t r a n s i t i o n . I n t h i s i n s t a n c e the 
e x c i t a t i o n energy i s i n the range 5 . 5 - 8 . 5 eV (_3); a w e l l - k n o w n 
example i s t ha t o f p o l y s t y r e n e ( F i g . 1 ) . The s a t e l l i t e i s 
obse rved when the ca rbon atom i s p a r t o f a p i - b o n d e d sys t em, e . g . 
compounds w i t h benzene r i n g s , ( 4 ) , p y r r o l e , t h iophene (^5), p y r i 
d i n e , f u r a n , or even d i o l e f i n i c or m o n o - o l e f i n i c systems (6^). The 
i n t e n s i t y o f the s a t e l l i t e can be as much as 15% o f the p a r e n t 
peak . S i m i l a r s a t e l l i t e s have been obse rved w i t h a number o f 
o t h e r compounds, such as fo rmaldehyde , carbon subox ide (_7)> 
t e t r a c y a n o q u i n o d i m e t h a n e (8) and m e t a l c a r b o n y l s . The s a t e l l i t e s 
have been obse rved w i t h the l i n e s o f the he te roa toms as w e l l as 
w i t h C i s , w i t h s i m i l a r , but not i d e n t i c a l , energy s e p a r a t i o n s and 
i n t e n s i t i e s . The energy s e p a r a t i o n and i n t e n s i t y a re un ique f o r 
l i n e s from each atom i n each c h e m i c a l s t a t e . 

Shakeup s a t e l l i t e s are o f t e n more i n t e n s e w i t h pa ramagne t i c 
i n o r g a n i c i o n s , such as those o f the f i r s t t r a n s i t i o n s e r i e s  the 
r a r e e a r t h s , and the a c t i n i d e s
s e r i e s can be q u i t e comple
( m u l t i p l e e x c i t e d s t a t e s ) p o s s i b l e . F r o s t , I s h i t a n i , and 
McDowel l (9) f o r copper compounds and M a t i e n z o e t a l (10) and 
Tolman et a l ( J J J fo r n i c k e l compounds have f u r n i s h e d r a t h e r 
comprehens ive da t a on s a t e l l i t e e n e r g i e s and i n t e n s i t i e s . The 
pa ramagne t i c o c t a h e d r a l and t e t r a h e d r a l n i c k e l complexes e x h i b i t 
shakeup p a t t e r n s , w h i l e the d i a m a g n e t i c square p l a n a r ones do 
n o t . W i t h copper the pa ramagne t i c c u p r i c s t a t e s have shakeup 
s a t e l l i t e s w h i l e the d i a m a g n e t i c cuprous s t a t e s do n o t . The r u l e 
i s no t i n v a r i a b l e , however , and s a t e l l i t e s a re sometimes o b s e r v e d 
w i t h d i a m a g n e t i c s p e c i e s , but u s u a l l y i n much lower i n t e n s i t y . 
W i t h the t r a n s i t i o n m e t a l s the e x c i t a t i o n mechanism u s u a l l y i n 
v o l v e s charge t r a n s f e r w i t h the l i g a n d . B r i s k and B a k e r (12) 
summarize the d i s c u s s i o n s on mechanism t h a t have appeared . 

R a r e e a r t h i o n s a l s o e x h i b i t complex shakeup s a t e l l i t e p a t 
t e r n s . That o f Ce3d i n CeO^ i s e s p e c i a l l y no tewor thy i n the f a c t 
t h a t two s a t e l l i t e s f o r each o f Ce3d« and C e 3 d ^ * 2 appear , one o f 
them more i n t e n s e than the p r i m a r y l i n e and s e p a r a t e d from i t by 
as much as 16 eV ( F i g . 3 ) . A c t i n i d e compounds a l s o e x h i b i t many 
s a t e l l i t e s i n t h e i r s p e c t r a . Wide use o f t hese f e a t u r e s i n 
a n a l y t i c a l work a w a i t s c o l l e c t i o n o f these s p e c t r a i n a compre
h e n s i v e r e v i e w . 

M u l t i p l e t S p l i t t i n g . I n t e r a c t i o n o f a core vacancy r e s u l t 
i n g from the p h o t o e l e c t r i c p r o c e s s w i t h u n p a i r e d e l e c t r o n s i n a 
v a l e n c e s h e l l i nduces m u l t i p l e t s p l i t t i n g i n the l i n e s c o r r e s 
pond ing to the e m i t t e d e l e c t r o n . Thus , the 3s l e v e l i n the 
t r a n s i t i o n m e t a l s e x h i b i t r e l a t i v e l y s i m p l e s p l i t t i n g s , o f t e n o f 
s e v e r a l eV, s p e c i f i c f o r each c h e m i c a l s t a t e (_13). The 2p l e v e l s 
a re s p l i t i n t o m u l t i p l e l i n e s , and the e f f e c t o f t h e i r c o n v o l u t i o n 
i s to widen the apparen t s p l i t o f the d o u b l e t ( 1 4 ) . F r o s t , e t a l 
(15) t a b u l a t e the 2p s p l i t t i n g f o r c o b a l t compounds, w h i c h v a r i e s 
i n the range 14.6 to 16.1 eV. There s h o u l d be s i m i l a r v a r i a b i l i t y 
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Perkin-Elmer Corporation 

Figure 1. Shakeup line for the C-ls line in polystyrene (2) 

Perkin-Elmer Corporation 

Figure 2. Examples of shakeup lines in the Cu-2p spectrum (2). Energy separa
tion of the 2p lines is 19.8 eV. 
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BINDING ENERGY. eV 

Perkin-Elmer Corporation 

Figure 3. Shakeup spectra in the Ce-3d lines of eerie oxide (2) 

* 9.2eV 

Figure 4. Multiplet splitting effects in the Cr-2p doublet 
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f o r N i , F e , Mn, and C r . Chromate i o n and ch romic o x i d e are 
r e a d i l y d i s t i n g u i s h e d by t h i s e f f e c t ( F i g . 4 ) as w e l l as by the 

shakeup s a t e l l i t e s and the m u l t i p l e t s p l i t t i n g phenomena, have 
the advantage t h a t c o r r e c t i o n fo r s t a t i c charge i s u n n e c e s s a r y . 

C o r e - T y p e Auger L i n e s , and C h e m i c a l S t a t e P l o t s . The 
u t i l i t y o f Auger l i n e s i n i d e n t i f i c a t i o n o f c h e m i c a l s t a t e s i s 
b e i n g r e c o g n i z e d . About h a l f o f the n a t u r a l l y - o c c u r r i n g e lements 
p r e s e n t i n s o l i d s t a t e m a t e r i a l s e x h i b i t Auger l i n e s i n XPS 
s p e c t r a w i t h A l or Mg X - r a d i a t i o n ( F i g . 5 ) . Of t h e s e , twenty two 
e x h i b i t c o r e - t y p e Auger t r a n s i t i o n s ( f i n a l v a c a n c i e s i n c o r e 
l e v e l s ) and s i x t e e n have v a l e n c e - t y p e Auger t r a n s i t i o n s . C o r e -
type Auger groups i n the s p e c t r a o f n e i g h b o r i n g e lements a re v e r y 
s i m i l a r , d i f f e r i n g o n l y i n magni tude o f l i n e s p a c i n g , and have a t 
l e a s t one l i n e t h a t i s narrow and i n t e n s e  C h e m i c a l s h i f t s i n 
these l i n e s a re d i f f e r e n
p h o t o e l e c t r o n l i n e s o f th
o f the most i n t e n s e p h o t o e l e c t r o n l i n e a re p l o t t e d a g a i n s t those 
o f the most i n t e n s e or sharp Auger l i n e f o r compounds o f the same 
e l emen t , the r e s u l t i n g t w o - d i m e n s i o n a l a r r a y becomes much more 
u s e f u l f o r i d e n t i f y i n g c h e m i c a l s t a t e s . An example i s shown i n 
F i g . 6 f o r c o p p e r . C u p r i c compounds are a l l l o c a t e d at h i g h e r 
p h o t o e l e c t r o n b i n d i n g e n e r g i e s and have i d e n t i f y i n g shakeup 
l i n e s . Cuprous fo rms , on the o t h e r hand , have v i r t u a l l y the same 
p h o t o e l e c t r o n b i n d i n g energy as e l e m e n t a l c o p p a r , and no shakeup 
s a t e l l i t e l i n e s . They are d i s t i n g u i s h a b l e , however , by the Auger 
ene rgy . S i x unknown samples c o n t a i n i n g C u , C I , S , and 0 , as w e l l 
as o t h e r m e t a l s , gave l i n e e n e r g i e s denoted by the c i r c l e s , and 
i n d i c a t e copper i s p r o b a b l y p r e s e n t as Cu S, o r p o s s i b l y Cu^O, bu t 
c l e a r l y no t C u C l o r Cu m e t a l . Many o f the c h e m i c a l s t a t e p l o t s 
embodying p r e s e n t knowledge o f l i n e e n e r g i e s have been assembled 
and p u b l i s h e d (17), i n c l u d i n g F , Na , Mg, C u , Z n , Ge , A s , S e , A g , 
C d , I n , Sn , Sb , Te , and I . 

One f e a t u r e o f these p l o t s i s o f a d d i t i o n a l i n t e r e s t . The 
d i a g o n a l g r i d r e p r e s e n t s the sum o f the Auger k i n e t i c energy and 
the p h o t o e l e c t r o n b i n d i n g ene rgy , w h i c h we c a l l the m o d i f i e d 
Auger Parameter (17), 4x1 : 

<*f = K E ( A u g e r ) + B E ( P h o t o e l e c t r o n ) (1) 

B E ( P h o t o e l e c t r o n ) = hv ( X - r a y ) - K E ( P h o t o e l e c t r o n ) (2) 

«' = hv ( X - r a y ) + KE(Auge r ) - K E ( P h o t o e l e c t r o n ) (3 ) 

<x» = hv ( X - r a y ) + * (4) 

where « i s the o r i g i n a l Auger Pa r ame te r , as d e f i n e d (_18), the 
d i f f e r e n c e i n k i n e t i c energy between the Auger and p h o t o e l e c -
t r o n s . S i n c e the c h e m i c a l s h i f t s o f Auger and p h o t o e l e c t r o n s 

b i n d i n g energy o f the A l l o f these f e a t u r e s , the 
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Figure 5. Analytically useful x-ray-generated Auger lines of the elements (( ) 
valence type; ( ) core type, conventional x-rays; ( ) core type, higher energy) 
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2p 3 / 2 Binding Energy, tV 

Figure 6. Applications of the chemical state plot to unknown copper samples. 
Duplicate points for certain chemical states represent data from different sources 

a n 
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d i f f e r , the Auger Parameter i s a l s o a f u n c t i o n o f c h e m i c a l s t a t e , 
and i s v e r y a c c u r a t e l y d e t e r m i n a b l e , s i n c e charge c o r r e c t i o n s 
c a n c e l . F o r t h i s r e a s o n the p o i n t s r e p r e s e n t i n g c h e m i c a l s t a t e on 
the t w o - d i m e n s i o n a l g r i d are r e p r e s e n t e d as r e c t a n g l e s w i t h the 
nar row d i m e n s i o n p e r p e n d i c u l a r to the Auger Parameter g r i d l i n e s . 
The m o d i f i e d Auger Parameter was adopted (17) because i t i s 
independent o f pho ton energy and i s a lways a p o s i t i v e v a l u e . 

C a s t e 1 , H a z e l l , and West (1^9) ex tended the Auger Parameter 
concept f u r t h e r when a p p l y i n g i t to m i n e r a l s c o n t a i n i n g b o t h 
aluminum and s i l i c o n . They de te rmined the Auger Paramete r fo r 
aluminum and f o r s i l i c o n f o r each m a t e r i a l , and p l o t t e d the p o i n t s 
on a t w o - d i m e n s i o n a l p l o t w i t h the s i l i c o n Auger Parameter the 
o r d i n a t e and the aluminum Auger Parameter the a b s c i s s a . Good 
d i s p e r s i o n was a c h i e v e d and the p o i n t s a re not a f f e c t e d by the 
a c c u r a c y o f charge r e f e r e n c i n g . 

S c r e e n i n g energy f o r the vacancy i n the f i n a l s t a t e o f the 
p h o t o e l e c t r o n and Auger
or p h o t o e l e c t r o n , w i t h a
e l e c t r o n because o f the l a r g e r charge b e i n g s c r e e n e d . The 
e n e r g i e s on the p l o t s c o r r e s p o n d to b u l k homogeneous s t a t e s . A 
c h e m i c a l s t a t e p r e s e n t i n a tomic or m o l e c u l a r d i m e n s i o n i n or on 
a n o t h e r s t a t e w i l l have a d i f f e r e n t s c r e e n i n g e n e r g y , and m o d i 
f i e d e n e r g i e s f o r the Auger and p h o t o e l e c t r o n s . 

The d i f f e r e n c e s i n the Auger Parameter among d i f f e r e n t chem
i c a l s t a t e s r e p r e s e n t , to a f i r s t a p p r o x i m a t i o n , t w i c e the 
d i f f e r e n c e s i n s c r e e n i n g energy (_18). Cogn izance must be t a k e n o f 
the p o s s i b i l i t y t h a t s c r e e n i n g e n e r g i e s i n a g i v e n sample w i l l no t 
be t y p i c a l o f the b u l k f o r t h a t compound, when a p p l y i n g the da t a 
i n the p l o t s . Thus , a m e t a l i n the form o f atoms i n an i n s u l a t i n g 
polymer w i l l e x h i b i t a reduced Auger Pa rame te r , and a r a r e gas 
atom t r apped i n a m e t a l w i l l e x h i b i t an enhanced Auger Paramete r 
over t h a t from the b u l k s o l i d s t a t e . 

Use o f A l and Mg r a d i a t i o n l i m i t s the e lements t h a t can be 
t r e a t e d i n t h i s way, because many i n i t i a l s t a t e s o f Auger t r a n s i 
t i o n s r e q u i r e e n e r g i e s l a r g e r than those i n the photons ( F i g . 5 ) . 
C a s t l e and West (20) have demons t ra ted t h a t u t i l i t y o f the 
b r e m s s t r a h l u n g component o f the r a d i a t i o n to geae ra t e these Auger 
l i n e s . An e v a l u a t i o n o f t h i s t e c h n i q u e (21) d i s c l o s e s t h a t A l , 
S i , P , S, and CI e s p e c i a l l y p r o v i d e KLL Auger l i n e s i n r e a s o n a b l e 
i n t e n s i t y from the b r e m s s t r a h l u n g component o f unmonochromat ized 
A l and Mg r a d i a t i o n . W i t h a b e r y l l i u m window s u b s t i t u t i n g f o r the 
u s u a l aluminum one, the KLL l i n e i s about o n e - t h i r d the i n t e n s i t y 
o f the 2p l i n e fo r A l and S i . M o r e o v e r , the s i g n a l to n o i s e i s 
more f a v o r a b l e a t k i n e t i c e n e r g i e s above t h a t c o r r e s p o n d i n g to 
the F e r m i l e v e l . 

A more g e n e r a l approach i s to employ X - r a y anodes o f g o l d 
(22), s i l v e r ( 2 2 ) , z i r c o n i u m , (19) y s i l i c o n (23) or t i t a n i u m to 
g e n e r a t e X - r a y photons o f h i g h e r ene rgy . T w o - d i m e n s i o n a l c h e m i 
c a l s t a t e p l o t s fo r S i ( 2 p , K L L ) , B r ( 3 d , LMM) and W (3d$/2 

M - N . - N , - ) have been deve loped w i t h the use o f Au M X - r a y s and 
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p u b l i s h e d (17^). A more r e c e n t v e r s i o n fo r s i l i c o n , u t i l i z i n g 
m o s t l y the b r e m s s t r a h l u n g from a magnesium anode, i s shown i n F i g . 
7 . Auger Parameter v a l u e s from r e f e r e n c e (20) f o r a number o f 
m i n e r a l s are i n c l u d e d . Of a d d i t i o n a l i n t e r e s t are da t a p o i n t s f o r 
the c h l o r o s i l a n e s ( 2 4 ) , o b t a i n e d i n gas phase . F o r them the 
k i n e t i c e n e r g i e s obse rved have been m o d i f i e d by a d d i n g 5 .0 eV to 
the vacuum l e v e l r e f e r e n c e d d a t a , to make them comparable to the 
o the r F e r m i l e v e l r e f e r e n c e d d a t a . The lower Auger Pa ramete r 
i n d i c a t e s the s c r e e n i n g energy f o r the gas phase forms to be l e s s 
than t h a t o f any o f the s o l i d s t a t e m a t e r i a l s . M o r e o v e r , d i f f e r 
ences w i t h i n the group i n d i c a t e t h a t s u b s t i t u t i o n o f CI f o r CH^ 
bonded to s i l i c o n i n c r e a s e s the s c r e e n i n g ene rgy . 

An i n t e r e s t i n g o b s e r v a t i o n has been t ha t o f i n t e n s e shakeup 
s a t e l l i t e s on h i g h energy KLL Auger l i n e s f o r such d i a m a g n e t i c 
s p e c i e s as K , C a , and T i compounds ( 2 5 , 2 6 ) . When anodes 
g e n e r a t i n g h i g h e r energ  photon  i n t  w i d e t 
these shakeup l i n e s to

V a l e n c e - T y p e Auger L i n e s . V a l e n c e - t y p e Auger l i n e s o r i g i n 
a te from Auger t r a n s i t i o n s w i t h f i n a l v a c a n c i e s i n v a l e n c e 
l e v e l s . They are a l l a c c e s s i b l e w i t h A l or Mg r a d i a t i o n , and 
t h e i r k i n e t i c energy ranges up to s e v e r a l hundred eV. S i n c e the 
k i n e t i c energy o f the Auger e l e c t r o n i s de t e rmined by the d i f f e r 
ence i n energy between the i n i t i a l i o n and the f i n a l i o n i n the 
t r a n s i t i o n , the d i s t r i b u t i o n o f Auger l i n e s i s u n i q u e l y dependent 
upon the m o l e c u l a r o r b i t a l p a t t e r n and the s e l e c t i o n r u l e s o f the 
t r a n s i t i o n . The Auger group thus has a un ique p a t t e r n fo r each 
compound (2_7, 2 8 ) . Some o b s e r v a t i o n s have been made i n s o l i d 
s t a t e on C ( K W ) ( 2 9 , 30 , 3 1 ) , N ( K W ) ( 3 2 ) , 0 ( K W ) ( 3 3 , 34) and 
F ( K W ) ( 2 9 ) . W i t h f l u o r i n e the Auger l i n e i s b o r d e r l i n e between 
v a l e n c e and c o r e - t y p e , and marked changes o c c u r as one goes from 
f l u o r i d e i o n i n NaF to the c o v a l e n t complex i o n s i n NaBF, and 
KSbF^ and then to the c o v a l e n t polymer (CF^) . Work i s a l s o b e i n g 
r e p o r t e d w i t h the L W Auger l i n e s i n A l , 1311, P , S , and CI ( 3 5 ) . 
O b s e r v a t i o n s o f l i n e shape r a t h e r than l i n e energy p e r m i t s g e n e r 
a t i o n o f these l i n e s by use o f e l e c t r o n beams as w e l l as X -
r a d i a t i o n . Of c o u r s e s t u d i e s u s i n g f a s t e l e c t r o n s r e q u i r e c a r e to 
use minimum exposure to a v o i d r a d i a t i o n damage. Some o f the above 
s t u d i e s were conduc ted w i t h i o n i z a t i o n by e l e c t r o n beam. 

A p a r t i c u l a r l y g r e a t v a r i e t y o f l i n e i n t e n s i t y d i s t r i b u t i o n s 
has been obse rved i n the O(KLL) l i n e s i n the s o l i d s t a t e ( 3 3 ) . 
The energy i n t e r v a l between the K L ^ V and the most i n t e n s e K W l i n e 
i s v a r i a b l e from 20 eV, obse rved w i t h m e t a l o x i d e s and m e t a l l i c 
a n i o n s , to 24 eV , obse rved w i t h c a r b o x y l i c a c i d s , c a r b o n a t e s , 
c h l o r a t e s , and n i t r a t e i o n s . C a r b o x y l a t e po lymers and n i t r a t e 
po lymers are s i m i l a r . W i t h those s p e c i e s t h a t show the w i d e r 
s p a c i n g , the K W l i n e i s s p l i t i n t o two major components , w i t h the 
second component at about 4 eV h i g h e r ene rgy . T h i s second 
component, a p p e a r i n g as a s h o u l d e r w i t h many compounds, a c t u a l l y 
i s the more i n t e n s e i n c h l o r a t e and n i t r a t e . The e n t i r e oxygen 
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2p BINDING ENERGY, eV 

Figure 7. Chemical state plot for silicon. 
Si and PdSi06 are off the plot at 99.2, 1616.9 and 99.6, 1617.6 eV, respectively (with 
Au47/2 set at 83.8 eV). Materials along right border are from Ref. 20 (Auger parameter 
only); chlorosilanes are from Ref. 24; 5 eV were added to kinetic energies to approxi

mate Fermi level referencing. 
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Auger group o f l i n e s i s r ep roduced i n F i g . 8 f o r s e v e r a l types o f 
compounds. 

Auger t r a n s i t i o n s o f the v a l e n c e type a re r e c o r d a b l e f o r B , 
C , N , 0 , and F ( K V V ) ; A 1 , S i , P , S, and CI ( L W ) ; T i , V , C r , Mn, F e , 

Co , and N i (LM ~V and L W ) ; R u , R h , and Pd ( M W ) ; and I r and P t 
( N W ) . The f l u o r i n e K W , copper L W , s i l v e r M W , and g o l d N W are 
b o r d e r l i n e between v a l e n c e and c o r e - t y p e Auger l i n e s ( 3 6 ) . Some 
o f the v a l e n c e - t y p e Auger groups i n the t r a n s i t i o n m e t a l s a re 
p a r t i c u l a r l y i n f o r m a t i v e , a s , fo r example , i n n i c k e l ( F i g . 9 ) . 

W h i l e the v a l e n c e - t y p e Auger l i n e s are sometimes b r o a d and 
i r r e g u l a r i n o u t l i n e , they o f t e n i n c l u d e a dominant and r e l a t i v e 
l y sharp peak. T h i s can be p l o t t e d i n a t w o - d i m e n s i o n a l c h e m i c a l 
s t a t e p l o t s i m i l a r to those o f c o r e - t y p e Auger l i n e s . Da ta from 
compounds o f F , T i , Mn, F e , Co , N i , R h , and Pd have a l r e a d y been 
assembled i n such p l o t s (1_7). S i m i l a r p l o t s f o r oxygen as 
i n o r g a n i c o x i d e s and i n o r g a n i c compounds are shown i n F i g s  10 
and 11 (3j3). C l a s s e s o
e n e r g i e s t h a t p l a c e the
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Abstract 

Chemical shifts in the line energies of the Cls, Nls, O1s, 
Fls, and the strong photoelectron lines of other elements have 
been useful for the identification of chemical states. Applica
tion is limited, however, because only one property is variable 
and with some elements the range in chemical shifts is very small. 

Other spectral properties can aid in the characterization of 
the surface species: (1) Shakeup satellite lines are observed 
with certain organic structures, as well as with many para
magnetic inorganic ions. Their intensities and separations from 
the main line are specific for each chemical state, (2) Multiplet 
splitting in paramagnetic atoms varies with chemical state, (3) 
Valence-type Auger line groups, such as those for C, N, O, Si, P, 
and S have intensity distributions that depend upon molecular 
orbitals involved in the final state in the Auger transition, and 
(4) Core-type Auger lines, such as those of F, S i , P, S, C l , As, 
Se, I, and most of the metals, have at least one component that is 
narrow and intense. Chemical shifts involving these are differ
ent and usually larger than those of the photoelectron lines. Use 
of both chemcial shifts is a more powerful tool in identifying 
chemical states than that of either alone. 
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Figure 8. Oxygen KLL group for a vari
ety of compounds (33) Analytical Chemistry 

Figure 9. Variations in the nickel LW Auger lines in different chemical states 
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Ols BINDING ENERGY, eV 

Analytical Chemistry 

Figure 10. Chemical state plot for oxygen in oxides and hydroxides (33). Num
bers represent the number of compounds included in the area. 
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01s BINDING ENERGY, eV 

Analytical Chemistry 

Figure 11. Chemical state plot for oxygen in carbon-oxygen compounds (33) 
((O) carbonyl; (A) carboxylate; (\Z\) carbonate) 
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15 
Chemical Labels to Distinguish Surface Functional 
Groups Using X-Ray Photoelectron Spectroscopy 
(ESCA) 
C. D. BATICH 
Central Research and Development Department, E. I. du Pont de Nemours and Co., 
Experimental Station, Wilmington DE 19898 

R. C. WENDT 
Polymer Products Department,E  I  d  Pont de Nemours and Co.
Experimental Station, Wilmington

Polymer surface chemistry is frequently dominated by the 
number and types of functional groups present on the surface. 
Because different groups can have the same elemental composition, 
a knowledge of atomic ratios is generally inadequate. Much of the 
ESCA work with polymers attempts to distinguish functional groups 
by looking at small chemical shifts and deconvoluting overlapping 
peaks. This approach works best for systems containing fluorine, 
where chemical shifts are large. Some researchers have tried to 
avoid this problem by specifically tagging or derivatizing 
certain functional groups and analyzing for a novel element which 
has been introduced. This paper wi l l review what has been done 
using the second approach and wi l l outline what is desirable for 
such a study. Our results for carboxylic acid group analysis wi l l 
also be discussed. 

Some common functional groups which are difficult to dis
tinguish are shown in Figure 1. Carboxylic acids, esters, 
ketones, alcohols and aldehydes have overlapping oxygen 1s spec
tra. While i t is generally possible to distinguish between singly 
and doubly-bonded oxygen, e.g. between alcohols and ketones, 
combinations of these moieties may require meticulous curve reso
lution and an expert eye. Many organic nitrogen species are 
overlapping, including amide, amine and nitrogen in certain het
erocyclic structures. Carbon-carbon unsaturation, as well as 
phenyl groups, are difficult to distinguish from saturated 
species. Clark (1) has made progress using shake-up structures as 
distinguishing features, but the amount of shake-up structure 
present seems to be a variable, depending on the matrix in certain 
cases, according to Thomas et al.(2). 

An early attempt to identify a functional group by deriv-
tization and ESCA study, was published by Riggs and Dwight in 1974 
(Fig. 2) (3). Treatment of polytetrafluoroethylene (PTFE) with 
sodium in ammonia produced a surface depleted in fluorine. To 
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Figure 1. Poorly resolved functional groups 
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Figure 2. XPS studies using polymer surface derivatization 
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d e t e r m i n e whether u n s a t u r a t i o n was p r e s e n t , the s u r f a c e was e x 
posed to bromine and then a n a l y z e d f o r the p r e sence o f t h i s 
e l emen t . The N a - t r e a t e d PTFE s u r f a c e d i d show i n c r e a s e d b r o m i n e , 
whereas the u n t r e a t e d PTFE s u r f a c e d i d n o t . A s tudy o f b o v i n e -
se rum-a lbumin l a b e l i n g w i t h e t h y l t h i o l t r i f l u o r o a c e t a t e at about 
the same t ime showed a rough r e l a t i o n s h i p to known amino-group 
c o n c e n t r a t i o n ( 4 ) . P o l y a c r y l i c a c i d g r a f t s on p o l y p r o p y l e n e were 
s t u d i e d u s i n g an i on -exchange i n t e r a c t i o n w i t h a Ba s a l t (_5). 
B r i g g s i n i t i a l l y s t u d i e d the e f f e c t s o f m e l t i n g p o l y e t h y l e n e on 
aluminum m e t a l u s i n g the bromine t e s t f o r u n s a t u r a t i o n (6) and has 
s i n c e been e x a m i n i n g c o r o n a - t r e a t e d p o l y e t h y l e n e w i t h a v a r i e t y 
o f l a b e l s ( 7 ) . T h i s sys tem has a l s o been s t u d i e d by S p e l l and 
C h r i s t e n s e n ( 8 ) . Hammond et a l . s t u d i e d a m e t h y l m e t h y a c r y l a t e 
and hyd roxypropy1 m e t h a c r y l a t e copolymer s e r i e s r e a c t e d w i t h 
t r i f l u o r o a c e t i c a n h y d r i d e (9^). They a l s o t r e a t e d an e p o x y - e s t e r 
p r i m e r w i t h s i l v e r s a l t s and found r e a s o n a b l e l a b e l i n g ( 1 0 ) . 
These f i r s t expe r imen t s
s u b s t r a t e s and a f u l l e
been p r e s e n t e d . B r i g g s has used two methods to c h a r a c t e r i z e h i s 
sys t em: (1) an i o n exchange method u s i n g c a r e f u l w a s h i n g , and (2 ) 
r e a c t i o n o f the c a r b o n y l f u n c t i o n o b t a i n e d , f o r m i n g a p h e n y l -
h y d r a z o n e . 

A lmos t a l l o f the work which has been done to date has 
i n v o l v e d a s u b s t r a t e o f l o o s e l y d e f i n e d s t o i c h i o m e t r y , t h a t i s t o 
s a y , an e x p e r i m e n t a l l y t r e a t e d polymer s u r f a c e o f unknown com
p o s i t i o n . I n s e v e r a l cases i n d i c a t e d , c h e m i c a l r e a c t i o n p roduced 
a d d i t i o n o f an oxygen s p e c i e s , w h i c h was not e x p e c t e d . F o r 
i n s t a n c e , no o x y g e n - c o n t a i n i n g reagen t was used i n the sod ium-
t r e a t e d PTFE or i n some o f or A r c o r o n a - t r e a t e d l o w - d e n s i t y 
p o l y e t h y l e n e , ye t c o p i o u s amounts o f oxygenated s p e c i e s were 
formed. What i s needed fo r a method tha t can be s a i d to 
q u a n t i t a t i v e l y l a b e l the s u r f a c e o f a polymer i s o u t l i n e d b e l o w . 

Method Requi rements fo r q u a n t i t a t i v e d e r i v a t i z a t i o n o f p o l y 
mers : 

P r i m a r y 

1. Q u a n t i t a t i o n o f major peaks on the c l e a n , p r e - l a b e l e d , p o l y 
mer . 

2 . Q u a n t i t a t i v e l a b e l o f s t a n d a r d polymer s u r f a c e s c o n t a i n i n g 
s e v e r a l l e v e l s o f i n d e p e n d e n t l y de t e rmined f u n c t i o n a l i t y , 
i n c l u d i n g c o n t r o l s w i t h z e r o l e v e l s . 

3. S e l e c t i v i t y when o t h e r known f u n c t i o n a l groups are p r e s e n t . 

4 . W e l l d e f i n e d e x p e r i m e n t a l c o n d i t i o n s r e p r o d u c i b l e between 
l a b o r a t o r i e s . 

5 . Survey scan run and a l l major (10% o f l a b e l ) peaks q u a n t i f i e d 
- e s p e c i a l l y the common con taminan t s C, 0 , Pb and S i . 
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Secondary 

6 . S e n s i t i v i t y ( H i g h c r o s s - s e c t i o n ) . 

7 . S t a b i l i t y . 

8 . C o n s i s t e n c y w i t h o t h e r o b s e r v a t i o n s on " r e a l - w o r l d " s amples ; 
e . g . , a d h e s i o n , c o n t a c t a n g l e , e t c . 
These c o n d i t i o n s , as f a r as we can d e t e r m i n e , have so f a r not 

a l l been f u l f i l l e d f o r any d e r i v a t i z a t i o n sys t em. 
I n a d d i t i o n to the r e a c t i o n s wh ich have been examined , a 

number have a l s o been sugges ted or t r i e d under non-opt imum c o n 
d i t i o n s . I n 1977, a t a N o r t h e a s t ESCA Use r s Group (NEUG) M e e t i n g , 
Wendt d i s c u s s e d p o s s i b l e l a b e l i n g r e a c t i o n s u s i n g N a , Ag o r Pb as 
l a b e l s fo r c a r b o x y l i c a c i d s and a l s o the bromine i n ca rbon 
t e t r a c h l o r i d e method or bromine gas f o r u n s a t u r a t i o n . H y d r o c h l o 
r i c a c i d was proposed as a good l a b e l f o r f r ee amino g r o u p s
f o r m a t i o n o f d i n i t r o p h e n y l h y d r a z o n
i d e l a b e l fo r a l c o h o l s  Dwigh  subsequen
mee t ing i n May o f 1979 a l s o p r e s e n t e d a number o f p o s s i b l e 
r e a c t i o n s : m e r c u r i c a c e t a t e , b romine , i o d i n e and IC1 r e a c t i o n 
w i t h u n s a t u r a t i o n , HC1 l a b e l i n g o f e x p o x i d e s , H I f o r e t h e r s , 
ca rbon d i s u l f i d e w i t h amines and Ag w i t h t h i o - g r o u p s . 

I n most s t u d i e s , few e x p e r i m e n t a l v a r i a b l e s a re s p e c i f i e d . 
Some o f the more i m p o r t a n t c o m p l i c a t i n g f a c t o r s a re i n d i c a t e d i n 
F i g u r e 3 . The d e f i n i t i o n o f a s u r f a c e i s a l s o a v a r i a b l e ( F i g u r e 
4 ) . A zone o f r e a c t i o n between aqueous s o l u t i o n s and h y d r o c a r b o n 
( e . g . PE) s u b s t r a t e has been sugges ted by W h i t e s i d e s (_11), bu t 
t h i s would p r o b a b l y encompass s e v e r a l m i c r o n s depth f o r r e l a t i v e 
l y n o n - p o l a r s o l u t e s . For s i m p l i c i t y , we d e f i n e a s u r f a c e i n 
terms o f the depth b e i n g measured and w i l l a t tempt to m a i n t a i n a 
homogeneous l a y e r to t h a t d e p t h . F o r any m a t e r i a l , the f r a c t i o n 
o f s i g n a l a t t a i n e d f o r a g i v e n depth i s assumed to be an exponen
t i a l f u n c t i o n . To see 90% o f the f u n c t i o n a l groups p r e s e n t , one 
must q u a n t i t a t i v e l y d e r i v a t i z e to a depth about 2 X , and f o r 99% 
l a b e l , one must r e a c t to about 5 X , i n o t h e r words about 100& 
( F i g u r e 5). Adequate d i f f u s i o n and r e a c t i o n may be a s i g n i f i c a n t 
p r o b l e m w i t h aqueous s o l u t i o n s o f c e r t a i n i o n s . F o r f l a t s amples , 
t h i s e f f e c t can be m i t i g a t e d to some e x t e n t by d o i n g a v a r i a b l e 
a n g l e e x p e r i m e n t . F i g u r e 6 shows the depth f u n c t i o n f o r 99 and 
90% l a b e l a t d i f f e r e n t t a k e - o f f a n g l e s . 

C a r b o x y l i c A c i d Group Model System 

As a c a r b o x y l a t e s t anda r d sys t em, we i n i t i a l l y used a c o 
po lymer c o n s i s t i n g o f 10% m e t h a c r y l i c a c i d (MAA) randomly d i s t r i 
bu ted i n e t h y l e n e . As e x t r u d e d , v a r i a b l e amounts o f oxygen 
r e l a t i v e to ca rbon were f o u n d , and i t was d e c i d e d t h a t c o n t a m i n 
an ts or p r e d o m i n a n t l y h y d r o c a r b o n segments were b e i n g seg rega ted 
to the s u r f a c e . As shown i n F i g u r e 7 , the t h e o r e t i c a l o x y g e n - t o -
ca rbon r a t i o i s 0 . 0 3 4 , w h i l e we obse rved samples c o n t a i n i n g l e s s 
than and a l s o more than t h i s amount o f oxygen . By s c r a p i n g the 
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XPS RELATED 
1. ROUGHNESS 
2. SURFACE SEGREGATION 
3. VOLATILES LOST IN VACUUM 

REACTION 
1. CONTAMINATION 
2. DIFFUSION OF REACTANTS 

POLYMER 
1. STRESS 
2. RADICALS GENERATED DURING PREPARATION, i.e. CUTTING 
3. THERMAL HISTORY 
4. UNSUSPECTED ADDITIVES, e.g. La-Pb IN POLYESTERS 
5. MOLECULAR WEIGHT DISTRIBUTION (END GROUP CONCENTRATION) 
6. CONFORMATION 

Figure 3. Variables in a polymer labeling study 

Figure 4. Three idealized views of a polymer surface ((%) C02H; (^J) (CH2)n) 
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1 1 1 1 rV <i-

Figure 5. The fraction of signal obtained for a given depth below the surface 
(relative to the signal obtained from a homogeneous infinitely thick solid) calculated 
from I x/I°° = 1 — exp(—X/\) and assuming the mean free path of electrons A = 
22 A. Note that 63% of the intensity is obtained from the top 22 A (at x = \), 
90% from the top 50 A, and 99% from the top 100 A. Steps are introduced to 
show scale of atomic dimensions, i.e., jumps every 3 A for a graphite single crystal. 

Figure 6. Effective escape depth d vs. angle of ejected electrons 6 for the case of 
99% recovery and 90%) recovery (i = fraction recovered) 
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THEORY 
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Figure 7. Oxygen.carbon ratios mea
sured before and after scraping the sur
face of a 10% MA A/ethylene copolymer 

— ( C h k - C H o L 

C H 3 

- ( C - C H 2 ) y — 

C 0 2 H 

MEASURED THEORY 
% MAA INITIAL 20 MIN WAIT DRY .5% H20 

15% 
AS IS 447 353 515 556 
SCRAPED 541 450 

10% 
AS IS 386 310 337 378 
SCRAPED 38] 327 

8.7% 
AS IS 361 327 292 332 
SCRAPED 32] 294 

Figure 8. Oxygen.carbon ratios for E/MMA copolymers (X 104) 
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p o l y m e r , w h i c h had been e x t r u d e d as a t h i c k f i l m , we were a b l e to 
approach t h e o r e t i c a l oxygen l e v e l s . T h i s i n t r o d u c e d roughness 
f e a t u r e s up to 60 /JLVO. i n h e i g h t . ESCA q u a n t i t a t i o n was c a r r i e d out 
by s i m p l y d i v i d i n g the measured peak a reas by S c o f i e l d ' s c a l c u 
l a t e d p h o t o i o n i z a t i o n c r o s s s e c t i o n s when u s i n g i n s t r u m e n t s (12) 
w i t h f i x e d a n a l y z e r pass ene rgy . Fo r f i x e d r e t a r d i n g r a t i o r u n s , 
an^ a d d i t i o n a l c o r r e c t i o n f a c t o r fo r k i n e t i c energy was used 
(E ) . E/MAA copolymer was a v a i l a b l e w i t h t h r e e d i f f e r e n t 
l e v e l s o f m e t h a c r y l i c a c i d , and each sample was measured "as i s " 
and then a l s o a f t e r b e i n g sc raped ( F i g u r e 8 ) . I t appears t h a t 
about 0.5% water i s p r e s e n t i n i t i a l l y i n the sample . A f t e r 
exposure to vacuum fo r about 20 m i n u t e s , most o f t h i s wa te r i s 
removed. 

L a b e l i n g w i t h aqueous s i l v e r n i t r a t e i s a method w h i c h has 
been d i s c u s s e d a t Du Pont and e l s e w h e r e , and wh ich has been shown 
t o be q u a l i t a t i v e l y u s e f u l  I t was known t h a t samples o f h y d r o
l y z e d p o l y e s t e r s r e a c t e
had not been exposed t
However , a l a r g e number o f s t anda rd po lymer samples were a n a l y z e d 
w i t h aqueous s i l v e r n i t r a t e and gave r e s u l t s above and be low the 
amount o f s i l v e r p r e d i c t e d , depending on the r i n s i n g method. L e s s 
r i n s i n g l e t s excess s i l v e r i o n r ema in and a l s o h i g h - b i n d i n g -
energy n i t r o g e n ( n i t r a t e ) . I n g e n e r a l , a s i g n i f i c a n t amount o f 
wa te r was absorbed ( i n c r e a s e d oxygen) i n each e x p e r i m e n t , and 
t h i s remained on the po lymer f o r s e v e r a l hours o f measurement 
t i m e . Most o f the r e s u l t s show tha t even b r i e f r i n s i n g w i t h 
d e i o n i z e d water lowered the s i l v e r - i o n c o n c e n t r a t i o n s to l e v e l s 
be low a s t o i c h i o m e t r i c l a b e l i n g o f a c i d f u n c t i o n a l i t y . 

A g r a z i n g a n g l e exper imen t was done w i t h one o f the AgN0«-
t r e a t e d p o l y m e r s , wh ich had a s u r f a c e l e v e l o f oxygen s l i g h t l y 
l e s s than t h e o r e t i c a l . More o f the s i l v e r i o n was d e t e c t e d near 
the s u r f a c e i n c o n t r a s t to the oxygen a l t h o u g h t o t a l s i l v e r was 
l e s s than e x p e c t e d . We t a k e t h i s to i n d i c a t e t h a t aqueous AgNO^ 
does not p e n e t r a t e f a r i n t o the po lymer on s h o r t r e a c t i o n t imes 
and some o f what i s p r e s e n t i s e a s i l y washed o f f . As we conduc ted 
the t e s t , i t was not a q u a n t i t a t i v e p r o c e d u r e ( F i g u r e 9 ) . The 
t h r e e v a r i a b l e - a n g l e r e s u l t s i n d i c a t e d were o b t a i n e d on the same 
sample and c o l l e c t e d about 15 minutes a p a r t to e v a l u a t e any t i m e -
dependent b e h a v i o r . 

A number o f o t h e r methods were a l s o t r i e d on the c a r b o x y l i c 
a c i d s t a n d a r d s . T h a l l i u m e t h o x i d e ( t h a l l i u m i s v e r y p o i s o n o u s 
and has caused human f a t a l i t i e s , b e i n g about as t o x i c as m e t h y l 
m e r c u r y . I t i s used i n mercury vapor lamps , t u n g s t e n f i l a m e n t s , 
c a t a l y s i s , and o r g a n i c s y n t h e s i s . The b i o l o g i c a l h a l f - l i f e i s 
about 8 days w i t h removal p r i m a r i l y i n u r i n e . H e x a c y c a n o f e r r a t e s 
( I I ) ( e . g . , P r u s s i a n b l u e ) a re recommended as a n t i d o t e s ( L 3 ) was 
sugges ted to us by B . T r o s t ; however , the f i r s t e x p e r i m e n t s w i t h 
t h i s m a t e r i a l showed Pb r a t h e r than TI b e i n g d e t e c t e d . S o l u t i o n s 
o f T l O E t i n anhydrous e t h a n o l would o c c a s i o n a l l y d e p o s i t e x c e s s 
amounts o f t h a l l i u m b u t would g e n e r a l l y be v e r y c l o s e to a n t i c i -
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Figure 9. Reaction of 10% MAA/E copolymer with 0.7N aqueous AgNOs 

Figure 10. Thallium ethoxide labeling 
method 
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Figure 11. Thallium: carbon atomic ratio 
from zero adjustable parameter theory vs. 
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pa t ed l e v e l s . Phosphorus t r i - c h l o r i d e g e n e r a l l y gave s u b - s t o i -
c h i o m e t r i c amounts . T r y i n g to form the mixed a n h y d r i d e w i t h t r i -
f l u o r o a c e t i c a n h y d r i d e a l s o gave s u b - s t o i c h i o m e t r i c amounts w h i c h 
were no t s t a b l e d u r i n g a n a l y s i s . 

The f i n a l c o n d i t i o n s wh ich we found c o n s i s t e n t l y to g i v e a 
q u a n t i t a t i v e a n a l y s i s f o r c a r b o x y l i c a c i d s a re shown i n the 
F i g u r e 10. Neat t h a l l i u m e t h o x i d e i s a c l e a r , no t v e r y v i s c o u s or 
v o l a t i l e l i q u i d a t room tempera tu re and p r e s s u r e . S i m p l e immer
s i o n o f the po lymer i n t h i s t e t r amer causes r a p i d p e n e t r a t i o n and 
r e a c t i o n . E x c e s s r eagen t can be washed out e a s i l y w i t h e t h a n o l t o 
l e a v e the t h a l l i u m l a b e l b e h i n d . To remove excess e t h a n o l , the 
sample was l e f t i n the vacuum prechamber f o r 30 minu t e s b e f o r e 
measurement. Some excess oxygen i s s t i l l s een . The samples a re 
s t a b l e and have been found to keep the same t h a l l i u m l e v e l even 
a f t e r b e i n g i n the s p e c t r o m e t e r under X - r a y s f o r more than an 
h o u r . Much l e s s t ime i s needed f o r a n a l y s i s s i n c e the T l ( 4 f ^ ^ ) 
c r o s s s e c t i o n i s about 1
s a l t s o f t h a l l i u m are know
l i g h t ( 1 4 ) . P r e l i m i n a r y expe r imen t s on an ana logous mixed 
a c i d / e s t e r sys tem show t h a t the e s t e r f u n c t i o n a l i t y i s no t l a b e l 
e d , w h i l e the a c i d i s . 

The l a b e l i n g r e s u l t s a re shown i n F i g u r e 11 f o r the model 
sys t ems , and show about 9.5% r e l a t i v e s t a n d a r d d e v i a t i o n . A 
s c r aped PE sample was used as a z e r o l e v e l g u i d e b u t p i c k e d up a 
s m a l l amount o f T I . I f one assumes t h a t the r e s i d u a l oxygen 
p r e s e n t on the PE a f t e r s c r a p i n g may be c a r b o x y l i c , the square 
p o i n t on the g raph can be i n c l u d e d . T h i s method makes use o f no 
e m p i r i c a l l y d e r i v e d f a c t o r s or c a l i b r a t i o n methods . I t i s e x 
p e c t e d to be v a l i d f o r low c o n c e n t r a t i o n s ( l e s s t han ^30%) o f 
randomly i n c o r p o r a t e d a c i d g r o u p s . P r e s u m a b l y , the p re sence o f 
one i o n i z e d a c i d group would h i n d e r the i o n i z a t i o n o f i t s n e a r e s t 
n e i g h b o r . 

I n p r i n c i p l e , ano the r s t a n d a r d s u r f a c e can be p r e p a r e d by 
r e a c t i n g a p o l y i m i d e s u r f a c e w i t h NaOH to c r e a t e the s o l u b l e s a l t 
o f the p o l y a m i c a c i d ( F i g u r e 1 2 ) . The r e a c t i o n o f NaOH i s r a p i d 
f o r the i m i d e bonds , bu t the second r e a c t i o n , w h i c h wou ld c l e a v e 
the polymer c h a i n , i s s l o w . The Na s a l t i s s o l u b l e i n w a t e r . 
S i n c e the po lymer c h a i n l e n g t h i s o f the o r d e r o f lOOoS, ove r t e n 
t imes the ESCA s a m p l i n g d e p t h , one s h o u l d be a b l e t o make a p a r t l y 
s o l u b l e s u r f a c e d u r i n g the i n i t i a l s t ages o f r e a c t i o n . The o u t e r 
s u r f a c e , seen by ESCA, s h o u l d be the s o l u b l e s a l t , w h i l e the i n n e r 
t a i l wh ich i s s t i l l p a r t o f the b u l k polymer i s u n r e a c t e d , 
i n s o l u b l e p o l y i m i d e . A k i n e t i c s tudy o f such a sys tem i s 
summarized i n F i g u r e 13 where the atom r a t i o , N a / N , i s p l o t t e d v s . 
the minu tes o f exposure t o 10 N NaOH. A l l f i l m s were r i n s e d i n 
de i o n i z e d wa te r f o r f i v e minu te s to l e a c h out i m b i b e d NaOH and 
d r i e d o v e r n i g h t b e f o r e a n a l y s i s . Complete c o n v e r s i o n to the 
p o l y a m i c a c i d c o r r e s p o n d s to Na /N b e i n g 1. 

The i n i t i a l r e a c t i o n a t t a i n s 70% c o n v e r s i o n to the p o l y a m i c 
a c i d s a l t i n f i v e s econds , 97% c o n v e r s i o n a f t e r f i v e m i n u t e s . The 
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Figure 12. Base hydrolysis reaction of polyimide 
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Figure 13. Base hydrolysis reaction of polyimide 

Figure 14. Base hydrolysis of polyester 
showing cleavage 
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sha rp b reak i n the r a t e o f Na up take i s not due to a sudden change 
i n r e a c t i o n k i n e t i c s but to a complex compos i t e o f d i f f u s i o n and 
r e a c t i o n d u r i n g the r e a c t i o n s t e p , and d i f f u s i o n and s o l u t i o n 
d u r i n g the r i n s e s t e p . The i n i t i a l r a p i d uptake o f Na i s c o n 
s i s t e n t w i t h the obse rved b u l k d i s s o l u t i o n r a t e , 30 to 60 X / s e c , 
and p r o b a b l y i n d i c a t e s the t r u e r e a c t i o n r a t e w i t h the p o l y m e r . 

Exchange r e a c t i o n s o f t h i s Na s a l t w i t h Ag and Pb were no t 
r e p r o d u c i b l e and were h i g h r e l a t i v e to Na, p r o b a b l y because o f 
c o p i o u s p r e c i p i t a t i o n o f the h y d r o x i d e s on the s t r o n g l y b a s i c 
s u r f a c e . F o r t h i s s u r f a c e , Na i o n i t s e l f i s an e x c e l l e n t t a g f o r 
a c i d g r o u p s . 

U s i n g a s i m i l a r method, we examined the r e a c t i o n o f p o l y 
e t h y l e n e t e r e p h t h a l a t e w i t h NaOH. The r e a c t i o n i s shown i n F i g u r e 
14. I n c o n t r a s t to the p o l y i m i d e c a s e , t h i s h y d r o l y s i s causes 
c h a i n c l e a v a g e . Because a water r i n s e c o m p l e t e l y removes the N a , 
we used a more complex scheme to s tudy the k i n e t i c s

A f t e r r e a c t i o n w i t
paper t o w e l , d r i e d f o
r e s u l t i n g Na i s c a l l e d " t o t a l N a . " I t i n c l u d e s the Na s a l t , 
imbibed N a , and Na from the s o l u t i o n on the s u r f a c e not removed by 
the t o w e l - d r y i n g s t e p . The sample was then r i n s e d i n de i o n i z e d 
water f o r f i v e minutes and d r i e d as b e f o r e . No Na was eve r 
d e t e c t e d a f t e r t h i s r i n s e . F i n a l l y , the sample was immersed i n 
0 .01 N NaOH f o r one minute to exchange Na f o r H , d r i e d as b e f o r e , 
and a n a l y z e d . The measured Na l e v e l i s c a l l e d the i n s o l u b l e Na . 

R e s u l t s a re shown i n the F i g u r e s 15 and 16 . The f i r s t i s a 
p l o t o f the a tomic r a t i o o f Na to c a r b o x y l ca rbon v s . the minu te s 
o f r e a c t i o n s . T o t a l Na i n c r e a s e s r a p i d l y f o r f i v e m i n u t e s ; 
i n s o l u b l e Na l e v e l s o f f q u i c k l y at the 0 .02 l e v e l . The p l o t t e d 
v a l u e s fo r the 1 N NaOH are the net a f t e r s u b s t r a c t i n g the 0 .036 
Na per c a r b o x y l , c o r r e s p o n d i n g to z e r o r e a c t i o n t i m e (p re sumab ly 
the Na l e f t by the t o w e l - d r y i n g o p e r a t i o n ) . A few seconds i n 1 N 
NaOH and up to f i v e hours i n 0 .01 N NaOH g i v e s a c o n s t a n t l e v e l o f 
9 Na atoms per 1000 c a r b o x y l s ( 0 . 0 0 9 N a / C ) . B u l k end group 
a n a l y s i s o f the po lymer shows the average a c i d l e v e l i s about 3 
per thousand c a r b o x y l s , about o n e - t h i r d o f the obse rved s u r f a c e 
v a l u e . 

F i g u r e 16 shows the l o n g e r - t i m e d a t a . T o t a l Na i n c r e a s e s to 
0 .30 i n t w e n t y - f o u r hours and p resumably i n c r e a s e s beyond t h i s ; 
the i n s o l u b l e Na remains at the 0 .02 l e v e l as e x p e c t e d . Exposure 
o f the s u r f a c e to Ag i o n s gave r e a s o n a b l e v a l u e s i n t h i s c a s e . 

C l e a r l y , nea t t h a l l i u m e t h o x i d e and d i l u t e sodium h y d r o x i d e 
can be used to t ag c a r b o x y l i c groups on po lymer s u r f a c e s so they 
can be meausred by ESCA. C o r r e c t i n t e r p r e t a t i o n o f the r e s u l t s i s 
a i d e d by u n d e r s t a n d i n g the k i n e t i c s o f each s u r f a c e r e a c t i o n . 
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Figure 16. Base hydrolysis of polyester (total Na: IN; O , .01N); insoluble 
Na: f | , 7 N ; # , .01N) 
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Interactions of Ion Beams with Organic Surfaces 
Studied by XPS, UPS, and SIMS 
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The i n t e r a c t i o n s o
l y c l a s s i f i e d as " p h y s i c a l
o f the i o n - s u r f a c e i n t e r a c t i o n s p o t e n t i a l s . P h y s i c a l i n t e r 
a c t i o n s (1) i n c l u d e p r o c e s s e s such as i o n i m p l a n t a t i o n , s p u t t e r 
i n g , s c a t t e r i n g , s u r f a c e r e c o n s t r u c t i o n , s u r f a c e h e a t i n g and 
c o l l i s i o n a l d i s a s s o c i a t i o n o f i m p i n g i n g m o l e c u l a r i o n s . Such 
p r o c e s s e s a re t y p i f i e d by e n e r g e t i c r a r e gas i o n s and m o l e c u l a r 
i o n s i m p i n g i n g on s u r f a c e s . C h e m i c a l i n t e r a c t i o n s (2) i n c l u d e 
c h e m i c a l r e a c t i o n s o f the i m p i n g i n g i o n s w i t h the t a r g e t s p e c i e s , 
c h e m i s o r p t i o n , and a d s o r p t i o n , i . e . , p r o c e s s e s i n w h i c h the 
a t t r a c t i v e p o t e n t i a l f o r c e s f o r bond f o r m a t i o n a re l a r g e r than 
the f o r c e s g o v e r n i n g the c l a s s i c a l c o l l i s i o n dynamics . Such 
p r o c e s s e s a re t y p i f i e d by a c t i v e a tomic or m o l e c u l a r i o n s i m p i n g 
i n g on a c t i v e s u r f a c e s . F o r such cases the i o n energy may be o n l y 
s l i g h t l y above t h e r m a l e n e r g i e s . The purpose o f t h i s paper i s to 
p r o v i d e examples o f b o t h types o f i n t e r a c t i o n s and to i l l u s t r a t e 
the a p p l i c a t i o n s o f these methods f o r c h a r a c t e r i z a t i o n and a l t e r 
a t i o n o f o r g a n i c s u r f a c e s . The t e c h n i q u e s o f X - r a y and UV 
p h o t o e l e c t r o n s p e c t r o s c o p y (XPS and UPS) and secondary i o n mass 
s p e c t r o m e t r y (SIMS) under u l t r a h i g h vacuum c o n d i t i o n s a re em
p l o y e d i n s t u d y i n g these e f f e c t s . 

As an example o f p h y s i c a l i n t e r a c t i o n , the secondary i o n 
mass s p e c t r a (SIMS) o f some po lymer s u r f a c e s a re p r e s e n t e d i n 
F i g u r e 1. I n SIMS a s o l i d sample i s bombarded by p r i m a r y i o n s o f 
t y p i c a l l y a few k i l o e l e c t r o n v o l t s k i n e t i c ene rgy . The energy 
t r a n s f e r r e d to the s u r f a c e r e s u l t s i n c l a s s i c a l s p u t t e r i n g o f 
secondary atoms, m o l e c u l e s , and c l u s t e r s i n the form o f p o s i t i v e , 
n e g a t i v e , and n e u t r a l s p e c i e s . U s i n g e l e c t r o s t a t i c l e n s e s the 
i o n s can be drawn i n t o a mass s p e c t r o m e t e r f o r a n a l y s i s under UHV 
c o n d i t i o n s y i e l d i n g an e x t r e m e l y s e n s i t i v e e l e m e n t a l s u r f a c e 
a n a l y s i s . SIMS can be per formed i n a " s t a t i c " mode i n w h i c h the 
i o n f l u x i s low enough to a v o i d d e s t r u c t i o n o f the ou te rmos t 
s u r f a c e l a y e r d u r i n g measurement (_3, 4). P o r t i o n s o f the SIMS o f 
T e f l o n , p o l y p r o p y l e n e , and p o l y s t y r e n e are i d e n t i f i e d i n F i g u r e 
1. These s p e c t r a show t h a t SIMS can be used to i d e n t i f y po lymer 
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s u r f a c e s and t h a t c l u s t e r s c h a r a c t e r i s t i c to the s p e c i f i c po lymer 
groups can be d e t e c t e d . Fo r example , the T e f l o n spec t rum i s r i c h 
i n C F+ c l u s t e r s , the p o l y p r o p y l e n e spec t rum e x h i b i t s many C H 
c l u s t e r s . The p o s i t i v e spec t rum o f T e f l o n e x h i b i t s Na ana R 
i m p u r i t i e s . These i o n s a re u b i q u i t o u s i n SIMS (due to t h e i r 
e x t r a o r d i n a r y s t a b i l i t y ) u n l e s s extreme ca re and c l e a n l i n e s s a re 
used i n sample p r e p a r a t i o n . A l t h o u g h polymer s t u d i e s by SIMS a re 
s t i l l i n t h e i r i n f a n t s t age (5), a p p l i c a t i o n s to d e t e r m i n a t i o n o f 
the degree o f c r o s s l i n k i n g and c r y s t a l l i n i t y o f po lymers a re 
f o r t h c o m i n g . 

The i o n i c c l u s t e r c o m p o s i t i o n s obse rved i n SIMS s h o u l d be 
r e a d i l y r e l a t e d to the s u r f a c e b o n d i n g f e a t u r e s because the 
e x i s t e n c e o f s t r o n g , w e l l - d e f i n e d bonds between s p e c i f i c atoms i n 
o r g a n i c m o l e c u l e s d e t e r m i n e , to a l a r g e e x t e n t , the dominant 
c l u s t e r types t h a t w i l l be s p u t t e r e d . However , as w i l l be shown 
b e l o w , the m o i e t i e s t h a t tend to s p u t t e r as a u n i t due to s t r o n g 
i n t r a m o l e c u l a r bonds ca
and f r a g m e n t a t i o n t h a t
The l a r g e q u a n t i t y o f energy d e p o s i t e d by the i m p i n g i n g p r i m a r y 
i o n r e s u l t s i n a t r a n s i e n t volume o f h i g h - e n e r g y c o n t e n t a t the 
s u r f a c e (4) i n wh ich i o n s , a toms, m o l e c u l e s , and r a d i c a l s can 
escape i n t o the vacuum. The o b s e r v e d SIMS c l u s t e r s t h e r e f o r e 
c o n s i s t o f those secondary i o n s which (a) are s t a b l e enough to 
s u r v i v e t h i s h i g h - e n e r g y c o n t e n t r e g i o n , (b) a re formed as a 
r e s u l t o f l ow-ene rgy i o n - m o l e c u l e r e a c t i o n s o c c u r r i n g i n the 
s e lvedge ( the h i g h - p r e s s u r e p l a s m a - l i k e r e g i o n w h i c h c o n s t i t u t e s 
the s o l i d - v a c u u m i n t e r f a c e ) , and ( c ) the fragment i o n s p roduced 
by u n i m o l e c u l a r d e c o m p o s i t i o n s o f the i o n s formed i n p r o c e s s e s 
(a ) and (b) d u r i n g t h e i r f l i g h t to the d e t e c t o r . The f i n a l 
obse rved c l u s t e r s a re t h e r m o d y n a m i c a l l y the most s t a b l e e n t i t i e s 
t h a t can s u r v i v e the s e l v e d g e p l a sma . 

The o r i g i n o f most i o n i c c l u s t e r s i n SIMS can be t r a c e d to 
one o f a t l e a s t t h r e e d i f f e r e n t i o n i z a t i o n mechanisms. These a re 
o u t l i n e d as f o l l o w s : 
1. c a t i o n i z a t i o n and a n i o n i z a t i o n - I n c a t i o n i z a t i o n and a n i o n 

i z a t i o n , c a t i o n s and a n i o n s , r e s p e c t i v e l y , a re a t t a c h e d to 
m o l e c u l e s . T y p i c a l examples a re the a t tachment o f m e t a l 
i o n s , p r o t o n s , or h y d r i d e i o n s to m o l e c u l e s (6^). The i o n 
a t t achment i s b e l i e v e d to o c c u r i n the s e l v e d g e as a r e s u l t 
o f c o n c u r r e n t s p u t t e r i n g o f the above men t ioned i o n s and 
l i b e r a t i o n o f o r g a n i c m o l e c u l e s by s p u t t e r i n g a n d / o r t h e r m a l 
e v a p o r a t i o n . 

2 . e l e c t r o n t r a n s f e r - T h i s p r o c e s s i n v o l v e s t r a n s f e r o f an 
e l e c t r o n e i t h e r to or from a m o l e c u l e as i t i s s p u t t e r e d 
a n d / o r t h e r m a l l y evapo ra t ed and t r a v e l s t h rough the s e l v 
edge. The s t a b i l i z i n g c o l l i s i o n s and e l e c t r i c a l f o r c e s 
w h i c h o p e r a t e i n the s e l v e d g e are known to p r o v i d e l a r g e 
cha rge -exchange c r o s s s e c t i o n s i n the form o f resonance o r 
Auger i o n i z a t i o n p r o c e s s e s ( 7 ) . 

3 . d i r e c t i o n e j e c t i o n - T h i s p r o c e s s i n v o l v e s d i r e c t s p u t t e r -
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i n g and /o r t h e r m a l e v a p o r a t i o n o f c a t i o n s and a n i o n s t h a t 
a l r e a d y e x i s t as such i n the s o l i d ( 6 ^ . C l a s s i c a l dynamics 
can be used to d e s c r i b e the momentum t r a n s f e r from the 
p r i m a r y p r o j e c t i l e to the l a t t i c e s p e c i e s . 

Most o f these i o n i z a t i o n p r o c e s s e s can be i l l u s t r a t e d by r e f e r 
ence to the p o s i t i v e and n e g a t i v e SIMS o f f o r m i c a c i d f r o z e n a t 
77 K , F i g s . 2 and 3 . C a t i o n i z a t i o n and a n i o n i z a t i o n p r o c e s s e s a re 
c l e a r l y o p e r a t i v e as i n d i c a t e d by the c l u s t e r s H(HCOOH) _and 
HCOO(HCOOH) . The c l u s t e r s e r i e s H(HCOOH) + and HCOO(HCOOH) a re 
most l i k e l y a r e s u l t o f i o n - m o l e c u l e r e a c t i o n s i n the s e l v e d g e 
r e g i o n . U n i m o l e c u l a r f r a g m e n t a t i o n i s a l s o o c c u r r i n g , as e v i 
denced by the l a r g e number o f fragment peaks between the c a t i o n -
i z e d and a n i o n i z e d pa ren t c l u s t e r s . The s m a l l i o n s such as C _ , 
C H _ , and + HCO are fragment i o n s w h i l e s p e c i e s such as , C^H , 
° 2 ' H 3 ° 5 a n d H ( H 2 ° ^ 2 r e s u l t from rear rangement r e a c t i o n s i n 
the s e l v e d g e . 

As ^an example o
energy N„ bombardment o
( C F ) , ana t e f l o n a re shown i n F i g u r e 4 . The i o n s a re c h a r g e -
exchange n e u t r a l i z e d by resonance or Auger n e u t r a l i z a t i o n w h i l e 
they a re s t i l l s e v e r a l Angst roms from the s u r f a c e (6^, 8 ) . I f the 
energy o f the i m p i n g i n g i o n s i s c o n s i d e r a b l y above the m o l e c u 
l a r d i s s o c i a t i o n l i m i t , c o l l i s i o n d i s s o c i a t i o n o c c u r s at the 
s u r f a c e to produce ho t N atoms. These ho t atoms p e n e t r a t e i n t o 
the l a t t i c e , l o s i n g energy i n c o l l i s i o n cascades u n t i l they a r e 
e v e n t u a l l y t h e r m a l i z e d . The p e n e t r a t i n g atoms can r e a c t on 
i n i t i a l or subsequent c o l l i s i o n s or a f t e r becoming t h e r m a l i z e d i f 
t h e r e i s c h e m i c a l a f f i n i t y between the atoms and t a r g e t . I f the 
a p p r o p r i a t e c h e m i c a l a f f i n i t y does not e x i s t , the m a j o r i t y o f the 
f o r e i g n atoms d i f f u s e th rough the l a t t i c e u n t i l they r e a c h a 
s u r f a c e and e scape . Such i s the case f o r i n e r t gas i o n s i m p i n g e n t 
on o r g a n i c s u r f a c e s , where the i n e r t a toms, l a c k i n g the r e q u i s i t e 
c h e m i c a l a f f i n i t y f o r r e a c t i o n , d i f f u s e t h rough the l a t t i c e and 
are e v e n t u a l l y e v o l v e d . As a r e s u l t , h i g h i o n doses a re r e q u i r e d 
i n o r d e r to obse rve i m p l a n t e d i n ^ r t gas i jms i n + o r g a n i c s o l i d s . 
I n c o n t r a s t , low i o n doses ( ^ 1 0 i o n s / c m ) o f a re s u f f i c i e n t 
t o obse rve n i t r o g e n i n o r g a n i c s o l i d s (9^, K ) , L I ) because the ho t 
N atoms wh ich a re p roduced have v e r y s h o r t d i f f u s i o n l e n g t h s due 
to t h e i r h i g h r e a c t i v i t y . The X - r a y p h o t o e l e c t r o n s p e c t r a (XPS) 
o f the c a r b o n I s and nitrogen I s l i n e s o f p y r o l y t i c g r a p h i t e , C F , 
and t e f l o n a f t e r 500 eV bombardment i n d i c a t i n g the p re sence o f 
C i n d i f f e r e n t c h e m i c a l e n v i r o n m e n t s . T h i s i s e x p e c t e d due to the 
c h e m i c a l s h i f t i n C from b o n d i n g to the N . The N I s l i n e i n 
g r a p h i t e c o n s i s t s o f two o v e r l a p p i n g peaks c o r r e s p o n d i n g to the 
b i n d i n g e n e r g i e s o f p a r t i a l l y n e g a t i v e c y a n i d e - t y p e (398 .5 eV) 
and n e u t r a l i n t e r s t i t i a l ( 4 0 0 . 0 eV) n i t r o g e n . The c o r r e s p o n d i n g 
bombardment o f diamond produces o n l y a s i n g l e N I s peak a t 398 .5 
eV c o r r e s p o n d i n g to a c y a n i d e - t y p e n i t r o g e n . The absence o f the 
400 eV peak i n diamond s t r o n g l y sugges t s t h a t t h i s h i g h b i n d i n g 
energy N I s peak i n g r a p h i t e c o r r e s p o n d s to n i t r o g e n t r a p p e d as a 
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Figure 1. Portions of the SIMS Teflon, polypropylene, and polystyrene obtained 
by bombardment with 2 keV Ar+ ions 
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Figure 2. Positive SIMS of formic acid frozen at 77 K 
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Figure 4. (A) C-ls and N-ls XPS spectra of diamond and pyrolytic graphite be-
fore (1) and after (2) N2

+ bombardment. (B) The C-ls and N-ls XPS spectra of 
Teflon and CF after N2 bombardment. The C-ls spectra of Teflon and CF before 
N2

+ bombardment consist of a single line at the position of the high binding energy 
component of this figure (10). 
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n e u t r a l s p e c i e s a t l a t t i c e i m p e r f e c t i o n s , t w i n n i n g p l a n e s , and 
between the l a y e r s o f g r a p h i t e r i n g s . I n b o t h T e f l o n and CF the 
s i n g l e C I s l i n e o f the pure samples i s s p l i t i n t o two d i s t i n c t 
components i n the bombarded samples , i . e . , a new b r o a d C I s l i n e 
i s obse rved at lower b i n d i n g ene rgy . T h i s new peak can be 
a t t r i b u t e d to the r e d u c t i o n o f C by F e v o l u t i o n and the r e p l a c e 
ment o f F atoms by l e s s e l e c t r o n e g a t i v e N atoms, e . g . , a r e p l a c e 
ment o f the type - C F 2 ~ to - N C F - i n T e f l o n or CF to C F ^ ^ i n 
g r a p h i t e mono f l u o r i d e . The p o s i t i o n o f the N I s XPS l i n e i s 
h i g h e r than those o f pure c y a n i d e - t y p e s owing to the h i g h l y 
e l e c t r o n e g a t i v e f l u o r i n e atoms i n the env i ronment and , i n some 
c a s e s , a t t a c h e d to the same ca rbon atoms. The n i t r o g e n does not 
form NF s p e c i e s w i t h i n the l a t t i c e , f o r such s p e c i e s c o n t a i n a 
p a r t i a l l y p o s i t i v e n i t r o g e n whose N I s XPS energy i s i n the range 
^ 403-407 eV. The i o n i z a t i o n e n e r g i e s , l i n e w i d t h s ( i n p a r e n t h e 
s e s ) , and i o n / t a r g e t XPS i n t e n s i t y r a t i o s a re l i s t e d i n T a b l e I . 
The weak N I s XPS s i g n a
i n d i c a t e s t h a t o n l y a s m a l
the ca rbon i n those two samples . T h i s i s not s u r p r i s i n g c o n s i d e r 
i n g the " t i g h t n e s s " o f the T e f l o n and CF l a t t i c e s compared to 
g r a p h i t e . Thus the l o w - e n e r g y C I s XPS peak i n T e f l o n and CF i s 
e v i d e n t l y due to b o t h ( i ) r e d u c t i o n o f ca rbon w i t h subsequent 
n i t r o g e n and f l u o r i n e e v o l u t i o n and ( i i ) r ep lacemen t o f the more 
e l e c t r o n e g a t i v e f l u o r i n e by n i t r o g e n . 

I n compounds o f g r a p h i t e i t i s found t h a t the c o n d u c t i v i t y i s 
dec reased or i n c r e a s e d a c c o r d i n g to whether the i n t e r s t i t i a l 
s p e c i e s i s h i g h l y e l e c t r o n e g a t i v e or e l e c t r o p o s i t i v e , r e s p e c t i v e 
l y . The UPS spec t rum o f g r a p h i t e / N ? shows a dec rea sed d e n s i t y o f 
s t a t e s near the F e r m i l e v e l , i n d i c a t i n g t h a t the c o n d u c t i v i t y o f 
the r e a c t e d l a y e r i s a l t e r e d . The d e n s i t y o f s t a t e s near the 
F e r m i l e v e l i s due to C 2pir e l e c t r o n s i n o r b i t a l s p e r p e n d i c u l a r t o 
the g r a p h i t e l a y e r s . I n t r o d u c t i o n o f the more e l e c t r o n e g a t i v e 
n i t r o g e n s t a b i l i z e s t hese C 2p e l e c t r o n s and draws them from the 
F e r m i l e v e l as a r e s u l t o f the f o r m a t i o n o f c y a n i d e - l i k e ca rbon 
where the e l e c t r o n c l o u d i s p o l a r i z e d towards the n i t r o g e n end o f 
the CN m o i e t y . 

A f t e r r e a c t i n g low energy JH i o n s w i t h f r o z e n benzyne and 
c y c l o h e x a n e , the r e a c t i o n p r o d u c t s can be c h a r a c t e r i z e d by SIMS 
as shown i n F i g u r e _ 5 . A f t e r bombardment a new peak at 26 amu 
c o r r e s p o n d i n g to CN i s obse rved wh ich i s t o t a l l y absent b e f o r e N ? 

bombardment. T h i s o b s e r v a t i o n p r o v i d e s d i r e c t ev idence t h a t 
c h e m i c a l bonds are formed between the t a r g e t atoms and the 
i m p i n g i n g n i t r o g e n . I t s h o u l d be no ted t ha t when N ^ gas was 
a l l o w e d to p h y s i s o r b on the f r o z e n benzyne or c y c l o h e x a n e s u r f a c e 
a t 77 K , no CN was obse rved i n SIMS; t h i s i n d i c a t e s t h a t the 
bombardment i s r e s p o n s i b l e f o r the f o r m a t i o n o f c a r b o n - n i t r o g e n 
bonds . A l s o , t h e r e i s a l a r g e i n c r e a s e i n the C / C H r a t i o , F i g u r e 
5 , a f t e r bombardment s u g g e s t i n g t h a t c h e m i c a l s p u t t e r i n g may be 
o c c u r r i n g , i . e . , the ho t N atoms a re r e a c t i n g w i t h the hydrogen 
atoms o f benzyne and c y c l o h e x a n e f o r m i n g gaseous p r o d u c t s w h i c h 
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T a b l e I 

XPS B i n d i n g E n e r g i e s , Peak W d i t h s and I n t e n s i t y R a t i o s from 
G r a p h i t e ^ Diamond, T e f l o n and Carbon M o n o f l u o r i d e , B e f o r e and 
A f t e r N ? Ion Bombardment (10) 

Cis Nis 01s Fls 

Graphite 284.6(1.5) 

Graphite/N* 284.6(2.9) 398.5(^ 2.0), 

400.0(^ 2.1) 

N ls/C ls=0.18 

Graphite/NO+ 284.6(2.6) 398.9(^ 2.0), 531.4(2.2), 

400.2(^ 2.1) 533.1(2.3) 

[N ls/C ls=0.12] [0 ls/C ls=0.096] 

Diamond 285.0(2.2) 

Diamond/N* 285.0(2.9) 398.5(2.9) 

[N ls/C ls=0.072] 

Te f1on 292.6(2.0) 690.1(2.3) 

Teflon/N* 287.6(3.2), 401.6(3.0) 689.6(2.8) 

292.6(2.6) 

CF 288.1(2.3) 687.0(2.3) 

CF/N* 285.8(3.0), 399.4(3.1) 687.2(2.5) 

288.1(2.7) 

Journal of the American Chemical Society 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



244 P H O T O N , E L E C T R O N , A N D I O N P R O B E S 

Figure 5. Negative SIMS spectra of benzyne and cyclohexane frozen at 77 K (A) 
before and (B) after bombardment with a dose of 2 X 1016 ions/cm2 of 100 eV N2

+ 

(4) 
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are e v o l v e d from the s u r f a c e . T h i s r e s u l t s i n a d e p l e t i o n o f the 
s u r f a c e H and c o n s e q u e n t l y an enhanced C / C H r a t i o . 

The r e a c t i o n between N„ and g r a p h i t e d i s c u s s e d above can 
a l s o be obse rved (12_) by SIMS. A f t e r N * bombardment, the SIMS o f 
g r a p h i t e e x h i b i t s new peaks a t 15 , 26, z 7 , 30 , 4 0 , 41 and 42 amu 
c o r r e s p o n d i n g to HN~, CN , HCN~, H N 2 , and H ^ N ~ (n = 2 , 3 , 4 ) , 
r e s p e c t i v e l y . The o b s e r v a t i o n o f c l u s t e r s c o n t a i n i n g hydrogen 
atoms i n d i c a t e s t h a t the n i t r o g e n i s r e a c t i n g w i t h adsorbed 
hydrogen on the s u r f a c e as w e l l as the g r a p h i t e ^ t s e l f . The 
p a r t i a l p r e s s u r e o f i n the chamber i s ^ 6 x 10 t o r r due to 
the i n e f f i c i e n c y o f the t u r b o m o l e c u l a r pump f o r such l i g h t g a s e s . 
H atoms are p roduced by d e c o m p o s i t i o n o f a t t u n g s t e n f i l a m e n t s 
and the atoms adsorb on g r a p h i t e under these e x p e r i m e n t a l c o n d i 
t i o n s . The obse rved n i t r o g e n - h y d r o g e n c l u s t e r s must be formed by 
r e a c t i o n o f the i m p i n g i n g n i t r o g e n w i t h adsorbed h y d r o g e n . 

These r e s u l t s p r o v i d  d i r e c t e v i d e n c  t h a t c h e m i c a l
a c t i o n s occur and t h a t ne
i o n bombardment o f o r g a n i ,
f o r c h e m i c a l s y n t h e s i s v i a r e a c t i o n o f beams w i t h s u r f a c e s p e c i e s 
o r by s e l e c t i v e " c h e m i c a l s p u t t e r i n g " i s s u g g e s t e d . 
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Abstract 

The interactions of low energy ions with organic surfaces 
are classified into two groups, "physical" and "chemical", de
pending on the nature of the ion-surface potentials. Examples of 
physical interactions are provided by Ar+ bombardment of teflon, 
polypropylene, and polystyrene via the technique of secondary ion 
mass spectrometry (SIMS). The results show that SIMS provide a 
fingerprint of polymer surfaces and that clusters characteristic 
to specific polymer groups can be identified. The dominant 
mechanisms for production and ionization of secondary clusters 
are discussed and examples of these processes are provided by the 
SIMS of frozen formic acid. Examples of chemical interactions are 
provided by N+2 (active ions) bombardment of graphite, diamond, 
graphite monofluoride (CF), "Teflon", and frozen benzyne and 
cyclohexane via the technique of X-ray and UV photoelectron 
spectroscopy (XPS and UPS) and SIMS. The results show that 
chemical reactions can be induced between the active ion beam and 
the surface yielding thin surface films of the reaction products. 
The reaction with diamond, CF, "Teflon", and the frozen hydro
carbons produces a cyanide-type nitrogen at the surface as char
acterized by XPS and UPS chemical shifts and a SIMS peak at 26 amu 
(CN -). The reaction with graphite yields a cyanide-type nitrogen 
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(N1s = 398.5 eV) and a neutral interst i t ial nitrogen (N1s = 400.0 
eV). The latter is most likely a neutral N trapped between the 
layers of graphite rings. The use of active ions for chemical 
synthesis via reaction of beams with surface species or by 
selective "chemical sputtering" is suggested. 
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17 
The Modification, Degradation, and Synthesis of 
Polymer Surfaces Studied by ESCA 

D. T. CLARK 

Department of Chemistry, University of Durham, South Road, Durham City, England 

Organic based polymer
complexity of structure and sensitivity to interrogation and the 
single most powerful tool which has emerged for these investiga
tions in terms of surface structure has proved to be ESCA (1). It 
is now over a decade since the first experiments on polymers were 
documented (2) and the intervening period has seen an explosive 
growth in the literature such that most of the requisite experi
ments for delineating the information levels and derived areas of 
applicability of the technique have broadly been accomplished. 
It is the wide ranging nature of these information levels which 
imbues the technique with capabilities far higher than might, 
naively have been thought from a consideration of the sum of each 
of the single information levels available from the ESCA experi
ment. For the sake of completeness we should perhaps at this 
stage list the available information levels in each case indicat
ing how recent developments have expanded the scope for studies of 
the surface structure and its modification and for studies of the 
synthesis and reactions at polymer surfaces. 

Figure 1 shows schematically the typical data levels and 
variable experimental parameters which can be employed in the 
application of ESCA to polymeric systems. Figure 2 indicates how, 
many of the information levels available from the ESCA experiment 
may be used to study the time and temperature dependent behavior 
of polymer surface phenomena. Many of the contributions to this 
book deal with specific applications with an emphasis on one or 
other of the information levels available from the ESCA techni
que. Before considering specific applications of our own we may 
profitably highlight recent developments which point the way 
forward for applications in the next decade. 

A b s o l u t e B i n d i n g E n e r g i e s . A s u b s t a n t i a l l i b r a r y o f b o t h 
e x p e r i m e n t a l and t h e o r e t i c a l da ta i s now a v a i l a b l e and i t i s 
n o r m a l l y a ma t t e r o f r o u t i n e to i d e n t i f y g i v e n s t r u c t u r a l f e a -
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t u r e s p a r t i c u l a r l y from d e t a i l e d a n a l y s e s o f the t h e o r e t i c a l l y 
and e x p e r i m e n t a l l y w e l l u n d e r s t o o d C i s l e v e l s . 

W i t h good sample h a n d l i n g c a p a b i l i t i e s (_3) i t i s no p r o b l e m 
to s tudy low m o l e c u l a r we igh t model systems i n the s o l i d s t a t e and 
f o r such systems i t i s o f t e n p o s s i b l e to c a r r y out d e t a i l e d n o n -
e m p i r i c a l LCAOMO SCF compu ta t i ons to p r o v i d e a fundamental i n t e r 
p r e t a t i o n o f s u b s t i t u t e n t e f f e c t s ( 4 ) . T h e o r e t i c a l s t u d i e s a re 
a l s o o f p r ime impor t ance i n d e f i n i n g da ta f o r systems w h i c h may be 
d i f f i c u l t to s tudy e x p e r i m e n t a l l y or wh ich may s u f f e r s i g n i f i c a n t 
r a d i a t i o n damage. A r e c e n t c o m p i l a t i o n o f t h e o r e t i c a l d a t a 
r e f e r e n c e d f o r b o t h gas and s o l i d s t a t e s t u d i e s i s d e p i c t e d i n 
F i g u r e 3 (5). The da t a r e f e r to computa t ions i n the ASCF 
f o r m a l i s m i n STO 4 .31G b a s i s s e t s and p a r t i c u l a r l y no tewor thy are 
the da ta f o r oxygen and n i t r o g e n f u n c t i o n a l i t i e s . Taken i n 
c o n j u n c t i o n w i t h t h a t p r e v i o u s l y p u b l i s h e d (6) a r a t h e r comple te 
s e t o f background da ta i  a v a i l a b l  f o  th  i n t e r p r e t a t i o f 
the o x i d a t i o n and n i t r a t i o
a s p e c t i n a l a t e r s e c t i o n

Pho ton Energy Dependent S t u d i e s . To da te most a p p l i c a t i o n s 
i n the ESCA f i e l d have been r e s t r u e t e d to the commonly employed 
M g K ^ ^ X - r a y sources where the escape and s a m p l i n g depths f o r the 
c o r e l e v e l s o f u s u a l i n t e r e s t t y p i c a l l y range from 8 - 30& and 25 
- 90X r e s p e c t i v e l y . Most i n s t r u m e n t a t i o n now has "push b u t t o n " 
f a c i l i t y f o r chang ing photon energy and the v i r t u e s o f u s i n g 
h a r d e r X - r a y sources i s becoming a p p a r e n t . Of c o n s i d e r a b l e 
i n t e r e s t i s the T i K a X - r a y source where the pho ton energy o f ^4510 
eV e n a b l e s depths ^ 300A to be sampled and t h i s i s i n d i c a t e d 
s c h e m a t i c a l l y i n F i g u r e 4 . T h i s p r o v i d e s a c o n v e n i e n t s t e p i n 
depth p r o f i l i n g to MATR ( M u l t i p l e A t t e n u a t e d T o t a l R e f l e c t i o n 
I n f r a r e d S p e c t r o s c o p y ) where under no rma l c o n d i t i o n s the s a m p l i n g 
dep th migh t be o»0.5y. 

As an example o f the use o f a T i K a X - r a y source F i g u r e 5 
shows the co re l e v e l s p e c t r a f o r a n y l o n f i l m . The 01s and N i s 
l e v e l s s t u d i e d w i t h the h a r d e r X - r a y source c l e a r l y show t h a t the 
i n h e r e n t w i d t h o f the T i K a r a d i a t i o n i s ^ 3 eV and c o n s i s t s o f a 
d o u b l e t o f i n t e n s i t y r a t i o 2:1 and s p l i t t i n g 5 .8 eV. The l a r g e 
i n h e r e n t w i d t h o f the X - r a y source i s advantageous i n t h i s l i n e 
shape a n a l y s i s s i n c e the a n a l y z e r c o n t r i b u t i o n and any c h a r g i n g 
inhomogene i ty c o n t r i b u t i o n i n l i n e w i d t h a re n e g l i g i b l e . The 
w i d t h o f the components o f the C i s , 01s and N i s l e v e l s a re 
t h e r e f o r e i d e n t i c a l and i t i s a s t r a i g h t f o r w a r d manner to a n a l y z e 
the C i s spec t rum i n terms o f a super p o s i t i o n o f a 3 component 
l i n e s h a p e as i n d i c a t e d i n the f i g u r e . The s p e c t r a , r e c o r d e d w i t h 
t he f i x e d r e t a r d a t i o n r a t i o (FRR) mode, show t h a t the d i f f e r e n 
t i a l s e n s i t i v i t i e s ( a c o n v o l u t i o n o f i n s t r u m e n t a l and c r o s s s e c 
t i o n f a c t o r s ) change by a s i g n i f i c a n t bu t no t d r a s t i c amount on 
g o i n g from M g K a to T i K a . The d a t a a re a l s o i n t e r e s t i n g i n t h a t 
t h e y r e v e a l the p re sence o f a s m a l l e x t e n t o f h y d r o c a r b o n con tam
i n a t i o n on the v e r y s u r f a c e s i n c e the MgK 1 9 i n t e n s i t y r a t i o s 
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i n d i c a t e a component a t 285 eV i n excess o f t h a t f o r the r e p e a t 
u n i t . T h i s i s not e v i d e n t f o r the T i K a da t a s i n c e the c o n t r i b u 
t i o n to the t o t a l s i g n a l from the v e r y s u r f a c e i s v e r y s m a l l . 
Such low l e v e l s u r f a c e c o n t a m i n a t i o n f o r a f i l m can o f c o u r s e more 
r e a d i l y to be d e t e c t e d by a n g u l a r dependent s t u d i e s however f o r 
powder samples where such s t u d i e s a re not a p p l i c a b l e the c a p a b i l 
i t y o f i n t e r r o g a t i n g v e r t i c a l i n h o m o g e n e i t i e s by means o f pho ton 
energy dependent s t u d i e s i s o f g r e a t i m p o r t a n c e . 

A n g u l a r Dependent S t u d i e s . We have r e c e n t l y p o i n t e d ou t the 
c o n s i d e r a b l e c a r e wh ich must be e x e r c i s e d i n i n t e r p r e t i n g a n g u l a r 
( t a k e o f f a n g l e ) dependent da ta i n d e l i n e a t i n g unambiguous ly 
l a t e r a l and v e r t i c a l sample i n h o m o g e n e i t i e s ( 7 ) . The u n r i v a l l e d 
c a p a b i l i t y o f ESCA i n p r o v i d i n g da t a on v e r t i c a l i n h o m o g e n e i t i e s 
has a l r e a d y p roduced new i n s i g h t s i n the s u r f a c e s c i e n c e o f 
po lymers on b o t h an academic and t e c h n o l o g i c a l f r o n t

B e f o r e the adven
r e a c t i o n o f a s o l i d s u r f a c
a d d r e s s e d . The c o m p l e x i t i e s o f s t r u c t u r e s f o r po lymers w h i c h a re 
p a r t i a l l y at l e a s t d i c t a t e d by p r o c e s s i n g can c l e a r l y l e a d t o 
c o r r e s p o n d i n g l y complex s u r f a c e s t r u c t u r e s f o r systems w h i c h have 
undergone r e a c t i o n at a g a s / s o l i d or l i q u i d / s o l i d i n t e r f a c e . A 
t y p i c a l s i t u a t i o n might be t ha t d e p i c t e d i n F i g u r e 6 . The 
s u r f a c e , s u b - s u r f a c e and b u l k may have c r y s t a l l i n e and amorphous 
r e g i o n s . Fo r a r e a c t i v e s p e c i e s M, f o r wh ich the a c t i v a t i o n 
energy i s s m a l l , r e a c t i o n may o c c u r f o r eve ry c o l l i s i o n and the 
r e a c t i o n may then o c c u r r a t h e r u n i f o r m l y b o t h l a t e r a l l y and 
v e r t i c a l l y . I f the a c t i v a t i o n energy i s h i g h , however , then b o t h 
l a t e r a l and v e r t i c a l i n h o m o g e n e i t i e s may o c c u r . The s i t u a t i o n i s 
a l s o c o m p l i c a t e d by the f a c t t h a t the c r y s t a l l i n i t y o f a g i v e n 
po lymer sys tem may be s t r o n g l y i n f l u e n c e d by p r o c e s s i n g c o n d i 
t i o n s . Thus , u n i a x i a l and b i a x i a l o r i e n t a t i o n o f a g i v e n po lymer 
sys tem may w e l l a l t e r q u i t e d r a s t i c a l l y the c r y s t a l l i n i t y o f a 
g i v e n sys tem and t h i s i s i n d i c a t e d s c h e m a t i c a l l y i n F i g u r e 7 . As 
we have no ted w i t h c a r e f u l c o n t r o l o f a l l the v a r i a b l e s a c o m b i n a 
t i o n o f a n g u l a r and pho ton energy dependent s t u d i e s p r o v i d e s ESCA 
w i t h u n r i v a l l e d c a p a b i l i t y f o r depth p r o f i l i n g . I n a p p r o p r i a t e 
cases i t i s a l s o p o s s i b l e to s tudy l a t e r a l i n h o m o g e n e i t i e s and 
w i t h improved s e n s i t i v i t y s m a l l a r e a a n a l y s i s becomes a d i s t i n c t 
p o s s i b i l i t y . T h i s can be a c c o m p l i s h e d e i t h e r by means o f the 
s p e c t r o m e t e r l e n s sys tem or by means o f a p p r o p r i a t e s l i t sys t ems . 
A t t h i s s tage however i t wou ld seem t h a t i n the n e x t t e n y e a r s we 
a re u n l i k e l y _ £ o see s p e c t r o m e t e r s w i t h a spot r e s o l u t i o n s i z e o f 
l e s s than 10 s q . cm. w h i c h i s s t i l l r a t h e r g r o s s compared w i t h 
SAM. 

Sample C h a r g i n g . We have shown t h a t sample c h a r g i n g i s an 
i m p o r t a n t i n f o r m a t i o n l e v e l i n i t s own r i g h t and w i t h the p o s s i 
b i l i t y o f " t u n i n g " sample c h a r g i n g by means o f a UV f l o o d gun i n 
the p a r t i c u l a r case o f s t u d i e s i n v o l v i n g a monochromat i sed source 
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M 
Reactive species M 

Diffusion in amorphou

(?) Low activation energy:- uniform reaction at surface 

(ii) High " . - diffusion controlled, non uniform 
reactivity of various surface 
and subsurface regions. 

Figure 6. Surface reactions of polymers 

Figure 7. Fringed micelle structure of polymers and orientation effects on bulk 
morphology 
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t h e r e w i l l u n d o u b t e d l y be an i n c r e a s i n g awareness o f t h i s i m p o r t 
an t i n f o r m a t i o n l e v e l wh ich i s t r a d i t i o n a l l y thrown away ( 8 ) . 

I n the t h r ee s e c t i o n s be low we c o n s i d e r i m p o r t a n t a reas o f 
a p p l i c a t i o n s o f ESCA i n ; m i g r a t i o n phenomena, i n the s y n t h e s i s o f 
po lymer s u r f a c e s by means o f p lasma t e c h n i q u e s and i n r e a c t i o n s 
i n i t i a t e d at the s u r f a c e o f c o t t o n f i b r i l s i n the n i t r a t i o n o f 
c e l l u l o s e . 

M i g r a t i o n Phenomena (9^) 

As we have i n d i c a t e d s c h e m a t i c a l l y i n F i g u r e 2 the m i g r a t i o n 
and s e g r e g a t i o n o f s m a l l m o l e c u l e s a t po lymer s u r f a c e s can be 
m o n i t o r e d by i n t e n s i t y changes o f a p p r o p r i a t e c o r e l e v e l s as a 
f u n c t i o n o f take o f f a n g l e . A p a r t i c u l a r l y i n t r i g u i n g a p p l i c a 
t i o n o f t h i s genre i n v o l v e s the m i g r a t i o n o f the low m o l e c u l a r 
we igh t s i l i c o n e m a t e r i a l used as a r e l e a s e agent i n doub le s i d e d 
S c o t c h tape commonly use
ments . 

A p r i o r i m i g r a t i o n o f low m o l e c u l a r w e i g h t m a t e r i a l c o u l d 
c o n c e i v a b l y o c c u r by two d i s t i n c t mechanisms and t h i s i s i n d i 
c a t e d s c h e m a t i c a l l y i n F i g u r e 8 . On the l e f t hand s i d e m i g r a t i o n 
from one s u r f a c e o f a po lymer to the o t h e r i s by b u l k m i g r a t i o n 
i n v o l v i n g p e r m e a t i o n th rough the b u l k . The a l t e r n a t i v e i n v o l v e s 
m i g r a t i o n a l o n g s u r f a c e s as i n d i c a t e d s c h e m a t i c a l l y on the r i g h t 
hand s i d e o f the f i g u r e . 

An ESCA e x a m i n a t i o n o f a f r e s h l y exposed s u r f a c e o f doub le 
s i d e d S c o t c h tape (3M' s company e l e c t r i c a l i n s u l a t i n g t ape) r e 
v e a l s a f a i r l y i n t e n s e s i g n a l from S i 2 and 01s l e v e l s a p p r o p r i a t e 
to s i l i c o n e type m a t e r i a l . To demons t ra te the m i g r a t i o n o f t h i s 
s i l i c o n e m a t e r i a l a p i e c e o f tape was a t t a c h e d to a s t r i p o f 
po lymer and the r e s u l t s f o r h i g h and low d e n s i t y p o l y e t h y l e n e 
samples (HDPE LDPE) a re shown i n F i g u r e 9 . By t a k i n g samples from 
d i f f e r e n t s e c t i o n s o f the po lymer s t r i p a f t e r a p e r i o d o f 10 days 
a t ambient t empera tu re two f e a t u r e s a re e v i d e n t . F i r s t l y LDPE has 
a d i f f e r e n t b e h a v i o r f rom HDPE. S e c o n d l y b o t h po lymer f i l m s show 
e v i d e n c e t h a t the s i l i c o n e w i l l m i g r a t e a l o n g the s u r f a c e . T h i s 
i s not e n t i r e l y unexpec ted on the b a s i s o f the s u r f a c e e n e r g e t i c s 
and the l i k e l y degree o f c r y s t a l l i n i t y e t c . o f the s u r f a c e s o f 
h i g h and low d e n s i t y p o l y e t h y l e n e . 

I n o rde r to d i f f e r e n t i a t e between m i g r a t i o n a l o n g a s u r f a c e 
v e r s u s p e r m e a t i o n th rough the b u l k as mechanisms f o r s i l i c o n e t o 
move from one s u r f a c e to ano the r we have c o n s t r u c t e d the a p p a r a t u s 
shown i n F i g u r e 10 . By mount ing po lymer f i l m s i n a c l a m p i n g r i n g 
and by m o n i t o r i n g d i f f e r e n t p o r t i o n s o f the f i l m i t becomes 
p o s s i b l e to d i f f e r e n t i a t e between the main a l t e r n a t i v e s f o r m i 
g r a t i o n mechanisms and t h i s i s i n d i c a t e d s c h e m a t i c a l l y i n the 
f i g u r e . 

The co re l e v e l d a t a f o r two o f the p o s i t i o n s o f i n t e r e s t f o r 
a LDPE f i l m o f ^100u t h i c k n e s s a re shown i n F i g u r e 1 1 . C o n s i d e r 
i n g f i r s t l y the room tempera tu re da t a the i n t e n s i t i e s f o r the S i 0 
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Prototype system 

Low MWt silicone on HDPE and LDPE 

Figure 8. Migration phenomena: possible extremes for migration of low-molecular 
weight materials. 

HDPE tape 
LDPE 

Figure 9. The C-ls, O-ls, and Si-2p core levels for strips of LDPE film with 
Scotch tape attached (diffusion studies, 10 days RT) 
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Figure 12. Comparison of C-ls and Si-2p levels for HDPE and LDPE samples 
mounted in diffusion study apparatus 
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and 01s s i g n a l s a re somewhat s i m i l a r f o r bo th p o s i t i o n s and 
i n d i c a t e t h a t m i g r a t i o n a l o n g the s u r f a c e i s d r a s t i c a l l y c u r t a i l 
ed by the c l a m p i n g r i n g a r rangement . A f t e r 11 days a t 75 C 
however the s i t u a t i o n i s s u b s t a n t i a l l y d i f f e r e n t the m i g r a t i o n 
t h r o u g h the b u l k b e i n g s u b s t a n t i a l l y f a s t e r than a l o n g the s u r 
f a c e . The d i f f e r e n c e between HDPE and LDPE i s s t i l l e v i d e n t 
however f o r the b u l k m i g r a t i o n and t h i s i s c l e a r from the da t a 
g i v e n i n F i g u r e 12. 

These da ta show the p o t e n t i a l f o r s t u d y i n g the mode o f 
m i g r a t i o n o f s m a l l m o l e c u l e s b o t h a l o n g and th rough s u r f a c e s and 
a l s o p o i n t to the danger o f l o n g term exposure o f samples to 
S c o t c h tape as migh t be used f o r example i n s e c u r i n g samples f o r 
t r a n s p o r t i n g p u r p o s e s . 

The P lasma S y n t h e s i s Of U l t r a T h i n F l u o r o p o l y m e r F i l m s 

The s y n t h e s i s o f u l t r
n i q u e s i s an a r ea o f c o n s i d e r a b l
v i e w p o i n t s ( H ) , 11). Thus the c a p a b i l i t y o f t a k i n g b u l k po lymers 
o f d e s i r a b l e b u l k p r o p e r t i e s and s p e c i f i c a l l y m o d i f y i n g the s u r 
face to a l t e r the c h e m i c a l , p h y s i c a l , m e c h a n i c a l or e l e c t r i c a l 
p r o p e r t i e s has much to commend i t and f i e l d s o f a p p l i c a t i o n w h i c h 
have a l r e a d y r e c e i v e d a t t e n t i o n i n c l u d e g r a f t i n g p o l y a c r y l i c a c i d 
onto p o l y e s t e r f i b r e to improve the comfor t f a c t o r and d e p o s i t i o n 
o f low f r i c t i o n c o a t i n g f l u o r o p o l y m e r f i l m s onto e l a s t o m e r s e a l s 
f o r use i n the o i l d r i l l i n g i n d u s t r y . P lasma d e p o s i t i o n o f u l t r a 
t h i n polymer f i l m s onto m e t a l s i s o f i n t e r e s t f o r b i o m o n i t o r i n g 
e l e c t r o d e s and plasma c o a t i n g s a re a l s o under i n v e s t i g a t i o n f o r 
l a s e r f u s i o n t a r g e t s . P l a sma po lymers p r e p a r e d from h e x a m e t h y l -
d i s i l o x a n e have been shown to be amongst the most b i o c o m p a t i b l e o f 
p o l y m e r i c f i l m s w h i l s t the d e p o s i t i o n o f v e r y t h i n u n i f o r m p i n 
h o l e f r ee f i l m s o f u n u s u a l e l e c t r i c a l p r o p e r t i e s makes p lasma 
polymer f i l m s o f i n t e r e s t i n d e v i c e a p p l i c a t i o n s . The s p e c i f i c 
m o d i f i c a t i o n o f po lymer s u r f a c e s by " c o o l " plasmas i s a l s o an a r e a 
o f c o n s i d e r a b l e c u r r e n t i n t e r e s t . Thus d e t a i l e d k i n e t i c s t u d i e s 
have been made o f d i r e c t and r a d i a t i v e energy t r a n s f e r to po lymer 
s u r f a c e s by means o f i n e r t gas p l a smas , a t o p i c o f i n t e r e s t i n the 
s u r f a c e c r o s s - l i n k i n g o f po lymers and removing weak boundary 
l a y e r s f o r a d h e s i v e b o n d i n g . The s u r f a c e f u n c t i o n a l i s a t i o n o f 
po lymers can a l s o be a c c o m p l i s h e d i n a c o s t e f f e c t i v e manner by 
means o f p lasma t e c h n i q u e s . The m o t i v a t i o n f o r s t u d y i n g the 
fundamentals o f p lasma p o l y m e r i z a t i o n s and m o d i f i c a t i o n s o f s u r 
f aces i s t h e r e f o r e not d i f f i c u l t to u n d e r s t a n d and we c o n s i d e r 
here one a spec t o f the t o p i c , the p lasma p o l y m e r i z a t i o n o f s i m p l e 
f l u o r o p o l y m e r s . 

The e x c i t a t i o n o f a p lasma i n a t y p i c a l o r g a n i c m o l e c u l e 
g i v e s r i s e to a number o f r a d i c a l c a t i o n s , and e x c i t e d s t a t e s and 
a n i o n r a d i c a l s a r i s i n g from e l e c t r o n a t t achmen t . I t i s not 
s u r p r i s i n g t h e r e f o r e t h a t t r a n s f o r m a t i o n s i n v o l v i n g such s p e c i e s 
and r e a c t i o n s w i t h the o r i g i n a l m o l e c u l e e i t h e r i n the gas phase 
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or at the g a s - s o l i d i n t e r f a c e g i v e s r i s e to a r e a c t i o n pathway 
wh ich i s t y p i c a l l y q u i t e complex . F o r v i n y l monomers i t may be 
shown t h a t under a p p r o p r i a t e c o n d i t i o n s p lasma i nduced p o l y m e r 
i z a t i o n s may accompany the more g e n e r a l p r o c e s s o f p lasma p o l y 
m e r i z a t i o n , the former g i v i n g r i s e to l i n e a r sys t ems , the l a t t e r 
c r o s s - l i n k e d p r o d u c t s . I n the g low r e g i o n o f the p lasma where the 
i o n d e n s i t y i s h i g h e s t polymer d e p o s i t i o n a r i s e s from the compet
i t i v e p r o c e s s o f p o l y m e r i z a t i o n and a b l a t i o n , the s o - c a l l e d CAP 
scheme (10) and the g r e a t v e r s a t i l i t y o f the t e c h n i q u e i n b e i n g 
a b l e to p roduce t h i n f i l m s from v i r t u a l l y any o r g a n i c p r e c u r s o r 
makes the s tudy o f the p r o c e s s o f d e p o s i t i o n and the s t r u c t u r e o f 
the accompanying f i l m s one o f g r e a t i n t e r e s t . The f a c t t h a t the 
f i l m s o f i n t e r e s t a re t h i n ( g e n e r a l l y i n the range 5 - 5000X) and 
t h e r e f o r e need to be s t u d i e d i n s i t u and are i n s o l u b l e r e n d e r s 
ESCA the t e c h n i q u e o f c h o i c e f o r s t u d y i n g d e t a i l s o f s t r u c t u r e and 
b o n d i n g . Indeed i t i s t r u e to say t h a t the m e c h a n i s t i c s tudy o f 
the f o r m a t i o n o f such f i l m
s i n c e the advent o f ESCA

I n r e c e n t papers we have shown how ESCA may be used to 
e s t a b l i s h r e l a t i o n s h i p between the s t r u c t u r e o f the i n i t i a l 
m o l e c u l a r sys tem i n w h i c h the d i s c h a r g e i s e x c i t e d and t h a t o f the 
polymer d e p o s i t e d i n e i t h e r g low or non-g low r e a t i o n s (1_2). The 
o b j e c t i v e s o f the p r e s e n t programme o f work on p la sma po lymers may 
be summarized as f o l l o w s : 

( i ) To e s t a b l i s h the o v e r a l l s t o i c h i o m e t r y and s t r u c t u r a l 
f e a t u r e s p r e s e n t i n a polymer f i l m . 

( i i ) To s tudy the v a r i a t i o n i n ( i ) as a f u n c t i o n o f 
g e o m e t r i c f a c t o r s , power, p r e s s u r e e t c . 

( i i i ) To s tudy r a t e s o f d e p o s i t i o n as a f u n c t i o n o f the gas 
and the s i t e o f d e p o s i t i o n . 

Fo r a v a r i e t y o f r easons the work r e p o r t e d he re p e r t a i n s to 
i n d u c t i v e l y c o u p l e d RF plasmas i n the p r e s s u r e range 50 - 200u. 
Such expe r imen t s a re p a r t i c u l a r l y easy to c a r r y out and c l o s e 
c o n t r o l can be m a i n t a i n e d on the i m p o r t a n t v a r i a b l e s such as 
p r e s s u r e f l o w r a t e , power i n p u t e t c . Yasuda (10) has p o i n t e d ou t 
the impor tance o f W/FM (where W i s the power i n p u t , F i s the f l o w 
r a t e and M the m o l e c u l a r w e i g h t ) i n d e t e r m i n i n g d e p o s i t i o n r a t e 
and n a t u r e o f the m a t e r i a l ( v i z . powder, powdery f i l m , f i l m , o i l ) . 
Under the c o n d i t i o n s o f work d e s c r i b e d he re po lymers were found to 
d e p o s i t as u n i f o r m f i l m s b o t h on g o l d , p y r e x and s i l i c a sub
s t r a t e s . Three d i s t i n c t a p p a r a t u s ' s have been employed i n t h i s 
work . A schema t i c o f a t y p i c a l f r ee s t a n d i n g r e a c t o r f o r the 
d e p o s i t i o n o f f i l m s wh ich a re s u b s e q u e n t l y t r a n s f e r r e d to the 
s p e c t r o m e t e r i s shown i n F i g u r e 13 , w h i l s t the r e a c t o r used f o r i n 
s i t u d e p o s i t i o n o f po lymer f i l m s wh ich may then be d i r e c t l y 
i n s e r t e d i n t o the s p e c t r o m e t e r has been d e s c r i b e d i n some d e t a i l 
p r e v i o u s l y (11). I n o r d e r to s tudy the dependence o f po lymer 
s t r u c t u r e and r a t e o f d e p o s i t i o n as a f u n c t i o n o f d e p o s i t i o n s i t e 
a s p e c i a l l o n g r e a c t o r has been c o n s t r u c t e d and t h i s i s shown 
s c h e m a t i c a l l y i n F i g u r e 14. 
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Figure 13. Apparatus for studying RF plasma polymers 
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Figure 14. Apparatus for studying site dependence of structure of plasma polymers 
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I t i s known t h a t p lasma po lymers o f t e n c o n t a i n u n p a i r e d 
s p i n s and as such may r e a c t on exposure to atmosphere oxygen t o 
produce s u r f a c e o x i d a t i v e f u n c t i o n a l i z a t i o n . I n g e n e r a l t h i s has 
not p r o v e d to be o f any major s i g n i f i c a n c e as f a r as the f l u o r o -
po lymers s t u d i e d i n t h i s work a re conce rned and to emphas ize t h i s 
p o i n t F i g u r e 15 shows a wide s can ESCA spec t rum o f a t h i n p lasma 
po lymer f i l m p roduced from p e r f l u o r o b e n z e n e . The s t o i c h i o m e t r y 
o f t h i s f i l m i s c l o s e to t h a t o f the i n i t i a l "monomer" and by 
g o i n g to a h i g h t a k e o f f a n g l e we can d e t e c t a v e r y low l e v e l o f 
oxygen s i g n a l f o r t h i s f i l m p roduced i n an appa ra tus as i n F i g u r e 
13. 

As w e l l as h a v i n g i n t e r e s t i n g c h e m i c a l , p h y s i c a l , e l e c t r i c a l 
and m e c h a n i c a l p r o p e r t i e s f l u o r o p o l y m e r s p roduced by plasma means 
a re p a r t i c u l a r l y s u i t a b l e f o r s tudy by ESCA not the l e a s t because 
o f the v e r y d i s t i n c t i v e n a t u r e o f the C i s l e v e l s i n such sys t ems . 
F i g u r e 16 d e p i c t s t y p i c a l b i n d i n g energy ranges f o r a v a r i e t y o f 
s t r u c t u r a l f e a t u r e s wh ic
and w i t h a background o
s p e c t r a f o r p lasma po lymer sys t ems . 

A p a r t i c u l a r l y s t r i k i n g example o f t h i s genre i s p r o v i d e d by 
the da t a g i v e n i n F i g u r e 17. The s t o i c h i o m e t r y o f f i l m s can be 
de t e rmined from the i n t e g r a t e d C l s : F l s i n t e n s i t y r a t i o s and from 
the components o f the C i s l e v e l s . From t h i s da t a i t i s c l e a r t h a t 
p lasma p o l y m e r i z a t i o n i n v o l v e s s u b s t a n t i a l rear rangement s i n c e 
t r i f l u o r o m e t h y 1 groups form a s i g n i f i c a n t f e a t u r e o f the s p e c t r a . 
F o r p e r f l u o r o c y c l o h e x a n e , n o r m a l l y c o n s i d e r e d an e x t r e m e l y i n e r t 
f l u o r o c a r b o n , the f l u o r o p o l y m e r e x h i b i t s a l a r g e pe r cen t age o f 
p e r f l u o r o e t h y l g roups and has a s t o i c h i o m e t r y l o w e r i n f l u o r i n e 
than the s t a r t i n g m a t e r i a l . W i t h the advent o f ESCA as a 
s t r u c t u r a l t o o l i t has been shown f o r the f i r s t t ime t h a t the 
d e p o s i t i o n i n the g low r e g i o n o f a p lasma can produce w e l l d e f i n e d 
p o l y m e r i c p r o d u c t s ove r a range o f p r e s s u r e and power i n p u t ranges 
(12) . 

The n a t u r e o f the c o m p e t i t i v e p r o c e s s o f p o l y m e r i z a t i o n and 
d e p o s i t i o n i s such t h a t we might a n t i c i p a t e t h a t a t the edges and 
o u t s i d e o f the g low r e g i o n l o n g e r l i v e d r e a c t i v e s p e c i e s migh t 
w e l l l e a d to the f o r m a t i o n o f d i f f e r e n t po lymer i n r e g i o n s remote 
from the c o i l r e g i o n i n an i n d u c t i v e l y c o u p l e d p l a s m a . Indeed i n 
the case o f c o n v e n t i o n a l l y p o l y m e r i z a b l e "monomers" such as the 
f l u o r i n a t e d a l k e n e s the p o l y m e r i z a t i o n mechanism i n the non -g low 
r e g i o n may w e l l be dominated by c o n v e n t i o n a l a d d i t i o n p o l y m e r 
i z a t i o n : the so c a l l e d p lasma i n i t i a t e d p o l y m e r i z a t i o n . 

There a re two i m p o r t a n t q u e s t i o n s wh ich may r e a d i l y be 
addressed by ESCA. F i r s t l y , what i s the r a t e o f d e p o s i t i o n o f the 
po lymer f i l m a t a g i v e n s i t e i n a p lasma r e a c t o r and s e c o n d l y how 
does the s t r u c t u r e depend on the s i t e o f d e p o s i t i o n ? To i l l u s 
t r a t e the g r e a t power o f the t e c h n i q u e i n answer ing these q u e s 
t i o n s we c o n s i d e r here a r e c e n t d e t a i l e d i n v e s t i g a t i o n o f the 
i n d u c t i v e l y c o u p l e d p lasma p o l y m e r i z a t i o n o f p e n t a f l u o r o b e n z e n e 
(13) . 
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C i s co re l e v e l s p e c t r a as a f u n c t i o n o f two t a k e o f f a n g l e s 
f o r the p lasma p o l y m e r i z a t i o n i n the g low r e g i o n o f a f r e e 
s t a n d i n g r e a c t o r a re shown i n F i g u r e 18 , a t a p r e s s u r e o f 200u and 
power l o a d i n g o f 10 w a t t s . The s p e c t r a show c o n s i d e r a b l e f i n e 
s t r u c t u r e and compar i son w i t h da t a such as t h a t i n F i g u r e 16 
a l l o w s a s t r a i g h t f o r w a r d a s s i g n m e n t . The major components o f the 
l i n e p r o f i l e c o n s i s t s o f two peaks c e n t e r e d ^ 286 .7 eV and 288 .7 
eV c o r r e s p o n d i n g to <C-CF and CF s t r u c t u r a l f e a t u r e s , the compon
en t s at ^ 2 8 9 . 9 eV, 291.5 eV and 293 .5 eV c o r r e s p o n d to C F - C F n > 

C F 2 and CF^ s t r u c t u r a l f e a t u r e s . The component a t ^296 eV c o r 
responds to the TT -> T T * shake up s a t e l l i t e o f the component 
c e n t e r e d ^ 2 8 8 . 7 eV thus i n d i c a t i n g the p resence o f a con juga t ed 
s y s t e m . The s m a l l component at 285 eV a lmos t c e r t a i n l y c o r r e s 
ponds to a low l e v e l o f h y d r o c a r b o n c o n t a m i n a t i o n s i n c e the 
r e l a t i v e i n t e n s i t y i n c r e a s e s s l i g h t l y on g o i n g to a h i g h e r t a k e 
o f f a n g l e . 

W i t h i n e x p e r i m e n t a
t a k e o f f ang l e s a re th
c o n t e n t than the s t a r t i n g m a t e r i a l . The p resence o f CF^ and CF^ 
s t r u c t u r a l f e a t u r e s p r o v i d e s s t r o n g e v i d e n c e f o r the e x t e n s i v e 
m o l e c u l a r rear rangement accompanying the p o l y m e r i z a t i o n r e a c t i o n . 

The s t r u c t u r e and c o m p o s i t i o n o f the polymer d e p o s i t e d i n 
the g low r e g i o n remains e s s e n t i a l l y c o n s t a n t as a f u n c t i o n o f 
power and p r e s s u r e over a c o n s i d e r a b l e range o f t y p i c a l o p e r a t i n g 
p a r a m e t e r s . T h i s F i g u r e 19 shows the component a n a l y s i s f o r f i l m s 
d e p o s i t e d on g o l d s u b s t r a t e s i n the glow r e g i o n at a f i x e d 
p r e s s u r e o f 200u and power i n p u t s o f 10 , 20 and 30 w a t t s . 

W i t h a knowledge o f mean f r ee pa ths as a f u n c t i o n o f k i n e t i c 
energy i t becomes p o s s i b l e to s tudy the r a t e o f f i l m d e p o s i t i o n as 
a f u n c t i o n o f the o p e r a t i n g p a r a m e t e r s . T y p i c a l d a t a f o r the i n 
s i t u d e p o s i t i o n o f po lymer i n a s m a l l r e a c t o r a t t a c h e d to the 
s p e c t r o m e t e r a re g i v e n i n F i g u r e 20 . By m o n i t o r i n g the s u b s t r a t e 
A u ^ „ , l e v e l s (MgK . ^ r a d i a t i o n ) the r a t e s o f d e p o s i t i o n may be 
s t u d i e d and the u n i f o r m n a t u r e o f the d e p o s i t i o n i s e v i d e n t f rom 
t h i s d a t a . Fo r a f i v e f o l d i n c r e a s e i n power the d e p o s i t i o n r a t e 
changes from ^ 2A per s e c . to per s e c . i n d i c a t i n g t h a t the r a t e 
o f d e p o s i t i o n i s a p p r o a c h i n g the maximum a t the p r e s s u r e and f l o w 
r a t e employed f o r these e x p e r i m e n t s . 

We now t u r n to the i m p o r t a n t q u e s t i o n o f the s t r u c t u r e o f the 
po lymer as a f u n c t i o n o f s i t e d e p o s i t i o n . E m p l o y i n g the r e a c t o r 
c o n f i g u r a t i o n d e p i c t e d i n F i g u r e 14, the po lymer d e p o s i t e d a t the 
r e a c t o r w a l l and at the c e n t e r o f the r e a c t o r has been i n v e s t i 
ga ted as a f u n c t i o n o f p o s i t i o n as i n d i c a t e d . The g low r e g i o n f o r 
a p lasma e x c i t e d a t 200u and 10 w a t t s i n p u t power ex tends f o r a 
r e g i o n ^ 1 5 cms. i n from o f and ^ 1 0 cm. to the r e a r o f the c o i l 
r e g i o n . F i g u r e 21 shows the F l s , C i s and F2s l e v e l s f o r the 
polymer d e p o s i t e d i n the g low r e g i o n i n f r o n t o f the c o i l s y s t em. 
The s p e c t r a a re e s s e n t i a l l y i d e n t i c a l to those i n F i g u r e 18 . The 
co re l e v e l s p e c t r a f o r the f i l m d e p o s i t e d a t the edge o f the g low 
r e g i o n 45 cms. from the f r o n t o f the r e a c t o r a re d i s t i n c t i v e l y 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 18. The C-ls core levels as a function of take-off angle for RF plasma 
polymer from pentafluorobenzene (10 W, 200 fi) 
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Figure 19. Component analysis of structural features in fluoropolymer films from 
RF plasmas excited in pentafluorobenzene (free-standing reactor (200p)) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 20. Rates of deposition of plasma polymerS from pentafluorobenzene 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 21. The F-ls, C-ls, and F-2s levels for fluoropolymer produced from 
pentafluorobenzene (site of deposition 10 cm from input end of reactor in Figure 14) 

Figure 22. The F-ls, C-ls, and F-2s levels for fluoropolymer produced from 
pentafluorobenzene (site of deposition 45 cm from input end of reactor in Figure 14) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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d i f f e r e n t as i s apparen t from a compar i son o f F i g u r e 22 and F i g u r e 
2 1 . C l e a r l y the c o n t r i b u t i o n from CF^ s t r u c t u r a l f e a t u r e s has 
s i g n i f i c a n t l y i n c r e a s e d and t h i s becomes more pronounced f o r 
f i l m s d e p o s i t e d i n the non glow r e g i o n 60 cms. from the f r o n t o f 
the r e a c t o r ( F i g u r e 2 3 ) . CF^ s t r u c t u r a l f e a t u r e s now dominate the 
s p e c t r a and F i g u r e 24 shows how the d e r i v e d s t o i c h i o m e t r y o f the 
polymer f i l m depends on s i t e o f d e p o s i t i o n . I t may a l s o be shown 
t h a t the r a t e o f d e p o s i t i o n i n the g low r e g i o n i s e x t r e m e l y r a p i d 
compared w i t h the non glow r e g i o n s . W i t h the type o f i n f o r m a t i o n 
p r o v i d e d by these ESCA s t u d i e s the s t o i c h i o m e t r y and main s t r u c 
t u r a l f e a t u r e s f o r a g i v e n polymer f i l m d e r i v e d from a g i v e n 
s t a r t i n g m a t e r i a l may be s e l e c t e d f o r a g i v e n a p p l i c a t i o n . 

An ESCA I n v e s t i g a t i o n Of The S u r f a c e C h e m i s t r y Of The N i t r a t i o n 
And D e n i t r a t i o n Of C e l l u l o s e M a t e r i a l s 

I n t r o d u c t i o n . Th
p a r t i c u l a r l y i n the for g  cheque r
ed h i s t o r y (_14). Indeed the d i s c o v e r y i n 1833 by B r a c c o n n o t (15) 
t h a t the r e a c t i o n o f n i t r i c a c i d w i t h c o t t o n p roduced i n f l a m m a b l e 
m a t e r i a l s and the subsequent pa t en t g r a n t e d to S c h o n b e i n (16) i n 
1846 s p e c i f y i n g the p r o d u c t i o n o f n i t r o c e l l u l o s e s from c o t t o n and 
mixed a c i d s can be s a i d to have m a t e r i a l l y changed the c o u r s e o f 
h i s t o r y . A f t e r the f i r s t ( unschedu led ) l a r g e s c a l e e x p l o s i o n i n 
1847, work on the t e c h n i c a l p r o d u c t i o n o f n i t r o c e l l u l o s e s was 
somewhat r e s t r a i n e d , a f t e r t h i s mishap however the p o s s i b i l i t y o f 
m o d i f y i n g b u r n r a t e f o r p r o p u l s i o n purposes was r e c o g n i z e d and by 
1867 the b a s i s o f the p r o d u c t i o n o f smokeless p r o p e l l a n t s f o r 
guns , r i f l e s and s h e l l s was e s t a b l i s h e d and m a t e r i a l l y changed 
the cou r se o f h i s t o r y not o n l y i n the m i l i t a r y sense but a l s o i n 
the p i o n e e r i n g days o f the w i l d w e s t . 

The i n n o v a t i v e use o f camphor as a p l a s t i c i z e r f o r n i t r o 
c e l l u l o s e by Pa rkes i n 1862 (_17) i n the p r o d u c t i o n o f c e l l u l o i d 
r e p r e s e n t s an i m p o r t a n t landmark i n the emergence o f po lymer 
s c i e n c e and the o b s e r v a t i o n o f the s o l u b i l i t y o f n i t r o c e l l u l o s e s 
and the p r o d u c t i o n o f C o l l o d i o n and t h i n f i l m s u n d o u b t e d l y a c c e l 
e r a t e d the development o f photography as we now know i t . As an 
amusing s i d e l i g h t the p r o d u c t i o n o f c e l l u l o i d a l l o w e d the w i d e r 
development o f snooker and b i l l i a r d s . The p l a s t i c i z i n g e f f e c t o f 
camphor on n i t r o c e l l u l o s e undoub ted ly p r o v i d e d c o n s i d e r a b l e i m 
pe tus to the development o f double and t r i p l e based p r o p e l l a n t s 
based on n i t r o g l y c e r i n e / n i t r o c e l l u l o s e f o r m u l a t i o n s . The f o u n d a 
t i o n s o f the p r o d u c t i o n methods used f o r n i t r o c e l l u l o s e s ( F i g u r e 
25) were l a r g e l y l a i d down i n the e a r l y t w e n t i e t h c e n t u r y and 
d e s p i t e the t e c h n o l o g i c a l , m i l i t a r y and academic impor t ance o f 
the whole f i e l d and d e s p i t e a v o l u m i n o u s l i t e r a t u r e much o f i t 
c l a s s i f i e d t h e r e are a number o f unanswered q u e s t i o n s . T h i s i s 
p a r t i c u l a r l y so when the i m p o r t a n t q u e s t i o n o f s u r f a c e c h e m i s t r y 
i s a d d r e s s e d . Thus the i n i t i a l i n t e r a c t i o n o f c e l l u l o s e f i b r i l s 
w i t h n i t r a t i n g med ia , the bu rn i n i t i a t i o n , the s t a b i l i z a t i o n , 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 23. The F-ls, C-ls,  for fluoropolymer produced from 
pentafluorobenzene (site of deposition 60 cm from input end of reactor in Figure 14) 
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Figure 24. Average carbon to fluorine stoichiometry as a function of site of depo
sition for fluoropolymers produced from pentafluorobenzene 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



17. C L A R K ESCA Studies of Polymer Surfaces 271 

r e p r e s e n t a few amongst many o f the i m p o r t a n t a s p e c t s o f the 
n i t r o c e l l u l o s e f i e l d wh ich depend on s u r f a c e phenomena. 

The wide r a n g i n g n a t u r e o f b o t h the t e c h n o l o g i c a l and 
academic i n v e s t i g a t i o n s o f the c e l l u l o s e and n i t r o c e l l u l o s e f i e l d 
ove r the pa s t hundred y e a r s or so poses c e r t a i n d i f f i c u l t i e s s i n c e 
r e l e v a n t da ta i s w i d e l y d i s p e r s e d over a number o f d i s c i p l i n e s . 
The most comple te p u b l i s h e d su rvey (14) i s now some 30 y e a r s o l d 
and p r e - d a t e s most o f the r e l e v a n t developments i n b o t h s u r f a c e 
c h e m i s t r y and m e c h a n i s t i c o r g a n i c c h e m i s t r y wh ich a re e s s e n t i a l 
to the d e t a i l e d u n d e r s t a n d i n g o f he te rogeneous p r o c e s s e s a t the 
s u r f a c e s o f c e l l u l o s e based m a t e r i a l s . 

The n i t r a t i o n o f c e l l u l o s e i n the form o f c o t t o n l i n t e r s i s 
u s u a l l y i n mixed a c i d and on a t h r e e component d i a g r a m the zone o f 
t e c h n i c a l n i t r a t i o n i s d e l i n e a t e d by c o m p o s i t i o n s i n the range 
H N 0 3 17-27%, H 2 S 0 4 66-50% and H O 17-23% ( 1 4 ) . A l t h o u g h n i t r a 
t i o n s can be c o n v e n i e n t l y e f f e c t e d on the l a b o r a t o r y s c a l e w i t h 
n i t r i c p h o s p h o r i c mixe
n o r m a l l y p r e c l u d e the
s c a l e . N i t r i c a c i d - wa te r mixes a re not used s i n c e n i t r a t i o n i s 
uneven and d e g r a d a t i o n and g e l a t i n i z a t i o n o f p r o d u c t a r i s e a t the 
h i g h p e r c e n t a g e n i t r i c mixes r e q u i r e d f o r r e a c t i o n . T e c h n i c a l 
n i t r a t i o n s as p r e v i o u s l y no ted a re c a r r i e d out i n n i t r i c s u l p h u r i c 
mixes s i n c e t h i s a f f o r d s a cheap method f o r p r o d u c t i o n o f h i g h 
n i t r o g e n c o n t e n t m a t e r i a l w i t h c o n v e n i e n t r e c o v e r y and w i t h a 
l a c k o f c o r r o s i o n p r o b l e m s . 

The main p o i n t o f i n t e r e s t i n t e c h n i c a l n i t r a t i o n i n mixed 
a c i d i s the q u e s t i o n o f the degree o f s u b s t i t u t i o n and how t h i s 
r e l a t e s to the a c i d mix c o m p o s i t i o n . Thus a l t h o u g h F i g u r e 26 
shows a maximum degree o f s u b s t i t u t i o n o f 3 , i n p r a c t i c e t h i s i s 
never a t t a i n e d and the maximum degree o f s u b s t i t u t i o n i s % 2 . 8 . A 
d e f i n i t i v e answer as to why t h i s s h o u l d be so has no t t h u s f a r been 
g i v e n s i n c e i n a he te rogeneous p r o c e s s the d e l i n e a t i o n between 
the p o s s i b l e e x p l a n a t i o n s r e q u i r e s a t e c h n i q u e w h i c h can c l e a r l y 
d i s t i n g u i s h s u r f a c e from b u l k phenomena ( c f . F i g u r e 2 7 ) . 

The q u e s t i o n o f the l i m i t i n g degree o f s u b s t i t u t i o n ( u s u a l l y 
e s t a b l i s h e d by a b u l k n i t r o g e n d e t e r m i n a t i o n u s i n g a m i c r o 
K j e l d a h l t e c h n i q u e ) i n n i t r o c e l l u l o s e s c o u l d a p r i o r i be r a t i o n 
a l i z e d i n terms o f two extreme m o d e l s . 

The f i r s t can be a t t r i b u t e d to the m i c r o and m a c r o s c o p i c 
s t r u c t u r e o f the c e l l u l o s e . Thus i n h o m o g e n e i t i e s i n the b u l k 
s t r u c t u r e c o u l d c o n c e i v a b l y g i v e r i s e to a c c e s s i b l e and i n 
a c c e s s i b l e r e g i o n s . S i n c e n i t r a t i o n must depend on the d i f f u s i o n 
o f r eagen t t h roughou t the b u l k s t r u c t u r e a f u r t h e r c o n s i d e r a t i o n 
i s t h a t t h e r e may w e l l be a c o n c e n t r a t i o n p r o f i l e t h roughou t the 
s t r u c t u r e . On t h i s b a s i s the l e s s than maximum degree o f s u b 
s t i t u t i o n i s a t t r i b u t a b l e to an inhomogeneous b u l k s t r u c t u r e 
c o r r e s p o n d i n g to r e g i o n s o f c o m p l e t e l y n i t r a t e d m a t e r i a l and 
u n r e a c t e d i n a c c e s s i b l e r e g i o n s . 

An a l t e r n a t i v e and somewhat more p l a u s i b l e a l t e r n a t i v e i s 
t h a t s i n c e n i t r a t i o n i s a r e v e r s i b l e e s t e r i f i c a t i o n p r o c e s s t h e n 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 25. Nitration of cellulose: possible reaction pathways 
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Figure 27. Points of interest in the technical nitration in mixed acid of cellulose 
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the ^ 2 . 8 degree o f s u b s t i t u t i o n t y p i c a l l y obse rved r e p r e s e n t s 
the e q u i l i b r i u m s i t u a t i o n ( c f . F i g u r e 2 8 ) . 

I n o r d e r to shed l i g h t on t h i s s i t u a t i o n we p r e s e n t he re a 
compar i son o f the s u r f a c e and b u l k n i t r a t i o n o f c e l l u l o s e i n the 
form o f l i n t e r s paper (_17). B e f o r e d i s c u s s i n g the d a t a however i t 
i s w o r t h w h i l e b r i e f l y c o n s i d e r i n g the background c o n c e r n i n g the 
b u l k s t r u c t u r e o f c e l l u l o s e and n i t r o c e l l u l o s e . 

The s t r u c t u r e o f c e l l u l o s e o r n i t r o c e l l u l o s e may be d i s c u s s 
ed on t h r ee d i s t i n c t l e v e l s ( 1 4 , 1 8 ) . 

( i ) The s t r u c t u r e o f the m a c r o s c o p i c f i b r e g e n e r a l l y 
about 20u i n d i a m e t e r . S t r u c t u r a l Botany has shown 
t h a t the f i b r e s a re c h a r a c t e r i z e d by a number o f 
d i s t i n c t l a y e r s the r e s u l t o f the growth mechanism 
w i t h i n the l i v i n g p l a n t . 

( i i ) The n a t u r e o f these l a y e r s wh ich i n the case o f 
c e l l u l o s e appea  b d f f i b r i l  w i t h i
f i b r i l s , r a n g i n
the so c a l l e
meter and thought to c o n s i s t o f c h a i n s o f D g l u c o s e 
m o l e c u l e s 12 x 8 u n i t s i n c r o s s s e c t i o n . 

( i i i ) The m o l e c u l a r l e v e l i n c l u d i n g the u n i t c e l l o f the 
c r y s t a l l i n e r e g i o n s , m o l e c u l a r we igh t d i s t r i b u t i o n 
e t c . 

F o r b o t h c e l l u l o s e and n i t r o c e l l u l o s e a c o n s i d e r a b l e body o f 
e v i d e n c e has been gene ra t ed on a s p e c t s ( i i ) and ( i i i ) however 
c o n s i d e r a b l e c o n t r o v e r s y su r rounds the i n f o r m a t i o n p e r t a i n i n g t o 
( i i ) . L e w i s (18) has s u c c i n c t l y d e s c r i b e d the c u r r e n t s t a t e o f 
knowledge i n wh ich the t h r e e models d e p i c t e d i n F i g u r e 29 have 
been d i s c u s s e d . 

Most o f the o l d e r l i t e r a t u r e d i s c u s s e s the c h e m i s t r y o f 
c e l l u l o s e i n terms o f the w e l l known f r i n g e d m i c e l l e model ( a ) . 
The main f e a t u r e o f t h i s model i s an ex tended c r y s t a l l i n e s t r u c 
t u r e i n t e r s p e r s e d w i t h amorphous r e g i o n s . X - r a y s t u d i e s and more 
r e c e n t c h e m i c a l e v i d e n c e p r o v i d e l i t t l e suppor t f o r such a model 
and an a l t e r n a t i v e , m i c r o f i b r i l model (b) has been d e v e l o p e d . The 
fundamenta l a s p e c t o f t h i s model i s t h a t v i r t u a l l y 100% o f the 
c o t t o n i s i n the c r y s t a l l i n e form and c o n s i s t s o f u l t i m a t e f i b r i l s 
3-5 u i n d i a m e t e r . The amorphous or non c r y s t a l l i n e r e g i o n s i n 
t h i s model a re a s s o c i a t e d w i t h the s u r f a c e r e g i o n s o f these 
m i c r o f i b r i l s . The v a r y i n g degree o f a c c e s s i b i l i t y to c h e m i c a l 
r eagen t s i s e x p l a i n e d by p o s t u l a t i n g t h a t the number o f a c t i v e 
c e n t e r s on any p a r t i c u l a r c e l l u l o s e m o l e c u l e w i l l depend on 
whether i t l i e s a l o n g the c o r n e r , edge, the face o r the i n t e r i o r 
o f the m i c r o f i b r i l . The l a r g e r the f i b r i l d i a m e t e r the s m a l l e r 
the p r o p o r t i o n o f non c r y s t a l l i n e m a t e r i a l p r e s e n t . I n the case 
o f n i t r o c e l l u l o s e e x p e r i m e n t a l e v i d e n c e has been p r e s e n t e d w h i c h 
i s b a s i c a l l y i n c o m p a t i b l e w i t h such a m o d e l . A compromise between 
the f r i n g e d m i c e l l e and t o t a l l y c r y s t a l l i n e m i c r o f i b r i l t h e o r y 
has r e c e n t l y been s u g g e s t e d , the main f e a t u r e o f the model ( c ) 
b e i n g t h a t amorphous r e g i o n s between c r y s t a l l i t e s r u n i n c o n t i n u -

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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Older Theory 
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Crystalline regions 
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Inaccessible regions. 

In) Nitrating Mix 

as Nitration proceeds 

H N 0 3 | H 2 0 | 

first formed nitrate. 

Figure 28. Inhomogeneities leading to reduced DOS for bulk materials 
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Hydrolysis 
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Figure 29. Kinetics and equilibria involved in nitrations in mixed acids 
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ous v e i n s th rough the po lymer and a re not randomly d i s t r i b u t e d as 
i n the f r i n g e d m i c e l l e t h e o r y . The a v a i l a b l e da t a p a r t i c u l a r l y 
t h a t r e l a t i n g to p r o c e s s i n g o f n i t r o c e l l u l o s e i s c o m p a t i b l e w i t h 
such a model w i t h the m i c r o f i b r i l s as i n (b) b e i n g the c r y s t a l 
l i t e s w i t h the i n t e r v e n i n g r e g i o n s b e i n g f i l l e d w i t h amorphous 
m a t e r i a l wh ich d i f f e r s l i t t l e i n d e n s i t y from t h a t o f the c r y s t a l 
l i n e r e g i o n s (see F i g u r e 30) . 

I n any he te rogeneous p r o c e s s i t i s the s u r f a c e wh ich p r o 
v i d e s a "window" on the r e a c t i o n however as we have p r e v i o u s l y 
no ted the s t u d i e s to da te have focus sed on the b u l k c h e m i s t r y . 
M i l e s (14) has summarized much o f the i m p o r t a n t l i t e r a t u r e i n the 
p e r i o d to c i r c a 1950 and e v i d e n c e has been p r e s e n t e d t h a t under 
c e r t a i n c o n d i t i o n s e q u i l i b r i u m between n i t r a t i o n and d e n i t r a t i o n 
i s e s t a b l i s h e d on the t y p i c a l t ime s c a l e i n v o l v e d f o r n i t r a t i o n . 
Very r e c e n t (13) C nmr s t u d i e s have c o n f i r m e d (19) an e a r l i e r 
c h e m i c a l l y based i n f e r e n c  (20) t h a  i  n i t r a t e d c e l l u l o s f
g i v e n degree o f s u b s t i t u t i o
r a t i o s ( p r i m a r y v s secondary ? )
i s i m p o r t a n t to r e c o g n i z e t h a t t n i s a lmos t c e r t a i n l y c o r r e s p o n d s 
to an e q u i l i b r i u m o r d e r o f r e a c t i v i t y s i n c e i t i s known t h a t i n 
homogeneous r e a c t i o n s the r a t e c o n s t a n t s f o r d e n i t r a t i o n o f p r i 
mary e s t e r s i s s u b s t a n t i a l l y s m a l l e r than f o r n i t r a t i o n under a 
g i v e n se t o f c o n d i t i o n s (2_1). The c h e m i c a l r e a c t i o n sequence 
i n v o l v i n g t r ea tment o f the n i t r a t e d m a t e r i a l w i t h N a l i n 
a c e t o n y l a c e t o n e p r o v i d e s i n f o r m a t i o n on the t o t a l l e v e l o f p r i 
mary n i t r a t e e s t e r groups i n the sample ( 2 0 ) . By c o n t r a s t the 
h i g h r e s o l u t i o n (1_3) C nmr s t u d i e s r e l a t e o n l y to the s o l u b l e 
f r a c t i o n o f n i t r a t e d m a t e r i a l . The i n f o r m a t i o n d e r i v e d from 
these c h e m i c a l and s p e c t r o s c o p i c s t u d i e s a re v a l u a b l e bu t s t i l l 
l e a v e i m p o r t a n t gaps i n the i n f o r a m t i o n r e q u i r e d to f u l l y u n d e r 
s t and the n i t r a t i o n o f c e l l u l o s e i n mixed a c i d s . I n o r d e r to shed 
new l i g h t on t h i s t e c h n o l o g i c a l l y and a c a d e m i c a l l y i m p o r t a n t a r e a 
we p r e s e n t here a d e t a i l e d compar i son o f the s u r f a c e and b u l k 
n i t r a t i o n and d e n i t r a t i o n o f c e l l u l o s e m a t e r i a l s i n terms o f 
degree o f s u b s t i t u t i o n and r e l a t i v e r a t e s o f r e a c t i o n s . 

E x p e r i m e n t a l . S i n c e the n i t r a t i o n o f c e l l u l o s e i n the form 
o f l i n t e r s paper may w e l l be u n f a m i l i a r to many p e o p l e we p r e s e n t 
he re a b r i e f s y n o p s i s o f the p r o c e d u r e s i n v o l v e d . The g e n e r a l 
p r o c e d u r e s a re i n d i c a t e d s c h e m a t i c a l l y i n F i g u r e 3 1 . C o m m e r c i a l 
l y p roduced l i n t e r s paper ( H e r c u l e s Powder C o . ) o f S h i r l e y f l u i d 
i t y 8 .8 and approx ima te degree o f p o l y m e r i z a t i o n 1100 was vacuum 
d r i e d i n an oven a t 60 f o r 2 h r s . and s t o r e d over P«0 , - . T h i s 
p r o v i d e s a s t a r t i n g c e l l u l o s e sample w i t h < 2% w a t e r . N i t r a t i o n s 
and d e n i t r a t i o n s were a c c o m p l i s h e d by immers ion i n the a p p r o 
p r i a t e a c i d mix ( o f sample s t r i p s (4 cm x 4 cm) f o r a g i v e n p e r i o d 
o f t ime u s i n g an appa ra tu s such as t h a t d e p i c t e d i n F i g u r e 32 . 
B u l k n i t r o g e n d e t e r m i n a t i o n s have been c a r r i e d out u s i n g a m i c r o 
K j e l d a h l . 
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Figure 30. Possible models for the struc
ture of cellulose and nitrocellulose (after 

Ref. 18; c) THE VEINED MODEL 

Cellulose paper type 1 
Ex M.O.D. dried at 60° 
in vacuum oven. 2hrs. 

I 
Stored over P2O5 

4x4cm. strips immersed 
in Nitrating acid by 
trome or Mitchell method. 

Atter specfic time, strips 
are removed from mix, 
squeezed free of acid 
on a Buchner funnel and 
quenched in 1 litre of 
water of 5°C. 

Nitrocellulose is washed 
in 3» 500 mis. of cold 
water and further 
boiled for 2-3 hours. 

Soxhlet washing hos 
also been tried. 

As for Nitration always 
Mitchell method. 

Nitrocellulose (high N 
content) placed in spent 
acrd of mix used to 
Nitrate Cellulose to a 
low D.O.S. 

Work up as 
for Nitrotion 

Drying proceedure as 
above. ESCA and Kjeldahl 
analysis carried out. 

Figure 31. Nitration and denitration procedures (nitrations according to Mitchell 
procedure) (22) 
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P r e l i m i n a r y A n a l y s i s . The co r e l e v e l ( C i s , O l s , N i s ) s p e c 
t r a f o r a t y p i c a l n i t r o c e l l u l o s e sample which has been 
c o m m e r c i a l l y p roduced i s shown i n F i g u r e 3 3 . The C i s spec t rum 
shows 3 d i s t i n c t i v e components (once a s t a n d a r d l i n e shape a n a l y 
s i s has been c a r r i e d o u t ) . Thus the c e n t r a l component a t ^ 2 8 7 . 4 
eV a r i s e s p r e d o m i n a n t l y from the carbons C2 , C3 and C6 b e a r i n g the 
n i t r a t e e s t e r f u n c t i o n a l i t y w i t h c o n t r i b u t i o n s from C4 and C 5 . CI 
u n i q u e l y a t t a c h e d to two oxygens i n the c y c l i c h e m i a c e t a l fo rmu
l a t i o n o f the 3 -Dglucopyranose r i n g i s a t h i g h e s t b i n d i n g ene rgy . 
The component a t 285 eV a r i s e s from e x t r a n e o u s h y d r o c a r b o n w h i c h 
we w i l l show l a t e r i s c o n f i n e d to the v e r y s u r f a c e o f the sample . 
I n c e l l u l o s e samples i r r e s p e c t i v e o f source o r t ype ( e . g . l i n t e r s 
or s t a p l e f i b r e s ) the h y d r o c a r b o n s i g n a l obse rved i s v a r i a b l e bu t 
i n e v i t a b l y p r e s e n t . The N i s s i g n a l c o n s i s t s o f an i n t e n s e h i g h 
b i n d i n g energy component and ( c f . F i g . 3) compar i son w i t h model 
systems unambiguous ly i d e n t i f i e s t h i s as o r i g i n a t i n g from the 
n i t r a t e e s t e r groups - O - N O ^
b i n d i n g energy componen
a s s o c i a t e d w i t h n i t r i t e e s t e r g r o u p s . I n the l a b o r a t o r y s c a l e 
n i t r a t i o n s where c o n d i t i o n s can perhaps be more p r e c i s e l y c o n 
t r o l l e d such s t r u c t u r a l f e a t u r e s are at a much lower l e v e l . 
C o n v e n t i o n a l n i t r i t e t r a p s ( u r e a , a s c o r b i c a c i d e t c . ) d i s s o l v e d 
i n the n i t r a t i n g mix to o b v i a t e the p o s s i b i l i t y o f f o r m a t i o n o f 
n i t r i t e e s t e r s does not seem to remove the v e r y low l e v e l s o f such 
s t r u c t u r a l f e a t u r e s and i t c o u l d be t h a t they a r i s e as a r e s u l t o f 
r e a c t i o n s o c c u r r i n g d u r i n g s t a b i l i z a t i o n and s t o r a g e . The O l s 
l e v e l s a re an u n r e s o l v e d b road peak . 

W i t h a knowledge o f s e n s i t i v i t y f a c t o r s f o r the v a r i o u s co re 
l e v e l s i t i s p o s s i b l e to s t r a i g h t f o r w a r d l y work out the degree o f 
s u b s t i t u t i o n DOS (average number o f n i t r o - e s t e r f u n c t i o n a l i t i e s 
pe r g l u c o s e r e s i d u e ) . Thus the i n t e g r a t e d C l s / N l s a r ea r a t i o s 
( e x c l u d i n g the e x t r a n e o u s h y d r o c a r b o n component) y i e l d s a DOS o f 
2 .3 f o r the p h o s p h o r i c / n i t r i c n i t r a t i n g mix i d e n t i c a l w i t h t h a t 
de t e rmined from m i c r o K j e l d a h l b u l k a n a l y s i s . The t o t a l C l s / O l s 
r a t i o i n d i c a t e s t h a t t he re i s l i t t l e r e s i d u a l water i n the 
n i t r a t e d sample . 

W i t h f i b r i l l a r samples such as l i n t e r papers any i n f o r m a t i o n 
on v e r t i c a l i n h o m o g e n e i t i e s i n t o the sample may o n l y be i n f e r r e d 
by l o o k i n g a t d i f f e r e n t l e v e l s c o r r e s p o n d i n g to d i f f e r e n t escape 
d e p t h s . C l e a r l y the good agreement between b u l k and s u r f a c e 
a n a l y s e s sugges t s t h a t the sample i s u n i f o r m a l l y n i t r a t e d and the 
ex t r aneous h y d r o c a r b o n must t h e r e f o r e be l o c a l i z e d a t the s u r f a c e 
perhaps i n the form o f a pa tched o v e r l a y e r s i n c e i n most cases 
the re may w e l l be s i g n i f i c a n t l y l e s s than a monolayer p r e s e n t . 
One way o f e s t a b l i s h i n g the p u r e l y s u r f a c e n a t u r e o f t h i s h y d r o 
c a r b o n ( s i n c e the u s u a l a n g u l a r dependent s t u d i e s a re not f e a s i -
i b l e ) i s to compare DOS averaged over d i f f e r e n t s a m p l i n g d e p t h s . 
Whereas f o r MgK a the t y p i c a l s a m p l i n g depth w i l l be say ^ 5 0 A f o r 
T i K a w i t h pho ton energy 4510 eV a f i g u r e o f ^300S would be more 
a p p r o p r i a t e . 
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Figure 32. Nitrating apparatus used in ESCA studies 
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F i g u r e 34 shows N i s and C i s s p e c t r a f o r c e l l u l o s e l i n t e r s 
paper n i t r a t e d f o r 300 sees , i n a low n i t r a t i n g m i x . Whereas the 
MgK a s p e c t r a f o r the C i s l e v e l s show a s i g n i f i c a n t c o n t r i b u t i o n 
from the ex t r aneous h y d r o c a r b o n the c o r r e s p o n d i n g l i n e s h a p e 
a n a l y s i s f o r the T i K a s p e c t r a i s d e s c r i b e d w i t h no c o n t r i b u t i o n 
from h y d r o c a r b o n s i n c e even monolayer coverage 5$) wou ld 
c o n t r i b u t e a n e g l i g i b l e c o n t r i b u t i o n to the C i s l e v e l s f o r e l e c 
t r o n s h a v i n g a mean f r e e p a t h at l e a s t an o r d e r o f magni tude 
g r e a t e r 9 0 £ ) . T h i s shows the g r e a t v a l u e o f h a v i n g a v a r i a b l e 
pho ton source r o u t i n e l y a v a i l a b l e . 

The r e l a t i v e s e n s i t i v i t y o f n i t r o c e l l u l o s e s to p h o t o c h e m i c a l 
d e c o m p o s i t i o n s i s known and i t i s t h e r e f o r e n e c e s s a r y to i n 
v e s t i g a t e the s e n s i t i v i t y to i n t e r r o g a t i o n by means o f ESCA o f 
n i t r a t e d and d e n i t r a t e d c e l l u l o s e samples . I t may r e a d i l y be 
shown t h a t on the t y p i c a l t ime s c a l e fo r the ESCA i n v e s t i g a t i o n s 
p h o t o c h e m i c a l d e g r a d a t i o n i s n e g l i g i b l e  A t the t y p i c a l dose 
r a t e s i n v o l v e d ( t y p i c a
s i g n s o f d e c o m p o s i t i o n
The main r e a c t i o n appears to be p h o t o - r e d u c t i o n . Thus the h i g h 
b i n d i n g energy component i n the N i s spec t rum a p p r o p r i a t e t o 
-O-NO^ s t r u c t u r a l f e a t u r e s i s accompanied i n the case o f m a t e r i a l 
s u b j e c t e d to i r r a d i a t i o n f o r ex tended p e r i o d s by a s m a l l peak a t 
low b i n d i n g energy a t t r i b u t a b l e to - C - N H f u n c t i o n a l i t y . Even 
a f t e r 5 hours i r r a d i a t i o n however t h i s component s t i l l o n l y 
r e p r e s e n t s a s m a l l f r a c t i o n o f the t o t a l N i s spec t rum. We may 
c o n c l u d e from t h i s t h a t X - r a y d e g r a d a t i o n i s n e g l i g i b l e d u r i n g 
the t ime s c a l e o f a t y p i c a l ESCA i n v e s t i g a t i o n . 

D e t a i l e d S t u d i e s Of N i t r a t i o n And D e n i t r a t i o n . F o r a 
n i t r a t i n g mix o f a g i v e n c o m p o s i t i o n one o f the most i m p o r t a n t 
f e a t u r e s o f i n t e r e s t i s the q u e s t i o n as to how r a p i d l y an e q u i 
l i b r i u m DOS i s e s t a b l i s h e d i n the s u r f a c e r e g i o n s a c c e s s i b l e to 
ESCA. As an example F i g u r e 35 shows co r e l e v e l s p e c t r a f o r 
samples o f the same b a t c h o f l i n t e r s papers n i t r a t e d f o r d i f f e r i n g 
p e r i o d s i n a n i t r a t i n g mix c o n s i s t i n g o f 75% H^SO^: 22.2% HNO^: 
2.8% H^O. The N i s l e v e l s , w h i c h p r o v i d e a ready means o f f o l l o w 
i n g the n i t r a t i o n , r ema in c o n s t a n t i n i n t e n s i t y from r e a c t i o n 
t imes o f 1 s e c . to 1 h o u r . T h i s i n d i c a t e s t h a t on the ESCA dep th 
s c a l e , e q u i l i b r i u m i s v e r y r a p i d l y e s t a b l i s h e d . T h i s i s no t 
e n t i r e l y unexpec ted s i n c e the d i f f u s i o n o f n i t r a t i n g mix i n t o the 
ou te rmos t 50& or so o f the c e l l u l o s e f i b r i l s i s e x p e c t e d to o c c u r 
r a p i d l y . A s i m i l a r c o m p a r i s o n i s shown i n F i g u r e 36 f o r samples 
s t u d i e d by means o f the h a r d e r T i K a X - r a y s o u r c e . Here the 
s a m p l i n g depth w i l l be s e v e r a l hundred Angs t roms y e t the s p e c t r a 
r e c o r d e d a f t e r r e a c t i o n t imes o f 1 s e c . and 300 s e c . a r e c l o s e l y 
s i m i l a r . I t i s c l e a r t h e r e f o r e t h a t the e q u i l i b r i u m DOS i s 
r a p i d l y e s t a b l i s h e d i n the s u r f a c e r e g i o n s . 

The g ro s s f e a t u r e s o f the e q u i l i b r i a w h i c h a re i n v o l v e d i n 
d e t e r m i n i n g the o v e r a l l DOS i n the s u r f a c e r e g i o n s o f c o t t o n 
f i b r i l s i s o u t l i n e d s c h e m a t i c a l l y i n F i g u r e 3 7 . F o r mixed a c i d 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



280 PHOTON, E L E C T R O N , AND ION PROBES 

Figure 34. The N-ls and C-ls spectra for nitrocellulose produced in mixed acid 
(MgKai,2 and TiKai>2 spectra) 
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Figure 35. Core-level spectra as a function of time for nitration in mixed acid 
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Figure 36. The TiKa spectra for nitration of cellulose for 1 s and 300 s in mixed acid 
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n i t r a t i n g mixes i t has been proposed t h a t the s u l p h u r i c a c i d 
component does not d i f f u s e i n t o the b u l k (14) and t h i s c o u l d 
o b v i o u s l y l e a d to d i f f e r e n c e s i n DOS f o r the s u r f a c e and b u l k 
r e g i o n s o f samples s i n c e o n l y i n the s u r f a c e r e g i o n s i s s u l p h o n a -
t i o n c o m p e t i t i v e w i t h n i t r a t i o n . An impor t an t q u e s t i o n wh ich 
ESCA i s p o t e n t i a l l y c a p a b l e o f answer ing i s whether s u l p h a t e 
e s t e r s may be d e t e c t e d i n the s u r f a c e r e g i o n s o f n i t r a t e d mate
r i a l . 

M g K ^ £ s p e c t r a f o r the N i s , S2p and C i s r e g i o n s o f c o t t o n 
l i n t e r s for* n i t r a t e d m a t e r i a l a re shown i n F i g u r e 38 . A low l e v e l 
S2p s i g n a l i s d e t e c t e d and the h i g h b i n d i n g energy o f ^ 169 eV 
i d e n t i f i e s t h i s as a r i s i n g from s u l p h a t e e s t e r g r o u p s . I t i s 
c l e a r t h e r e f o r e t h a t s u l p h a t e e s t e r s are formed i n the v e r y 
s u r f a c e r e g i o n s . Comparable s t u d i e s w i t h the T i K a X - r a y sou rce 
w i t h a l a r g e r s a m p l i n g depth shows v i r t u a l l y no e v i d e n c e f o r 
s u l p h a t e e s t e r s and ESCA t h e r e f o r e u n i q u e l  demons t ra tes the 
s u r f a c e n a t u r e o f such

The f i n a l DOS f o r
s u r f a c e r e g i o n s i s c o n c e r n e d , depends on n i t r a t i o n , d e n i t r a t i o n , 
s u l p h o n a t i o n e q u i l i b r i a . The f a c t t ha t the DOS i s r a p i d l y 
e s t a b l i s h e d sugges t s t h a t d e n i t r a t i o n i s c o m p e t i t i v e w i t h n i t r a 
t i o n w h i l s t the f a c t t h a t even i n h i g h s u l p h u r i c mixes the DOS i s 
s t i l l a p p r e c i a b l e i l l u s t r a t e s t h a t n i t r a t e e s t e r f o r m a t i o n i s 
more f a c i l e than s u l p h a t e e s t e r f o r m a t i o n . The r a p i d i t y w i t h 
which d e n i t r a t i o n - n i t r a t i o n e q u i l i b r i a are e s t a b l i s h e d i n the 
s u r f a c e r e g i o n s i s n i c e l y i l l u s t r a t e d by the da t a d i s p l a y e d i n 
F i g u r e 39 . Thus f o r s t a r t i n g m a t e r i a l , DOS 2.7 d e n i t r a t i o n o f the 
outermost few tens o f angstroms i s r a p i d and dependent on a c i d 
m i x . I n 79.1% HNO^ d e n i t r a t i o n i n 1 s e c . i s to DOS 2 .3 s i n c e t h i s 
mix i s c l o s e to the minimum n e c e s s a r y f o r n i t r a t i o n to be e f f e c t e d 
(77.8% H N 0 3 c o r r e s p o n d s to the monohydrate) w h i l s t f o r 84.4% H N 0 3 

d e n i t r a t i o n i s to a DOS o f 2 .5 on a 1 s e c . t ime s c a l e . C o r r e s 
pond ing s p e c t r a w i t h a T i K a X - r a y source i n d i c a t e s t h a t the degree 
o f d e n i t r a t i o n i s s l i g h t l y l ower than f o r the M g K a X - r a y s o u r c e . 

The extreme s e n s i t i v i t y o f ESCA i n the d e t e c t i o n o f the 
i n i t i a l s tages o f r e a c t i o n s i s n i c e l y d i s p l a y e d by the com
p a r a t i v e d a t a g i v e n i n F i g u r e 4 0 . T h i s shows the n i t r a t i o n and 
d e n i t r a t i o n o f c e l l u l o s i c samples . The s u b s t a n t i a l secondary 
s h i f t o f the n i t r a t e e s t e r group i s shown by the s h i f t to h i g h 
b i n d i n g energy compared w i t h the ex t r aneous h y d r o c a r b o n peak (AE 
2.3 eV f o r the C-O-NO^ component compared w i t h AE 1.7 eV f o r 
c e l l u l o s e i t s e l f . The ESCA da ta p r e s e n t e d , t h u s f a r t h e r e f o r e 
e s t a b l i s h e s t h a t n i t r a t i o n - d e n i t r a t i o n - s u l p h o n a t i o n e q u i l i b r i a 
a r e r a p i d l y e s t a b l i s h e d i n the s u r f a c e r e g i o n s . 

S y s t e m a t i c s t u d i e s have been made o f n i t r a t i o n s i n bo th 
n i t r i c - p h o s p h o r i c and n i t r i c - s u l p h u r i c m i x e s , b o t h from a s u r f a c e 
and b u l k p o i n t o f v i e w . Fo r n i t r i c p h o s p h o r i c mixes the DOS 
depends on the c o m p o s i t i o n and t he r e i s l i t t l e ev idence f o r 
f o r m a t i o n o f phosphate e s t e r s . The DOS i n the s u r f a c e r e g i o n 
t h e r e f o r e r e p r e s e n t s the e q u i l i b r i u m between n i t r a t i o n and de-

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



Figure 38. The N-ls, C-ls, and S-2p core-level spectra for nitrated material (de
tection of sulfate esters) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 39. Denitration of nitrocellulose DOS 2.7 as a function of denitrating mix 
(MgKaij) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 40. Comparison of surface nitration and denitration of cellulose 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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n i t r a t i o n . S i n c e e q u i l i b r a t i o n i n the b u l k r e q u i r e s d i f f u s i o n o f 
r eagen t s then n a t u r a l l y e s t a b l i s h m e n t o f t h i s e q u i l i b r i u m o c c u r s 
on a l o n g e r t ime s c a l e than f o r the s u r f a c e . The i m p o r t a n t 
f e a t u r e however i s t h a t the DOS o b t a i n e d from b u l k a n a l y s e s i s 
e s s e n t i a l l y the same as f o r the s u r f a c e r e g i o n s ( F i g u r e 4 1 ) . The 
s i t u a t i o n w i t h r e g a r d to n i t r a t i o n s i n mixed a c i d i s c o n s i d e r a b l y 
more complex and r e p r e s e n t a t i v e da t a f o r b u l k and s u r f a c e n i t r a 
t i o n s i n mixed a c i d a re g i v e n i n F i g u r e 4 2 . 

C o n s i d e r i n g f i r s t l y the da ta f o r the 64% s u l p h u r i c mix the 
s u r f a c e DOS as a s s e s s e d by ESCA u t i l i z i n g at M g ^ source i s 
e s s e n t i a l l y e s t a b l i s h e d a f t e r 1 s e c . exposure and remains c o n 
s t a n t t h e r e a f t e r . The d i f f u s i o n o f n i t r a t i n g mix i n t o the b u l k 
l e a d s to a t ime dependent DOS w h i c h tends to approach t h a t o f the 
s u r f a c e . As the s u l p h u r i c c o n t e n t i s i n c r e a s e d and wa te r c o n t e n t 
dec rea sed the s u r f a c e DOS d e c r e a s e s . I n terms o f c o m p e t i t i v e 
e q u i l i b r i a we might a n t i c i p a t e t h a t as the s u l p h u r i c c o n t e n t 
i n c r e a s e s the f o r m a t i o
more f a v o r e d . The s u g g e s t i o
n i t r a t i o n s the s u l p h u r i c a c i d does no t p e n e t r a t e the b u l k (14) and 
on t h i s b a s i s we might a n t i c i p a t e s i g n i f i c a n t d i f f e r e n c e s i n 
s u r f a c e and b u l k c h e m i s t r i e s i r r e s p e c t i v e o f t ime s c a l e . ESCA has 
demons t ra ted t h i s i n d e t a i l f o r the f i r s t t i m e . Thus f o r b o t h the 
70% mix and the 75% s u l p h u r i c mixes the DOS o f the s u r f a c e i s 
a c t u a l l y lower than f o r the b u l k and work r e c e n t l y comple ted has 
shown t h a t w i t h a T i K a X - r a y source the DOS i s a l s o c l o s e to t h a t 
f o r the b u l k . 

I t i s c l e a r t h e r e f o r e t h a t ESCA p r o v i d e s a new d i m e n s i o n to 
t h i s complex p rob l em o f the n i t r a t i o n - d e n i t r a t i o n o f c e l l u l o s e 
m a t e r i a l s and the work d e s c r i b e d he re p r o v i d e s a s t r o n g b a s i s f o r 
the s tudy o f the even more complex systems r e p r e s e n t e d by doub le 
and t r i p l e based p r o p e l l a n t f o r m u l a t i o n s . 
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18 
X-Ray Photoelectron Spectroscopy for the 
Investigation of Polymer Surfaces 

A. DILKS1 

Department of Chemistry, University of Durham, South Road, 
Durham, DH1 3LE, England 

Since the binding energies of electrons in core levels are 
characteristic of a particular element, X-ray photoelectron spec
troscopy (XPS or ESCA) in its simplest form can be employed to 
produce an elemental analysis of a polymer surface. However a 
more detailed consideration of the information levels available 
from XPS has led to more comprehensive structural determinations 
for polymers, in terms of both the structural features present at 
the surface, and how the outermost few layers of the material 
differ from the subsurface and bulk sample. In this article a 
description of the application of XPS to the investigation of 
polymer surfaces is presented with the aid of some current 
examples. An emphasis is placed on the measurement of absolute 
and relative binding energies and, absolute and relative signal 
intensities, which is often sufficient to characterize a given 
polymer surface. For certain exceptions however i t is also 
necessary to consider the extra information which may be derived 
from the observation of shake-up and sample charging phenomena. 
It is beyond the scope of this article to discuss these latter 
phenomena but detailed descriptions can be found elsewhere (1, 
2). 

A b s o l u t e and R e l a t i v e S i g n a l I n t e n s i t i e s 

A n a l y t i c a l Depth P r o f i l i n g . F i g u r e 1 shows da ta f o r f o u r 
pho ton sou rce s a v a i l a b l e f o r use i n X P S , a l o n g w i t h t h e i r photon 
e n e r g i e s and n a t u r a l l i n e w i d t h s . The two most commonly used are 
MgKo^ and A l K a w i t h pho ton e n e r g i e s o f °° 1254 and % 1487eV 
r e s p e c t i v e l y . Artfhough these X - r a y s may p e n e t r a t e many thousands 
o f Angst roms i n t o the sample , the mean f ree pa ths o f the 

1 C u r r e n t a d d r e s s : X e r o x C o r p o r a t i o n W-114, 800 P h i l l i p s Road , 
W e b s t e r , New Y o r k 14580 U . S . A . 

0097-6156/81/0162-0293$06.25/0 
© 1981 American Chemical Society 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Photon Energy Linewidth 
Source (eV) (eV) 

Mg K a 1254 07 

AI K q 1487 0 85 

T i K a 4510 2 0 

C r K a 5417 2 1 

Figure 1. Photon sources of use in X 

K.E.(C|S) >(C|S) Sampling Depth 
(eV) (A°) (A°) 

969 -14 - 40 

1202 -23 - 7 0 

4225 MOO -300 

5132 ^200 -600 

°S and typical electron mean-free paths 

Analyzer 
e" 

Figure 2. Substrate/overlayer model and 
schematic of angles involved in XPS 
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p h o t o e m i t t e d e l e c t r o n s a re r a t h e r s h o r t and i t i s t h e r e f o r e o n l y 
those from the outermost l a y e r s o f the m a t e r i a l wh ich escape 
w i t h o u t energy l o s s . T a k i n g the C i s co re l e v e l as an example f o r 
p o l y m e r s , the k i n e t i c energy o f the p h o t o e m i t t e d e l e c t r o n i s 
shown i n F i g u r e 1 f o r each photon s o u r c e . F o r MgKa, « a n < l A l K a ^ ^ 
r a d i a t i o n , the mean f ree pa ths o f these e m i t t e a e l e c t r o n s , 
t h rough t h i n f i l m s o f p o l y p a r a x y l y e n e , have been measured as VL4A 
and ^ 23& r e s p e c t i v e l y 03 ) . These c o r r e s p o n d to s a m p l i n g dep ths 
o f ^ 40$ and ^ 70S r e s p e c t i v e l y , where the s a m p l i n g depth i s 
d e f i n e d as the depth from wh ich 95% o f the s i g n a l i n t e n s i t y 
d e r i v e s . The mean f r ee pa th o f a p h o t o e m i t t e d e l e c t r o n i s a 
s t r o n g f u n c t i o n o f i t s k i n e t i c e n e r g y , and t h i s depends on the 
pho ton source employed , as w e l l as the co re l e v e l b e i n g s t u d i e d . 
C l e a r l y the s a m p l i n g depth may be i n c r e a s e d , i f d e s i r e d , by 
employ ing a more e n e r g e t i c photon s o u r c e , a l t h o u g h the l a r g e r 
n a t u r a l l i n e w i d t h s o f these sou rces r e s u l t i n dec reased r e s o l u
t i o n i n the s p e c t r u m . 

The s i g n a l i n t e n s i t
t h e r e f o r e dependent upon the mean f r ee pa th f o r the p h o t o e m i t t e d 
e l e c t r o n and f o r a t h i c k homogeneous sample i s g i v e n by e q u a t i o n 
( 1 ) . 

I = f ( 0 ) F a K X N = f ( 0 ) l ° N (1) 

F i s the X - r a y f l u x , a i s the c r o s s s e c t i o n f o r p h o t o i o n i z a t i o n i n 
the d i r e c t i o n o f the a n a l y z e r , K i s a s p e c t r o m e t e r dependent 
f a c t o r , A i s the mean f r e e p a t h o f the p h o t o e m i t t e d e l e c t r o n s and 
N i s the number o f atoms per u n i t volume on wh ich the c o r e l e v e l 
r e s i d e s . I i s d e f i n e d as F K . f ( 0 ) i s i n c l u d e d i n e q u a t i o n (1) 
to d e s c r i b e how the a b s o l u t e s i g n a l i n t e n s i t y v a r i e s w i t h ©, the 
e l e c t r o n t a k e - o f f a n g l e , wh ich i s d e f i n e d as the a n g l e between the 
norma l to the sample s u r f a c e and a l i n e j o i n i n g the sample and the 
a n a l y z e r e n t r a n c e s l i t , ( see F i g u r e 2 ) . f ( 6 ) depends upon 
g e o m e t r i c f a c t o r s (1) such as the s p e c t r o m e t e r c o n f i g u r a t i o n and 
sample s i z e and shape , and i s o f t e n termed the a n g u l a r r e sponse 
f u n c t i o n o f the c o n f i g u r a t i o n . 

F o r an inhomogeneous sample the s i t u a t i o n wh ich i s most 
o f t e n encoun te r ed i s t h a t shown i n F i g u r e 2 , i n wh ich a m o d i f i e d 
s u r f a c e l a y e r o f t h i c k n e s s d o v e r l a y s an u n m o d i f i e d b u l k . T h i s i s 
u s u a l l y r e f e r r e d to as the s u b s t r a t e / o v e r l a y e r m o d e l . The s i g n a l 
i n t e n s i t y f o r a co re l e v e l i n the s u r f a c e l a y e r i s g i v e n by 
e q u a t i o n ( 2 ) . 

i = f ( e ) i ° N ( l - e - d / A c o s e ) (2) 

s s s 

w h i l e t h a t f o r the b u l k m a t e r i a l i s g i v e n by e q u a t i o n ( 3 ) . 

I b = f ( 6 ) l ° b N b . e _ d / X c 0 s e (3 ) 
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The f a c t o r o f l / c o s 0 i n the exponents o f e q u a t i o n s (2 ) and 
(3) a r i s e s as a consequence o f the f a c t t h a t , as can be seen from 
F i g u r e 2 , the e f f e c t i v e over l a y e r t h i c k n e s s , as seen by the 
a n a l y z e r , i n c r e a s e s as l / c o s 0 as 0 i s i n c r e a s e d from 0 to 90 . 
T h i s has the e f f e c t o f r e l a t i v e l y enhanc ing s u r f a c e f e a t u r e s as 0 
approaches 90 ( i . e . a t g r a z i n g e l e c t r o n t a k e - o f f ) . I n terms o f 
r e l a t i v e s i g n a l i n t e n s i t i e s , r a t i o i n g the i n t e n s i t i e s at a g i v e n 
a n g l e 0 o f e i t h e r two s i g n a l s , i and j , d e r i v i n g from the s u r f a c e 
or two s i g n a l s , i and j , d e r i v i n g from the b u l k a l l o w s d to be 
d e t e r m i n e d i f the s t o i c h i o m e t r y N i / N j i s known. ( f ( 0 ) c a n c e l s and 
the t o t a l r e l a t i v e s e n s i t i v i t y o f i and j , I i / I j can be d e t e r 
mined f o r the p a r t i c u l a r s p e c t r o m e t e r b e i n g used from s t a n d a r d 
homogeneous samples c o n t a i n i n g i and j ) . T h i s i s p a r t i c u l a r l y 
u s e f u l f o r s u r f a c e m o d i f i c a t i o n s i n v o l v i n g f l u o r i n e where i and j 
can be the F l s and F2s l e v e l s - the F2s l e v e l s b e i n g e s s e n t i a l l y 
c o r e l i k e - t h e r e f o r e the " s t o i c h i o m e t r y 1 1 i s u n i t y  Fo r o t h e r 
systems however , ( f o
f i l m s ) , the s t o i c h i o m e t r
f o r w a r d l y o b t a i n a b l e and measurement o f r e l a t i v e i n t e n s i t i e s a t 
more than one t a k e - o f f a n g l e i s n e c e s s a r y to o b t a i n d and the 
s t o i c h i o m e t r y . Measurement o f the a b s o l u t e s i g n a l i n t e n s i t i e s as 
a f u n c t i o n o f e l e c t r o n t a k e - o f f a n g l e can a l s o p r o v i d e v a l u a b l e 
i n f o r m a t i o n i n t h i s r e s p e c t 

F i g u r e 3 shows the a b s o l u t e C i s s i g n a l i n t e n s i t y d e r i v e d 
from a homogeneous po lymer f i l m as a f u n c t i o n o f the e l e c t r o n 
t a k e - o f f a n g l e , 0 , i n an A E I ES 200B X - r a y p h o t o e l e c t r o n s p e c t r o 
meter ( 4 ) . F o r t h i s s p e c t r o m e t e r the a n g l e between the X - r a y 
source and a n a l y z e r , <{> i s f i x e d a t 9 0 ° . I t i s c l e a r from F i g u r e 2 
t h a t i f the sample i s t u r n e d to face away from e i t h e r the X - r a y 
source or a n a l y z e r a l l s i g n a l i n t e n s i t i e s w i l l f a l l to z e r o . I n 
F i g u r e 3 t h e r e f o r e , a t 0 ^ 90 the sample faces away from the 
a n a l y z e r and a t 8 ^ -25 the sample has c o m p l e t e l y e c l i p s e d the X -
ray s o u r c e . The maximum s i g n a l i n t e n s i t y f o r t h i s p a r t i c u l a r 
c o n f i g u r a t i o n and a homogeneous polymer o c c u r s a t 0 ^ 35 ( 4 ) . 
T h i s v a l u e o f 35 i s r a t h e r i m p o r t a n t and the o v e r a l l shape o f the 
cu rve i n F i g u r e 3 i s the a n g u l a r r esponse f u n c t i o n d e s c r i b e d by 
f ( 0 ) . 

I n c o n t r a s t to a homogeneous sample , where the s i g n a l i n t e n 
s i t y a r i s i n g from a g i v e n co re l e v e l i s d e s c r i b e d by e q u a t i o n ( 1 ) , 
the s i g n a l i n t e n s i t i e s a r i s i n g from c o re l e v e l s i n e i t h e r the 
s u r f a c e o r b u l k o f an inhomogeneous sample , g i v e n by e q u a t i o n s (2) 
and (3) depend on a p r o d u c t o f two terms i n v o l v i n g 0(1^). F i g u r e 
4 shows p l o t s o f these e x p r e s s i o n s f o r the s u r f a c e ( o v e r l a y e r ) and 
b u l k ( s u b s t r a t e ) i n t e n s i t i e s r e s p e c t i v e l y , u s i n g C i s l e v e l s s t u d 
i e d w i t h MgKa r a d i a t i o n as examples . I n each case the c u r v e s 
a re c a l c u l a t e d ' f o r ove r l a y e r t h i c k n e s s e s o f 1, 2 and 3 m o n o l a y e r s . 
A l t h o u g h the d a t a i n F i g u r e 4 r e f e r s s p e c i f i c a l l y to the s p e c t r o 
meter and sample c o n f i g u r a t i o n employed i n t h i s work , the major 
f e a t u r e s a re g e n e r a l l y a p p l i c a b l e to any s i m i l a r a r rangement . 

C o n s i d e r i n g f i r s t l y the s u b s t r a t e or b u l k l e v e l s , we have 
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Figure 3. Variation of the absolute C-ls signal intensity of a homogeneous sample 
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seen from F i g u r e 3 t h a t w i t h no o v e r l a y e r the maximum i n t e n s i t y 
o c c u r s at 0 ^ 35 . As the o v e r l a y e r t h i c k n e s s i s i n c r e a s e d 
however , i n F i g u r e 4 , the a n g l e g i v i n g a maximum i n t e n s i t y from 
the s u b s t r a t e dec reases such t h a t f o r 3 monolayers coverage the 
s i g n a l max imizes a t 0 ^ 10 . Fo r the s u r f a c e o v e r l a y e r on the 
o t h e r hand we know t h a t an i n f i n i t e l y t h i c k l a y e r would g i v e a 
maximum i n t e n s i t y a t 6 ^ 35 . As the t h i c k n e s s o f the o v e r l a y e r 
dec reases however i n F i g u r e 4 the ang le g i v i n g the maximum 
i n t e n s i t y from the o v e r l a y e r i n c r e a s e s such t h a t f o r 1 monolayer 
the s i g n a l max imizes a t 0 ^ 65 . F i g u r e 4 demons t ra tes t h e r e f o r e 
how we can de te rmine whether a co re l e v e l i s p r e d o m i n a t e l y i n the 
s u r f a c e or the b u l k by e s t a b l i s h i n g whether i t s s i g n a l i n t e n s i t y 
i s a maximum at an e l e c t r o n t a k e - o f f a n g l e above or be low the 
v a l u e f o r a s i m i l a r homogeneous sample . F u r t h e r m o r e , i n p r i n 
c i p l e i t i s p o s s i b l e to de te rmine the o v e r l a y e r t h i c k n e s s from 
t h i s a n g l e a lone ( 5 0 . 

I t i s c o n v e n i e n t a
the measurement o f a b s o l u t
r e f e r e n c e to F i g u r e 5 . The f o l l o w i n g d i s c u s s i o n has been k e p t 
d e l i b e r a t e l y q u a l i t a t i v e , a l t h o u g h a c c u r a t e a n a l y s i s o f the 
s i g n a l i n t e n s i t i e s g i v e n do indeed p r o v i d e i n f o r m a t i o n r e l a t i n g 
to the dep th o f r e a c t i o n and s t o i c h i o m e t r y o f the m o d i f i e d s u r f a c e 
l a y e r . F i g u r e 5 compares s i g n a l i n t e n s i t y da t a f o r t h r e e po lymer 
f i l m s o x i d i z e d i n d i f f e r e n t ways (6^). The f i r s t i s p o l y e t h y l e n e 
t r e a t e d i n a co rona d i s c h a r g e i n a i r . The second i s h o t - p r e s s e d 
p o l y e t h y l e n e and the t h i r d i s p o l y s t y r e n e o x i d i z e d i n a l o w -
power, i n d u c t i v e l y c o u p l e d r a d i o f r e q u e n c y p lasma e x c i t e d i n a low 
p r e s s u r e o f oxygen . F o r each i s g i v e n the a b s o l u t e C i s and O l s 
i n t e n s i t i e s and the r e l a t i v e O l s / C l s i n t e n s i t y , a t e l e c t r o n t a k e 
o f f a n g l e s o f 35 and 70 , r e s p e c t i v e l y . The l a t t e r s e t t h e r e f o r e 
c o r r e s p o n d to a near g r a z i n g e l e c t r o n t a k e - o f f a n g l e a t w h i c h 
s u r f a c e f e a t u r e s w i l l be r e l a t i v e l y enhanced. The f i n a l co lumn o f 
numbers i n F i g u r e 5 compares the O l s / C l s i n t e n s i t y r a t i o a t 0 = 
7 0 ° and 0 = 3 5 ° . 

I n each case the b e h a v i o r o f the a b s o l u t e C i s i n t e n s i t y i s 
s i m i l a r s i n c e the C i s s i g n a l d e r i v e s f rom b o t h s u r f a c e and b u l k , 
and w i l l t h e r e f o r e tend to f o l l o w f (0) . The b e h a v i o r o f the O l s 
s i g n a l i n t e n s i t y however d i f f e r s f o r the t h r e e samples . F o r the 
co rona t r e a t e d sample the O l s / C l s i n t e n s i t y r a t i o i s independent 
o f the t a k e - o f f ang l e s u g g e s t i n g the degree o f o x i d a t i o n i s 
homogeneous w i t h i n the XPS s a m p l i n g depth ( ^ 5 0 X ) . T h i s i s 
i l l u s t r a t e d s c h e m a t i c a l l y as a p l o t o f degree o f o x i d a t i o n v e r s u s 
dep th i n t o the f i l m on the f a r r i g h t o f the f i g u r e . We can 
t h e r e f o r e p ropose t h a t o x i d a t i o n i n the co rona p roceeds v i a a 
mechanism i n v o l v i n g r a t h e r e n e r g e t i c s p e c i e s w h i c h may p e n e t r a t e 
a t l e a s t 100& i n t o the p o l y m e r . 

F o r the h o t - p r e s s e d p o l y e t h y l e n e the O l s s i g n a l i n t e n s i t y 
remains a p p r o x i m a t e l y the same i n g o i n g from 0 = 3 5 ° t o 0 = 70 
and the r e l a t i v e O l s / C l s i n t e n s i t y i n c r e a s e s by ^30%. I t can be 
shown t h e r e f o r e t h a t o x i d a t i o n f o r t h i s sample i s c o n f i n e d to the 
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Intensity at 35? Intensity at 70?70?35
C,8 0| S 0/C C l s 0,s 0/C 0/C degree of oxidation 

corona 
oxidized 
RE. 

100 24 0 24 71 17 0-24 10 

hot 
pressed 100 25 0 25 72 24 0-33 1-3 
RE. 

plasma 
oxidized 100 66 0-66 79 75 0-95 1-4 
RS. 

Figure 5. Signal intensity data comparing three polymer films oxidized in different 
ways 
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top two or t h r e e monolayer s o f m a t e r i a l , as i l l u s t r a t e d by the 
s c h e m a t i c on the f a r r i g h t o f the f i g u r e . 

F i n a l l y , f o r the p lasma o x i d i z e d p o l y s t y r e n e f i l m , the a b s o 
l u t e O l s s i g n a l i n t e n s i t y i n c r e a s e s q u i t e d r a m a t i c a l l y w i t h e l e c 
t r o n t a k e - o f f a n g l e i n g o i n g from 0 = 35 to 0 = 70 . By 
compar i son w i t h F i g u r e 4 t h i s b e h a v i o r i n d i c a t e s t h a t the oxygen 
atoms are l o c a t e d i n the ou te rmos t monolayer o f the sample . T h i s 
c o n c l u s i o n i s r e i n f o r c e d by the ^ 40% i n c r e a s e i n the r e l a t i v e 
O l s / C l s i n t e n s i t y on g o i n g to the near g r a z i n g e l e c t r o n t a k e - o f f 
a n g l e . On the r i g h t o f the f i g u r e i s a p l o t o f degree o f 
o x i d a t i o n v e r s u s depth i n t o the f i l m and t h i s i s c o n s i s t e n t w i t h a 
r e a c t i o n mechanism i n v o l v i n g oxygen atoms, wh ich have an ex t r eme
l y s h o r t mean f r ee pa th i n h y d r o c a r b o n p o l y m e r s . 

K i n e t i c S t u d i e s . The p o s s i b i l i t y o f emp loy ing XPS f o r dep th 
p r o f i l i n g and f o r i n v e s t i g a t i o n s o f the k i n e t i c s o f s u r f a c e 
m o d i f i c a t i o n s o f po lymer
i n t e r a c t i o n o f po lymer
plasmas e x c i t e d i n a v a r i e t y o f i n e r t gases ( 4 , _7). F o r example , 
F i g u r e 6 ( a ) shows the F l s and C i s s p e c t r a o f a l a r g e l y a l t e r n a t i n g 
e t h y l e n e - t e t r a f l u o r o e t h y l e n e copolymer (52% T F E ) , w h i l e F i g u r e 
6 (b ) shows s i m i l a r da t a f o r the sample a f t e r t r ea tmen t i n an a rgon 
p l a s m a , (0 .1 t o r r , 0 .2 w a t t s f o r 25 s e e s ) . The s p e c t r a a re shown 
a t e l e c t r o n t a k e - o f f a n g l e s o f 0 = 18 and 0 = 80 r e s p e c t i v e l y . 
The changes i n the s p e c t r a caused by p lasma t r ea tmen t r e v e a l a 
dec rease i n the f l u o n i n e c o n t e n t o f the s u r f a c e r e g i o n o f the 
m a t e r i a l , by the l a r g e r e l a t i v e dec rease i n i n t e n s i t y o f the 
component a r i s i n g from CF s t r u c t u r a l f e a t u r e s and F l s l e v e l s , 
and a c o n c o m i t a n t i n c r e a s e i n the i n t e r m e d i a t e b i n d i n g energy 
component a s s o c i a t e d w i t h CF e n v i r o n m e n t s . The i n t e g r a t e d i n t e n 
s i t i e s o f the component s i g n a l s f o r the t r e a t e d sample as a 
pe r cen t age o f the t o t a l C i s s i g n a l a re C F 2 : CF : C = 32 : 8 : 60 
a t 0 = 1 8 ° and 20 : 18 : 62 a t 0 = 8 0 ° . The d i f f e r e n c e s t r o n g l y 
demons t ra tes the i nhomogene i ty o f the outermost few monolayer s o f 
the sample , and can be u n d e r s t o o d i n terms o f the s u b s t r a t e / o v e r -
l a y e r m o d e l . The CF^ s t r u c t u r a l f e a t u r e s a re c o n t a i n e d i n the 
" s u b s t r a t e 1 1 ( u n r e a c t e a po lymer ) and the s i g n a l a r i s i n g from these 
f e a t u r e s r e l a t i v e l y dec reases i n g o i n g from 0 = 1 8 ° to 9 = 80 . 
The CF s t r u c t u r a l f e a t u r e s are c o n t a i n e d i n the " o v e r l a y e r " 
( m o d i f i e d po lymer ) and the s i g n a l i n t e n s i t y r e l a t i v e l y i n c r e a s e s 
on g o i n g to g r a z i n g e l e c t r o n t a k e - o f f a n g l e . The t h i r d component 
has c o n t r i b u t i o n s from b o t h s u r f a c e and b u l k and i s t h e r e f o r e much 
l e s s dependent on 0 . 

The k i n e t i c model (4) deve loped f o r a n a l y s i s o f the XPS d a t a 
i s based on a sys tem i n w h i c h the m o d i f i c a t i o n o f a s u r f a c e l a y e r 
o f t h i c k n e s s d o c c u r s v i a bo th d i r e c t and r a d i a t i v e energy 
t r a n s f e r p r o c e s s e s , w h i l e benea th t h i s l a y e r o n l y r a d i a t i v e 
energy t r a n s f e r p r o c e s s e s a re c o n s i d e r e d to be i m p o r t a n t . T h i s 
a s sumpt ion d e r i v e s from the f a c t t h a t the U . V . and vacuum U . V . 
r a d i a t i o n , e m i t t e d from the p l a s m a , i s expec t ed to p e n e t r a t e the 
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Figure 6. Core-level spectra of the ethylene-tetrafiuoroethylene copolymer and of 
a sample treated in an argon plasma (6 = 18° and 80°) 
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sample f u r t h e r than a c t i v e s p e c i e s such as argon i o n s and me ta -
s t a b l e s . The k i n e t i c e q u a t i o n (4) can be summarized as e q u a t i o n 
( 4 ) : 

I<= = ( l - e " d / X c ° s e ) . e - K s t

 + e - d / X c o 8 e . e - V (4 ) 
— t o t 

o 

where I t 0 t i s the t o t a l i n t e n s i t y o f the co re l e v e l s i g n a l f o r a 
g i v e n s t r u c t u r a l f e a t u r e i n the i n i t i a l po lymer w h i c h w i l l , u n d e r 
go m o d i f i c a t i o n ( i . e . C F 2 o r F l s f o r the c o p o l y m e r ) . I i s the 
i n t e n s i t y a f t e r t ime t exposed to the p l a sma , d i s the dep th t o 
wh ich d i r e c t energy t r a n s f e r p r o c e s s e s a re i m p o r t a n t , X i s the 
mean f r e e pa th o f the p h o t o e m i t t e d e l e c t r o n s and 6 i s the e l e c t r o n 
t a k e - o f f a n g l e . K i s a compos i t e r a t e c o n s t a n t e n c o d i n g a l l r a t e 
p r o c e s s e s i n the s u r f a c e l a y e r o f t h i c k n e s s d and K, i s a 
compos i t e r a t e c o n s t a n t e n c o d i n  a l l r a t  i  th  sub
s u r f a c e and b u l k o f th

F i g u r e 7 shows a s e m i - l o g a r i t h m i c p l o t o f I / I v e r s u s 
t ime o f exposure to the p l a s m a , f o r the F l s s i g n a l o f a sample o f 
the copolymer t r e a t e d i n an argon p l a sma . The a n a l y s i s i s 
s t r a i g h t f o r w a r d , s i n c e as t becomes l a r g e the dominant c o n 
t r i b u t i o n i s from the term o f s m a l l exponent ( see e q u a t i o n ( 4 ) ) . 
The p l o t t h e r e f o r e approaches l i n e a r i t y w i t h the s l o p e c o r r e s 
pond ing to - K ^ . The i n t e r c e p t o f t h i s l i n e w i t h the a x i s a t t = 0 
c o r r e s p o n d s t o - d / x c o s 0 g i v i n g the d e p t h , to wh ich d i r e c t energy 
t r a n s f e r p r o c e s s e s a re i m p o r t a n t , o f ^ 12& or ^ 2 monolayers i n 
the a rgon p l a s m a . R e p l o t t i n g the d i f f e r e n c e o f t h i s e x t r a p o l a t e d 
l i n e from the e x p e r i m e n t a l d a t a , a t low t , y i e l d s a second 
s t r a i g h t l i n e o f s l o p e - K . K i s an o r d e r o f magni tude g r e a t e r 
than K . . s s 

T h i s type o f XPS a n a l y s i s has been s u c c e s s f u l l y c a r r i e d ou t 
over a wide range o f o p e r a t i n g paramete rs (4) f o r the p l a s m a , and 
a v a r i e t y o f i n e r t gases (_7)> and c l e a r l y p r o v i d e s i n f o r m a t i o n on 
the k i n e t i c s and depth o f r e a c t i o n a t a l e v e l o f d e t a i l u n o b t a i n 
a b l e by any o t h e r t e c h n i q u e . 

A b s o l u t e and R e l a t i v e B i n d i n g E n e r g i e s 

I n t h i s s e c t i o n the i d e n t i f i c a t i o n o f v a r i o u s s t r u c t u r a l 
f e a t u r e s from the measured b i n d i n g e n e r g i e s o f the core l e v e l 
e l e c t r o n s i s d i s c u s s e d . Examples have been chosen i n the a reas o f 
(a) p lasma p o l y m e r i z a t i o n o f f l u o r i n a t e d m a t e r i a l s and (b) s u r 
face o x i d a t i o n o f p o l y m e r s , to encompass b o t h f l u o r i n e - c o n t a i n i n g 
and o x y g e n - c o n t a i n i n g sys t ems . 

P lasma P o l y m e r i z a t i o n o f F l u o r i n a t e d M a t e r i a l s . F i g u r e 8 
shows the C i s and F l s b i n d i n g e n e r g i e s measured f o r the l i n e a r 
f l u o r o p o l y m e r s (8). W h i l e the s h i f t s i n b i n d i n g energy o f the F l s 
l e v e l s a re r e l a t i v e l y s m a l l , the s h i f t i n the b i n d i n g energy o f 
the C i s l e v e l s i n d u c e d by f l u o r i n e as a s u b s t i t u e n t i s r e l a t i v e l y 
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Figure 8. The C-ls and F-ls binding energies measured for the linear luoropoly
mers 
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Figure 9. Core-level spectra of plasma polytetrafluoroethylene 
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l a r g e . A s i m p l e a d d i t i v e model may be c o n s t r u c t e d to d e s c r i b e the 
p r i m a r y s u b s t i t u e n t e f f e c t o f f l u o r i n e on c a r b o n , where the s h i f t 
i n b i n d i n g energy o f a g i v e n C i s co re l e v e l e l e c t r o n subsequent to 
r e p l a c i n g hydrogen or c a r b o n by f l u o r i n e i s ^ 2 .7eV per f l u o r i n e 
s u b s t i t u e n t . I t i s a l s o apparen t from F i g u r e 8 t h a t s u b s t i t u t i o n 
o f f l u o r i n e on the nex t c a r b o n atom a l o n g the c h a i n a l s o p roduces 
a s i g n i f i c a n t , s econdary s h i f t , wh ich has been shown to be ^ 0 .4eV 
per b e t a f l u o r i n e s u b s t i t u e n t (8). W h i l e the C i s s p e c t r a o f 
s i m p l e l i n e a r f l u o r o p o l y m e r s a re w e l l r e s o l v e d due to the l a r g e 
p r i m a r y s h i f t s , the c o r r e s p o n d i n g s p e c t r a f o r more c o m p l i c a t e d 
f l u o r o p o l y m e r s t r u c t u r e s ( e . g . as found i n p lasma p o l y m e r i z a t i o n ) 
tend to be r a t h e r u n r e s o l v e d due to the r e l a t i v e l y l a r g e range o f 
secondary s h i f t e f f e c t s on a g i v e n s t r u c t u r a l f e a t u r e w h i c h may 
o c c u r i n a v a r i e t y o f c h e m i c a l l y d i f f e r e n t env i ronmen t s (9^). ( F o r 
example , a - ^ C F s t r u c t u r a l f e a t u r e bonded to t h r e e / C F ^ groups 
w i l l have a C i s b i n d i n g energy ^ 2eV h i g h e r than f o r a ^ C F 
s t r u c t u r a l f e a t u r e h a v i n

F i g u r e 9 shows th
i z e d t e t r a f l u o r o e t h y l e n e f i l m p roduced i n a r a d i o f r e q u e n c y 
c a p a c i t i v e l y c o u p l e d d i o d e r e a c t o r c o n f i g u r a t i o n ( 9 ) . The C i s 
spec t rum c l e a r l y e x h i b i t s s e v e r a l d i s t i n c t types o f ca rbon 
env i ronment and compar i son w i t h p r e v i o u s l y w e l l c h a r a c t e r i z e d 
systems a l l o w s the i n d i v i d u a l components to be a s s i g n e d to 
p a r t i c u l a r s t r u c t u r a l f e a t u r e s . Thus the peak c e n t e r e d a t ^ 
2 9 4 . l e V on the b i n d i n g energy s c a l e i s a t t r i b u t a b l e to c a r b o n 
a t t a c h e d to t h r ee f l u o r i n e atoms i n CF~ w h i l e those a t ^ 2 9 1 . 9 e V 
and 289 .7eV a re due to C¥^ and CF s t r u c t u r a l f e a t u r e s r e s p e c t i v e 
l y . The s i g n a l c e n t e r e d a t ^ 2 8 7 . 6 e V can be a s s i g n e d to c a r b o n 
atoms not d i r e c t l y a t t a c h e d to f l u o r i n e bu t h a v i n g f l u o r i n e 
s u b s t i t u e n t s i n a b e t a p o s i t i o n , w h i l e the component a t ^ 285 .0eV 
a r i s e s from e i t h e r ca rbon atoms i n a h i g h l y c r o s s l i n k e d e n v i r o n 
ment , h a v i n g no a l p h a or b e t a f l u o r i n e s u b s t i t u e n t s , or from a 
s m a l l amount o f h y d r o c a r b o n c o n t a m i n a t i o n . The f u l l w i d t h a t h a l f 
maximum (FWHM) o f each component i s r e l a t i v e l y l a r g e , i n d i c a t i n g 
a v a r i e t y o f env i ronments f o r each s t r u c t u r a l t y p e . 

S i m i l a r da t a f o r p lasma p o l y t r i f l u o r o e t h y l e n e , p lasma p o l y 
1,1 d i f l u o r o e t h y l e n e and p lasma p o l y f l u o r o e t h y l e n e a re p r e s e n t e d 
i n F i g u r e 10 ( 9 ) . The components o f the C i s s p e c t r a o f the s e r i e s 
o f f l u o r i n a t e d e t h y l e n e s are a s s i g n e d as i n T a b l e 1, where 
s u b s c r i p t s a and b r e f e r to the s t r u c t u r a l t ype b e i n g i n a l a r g e l y 
f l u o r i n a t e d or l a r g e l y h y d r o c a r b o n envi ronment r e s p e c t i v e l y . A 
f u l l d e s c r i p t i o n o f the l i n e s h a p e a n a l y s i s can be found e l s ewhe re 
( 1 , 9 ) . 

The XPS d a t a r e v e a l t h a t a c o n s i d e r a b l e degree o f r e a r r a n g e 
ment o f the i n j e c t e d f l u o r o c a r b o n i s i n v o l v e d i n the p lasma 
p o l y m e r i z a t i o n p r o c e s s . The r e l a t i v e q u a n t i t i e s o f C F ^ , C F ^ , CF 
and n o n - f l u o r i n e s u b s t i t u t e d f e a t u r e s a re r e a d i l y m o n i t o r e d by 
XPS and show a s t r o n g dependence on the i n j e c t e d f l u o r o c a r b o n . As 
the f l u o r i n e c o n t e n t o f the i n j e c t e d m a t e r i a l dec rea se s so does 
t h a t o f the p o l y m e r . T a b l e 2 l i s t s the measured F / C s t o i c h i o -
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T a b l e I 

C i s and F l s peak ass ignments f o r the p lasma po lymers d e r i v e d from 
e t h y l e n e and the s e r i e s o f f l u o r i n a t e d e t h y l e n e s . 

Binding Energies (eV) 
Material CF3 CF 2 CF a C F b c 

a 
CH F 

CH 2CH 2 285.0 

CH2CHF 290.0 287.4 285. .9 285.0 687.3 
cis CHFCHF 292.9 290.0 287.7 287 .0 285. .8 285.0 687.6 

trans CHFCHF 292.7 290.0 287.8 286 .8 285. .8 285.0 687.5 
CF 2 CH 2 293.4 290.6 288.2 287 .0 286. .0 285.0 688.4 
CF2CHF 294.0 291.
CF 2 CF 2 294.1 291.9 289.7 287 .6 285.0 689.5 

T a b l e I I 

F l u o r i n e / C a r b o n s t o i c h i o m e t r i e s d e r i v e d from the XPS d a t a f o r the 
s e r i e s o f p lasma po lymers s t u d i e d . 

I n j e c t e d S t o i c h i o m e t r y ( F / C ) 
M a t e r i a l From F l s / C l s From C i s comps. 

C H 2 C H 2 0 .00 0 .00 

CH 2 CHF 0 .14 0 .26 

c i s CHFCHF 0 .40 0 .52 

t r a n s CHFCHF 0 .40 0 .51 

C F 2 C H 2 0 .51 0 .61 

CF 2 CHF 0 .99 0 .99 

C F 2 C F 2 1.33 1.33 
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m e t r i e s o f the f i l m s d e r i v e d from the s e r i e s o f e t h y l e n e and the 
f l u o r i n a t e d e t h y l e n e s . The f i r s t column i n d i c a t e s the i n j e c t e d 
m a t e r i a l . The second i s the F / C s t o i c h i o m e t r y de t e rmined from the 
F l s / C l s t o t a l s i g n a l i n t e n s i t y r a t i o c o r r e c t e d f o r the r e l a t i v e 
s e n s i t i v i t y o f these co re l e v e l s , w h i l e the f i n a l column p r o v i d e s 
the F / C s t o i c h i o m e t r y de t e rmined from the r e l a t i v e i n t e n s i t i e s o f 
the C i s components . F o r p lasma p o l y t e t r a f l u o r o e t h y l e n e and 
plasma p o l y t r i f l u o r o e t h y l e n e the two v a l u e s agree p r e c i s e l y . 
However , i t i s c l e a r t h a t t h i s i s not the case f o r the o t h e r 
p lasma f l u o r o p o l y m e r s , f o r which the d e r i v a t i o n from the C i s 
l e v e l s a lways g i v e s a h i g h e r f i g u r e . T h i s can be a t t r i b u t e d to 
the p re sence o f v i n y l i c CH which i s accompanied by a s m a l l s h a k e -
up s a t e l l i t e p o s i t i o n e d 'WeV h i g h e r on the b i n d i n g energy s c a l e . 
T h i s adds a few p e r c e n t to the measured i n t e n s i t i e s f o r the CF^ 
and CF^ components and a h i g h F / C s t o i c h i o m e t r y i s c a l c u l a t e d . 
The g r e a t e r the d i s c r e p a n c y between the two columns i n T a b l e 2
the g r e a t e r i s the v i n y l i
a l o n g w i t h s u p p o r t i n g da t
o f the low m o l e c u l a r w e i g h t , n e u t r a l s p e c i e s i n the p lasma 
e f f l u e n t s , have l e d to the i d e n t i f i c a t i o n o f the most l i k e l y 
p r e c u r s o r to p lasma p o l y m e r i z a t i o n i n these systems (9). 

I n an i n v e s t i g a t i o n o f m e t a l c o n t a i n i n g p lasma po lymers XPS 
has been used to de te rmine b o t h the c a r b o n - f l u o r i n e s t r u c t u r e o f 
the polymer m a t r i x and the q u a n t i t y and form i n w h i c h the m e t a l i s 
p r e s e n t ( 1 £ , 11). F i g u r e 11 shows the co re l e v e l s p e c t r a o f 
po lymer s p roduced a t the grounded e l e c t r o d e i n a r a d i o f r e q u e n c y 
c a p a c i t i v e l y c o u p l e d d i o d e r e a c t o r sys tem u s i n g p e r f l u o r o p r o p a n e 
as the i n j e c t e d gas ( K ) ) . The da t a p e r t a i n to t h r ee s e p a r a t e 
expe r imen t s i n wh ich germanium, molybdenum and copper were used 
as the e x c i t a t i o n e l e c t r o d e m a t e r i a l . The XPS da t a i m m e d i a t e l y 
a f f i r m t h a t b o t h molybdenum and copper a re i n c o r p o r a t e d i n t o the 
po lymer f i l m s whereas germanium i s not under the c o n d i t i o n s u s e d . 
A n a l y s i s o f the r e l a t i v e s i g n a l i n t e n s i t i e s a l l o w the m e t a l 
c o n t e n t s to be e s t i m a t e d as ^20% and ^ 14% by w e i g h t f o r Mo and Cu 
r e s p e c t i v e l y . I n the F l s s p e c t r a , i n a d d i t i o n to the i n t e n s e peak 
a t ^ 689 .2eV a s s o c i a t e d w i t h f l u o r i n e a t t a c h e d to c a r b o n t h e r e i s 
a s m a l l e r component at lower b i n d i n g energy ( ^ 6 8 5 . 5 e V ) , f o r the 
Mo-C^Fg and C u - C ^ F g sys t ems , due to m e t a l f l u o r i d e . T h i s , 
however , i s i n s u f f i c i e n t to account f o r the h i g h o x i d a t i o n s t a t e s 
o f the me ta l s obse rved i n the Mo,j and Cu^ s p e c t r a . I n f a c t , as 
i s apparen t from the O l s r eg ions , " 'She m e t a l s a re p r e s e n t p r e d o m i n 
a t e l y as o x i d e s and h y d r o x i d e s wh ich are formed on a i r exposure 
( 1 0 ) . 

The s i m i l a r i t y o f the C i s s p e c t r a f o r the t h r ee f i l m s i n 
F i g u r e 11 sugges t s t h a t the polymer s t r u c t u r e i s the same i r r e s 
p e c t i v e o f the e x c i t a t i o n e l e c t r o d e m a t e r i a l u s e d . I t has been 
no ted t h a t the C i s s p e c t r a i n F i g u r e 11 a re a l s o s i m i l a r to t h a t 
o f p l a sma p o l y t e t r a f l u o r o e t h y l e n e formed under s i m i l a r c o n d i t i o n s 
(9^, 12). T h i s o b s e r v a t i o n , c o u p l e d w i t h mass s p e c t r o m e t r i c 
a n a l y s i s o f the low m o l e c u l a r w e i g h t n e u t r a l s p e c i e s i n the p lasma 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



PHOTON, E L E C T R O N , A N D ION PROBES 
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Figure 10. Core-level spectra of the plasma polymers derived from trifluoro-
ethylene, 1,1 -difluoroethylene, and fluoroethylene 
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Figure 11. Core-level spectra of metal containing plasma fluoropolymers 
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e f f u e n t s sugges ted a l i k e l y p o l y m e r i z a t i o n mechanism f o r these 
systems i n v o l v i n g d i f l u o r o c a r b e n e and t e t r a f l u o r o e t h y l e n e as the 
p r i m a r y p r e c u r s o r s ( 1 0 ) . 

S u r f a c e O x i d a t i o n o f P o l y m e r s . The i n v e s t i g a t i o n o f o x y g e n -
c o n t a i n i n g po lymers and more p a r t i c u l a r l y s u r f a c e o x i d i z e d p o l y 
mers , by XPS has been g r e a t l y a i d e d by s e v e r a l r e c e n t p u b l i c a t i o n s 
p r o v i d i n g the n e c e s s a r y e x p e r i m e n t a l (1_, 2y 6 , _13) and t h e o r e t i 
c a l (_13, ]A_) r e f e r e n c e d a t a . T h i s has been seen to be o f g r e a t 
impor tance s i n c e , f o r the m a j o r i t y o f c a s e s , m o d i f i c a t i o n o f a 
po lymer i n v o l v e s the f o r m a t i o n o f oxygena ted s t r u c t u r a l f e a t u r e s 
a t the s u r f a c e . I n c o n t r a s t to the s i t u a t i o n found f o r f l u o r i n e 
as a s u b s t i t u e n t , the secondary s h i f t e x e r t e d by oxygen i s s m a l l 
(< 0 . 2 e V ) . T h i s a l l o w s us to summarize s h i f t s i n C i s l e v e l s f o r 
o x y g e n - c o n t a i n i n g s t r u c t u r a l f e a t u r e s , i n terms o f the number o f 
c a r b o n - o x y g e n bonds , as f o l l o w s (6^  1 5 ) : 

/ ° 
0 = £ \ o=c-o > C=0 * O - C - 0 > C-0 

0 
^290 .6eV ^289.OeV ^287 .9eV ^286 .6eV 

The r e f e r e n c e b i n d i n g energy f o r ca rbon not a t t a c h e d to 
oxygen ( e . g . i n p o l y e t h y l e n e ) i s 285.OeV and , as found i n the case 
o f f l u o r i n e as a s u b s t i t u e n t , the p r i m a r y s u b s t i t u e n t e f f e c t o f 
oxygen can be d e s c r i b e d i n terms o f a s i m p l e a d d i t i v e m o d e l . The 
s h i f t i n b i n d i n g e n e r g y , o f a C i s co re l e v e l e l e c t r o n , subsequent 
to r e p l a c i n g ca rbon or hydrogen by oxygen i s ^ 1.5eV per c a r b o n -
oxygen bond . T h i s i s o n l y h a l f the s h i f t i nduced by f l u o r i n e , and 
c o u p l e d w i t h the t y p i c a l f u l l w i d t h a t h a l f maximum (FWHM) o f a 
C i s l e v e l o f ^ 1 . 4 e V w i t h the r e s o l u t i o n o f the spec t rome te r 
employed h e r e , m a n i f e s t s i t s e l f i n b r o a d u n r e s o l v e d C i s p r o f i l e s 
f o r o x i d i z e d p o l y m e r s . Because the secondary s h i f t o f oxygen i s 
s m a l l however , l i n e s h a p e a n a l y s i s o f the C i s spec t rum i s 
p o s s i b l e , e m p l o y i n g components o f FWHM o n l y s l i g h t l y g r e a t e r than 
1.4eV and a t b i n d i n g e n e r g i e s a p p r o p r i a t e to the s t r u c t u r a l types 
summarized above ((), 1 5 ) . 

The b i n d i n g e n e r g i e s o f the O l s co re l e v e l s , a l t h o u g h some
what l e s s p r e d i c t a b l e , can be a p p r o x i m a t e l y grouped as f o l l o w s : 

0-C > 0-C > 0-C ^ 0=C > 0=C 
i n ca rbona te i n a c i d , i n a l c o h o l , i n ke tone i n a c i d 

e s t e r e t h e r e s t e r , 
c a rbona t e 

^535.OeV ^534 .3eV ^ 5 3 3 . 6 e V ^ 5 3 2 . 8 e V 

However, l i n e s h a p e a n a l y s i s o f complex O l s band p r o f i l e s can 
o n l y u s u a l l y be a c c o m p l i s h e d at a c o n f i r m a t o r y r a t h e r than d i a g 
n o s t i c l e v e l . 

F i g u r e 12 shows the C i s s p e c t r a f o r samples o f p o l y p h e n y l e n e 
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Figure 12. The C-ls spectra of poly
pheny lene oxide: (a) sample exposed in a , , [ , 
shaded configuration and (b) sample ex- 292 288 284 
posed under a Pyrex glass slide (3 months) binding energy (eV) 

(Jul-Aug.) (Feb-May) (Feb-Aug.) 

Figure 13. Summary of polyphenylene, oxide weathering data in the form of a 
bar chart ((\J) full; (Zft) Pyrex; fED shaded) 
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o x i d e used i n an i n v e s t i g a t i o n o f the n a t u r a l w e a t h e r i n g o f 
po lymer s u r f a c e s ( 1 6 ) . The bo t tom spec t rum i s f o r the s t a r t i n g 
m a t e r i a l , (a ) i s f o r a sample exposed f o r 3 months shaded from the 
sun and r a i n and (b) i s f o r a sample exposed under a 1mm P y r e x 
g l a s s s l i d e . The w e a t h e r i n g s i t e was i n San J o s e , C a l i f o r n i a . 

The C i s spec t rum o f the s t a r t i n g m a t e r i a l i n F i g u r e 12 shows 
two major components a t b i n d i n g e n e r g i e s o f ^ 2 8 5 . 0 and ^ 2 8 6 . 6 e V . 
These can be a s s i g n e d to ca rbon atoms no t a t t a c h e d to oxygen and 
ca rbon atoms i n the e t h e r l i n k a g e , r e s p e c t i v e l y . A shake-up 
s a t e l l i t e , s h i f t e d *WeV h i g h e r on the b i n d i n g energy s c a l e , i s 
a l s o apparen t due to TT* IT e x c i t a t i o n accompanying p h o t o i o n i z a -
t i o n i n the a r o m a t i c s t r u c t u r e . A f t e r 3 months exposure i n the 
shaded c o n f i g u r a t i o n the w e l l between the d i r e c t p h o t o i o n i z a t i o n 
peaks and the shake-up s a t e l l i t e has f i l l e d w i t h components due to 
C=0 and 0-C=0 type ca rbon wh ich have been formed by a t h e r m a l 
o x i d a t i o n p r o c e s s . Fo r the sample w h i c h has been exposed under a 
P y r e x g l a s s s l i d e , the
caused a much g r e a t e r degre
From the r e l a t i v e i n t e n s i t i e s o f the C i s components i t can be seen 
t h a t ^ 50% o f the ca rbon atoms i n the s u r f a c e r e g i o n a re a t t a c h e d 
to oxygen , and a l t h o u g h a low c o n c e n t r a t i o n o f c a r b o n y l f e a t u r e s 
i s p r e s e n t , the spec t rum c o r r e s p o n d s e s s e n t i a l l y to a 1 :1 :2 r a t i o 
o f 0=C-0, C-0 and CH f e a t u r e s . I t w o u l d , t h e r e f o r e , seem t h a t 
w e a t h e r i n g i n t h i s c o n f i g u r a t i o n has r e s u l t e d i n a l m o s t 100% 
c o n v e r s i o n o f the m e t h y l groups a t the s u r f a c e to c a r b o x y l i c 
a c i d s , w i t h l i t t l e o t h e r change. 

A more c o n v e n i e n t way to d i s p l a y da t a such as t h a t shown i n 
F i g u r e 12 i s i n the form o f a ba r c h a r t , i n w h i c h each component 
i n the spec t rum i s r e p r e s e n t e d by a ba r whose h e i g h t c o r r e s p o n d s 
to the a rea under the c u r v e . F i g u r e 13 summarizes the da t a f o r 
p o l y p h e n y l e n e o x i d e , i n the form o f b a r c h a r t s , f o r samples 
exposed f o r 3 months and 6 months and f o r 1 month i n the h e i g h t o f 
the summer. F o r each c h a r t the b a r s r e p r e s e n t , from l e f t to 
r i g h t , ca rbon not a t t a c h e d to oxygen ( o f f s c a l e ) , C - 0 , C=0 and 
0=C-0. The c o n c l u s i o n s drawn from F i g u r e 12 a re m a r k e d l y empha
s i z e d by the c e n t e r c h a r t i n F i g u r e 13 . I t i s i n t e r e s t i n g to 
n o t e , however , t h a t i f a f r e s h sample i s exposed f o r o n l y 1 month 
mid-summer the C-0 component dec reases f o r the " P y r e x " and f u l l y 
exposed samples p r o v i d i n g e v i d e n c e t h a t , under t hese c o n d i t i o n s , 
the e t h e r l i n k a g e i s c l e a v e d . 

XPS i s a b l e to answer the q u e s t i o n o f how the w e a t h e r i n g a t a 
po lymer s u r f a c e d i f f e r s from t h a t i n the b u l k m a t e r i a l and i s a b l e 
to d e t e c t changes i n the s u r f a c e c h e m i s t r y o f wea the red po lymers 
a t a s t age where the degree o f b u l k o x i d a t i o n i s s m a l l . 

M o d i f i c a t i o n s o f po lymer s u r f a c e s by exposure to e l e c t r i c a l 
p lasmas and d i s c h a r g e s have a l s o been s u b j e c t e d to XPS examina
t i o n i n s e v e r a l r e c e n t a r t i c l e s ( 4 , 6̂ , 7). An example i s the 
p lasma o x i d a t i o n o f p o l y e t h y l e n e , p o l y p r o p y l e n e and p o l y s t y r e n e 
i n a r a d i o f r e q u e n c y i n d u c t i v e l y c o u p l e d sys t em ( 6 ) . F i g u r e 14 
shows the C i s and O l s s p e c t r a o f a p o l y e t h y l e n e f i l m a f t e r 
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Figure 14. Core-level spectra of a polyethylene film after various times of exposure 
to an oxygen plasma 
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Figure 15. Plots of the intensities of the C-ls components vs. t for polyethylene 

and polystyrene ((* C—O; (U)£=0 (O—C—O); (0)C=0; (X)£POO) 
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exposure to a pure oxygen p lasma at reduced p r e s s u r e , as a 
f u n c t i o n o f t ime o f e x p o s u r e . A l t h o u g h u n t r e a t e d p o l y e t h y l e n e 
shows o n l y a s i n g l e peak, i n the C i s r e g i o n a t 285 .OeV, the sample 
t r e a t e d f o r j u s t 1 s e c . shows a w e l l deve loped t a i l to h i g h e r 
b i n d i n g energy and a b road enve lope appears i n the O l s r e g i o n . 
The t a i l i n the C i s spec t rum i s a s s o c i a t e d w i t h the o x i d a t i o n 
p r o d u c t s and can be r e s o l v e d i n t o t h r e e components due to C - 0 , C=0 
+ O-C-0 and 0=C-0, from low to h i g h b i n d i n g ene rgy . Longer 
exposures to the p lasma i n c r e a s e s the degree o f o x i d a t i o n and an 
a d d i t i o n a l component appears i n the C i s spec t rum due to the 
f o r m a t i o n o f ca rbona t e s t r u c t u r a l f e a t u r e s . By f o l l o w i n g the 
i n t e n s i t i e s o f the v a r i o u s components as a f u n c t i o n o f t ime o f 
exposure to the p lasma i t i s p o s s i b l e to o b t a i n m e c h a n i s t i c and 
k i n e t i c i n f o r m a t i o n on the p r o c e s s e s i n v o l v e d . 

The O l s s p e c t r a i n F i g u r e 14 a re not so r e a d i l y r e s o l v e d bu t 
a re e n t i r e l y c o n s i s t e n t  i  term f band p r o f i l d i n t e n s i t y
w i t h the f i n d i n g s from
exposed to the plasma
i n c r e a s e s and the c e n t r o i d o f the O l s enve lope s h i f t s to h i g h e r 
b i n d i n g e n e r g y . T h i s s h i f t can be a s s o c i a t e d w i t h the appearance 
o f a component a t ^ 5 3 5 . O e V due to the s i n g l y bonded oxygen i n the 
c a r b o n a t e f u n c t i o n a l i t y . 

I t i s q u i t e s t r a i g h t f o r w a r d to m o n i t o r the v a r i o u s compon
en t s o f the C i s s p e c t r a v e r s u s t ime o f exposure to the p la sma (6^). 
F i g u r e 15 e x h i b i t s the r e l e v a n t p l o t s f o r p o l y e t h y l e n e and p o l y 
s t y r e n e . The o x i d a t i o n f o r p o l y s t y r e n e i s v e r y much more r a p i d 
than f o r p o l y e t h y l e n e bu t b o t h tend to r e a c h t h e i r f i n a l s u r f a c e 
c o m p o s i t i o n s a f t e r ^ 16 sees i n the p l a s m a . The p o l y s y t r e n e a l s o 
e x h i b i t s a g r e a t e r up t ake o f oxygen i n the form o f c a r bona t e and , 
C=0 a n d / o r O - C - 0 f u n c t i o n a l i t i e s , the amounts o f C-0 and 0=C-0 
b e i n g a p p r o x i m a t e l y the same f o r the two samples a f t e r ex tended 
exposure t i m e s . The g e n e r a l shapes o f the c u r v e s i n F i g u r e 1 5 , i n 
p a r t i c u l a r the i n i t i a l peak i n the c o n c e n t r a t i o n o f C - 0 and O - C - 0 
has l e d , when compared ot o t h e r d a t a , to the c o n c l u s i o n t h a t 
o x i d a t i o n i n the oxygen p lasma o c c u r s v i a the i n i t i a l c r o s s l i n k 
i n g o f the polymer c h a i n s by e i t h e r l i n k a g e s f o l l o w e d by a 
subsequent f o r m a t i o n o f more complex o x y g e n - c o n t a i n i n g f e a t u r e s 
( 6 ) . 

The a n a l y t i c a l dep th p r o f i l i n g f o r these systems ( e . g . the 
p o l y s t y r e n e da t a i s shown i n F i g u r e 5) r e v e a l e d t h a t the r e a c t i o n 
i s e s s e n t i a l l y c o n f i n e d to the topmost monolayer o f m a t e r i a l (j>). 
T h i s i s e n t i r e l y r e a s o n a b l e i n terms o f the p lasma c h e m i s t r y s i n c e 
the most p rominen t r e a c t i v e s p e c i e s i s a tomic oxygen w h i c h i s 
e x p e c t e d to have an e x t r e m e l y s h o r t mean f r e e pa th i n h y d r o c a r b o n 
p o l y m e r s . T h i s s e r v e s as a v e r y good example o f the p o w e r f u l 
n a t u r e o f XPS when a p p l i e d to the s tudy o f the s u r f a c e m o d i f i c a 
t i o n o f p o l y m e r s . 

I n a d d i t i o n to the r e l a t i v e l y s i m p l e o x y g e n - c o n t a i n i n g 
s t r u c t u r a l f e a t u r e a l r e a d y d i s c u s s e d , to be a b l e to o b t a i n a 
comple te p i c t u r e o f an o x i d i z e d polymer s u r f a c e i t i s a l s o 
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Figure 16. The C-ls and O-ls binding 
energies observed in peroxy compounds 
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Figure 17. Core-level spectra of a high-density polyethylene sample after expo
sure to a stream of oxygen rich in singlet molecular oxygen vs. time of x-ray irra

diation 
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i m p o r t a n t to be a b l e to r e c o g n i z e and i d e n t i f y pe roxy f e a t u r e s 
when they o c c u r . As w i t h the ass ignment o f any f e a t u r e i n the XPS 
s p e c t r u m the most l o g i c a l p l a c e to s t a r t i s w i t h d e t a i l e d 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 model compounds. F i g u r e 16 
t h e r e f o r e shows the C i s and O l s b i n d i n g e n e r g i e s o b s e r v e d f o r a 
s e r i e s o f pe roxy compounds, s t u d i e d as t h i n condensed f i l m s ( 1 7 ) . 
The C i s b i n d i n g e n e r g i e s f a l l i n t o l i n e w i t h those p r e v i o u s l y 
d i s c u s s e d . I f we c o n s i d e r the O l s b i n d i n g e n e r g i e s an i n t e r e s t i n g 
s i t u a t i o n emerges. The b i n d i n g e n e r g i e s f o r s i n g l y bonded oxygen 
i n a s i m p l e h y d r o p e r o x i d e or d i a l k y l p e r o x i d e i s ^ 5 3 3 . 9 e V , o n l y 
s l i g h t l y h i g h e r than f o r the c o r r e s p o n d i n g e t h e r or a l c o h o l . F o r 
b e n z o y l p e r o x i d e on the o t h e r hand , w h i l e the doub ly bonded oxygen 
i s a t a s i m i l a r b i n d i n g energy to t h a t found f o r the c o r r e s p o n d i n g 
oxygen i n an a c i d or e s t e r , the s i n g l y bonded oxygen has the 
h i g h e s t O l s b i n d i n g energy obse rved so f a r , a t ^ 5 3 5 . 5 e V . T h i s 
i n v e s t i g a t i o n has been accompanied b  t h e o r e t i c a l c a l c u l a t i o n
a much w i d e r range o f pe rox
t h a t w h i l e s i m p l e p e r o x i d e s e x h i b i t an O l s b i n d i n g energy s i m i l a r 
to a l c o h o l s and e t h e r s , pe roxy f e a t u r e s i n h i g h l y oxygena ted 
env i ronments e x h i b i t a h i g h O l s b i n d i n g ene rgy . T h i s l a t t e r 
c a t e g o r y i n c l u d e s f e a t u r e s such as oxe tanes and d i o x i r a n e s as 
w e l l as p e r a c i d s and p e r e s t e r s . 

I n t h i s c o n t e x t i t i s i n t e r e s t i n g to c o n s i d e r the d a t a f o r a 
h i g h d e n s i t y p o l y e t h y l e n e sample whose s u r f a c e has been exposed 
to the e f f l u e n t o f a microwave s i n g l e t m o l e c u l a r oxygen ( ' A o ^ ) 
g e n e r a t o r (1_5, 170. The bo t tom s p e c t r a i n F i g u r e 17 p e r t a i n to a 
sample exposed f o r 1 hour i n such a sys t em. The C i s spec t rum 
posse s se s a t a i l to h i g h b i n d i n g energy owing to the p re sence o f 
p r e d o m i n a t e l y ca rbon s i n g l y bonded to oxygen , a l t h o u g h components 
a re a l s o p r e s e n t due to C=0 + O - C - 0 , and 0=C-0. The O l s band 
p r o f i l e i s at a r e l a t i v e l y h i g h b i n d i n g energy and c l e a r l y 
c o n t a i n s a component a t °° 535eV. The O l s and C i s s p e c t r a o f the 
sample were r e p e a t e d a f t e r v a r i o u s t imes o f exposure to the X - r a y 
r a d i a t i o n i n the s p e c t r o m e t e r and i t i s apparent from F i g u r e 17 
t h a t X - r a y d e c o m p o s i t i o n o f the sample i s o c c u r i n g , u n t i l a f t e r ^ 
1 hour the h i g h b i n d i n g energy O l s components have c o m p l e t e l y 
d i s a p p e a r e d . X - r a y d e c o m p o s i t i o n o f polymer samples i s no t 
g e n e r a l l y obse rved f o r the low dose r a t e s used i n X P S . These da t a 
are t h e r e f o r e i n d i c a t i v e o f r e l a t i v e l y l a b i l e s t r u c t u r e s , i . e . 
pe roxy f u n c t i o n a l i t i e s . C o n s t r u c t i o n o f a d i f f e r e n c e spec t rum o f 
the f i r s t and l a s t O l s s p e c t r a r e v e a l s t h a t the d i s a p p e a r i n g 
p o r t i o n c o n t a i n s two components a t ^ 534.OeV and % 535 .2eV w h i c h 
can be a s s i g n e d to s i m p l e p e r o x i d e s and p e r o x y f e a t u r e s i n h i g h l y 
oxygena ted e n v i r o n m e n t s , r e s p e c t i v e l y . 

C o n c l u s i o n 

I t s h o u l d be c l e a r , even from t h i s s h o r t a c c o u n t , t h a t 
a l t h o u g h the a n a l y s i s o f XPS da ta p e r t a i n i n g to p o l y m e r i c m a t e r 
i a l s i s r e l a t i v e l y s t r a i g h t f o r w a r d w i t h the n e c e s s a r y background 
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d a t a , the i n f o r m a t i o n c o n t e n t per exper imen t i s l a r g e . Thus , 
e l e m e n t a l a n a l y s i s , s t r u c t u r a l e l u c i d a t i o n and depth p r o f i l i n g 
c a n , i n most c a s e s , be a c c o m p l i s h e d to a h i g h degree o f d e t a i l . 
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Surface Studies on Multicomponent Polymer 
Systems by X-Ray Photoelectron Spectroscopy 

H. R. THOMAS and J. J. O'MALLEY1 

Xerox Webster Research Center, Xerox Square W-114, Rochester NY 14644 

Multicomponent polymers systems such as polyblends, and 
block copolymers often exhibit phase separation in the solid 
state which results in one polymer component dispersed in a 
continuous phase of a second component. The morphological prop
erties of these systems depend upon a number of factors such as 
the molar ratios of the components, the molecular weights, the 
thermal history of the system and, for solvent cast films, the 
solvent and drying conditions. 

Although a number of techniques have been devised to 
investigate the bulk domain structure of multicomponent polymer 
systems the detailed structure of the surface, i.e., the outer
most few tens of angstroms, has been studied in much less detail. 
Since many of the important properties of a polymeric solid are 
dependent upon the surface structure and since the surface can 
differ considerably from the bulk a technique which can differen
tiate the surface from bulk properties is likely to be of consid
erable importance. 

In this paper we describe the application of X-ray photo
electron spectroscopy (XPS) (2) to the quantitative and qualita
tive investigation of the surface properties of several multicom
ponent polymer systems in the solid state. We have divided the 
polymer systems into three categories, 1) regular block copoly
mers, 2) random block copolymers, and 3) physical blends. In each 
category representative examples are presented of polymeric sys
tems studied by XPS to delineate the surface topography, morphol
ogy, structure and bonding. In all these studies we have used 
angular dependent XPS XPS( θ ) (3) to depth profile the composi
tional variation within the outermost few tens of angstroms of the 
polymer-air-interface. 

EXPERIMENTAL 

In Table 1 are shown the systems reported in this paper. 
The synthesis and characterization of the polymer samples are 
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r e p o r t e d e l s e w h e r e and the r e f e r e n c e s f o r each sys tem a re found on 
the r i g h t hand s i d e o f T a b l e I . The samples were a l l s t u d i e d as 
t h i n ( ^ 1-10 u ) f i l m s c a s t from the a p p r o p r i a t e s o l v e n t s f o r 
each s y s t e m , a l s o found i n T a b l e I . ( I n t h i s paper we d e s c r i b e 
o n l y systems c a s t from s o l v e n t s where b o t h po lymer components 
were s o l u b l e , more d e t a i l e d s t u d i e s on s e l e c t i v e s o l v e n t s can be 
found i n the papers r e f e r e n c e d ) . A l l s o l v e n t s were s p e c t r o s c o p i c 
grade and the samples were s t u d i e d as f i l m s c a s t on to f l a t 
a luminum s u b s t r a t e s by d i p c o a t i n g . A l l f i l m s were d r i e d i n an 
a rgon atmosphere t o r educe s u r f a c e c o n t a m i n a t i o n and were s u f 
f i c i e n t l y t h i c k ( > 100 A) to mask the A l c o r e l e v e l s i g n a l 
from the s u b s t r a t e . ^ 

Table I - Bulk Compositions, S o l v e n t s and S y n t h e s i s 
Reference

System 

wt. 

%PS 

mole 

% PDMS 

mole 

S o l v e n t S y n t h e s i s 
Reference 

a) PS-PEO d i b l o c k 19.6 
39.3 
70.0 

9.6 
21.4 
49.5 

CHC1 0 19 

b) PEO-PS-PEO 
t r i b l o c k 

23.5 
38.5 
70.3 

11.4 
21.0 
49.8 

CHC1 0 19 

c) HMS-DMS Random 
b l o c k 

27.0 
57.2 
72.5 

58.0 CHCl 
84.0 
91.0 

19 

d) PS-PEO p h y s i c a l 
b l e nd 

20.0 
40.0 
70.0 

9.8 
22.0 
49.5 

*Commercial homopolymers S c i e n t i f i c Polymer Products 

S p e c t r a were r e c o r d e d w i t h an A E I ES 200 B s p e c t r o m e t e r by 
u s i n g M g K a ^ 2 e x c i t i n g r a d i a t i o n . T y p i c a l o p e r a t i n g c o n d i t i o n s 
werg X - r a y guh, 12 K v , 15mA; p r e s s u r e i n the sample chamber c a . 
10 t o r r . Under the e x p e r i m e n t a l c o n d i t i o n s employed , the g o l d 
^jl2 * e v e l a t 84eV used f o r c a l i b r a t i o n had a f u l l w i d t h a t h a l f 
maximum (FWHM) o f 1.2 e V . No e v i d e n c e was o b t a i n e d f o r r a d i a t i o n 
damage t o the samples from l o n g - t e r m exposu re t o the X - r a y beam. 

O v e r l a p p i n g peaks were r e s o l v e d i n t o t h e i r i n d i v i d u a l 
components by use o f a DuPont 310 c u r v e r e s o l v e r (an a n a l o g 
c o m p u t e r ) . The d e t a i l e d d e c o n v o l u t i o n s were based on a knowledge 
o f l i n e w i d t h s d e t e r m i n e d from the homopolymers and model com
pounds s t u d i e d p r e v i o u s l y . ( 4 ) S t u d i e s have shown t h a t f o r i n d i -
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v i d u a l components o f the c o r e - l e v e l s p e c t r a f o r the C and 0 ^ g 

l e v e l s , the l i n e shapes app rox ima te f i a r l y c l o s e l y t o G a u s s i a n . 

R e s u l t s and D i s c u s s i o n 

A) R e g u l a r B l o c k C o p o l y m e r s . 
1) P o l y C e t h y l e n e o x i d e ) / P o l y ( s t y r e n e ) D i b l o c k C o p o l y m e r . 

P r e v i o u s s t u d i e s (596) on b u l k morphology o f the PEO/PS c o p o l y 
mers i n d i c a t e d t h a t the i n d i v i d u a l components a r e i n c o m p a t i b l e 
and t h a t they undergo m i c r o p h a s e s e p a r a t i o n and domain f o r m a t i o n . 
We can a n t i c i p a t e based upon the d i f f e r e n c e s i n s o l i d s t a t e 
s u r f a c e t e n s i o n between the two po lymers (7) t h a t the s u r f a c e o f 
the s o l i d copolymer may w e l l v a r y from the b u l k . I n o r d e r t o 
e s t a b l i s h a f i r m b a s i s f o r the i n t e r p r e t a t i o n o f the d i b l o c k 
copo lymer d a t a , i t i s n e c e s s a r y t o s t u d y the component homopoly
mers , p o l y s t y r e n e (PS) and p o l y ( e t h y l e n  o x i d e ) ( P E O ) d d e t e r
mine t h e i r a b s o l u t e an
peak i n t e n s i t i e s . The  s p e c t r
shown i n F i g u r e 1 and the e x p e r i m e n t a l b i n d i n g e n e r g i e s and peak 
i n t e n s i t y r a t i o s a re t a b u l a t e d i n T a b l e I I . 

The PS spec t rum has a s t r o n g peak c e n t e r e d a t 285 eV 
a s s o c i a t e d w i t h the d i r e c t p h o t o i o n i z a t i o n o f the C^ c o r e l e v e l s 
and a l o w - e n e r g y s a t e l l i t e peak a t 291.6 eV a r i s i n g from shake-up 
t r a n s i t i o n s ( I T * + IT ) accompanying c o r e i o n i z a t i o n . These 
l o w - e n e r g y shake-up t r a n s i t i o n s a r e u n d e r s t o o d b o t h t h e o r e t i c a l l y 
and e x p e r i m e n t a l l y and the spec t rum obse rved i n F i g u r e 1 i s 
e n t i r e l y c o n s i s t e n t w i t h p r e v i o u s w o r k . ( 8 - 1 3 ) The s p e c t r a f o r 
PEO show a s i n g l e peak f o r the C l g l e v e l s a t 286 .5 eV , r e f e r e n c e d 
t o h y d r o c a r b o n a t 285 eV , and a s i n g l e peak f o r the 0 ^ g c o r e 
l e v e l s a t 533 .3 e V . The peak a r e a r a t i o o f the C ^ s t o 0 , c o r e 
l e v e l s i s 0 . 7 3 ; however , when these peak a reas a re c o r r e c t e d f o r 
the d i f f e r e n t t h e o r e t i c a l p h o t o i o n i z a t i o n c r o s s s e c t i o n s ( 1 4 ) , 
e l e c t r o n mean f r e e pa ths (L5) r e l a t i v e t o the C ^ g and 0 ^ g c o r e 
l e v e l e l e c t r o n s , and i n s t r u m e n t a l f a c t o r s the c o r r e c t 
s t o i c h i o m e t r y f o r PEO i s o b t a i n e d . 

The c h e m i c a l s h i f t o f ^ 1.5 eV f o r the C l g c o r e l e v e l peak 
i n PEO, r e l a t i v e t o P S , can be a t t r i b u t e d t o each c a r b o n b e i n g 
a t t a c h e d t o an oxygen atom and i s c o n s i s t e n t w i t h t h e o r e t i c a l 
p r e d i c t i o n s and e x p e r i m e n t a l r e s u l t s on r e l a t e d l o w - m o l e c u l a r -
w e i g h t model compounds. ( 4 , _16) As e x p e c t e d , t h e r e i s no shake-up 
peak i n The C ^ g c o r e l e v e l spec t rum f o r PEO s i n c e the polymer i s 
f u l l y s a t u r a t e d . (17) These s i g n i f i c a n t d i f f e r e n c e s i n XPS 
s p e c t r a o f PS and PEO, i . e . , the 1.5 eV c h e m i c a l s h i f t i n the C^ 
c o r e l e v e l s , the un iqueness o f the TT * « - TT shake-up peatc 
a s s o c i a t e d w i t h the PS component, c o u p l e d w i t h the peak i n t e n s i t y 
r a t i o s from T a b l e I I , e n a b l e a un ique a n a l y s i s o f the s u r f a c e 
c o m p o s i t i o n o f the PS/PEO s y s t e m . 
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I *f^i i I I I I I i i i i I I *n i I i i I I 
536 533 530 293 289 285 

B.E.(ev) BE(ev) 

Figure 1. The C-ls and O-ls core-level spectra for polystyrene and poly (ethylene 
oxide) homopolymers 
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Table II 
Experimental Binding Energies and Peak Area Ratios for the Reference Homopolymers, Polystyrene 

and Poly(ethylene oxide) 

binding energy, 8 

C l s 
( TT * * V ) 

peak area ratios 

polystyrene 285.0 291.6 C^s(PS/C^s(PEO) = 1.60 • 0.1 

poly(ethylene oxide) 286.5 533.3 C l s(PEO)/0 l g(PEO) - 0.73 + 0.05 

C l g(7r * * n )(PS)/Cls(PS)=0.081 + 0.005 

Referenced to hydrocarbon at 285.0 eV. 

F i l m s o f the t h r e e b l o c k copo lymers were c a s t from c h l o r o 
f o r m , a mu tua l s o l v e n t f o  PS d PEO  (6^) d th d d 
0- c o r e l e v e l s p e c t r a a r
c h a r a c t e r i s t i c 0^ pea , p ,
an e a s i l y d e c o n v o i u t e d d o u b l e t f o r the c o r e l e v e l s i n PS and 
PEO. I t i s apparen t from the s p e c t r a t h a t the PS c o n c e n t r a t i o n a t 
the copolymer s u r f a c e i n c r e a s e s as the PS i n the copolymer i n c r e a s 
e s . More i m p o r t a n t l y , however , an a n a l y s i s o f the s p e c t r a l d a t a 
c l e a r l y shows t h a t the s u r f a c e c o m p o s i t i o n s a r e s i g n i f i c a n t l y 
r i c h e r i n PS than wou ld be p r e d i c t e d based on a knowledge o f the 
b u l k c o m p o s i t i o n s o f the b l o c k c o p o l y m e r s . I n F i g u r e 3 i s shown a 
p l o t o f the s u r f a c e - v s - b u l k c o m p o s i t i o n s f o r the d i b l o c k c o p o l y 
mers . 

Up t o t h i s p o i n t a l l the XPS measurements have been made by 
a n a l y z i n g the p h o t o e m i t t e d e l e c t r o n s no rma l t o the s u r f a c e o f the 
sample under i n v e s t i g a t i o n . T h i s e x p e r i m e n t a l arrangement i s the 
most commonly used i n XPS s t u d i e s , and w i t h i t the e f f e c t i v e 
s a m p l i n g dep th i s m a x i m i z e d . F o r systems such as P S / P E O , the 
e f f e c t i v e s a m p l i n g dep th i s about 50 A ; i . e . , about 95% o f the 
s i g n a l comes from the ou te rmos t ^ 50A, based upon a p r e v i o u s 
knowledge o f the e l e c t r o n mean f r e e pa ths a p p r o p r i a t e t o p h o t o 
e m i t t e d e l e c t r o n s from the C l g ( ^ 960 eV) and 0 l g ( ^ 720 eV) c o r e 
l e v e l s . C5) T h e r e f o r e , the s u r f a c e c o m p o s i t i o n d a t a shown i n 
F i g u r e 3 a r e tl^e average c o m p o s i t i o n on t h i s e f f e c t i v e s a m p l i n g 
dep th o f ^ 50 A . 

These measurements can be f u r t h e r r e f i n e d by c o n t r o l l a b l y 
d e c r e a s i n g the e f f e c t i v e s a m p l i n g d e p t h . T h i s w i l l , i n Q e f f e c t , 
a l l o w f o r dep th p r o f i l i n g the c o m p o s i t i o n o f the upper 50 A o f the 
s u r f a c e and p r o v i d e us w i t h a means t o e x p l o r e the m o l e c u l a r 
o r g a n i z a t i o n o f the s u r f a c e m a c r o m o l e c u l e s . The method f o r v a r y 
i n g the e f f e c t i v e s a m p l i n g dep th i s shown s c h e m a t i c a l l y i n F i g u r e 
4 . The sample i s r o t a t e d r e l a t i v e t o the f i x e d p o s i t i o n energy 
a n a l y z e r by a n g l e 0 , d e s i g n a t e d as the a n g l e between the normal 
t o the sample and the s l i t s i n the a n a l y z e r . I t i s r e a d i l y seen 
t h a t e l e c t r o n s c o l l e c t e d a t g r a z i n g e x i t a n g l e s r e l a t i v e t o the 
s u r f a c e ( 6 9 0 ° ) w i l l enhance s u r f a c e f e a t u r e s r e l a t i v e t o 
e l e c t r o n s c o l l e c t e d normal t o the s u r f a c e . ( 1 5 , 1 7 , 1 8 ) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



324 PHOTON, E L E C T R O N , A N D ION PROBES 

Figure 2. The C-ls and O-ls core-level spectra for the three PS/PEO diblock co
polymers cast from chloroform 
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100 
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Figure 3. Surface vs. bulk compositions for PS/PEO diblock (%) and triblock(A) 
copolymers (XPS (6) = 0°) 
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Figure 4. Angularly dependent studies for polymer samples in which spectra are 
studied as a function of electron take-off angle 6 with respect to the sample surface 
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I n F i g u r e 5 i s shown the C l g and 0^ c o r e l e v e l s p e c t r a from 
the a n g u l a r dependent XPS s t u d i e l , XPS? 0 ) , on copolymer B 
c a s t from c h l o r o f o r m . S p e c t r a were r e c o r d e d a t t h r e e d i f f e r e n t 
a n g l e s , 0 = 0 , 4 5 , and 8 0 ° , i n o r d e r t o a c h i e v e e f f e c t i v e 
s a m p l i n g depths o f ^ 5 0 , ^ 25 , and ^ 10 A , r e s p e c t i v e l y . B o t h 
the and 0 ^ g c o r e l e v e l s p e c t r a c l e a r l y show t h a t each component 
o f the copo lymer i s p r e s e n t a t a l l s a m p l i n g d e p t h s . F u r t h e r m o r e , 
from the r e l a t i v e i n t e n s i t y r a t i o s o f the d e c o n v o l u t e d C ^ g peaks 
a s s o c i a t e d w i t h the PS and PEO components , we f i n d t h a t i n p a r t i c u 
l a r c a s e s , t h e r e i s a c o n c e n t r a t i o n g r a d i e n t i n the top 50 A o f the 
s u r f a c e and t h a t the r e l a t i v e c o n c e n t r a t i o n o f PS and PEO i n c r e a s e s 
as the a i r - s o l i d po lymer i n t e r f a c e i s app roached . 

A l t h o u g h the f i n d i n g on the c o m p o s i t i o n a l v a r i a t i o n between 
the s u r f a c e and the b u l k i s i n t e r e s t i n g the XPS( 0 ) s t u d i e s r e v e a l 
a much more i n t e r e s t i n g phenomena i n the t o p o g r a p h y . Through the 
use o f d i f f e r e n c e s i n the e l e c t r o n mean f r e e paths(15^) f o r p h o t o 
e m i t t e d e l e c t r o n s from

core l e v e l i n t e n s i t y r a t i o s f o r C^g/O^g a s s o c i a t e d w i t h the PEO 
component a un ique s u r f a c e s t r u c t u r e emerges f o r the t opog raphy , 
and the models a r e i l l u s t r a t e d i n F i g u r e 6 . The models a-c f o r the 
s u r f a c e topography can be e l i m i n a t e d from a c a r e f u l e x a m i n a t i o n o f 
the e x p e r i m e n t a l r e s u l t s . However the e x p e r i m e n t a l d a t a s u p p o r t s 
model d and f o r these d i b l o c k copo lymers c a s t from c h l o r o f o r m , a 
m u t u a l s o l v e n t f o r PS and PEO, t h e r e appears t o be a tendency t o 
form v e r t i c a l i s o l a t e d domain s t r u c t u r e s a t a l l the copo lymer 
c o m p o s i t i o n s s t u d i e d , w i t h a n o n - p l a n a r s u r f a c e o f PS p r o t r u d i n g 
above the PEO domain . 

2) P o l y ( e t h y l e n e o x i d e ) / P o l y ( s t y r e n e ) T r i b l o c k ( P E 0 / P S / P E 0 ) 
C o p o l y m e r s . A p p l y i n g the XPS ( 0 ) t e c h n i q u e to these samples c a s t 
from c h l o r o f o r m r e s u l t s i n the s u r f a c e - v s - b u l k c o m p o s i t i o n f o r the 
t r i b l o c k copo lymers i l l u s t r a t e d i n F i g u r e 3 , a l o n g w i t h the d i 
b l o c k copo lymers d i s c u s s e d p r e v i o u s l y . The s t r i k i n g s i m i l a r i t y i n 
the d a t a f o r the d i b l o c k and t r i b l o c k copo lymers i n d i c a t e t h a t the 
s u r f a c e topography i s s i m i l a r i n b o t h c a s e s . The e x p e r i m e n t a l 
e v i d e n c e i n d i c a t e s t h a t the PS and PEO components i n the copo lymers 
a re b o t h exposed a t the s u r f a c e and t h a t they a re o r g a n i z e d i n t o 
domains w h i c h a r e t h i c k compared to the XPS s a m p l i n g d e p t h . ( 3 , 1 5 ) 
A s l i g h t a n g u l a r dependence i s obse rved as 0 i s v a r i e d and t h i s 
a g a i n p o i n t s t o a n o n - p l a n a r s u r f a c e topography i n w h i c h PS domains 
a re e l e v a t e d s l i g h t l y above the PEO domains . 

There have been numerous s t u d i e s e m p l o y i n g c a l o r i m e t r i c ( 1 9 ) , 
dynamic m e c h a n i c a l , ( 2 0 ) d i e l e c t r i c , ( 2 1 ) and m o r p h o l o g i c a l ( 2 3 , 2 4 ) 
t e c h n i q u e s t o e l u c i d a t e the s o l i d - s t a t e b e h a v i o r o f s t y r e n e - e t h y l -
ene o x i d e b l o c k c o p o l y m e r s . These measurements have focused on 
t r a n s i t i o n - t e m p e r a t u r e phenomena, and they have p r o v i d e d r e f e r e n c e 
d a t a on the b u l k p r o p e r t i e s o f the c o p o l y m e r s . The e v i d e n c e 
accumula t ed t o da te i n d i c a t e s t h a t PS and PEO a re i n c o m p a t i b l e i n 
the b u l k . W h i l e t h i s appears t r u e , i n g e n e r a l , one cannot r u l e out 
the p o s s i b i l i t y t h a t PS and PEO have some l i m i t e d degree o f 
m i s c i b i l i t y i n the c o p o l y m e r s . I t i s a l s o unknown, a t t h i s t i m e , 
what i n f l u e n c e an i n t e r f a c e ( e . g . , the a i r - p o l y m e r i n t e r f a c e ) has 
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Figure 5. The C-ls and O-ls core-level spectra for XPS(O) studies on PS/PEO 
diblock copolymer (B) cast from chloroform. The experimental intensity ratios are 

corrected for absolute signal from Table II to obtain the molar ratios. 
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on p o l y m e r - p o l y m e r c o m p a t i b i l i t y and whether the degree o f phase 
s e p a r a t i o n i s the same o r d i f f e r e n t i n the b u l k and i n the s u r f a c e . 
The p r e s e n t s t u d y , i n p a r t , addres ses these i s s u e s by u n i q u e l y 
f o c u s i n g on the s u r f a c e p r o p e r t i e s r a t h e r than on the b u l k p r o p e r 
t i e s o f the c o p o l y m e r s . Our d a t a sugges t t h a t , i n d e e d , t h e r e i s 
some c o m p a t i b i l i z a t i o n o f PS and PEO. 

I n t h i s s e c t i o n , we w i l l d i s c u s s the i n t e r e s t i n g r e s u l t s on 
the c i g / ° i s i n t e n s i t y r a t i o s f o r the PEO component and the 
C ^ g ( TT *•«- TT ) / C - ^ s i n t e n s i t y r a t i o s f o r the PS component i n the 
t r i b l o c k c o p o l y m e r s . T a b l e I I I c o n t a i n s the measured i n t e n s i t y 
r a t i o s f o r the two homopolymers and the t h r e e t r i b l o c k c o p o l y m e r s . 
The t r i b l o c k s d e v i a t e from the homopolymers i n two ways: F i r s t , 
they have u n u s u a l l y h i g h c ^ s / 0 - ^ s r a t i o s f o r the PEO component 
compared to the PEO homopolymer, and s e c o n d , they have u n u s u a l l y 
low C ( TT * <- TT ) / C ^ g i n t e n s i t y r a t i o s compared to the PS homo-
p o l y m e r . We w i l l c o n s i d e r b o t h o f these s i g n i f i c a n t d e v i a t i o n s , i n 
t u r n , and we w i l l p ropos
m i x i n g i n the s o l v e n t - c a s

Table I I I 
XPS( 6 ) Data f o r PS, PEO, and the 
PEO/PS/PEO T r i b l o c k Copolymers 

sample angle( 0 ) , Is Is 
(PEO) 

TT * <- IT 

deg Is Is 
(PEO) C, (PS) i s 

PEO 0, 45, 80 0.73 
PS 0, 45, 80 0.080 
PE0-PS-PE0 0 1.22 0.016 

(11.4 mol % PS) 45 1.23 0.023 
80 1.22 0.032 

PE0-PS-PE0 0 1.20 0.043 
(21.0 mol % PS) 45 1.30 0.043 

80 1.40 0.049 
PE0-PS-PE0 0 1.23 0.065 

(49.8 mol % PS) 45 1.23 0.072 
80 1.23 0.075 

L e t us c o n s i d e r now the s u g g e s t i o n t h a t the h i g h C ^ g / 0 ^ g 

i n t e n s i t y r a t i o f o r the PEO component i s due t o p a r t i a l phase 
m i x i n g o f PS and PEO. We can ask the q u e s t i o n : "How much 
h y d r o c a r b o n would have t o be i n t i m a t e l y mixed w i t h the PEO compo
nen t t o a t t e n u a t e the oxygen s i g n a l o f the PEO component and 
t h e r e b y e f f e c t i v e l y i n c r e a s e the C ^ g / 0 ^ g i n t e n s i t y r a t i o from 0 .73 
(PEO homopolymer) t o the 1 . 2 - 1 . 4 range o f v a l u e s shown i n T a b l e IV 
f o r the c o p o l y m e r s ? " I n o t h e r w o r d s , what c a rbon to oxygen 
s t o i c h i o m e t r i e s i n a mixed phase o f amorphous PEO and amorphous PS 
w i l l r e s u l t i n measured C. / 0 1 i n t e n s i t y r a t i o s o f 1 . 2 - 1 . 4 ? 
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U s i n g C / 0 l o ( P E O i n copolym) = x C, /0, (unmixed PEO) + 
I S I S C J . S J . S 

(1 - x ) C,/0, (mixed PS-PEO) (1) c i s I S 

where the te rm on the l e f t - h a n d s i d e o f e q . 1 i s the measured 
i n t e n s i t y r a t i o f o r the copolymer ( v a l u e s r a n g i n g from 1.2 t o 1 . 4 ) , 
x i s the degree o f c r y s t a l l i n i t y o f the PEO component measured by 
c a l o r i m e t r y ( 1 9 ) and assumed to be the same f o r the s u r f a c e r e g i o n 
as f o r the b u l k , and the te rm i n the f i r s t b r a c k e t i s the measured 
v a l u e o f 0 .73 f o r PEO homopolymer, we can c a l c u l a t e the te rm 

/ 0 - ( m i x e d PS-PEO) , w h i c h i s the i n t e n s i t y r a t i o f o r an 
i n l i m a t l m i x t u r e o f amorphous PEO and P S . To c o n v e r t the c a l c u l a t 
ed i n t e n s i t y r a t i o s o f the mixed phases i n the copo lymers i n t o 
c h e m i c a l c o m p o s i t i o n s o f the mixed phase s , we need an e x p e r i m e n t a l 
c a l i b r a t i o n c u r v e r e l a t i n g these two q u a n t i t i e s . T h i s c a l i b r a t i o n 
c u r v e i s shown i n F i g u r e 7 , i n w h i c h we r e p o r t C ^ / O ^ g i n t e n s i t y 
r a t i o s f o r a s e r i e s o
oxygen s t o i c h i o m e t r i e s r a n g i n
t h y l e n e ) t o 2 . 5 : 1 i n the case o f p o l y ( m e t h y l m e t h a c r y l a t e ) . I n 
u s i n g these polymers as model sy s t ems , we make the r e a s o n a b l e 
a s sumpt ions t h a t the e l e c t r o n mean f r e e pa ths d i f f e r i n s i g n i f i 
c a n t l y f o r these po lymers a t the same k i n e t i c energy f o r p h o t o e m i t 
t e d e l e c t r o n s and t h a t the ca rbon and oxygen s p e c i e s a re randomly 
a r r a n g e d i n the s u r f a c e r e g i o n s o f these p o l y m e r s . 

The above p rocedu re was used t o c a l c u l a t e the c o m p o s i t i o n o f 
the mixed phase i n each o f the t r i b l o c k c o p o l y m e r s . The r e s u l t s o f 
the c a l c u l a t i o n s a re t a b u l a t e d i n T a b l e I V , and they show t h a t the 
m o l a r r a t i o o f e t h y l e n e o x i d e t o s t y r e n e i n the mixed phase v a r i e s 
from 0 . 6 : 1 t o 1 .5:1 i n g o i n g from sample A to C . M i x i n g o f PS w i t h 
amorphous PEO i s most p r e v a l e n t i n sample A , w h i c h has the s m a l l e s t 
c o n c e n t r a t i o n o f PS and the s h o r t e s t PS b l o c k l e n g t h (M = 5 . I K ) . 
A l m o s t 50% o f the PS i n the s u r f a c e r e g i o n o f sample R f i l m s i s 
mixed w i t h PEO, whereas o n l y 6% o f the s u r f a c e PS i s mixed i n 
sample C . I t seems c l e a r t h a t PS and PEO a re p a r t i a l l y m i s c i b l e i n 
the s u r f a c e r e g i o n s o f these t r i b l o c k c o p o l y m e r s . Our f i n d i n g t h a t 
PS 

Table IV 
Phase M i x i n g i n PEO-PS-PEO T r i b l o c k Copolymers from A n a l y s i s o f C l g / 0 ^ (PEO) 

I n t e n s i t y R a t i o s 

su r f ace comp 
(mol %) PEO/PS comp mol % PS 

(mixed phase) (mixed) 
PS PEO 

39.0 61.0 0.6/1 18.3 20.7 
58.5 41.5 1.0/1 12.5 46.0 
83.8 16.2 1.5/1 5.0 78.8 

i s most m i s c i b l e w i t h PEO when the m o l e c u l a r w e i g h t and c o n c e n t r a 
t i o n o f PS a re low i s q u a l i t a t i v e l y c o n s i s t e n t w i t h c u r r e n t 
c o n c e p t s o f p h a s e - s e p a r a t i o n b e h a v i o r i n b l o c k c o p o l y m e r s ( 2 4 - 2 6 ) 
and p o l y b l e n d s ( 2 7 ) . 

L e t us now t u r n our a t t e n t i o n t o o t h e r e v i d e n c e b e a r i n g on 

mol % PS 
(unmixed) 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



330 PHOTON, E L E C T R O N , A N D ION PROBES 

Figure 7. Calibration curve relating experimentally measured C-ls/O-ls intensity 
ratios to the known carbon-to-oxygen stoichiometrics of a series of oxygen-contain

ing homopolymers: POM, PVAc, PEO, and PMMA. 
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the i s s u e o f phase m i x i n g i n PEO/PS/PEO c o p o l y m e r s . I n s p e c t i o n o f 
the C l g ( IT * «- IT ) / C 1 i n t e n s i t y r a t i o s i n T a b l e I I I r e v e a l s t h a t 
t hese r a t i o s dec rea se w i t h d e c r e a s i n g PS c o n c e n t r a t i o n i n the 
s u r f a c e r e g i o n s o f the copo lymers and t h a t , f o r samples A and B , 
the r a t i o s a r e s i g n i f i c a n t l y l ower than the v a l u e o f 0.075 f o r PS 
homopolymer. I t i s p roposed t h a t the low C l g ( TT * +- ir ) / c ^ s 

i n t e n s i t y r a t i o s a r e a r e s u l t o f PS m i x i n g w i t h amorphous PEO i n 
the s u r f a c e and t h a t the mixed PS and PEO components a re e l e c t r o n i 
c a l l y i n t e r a c t i n g . The e f f e c t o f t h i s i n t e r a c t i o n i s t o dec rea se 
the p r o b a b i l i t y , r e l a t i v e t o PS homopolymer, o f a ir * -*- ir t r a n s i 
t i o n o c c u r r i n g s i m u l t a n e o u s l y w i t h p h o t o e j e c t i o n o f a c o r e 
l e v e l e l e c t r o n from a g i v e n a r o m a t i c r i n g i n the c o p o l y m e r . 

A l t h o u g h the p r e c i s e n a t u r e o f the e l e c t r o n i c i n t e r a c t i o n 
between PS and PEO i s unknown a t t h i s t i m e , we s p e c u l a t e t h a t i t 
i n v o l v e s the i n t e r a c t i o n o f the e l e c t r o n - r i c h oxygen atoms i n the 
PEO b l o c k w i t h the a r o m a t i
c o p o l y m e r s . Based on th
pa te t h a t an e l e c t r o n d o n o r / a c c e p t o r i n t e r a c t i o n between the e t h e r 
oxygen i n PEO and the p h e n y l r i n g s i n PS wou ld r e s u l t i n (1) a 
s h i f t i n the PEO C ^ g peak t o l o w e r b i n d i n g energy because the 
i n f l u e n c e o f e t h e r oxygen e l e c t r o n s on the a d j a c e n t c a r b o n atoms i n 
PEO i s e f f e c t i v e l y b e i n g modu la ted by the i n t e r a c t i o n o f these 
e l e c t r o n s w i t h the p h e n y l r i n g i n PS and (2) a change i n the l i n e 
shape f o r the IT * TT shake-up s a t e l l i t e peak . B o t h o f these 
a n t i c i p a t e d s p e c t r a l changes a re o b s e r v e d , as d i s c u s s e d b e l o w . 

F i g u r e 8 shows the C.̂  c o r e l e v e l s p e c t r a f o r a t r i b l o c k 
copo lymer and a d i b l o c k copofymer , b o t h o f w h i c h c o n t a i n 21 mol % 
P S . D e c o n v o l u t i o n and l i n e - s h a p e a n a l y s i s o f the main C ^ g enve lope 
f o r each copo lymer i n d i c a t e t h a t the f u l l w i d t h a t ha l f -maximum o f 
the i n d i v i d u a l component peaks does no t v a r y w i t h copo lymer s t r u c 
t u r e . However , t h e r e i s an o b v i o u s " f i l l i n g i n " o f the r e g i o n 
between the two C component peaks i n the t r i b l o c k copolymer 
s p e c t r u m . We a t t r i b u t e t h i s t o an a d d i t i o n a l PEO peak, s h i f t e d 
by about 0 . 3 eV t o l o w e r b i n d i n g e n e r g y , t h a t a r i s e s from an 
e l e c t r o n i c i n t e r a c t i o n between PEO and P S . 

B) Random B l o c k Copolymers 
1) P o l y ( h e x a m e t h y l e n e s e b a c a t e ) / P o l y ( d i m e t h y l s i l o x a n e ) 

B l o c k C o p o l y m e r . 
An example o f a random m u l t i b l o c k copolymer i s found i n the 

s t u d y o f HMS/DMS copo lymers where the DMS b u l k c o n t e n t was v a r i e d 
from 27%, t o 57.2% to 72.5% by w e i g h t . XPS ( 8 ) s t u d i e s e s t a b 
l i s h e d t h a t t r e n d s i n the s u r f a c e c o m p o s i t i o n and morphology were 
s i m i l a r i n n a t u r e t o b o t h the PS/PEO d i b l o c k and t r i b l o c k s y s t e m s . 
I n o t h e r w o r d s , the po lymer components a r e s e g r e g a t e d i n t o i s o l a t 
ed domains and the l ower s u r f a c e energy component dominates the 
immedia te s u r f a c e . By p l o t t i n g the r e s u l t s from the XPS ( 6 ) 
s t u d i e s on c o m p o s i t i o n a l v a r i a t i o n s w i t h dep th and e x t r a p o l a t i n g 
t o an a n g l e o f 6 = 90 , o r j u s t the immedia te o u t e r s u r f a c e 
l a y e r , r e v e a l s the ou te rmos t s u r f a c e c o m p o s i t i o n . When p l o t t e d 
a g a i n s t the c o m p o s i t i o n d e t e r m i n e d by c o n t a c t a n g l e e x p e r i m e n t s , 
as shown i n F i g u r e 9 , the s t r i k i n g agreement between the two 
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Figure 8. Comparison of the C-ls core-level spectra and shake-up satellites found 
in PEO/PS/PEO triblock and PS/PEO diblock copolymers containing about 21 

mol % PS 
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t e c h n i q u e s i s a p p a r e n t . The XPS ( 0 ) s t u d i e s however no t o n l y 
r e v e a l the immedia te s u r f a c e c o m p o s i t i o n but i n d i c a t e a h e t e r o g e n 
eous d i s t r i b u t i o n o f components w i t h i n the XPS s a m p l i n g dep th o f 
^ 50 A w h i c h v a r i e s w i t h the b u l k c o m p o s i t i o n . As the DMS 

component i n c r e a s e s i n the copolymer the t h i c k n e s s o f the J)MS 
segment 0 a t the s u r f a c e i n c r e a s e s , r a n g i n g from ^ 7A , ^ 10 A t o 
^ 15 A i n g o i n g from 27%, 57.2% t o 72.5% DMS r e s p e c t i v e l y . 

However i t i s i m p o r t a n t t o no te t h a t even a t 72.5% DMS the DMS 
component neve r t o t a l l y dominates the s u r f a c e l a y e r and the s e g 
mented domain s t r u c t u r e a t the s u r f a c e i s s t i l l i n t a c t t o some 
d e g r e e . 

C) P h y s i c a l B l e n d s 
1) P o l y ( e t h y l e n e o x i d e ) / P o l y ( s t y r e n e ) 
An i n t e r e s t i n g compar i son can be made between the r e s u l t s on 

the PEO/PS b l e n d s and the PEO/PS d i b l o c k and t r i b l o c k c o p o l y m e r s . 
I n compar ing the t h r e e b l e n d d i  m o l a  r a t i o  e q u i v a l e n
t o the d i b l o c k and t r i b l o c
a r e s u r p r i s i n g l y s i m i l a  c o p o l y m e r s S
the b u l k the PS c o n c e n t r a t i o n a t the s u r f a c e i n c r e a s e s , however , as 
i n the d i b l o c k and t r i b l o c k copolymer sy s t ems , the PS r a t i o a t the 
s u r f a c e a lways exceeds t h a t i n the b u l k . A compar i son o f the PS 
s u r f a c e c o n t e n t i n the d i b l o c k copo lymers and the b l e n d s a t 
e q u i v a l e n t b u l k c o n c e n t r a t i o n s i s shown i n F i g u r e 10 . The d a t a 
i n d i c a t e t h a t the b l e n d s have lower c o n c e n t r a t i o n s o f PS a t the 
s u r f a c e than do the d i b l o c k c o p o l y m e r s . T h i s i s a s u r p r i s i n g 
r e s u l t because the thermodynamic d r i v i n g f o r c e i s f o r the P S , the 
lower s u r f a c e energy component, t o r e s i d e a t the s u r f a c e . A t t h i s 
t ime we have no t s a t i s f a c t o r i l y e x p l a i n e d t h i s e x p e r i m e n t a l o b s e r 
v a t i o n and work i n t h i s a r e a i s c o n t i n u i n g . 

The C^g/O^ i n t e n s i t y r a t i o s f o r the b l e n d s , a r e s i m i l a r t o 
those f o r the t r i b l o c k s , i n t h a t they a re somewhat h i g h e r than the 
v a l u e f o r the homopolymer. C o n s i d e r i n g t h a t the h i g h e r C^ 0 , 
i n t e n s i t y r a t i o r e s u l t s from phase m i x i n g o f the PEO and 3 P§ 
homopolymers , the s m a l l i n c r e a s e from the v a l u e f o r the homopoly
mer o f ^ 0 .73 t o ^ 0 .85 f o r the b l e n d s i n d i c a t e s s u b s t a n t i a l l y 
l e s s m i x i n g than i n the t r i b l o c k sys tem when the v a l u e i n c r e a s e d 
f o r ^ 0 .73 t o ^ 1 .3 . I f we assume the PS o n l y mixes w i t h the 
amorphous phase o f the PEO component and t h a t i t i s d i s t r i b u t e d 
homogeneously th roughou t we c a l c u l a t e t h a t one mole o f PS mixes 
w i t h 16 moles o f PEO r e p e a t u n i t s . From c a l o r i m e t r y measurements 
on b u l k samples , we know the degree o f c r y s t a l l i n i t y o f PEO i s 
^ 70% f o r a l l the p o l y b l e n d s . ( 9 ) The r e m a i n i n g 30% i s amorphous 

and a v a i l a b l e f o r m i x i n g w i t h the PS component and the c a l c u l a t e d 
r a t i o s f o r the t h r e e p o l y b l e n d s f o r the mixed phases wou ld c o n t a i n 
amounts r a n g i n g f o r 2-0.5% P S . C a l c u l a t i o n s a t a l l a n g l e s r e s u l t 
i n s i m i l a r PS m i x i n g as a f u n c t i o n o f dep th and t h e r e f o r e w i t h i n 
the XPS s a m p l i n g depths the samples a r e homogeneously m i x e d . 

PEO/PS L a y e r s 

The s u r p r i s i n g r e s u l t s on the s u r f a c e c o m p o s i t i o n o f the 
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Figure 10. Comparison of the surface-vs.-bulk composition for the blends (%) 
and the diblock copolymers (A) (from CHCh) 
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b l e n d s o f PS and PEO, where the PS component d i d no t dominate the 
s u r f a c e and the domains d i d no t appear t o be d i s c r e t e , prompted us 
t o i n v e s t i g a t e po lymer " d i f f u s i o n 1 1 f o r the b l e n d s , A sample was 
p r e p a r e d where a PS f i l m was o v e r c o a t e d w i t h a l a y e r o f PEO and the 
sample h e a t e d t o 130° C , above the T o f b o t h homopolymers . The 
C^^ c o r e l e v e l s were m o n i t o r e d , F i g u r e 1 1 , as a f u n c t i o n o f 
t empera tu re a t c o n s t a n t a n g l e 0 =25 (where the c o r e l e v e l 
s i g n a l m a x i m i z e d ) . I t can be seen a t ambient t empera tu re the PEO 
component dominated the s u r f a c e , whereas and a t 1 3 0 ° C the mole % 
PS r e l a t i v e t o PEO had i n c r e a s e d t o ^ 18%. 

Upon r e a c h i n g 130° C , w h i c h i s d e s i g n a t e d as t=0 i n F i g u r e 
12 , a t ime s t u d y was c a r r i e d out f o r a t o t a l o f 18 hours t o 
e s t a b l i s h the s u r f a c e homogenie ty o f the l a y e d sample . 

The XPS ( 0 ) s t u d i e s i n d i c a t e s i g n i f i c a n t a n g u l a r depen
dence on the C ^ g c o r e l e v e l s p e c t r a , where the PS component 
i n c r e a s e s i n i n t e n s i t y r e l a t i v  th  PEO  g r a z i n  a n g l e
app roached . T h i s e f f e c
the s t u d y and i s a t t r i b u t e  topography  a s s i g n e
the d i b l o c k copolymer and b l e n d s u r f a c e s . 

C o n c l u s i o n s 

The e x p e r i m e n t a l r e s u l t s i n d i c a t e t h a t these b l e n d s a r e 
s i m i l a r i n s u r f a c e topography t o PS/PEO d i b l o c k copo lymers c a s t 
f rom c h l o r o f o r m . However , f o r i d e n t i c a l b u l k c o m p o s i t i o n s , the 
c o n c e n t r a t i o n o f PS on the s u r f a c e s o f the b l e n d s i s s i g n i f i c a n t l y 
l e s s t h a n on the s u r f a c e s o f the c o p o l y m e r s . I n g e n e r a l , we can 
c o n c l u d e t h a t : 

1) I n the b l e n d s , the c o n c e n t r a t i o n o f PS a t the p o l y m e r - a i r 
i n t e r f a c e i s h i g h e r than the b u l k c o n c e n t r a t i o n o f P S . However , 
the s u r f a c e excess o f PS i n the p o l y b l e n d s i s l e s s t han t h a t found 
i n the d i b l o c k copo lymers o f comparable b u l k c o m p o s i t i o n . 

2) The s u r f a c e s o f the b l e n d s a re l a t e r a l l y inhomogeneous i n 
PS and PEO. I n a manner s i m i l a r t o the d i b l o c k c o p o l y m e r s , we f i n d 
the PS component r a i s e d somewhat above the PEO component. However , 
our r e s u l t s sugges t t h e r e i s some phase m i x i n g o f the PS and PEO 
components i n the b l e n d s . I n v i e w o f the p r o p e n s i t y o f PEO towards 
c r y s t a l l i z a t i o n and the w e l l known i n c o m p a t i b i l i t y o f PS and PEO i n 
the b u l k , we suspec t the degree o f m i x i n g t o be q u i t e s m a l l . 
N e v e r t h e l e s s , i t i s s u r p r i s i n g , i n v i e w o f c u r r e n t t h e o r i e s ( 2 6 ) on 
phase m i x i n g i n mu l t i componen t s y s t e m s , t h a t e v i d e n c e f o r phase 
m i x i n g wou ld be found i n the p o l y b l e n d sys t em bu t no t i n the 
d i b l o c k c o p o l y m e r s . More work i s o b v i o u s l y needed i n t h i s a r e a f o r 
a b e t t e r u n d e r s t a n d i n g o f these m i x i n g phenomena. 

3) As i n the d i b l o c k s y s t e m, the m o l a r c o m p o s i t i o n a t the 
homopolymer b l e n d s u r f a c e d e t e r m i n e d by XPS c o r r e s p o n d s t o the 
s u r f a c e a r e a o c c u p i e d by each copo lymer component, w i t h the s l i g h t 
d e v i a t i o n accoun ted f o r by the m i x i n g . 
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AMB 50° 60° 70° 

80° 90° 100° 110° 

Figure 11. The C-ls core-level spectra for the PEO/PS layered structure as a 
function of temperature 

0 TIME 5 MIN 10 MIN 15 MIN 

0=80° 

55 MIN 18 HRS 18 HRS 

o° e=o° e=80° 

Figure 12. The C-ls core-level spectra for a layered PEO/PS structure as a func
tion of time at 130°C (time zero taken when sample reached 130°C, from Figure 11) 
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20 
Metal-Polymer Interfaces: 
Studies with X-Ray Photoemission 

J. M. BURKSTRAND 

Physics Department, General Motors Research Laboratories, Warren, MI 48090 

Polymer substrates are often coated with metals for a wide 
variety of reasons. In many cases, the chemical condition of the 
surface has been found (1) to alter the adhesion of the metal film 
to the substrate. In particular, oxygen plasma treatment of 
polymer surfaces before metal deposition has been found (2, 3, 4) 
to increase the adhesion of the metal. We have been able to 
identify (5) hydroxyl, carbonyl and ester groups which were 
created on the polymer surfaces during oxygen plasma treatment. 
We have also identified (6) the formation of metal-oxygen-poly
mer complexes at an oxygen treated polymer surface and correlated 
their presence with an increase in the adhesion of the metal film. 

In complimentary experiments, a number of other workers (7) 
(14) have studied with photoemission the electronic structure of 
thin metal overlayers on inorganic substrates. In particular, 
Tibbetts and Egelhoff found for small metal clusters on a clean, 
amorphous carbon substrate that a l l the metal electronic binding 
energies increased by about 0.6eV with respect to the bulk values. 
They attributed this to either decreased extra-atomic relaxation 
energies or to an atomic renormalization (expansion) of the 
valance orbitals. We have attributed (15) analogous changes in 
the core binding energies of copper atoms on polystyrene to 
changes in both extra-atomic and intra-atomic relaxation energ
ies. 

We briefly describe here the results obtained from studies 
of copper, nickel and chromium overlayers deposited on poly
styrene, polyvinyl alcohol, polyvinyl methyl ether, polyethylene 
oxide, polyvinyl acetate and polymethyl methacrylate. Using X-
ray photoemission spectroscopy we measured significant variations 
in the core binding energies and lineshapes as we varied both the 
metal and the substrate atoms. These changes can be related to 
both differences between the intrinsic properties of the metal 
atoms as well as to differences in the interactions with the 
substrates. In the following sections we describe the details of 

0097-6156/81/0162-0339$05.00/0 
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the e x p e r i m e n t a l p r e p a r a t i o n , the da t a a c q u i s i t i o n , the e x p e r i 
m e n t a l r e s u l t s , and the s i g n i f i c a n c e o f the measurements . 

E x p e r i m e n t a l 

The i n t e r a c t i o n s t a k i n g p l a c e on the s u r f a c e were m o n i t o r e d 
w i t h X - r a y p h o t o e m i s s i o n s p e c t r o s c o p y (XPS) u s i n g the same sys tem 
as d e s c r i b e d p r e v i o u s l y (_5, 6). T h i s c o n s i s t e d o f a commerc i a l 
(16) double pass c y l i n d r i c a l m i r r o r a n a l y z e r and a Mg K f l X - r a y 
source i n an u l t r a h i g h vacuum.^ys t em whose o p e r a t i n g p r e s s u r e 
was about 2 .6 x 10~ Pa (2 x 10 T o r r ) . The c y l i n d r i c a l m i r r o r 
a n a l y z e r was used w i t h a c o n s t a n t pass energy o f 50 eV or .08 eV 
energy r e s o l u t i o n . 

The polymer f i l m s were s o l v e n t c a s t on s t a i n l e s s s t e e l 
s u b s t r a t e s and a i r d r i e d a t 22C; t h e i r f i n a l t h i c k n e s s was about 
0 .001 mm. A f t e r i n s e r t i o n i n t o the u l t r a - h i g h vacuum chamber 
th rough a l o a d - l o c k chamber
t u r e s above t h e i r r e s p e c t i v
the t ime needed to remove the r e m a i n i n g s o l v e n t from the b u l k o f 
the f i l m . 

Copper and n i c k e l were d e p o s i t e d from m e t a l f o i l wrapped 
around a hot t u n g s t e n f i l a m e n t . Chromium was e v a p o r a t e d from a 
chrome p l a t e d t u n g s t e n w i r e . XPS measurements were made to 
de te rmine the m e t a l coverage as w e l l as the e l e c t r o n i c s t r u c t u r e 
a t the i n t e r f a c e . The m e t a l cove rage was de t e rmined by s u b s t i t u t 
i n g the e x p e r i m e n t a l l y measured a reas under the XPS c u r v e s , c o r e 
h o l e c r o s s s e c t i o n s (17), and e l e c t r o n mean f ree pa th i n b o t h the 
m e t a l (18) and the po lymer (19) and an i n s t r u m e n t r e sponse 
f u n c t i o n i n t o the e q u a t i o n s f o r e m i t t e d e l e c t r o n i n t e n s i t y ( 2 0 ) . 
A t coverages near one m o n o l a y e r , these v a l u e s were checked w i t h 
r e s u l t s from a q u a r t z c r y s t a l t h i n f i l m m o n i t o r . 

D u r i n g p h o t o e m i s s i o n , a s m a l l b u i l d u p o f p o s i t i v e charge 
o c c u r r e d on the s u r f a c e , r e s u l t i n g i n a s h i f t i n g o f the energy 
s c a l e by 1.0 - 2 . 5 e V . T h i s c h a r g i n g was accoun ted f o r by s e t t i n g 
the b i n d i n g energy r e l a t i v e to the f e r m i l e v e l o f the C - l s 
e l e c t r o n s to 285.OeV f o r ca rbon atoms i n v o l v e d i n CEL bonds and 
r e f e r e n c i n g the o t h e r l e v e l s to t h a t v a l u e , a method wh ich has 
been s u c c e s s f u l l y used i n the e x a m i n a t i o n o f o t h e r polymer s u r 
f a c e s . ( 5 , 6 , 12 , 2 1 ) . 

R e s u l t s 

Copper , n i c k e l , o r chromium was d e p o s i t e d on the c l e a n 
po lymers a t coverages i n j m 0 .002 to 10 .0 m o n o l a y e r s . A t each 
c o v e r a g e , the m e t a l 2p co re e l e c t r o n b i n d i n g energy was mea
s u r e d w i t h XPS . The peak p o s i t i o n s o f 2p l i n e s h a p e s f o r a 
number o f coverages o f c o p p e r , n i c k e l and chromium on p o l y s t y r e n e 
and on p o l y v i n y l a l c o h o l a re p l o t t e d i n F i g s . 1-3 r e s p e c t i v e l y . 
The da ta f o r the o t h e r m e t a l / o x y g e n c o n t a i n i n g po lymer systems 
a re s i m i l a r to t h a t shown f o r p o l y v i n y l a l c o h o l ( i f a l l the m e t a l 
b i n d i n g e n e r g i e s a re p l o t t e d as a d i f f e r e n c e from the b u l k v a l u e ) . 
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Figure 1. Variation in the Cu-2p3/2 electron core binding energy as a function of 
coverage for vapor-deposited Cu on PS and PVA. The individual data points for 

PS are not shown. 

Figure 2. Variation in the Ni-2p3/2 electron core binding energy as a function of 
coverage for vapor-deposited Ni on PS and PVA 
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0.01 0.

Figure 3. Variation in the Cr-2p3/2 electron core binding energy as a function of 
coverage for vapor-deposited Cr on PS and PVA 

G a u s s i a n Parameters 
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Binding Energy (eV) 

Figure 4. The 0-7 s XPS spectrum ( ) from PVA following deposition of 0.3 
monolayer of Ni. The inner curves (-\-), having the parameters as shown (peak 
center, height, FWHM), were fit to the data as described in the text. The outer 
curve (+) is the sum of the inner curves and shows the accuracy of the fit to the 

experimental data. 
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I n compar ing the d i f f e r e n t s e t s o f d a t a , a number o f o v e r a l l 
d i f f e r e n c e s are s t r i k i n g . F i r s t , the da t a f o r C u , N i and Cr on 
p o l y s t y r e n e were a l l q u i t e r e p r o d u c a b l e , w i t h i n 0 . 2 e V . On the 
o t h e r hand , when these same m e t a l s were d e p o s i t e d on the oxygen 
c o n t a i n i n g p o l y m e r s , the s c a t t e r was o f t e n as l a r g e as l . O e V , w i t h 
the da t a f o r m i n g a b r o a d band . Second , when n i c k e l and chromium 
were d e p o s i t e d on p o l y s t y r e n e , the b u l k v a l u e o f the 2p co re 
energy was reached when the m e t a l coverage was w e l l l e s s t han one 
m o n o l a y e r . However, when these same m e t a l s were d e p o s i t e d on 
p o l y v i n y l a l c o h o l , the m e t a l coverage needed to be about one 
monolayer b e f o r e the £uJ .k v a l u e was o b t a i n e d . T h i r d , the l a r g e s t 
d i f f e r e n c e i n the 2p co re b i n d i n g energy from the b u l k v a l u e 
f o r Cr and N i on PS i s about 0 .5eV w h i l e f o r these m e t a l s on 
p o l y v i n y l a l c o h o l i t i s as l a r g e as 2 . 2 e V . 

I n a d d i t i o n to the i n f o r m a t i o n o b t a i n e d from the co re l i n e -
shapes o f the o v e r l a y e r a toms, t h e r e i s much i n f o r m a t i o n to be 
d e r i v e d from the l i n e s h a p e
N i and Cr d e p o s i t e d o
changes i n the C - l s co re l e v e l excep t f o r a dec rease i n i n t e n s i t y 
caused by o v e r l a y e r a t t e n u a t i o n . However , the a d d i t i o n o f t hese 
m e t a l atoms to the s u r f a c e o f the oxygen c o n t a i n i n g po lymers 
m o d i f i e d the l i n e s h a p e s o f the co r e l e v e l s o f the s u r f a c e c a r b o n 
and oxygen a toms. 

On the c l e a n p o l y v i n y l a l c o h o l s u r f a c e , the C - l s co re l i n e -
shape c o n s i s t s o f a s i n g l e b r o a d peak c e n t e r e d a t 285 .8eV and the 
0 -1s l i n e s h a p e o f a s i n g l e nar row peak at 533.OeV b i n d i n g e n e r g y . 
The ca rbon l i n e can be decomposed i n t o two components ( 2 2 ) , one 
w i t h a peak at 285.OeV a s s o c i a t e d w i t h a C H 2 group and one w i t h a 
peak at 286 .6eV a s s o c i a t e d w i t h a HCOH g r o u p . A f t e r C u , N i , o r Cr 
atoms were d e p o s i t e d , the o v e r a l l i n t e n s i t y dec reased and the 
l i n e s h a p e a l t e r e d . T h i s a l t e r a t i o n can b e s t be d e s c r i b e d as a 
dec rease i n the 286 .6eV component r e l a t i v e to t h a t a t 285 .OeV. 
The o v e r a l l i n t e n s i t y dec rease o f b o t h the c a r b o n and oxygen l i n e s 
can be accoun ted fo r by s i m p l e o v e r l a y e r a t t e n u a t i o n . The 
r e l a t i v e dec rease o f the c a r b o n 286.6 eV component i m p l i e s a 
m o d i f i c a t i o n o f the o r i g i n a l c a r b o n - o x y g e n bond . 

F o l l o w i n g d e p o s i t i o n o f C u , N i or Cr on p o l y v i n y l a l c o h o l , 
the oxygen I s co re l e v e l spec t rum was broadened on the low b i n d i n g 
energy s i d e by the a d d i t i o n o f a new peak. F i g u r e 4 shows an 
example o f t h i s s t r u c t u r e f o r coverage o f about 0 .3 monolayer o f 
N i . I n a l l c a s e s , the c u r v e d e c o m p o s i t i o n was made by a n o n l i n e a r 
l e a s t squares f i t t i n g o f the da t a by l i n e s h a p e s each composed o f a 
G a u s s i a n and a L o r e n t i a n , the r e l a t i v e w e i g h t i n g b e i n g 0 .7 and 0 .3 
r e s p e c t i v e l y . The i n s t r u m e n t a l f u n c t i o n was not d e c o n v o l v e d o u t , 
and the new a d d i t i o n a l l i n e s h a p e was assumed to have the same 
shape as the o r i g i n a l oxygen I s spec t rum. W i t h these a s s u m p t i o n s , 
the m a t h e m a t i c a l u n c e r t a i n t y o f the v a r i o u s component energy 
p o s i t i o n s i s about + 0 . 1 eV. I f the r e s t r i c t i o n s on l i n e s h a p e s 
a re r e d u c e d , t h i s u n c e r t a i n t y becomes somewhat l a r g e r . 
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The da ta c u r v e shown i n F i g . 4 i s compr i s ed o f a l a r g e peak 
at 533.OeV and one a t 5 3 1 . 7 e V . The h i g h e r b i n d i n g energy compon
ent i s t h a t from the oxygen atoms i n p o l y v i n y l a l c o h o l w h i c h have 
not been a f f e c t e d by the p re sence o f N i a toms. The new oxygen 
s i g n a t u r e i s s h i f t e d 1.3eV to lower b i n d i n g ene rgy . Fo r t h i s 
c a s e , and i n g e n e r a l , the s i z e o f t h i s s h i f t i n b i n d i n g energy was 
independent o f m e t a l c o v e r a g e . The i n t e n s i t y o f the new peaks 
s c a l e a p p r o x i m a t e l y w i t h coverage f o r m e t a l coverages l e s s t h a n 
one m o n o l a y e r . These same r e s u l t s a re t r u e f o r p o l y v i n y l m e t h y l 
e t he r and p o l y e t h y l e n e o x i d e — b o t h po lymers w i t h s i n g l e bonded 
oxygen . 

The a n a l y s i s o f the da t a from p o l y v i n y l a c e t a t e and p o l y -
m e t h y l m e t h a c r y l a t e i s not as s t r a i g h t f o r w a r d . F i g u r e 5 shows the 
oxygen I s spec t rum from c l e a n p o l y m e t h y l m e t h a c r y l a t e w h i c h i s 
e a s i l y decomposed i n t o two components: a peak a t h i g h e r b i n d i n g 
energy from the s i n g l e bonded oxygen and a peak at l ower b i n d i n g 
energy from the doub le bonde
d e p o s i t e d on t h i s s u r f a c e
shown by the s o l i d cu rve i n F i g . 6. T h i s can be d e c o n v o l v e d i n 
two ways . F i r s t , we can assume t h a t the o r i g i n a l components a re 
f i x e d i n energy and t h a t o n l y a t h i r d peak need be added, as i s 
i l l u s t r a t e d i n F i g . 6. W h i l e t h i s i s a s t r a i g h t f o r w a r d d e c o m p o s i 
t i o n , we b e l i e v e t h a t b o t h the s i n g l e and double bonded oxygen 
atoms s h o u l d i n t e r a c t w i t h the adsorbed N i atoms. Thus t h e r e 
s h o u l d be ano the r peak " h i d d e n " benea th t h a t a t 5 3 2 . 2 e V . T h i s 
f o u r t h peak would be the XPS s i g n a t u r e o f the s i n g l e bonded oxygen 
atoms which i n t e r a c t e d w i t h the N i . I f we assume t h a t t h i s peak 
i s s h i f t e d i n b i n d i n g energy the same as those s i n g l e bonded 
oxygen atoms i n p o l y v i n y l a l c o h o l and p o l y v i n y l m e t h y l e t h e r ( -
1 . 3 e V ) , then the r e s u l t i n g c u r v e d e c o m p o s i t i o n i s shown i n F i g . 7. 
S i m i l a r p r o c e d u r e s were c a r r i e d out on the o t h e r m e t a l / p o l y m e r 
sys t ems . 

The changes i n the oxygen I s co re b i n d i n g e n e r g i e s a re 
summarized b e l o w . Fo r p o l y v i n y l a c e t a t e and p o l y m e t h y l m e t h 
a c r y l a t e , the f i r s t v a l u e i s f o r the s i n g l e bonded oxygen , the 
second f o r the doub le bonded oxygen . 

Cu N i Cr 

P o l y v i n y l a l c o h o l 

P o l y v i n y l m e t h y l e t h e r 

- 2 . 7 

- 1 . 7 

- 1 . 3 

- 1 . 3 

- 1 . 7 

- 1 . 3 

P o l y e t h y l e n e o x i d e 

P o l y v i n y l a c e t a t e 1 .3 , -1.4 - 1 . 3 , - 0 . 9 

- 1 . 3 , - 1 . 0 

- 1 . 2 

- 1 . 3 , -

- 1 . 3 

1.5 

P o l y m e t h y l m e t h a c r y l a t e - 1 . 3 , - 1 . 6 

D i s c u s s i o n 

A f t e r a c a r e f u l a n a l y s i s o f the d a t a , i t i s c l e a r t h a t the 
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G a u s s i a n Parameters 
5 3 3 . 7 5 1 1 5 0 2 . 2 5 
5 3 2 . 2 5 1 1 5 0 2 . 2 5 

1800 | 1 1 1 1 1 1 1 1 r 

538 53
Binding Energy (eV) 

Figure 5. The O-ls XPS spectrum ( ) from clean polymethyl methacrylate. 
The curves comprised of(-\-) are as described in Figure 4. 

G a u s s i a n Parameters 
5 3 3 . 7 5 7 0 0 2 . 2 5 
5 3 2 . 2 0 9 0 0 2 . 2 5 
5 3 1 . 1 0 2 2 0 2 . 2 0 

Binding Energy (eV) 

Figure 6. The O-ls XPS spectrum ( ) from polymethyl methacrylate follow
ing deposition of 0.6 monolayer of Ni. The curves comprised of (-{-) are as de

scribed in Figure 4. 
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Gaussian Paramete rs 

531.10 250 2.25 

538 536 534 532 530 528 
Binding Energy (eV) 

Figure 7. The O-ls XPS spectrum ( ) from polymethyl methacrylate follow
ing deposition of 0.6 monolayer of Ni. The curves comprised of (-{-) are as de

scribed in Figure 4. 
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s u b s t r a t e p l a y s a s i g n i f i c a n t r o l e i n d e t e r m i n i n g the p r o p e r t i e s 
o f the m e t a l o v e r l a y e r . T h i s i s not e n t i r e l y s u r p r i s i n g i n l i g h t 
o f p r e v i o u s work u s i n g m e t a l and semiconduc to r s u b s t r a t e s . When a 
m e t a l atom f i r s t bonds to an o x y g e n - c o n t a i n i n g po lymer s u r f a c e , 
i t i s a b l e to bond r a t h e r s t r o n g l y w i t h an oxygen atom a l r e a d y 
p r e s e n t , fo rming a m e t a l - o x y g e n - p o l y m e r complex (6). T h i s 
changes b o t h the i n i t i a l e l e c t r o n i c s t a t e o f the m e t a l atom as 
w e l l as the a tomic and e x t r a - a t o m i c s c r e e n i n g c o n t r i b u t i o n s t o 
the measured p h o t o e m i s s i o n e n e r g y . 

I t has p r e v i o u s l y been p o i n t e d out (8, j ) , 11_, _12^ 15 , 23) 
t h a t changes i n s c r e e n i n g can account f o r the g e n e r a l changes i n 
b i n d i n g energy as a f u n c t i o n o f coverage such as a re obse rved i n 
F i g u r e s 1-3. 

As the s i z e o f the m e t a l c l u s t e r i n c r e a s e s , the amount o f 
e x t r a - a t o m i c s c r e e n i n g o f the co r e h o l e l e f t a f t e r p h o t o e m i s s i o n 
i n c r e a s e s u n t i l the s c r e e n i n g equa l s t h a t o f the b u l k  The 
d i f f e r e n c e s between C u
(23) to d i f f e r e n c e s i n
the N i and Cr 2p co re l e v e l s r e a c h the b u l k v a l u e b e f o r e one 
m o n o l a y e r , i n d i c a t i n g t h a t they form l a r g e r c l u s t e r s w i t h b u l k 
s c r e e n i n g v a l u e s more r a p i d l y than does Cu . 

But when these m e t a l s a re d e p o s i t e d on p o l y v i n y l a l c o h o l , 
the shapes o f the c u r v e s change d r a m a t i c a l l y . I n a d d i t i o n , the 
FWHM f o r N i and Cr a l s o change. T h i s sugges t s a r a t h e r d i f f e r e n t 
s t a t e f o r the m e t a l atoms on the s u r f a c e i n w h i c h the i n i t i a l 
s t a t e a n d / o r a tomic and e x t r a - a t o m i c s c r e e n i n g i s d i f f e r e n t . 

We can o b t a i n ano the r c l u e to the makeup o f t h i s new s t a t e by 
e x a m i n i n g the changes i n the s u b s t r a t e co r e l i n e s h a p e s , F i g u r e 4 . 
The changes i n the ca rbon (no t shown) and the oxygen l i n e s h a p e s 
i n d i c a t e t h a t the m e t a l atoms have p e r t u r b e d the o r i g i n a l C-0 
bonds and formed ( p a r t i a l ) bonds w i t h the oxygen atoms. The 
r e l a t i v e i n t e n s i t y o f the change i s a measure o f the s t r e n g t h o f 
the new bonds . The c o p p e r , no t shown, p roduces the s m a l l e s t 
change i n b o t h the c a r b o n and oxygen s p e c t r a — the Cu coverage i s 
a lmos t t w i c e as l a r g e as t h a t f o r N i and C r . T h i s i s not 
u n e x p e c t e d , as copper does not r e a c t as s t r o n g l y w i t h oxygen as 
does n i c k e l and chromium ( 2 4 , 2 5 , 26 , 2 7 ) . The i n i t i a l s t i c k i n g 
c o e f f i c i e n t o f oxygen on Cu i s lower than i t i s on Cr o r N i . I n 
a d d i t i o n , the d i s s o c i a t i o n energy o f copper o x i d e i s much lower 
than t h a t o f chromium or n i c k e l o x i d e . Fo r a l l t h r e e m e t a l s , the 
a d d i t i o n a l s t r u c t u r e i n the O - l s s p e c t r a l i e s between the b i n d i n g 
energy o f the oxygen i n the c l e a n po lymer and the a p p r o p r i a t e b u l k 
m e t a l - o x i d e b i n d i n g energy (24 , 25) o r the b i n d i n g energy f o r 
chemiso rbed oxygen (23, 26 , 2 7 ) . T h i s i m p l i e s t h a t the oxygen i s 
s t i l l p a r t i a l l y bonded to the p o l y m e r , and i n d e e d a m e t a l - p o l y m e r 
complex has been formed a t the i n t e r f a c e . 

The e x i s t e n c e o f these me ta1 -oxygen-ca rbon complexes can 
account f o r many o f the obse rved changes a l r e a d y d i s c u s s e d . We 
e x p e c t the m e t a l to be more t i g h t l y bonded to the polymer ( p o l y 
v i n y l a l c o h o l ) t h rough such a complex than i f one was no t p r e s e n t , 
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as on c l e a n p o l y s t y r e n e . I ndeed , q u a n t i t a t i v e a d h e s i o n r e s u l t s 
c o n f i r m t h i s — c o p p e r , n i c k e l and chromium adhere b e t t e r t o 
p o l y v i n y l a l c o h o l than to c l e a n p o l y s t y r e n e and b e t t e r to oxygen 
t r e a t e d p o l y s t y r e n e than to c l e a n p o l y s t y r e n e (6, 2 8 ) . 

A s t r o n g e r bond between the m e t a l and the po lymer wou ld 
reduce the m i g r a t i o n o f m e t a l atoms on the s u r f a c e . T h i s means 
s m a l l e r c l u s t e r s wou ld be formed at any g i v e n c o v e r a g e , i m p l y i n g 
s m a l l e r r e l a x a t i o n e n e r g i e s and l a r g e r c h e m i c a l s h i f t s w i t h a 
r e s u l t i n g l a r g e r s h i f t i n c o r e b i n d i n g energy from the b u l k v a l u e , 
as e v i d e n c e d i n F i g s . 2 - 3 . T h i s would a l s o account f o r the l a r g e r 
s c a t t e r i n the da t a on p o l y v i n y l a l c o h o l , f o r the m e t a l atoms 
would tend to s t ay near where they f i r s t c o n t a c t e d the s u r f a c e . 
Thus a s e r i e s o f d i f f e r e n t d e p o s i t i o n s on p o l y v i n y l a l c o h o l c o u l d 
e a s i l y g i v e a s e r i e s o f d i f f e r e n t r e s u l t s . However , on p o l y 
s t y r e n e , where the b i n d i n g o f the m e t a l atoms i s r e l a t i v e l y weak, 
the memory o f the a r r i v a l s i t e tends to be e r a s e d

U n f o r t u n a t e l y , th
not be deduced from the
i s s i m p l y not enough i n f o r m a t i o n . However, i t i s p o s s i b l e t h a t a 
v i b r a t i o n a l s p e c t r o s c o p y such as i n f r a r e d , Raman or e l e c t r o n 
energy l o s s would y i e l d the m o l e c u l a r c o n f i g u r a t i o n o f such a 
p o l y m e r - m e t a l - c o m p l e x . 

On the o t h e r hand , the XPS d a t a we do have g i v e s us a c l u e to 
the a tomic makeup o f these complexes . A t the l o w e s t c o v e r a g e s , 
the 2p co re b i n d i n g e n e r g i e s o f N i and Cr on p o l y v i n y l a l c o h o l 
a r e about the same as those fo r b u l k NiO and C r ^ O ^ , 854 .6eV (25) 
and 576.6eV (26) r e s p e c t i v e l y . T h i s sugges t s t h a t these po lymer 
m e t a l complexes c o n t a i n one or two m e t a l atoms per oxygen atom. 
I n a d d i t i o n , the v a l u e o f the oxygen I s c o r e b i n d i n g energy i s 
a l s o a p p r o a c h i n g t h a t f o r these m e t a l o x i d e s . The oxygen I s c o r e 
s h i f t o b t a i n e d a f t e r d e p o s i t i n g Cu i s , however , l a r g e r than one 
f i r s t e x p e c t s . The lower e l e c t r o n e g a t i v i t y o f Cu i m p l i e s t h a t a 
Cu atom would t r a n s f e r a s m a l l e r e l e c t r o n i c charge than N i o r C r , 
and t h i s wou ld produce a s m a l l e r co re s h i f t i n the oxygen . T h i s 
i m p l i e s t h a t more Cu atoms are i n v o l v e d i n the complexes than N i 
o r Cr a toms. T h i s i s c o n f i r m e d by the r e l a t i v e coverage da t a — 
i t t akes about t w i c e as much Cu than N i o r Cr to p roduce an e q u a l 
number o f new m e t a l - o x y g e n complexes . I f the N i and Cr complexes 
c o n t a i n one m e t a l atom, then t h i s sugges t s t h a t the Cu complexes 
on p o l y v i n y l a l c o h o l c o n t a i n two Cu atoms. 

The da ta fo r the o t h e r o x y g e n - c o n t a i n i n g po lymers i s a 
l i t t l e l e s s c l e a r . The s i z e s o f the oxygen I s co re s h i f t s 
f o l l o w i n g d e p o s i t i o n o f N i sugges t s t h a t the N i atoms i n t e r a c t 
w i t h the s i n g l e bonded oxygens to form complexes wh ich a re s i m i l a r 
to one ano the r and a p p r o x i m a t e l y independent o f the k i n d o f 
p o l y m e r . T h i s i s p r o b a b l y the case w i t h Cr a l s o . However , the 
oxygen I s core s h i f t f o l l o w i n g Cr d e p o s i t i o n i s s m a l l e r f o r 
p o l y v i n y l m e t h y l e t h e r and p o l y e t h y l e n e o x i d e than i t i s f o r the 
o t h e r p o l y m e r s . T h i s i s not t o t a l l y u n r e a s o n a b l e , as the oxygen 
i n these two po lymers i s bonded between two ca rbon atoms, and one 
migh t expec t t h a t the Cr c o u l d not i n t e r a c t as s t r o n g l y w i t h i t . 
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I n g e n e r a l t h e n , i t appears as i f these m e t a l - p o l y m e r com
p l e x e s have a s i m i l a r n a t u r e . The da ta i n d i c a t e s t h a t the m e t a l 
atoms bond th rough the oxygen atoms to the polymer c h a i n s . The 
r a t i o o f N i o r Cr atoms to i n t e r a c t e d oxygen atoms ( u s i n g peak 
a r e a s ) i s about 1:2 . We s u g g e s t , t h e n , t h a t the s i m p l e s t model 
f o r these complexes wh ich i s c o n s i s t e n t w i t h the da ta and w i t h 
b u l k m e t a l - p o l y m e r c h e m i s t r y i s one i n wh ich a one or two atom 
c l u s t e r o f m e t a l atoms forms a c h e l a t e (2^9) s t r u c t u r e w i t h the 
p o l y m e r . I n p o l y v i n y l a l c o h o l t h i s wou ld have the form o f a m e t a l 
atom or c l u s t e r " c r o s s l i n k i n g 1 1 ad j acen t polymer c h a i n s th rough 
f o u r oxygen a toms. On the o t h e r p o l y m e r s , the arrangement o f the 
atoms i n the complexes would be s i m i l a r , bu t not as s i m p l e ; 
e s p e c i a l l y i n the cases where b o t h s i n g l e and doub le bonded oxygen 
atoms a re p r e s e n t i n the pendant g r o u p s . 

Abstract 

The interfaces forme
chromium layers on polystyrene, polyvinyl alcohol, polyethylene 
oxide, polyvinyl methyl ether, polyvinyl acetate and polymethyl 
methacrylate have been studied with X-ray photoemission spectro
scopy (XPS). At submonolayer coverages of the metals, the peak 
positions and widths of the metallic electron core levels vary 
significantly from one polymer substrate to another. Most of 
these variations can be accounted for in terms of changes in the 
atomic and extra-atomic relaxation energies during the photoemis
sion process. Much of this change is brought about when the metal 
atom deposited on an oxygen containing polymer interacts with the 
substrate oxygen and forms a metal-oxygen-polymer complex. The 
presence of this complex is verified by changes in the photoemis
sion lineshapes of the substrate carbon and oxygen atoms. The XPS 
signature of these various complexes are quite similar and sug
gest that they are chelate-like complexes. 

Literature Cited 

1. Mittal, K .L . , J . Vac. Sci. Technol., 1976, 13, 19 and 
references therein. 

2. Thayer, D.W. and Wedel, R., (unpublished). 

3. Hall , J.R., Westerduhl, C.A., Devine, A.T. and Bodnar, M.J. , 
J . Appl. Polym. Sc i . , 1969, 13, 2085. 

4. Hall , J.R., Westerduhl, C.A., Devine, A.T. and Bodnar, M.J. , 
J . Appl. Polym. Sc i . , 1972, 16, 1465. 

5. Burkstrand, J.M., J. Vac. Sci. Technol., 1978, 15 223. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



350 PHOTON, ELECTRON, AND ION PROBES 

6. Burkstrand, J.M., Appl. Phys. Lett., 1978, 33, 387. 

7. Kiang, K.S., Salaneck, W.R. and Aksay, I .A. , Solid State 
Commun., 1976, 19, 329. 

8. Ascarelli , P., Cini , M., Missoni, G. and Nistico, N . , J . 
Phys., (Paris) Colluque, 1977, 38, 125. 

9. Takasu, Y. , Unwin, R., Tesche, B., Bradshaw, A. and Grunze, 
M., Surface Science, 1978, 77, 219. 

10. Tibbetts, G.G. and Egelhoff, W.F., Jr . , Phys. Rev. Lett. , 
1978, 41, 188. 

11. Tibbetts, G.G. and Egelhoff, W.F., Jr . , (a) J . Vac. Sci. 
Technol., (in press); (b) Solid State Commun., (in press); 
(c) Phys. Rev., (t

12. Mason, M.G., Gerenser, L.G. and Lee, S.T., Phys. Rev. Lett., 
1977, 39, 288. 

13. Kim, K.S. and Winograd, N. , Chem. Phys. Lett., 1975, 30, 91. 

14. Mason, M.G., Baetzold, R.C., J. Chem. Phys., 1976, 64, 271. 

15. Burkstrand, J.M., J . Vac. Sci. Technol., 1978, 15, 658; 
Surface Science, 1978, 78 513. 

16. Physical Electronics Industries, Eden Prairie, Minn. 

17. Scofield, J .H. , Lawrence Livermore Laboratory Report No. 
UCRL 51326. 

18. Tracy, J.C. and Burkstrand, J.M., CRC Crit. Review, Solid 
State Sc i . , 1974, 4, 381. 

19. Evans, S., J . Phys. C., Solid State Phys., 1977, 10 2483; 
Clark, D.T., Thomas, H.R. and Shuttleworth, D., J. Polym. 
Sci. Polym. Letters Ed., 1978, 16, 465. 

20. See for example: Joshi, A. , Davis, L.E. and Palmberg, P.W., 
Czanderna, A.W. Ed. "Methods of Surface Analysis," Elsevier 
Scientific Publishing Company, Amsterdam, 1975, p. 159. 

21. Clark, D.T. and Thomas, H.R. J. Polym. Sci. Chem. Ed., 1976, 
14, 1671. 

22. Clark, D.T. and Thomas, H.R., J. Polym. Sci. Chem. Ed., 1978, 
16, 791. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



20. BURKSTRAND Metal-Polymer Interfaces 351 

23. Burkstrand, J .M., J. Appl. Phys., 1979, 50, 1152. 

24. Haber, J., Machej, T., Ungier, L. and Ziolkowski, J., Jour
nal of Solid State Chemistry, 1978, 25, 207. 

25. Fleisch, T., Winograd, N. and Delgass, W., Surf. Sc i . , 1978, 
78, 141. 

26. Allen, G.C., Tucker, P.M. and Wild, R.K., Faraday Trans. 
II., 1978, 74, 1126. 

27. Tibbetts, G.G., Burkstrand, J.M. and Tracy, J .C. , Phys. 
Rev. B. , 1977, 15, 3652. 

28. Burkstrand, J.M., to be published. 

29. For the bulk analog
"Advances in Polymer Sciences,  Vol. 24, Springer-Verlag, 
New York, 1977, p. 1. 

RECEIVED January 21, 1981. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



21 
Surface Characterization of Plasma-Fluorinated 
Polymers 

M. ANAND, R. E. COHEN, and R. F. BADDOUR 

Department of Chemical Engineering, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

Previous Work. In previous publications (1, 2, 3) we have 
reported on the surface fluorination of low density polyethylene 
using a low pressure atmosphere of a dilute mixture of fluorine in 
helium and using a cold plasma generated from this same gas 
mixture. It was found that in the glow discharge, perfluorination 
of the surface was accomplished readily, whereas with elemental 
fluorine treatment, the reaction was slow and did not lead to 
complete surface fluorination under the conditions employed (1). 
In dilute elemental fluorine reactions, several partially fluori
nated species, such as CR2-CHF, CHF-CHF, were formed on the 
surface as determined by X-ray photoelectron spectroscopy mea
surements (XPS), while in the case of plasma treatment, largely-
CF2 type groups were generated. Presence of CF2 groups on the 
surface was also shown by Fourier Transform Multiple Internal 
Reflectance (FTMIR) infrared studies and by advancing contact 
angle measurements. Previous experiments also showed that, for 
reaction conditions under which complete surface fluorination was 
not obtained, a post-reaction with oxygen and oxygen-containing 
species (largely moisture from the air) occurred, resulting in 
large oxygen signals in XPS measurements and in sharp decreases in 
contact angles (1, 3). However, for samples which were fully 
fluorinated at the surface, very small oxygen levels were found, 
and this favorable condition persisted indefinitely. No reaction 
or post-reaction with oxygen or water is observed for reactions 
that go to completion. In previous fluorination studies in which 
elemental fluorine was employed, several oxygen-containing 
species including acylfluoride groups, carboxyl and hydroxyl 
groups, and hydrogen-bonded water have been found in the surface 
and sub-surface layers (4, 5, 6, 7). 

Reaction conditions which influence the fluorination of LDPE 
in the fluorine plasma have also been discussed previously (2). 
High pressures and flow rates favored the fluorination reaction 
kinetics. There was a competition between ion-assisted etching 
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and c h e m i c a l r e a c t i o n r e s u l t i n g i n s m a l l (~40A) depths o f f l u o r 
i n a t i o n . However, the dep th o f f l u o r i n a t i o n was i n c r e a s e d i n 
r e a c t i o n s c a r r i e d out under i o n - d e p l e t e d c o n d i t i o n s . T h i s was 
a c h i e v e d at the expense o f the r e a c t i o n r a t e wh ich was reduced by 
a f a c t o r o f about two (_3). Even under these r e a c t i o n c o n d i t i o n s , 
an upper l i m i t on the depth o f f l u o r i n a t i o n (~60A) was obse rved 
p o s s i b l y due to a d i f f u s i o n - c o n t r o l l e d r e a c t i o n . 

P r e s e n t Work. I n t h i s paper we r e p o r t the r e s u l t s o f 
r e a c t i o n s c a r r i e d out under c o n d i t i o n s o f h i g h e r f l u o r i n e c o n c e n 
t r a t i o n s w i t h the aim o f i n c r e a s i n g the depth o f f l u o r i n a t i o n . 
R e s u l t s f o r r e a c t i o n s w i t h s e v e r a l o t h e r po lymers a re a l s o r e 
p o r t e d . F u r t h e r , a d i s c u s s i o n o f the f l u o r i n a t i o n o f LDPE powders 
i n a f l u i d i z e d bed r e a c t o r and the m o l d i n g p r o p e r t i e s o f t hese 
powders i s a l s o i n c l u d e d . 

The a p p a r a t u s b e i n d t  t r e a t polyme  f i l m  i  show  i
F i g . 1(a) and f o r t r ea tmen
a n a l y t i c a l t o o l s employe y p h o t o
e l e c t r o n s p e c t r o s c o p y ( ~ 5 0 A ) , FTMIR ( 10000A) and c o n t a c t a n g l e 
measurements ( f i r s t m o l e c u l a r l a y e r ) , the d e t a i l s o f wh ich have 
been p r e v i o u s l y d e s c r i b e d ( 3 ) . I n the r e s u l t s b e i n g p r e s e n t e d 
h e r e , 5% and 15% p r e m i x t u r e s o f f l u o r i n e w i t h h e l i u m are used i n 
the f l u o r i n e g low d i s c h a r g e . 

The g a s e s , o b t a i n e d from Matheson Gas ,were passed th rough a 
sod ium f l u o r i d e column to remove t r a c e amounts o f hydrogen f l u o r 
i d e . No e f f o r t was made to remove s m a l l amounts o f wa te r and 
oxygen t h a t may have been p r e s e n t i n the i ncoming g a s e s . The 
po lymer f i l m s were t r e a t e d at the p lasma b u l k gas t empera tu re 
wh ich was c l o s e to ambient f o r a l l r e a c t i o n s . V i s u a l o b s e r v a t i o n 
o f the f i l m s d i d not show any m e l t i n g or d e f o r m a t i o n and hence i t 
was assumed t h a t i f the s u r f a c e t empera tu res d i d v a r y , the 
f l u c t u a t i o n s were s m a l l . 

R e s u l t s and D i s c u s s i o n 

R e a c t i o n s Under I o n - S h i e l d i n g C o n d i t i o n s . F l u o r i n e - c o n t a i n 
i n g p lasmas are known to cause e t c h i n g i n b o t h o r g a n i c and 
i n o r g a n i c systems ( 8 , 9 , 10 , 11). I n the case o f h y d r o c a r b o n 
p o l y m e r s , i o n a s s i s t e d e t c h i n g i s a p p a r e n t l y caused by f l u o r i n e 
i o n s such as , F„ , F i n the p l a sma . Our expe r imen t s i n the 
g low r e g i o n o f the p lasma have c l e a r l y shown e t c h i n g t a k i n g p l a c e 
as e v i d e n c e d by the apparen t upper l i m i t on depth o f f l u o r i n a t i o n 
( 3 ) . The amount o f e t c h i n g c o u l d be reduced by e l i m i n a t i o n o f 
i o n s from the r e a c t i o n zone . T h i s can be a c h i e v e d e i t h e r by 
i s o l a t i n g the samples from the p lasma by e n c l o s i n g them i n a 
Fa raday cage (an e l e c t r i c a l l y grounded m e t a l s c r e e n ) i n s i d e the 
g low r e g i o n or by c a r r y i n g out the r e a c t i o n s i n the dark r e g i o n 
downstream o f the p l a s m a . I n our s tudy we have used a m o d i f i e d 
Faraday cage i n wh ich the m e t a l s c r e e n was no t g rounded . The 
m e t a l a c t s as a s i n k f o r the i o n s and p e r m i t s o n l y f r e e r a d i c a l s 
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Figure 1. Schematic of experimental setup: (a) reactor for film treatment; (b) 
fiuidized bed for treatment of powders 
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w i t h mean f ree pa ths s m a l l e r than the s c r e e n open ing i n t o the 
r e a c t i o n zone . T h i s was c l e a r l y obse rved by a g low o u t s i d e the 
s c r e e n bu t a da rk r e g i o n i n s i d e i t . 

I n the r e s u l t s p u b l i s h e d e a r l i e r (_3 ) , we showed t h a t w i t h 
F ^ / H e m i x t u r e s c o n t a i n i n g 5% f l u o r i n e , the depth o f f l u o r i n a t i o n 
was i n c r e a s e d from 40A i n the case o f r e a c t i o n i n the g low to 
about 60A f o r r e a c t i o n s i n the da rk r e g i o n . However , we c o u l d not 
a c h i e v e t r ea tmen t s to depths much beyond 60A p o s s i b l y due to 
i nadequa t e c o n c e n t r a t i o n o f f l u o r i n e s p e c i e s a t the s o l i d s u b 
s t r a t e or due to e x t r e m e l y s low p r o p a g a t i o n r e a c t i o n i n t o the 
b u l k . To t e s t t h i s h y p o t h e s i s , expe r imen t s were c a r r i e d out w i t h 
a F ^ / H e m i x t u r e c o n t a i n i n g 15% F^ i n the da rk r e g i o n i n s i d e the 
m e t a l c age . The r e s u l t s o f these expe r imen t s a re shown i n F i g u r e s 
2 , 3 , 4 , 5 and T a b l e s 1 and 2 . 

TABLE I 

DEPTH OF FLUORINATIO

C o n d i t i o n s Time Of Trea tmen t , m in D e p t h , A 

3 .0 mm, 40 c c / m i n , 50W 2 30 
Aluminum Cage 5 38 
(5% F ) 15 >60 

60 - 6 0 

3 .0 mm, 40 c c / m i n , 50W 1 22 
No Cage 2 30 
(5% F 2 ) 60 35 

3 .0 mm, 40 c c / m i n , 50W 2 >60 
Aluminum Cage 5 ^60 
(15% F 2 ) 15 >60 

T a b l e 1 compares depths o f f l u o r i n a t i o n c a l c u l a t e d (4) from 
XPS measurements f o r r e a c t i o n s i n the g low and i n the da rk r e g i o n 
w i t h b o t h 5% and 15% F ^ p r e m i x t u r e s . I n the case o f 15% f l u o r i n e , 
the depth o f f l u o r i n a t i o n i s beyond t h a t wh ich can be measured by 
XPS even a f t e r o n l y 2 minu te s o f t r e a t m e n t . An e s t i m a t e o f the 
depth f l u o r i n a t i o n was o b t a i n e d by assuming t h a t the i n c r e a s e i n 
w e i g h t o f the t r e a t e d po lymer was due to s u b s t i t u t i o n o f hydrogens 
i n the polymer by f l u o r i n e . The r e s u l t s o f these c a l c u l a t i o n s a r e 
shown i n T a b l e 2 . The e x a c t v a l u e s o f the depths o f f l u o r i n a t i o n 
must be v i ewed c a u t i o u s l y because o f c o m p l i c a t i n g f a c t o r s such as 
a d s o r p t i o n and c h e m i s o r p t i o n ( e s p e c i a l l y f o r po lymers not p e r -
f l u o r i n a t e d ) o f wa te r on the s u r f a c e i n the t ime between t a k i n g 
the sample out o f the r e a c t o r and w e i g h i n g i t . However , t r e n d s 
a re c l e a r e s p e c i a l l y f o r the case o f 15% F ? t r ea tmen t where l a r g e 
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i n c r e a s e s i n w e i g h t a re o b s e r v e d . These r e s u l t s sugges t much 
g r e a t e r depths o f f l u o r i n a t i o n w i t h i n c r e a s e d t r ea tmen t t i m e , 
s u p p o r t i n g the h y p o t h e s i s t h a t obse rved l i m i t a t i o n s i n the depth 
o f f l u o r i n a t i o n a r i s e from a d i f f u s i o n c o n t r o l l e d r e a c t i o n . A d 
d i t i o n a l e v i d e n c e i n suppor t o f t h i s i n c r e a s e i n f l u o r i n a t i o n 
depth w i t h t r ea tmen t t ime i s p r o v i d e d by the obse rved i n c r e a s e 
w i t h t ime i n the i n t e n s i t y o f the i n f r a r e d band c o r r e s p o n d i n g to -
CF^ s p e c i e s , as shown i n F i g . ( 2 ) . 

TABLE I I 

DEPTH OF FLUORINATION ESTIMATED FROM WEIGHT INCREASES 

R e a c t i o n c o n d i t i o n s : 3 .0 mm, 40 c c / m i n , 50W, Aluminum Cage 

Time o f 

Treatment % o f I n c r e a s e i n Weight Depth o f F l u o r i n a t i o n , A 

5%F 2 , 95%He 15%F 2 , 85%He 5%F 2 > 95%He 15%F 2 , 85%He 

2 min 0.136 0.113 235 195 

5 m i n 0.096 0.170 160 290 

15 min 0.155 0.276 260 475 
The i n c r e a s e i n c o n c e n t r a t i o n o f f l u o r i n e from a 5% to a 15% 

m i x t u r e s h o u l d a c c e l e r a t e the r e a c t i o n because o f i n c r e a s e d r e 
a c t i v e s p e c i e s a v a i l a b l e fo r r e a c t i o n . T h i s i s c l e a r l y seen i n 
F i g . (3) i n the p l o t o f c o n t a c t ang l e a g a i n s t t ime o f t r e a t m e n t . 
Curve (b) f o r t r ea tmen t w i t h 15% F 2 sugges t s t h a t the s u r f a c e 
l a y e r i s p e r f l u o r i n a t e d (formamide has an a d v a n c i n g c o n t a c t a n g l e 
o f 92 w i t h PTFE) w i t h i n 5 minu te s o f t r e a t m e n t , w h i c h i s not the 
case f o r t r ea tmen t w i t h the 5% f l u o r i n e p lasma t r e a t m e n t . H i g h e r 
oxygen con t en t i s a l s o seen f o r the 5% F~ p lasma at 5 minute 
t r ea tment t i m e , s u g g e s t i n g a case i n wh ich the s u r f a c e i s no t 
f u l l y f l u o r i n a t e d and i s s u s c e p t i b l e to c h e m i s o r p t i o n o f w a t e r . 
However , F i g . 4 , a p l o t o f a tomic p e r c e n t f l u o r i n e v s . t ime o f 
t r ea tmen t does not sugges t a f a s t e r r e a c t i o n w i t h the 15% F 2 

m i x t u r e . T h i s r e s u l t may be e x p l a i n e d i f the a c t i v e f l u o r i n e 
f i r s t a t t a c k s the amorphous zones o f the p o l y e t h y l e n e and the 
r e a c t i o n p r o p a g a t e s beyond the f i r s t 60A b e f o r e the c r y s t a l l i n e 
r e g i o n s a re f l u o r i n a t e d . I n such a c a s e , the XPS s i g n a l s from F , 
and F 2 g wou ld sugges t a depth o f f l u o r i n a t i o n o f g r e a t e r than 60A 
because the c a l c u l a t i o n assumes a homogeneous m a t e r i a l . Such a 
s i t u a t i o n p o s s i b l y e x i s t s i n our case because the C ^ g XPS s p e c t r a 
o f F i g . 5 c l e a r l y show a r e s i d u a l C H ? s i g n a l f o r the case o f the 2 
minute t r e a t m e n t . The r e a c t i o n i n the g low r e g i o n o f the p lasma 
i s c l e a r l y f a s t e r than i n the da rk r e g i o n o f the p lasma as seen 
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A 

1600 1400 1200 1000 800 600 
Wave number cm - 1 

Figure 2. FT MIR spectra of LDPE treated with 15% fluorine mixture with 
helium under ion-depleted conditions: (A) 2-min, (B) 5-min, and (C) 15-min treat
ments. Reaction conditions: 40 cc/min, 3.0 mm, 50 W; spectra at 45° incidence. 
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Figure 3. Variation of contact angle and atomic percent oxygen as a function of 
time of treatment (YH, \J) 5% F2, no cage; (A, A) 5% F2, aluminum cage; (%, O) 

15% F, aluminum cage; reaction conditions: 3.0 mm, 40 cc/min, 50 W). 

Figure 4. Build-up of fluorine on the surface of LDPE with treatment time (({J) 
5% F2, no cage; (A) 5% F2, aluminum cage; (O) 15% F2, aluminum cage; 

reaction conditions: 3.0 mm, 40 cc/min, 50 W). 
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PLASMA TREATMENT UNDER ION-DEPLETED CONDITIONS 
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Figure 5. The C-ls XPS spectra for LDPE film treated with 5% and 15% mix
tures of fluorine in helium. Reactions carried out in the dark region of the plasma. 
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from b o t h F i g u r e s (3 ) and (4) and from the XPS s p e c t r a 
r e p o r t e d e a r l i e r (1_, _3). 

A n o t h e r i m p o r t a n t f e a t u r e o f the r e a c t i o n s i n the i o n -
d e p l e t e d zone i s t h a t " C F ^ type groups a re formed p r e d o m i n a n t l y as 
i n the case o f r e a c t i o n s i n the g low r e g i o n o f the p l a s m a . T h i s 
i s seen by the c h e m i c a l s h i f t or about 6eV from the o r i g i n a l -
C H 2 C H 2 - peak i n the XPS s p e c t r a ( F i g . 5 ) . The d e t a i l s o f such 
ass ignments have been d i s c u s s e d e a r l i e r (_3). T h i s i s v e r y 
d i f f e r e n t from r e a c t i o n w i t h e l e m e n t a l f l u o r i n e ( 3 , 4) where 
s e v e r a l p a r t i a l l y f l u o r i n a t e d s p e c i e s a re formed b e f o r e g e n e r a 
t i o n o f - C F 2 g r o u p s . Based on XPS d a t a , i t appears t h a t the - C F 2 

groups formed i n the case o f t r ea tmen t w i t h and w i t h o u t the m e t a l 
s c r e e n are i d e n t i c a l . However , FTMIR s p e c t r a r e v e a l t h a t t h e r e 
a r e d i f f e r e n c e s i n the type o f ~ C F 2 g roups as shown i n F i g s . (2) 
and ( 6 ) . The predominant ~CF« s p e c i e s formed from t r ea tmen t i n 
the aluminum cage appear^ a t 1230 cm as opposed to b u i l d u p o f
C F 2 s p e c i e s a t 1090 cm
bands a s s o c i a t e d w i t h f l u o r i n e - c o n t a i n i n
s p e c t r a i n the rai^ge o f 1000 cm to 1300 cm . The bands at 1090 
cm and 1250 cm are p o s s i b l y a s s o c i a t e d w i t h - C F 2 s y m m e t r i c a l 
( E , ) and - C F 2 a s s y m e t r i c a l (E^ ) s t r e t c h e s r e s p e c t i v e l y (12^, 13 , 
1 4 ; . (The band due to ~ C F 2 s y m m e t r i c a l s t r e t c h i s a c t u a l l y r e 
p o r t e d to o c c u r a t 1141 cm ~1 (_12., J ^ , 14) bu t i t seems to mix 
w i t h FCF bend , CC s t r e t c h and CCC bend as a consequence o f w h i c h 
the p o s i t i o n migh t be s h i f t e d to a lower v a l u e . F l u o r i n e c o n t a i n 
i n g CF u n s a t u r a t e ^ and CF s a t u r a t e s a re a l s o known to o c c u r i n the 
range o f 1000 cm - 1200 cm . I t i s p o s s i b l e t h a t i n the dep th 
b e i n g sampled , some o f these groups maybe p r e s e n t e s p e c i a l l y i f 
t h e r e i s a g r a d i e n t i n the po lymer c o m p o s i t i o n from a c o m p l e t e l y -
C H 2 - C H ^ - s t a t e i n the b u l k to a c o m p l e t e l y - C F 2 - C F 2 - s t a t e on 
the s u r f a c e ) . T h i s sugges t s s u b t l e d i f f e r e n c e s i n the two 
f l u o r i n a t e d p o l y m e r s . 

F u r t h e r , i n f r a r e d s p e c t r a r e v e a l t h a t i n the case o f p l a sma 
t r ea tmen t i n the g l o w , t h e r e i s some c a r b o n - c a r b o n _ u n s a t u r a t i o n 
p r e s e n t on the s u r f a c e e v i d e n c e d by band at 890 cm ( F i g . 6 ) . 
These a re no t p r e s e n t i n the case o f t r ea tmen t i n the da rk r e g i o n 
o f the p l a s m a . A l s o , the amorphous n a t u r e o f the f l u o j i n a t e d 
po lymer l a y e r i s e x h i b i t e d by the s m a l l band around 740 cm ( 1 2 ) . 

F l u o r i n a t i o n o f Other Po lymers 

S u r f a c e f l u o r i n a t i o n o f s e v e r a l po lymers o t h e r than p o l y 
e t h y l e n e has been a t t empted to show the e f f e c t i v e n e s s o f t h i s 
t e c h n i q u e i n g e n e r a t i n g p e r f l u o r i n a t e d s u r f a c e s . R e s u l t s o f 
formamide c o n t a c t ang l e e x p e r i m e n t s a re summarized i n T a b l e ( 3 ) . 
I t appears from these r e s u l t s t h a t under the c o n d i t i o n s s t u d i e d , 
p o l y p r o p y l e n e and n y l o n 6 ,6 can be p e r f l u o r i n a t e d bu t p o l y m e t h y l 
m e t h a c r y l a t e does not p e r f l u o r i n a t e i n the t ime s c a l e shown. The 
C, XPS s p e c t r a and the r e s p e c t i v e c h e m i c a l c o m p o s i t i o n s a re 
shown i n F i g u r e (7) and T a b l e ( 3 ) . Even though PMMA shows h i g h 
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UNTREATED LDPE FLOURINE PLASMA 5 min 
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Figure 6. FTMIR spectra comparing treatments in the glow and the dark region 
of the plasma (spectra at 30° incidence) 
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f l u o r i n e c o n t e n t s and r e a s o n a b l e depths o f f l u o r i n a t i o n , the 
c o n t a c t ang le w i t h formamide i s l o w , s u g g e s t i n g t h a t the oxygen 
must r e s i d e i n the f i r s t m o l e c u l a r l a y e r . I t i s p o s s i b l e t h a t 
oxygen i n the p o l y m e t h y l m e t h a c r y l a t e m o l e c u l e i s d i s a s s o c i a t e d 
from the m o l e c u l e c h a i n and p o s t - r e a c t s w i t h the s u r f a c e a f t e r the 
p lasma i s t u r n e d o f f . R e s u l t s o f c o n t a c t a n g l e measurements from 
n y l o n 6 ,6 and p o l y p r o p y l e n e a re s u r p r i s i n g because the C ^ g XPS 
s p e c t r a sugges t s p a r t i a l l y f l u o r i n a t e d s u r f a c e s . However , the 
f i r s t m o l e c u l a r l a y e r s must be p e r f l u o r i n a t e d as sugges ted by 
c o n t a c t a n g l e measurements and c a l c u l a t i o n s o f depth o f f l u o r i n a 
t i o n . 

TABLE I I I 

COMPOSITION O  FLUORINATE S O  VARIOUS POLYMERS 

Polymer 
Treatment* 

Time F 
Atomic % 

0 c N F ' A 

Contac 
A n g l e , 

Po lymethy lmethacry la te 0 - 25.2 74.8 - - 56° 

Polymethylmethac r y l a t e 2 44.6 13.2 42.2 - 20 15° 

Po lymethy lmethacry la te 5 52.7 7.8 39.5 - 29 4 0 ° 

Nylon 6,6 0 - 15.4 81.6 3.0 - 55 

Nylon 6,6 3 49.6 9.3 39.4 1.7 5 9 2 - 9 3 ° 

Po lypropy lene 0 - 7.0 93.0 - - 78° 

Po lypropy lene 2 49.3 7.2 43.5 - 26 90 

LDPE 0 - 5.0 95.0 - - 71 

LDPE 2 56.5 5.2 38.3 - 37 9 2 - 9 3 ° 

* A l l w i t h 5% F 2 mix ture at 2.0 mm, 40 c c / m i n . , 50W power 

** w i t h Formamide 

Treatment Of Polymer Powders 

Low d e n s i t y p o l y e t h y l e n e was c r y o g e n i c a l l y ground to y i e l d a 
powder w i t h a s p e c i f i c s u r f a c e a rea o f about 0 .15 m / g as d e t e r 
mined by BET measurements . We found t h a t f o r powders w h i c h were 
not f u l l y f l u o r i n a t e d ( s h o r t r e a c t i o n t i m e s ) s i g n i f i c a n t amounts 
o f wa te r were adsorbed on the s u r f a c e . As a consequence o f t h i s , 
the powders seemed s i m i l a r i n appearance to m o i s t s a l t . F u r t h e r , 
a dec rease i n pH was obse rved when these powders were suspended i n 
d i s t i l l e d w a t e r , s u g g e s t i n g the p resence o f a c i d i c g r o u p s . A l s o , 
when these samples were mounted f o r XPS e x p e r i m e n t s , the wa te r 
a p p a r e n t l y d i d not c o m p l e t e l y d e s o r b ; when the X - r a y sou rce was 
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Figure 7. The C-ls XPS spectra for polypropylene, polymethylmethacrylate, and 
Nylon 6,6 treated in the plasma 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



21. ANAND E T A L . Plasma-Fluorinated Polymers 365 

moved to such a sample , o u t g a s s i n g was obse rved as i n d i c a t e d by an 
i n c r e a s e i n p r e s s u r e i n the XPS chamber. Thus we c o n c l u d e d t h a t 
wa te r was chemisorbed to the a c i d i c s i t e s on the polymer s u r f a c e . 
Most s i g n i f i c a n t l y , f o r these spec imens , v e r y l a r g e amounts o f 
oxygen were found on the s u r f a c e w i t h v e r y s m a l l c a rbon s i g n a l s . 
F u r t h e r m o r e , the sample c h a r g i n g p r o p e r t i e s were a l t e r e d so d r a 
m a t i c a l l y t h a t the peaks were s h i f t e d to lower b i n d i n g e n e r g i e s by 
as much as 20 - 30eV. The s i g n a l s t r e n g t h s and w i d t h s v a r i e d 
d u r i n g the expe r imen t s wh ich made i t i m p o s s i b l e to t a k e any 
m e a n i n g f u l s p e c t r a . I t i s p o s s i b l e t h a t i f 2-3 l a y e r s o f wa te r 
a re c h e m i s o r b e d , l i t t l e or no ca rbon s i g n a l w i l l be seen and when 
the X - r a y source i s d i r e c t e d on the sample , the energy may be h i g h 
enough to debond some wa te r r e s u l t i n g i n a c o n t i n u o u s change o f 
the s u r f a c e . T h i s e x p l a n a t i o n i s c o n s i s t e n t w i t h our o b s e r v a 
t i o n s . However , fo r powders wh ich had undergone s i g n i f i c a n t 
e x t e n t s o f f l u o r i n a t i o n  XPS s p e c t r a c o u l d be o b t a i n e d e a s i l y
The r e s u l t s p r e s e n t e d be lo

As shown i n F i g . ( 8 )
powders i n the f l u i d i z e d bed were s l o w e r compared to those o f 
f i l m s i n the p l a s m a . T h i s may be r e l a t e d to the greater s u r f a c e 
a r e a i n v o l v e d i n the^ t r ea tmen t o f powders ( ~ 0 . 1 5 m / g f o r powder 
compared to 0 .03 m / g f o r f i l m ) . F u r t h e r , f o r t r ea tmen t o f 
powders , the o v e r a l l e x t e n t o f f l u o r i n a t i o n i s lower compared to 
t h a t o f f i l m s - 52% F as opposed to 60% f o r f i l m s ( F i g . 8 ) . T h i s 
i s a l s o suppor t ed by the s p e c t r a ( F i g . 9) i n w h i c h r e s i d u a l -
C H 2 s i g n a l s a re p r e s e n t a t ^ 8 5 . O e V . T h i s r a i s e s q u e s t i o n s about 
u n i f o r m i t y o f the t r ea tment and the depth to wh ich f l u o r i n a t i o n 
has p r o g r e s s e d . On the b a s i s o f c a l c u l a t i o n s s i m i l a r to those 
used f o r f i l m s , we found t h a t the depth o f f l u o r i n a t i o n ( i n the 
cases where a tomic p e r c e n t f l u o r i n e was o f the o r d e r o f 52%) was 
about 40-50A which sugges ted t h a t i f the t r ea tmen t were u n i f o r m , 
the r e s i d u a l - C H ^ s i g n a l s h o u l d have been v e r y s m a l l . I t i s 
p o s s i b l e t h a t the t r ea tmen t i s not u n i f o r m , w h i c h c o u l d be r e l a t e d 
to poor m i x i n g due to inadequa te f l u i d i z a t i o n or due to zones 
which might not be a c c e s s i b l e f o r f l u o r i n a t i o n because o f fo rma
t i o n o f s t agnan t l a y e r s , e s p e c i a l l y o f HF and H ^ , w h i c h p r e v e n t 
f u r t h e r r e a c t i o n . F i g u r e (9) i s a l s o u s e f u l i n i d e n t i f y i n g 
c h e m i c a l s p e c i e s t h a t a re formed on the polymer powder. On the 
b a s i s o f c h e m i c a l s h i f t s as i n the case o f po lymer f i l m s , the 
s p e c i e s gene ra t ed are l a r g e l y - C H ^ . Q 

o D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y (20 K / m i n over the range 
350 K to 650 K) o f the t r e a t e d powders showed no change i n the 
m e l t i n g p o i n t o f p o l y e t h y l e n e , and d i d not r e v e a l any s i g n i f i c a n t 
f e a t u r e s a t t r i b u t a b l e to the f l u o r i n a t e d p o l y m e r . The t r e a t e d 
powders c o u l d not be molded under c o n d i t i o n s wh ich were s u i t a b l e 
f o r the u n t r e a t e d p o l y e t h y l e n e ( 1 5 0 ° , 30 M P a ) . However , the 
t r e a t e d powders c o u l d be preformed a t 95 C and 60 MPa to a l l o w f o r 
c o l d compac t ing i n an i s o s t a t i c p r e s s . The c o l d compac t ing 
improved the m e c h a n i c a l s t r e n g t h o f the molded po lymers b u t not to 
an e x t e n t where they c o u l d be p r a c t i c a l l y u s e d . The c o n d i t i o n s 
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Figure 8. Comparison of fluorination of LDPE films and powders ((V) 40 cc/ 
min, 2.0 mm, 50 W, film; (O) 40 cc/min, 9.0 mm, 25 W, powder; (A) 30 cc/min, 

9.0 mm, 25 W, powder) 
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Figure 9. The C-ls XPS spectra for fluorinated powders (reaction conditions: 
9.0 mm, 50 W, 40 cc/min) 
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f o r s i n t e r i n g o f these powders i s b e i n g i n v e s t i g a t e d w i t h the a im 
to improve the m e c h a n i c a l p r o p e r t i e s w i t h o u t damaging the f l u o r -
i n a t e d l a y e r . 

Summary 

R e a c t i o n s i n the p lasma can be c a r r i e d ou t i n the g low r e g i o n 
i n the p r e sence o f i o n s or i n the dark r e g i o n i n the absence o f 
i o n s . I n the f l u o r i n e p lasma t r ea tmen t s we found t h a t f o r 
expe r imen t s c a r r i e d out i n the g l o w , t h e r e was a c o m p e t i t i o n 
between c h e m i c a l r e a c t i o n and a b l a t i o n o f m a t e r i a l from the 
s u r f a c e o f the po lymer thus l i m i t i n g the depth o f f l u o r i n a t i o n . 
An i n c r e a s e i n the depth o f f l u o r i n a t i o n was a c h i e v e d by s h i e l d i n g 
the specimens from i o n s . T h i s r e s u l t e d i n a drop i n the r a t e o f 
c h e m i c a l r e a c t i o n on the s u r f a c e . I n b o t h these cases - C F ^ groups 
were r a p i d l y formed on the s u r f a c e as de t e rmined by XPS measure
ments . FTMIR e x p e r i m e n t
i n the o r g a n i z a t i o n o f th
s u r f a c e s o b t a i n e d from these r e a c t i o n s . 

An apparen t upper l i m i t on the depth o f f l u o r i n a t i o n was 
obse rved even f o r r e a c t i o n s under i o n - d e p l e t e d c o n d i t i o n s . T h i s 
was a t t r i b u t e d to an i n s u f f i c i e n t f l u o r i n e g r a d i e n t from the 
s u r f a c e o f the po lymer i n t o the b u l k . An i n c r e a s e i n t h i s 
g r a d i e n t o b t a i n e d by an i n c r e a s e o f f l u o r i n e c o n c e n t r a t i o n i n the 
p lasma r e s u l t e d i n g r e a t e r depths o f f l u o r i n a t i o n s u g g e s t i n g a 
mechanism c o n t r o l l e d by d i f f u s i o n o f f l u o r i n e s p e c i e s i n t o the 
p o l y m e r . 

P e r f l u o r i n a t i o n on the s u r f a c e s o f p o l y p r o p y l e n e and n y l o n 
6,6 c o u l d be a c h i e v e d but not w i t h p o l y m e t h y l m e t h a c r y l a t e under 
the r e a c t i o n c o n d i t i o n s employed . I t i s p o s s i b l e t h a t the oxygen 
from the PMMA c h a i n i s d i s l o d g e d from the m o l e c u l e and p o s t - r e a c t s 
w i t h the s u r f a c e when the p lasma i s t u r n e d o f f . 

LDPE powders t r e a t e d w i t h the f l u o r i n e p lasma i n a f l u i d i z e d 
bed d i d not show p e r f l u o r i n a t i o n on the s u r f a c e even though the 
c h e m i c a l g roups gene ra t ed were l a r g e l y - C F ^ . T h i s c o u l d be 
a s s o c i a t e d w i t h n o n - u n i f o r m t r ea tmen t caused by i nadequa t e m i x i n g 
i n the f l u i d i z e d bed or due to f o r m a t i o n o f s t agnan t HF and 
l a y e r s i n a reas o f the b e d . The p r e - f o r m i n g c o n d i t i o n s f o r 
m o l d i n g o f these powders were i d e n t i f i e d ; s i n t e r i n g c o n d i t i o n s 
w i t h o u t d i s r u p t i n g the f l u o r i n a t e d l a y e r a re b e i n g i n v e s t i g a t e d . 
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Abstract 

A study of fluorination of low density polyethylene in the 
glow and dark regions of a low temperature plasma is reported. 
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The gas feed to the plasma consisted of dilute mixtures of 
fluorine in helium. Reactions which were carried out in the glow 
region of the plasma and which employed a fluorine/helium ratio of 
0.05 revealed that the depth of fluorination was limited to about 
40A owing to ion assisted etching. This depth was increased to 
about 60A by carrying out the reactions under ion-depleted 
conditions but the small fluorine concentration retarded the 
advance of the fluorinated layer into the bulk. This process was 
accelerated by increasing the fluorine/helium ratio to 0.15. The 
kinetics of these fluorination processes are discussed 
qualitatively. Results of plasma fluorinations of polymers other 
than low density polyethylene are also reported. Fluorine plasma 
treatment of low density polyethylene powders in a fluidized bed 
reactor is also described along with the molding properties of 
these powders. 
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Polyetherurethanes (PEU's) have long been considered for use 
in biomedical applications because of their excellent mechanical 
properties, their resistance to hydrolysis and degradation, and 
in some instances, their good biocompatibility. 

Assuming the absence of toxic, leachable, low molecular weight 
components, the biocompatibility (and, in particular, the blood 
compatibility) of PEU's wi l l be strongly influenced by the sur
face properties of the polymers. Techniques which have been used 
to study polyurethane surfaces include contact angle measurements 
(2), attenuated total reflectance IR (ATR-IR) (1, 2, 3), Auger 
spectroscopy (4), and electron spectroscopy for chemical analysis 
(ESCA) (5-9). One of the most important observations from 
previous characterization studies is that for solvent-cast PEU 
films, the air and the casting surface sides differ significantly 
in average chemical structure (3-7). 

The significance of differences in surface structure of 
polyurethanes on biological reactivity has received relatively 
little study. Many vena cava ring test studies were performed on 
PEU's (10), but no clear-cut structure-blood compatibility 
relationships were arrived at. Lyman, et al. (7), noted differ
ences in the ratio of adsorbed albumin to other plasma proteins on 
two PEU's differing in polyether chain length. They also observed 
that platelet adhesion to these materials decreased with increas
ing albumin fractions at the surface. Stupp, et al. (2), found 
differences in the amount of adsorbed fibrinogen and possibly in 
the conformation of the adsorbed fibrinogen on PEU's cast against 
glass and poly(ethylene terephthalate). They related this to 
differences in the aromatic and polyether contents of the surface 
as observed by ATR-IR. 

This study represents a preliminary investigation on the 
chemistry and morphology of polyurethane surfaces with long term 
goals directed toward relating these factors both to the bulk 
structure of the polyurethanes and to their blood and tissue 
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c o m p a t i b i l i t y . The p r i m a r y a n a l y t i c a l t e c h n i q u e used was ESCA 
because o f i t s s u r f a c e s e n s i t i v i t y (10-100 8) and because o f the 
h i g h i n f o r m a t i o n con t en t from h i g h r e s o l u t i o n C i s s p e c t r a . 

Methods 

The ESCA a n a l y s i s o f the po lymers was per formed on a H e w l e t t 
P a c k a r d Model 5950B ESCA sys t em. A 0 .8 kwa t t monochromat ized X -
ray beam from an aluminum anode was used f o r a l l s p e c t r a . An 
e m i s s i o n from an e l e c t r o n f l o o d gun was used to n e u t r a l i z e charge 
b u i l d - u p . C i s peaks a s s o c i a t e d w i t h h y d r o c a r b o n - l i k e e n v i r o n 
ments were a s s i g n e d a b i n d i n g energy o f 285 .0 eV to c o r r e c t f o r 
the energy s h i f t r e s u l t i n g from the e l e c t r o n f l o o d gun. A r e a s 
under the v a r i o u s o v e r l a p p i n g peaks i n the C i s s p e c t r a were 
de t e rmined u s i n g a Dupont 310 cu rve r e s o l v e r . 

A l l p o l y u r e t h a n e m a t e r i a l s used i n t h i s s tudy were e i t h e r i n 
the form o f e x t r u d e d tube
as f i l m s c a s t on c l e a n g l a s
(DMAC). Only the l u m i n a l s u r f a c e s o f the tubes and the g l a s s -
f a c i n g s i d e s o f the c a s t f i l m s were obse rved by ESCA. 

R e s u l t s and D i s c u s s i o n 

The approach i n t h i s s tudy to the a n a l y s i s o f p o l y u r e t h a n e 
s u r f a c e s was based upon the i d e a t ha t the s u r f a c e p r o p e r t i e s 
r e p r e s e n t a summation o f the e f f e c t s o f a l l c h e m i c a l g roups at the 
s u r f a c e . The v a r i o u s s t r u c t u r a l u n i t s wh ich might be expec t ed i n 
a p o l y u r e t h a n e were r e p r e s e n t e d by model compounds. ESCA s p e c t r a 
o f these model compounds r e v e a l e d the c h e m i c a l s h i f t s f o r each 
type o f group and the peak w i d t h s to be expec ted ( F i g u r e 1 ) . 
Unambiguous curve r e s o l u t i o n can be per formed u s i n g these two 
p i e c e s o f i n f o r m a t i o n ( 1 1 ) . 

I n i t i a l ESCA a n a l y s i s o f a s e r i e s o f c o m m e r c i a l l y a v a i l a b l e 
p o l y u r e t h a n e s r e v e a l e d a wide range o f s u r f a c e s t r u c t u r e s w i t h 
l a r g e v a r i a t i o n s i n the p r o p o r t i o n s o f the v a r i o u s impor t an t 
s t r u c t u r a l groups at the s u r f a c e o f the m a t e r i a l s ( F i g u r e 2 ) . 
S i n c e the p o s s i b i l i t y o f s u r f a c e con taminan t f i l m s o b s c u r i n g the 
t r ue p o l y u r e t h a n e s u r f a c e was c o n s i d e r e d , and a l s o s i n c e l e a c h -
a b l e components f rom p o l y m e r i c m a t e r i a l s f r e q u e n t l y i n d u c e u n 
d e s i r a b l e b l o o d and t i s s u e r e s p o n s e s , v a r i o u s e x t r a c t i o n p r o c e 
dures were i n v e s t i g a t e d . F i g u r e 3 shows C i s ESCA s p e c t r a o f the 
p o l y e s t e r u r e t h a n e Tygothane ( N o r t o n P l a s t i c s ) a f t e r a s e r i e s o f 
washes and e x t r a c t i o n s . F i g u r e s 4 and 5 show s i m i l a r r e s u l t s w i t h 
the p o l y e t h e r u r e t h a n e s Super thane (Newage I n d u s t r i e s , I n c . ) and 
P e l l e t h a n e 2363-80A (Up john , I n c ) . Data on peak a reas and s h i f t s 
a r e t a b u l a t e d i n T a b l e I f o r Tygo thane . 

The I v o r y soap s o l u t i o n wash ( w i t h s o n i c a t i o n ) p r o b a b l y 
b e g i n s t o remove o n l y a s u r f a c e con taminan t f i l m . E v i d e n c e f o r 
t h i s i s sugges ted by the peak s h i f t to h i g h e r b i n d i n g e n e r g i e s o f 
the h i g h e s t b i n d i n g energy component o f the C i s s p e c t r a f o r the 
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Figure 1. The C-ls ESCA spectra of 
model compounds used to obtain peak 
widths and peak shifts for functional 

groups expected in polyurethanes 
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SRI 3-1000-IE ESTANE 58409 PELLETHANE 

289 287 285 283 289 287 285 283 289 287 285 283 

Figure 2. The C-ls ESCA spectra of three polyurethanes showing the variation in 
peak shapes that can be expected for polyurethanes 
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Figure 3. The C-ls spectra for Tygothane after a series of washes and extractions 
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Figure 4. The C-ls spectra for Superthane after a series of extraction procedures 
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binding energy 

Figure 5. The C-ls spectra for Pellethane after a series of extraction procedures 
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T a b l e I 

R e l a t i v e C o n c e n t r a t i o n s o f Carbon S p e c i e s at the S u r f a c e o f 
Tygothane T u b i n g A f t e r V a r i o u s C l e a n i n g P r o c e d u r e s 

P e r c e n t o f C i s Spec t rum 

-NH 0 
I II 

-0-C=0 - C - N - - C - 0 - C - H 

Tygo thane : Unwashed — 5 26 69 
Tygo thane : I v o r y — 5 11 84 
Tygo thane : 1 Week - MeOH 16 - 25 59 
Tygo thane : 2 Week - MeOH 16 - 25 59 
Tygo thane : 2 Week - MeO

+ 3 Days - Ace tone 

unwashed and I v o r y soap washed Tygothanes ( T a b l e I ) a f t e r s o l v e n t 
t r e a t m e n t . The peak p o s i t i o n p r i o r to s o l v e n t t r ea tment i s 
i n d i c a t i v e o f an amide group (288 eV) r a t h e r than the expec ted 
carbamate l i n k a g e (289 .2 e V ) . Thus , the s u r f a c e obse rved may be 
t h a t o f a r e l a t i v e l y low m o l e c u l a r w e i g h t s u r f a c t a n t / a m i d e o f the 
t y p e f r e q u e n t l y used as an e x t r u s i o n l u b r i c a n t . A f t e r the 
m e t h a n o l e x t r a c t i o n ( i n a s o x h l e t e x t r a c t o r ) i n c r e a s e s i n compon
en t s a s s o c i a t e d w i t h h i g h e r b i n d i n g energy peaks are o b s e r v e d . 
Ace tone e x t r a c t i o n o f the m e t h a n o l - e x t r a c t e d Tygothane r e s u l t s i n 
a p a r t i a l l o s s o f these h i g h e r b i n d i n g energy components a t the 
s u r f a c e . Upon c o o l i n g , the methano l and acetone used i n the 
e x t r a c t i o n were found to c o n t a i n w h i t e , f l o c u l a n t p r e c i p i t a t e s . 
The amount o f p r e c i p i a t e was a lways g r e a t e r w i t h a c e t o n e . G r a v i 
m e t r i c e x t r a c t i o n da t a i s l i s t e d i n T a b l e I I . 

T a b l e I I 

E x t r a c t i o n Data F o r P o l y u r e t h a n e s 

% Wt. Loss A f t e r % Wt. Loss A f t e r M e t h a n o l 
M e t h a n o l E x t r a c t i o n + A c e t o n e E x t r a c t i o n 

Tygothane 1.31 + 0 .01 2 .54 + 0 .08 
P e l l e t h a n e 1.24 + 0 .02 2.49 + 0 .12 
Super thane 1 . 5 6 + 0 . 0 3 5 . 2 5 + 0 . 1 4 

For Supe r thane , the e x t r a c t p r e c i p i t a t e from methano l had a C / 0 
r a t i o (as de te rmined by ESCA) o f 3 . 7 1 . T h i s v a l u e s h o u l d be 
compared to C /0 v a l u e s f o r the l u m i n a l s u r f a c e o f the t u b i n g a f t e r 
me thano l e x t r a c t i o n ( 3 . 3 9 - 3 . 8 3 ) and a f t e r ace tone e x t r a c t i o n 
( 4 . 4 7 ) . The a n a l y s i s o f the C i s spec t rum o f the Super thane 
e x t r a c t ( F i g u r e 6) i n d i c a t e s the p o s s i b i l i t y o f a h i g h p r o p o r t i o n 
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— i 1 1 1 1— 

291 289 287 285 283 
binding energy (eV) 

Figure 6. The C-ls spectrum of the precipitate from the methanol used to extract 
Superthane. The component peaks were resolved using a peak width at half height 

of 1.2 eV. 
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o f C-0 t y p e bonds . The e x t r a c t has been found by GPC t o be o f 
s u b s t a n t i a l l y lower m o l e c u l a r weigh t than the o r i g i n a l po lymer 
( T a b l e I I I ) . 

T a b l e I I I 

G e l P e r m e a t i o n C h r o m a t o g r a p h i c Data fo r P o l y u r e t h a n e s and E x 
t r a c t s 

RETENTION TIME ( M i n u t e s ) * 

w i t h L i B r w i t h o u t L i B r 

U n t r e a t e d P e l l e t h a n e 32 .4 31 .7 
E x t r a c t e d P e l l e t h a n e 31 .3 32 .3 
M e t h a n o l E x t r a c t o f P e l l e t h a n e 44 .1 4 4 . 2 
Ace tone E x t r a c t o f P e l l e t h a n
P o l y s t y r e n e (MW = 3 ,000
P o l y s t y r e n e (MW = 37 ,000 ) — 43 .5 
P o l y s t y r e n e (MW = 80 ,000 ) — 40 .5 
P o l y s t y r e n e (MW = 233 ,000) — 34 .2 

* DMF, F low r a t e = 0 .75 m l / m i n , 10 X , 10 8, and 10 8 S t y r a g e l 
c o lumns . 

A h y p o t h e s i s c o n c e r n i n g the s u r f a c e s t r u c t u r e o f these mate 
r i a l s has been c o n s t r u c t e d based upon t h i s d a t a . I t would appear 
t h a t the p o l y u r e t h a n e s obse rved c o n t a i n p o l y e t h e r or p o l y e s t e r 
e n r i c h e d o l i g o m e r s . These have r e l a t i v e l y low s o l u b i l i t y i n warm 
methano l and m i g r a t e to the s u r f a c e o f the po lymer tube where they 
s l o w l y l e a c h i n t o s o l u t i o n . I n a c e t o n e , these low m o l e c u l a r 
w e i g h t components are r a p i d l y removed. Thus , the s u r f a c e o f the 
tube obse rved a f t e r ( i n c o m p l e t e ) me thano l e x t r a c t i o n i s r i c h i n 
the o l i g o m e r phase ( i . e . , the C /0 r a t i o o f the e x t r a c t i s a p p r o x i 
m a t e l y e q u a l to t h a t o f the t u b i n g s u r f a c e ) , w h i l e a f t e r ace tone 
e x t r a c t i o n , the C / 0 r a t i o i s h i g h e r i n d i c a t i n g l o s s o f m a t e r i a l 
h i g h i n oxygen . The d i s a p p e a r a n c e o f C-0 type bonds i n the C i s 
s p e c t r a a f t e r ace tone e x t r a c t i o n a l s o suppor t s t h i s h y p o t h e s i s . 
E x p e r i m e n t s w i t h p r e c i p i t a t i o n - p u r i f i e d p o l y e t h e r u r e t h a n e s o f 
known s t r u c t u r e p r e p a r e d by c a s t i n g on g l a s s f u r t h e r suppor t the 
h y p o t h e s i s . These p o l y m e r s , p r e p a r e d by SRI I n t e r n a t i o n a l and 
c o n t a i n i n g p o l y ( o x y p r o p y l e n e g l y c o l ) b l o c k s o f v a r i o u s m o l e c u l a r 
we igh t s a lways showed, by ESCA, a s u r f a c e en r i chment o f the 
p o l y e t h e r component compared to what would be expec t ed based upon 
the s t o i c h o m e t r y . Other i n v e s t i g a t o r s have a l s o r e c e n t l y r e p o r t 
ed p o l y e t h e r s u r f a c e en r i chment or d e p l e t i o n fo r P E U ' s (_12, 1 3 ) . 
D e t a i l e d r e s u l t s w i t h these po lymers w i l l be r e p o r t e d e l s e w h e r e . 

D i s t i n c t m o r p h o l o g i c a l changes i n the s u r f a c e s t r u c t u r e a t 
each s t a t e o f the w a s h i n g / e x t r a c t i o n p r o c e s s are obse rved by 
s c a n n i n g e l e c t r o n m i c r o s c o p y . F i g u r e 7 shows r e s u l t s fo r T y g o -
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Figure 7. Scanning electron micrographs 
of Tygothane surfaces: (a) unwashed, 
1500X; (b) Ivory soap washed with soni-
cation, 750X; (c) extracted one week in 
methanol, 750X; (d) after methanol ex
traction, 3 days acetone extraction, 750X • 
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^ 3C-, 

Percent of surface carbon atoms forming hydrocarbon (C-H) bonds 

Figure 8. Platelet consumption of polyurethanes as a function of percent hydro
carbon component in the C-ls spectra (from Ref. 9) 
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thane . S i m i l a r o b s e r v a t i o n s were made fo r Super thane and P e l l e t 
hane. I n the e a r l i e s t wash s t a g e s , i n c l u s i o n s , wh ich appear a 
l i g h t c o l o r , seem to be imbedded i n a d a r k e r m a t r i x . E x t r a c t i o n 
w i t h methanol may remove t h i s " m a t r i x 1 1 r e v e a l i n g the n a t u r e o f the 
s u b s t r u c t u r e . One can e a s i l y s p e c u l a t e on the na tu r e o f these 
m o r p h o l o g i c a l changes based upon the c h e m i c a l e v i d e n c e p r e s e n t e d 
p r e v i o u s l y . However, f u r t h e r expe r imen t s must be per formed b e 
f o r e the p r e c i s e n a t u r e o f these m o r p h o l o g i c a l changes can be 
c l a r i f i e d . 

C o n c l u s i o n s 

U s i n g model compounds, the s u r f a c e c o m p o s i t i o n o f p o l y u r e 
thane m a t e r i a l s o f unknown c o m p o s i t i o n can be i d e n t i f i e d . L a r g e 
d i f f e r e n c e s i n s u r f a c e s t r u c t u r e are obse rved f o r p o l y u r e t h a n e s . 
A l s o , the s u r f a c e s t r u c t u r e i s s e n s i t i v e to e x t r a c t i o n and c l e a n 
i n g p r o c e d u r e s . Some o
i n g a d d i t i v e s i n the c o m m e r c i a
m o l e c u l a r w e i g h t p o l y u r e t h a n e s . F u t u r e expe r imen t s w i l l l o o k at 
c a r e f u l l y s y n t h e s i z e d p o l y e t h e r u r e t h a n e s o f known c o m p o s i t i o n to 
r e l a t e b u l k and s u r f a c e s t r u c t u r e . A l s o , e x t r a c t s w i l l be f u r t h e r 
a n a l y z e d by ESCA, GPC and IR to de te rmine t h e i r s t r u c t u r e . 

The b i o l o g i c a l s i g n i f i c a n c e o f t h i s work i s r e v e a l e d i n 
r e c e n t expe r imen t s i n which the s u r f a c e p r o p e r t i e s o f v a r i o u s 
p o l y u r e t h a n e s were d i v i d e d i n t o n o n - d i s p e r s i v e and d i s p e r s i v e 
f o r c e components by c o n s i d e r i n g , as a s i m p l e f i r s t - o r d e r a p p r o x i 
m a t i o n , t h a t the h y d r o c a r b o n - t y p e C i s peak r e p r e s e n t s c o n t r i b u 
t i o n s to o n l y the d i s p e r s i v e f o r c e component, and a l l o t h e r C i s 
peaks i n d i c a t e c o n t r i b u t i o n s to n o n - d i s p e r s i v e - t y p e s u r f a c e 
f o r c e s . When p l a t e l e t consumpt ion as measured i n a baboon A - V 
shunt model i s p l o t t e d a g a i n s t the f r a c t i o n o f the C i s ESCA 
s p e c t r a r e p r e s e n t a t i v e o f h y d r o c a r b o n - t y p e groups ( d i s p e r s i v e 
f o r c e component) , a l i n e a r r e l a t i o n s h i p i s o b t a i n e d ( F i g u r e 8, 
r e f e r e n c e 9 ) . R e c e n t l y , ESCA and p l a t e l e t consumpt ion da ta from 
e x t r a c t e d and u n e x t r a c t e d Tygothane have been found to f i t t h i s 
t r e n d . T h i s i s p a r t i c u l a r l y i n t e r e s t i n g s i n c e i t i n d i c a t e s t h a t 
b o t h p o l y e s t e r u r e t h a n e s and p o l y e t h e r u r e t h a n e s behave i n a mecha
n i s t i c a l l y s i m i l a r f a s h i o n w i t h r e s p e c t to t h e i r r e a c t i o n w i t h 
b l o o d . A l s o , f u r t h e r a n a l y s i s o f the ESCA da t a has i n d i c a t e d t h a t 
p l a t e l e t consumpt ion c o r r e l a t e s s t r o n g l y w i t h the c o n c e n t r a t i o n 
o f C-CK type l i n k a g e s a t the s u r f a c e and not w i t h the c o n c e n t r a t i o n 
o f c a rbama te - type g r o u p s . These c o n c l u s i o n s do not agree w i t h the 
c o n c l u s i o n s a r r i v e d at by ano the r r e s e a r c h group i m p l i c a t i n g the 
h a r d segment ( i . e . c a rbama te - t ype f u n c t i o n a l i t i e s ) as the i n i t i a 
t o r o f b l o o d r e a c t i o n (140 . A d e t a i l e d s tudy on the p l a t e l e t 
consumpt ion o f p o l y u r e t h a n e s w i l l be p u b l i s h e d s h o r t l y . 
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LTI pyrolytic carbon is one of the very few synthetic 
materials generally accepted as suitable for long-term blood 
contact applications (1). Although a number of hypotheses have 
been formulated with respect to the blood tolerability of mate
r ials , a general theory or mechanism is not yet available. 
Nyilas, et al., (2) have shown that in certain situations the 
local hemodynamics can play a predominant role, while in most 
cases the solid-blood interfacial properties have been shown to 
be equally important (2, 3). It is assumed that understanding the 
plasma protein adsorption processes on solids used for blood-
contact applications wi l l lead to a better understanding of 
solid-blood interactions (1, 2, 3). 

In terms of LTI carbon surfaces, a number of preliminary 
studies of plasma protein adsorption are available (4, 5, 6, 7). 
Kim, et al., (4) have utilized radioiodinated (II25) proteins to 
measure adsorption of individual proteins and protein mixtures on 
LTI carbon surfaces. Their results indicate a very rapid adsorp
tion of albumin onto the LTI carbon surface, consistent with Kim's 
model of blood interactions via a platelet-adhesion mechanism 
(8). Microcalorimetric and electrophoretic mobility studies of 
protein adsorption on LTI carbon surfaces have been done by Chiu, 
et al., (5). The extension of the adsorbed protein layers have 
been directly measured by Fenstermaker, et al., (6) and Stromberg 
et al., (7) at NBS using ellipsometric methods. 

Most of these studies have been performed on relatively 
uncharacterized LTI carbon surfaces. Since we assume that a large 
part of blood compatibility depends on the nature of the solid-
plasma interface, particularly with respect to protein adsorp
tion, we have elected to characterize some of the surface proper
ties of LTI carbon in hopes of further understanding the solid-
blood interaction mechanisms. 

In this paper we concentrate on the nature of the LTI carbon 
surface as determined by X-ray photoelectron spectroscopy (XPS), 

0097-6156/81/0162-0383$05.50/0 
© 1981 American Chemical Society 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



384 PHOTON, E L E C T R O N , A N D ION PROBES 

and e n e r g y - d i s p e r s i v e X - r a y a n a l y s i s ( E D A X ) . These da t a are 
d i s c u s s e d w i t h r e f e r e n c e to a d d i t i o n a l l i t e r a t u r e da t a on L T I 
ca rbon s u r f a c e s o b t a i n e d by i n f r a r e d s p e c t r o s c o p y , c h e m i c a l r e 
a c t i o n a n a l y s i s , and e l e c t r o c h e m i c a l methods . 

Background 

The l a t t i c e s t r u c t u r e o f most p y r o l y t i c ca rbon c r y s t a l l i t e s 
i s c h a r a c t e r i z e d by ca rbon atoms a r r anged i n p l a n a r h e x a g o n a l 
a r r a y s , w i t h v a r y i n g degrees o f l a t t i c e p e r f e c t i o n . X - r a y d i f 
f r a c t i o n r e s u l t s sugges t t h a t the p l a n a r a r r a y s are e i t h e r 
s l i g h t l y " w r i n k l e d , " o r c o n t a i n s i n g l e or m u l t i p l e l a t t i c e v a c a n 
c i e s (9), and t h a t the l a y e r s p a c i n g s a re found to be somewhat 
g r e a t e r than those found i n g r a p h i t e . T h i s s l i g h t l y d i s t o r t e d 
l a t t i c e , i n wh ich the l a y e r s a re a r r anged r o u g h l y p a r a l l e l and 
e q u i d i s t a n t bu t not o t h e r w i s e m u t u a l l y o r i e n t e d  has been termed 
" t u r b o s t r a t i c " by B i s c o
r e c e n t X - r a y s t u d i e s o
i n t r o d u c e d the term " p a r a c r y s t a l l i n e " i n d e s c r i b i n g s i m i l a r 
l a t t i c e d i s t o r t i o n s . The former t e r m i n o l o g y , however , has been 
g e n e r a l l y adopted i n the ca rbon l i t e r a t u r e . 

On the m i c r o s t r u c t u r a l l e v e l , s e v e r a l types o f p y r o l y t i c 
carbons may be d e p o s i t e d each w i t h one o f f o u r d i s t i n c t l y d i f f e r 
ent s t r u c t u r e s , r a n g i n g from l a y e r e d , h i g h l y a n i s o t r o p i c forms to 
s t r u c t u r e s w i t h v e r y s m a l l , r a n d o m l y - o r i e n t e d c r y s t a l l i t e s w i t h 
no p r e f e r r e d o r i e n t a t i o n . A l l o f these s t r u c t u r a l v a r i a t i o n s a re 
a r e s u l t o f m o d i f i c a t i o n s i n p r o c e s s i n g c o n d i t i o n s . I n t h i s 
p a r t i c u l a r s t u d y , o n l y the i s o t r o p i c forms o f b o t h pure L T I c a r b o n 
and c o - d e p o s i t e d L T I c a r b o n - s i l i c o n a l l o y e d ca rbon ( P y r o l i t e 
r e g i s t e r e d t rademark o f C a r b o - M e d i c s , I n c . , San D i e g o , 
C a l i f o r n i a ) were i n v e s t i g a t e d . 

I n a d d i t i o n , i t i s i m p o r t a n t to no te t h a t the i s o t r o p i c forms 
o f p y r o l y t i c ca rbon produce at l e a s t a two-phase m i c r o s t r u c t u r e 
d u r i n g f o r m a t i o n , c o n s i s t i n g o f the p r e v i o u s l y - d e s c r i b e d t u r b o 
s t r a t i c m a c r o c r y s t a l l i n e phase a l o n g w i t h an amorphous c a r b o n 
phase presumably i n t e r s p e r s e d between the c r y s t a l l i n e r e g i o n s 
( 1 2 ) . 

I n a c t i v a t e d carbons a h i g h i n t e r n a l p o r o s i t y i s formed by 
removal o f much o f the amorphous ca rbon by e l e v a t e d t empera tu re 
t r e a t m e n t , l e a d i n g to a ca rbon m a t e r i a l w i t h a v e r y h i g h s u r f a c e 
a r e a ( 1 3 ) . 

I n the case o f the a l l o y e d c a r b o n , m i c r o c r y s t a l l i n e s i l i c o n 
c a r b i d e p a r t i c l e s are randomly i n t e r s p e r s e d i n the ca rbon m a t r i x . 
The p re sence o f t h i s S i C phase g r e a t l y c o n t r i b u t e s to the ha rdness 
and wear r e s i s t a n c e o f these a l l o y s compared to pure p y r o l y t i c 
c a r b o n . 

The s u r f a c e c h e m i s t r y o f ca rbon has been e x t e n s i v e l y s t u d i e d 
and r e v i e w e d (14 -18) . I t i s g e n e r a l l y b e l i e v e d t h a t a v a r i e t y o f 
c a r b o n - o x y g e n f u n c t i o n a l groups are p r e s e n t on ca rbon s u r f a c e s . 
T h e i r na tu r e and c o n c e n t r a t i o n are dependent on the sample 
h i s t o r y and depend, fo r example , on p r o c e s s i n g v a r i a b l e s . 
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Carbon-oxygen c o m b i n a t i o n s appear to be c r y s t a l l o g r a p h i c a l l y 
s p e c i f i c . M a t t s o n and Mark (JL5) r e p o r t t h a t m o l e c u l a r oxygen 
p r e f e r e n t i a l l y a t t a c k s g r a p h i t e c r y s t a l s at the edges o f the 
l a y e r p l a n e s at a r a t e n e a r l y 20 t imes t h a t o f the atoms w i t h i n 
the b a s a l p l a n e s . From these da t a i t i s r e a s o n a b l e to assume t h a t 
the s u r f a c e o x i d e c o n c e n t r a t i o n s on carbons wh ich have been 
m e c h a n i c a l l y p o l i s h e d would c o n t a i n more oxygen than samples 
wh ich have not been s u r f a c e f i n i s h e d . I t w i l l s u b s e q u e n t l y be 
shown tha t the s u r f a c e o x i d a t i o n o f L T I p y r o l y t i c ca rbon i s 
s i g n i f i c a n t l y i n c r e a s e d by s u r f a c e f i n i s h i n g . 

W h i l e a l a r g e number o f o x y g e n - c o n t a i n i n g f u n c t i o n a l g roups 
have been r e p o r t e d on ca rbon s u r f a c e s , the most g e n e r a l l y a c c e p t 
ed are c a r b o x y l s , h y d r o x y I s , and q u i n o n e - l i k e c a r b o n y l s . These 
are i l l u s t r a t e d i n F i g u r e 1 as they might appear on the p l a n e 
edges o f a t u r b o s t r a t i c c r y s t a l l i t e . 

A v a r i e t y o f o t h e r c a rbon -oxygen groups have been s u g g e s t e d , 
i n c l u d i n g l a c t o n e s , a n h y d r i d e s
( 1 4 - 1 8 ) . These s u r f a c e
group r e a c t i o n s ( 1 8 ) , t i t r a t i o n , and i n f r a r e d s p e c t r o s c o p y ( 1 5 , 
1 7 ) . 

The q u i n o n e - l i k e c a r b o n y l groups have r e c e i v e d c o n s i d e r a b l e 
a t t e n t i o n i n s e v e r a l e l e c t r o c h e m i c a l s t u d i e s (JL5, _19, 21) • Such 
s t u d i e s c l e a r l y show anod ic and c a t h o d i c peaks wh ich can be 
i n t e r p r e t e d as a r i s i n g from the f o r m a t i o n and r e d u c t i o n o f 
q u i n o n e - l i k e groups on the s u r f a c e . Our l a b o r a t o r y has a l s o 
v e r i f i e d these r e s u l t s u s i n g c y c l i c sweep v o l t a m m e t r y . S i m i l a r 
qu inones o r q u i n o n e - l i k e groups have been i d e n t i f i e d by i n f r a r e d 
s t u d i e s (17) and by s p e c i f i c wet c h e m i c a l r e a c t i o n s ( 2 0 ) . 

The most c h a r a c t e r i s t i c f e a t u r e o f qu inones i s t h e i r ease o f 
r e d u c t i o n and r e o x i d a t i o n ; they p l a y a p a r t i n the redox p r o c e s s e s 
o f many l i v i n g systems ( 2 2 ) . F u r t h e r m o r e , they can i n t e r a c t w i t h 
amino and s u l f h y d r y l g r o u p s . One might t h e r e f o r e e x p e c t q u i n o n e -
l i k e groups to p a r t i c i p a t e i n p r o t e i n a d s o r p t i o n and perhaps c e l l 
a d h e s i o n a l t h o u g h no d i r e c t e v i d e n c e i s a v a i l a b l e to suppor t t h i s 
h y p o t h e s i s . S t u d i e s o f q u i n o n e - l i k e groups on a c t i v a t e d ca rbon 
s u r f a c e s (23) i n d i c a t e such groups can p a r t i c i p a t e as e l e c t r o n 
donors i n d o n o r - a c c e p t o r complexes w i t h adsorbed m o l e c u l e s ( 1 7 , 
2 4 ) . 

Much o f the above da ta on a c t i v a t e d ca rbon s u r f a c e s can be 
c o r r e l a t e d w i t h the r e s u l t s on i s o t r o p i c p y r o l y t i c ca rbon s u r 
faces due to the s i m i l a r i t i e s i n m i c r o s t r u c t u r e . The advantage o f 
the p y r o l y t i c ca rbon i s i n the r e p r o d u c i b i l i t y o f the c a r b o n 
s u r f a c e (15) u t i l i z i n g c a r e f u l l y c o n t r o l l e d p r o c e s s i n g c o n d i 
t i o n s . 

M a t e r i a l s and Methods 

U n a l l o y e d and s i l i c o n a l l o y e d L T I ca rbon samples were p r e 
pa red at C a r b o - M e d i c s u s i n g the " s t e a d y - s t a t e " f l u i d i z e d bed 
p r o c e s s deve loped by A k i n s and Bokros ( 2 5 ) . 
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The u n a l l o y e d L T I p y r o l y t i c carbon was p r epa red by i n t r o 
d u c i n g s m a l l g r a p h i t e p l a t e s i n t o a f l u i d i z e d bed c o n s i s t i n g o f 
s p h e r i c a l Z r O ? p a r t i c l e s . Carbon d e p o s i t i o n on the p l a t e s was 
a c c o m p l i s h e d By p y r o l y z i n g a gas m i x t u r e o f about 25 v o l . % 
propane - 75 v o l . % He ( d i l u e n t gas) i n a t empera tu re range o f 
1 3 0 0 ° to 1 4 0 0 ° C . The r e s u l t i n g p l a t e c o a t i n g s c o n s i s t e d o f 
c o m p l e t e l y i s o t r o p i c , t u r b o s t r a t i c c r y s t a l l i t e s ( a p p r o x i m a t e l y 24 
X to ^40 A c r y s t a l s ) (12^). D e n s i t i e s range from ^ 1 . 5 t o 1.8 
gm/cm , w i t h an a n i s o t r o p y r a t i o o f l e s s than 1.1 ( 9 ) . 

P y r o l y t i c ca rbon for some b i o m e d i c a l a p p l i c a t i o n s o f t e n 
r e q u i r e s a h a r d e r , more w e a r - r e s i s t a n t s u r f a c e than i s a t t a i n a b l e 
w i t h pure c a r b o n . By a l l o y i n g the p y r o l y t i c ca rbon w i t h a s i l i c o n 
c a r b i d e phase , the mic roha rdnes s o f the ca rbon s u r f a c e can be 
r o u g h l y doubled ( 2 5 ) . P r e p a r a t i o n o f the a l l o y e d p y r o l y t i c 
ca rbon i s g e n e r a l l y e q u i v a l e n t to t h a t o f the u n a l l o y e d c a r b o n . 
The main p r o c e s s i n g d i f f e r e n c e i s the a d d i t i o n o f m e t h y l t r i -
c h l o r o s i l a n e to the propane-H
m i x t u r e produces an a d d i t i o n a
c a r b o n . The a l l o y e d m i c r o s t r u c t u r e i s g e n e r a l l y s i m i l a r to pure 
L T I ca rbon i n t h a t a c o m p l e t e l y i s o t r o p i c t u r b o s t r a t i c s t r u c t u r e 
r e s u l t s , w i t h the added b e n e f i t o f a s i l i c o n c a r b i d e phase f o r 
improved w^ear r e s i s t a n c e . D e n s i t i e s a re s l i g h t l y h i g h e r ( ^ 2 . 0 to 
2 . 2 gm/cm ) due to the a d d i t i o n a l S i C phase , w i t h an a n i s o t r o p y 
r a t i o a g a i n l e s s than 1 .1 . C o a t i n g t h i c k n e s s f o r b o t h types o f 
ca rbon were on the o r d e r o f 0 .3 to 0 .5 mm. Fo r our s t u d i e s , t h r e e 
l o t s o f b o t h the u n a l l o y e d and s i l i c o n - a l l o y e d L T I p y r o l y t i c 
c a r b o n s , a l l from the same r u n s , were p r e p a r e d . L o t s f o r the 
u n a l l o y e d L T I p y r o l y t i c c a r b o n ( d e s i g n a t e d as L T I - A , L T I - B , and 
L T I - C ) and s i l i c o n - a l l o y e d L T I p y r o l y t i c ca rbon ( L T I / S I - A , 
L T I / S i - B , and L T I / S I - C ) d i f f e r e d o n l y by f i n i s h i n g o p e r a t i o n s . 
C l e a n i n g and p o l i s h i n g p rocedure s fo r bo th the u n a l l o y e d and 
s i l i c o n - a l l o y e d l o t s were i d e n t i c a l . 

L o t s L T I - A and L T I / S I - A were p l a c e d i n c l e a n g l a s s v i a l s 
i m m e d i a t e l y a f t e r c o a t i n g and examined w i t h o u t any subsequent 
h a n d l i n g or t r e a t m e n t . L o t s L T I - B and L T I / S I - B were u l t r a -
s o n i c a l l y c l e a n e d i n i s o p r o p y l a l c o h o l , a i r d r i e d , and s t o r e d i n 
g l a s s v i a l s p r i o r to s t u d y . L o t s L T I - C and L T I / S I - C were ground 
and p o l i s h e d i n s e v e r a l s t e p s , and c o n t a c t e d v a r i o u s m e t a l 
o x i d e s , s i l i c o n c a r b i d e , d iamond, w a t e r , d e t e r g e n t , i s o p r o p y l 
a l c o h o l , and e t h y l a l c o h o l . F i n a l c l e a n i n g was done i n e t h y l 
a l c o h o l , a i r d r i e d , and s t o r e d i n c l e a n g l a s s v i a l s . S e v e r a l 
a d d i t i o n a l samples o f L T I - C were packaged i n a s o f t b l u e foam, 
r e p r e s e n t a t i v e o f the s u r f a c e wh ich i s n o r m a l l y d e l i v e r e d to 
m e d i c a l d e v i c e m a n u f a c t u r e r s f o r f u r t h e r p r o c e s s i n g and a p p l i c a 
t i o n i n m e d i c a l d e v i c e s . 

X - r a y p h o t o e l e c t r o n s p e c t r a were o b t a i n e d w i t h a H e w l e t t -
P a c k a r d 5950 B i n s t r u m e n t u t i l i z i n g monochromat ic A l K a ^ _ r a d i a 
t i o n at 1487 eV. The samples were mounted i n a i r , i n s e f t e d i n t j j 
the s p e c t r o m e t e r , and a n a l y z e d at ambient t empera tu res i n a 10 
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t o r r vacuum. Power at the X - r a y source was 800 w a t t s . I n s t rumen t 
r e s o l u t i o n i n our s p e c t r o m e t e r d u r i n g t h i s a n a l y s i s s e r i e s was 
measured as 0.76 eV f o r the f u l l w i d t h a t h a l f maximum o f the C - l s 
peak from s p e c t r o s c o p i c grade g r a p h i t e . An e l e c t r o n f l o o d gun 
o p e r a t i n g at 0 .3 mA and 5 .0 eV s u p p l i e d a f l u x o f low energy 
e l e c t r o n s to the ca rbon s u r f a c e to m i n i m i z e he te rogeneous c h a r g 
i n g a r t i f a c t s i n the r e s u l t i n g s p e c t r a . 

Wide scans (0 to 600 eV) were performed f o r s u r f a c e e l e m e n t a l 
a n a l y s e s as w e l l as d e t a i l e d 20 eV scans o f the C - l s (275 to 295 
eV) r e g i o n . S e v e r a l s t a n d a r d s were a l s o a n a l y z e d under the same 
scan c o n d i t i o n s i n o r d e r to o b t a i n a c c u r a t e c h e m i c a l s h i f t d a t a 
fo r v a r i o u s ca rbon-oxygen f u n c t i o n a l g r o u p s . These i n c l u d e d 
p o l y ( e t h y l e n e t e r e p h t h a l a t e ) , p o l y ( e t h y l e n e o x i d e ) , and a n t h r a -
q u i n o n e . The l a t t e r was run at -50 C i n o r d e r to m i n i m i z e 
v o l a t i l i t y under our h i g h vacuum c o n d i t i o n s . A d d i t i o n a l s p e c t r a 
were o b t a i n e d on s p e c t r o s c o p i c grade g r a p h i t e f o r compar i son 
p u r p o s e s . A l l s p e c t r a wer
an a l k y 1 - 1 i k e ca rbon a

Scann ing e l e c t r o n m i c r o g r a p h s were produced on a Cambridge 
Mark I I S t e r e o s c a n SEM equ ipped w i t h an EDAX 707B/NOVA a c c e s s o r y 
f o r e l e m e n t a l m i c r o a n a l y s i s o f b u l k r e g i o n s . An edge o f each 
sample was coa t ed w i t h s i l v e r p a i n t i n o r d e r to a s s u r e c o n d u c t i v e 
c o n t a c t between the ^samples and specimen h o l d e r s . The a n a l y z i n g 
vacuum was about 10 t o r r . 

R e s u l t s and D i s c u s s i o n 

SEM/EDAX. F i g u r e s 2a , b and 3a , b are r e p r e s e n t a t i v e o f the 
s u r f a c e m o r p h o l o g i e s and b u l k e l e m e n t a l a n a l y s e s o f t he "as 
formed" l o t s o f L T I - A , B and L T I / S I - A , B p y r o l y t i c c a r b o n s . As 
shown i n F i g u r e s 2a and 3 a , the s u r f a c e o f b o t h the u n a l l o y e d and 
s i l i c o n - a l l o y e d ca rbons i s composed o f d i s o r g a n i z e d p a r t i c u l a t e s 
r e s u l t i n g i n a rough and h i g h l y porous topography . The u l t r a s o n i c 
i s o p r o p y l a l c o h o l c l e a n i n g p r o c e s s ( L T I - B and L T I / S I - B ) seems to 
remove many o f the more l o o s e l y adherent ca rbon g r a n u l e s r e s u l t 
i n g i n much f i n e r s u r f a c e d e b r i s fo r those m a t e r i a l s compared to 
l o t s L T I - A and L T I / S I - A . 

EDAX a n a l y s i s o f these m a t e r i a l s , as i l l u s t r a t e d i n F i g u r e s 
2b and 3b , show l i t t l e d i f f e r e n c e between the samples w i t h the 
e x c e p t i o n o f the s i l i c o n peak found i n the c a r b o n - s i l i c o n a l l o y . 
I t s h o u l d be no ted t h a t EDAX i s i n h e r e n t l y i n s e n s i t i v e to the 
lower a tomic number e lements due to the low f l u o r e s c e n t y i e l d s o f 
the l i g h t e r e l e m e n t s , i n t e r n a l a b s o r p t i o n , and low t r a n s m i s s i o n 
f a c t o r s fo r these e lements th rough the b e r y l l i u m d e t e c t o r window 
o f the i n s t r u m e n t . Thus , ca rbon and oxygen are n o t a b l y absen t 
from the c o n v e n t i o n a l EDAX s p e c t r a . 

F i g u r e s 4 a , b and 5 a , b show the r e s u l t s o f the s u r f a c e 
f i n i s h i n g p r o c e s s on l o t s L T I - C and L T I / S I - C . The s u r f a c e 
roughness and p o r o s i t y are shown to be s i g n i f i c a n t l y d e c r e a s e d , 
w i t h a c o r r e s p o n d i n g d i s a p p e a r a n c e o f the g r a n u l a r s t r u c t u r e s 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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Figure 2. (a) Surface topography of "as 
formed" unalloyed pyrolytic carbon (LTI-
A), 2600X- (b) ED AX analysis of "as 
formed" unalloyed carbon (LTI-A). Note 
absence of identifiable spectral lines. Ver
tical scale = 25,000 counts, data accu

mulation time = 100 s. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 3. (a) Surface topography of "as 
formed" silicon-alloyed pyrolytic carbon 
(LTI/SI-A), 2600X. (b) EDAX analysis 
of "as formed" silicon-alloyed pyrolytic 
carbon (LTI/SI-A). Major spectral line 
is silicon. Vertical scale = 25,000 
counts, data accumulation time = 100 s. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 4. (a) Surface topography of pol
ished unalloyed pyrolytic carbon (LTI-C), 
2600X. (b) EDAX analysis of particu-
late-free region of above polished un
alloyed pyrolytic carbon. Identifiable 
spectral lines are absent. Vertical scale = 
25,000 counts, data accumulation time = 

100 s. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Figure 5. (a) Surface topography of pol
ished alloyed pyrolytic carbon (LTI/SI-
C), 2600X- (b) EDAX analysis of par-
ticulate-free region of above polished 
silicon-alloyed pyrolytic carbon. Major 
spectral line is silicon. Vertical scale = 
25,000 counts, data accumulation time = 

100 s. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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no ted i n l o t s A and B . P a r t i c u l a t e ma t t e r i s s t i l l e v i d e n t on 
b o t h s u r f a c e , however . These s u r f a c e s were examined "as 
r e c e i v e d , " and may r e p r e s e n t e i t h e r i n s u f f i c i e n t c l e a n i n g o f the 
p o l i s h e d s u r f a c e , or the p resence o f embedded p a r t i c l e s from the 
g r i n d i n g p r o c e s s . E v i d e n c e to suppor t the l a t t e r c o n c l u s i o n i s 
shown i n F i g u r e 6 , w h i c h i s the EDAX a n a l y s i s o f the p a r t i c u l a t e 
a rea c i r c l e d i n F i g u r e 5a . The a d d i t i o n a l peaks i n the spec t rum 
a r e aluminum ( i n d i c a t i n g the p a r t i c l e may be A l ^ O ^ w h i c h may be 
embedded d u r i n g the f i n i s h i n g o p e r a t i o n ) , and i r o n ( w h i c h i s the 
r e s u l t o f b a c k - s c a t t e r e d e l e c t r o n s e x c i t i n g Fe X - r a y s from the 
f i n a l l e n s assembly o f the S t e r e o s c a n ) . 

ESCA. The s u r f a c e e lements de t e rmined from w i d e - s c a n ESCA 
a n a l y s i s fo r the v a r i o u s l o t s o f u n a l l o y e d p y r o l y t i c ca rbon ( L T I -
A , B , C) are g i v e n i n T a b l e I . We have adopted S c o f i e l d ' s 
t h e o r e t i c a l c r o s s - s e c t i o n  (26) fo  s e m i - q u a n t i t a t i v e l  n o r m a l
i z i n g our ESCA s p e c t r a w i t

T a b l e I 

ESCA E l e m e n t a l C o n c e n t r a t i o n for U n a l l o y e d L T I Carbon 
Samples . A t o m i c R a t i o s N o r m a l i z e d to 100 Carbon Atoms 

L T I L o t 
Code C 0 S i T race (< 1.0) 

A 100 1.8 

A 100 1.2 

B 100 1.4 

C-"a s R e c e i v e d " 
i n g l a s s 100 10.8 

C-packaged i n 
Form 100 8.5 1.9 S, P , C I , A l 

C-packaged i n 
Foam and M e t h a n 
o l C l e a n e d 100 8 .2 — CI 

Foam P a c k i n g 100 39 .9 12.3 N ( ^ 2 . 8 ) 

As no ted i n the t a b l e , L o t s A and B o f the u n a l l o y e d L T I 
ca rbon were i d e n t i c a l , w i t h a c a r b o n / o x y g e n r a t i o s l i g h t l y l e s s 
than 5 0 : 1 . No o the r e lements were d e t e c t e d on the s u r f a c e . 
D e t a i l e d a n a l y s i s o f the C - l s r e g i o n o f these samples shows a 
s m a l l c h e m i c a l l y - s h i f t e d peak i n the major C - l s r e g i o n i n d i c a t i n g 
what appears to be an e t h e r - o r h y d r o x y 1 - 1 i k e ca rbon -oxygen bond . 

The "as r e c e i v e d " L T I - C sample s t o r e d i n g l a s s shows a 
s u b s t a n t i a l i n c r e a s e i n the oxygen c o n c e n t r a t i o n o f the s u r f a c e 
r e g i o n . I n c o n t r a s t , the L T I - C sample packaged i n b l u e foam a g a i n 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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Figure 6. EDAX analysis of particulate 
area circled in Figure 5a. Note additional 
aluminum and iron lines in spectrum, 
assumed to result from the polishing proc
ess. Vertical scale = 25,000 counts, data 

accumulation time = 100 s. 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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shows a much h i g h e r oxygen c o n c e n t r a t i o n and aLso a s u b s t a n t i a l 
q u a n t i t y of s i l i c o n . Other e lements p r e s e n t on t h i s s u r f a c e 
i n c l u d e t r a c e s o f s u l p h u r , phosphorous , c h l o r i n e , and a luminum. 

The foam packed l o t L T I - C was then u l t r a s o n i c a l l y c l e a n e d i n 
a b s o l u t e methanol f o r f i v e minutes and re scanned under i d e n t i c a l 
c o n d i t i o n s . As shown i n T a b l e I no s i l i c o n was e v i d e n t i n t h i s 
spec t rum. The f a c t t h a t the s i l i c o n s p e c t r a l l i n e s were r e a d i l y 
removed by t h i s wash ing p r o c e s s sugges ted a s u r f a c e con taminan t 
as the source o f s i l i c o n , p o s s i b l y a s i l i c o n e r e l e a s e agen t . The 
o n l y l i k e l y source o f such a con taminan t i s the b l u e foam i n w h i c h 
these s p e c i f i c samples were packaged . ESCA e x a m i n a t i o n o f t h i s 
foam p a c k i n g m a t e r i a l r e v e a l e d r e l a t i v e l y h i g h c o n c e n t r a t i o n s o f 
s i l i c o n on the s u r f a c e as w e l l as n i t r o g e n and c h l o r i n e . T h i s 
sugges t s a p o l y u r e t h a n e foam w i t h a s i l i c o n e - t y p e r e l e a s e agen t , 
and t r a c e s o f p o s s i b l e NaCl from h a n d l i n g . S t u d i e s o f the 
m e t h a n o l - c l e a n e d L T I - C m a t e r i a l ( s i l i c o n - f r e e ) c o n t a c t e d w i t h the 
foam c o n f i r m e d t h a t the
be t r a n s f e r r e d to the ca rbo

The c a r b o n / o x y g e n r a t i o on the s u r f a c e o f b o t h the "as 
r e c e i v e d " i n g l a s s and m e t h a n o l - c l e a n e d L T I - C i s about 1 0 : 1 , 
s u g g e s t i n g t ha t the f i n i s h i n g o p e r a t i o n on u n a l l o y e d p y r o l y t i c 
ca rbon i n c r e a s e s the oxygen c o n c e n t r a t i o n on the s u r f a c e by a 
f a c t o r o f 5 compared to the "as formed" L o t s L T I - A and B . I t i s 
assumed t h a t the t r a c e e lements d e t e c t e d on the s u r f a c e a re a l s o a 
r e s u l t o f the p o l i s h i n g o p e r a t i o n . 

T a b l e I I summarizes the ESCA e l e m e n t a l a n a l y s e s f o r the 
t h r ee l o t s o f s i l i c o n - a l l o y e d p y r o l y t i c c a r b o n ( L T I / S I - A , B , C ) . 
A g a i n l o t s A and B a re r o u g h l y s i m i l a r , w i t h a c a r b o n / o x y g e n r a t i o 
o f about 4 0 : 1 , or a s l i g h t l y h i g h e r oxygen c o n t e n t t han t h a t 
found fo r the u n a l l o y e d m a t e r i a l . The C - l s spec t rum l i k e w i s e 
shows an e t h e r - l i k e ca rbon -oxygen bond , s i m i l a r to t h a t o b s e r v e d 
i n the u n a l l o y e d m a t e r i a l . 

T a b l e I I 

E l e m e n t a l C o n c e n t r a t i o n s fo r S i l i c o n - A l l o y e d L T I / S I Carbon 
Samples . A t o m i c R a t i o s N o r m a l i z e d to 100 Carbon Atoms 

L T I / S I L o t 
Code C 0 S i A l CI 

A 100 3 .4 3.0 — — 

A 100 2 . 9 1.6 — — 

B 100 2 .7 1.2 — — 

B 100 2 .2 1.2 — — 

C 100 9.6 0 .9 1.2 1.0 

C - M e t h a n o l 
C leaned 100 12.2 0.7 1.6 0.7 

In Photon, Electron, and Ion Probes of Polymer Structure and Properties; Dwight, D., et al.; 
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The L T I / S I - C ca rbon r e s u l t s a g a i n i l l u s t r a t e t h a t the c a r 
bon /oxygen r a t i o i s s i g n i f i c a n t l y i n c r e a s e d by the p o l i s h i n g 
p r o c e s s . W h i l e the r e l a t i v e i n c r e a s e compared to the "as formed" 
L T I / S I l o t s i s s l i g h t l y l e s s than t h a t found f o r the u n a l l o y e d 
m a t e r i a l (a f a c t o r o f 3 to 4 compared to the f i v e - f o l d i n c r e a s e 
f o r the u n a l l o y e d ) , the f i n a l c a r b o n / o x y g e n r a t i o i s a p p r o x i m a t e 
l y 10:1 fo r the p o l i s h e d s i l i c o n - a l l o y e d c a r b o n . 

A c a r e f u l e x a m i n a t i o n o f the C - l s and O - l s r e g i o n s o f the 
o x y g e n - c o n t a i n i n g compounds l i s t e d i n T a b l e I I I a l l o w us t o 
deduce the na tu r e o f the ca rbon-oxygen f u n c t i o n a l groups on the 
s u r f a c e o f the p o l i s h e d l o t s L T I - C and L T I / S I - C . 

The C - l s s p e c t r a o f p o l y ( e t h y l e n e t e r e p h t h a l a t e ) , 
p o l y ( e t h y l e n e o x i d e ) , and an th r aqu inon e are shown i n F i g u r e 7 . 
A l l s p e c t r a were i n t e r n a l l y c h a r g e - r e f e r e n c e d to an a l k y l - l i k e C -
l s l i n e at 284 .0 eV. As shown i n the f i g u r e , the o x y g e n -
c o n t a i n i n g f u n c t i o n a l groups i n these model compounds r e s u l t i n 
p ronounced c h e m i c a l s h i f t

Note a l s o t h a t th
shown i n F i g u r e 7 can be used to p r e d i c t the s t o i c h i o m e t r y o f 
these compounds. Fo r example , from T a b l e I I I the mer s t r u c t u r e o f 
p o l y ( e t h y l e n e t e r e p h t h a l a t e ) shows two e t h e r - l i k e g r o u p s , two 
e s t e r - l i k e g r o u p s , and s i x a l k y l - o r a r o m a t i c - l i k e groups f o r a 
r a t i o o f 1 : 1 : 3 , r e s p e c t i v e l y . I n F i g u r e 7 , the C - l s spec t rum o f 
t h i s polymer shows the p r e d i c t e d 1:1:3 r a t i o , the O - l s r e g i o n (no t 
shown) g i v e s a 1:1 r a t i o o f the s i n g l y and doub ly bonded oxygen . 

T a b l e I I I t hus summarizes the c h e m i c a l s h i f t da t a o f F i g u r e 
7 , wh ich was s u b s e q u e n t l y used to e s t i m a t e the n a t u r e o f the 
o x y g e n - c o n t a i n i n g f u n c t i o n a l groups found on the L T I - C and 
L T I / S I - C ca rbon s u r f a c e s . 

The 1:1 s i l i c o n / a l u m i n u m r a t i o i n L o t C p e r s i s t s even a f t e r 
me thano l c l e a n i n g . T h i s would suppor t the e a r l i e r o b s e r v a t i o n 
t h a t a p o r t i o n o f the g r i n d i n g med ia , i n p a r t i c u l a r A l ^ O ^ , may be 
f i r m l y embedded i n the s u r f a c e d u r i n g p o l i s h i n g . 

The c h l o r i n e p r e s e n t on the s u r f a c e may be a r e s u l t o f 
s u r f a c e c o n t a m i n a t i o n or p o s s i b l y a c h e m i c a l l y bound form i n the 
s u r f a c e s t r u c t u r e . Note t h a t the S i C phase i n these m a t e r i a l s i s 
a p y r o l y s i s p r o d u c t o f m e t h y l t r i c h l o r o s i l a n e , w h i c h c o n c e i v a b l y 
c o u l d i n t r o d u c e some c h l o r i n e i n the f i n a l s t r u c t u r e . Our 
p r e v i o u s e x p e r i e n c e w i t h a v a r i e t y o f s u r f a c e s has shown t h a t 
u l t r a s o n i c a l l y c l e a n i n g the s u r f a c e i n a b s o l u t e me thano l u s u a l l y 
e l i m i n a t e s most s u r f a c e con taminan t s caused by h a n d l i n g . U n f o r 
t u n a t e l y , no means were a v a i l a b l e fo r d e p t h - p r o f i l i n g the a l l o y e d 
ca rbons to de te rmine the p resence o f c h l o r i n e be low the s u r f a c e . 

F i g u r e 8 shows the C - l s s p e c t r a fo r "as r e c e i v e d " L T I - C 
u n a l l o y e d ca rbon s t o r e d i n g l a s s , L T I / S I - C s i l i c o n - a l l o y e d ca rbon 
and a s p e c t r o s c o p i c grade g r a p h i t e . The s c a l e f a c t o r s f o r the 
s p e c t r a have been i n c r e a s e d by a f a c t o r fo r f i v e compared to those 
i n F i g u r e 7 i n o r d e r to e n l a r g e the ca rbon -oxygen f u n c t i o n a l group 
r e g i o n s . W h i l e d i s t i n c t peak s e p a r a t i o n s cannot be obse rved i n 
the s p e c t r a due to the h i g h i n t e n s i t y o f the major C - l s l i n e , the 
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Figure 7. The C-ls ESCA spectra of 
polyfethylene terephthalate) (top), poly-
(ethylene oxide) (center,), and antraqui-
none (bottom,). All spectra charge-refer

enced to alkyl-like C-ls at 284.0 eV. 
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BINDING ENERGY,eV 

Figure 8. The C-ls ESCA spectra of 
polished unalloyed (top) and alloyed 
(center,) LTI carbon, compared to graph
ite (bottom). All spectra charge-refer

enced to alkyl-like C-ls at 284.0 eV. 
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asymmetry e v i d e n t on the h i g h b i n d i n g energy s i d e o f the peak i s 
i n d i c a t i v e to s e v e r a l a d d i t i o n a l ca rbon s p e c i e s , p resumably chem
i c a l l y bound to oxygen . U s i n g the c h e m i c a l s h i f t d a t a o f F i g u r e 7 
and T a b l e I I I , the ca rbon and oxygen r e g i o n s were r o u g h l y r e s o l v e d 
(by m a i n t a i n i n g the same f u l l - w i d t h at ha l f -maximum peak i n t e n 
s i t y ) to form the peaks super imposed on the s p e c t r a i n F i g u r e 8 . 

These peaks are shown to r e a s o n a b l y account fo r the 
asymmetry i n the C - l s s p e c t r a o f the ca rbon s u r f a c e s . These d a t a 
l e a d us to b e l i e v e t ha t the a s s i g n e d peaks are r e a s o n a b l e to a 
f i r s t a p p r o x i m a t i o n , and c o r r e s p o n d to the ca rbon -oxygen f u n c 
t i o n a l g roups i n d i c a t e d i n T a b l e I I I . F i g u r e 8 a l s o i l l u s t r a t e s 
t h a t the g r a p h i t e spec t rum shows s i m i l a r c a rbon -oxygen f u n c t i o n 
a l i t y . 

I n a d d i t i o n , a h i g h e r energy f e a t u r e i s no ted i n the C - l s 
s p e c t r a w h i c h compr i se s l e s s than 3% o f the t o t a l c a r b o n . I f t h i s 
i s a s s i g n e d to a c a rbon -oxyge
c a r b o n a t e - l i k e c a r b o n , a
(30) has a l s o demons t ra ted t h a t low k i n e t i c energy TT -> TT  shake-up 
t r a n s i t i o n s f o r a r o m a t i c po lymers i n v a r i a b l y l e a d to s a t e l l i t e 
peaks l o c a t e d from 6 to 7 eV above the a l k y l - l i k e C - l s . One 
w o u l d , t h e r e f o r e , expec t to see such s a t e l l i t e s i n the C - l s 
s p e c t r a o f p o l y ( e t h y l e n e t e r e p h t h a l a t e ) , a n t h r a q u i n o n e , g r a p h i t e , 
and the p y r o l y t i c c a r b o n s , s i n c e a l l e x h i b i t v a r y i n g degrees o f 
a r o m a t i c i t y . Such peaks a re sugges ted i n F i g u r e s 7 and 8 and a re 
shown to f a l l r o u g h l y w i t h i n the same r e g i o n f o r a l l o f the C - l s 
s p e c t r a . Of these two p o s s i b l e e x p l a n a t i o n s , i n our o p i n i o n , the 
h i g h e r b i n d i n g energy peak seen i n these s p e c t r a i s l i k e l y due to 
the TT + TT* shake up s a t e l l i t e , wh ich i s expec t ed to be p r e s e n t . 

T a b l e IV summarized the ESCA da t a o b t a i n e d on the p o l i s h e d 
carbon s u r f a c e s a l o n g w i t h e s t i m a t e s o f pe r cen t ages o f the c a r 
bon-oxygen groups on the s u r f a c e . Rough ly 85-90% o f b o t h the 
u n a l l o y e d and S i - a l l o y e d ca rbon s u r f a c e s are shown to be o x y g e n -
f r e e , w i t h the remainder c o n s i s t i n g o f th ree major types o f 
o x y g e n - c o n t a i n i n g f u n c t i o n a l g r o u p s ; a p p r o x i m a t e l y 60% are o f the 
e t h e r - l i k e v a r i e t y , 25% are q u i n o n e - l i k e , and the r e m a i n i n g 15% 
a re e s t e r - l i k e . 

These da ta p a r t i a l l y c o r r e l a t e w i t h the XPS d a t a o f s e v e r a l 
i n v e s t i g a t o r s . M a r s h , et a l . , ( Z 7 ) , u s i n g a non-monochromat ized 
X - r a y s o u r c e , have r e p o r t e d a 50% maximum oxygen coverage on the 
s u r f a c e o f a v a r i e t y o f p y r o l y t i c carbons r e a c t e d w i t h oxygen . I t 
i s impor t an t to n o t e , however , t h a t the carbons used i n the 
p r e s e n t s tudy were p r e p a r e d q u i t e d i f f e r e n t l y , and not s p e c i f i c 
a l l y r e a c t e d w i t h oxygen. They f u r t h e r r e p o r t e d d e c o n v o l u t i n g 
the O - l s s p e c t r a i n t o f i v e d i s t i n c t p e a k s . They were u n a b l e , 
however , to a s s i g n them to p a r t i c u l a r o x y g e n - c o n t a i n i n g f u n c t i o n 
a l g r o u p s . We cannot j u s t i f y t h i s l a r g e number, even thougjh our 
s p e c t r a appear to be b e t t e r r e s o l v e d . R e c e n t l y Evans and Thomas 
(28) s t u d i e d s i n g l e c r y s t a l s o f g r a p h i t e and diamond s u r f a c e s and 
sugges ted tha t >C-0-C< or >C-0H s u r f a c e groups were p r o b a b l y 
p r e s e n t i n r o u g h l y e q u a l c o n c e n t r a t i o n s on oxygena ted c a r b o n 
s u r f a c e s . 
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The da ta a l s o c o r r e l a t e w i t h the e l e c t r o c h e m i c a l i n v e s t i g a 
t i o n s o f E p s t e i n , et a l . , ( 2 1 ) , i . e . , t h a t q u i n o n e - h y d r o q u i n o n e 
groups are most l i k e l y p r e s e n t on L T I ca rbon s u r f a c e s . They 
f u r t h e r c o n c l u d e d t h a t such groups can be r e a d i l y c o n v e r t e d 
e l e c t r o c h e m i c a l l y f rom one to the o t h e r . As p r e v i o u s l y n o t e d , ou r 
da ta i n d i c a t e s t ha t a p p r o x i m a t e l y 25% o f the s u r f a c e oxygen i s 
q u i n o n e - l i k e i n n a t u r e . 

C o n c l u s i o n s 

A t l e a s t t h ree major types o f ca rbon -oxygen f u n c t i o n a l 
groups are p r e s e n t on p o l i s h e d L T I and L T I / S I ca rbon s u r f a c e s . 
The o r i g i n o f these o x y g e n - c o n t a i n i n g s p e c i e s i s p r e d o m i n a t e l y 
the p o l i s h i n g p r o c e s s , d u r i n g w h i c h the oxygen c o n t e n t i n c r e a s e s 
n e a r l y f i v e - f o l d compared to the u n p o l i s h e d m a t e r i a l s . 

Bo th the XPS and EDAX r e s u l t s i n d i c a t e t h a t s u r f a c e c o n 
taminan t s composed o
d u r i n g p o l i s h i n g . SE
de te rmine whether or not these con taminan t s are f i r m l y embedded 
i n the carbon s u r f a c e . From our XPS d a t a , we have found t h a t 
a p p r o x i m a t e l y 85-90% o f the carbons do not appear to be c h e m i c a l 
l y - b o n d e d to oxygen . The r e m a i n i n g 10 to 15% c o n t a i n t h r e e major 
types o f oxygen f u n c t i o n a l i t y . From the c h e m i c a l s h i f t d a t a , we 
e s t i m a t e t ha t 60% o f the ca rbon -oxygen f u n c t i o n a l g roups are 
e i t h e r - l i k e i n n a t u r e , 25% are q u i n o n e - l i k e , and the r e m a i n i n g 
15% a re e s t e r - l i k e or c a r b o x y l i c i n n a t u r e . These r e s u l t s were 
v e r y c o n s i s t e n t , r e g a r d l e s s o f the type o f ca rbon s u r f a c e i n v e s 
t i g a t e d . 

Though the m a t e r i a l s examined are expec t ed to be r e p r e s e n t a 
t i v e o f the m a t e r i a l s d e l i v e r e d to m e d i c a l d e v i c e m a n u f a c t u r e r s 
i t i s p o s s i b l e t h a t o t h e r changes c o u l d o c c u r . Thus these r e s u l t s 
s h o u l d no t be e x t r a p o l a t e d to c a r b o n - c o n t a i n i n g m e d i c a l d e v i c e s 
u n t i l the a c t u a l ca rbon components have been s u r f a c e a n a l y z e d . 
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Abstract 

Low temperature isotropic (LTI) pyrolytic carbon has been 
studied by X-ray photoelectron spectroscopy, scanning electron 
microscopy, and energy dispersive X-ray analysis. Both sil icon-
alloyed and unalloyed carbons were studied, in both as-deposited 
and polished (finished) forms. The polished materials contain 
significant amounts of surface oxygen. Approximately 1 in 10 of 
the carbon atoms in the surface volume analyzed by XPS are 
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oxidized. About 60% of the oxygen-containing functional groups 
are ether-like, 25% are quinone-like, and the remaining 15% are 
ester- or carboxyl-like. Polishing also resulted in small 
amounts of aluminum on the surface as well as several other 
impurities. The surface properties of LTI pyrolytic carbon are 
important in view of its success as a material for medical implant 
purposes. The literature on the surface properties of carbon is 
reviewed. 
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24 
Oxidation of Polystyrene and Pyrolytic Carbon 
Surfaces by Radiofrequency Glow Discharge 

G. K. IWAMOTO, R. N. KING, and J. D. ANDRADE 

Surface Analysis Laboratory, College of Engineering, University of Utah, 
Salt Lake City, UT 84112 

Plasma treatment is widely used commercially for polymer 
surface modification. Plasma discharge treatments are used to 
improve adhesiveness and printing properties, to improve cell 
adhesion to tissue culture substrates (1) and to etch or clean the 
surfaces of materials (removal of photoresist materials on semi
conductors, for example (2). The surface characterization of 
plasma-modified surfaces is important in order to provide greater 
insight into how the properties are changed. 

Plasma treatment involves the production of chemically 
active species and ultra-violet radiation. Conventional methods 
of surface modification are often limited by the temperature 
needed for surface treatment, the leaching or toxicity of chemi
cal agents used, and the spectral and geometric limitation of UV 
treatments. Plasma treatment also provides a means of selective
ly modifying the surface while the bulk properties remain 
generally unaffected (1). 

In this study polystyrene and pyrolytic carbon (3) were used 
to investigate the nature of plasma surface modification. Poly
styrene is widely used as a material for bacteriological cel l 
culture and, in a surface-treated, oxidized form, is widely used 
as a solid substrate for in vitro cell culture. It is generally 
assumed that commercial polystyrene cell culture substrates are 
surface-treated by a corona or radio frequency glow discharge 
(RFGD) process. Although these materials are extensively used, 
no general surface characterization is available. 

Radio frequency glow discharge (RFGD) plasmas were used in 
this study. Glow discharge plasmas are characterized by average 
eljgtron energies of 1 to 10 eV and electron densities of 10 to 
10 cm - 3 . Glow discharges, also called cold plasmas, are 
characterized by a lack of thermal equilibrium between electron 
temperature (Te) and gas temperature (Tg). Typical ratios are on 
the order of Te/Tg = 10 to 10 . Thus, the Tg of a glow discharge 
remains near ambient temperatures while the electrons are suffi-

0097-6156/81/0162-0405 $05.00/ 0 
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c i e n t l y e n e r g e t i c to r u p t u r e bonds . T h i s makes t h i s t ype o f 
p lasma q u i t e u s e f u l i n a p p l i c a t i o n s i n v o l v i n g t h e r m a l l y s e n s i t i v e 
m a t e r i a l s ( 4 ) . 

S u r f a c e m o d i f i c a t i o n by a p lasma u s u a l l y r e s u l t s i n changes 
i n s u r f a c e w e t t a b i l i t y , m o l e c u l a r w e i g h t , and o t h e r c h e m i c a l 
changes . M o l e c u l a r we igh t changes o c c u r from c h a i n s c i s s i o n and 
c r o s s l i n k i n g . C h e m i c a l changes occur from the a d d i t i o n or ab
s t r a c t i o n o f groups on the s u r f a c e , wh ich i n t u r n i n f l u e n c e the 
w e t t a b i l i t y o f the s u r f a c e . A lmos t a l l changes p roduced by p lasma 
m o d i f i c a t i o n a re c o n f i n e d to the top 1 to 10 u m o f the s u r f a c e 
( 1 ) . 

The r e a c t i o n s wh ich o c c u r are c o n t r o l l e d by the p r e s s u r e o f 
ga s , e l e c t r i c f i e l d s t r e n g t h , r e a c t i o n chamber d imens ions and the 
gas f l ow r a t e . The e l e c t r i c f i e l d s t r e n g t h de t e rmines the amount 
o f energy impa r t ed to the e l e c t r o n s . The gas p r e s s u r e and tube 
d imens ions a f f e c t the degree o f i o n i z a t i o n  a tomic l i f e t i m e s
mean f r e e p a t h and gas t e m p e r a t u r e s
r a t e t h a t new r e a c t i o n

X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y ( X P S ) , s c a n n i n g e l e c t r o n 
m i c r o s c o p y (SEM) , and a i r / o c t a n e underwater c o n t a c t ang l e s were 
used to c h a r a c t e r i z e the s u r f a c e s . XPS can p r o v i d e b o t h the 
a tomic c o m p o s i t i o n and c h e m i c a l b o n d i n g i n f o r m a t i o n from a p p r o x i 
m a t e l y the top 70& or l e s s o f the sample s u r f a c e s (6). A d d i t i o n a l 
i n f o r m a t i o n may be g a i n e d from the XPS spec t rum by o b s e r v i n g the 
p resence o f s a t e l l i t e l i n e s . The e j e c t i o n o f a co r e l e v e l 
e l e c t r o n from an atom changes the s h i e l d i n g o f the n u c l e a r charge 
and i s f e l t by the o u t e r s h e l l e l e c t r o n s . T h i s p e r t u r b a t i o n i n 
the p o t e n t i a l o f the v a l e n c e e l e c t r o n s i s o f s u f f i c i e n t energy 
t h a t an e l e c t r o n can be e x c i t e d to a h i g h e r energy l e v e l ( s h a k e -
up) or be e j e c t e d ( s h a k e - o f f ) . Fo r the C - l s l i n e , s a t e l l i t e 
s t r u c t u r e i s seen up to ~ 1 2 eV above the major p e a k s ; any o t h e r 
f e a t u r e s would be l o s t i n the i n e l a s t i c t a i l wh ich o c c u r s ~ 1 5 - 2 0 
eV above the major p h o t o i o n i z a t i o n peak. C l a r k ' s s t u d i e s on 
polymer systems have shown t h a t po lymers must have an u n s a t u r a t e d 
backbone or u n s a t u r a t e d pendant groups to have o b s e r v a b l e s a t e l 
l i t e 6 .6 eV above the C - l s l i n e ( 7_). The s a t e l l i t e i s a t t r i b u t e d 
t 0 7 r - # ~ 7 r * t r a n s i t i o n s . S t u d i e s o f a l k a n e - s t y r e n e copo lymers show 
t h a t the i n t e n s i t y o f the s a t e l l i t e peak i s r e l a t e d to the number 
o f s t y r e n e groups i n the c h a i n (8), and to the s u b s t i t u e n t s on 
the pendant p h e n y l group (8). 

C o n t a c t a n g l e measurements p r o v i d e i n f o r m a t i o n on the w e t 
t a b i l i t y o f the sample , the s u r f a c e e n e r g e t i c s o f the s o l i d , and 
the i n t e r f a c i a l p r o p e r t i e s o f the s o l i d - l i q u i d i n t e r f a c e . The 
samples were immersed i n water and c a p t i v e a i r and oc tane b u b b l e s 
were de t e rmined by measu r ing the bubb l e d i m e n s i o n s . By measure 
ment o f b o t h a i r and oc tane c o n t a c t a n g l e s the s u r f a c e f r ee energy 
(7) o f the s o l i d - v a p o r ( ^ o y ) i n t e r f a c e may be c a l c u l a t e d by use o f 
Y o u n g ' s e q u a t i o n and the narmonic mean h y p o t h e s i s f o r s e p a r a t i o n 
o f the d i s p e r s i v e and p o l a r components o f the work o f a d h e s i o n . 
T h i s method f o r d e t e r m i n a t i o n o f s u r f a c e and i n t e r f a c i a l p r o p e r -
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t i e s has been d i s c u s s e d i n d e t a i l (9^ 10). Because the measure
ment i s made unde rwa te r , i t i s b a s i c a l l y a r e c e d i n g a n g l e measure
ment i n the case o f the a i r / w a t e r / s o l i d measurement, thus 7 
v a l u e s o b t a i n e d are l a r g e r than those commonly r e p o r t e d , w h i c h 
a r e g e n e r a l l y a d v a n c i n g a n g l e measurements ( see (10) f o r a com
p l e t e d i s c u s s i o n ) . 

Scann ing e l e c t r o n m i c r o s c o p y was used to d e t e c t changes i n 
s u r f a c e topography due to the plasma t r e a t m e n t . P r e f e r e n t i a l 
e t c h i n g o f the m a t e r i a l w i l l change the s u r f a c e t opography . The 
f o r m a t i o n o f v o l a t i l e , low m o l e c u l a r we igh t s p e c i e s under the 
s u r f a c e o f the m a t e r i a l can produce bubb l e s CO-

Measurement o f s u b s t r a t e s u r f a c e charge was not per formed i n 
t h i s s t u d y . A change i n s u r f a c e charge might be expec t ed due to 
the p lasma t r ea tmen t e i t h e r by i o n i m p l a n t a t i o n or by f o r m a t i o n o f 
i o n i z a b l e f u n c t i o n a l i t i e s on the s u b s t r a t e s u r f a c e . 

Change i n c o n t a c t a n g l e s as a f u n c t i o n o f s t o r a g e t ime was 
a l s o not s t u d i e d . S t u d i e
c o n t a c t a n g l e does chang

E x p e r i m e n t a l 

Samples o f p o l y s t y r e n e were c u t from P e t r i d i s h e s ( F a l c o n 
1008, F a l c o n P l a s t i c s , Oxna rd , C a l i f o r n i a ) . U n a l l o y e d low tem
p e r a t u r e i s o t r o p i c ( L T I ) ca rbon samples were o b t a i n e d from the 
G e n e r a l A t o m i c Company ( P y r o l i t e - r e g i s t e r e d t rademark o f 
G e n e r a l A t o m i c Company, now C a r b o - M e d i c s , I n c . ) . 

The p o l y s t y r e n e samples were used as r e c e i v e d . E x a m i n a t i o n 
by XPS showed o n l y ca rbon on the s u r f a c e (XPS does not d e t e c t 
h y d r o g e n ) . The p y r o l y t i c ca rbon samples were p repa red by a 
" s t eady s t a t e " f l u i d i z e d bed p r o c e s s (_12). The ca rbon samples 
were p o l i s h e d by the manufac tu re r u s i n g 7 - a l u m i n a . B e f o r e use i n 
t h i s s tudy the p y r o l y t i c ca rbon samples were u l t r a s o n i c a l l y 
c l e a n e d i n reagen t grade methano l f o r f i v e m i n u t e s . E x a m i n a t i o n 
by XPS o f b o t h the as r e c e i v e d and u l t r a s o n i c me thano l c l e a n e d 
samples showed remova l o f s m a l l amounts o f c h l o r i n e , magnesium, 
s i l i c o n , and s u l f u r by the c l e a n i n g p r o c e d u r e . 

The samples were o x i d i z e d u s i n g a commerc i a l p lasma d i s 
cha rge u n i t (P lasmod r e g i s t e r e d t rademark o f T e g a l C o r p o r 
a t i o n , R i c h m o n d , C a l i f o r n i a ) , wh ich o p e r a t e s a t 13 .56 MHz and has a 
v a r i a b l e power ou tpu t from 0 to 100 w a t t s . A v a r i a b l e l e a k v a l v e 
( G r a n v i l l e - P h i l l i p s Company, B o u l d e r , C o l o r a d o ) , a th ree -way 
v a l v e and o t h e r m o d i f i c a t i o n s were added to p r o v i d e a b e t t e r 
vacuum, to c o n t r o l the gas f l o w r a t e and to c o n t r o l the gas 
p r e s s u r e . 

The samples were i n s e r t e d i n t o the RFGD u n i t i n a i r and 
p l a c e d on the b o t t o m - c e n t e r r e g i o n o f the r e a c t i o n chamber. I n 
a l l expe r imen t s the top s u r f a c e was the a n a l y s i s s u r f a c e . The 
r e a c t i o n chamber was evacua ted to 10 t o r r p r e s s u r e and then 
b a c k f i l l e d w i t h the r e a c t i o n gas to above 2000mmHg p r e s s u r e and 
then r e - e v a c u a t e d . T h i s p r o c e s s was r epea t ed t h r ee t i m e s . The 
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gases used i n t h i s s tudy were h e l i u m and oxygen . The h e l i u m was 
l i q u i d n i t r o g e n c o l d t r apped d u r i n g b a c k f i l l to remove condens^ 
a b l e i m p u r i t i e s . A f t e r the t h i r d b a c k f i l l and pumpdown to 10 
t o r r p r e s s u r e , the gas f l o w r a t e was a d j u s t e d to c o r r e s p o n d to 0 .4 
t o r r p r e s s u r e , wh ich was m a i n t a i n e d d u r i n g d i s c h a r g e . 0 .4 t o r r 
p r e s s u r e was de t e rmined to g i v e m i n i m a l d e p o s i t i o n o f s i l i c o n on 
the s a * o l e s u r f a c e . The s i l i c o n s p u t t e r i n g o r i g i n a t e d from the 
P y r e x w a l l s o f the r e a c t i o n chamber d u r i n g p lasma t r e a t m e n t . 
Lower p r e s s u r e s gave a p p r e c i a b l e amounts o f s i l i c o n d e p o s i t i o n on 
the sample as de t e rmined by XPS e x a m i n a t i o n . The samples were 
exposed to the h e l i u m gas f o r v a r i o u s amounts o f t ime a t 50 w a t t s 
o f power o u t p u t . The samples were then exposed to a h e l i u m gas 
purge f o r v a r i o u s amounts o f t ime at above 4 t o r r p r e s s u r e and 
then exposed to oxygen at above 4 t o r r p r e s s u r e f o r f i v e m i n u t e s . 
The samples were s t o r e d i n P e t r i d i s h e s i n a i r u n t i l s u r f a c e 
c h a r a c t e r i z a t i o n s were pe r fo rmed . I t was found i f the samples 
were exposed to a i r i n s t e a
t h a t bo th oxygen and n i t r o g e
XPS e x a m i n a t i o n . 

Oxygen plasmas were used on the p y r o l y t i c c a r b o n . The 
p rocedure was the same, excep t t h a t the samples were exposed to an 
oxygen purge f o r 5 minutes a f t e r the d i s c h a r g e . XPS s p e c t r a were 
o b t a i n e d w i t h a H e w l e t t - P a c k a r d 5950 B i n s t r u m e n t u t i l i z i n g mono
c h r o m a t i c A l Ka^ 2 r a d i a t i o n a t 1487 eV. The samples were mounted 
i n a i r , i n s e r t e d ' into^ the s p e c t r o m e t e r , and a n a l y z e d at ambient 
t empera tu res i n a 10 t o r r vacuum. Power a t the X - r a y source was 
800 w a t t s . Ins t rument r e s o l u t i o n was n o m i n a l l y 0 .8 eV or l e s s as 
measured by the f u l l w i d t h a t h a l f maximum o f the C - l s l i n e from 
s p e c t r o s c o p i c grade g r a p h i t e . An e l e c t r o n f l o o d gun o p e r a t i n g a t 
0 .3 mA and 5 .0 eV s u p p l i e d a f l u x o f low energy e l e c t r o n s to 
m i n i m i z e c h a r g i n g a r t i f a c t s i n the r e s u l t i n g s p e c t r a . 

Wide scans (0 to 1000 eV) were performed f o r s u r f a c e e l e 
m e n t a l a n a l y s e s . The wide scans were c a r e f u l l y i n s p e c t e d f o r 
t r a c e element c o n t a m i n a t i o n . D e t a i l e d 20 eV scans o f the C - l s 
(275 to 295 e V ) , 0 - l s (520 -540 eV) and A l - 2 s (105 to 125 eV) 
r e g i o n s f o r the p y r o l y t i c ca rbon and o f the C - l s and O - l s f o r the 
p o l y s t y r e n e were run to de te rmine b o t h e l e m e n t a l s t o i c h i o m e t r y 
and c h e m i c a l s h i f t s . S t anda rds were a v a i l a b l e to g i v e a c c u r a t e 
c h e m i c a l s h i f t da ta f o r v a r i o u s ca rbon-oxygen f u n c t i o n a l g r o u p s . 
These i n c l u d e d p o l y ( e t h y l e n e t e r e p h t h a l a t e ) , p o l y ( e t h y l e n e o x i d e ) 
and an th r aqu inone (17^). The l a t t e r was run at -50 C i n o r d e r to 
m i n i m i z e v o l a t i l i t y under our h i g h vacuum c o n d i t i o n s . T a b l e I 
summarizes these r e s u l t s . A l l s p e c t r a were charge - r e f e r e n c e d to 
a C - l s l i n e f o r an a l k y l - l i k e ca rbon a t 284 .0 ev*. The S c o f i e l d 
t h e o r e t i c a l XPS p h o t o e l e c t r i c c r o s s s e c t i o n s (1_3) were used f o r 
e l e m e n t a l q u a n t i t a t i o n . 

Scann ing e l e c t r o n m i c r o g r a p h s were o b t a i n e d on a Cambride 
Mark I I S t e r e o s c a n SEM. The samples were mounted on the spec imen 
mounts w i t h d o u b l e - s i d e d t ape . S i l v e r p a i n t a l o n g the edge o f the 
sample p r o v i d e d e l e c t r i c a l c o n t a c t between the specimen mount and 
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T a b l e I 

C h e m i c a l s h i f t s i n the C - l s l i n e f o r p o l y ( e t h y l e n e t e r e p h 
t h a l a t e ) , p o l y e t h y l e n e o x i d e , and a n t h r a q u i n o n e . (See a l s o Re
f e r e n c e 1 7 ) . 

Observed B i n d i n g 
M a t e r i a l Energy ( e V ) * A B E * * 

284 .0 0 . 0 

F u n c t i o n a l Group 

a l k y l a n d / o r 
a r o m a t i c 

P o l y e t h y l e n e 
t e r e p h t h a l a t e 

P o l y e t h y l e n e 
o x i d e 

285 .6 

285 .8 

+1.6 

+1.8 

e t h e r 

e t h e r 

A n t h r a q u i n o n e 284 .0 a l k y l or 
a r o m a t i c 

286.5 +2.5 quinone 

* C h a r g e - r e f e r e n c e d t o C - l s a t 284 .0 eV 
* * B i n d i n g Energy - 2 8 4 . 0 eV = ABE 

the sample . The samples were coa ted w i t h carbon_^and g o l d to 
reduce c h a r g i n g . The a n a l y z i n g vacuum was about 10 t o r r . 

C o n t a c t a n g l e s were de t e rmined by immers ing the sample i n 
d o u b l y - d i s t i l l e d wa te r and measur ing the h e i g h t and d i ame te r o f 
b o t h a i r and oc tane bubb l e s i n water (9). The bubb le s were 
i n t r o d u c e d on the sample s u r f a c e u s i n g a m i c r o l i t e r s y r i n g e . The 
h e i g h t and d i ame te r were measured by use o f mic rome te r s w h i c h 
m a n i p u l a t e d a s tage h o l d i n g the sample immersed i n w a t e r . The 
b u b b l e s were obse rved th rough a m i c r o s c o p e u s i n g a 20X l o n g 
w o r k i n g d i s t a n c e o b j e c t i v e and a 15X e y e - p i e c e equ ipped w i t h a 
c r o s s h a i r r e t i c l e . The b u b b l e was m a n i p u l a t e d a c r o s s the c r o s s 
h a i r and the d imens ions were read d i r e c t l y from the m i c r o m e t e r s . 
The sample box was back i l l u m i n a t e d by a v a r i a b l e l i g h t s o u r c e . 
The bubb l e volume was a p p r o x i m a t e l y 0 .1 to 0 .2 u l and the b u b b l e s 
were a p p l i e d to the s u r f a c e by fo rming a bubb l e a t the t i p o f a 
m i c r o s y r i n g e and then snapp ing the t i p to a l l o w the b u b b l e to 
f l o a t up to the w a t e r - s a m p l e i n t e r f a c e . The b u b b l e volume was 
m i n i m i z e d i n o r d e r to a v o i d buoyancy e f f e c t s . The oc tane was 
99.99% pure n - o c t a n e ( A l d r i c h C h e m i c a l s - G o l d L a b e l O c t a n e ) . 
Tempera ture o f the immers ion b a t h was 26 C. F i g u r e 1 s c h e m a t i c 
a l l y i l l u s t r a t e s the geometry o f the c o n t a c t a n g l e measurement. 
The c o n t a c t a n g l e s were c a l c u l a t e d u s i n g the e q u a t i o n 
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CASE I : 0<9O ° 

e=cos'(^ - i j 

CASE 11:9 > 90° 

0 = I8O"-2JTAN"'^-

Figure 1. Schematic of both cases for contact angle calculation 
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cj) = 180 - 2 t an ( ^ ) f o r < ^ 9 0 ° and <J> = cos _ i ) f o r <$><90°. 

T h i s t e c h n i q u e measures the f u l l y h y d r a t e d s o l i d - w a t e r 
i n t e r f a c e . I n essence the a i r / w a t e r / s o l i d a n g l e i s s i m i l a r to a 
r e c e d i n g water c o n t a c t ang l e i n the c o n v e n t i o n a l c o n t a c t a n g l e 
geometry . By p r o b i n g the f u l l y h y d r a t e d s o l i d / w a t e r i n t e r f a c e , 
the p o l a r components o f the s o l i d s u r f a c e are more o p t i m a l l y 
e v a l u a t e d . As i t i s the s o l i d / w a t e r i n t e r f a c e wh ich i s o f p r i m a r y 
i n t e r e s t f o r b i o l o g i c a l i n t e r a c t i o n s , we f e e l t h i s method i s more 
a p p r o p r i a t e f o r s u r f a c e c h a r a c t e r i z a t i o n f o r our p u r p o s e s . The 
use o f a i r and oc tane a n g l e s a l s o a l l o w s one to deduce the f u l l y 
h y d r a t e d s o l i d s u r f a c e f r e e energy and the s o l i d / w a t e r i n t e r -
f a c i a l f ree ene rgy . Assumpt ions a l s o a l l o w the f u l l y h y d r a t e d 
s o l i d s u r f a c e f r e e energy to be decomposed i n t o i t s a p o l a r and 
p o l a r components ( 1 0 ) . 

R e s u l t s and D i s c u s s i o n 

P o l y s t r e n e . T a b l e 2 p r e s e n t s the c a r b o n : o x y g e n r a t i o s as 
de t e rmined by X P S . The as r e c e i v e d and m e t h a n o l - c l e a n e d mate
r i a l s were e s s e n t i a l l y u n o x i d i z e d , w i t h c a r b o n : o x y g e n r a t i o s o f 
the o r d e r o f 100 to 1 or g r e a t e r . The m a t e r i a l w h i c h was h e l i u m 
p lasma t r e a t e d was e x t e n s i v e l y o x i d i z e d w i t h a C :0 r a t i o o f 
a p p r o x i m a t e l y 3 . 5 : 1 . The a i r and oc tane a n g l e s a t the s o l i d / w a t e r 
i n t e r f a c e a re a l s o p r e s e n t e d f o r those two c a s e s . The a i r a n g l e , 
w h i c h can be i n t e r p r e t e d as a c o n v e n t i o n a l wa te r r e c e d i n g c o n t a c t 
a n g l e , i s a p p r o x i m a t e l y 85 and dec reases to a p p r o x i m a t e l y 14 on 
p lasma t r e a t m e n t , i n d i c a t i n g a s u b s t a n t i a l i n c r e a s e i n s u r f a c e 
w e t t a b i l i t y . The XPS s p e c t r a o f the as r e c e i v e d p o l y s t y r e n e show 
the p resence o f the C - l s a r o m a t i c s a t e l l i t e a t 290.70 eV, 6 .7 eV 
from the main ca rbon I s l i n e w i t h a p p r o x i m a t e l y the c o r r e c t 

T a b l e I I 

C a r b o n : Oxygen ( C / 0 ) R a t i o s , as de t e rmined by X - r a y p h o t o -
e l e c t r o n s p e c t r o s c o p y and c o n t a c t a n g l e da ta f o r p o l y s t y r e n e . 

C o n t a c t A n g l e (10) 
Sample C /0 R a t i o s A i r Octane 

As r e c e i v e d 100/1 8 3 ± 4 ° 1 3 5 * 5 ° 

M e t h a n o l 
C leaned 98/1 8 2 ± 4 ° 1 3 5 * 5 ° 

( U l t r a s o n i c ) 

H e l i u m 
P lasma 3 . 5 / 1 1 4 ± 4 ° 1 4 * 4 ° 
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i n t e n s i t y r a t i o ( 8 ) . The s a t e l l i t e peak i s reduced to background 
l e v e l f o r the h e l i u m plasma t r e a t e d , o x i d i z e d m a t e r i a l , s u g g e s t 
i n g a c o n s i d e r a b l e decrease i n a r o m a t i c i t y o f the p o l y s t y r e n e i n 
the s u r f a c e volume examined by XPS (see F i g u r e 2 ) . R e s u l t s from 
h e l i u m p lasma t r e a t e d p o l y s t y r e n e are e s s e n t i a l l y i d e n t i c a l to 
those found w i t h " t i s s u e c u l t u r e " p o l y s t y r e n e produced by F a l c o n 
P l a s t i c s . 

Scann in g e l e c t r o n m c i r o g r a p h s o f the sample showed no g r o s s 
e t c h i n g o f the s u r f a c e . P o l y s t y r e n e has no oxygen i n the po lymer 
wh ich can form a tomic oxygen i n the p l a sma , t h e r e f o r e e t c h r a t e s 
due to o x i d a t i v e d e g r a d a t i o n are expec t ed to be l o w . P lasma 
exposure t imes were not l o n g enough to c r e a t e low m o l e c u l a r w e i g h t 
v o l a t i l e s p e c i e s under the s u r f a c e . These can d i f f u s e to the 
s u r f a c e and form b u b b l e s , as i s o f t e n seen i n p o l y e t h y l e n e (1_). 

Hansen (14) r e p o r t s a decrease i n m o l e c u l a r w e i g h t i n a 
h e l i u m plasma and W e s t e r d a h l (15) r e p o r t s a change i n c o n t a c t 
a n g l e to h i g h e r w e t t a b i l i t

P y r o l y t i c C a r b o n . P o l i s h e d L T I ca rbon i s composed o f a 
c r y s t a l l i n e g r a p h i t i c - l i k e m i c r o s t r u c t u r e , combined w i t h amor
phous m a t e r i a l (_16). The p o l i s h e d samples have been shown to be 
o x i d i z e d w i t h a C : 0 r a t i o o f about 1 0 : 1 , c o n t a i n i n g t h r e e major 
types o f ca rbon-oxygen f u n c t i o n a l i t i e s : q u i n o n e - l i k e , e t h e r 
l i k e , and e s t e r - l i k e ( 1 7 ) . 

E l e c t r o c h e m i c a l s t u d i e s o f ca rbon samples have shown t h a t 
b o t h q u i n o n e - l i k e and e s t e r - l i k e groups are p r e s e n t ( 1 8 ) . 

I n t h i s s tudy v a r i o u s d i s c h a r g e t imes i n oxygen and h e l i u m 
gas plasmas were u sed . The c a r b o n / o x y g e n r a t i o v a r i e d from 7 to 1 
i n the as r e c e i v e d m a t e r i a l to 1.2 to 1 f o r the t r e a t e d samples 
( see T a b l e 3 ) . 

A r i s e i n the amount o f a luminum, as can be seen i n T a b l e 3 , 
i s a l s o n o t i c e d a f t e r p lasma t r e a t m e n t . The i n c r e a s e i n a luminum 
at the s u r f a c e may be due to p r e f e r e n t i a l e t c h i n g o f s u r f a c e 
c a r b o n , u n c o v e r i n g A l ^ O ^ , w h i c h i s thought to be embedded i n the 
p o l i s h i n g p r o c e s s . M. M i l l a r d has seen t h i s same type o f 
phenomena when p lasma e t c h i n g c e l l s , i . e . , the o r g a n i c p o r t i o n o f 
the c e l l s i s e t ched away c o n c e n t r a t i n g i n o r g a n i c t r a c e e lements 
on the s u r f a c e o f the sample (_19). The aluminum peak was 
s t r o n g e s t a f t e r oxygen plasma t r e a t m e n t , p r o b a b l y due to h i g h e r 
e t c h i n g r a t e s . 

The i n c r e a s e i n the aluminum peak i s accompanied by the 
growth o f l ower b i n d i n g energy oxygen and ca rbon peaks (see F i g u r e 
3 ) . A l l t h r ee peaks were obse rved to move up i n b i n d i n g energy 
when the f l o o d gun was t u r n e d o f f . S h i f t s i n b i n d i n g energy due 
to the f l o o d gun o c c u r when the sample i s n o n - c o n d u c t i n g . The 
f l o o d gun i s used to p r o v i d e a source o f low energy e l e c t r o n s to 
the sample to c o u n t e r p o s i t i v e c h a r g i n g o f a sample due to the 
e l e c t r o n s b e i n g e j e c t e d . The excess s u p p l y o f e l e c t r o n s p r o v i d e d 
by the f l o o d gun charges the sample n e g a t i v e l y and lowers the 
apparent b i n d i n g e n e r g i e s o f the e l e m e n t s . F o r c o n d u c t i n g 
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O C O C O 
CT> CO 00 00 

BINDING ENERGY,eV 

Figure 2. XPS spectra of the C-ls re
gion of PS. 

Flood gun conditions, 0.3 ma, 5 eV. The 
C-ls alkyl line was approximately 279.0 eV; 
the spectra above are charge-referenced to 
284.0 eV for the alkyl carbon line. Spec
trum A is the as-received material; note the 
presence of the aromatic satellite at 6.7 eV 
from the main carbon line at 284.0. Note 
also the absence of any carbon-oxygen func
tionalities as evidenced by the lack of struc
ture between 284 and 290: (a) as-received 
material; (b) methanol-cleaned; (c) oxygen 
plasma-treated material. Note the decrease 
in the satellite line at 297 eV; it has disap
peared to nearly background level. Also 
note the presence now of two carbon-oxygen 
functionalities as evidenced by apparent 
peaks at about 288.6 and 286.4 eV, charac
teristic of ester or car boxy lie acid, and ether 

or hydroxyl carbon, respectively. 
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C - l s O-ls Al-2s 

BINDING ENERGY.eV 

Figure 3. XPS spectra of the (a) C-ls region; (b) O-ls region, and (c) Al-2s re
gions of the oxygen plasma-treated pyrolytic carbon. 

The upper spectra are with the electron flood gun on for charge compensation, the 
bottom spectra are with the electron flood gun off. Note in the upper spectrum that the 
main carbon peak appears at 284.0 eV, as expected for a conducting material such as 
pyrolytic carbon. Note also the presence of the weak apparent doublet in the vicinity of 
280.5 eV. The Al-2s top far right appears at about 115.2 eV or charge shifted down 
stream from its apparent normal position. Comparing these upper spectra with the flood 
gun off spectra and looking at the relative peak positions, one can deduce (see text) that 
there is an insulating component in the surface region of the material that charge shifts 
to higher binding energies in the absence of the flood gun and is pushed to lower binding 
energies in the presence of the flood gun. Note also that there are a number of major 
lines that are not affected by the flood gun conditions. These, of course, are those intrin
sic to the conductive pyrolytic carbon structure. The insulating material which is influ
enced significantly by the flood gun conditions is attributed to Al2Os particles embedded 

in the carbon during the polishing process. 
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T a b l e I I I 

C a r b o n : Oxygen (C/O) r a t i o and a tomic pe rcen tages as de t e rmined 
by X - r a y p h o t o e l e c t r o n s p e c t r o s c o p y f o r p y r o l y t i c c a r b o n . 

A t o m i c P e r c e n t 
Treatment C / 0 

Type R a t i o s C 0 A l T r a c e * 

As 
R e c e i v e d 85 .5 10.4 1.4 C I , Mg, 

M e t h a n o l 
C leaned 6 85 13.4 1.6 
( u l t r a s o n i c ) 

H e l i u m 
P lasma 2-4 60-70 34-27 5-3 
Treatment 

Oxygen 
P lasma 1 .2 -1 .4 56 36.5 7.5 
Treatment 

* T r a c e l e s s t han 1 a t o m i c p e r c e n t . 

samples the f l o o d gun w i l l not a f f e c t the b i n d i n g energy s i n c e the 
sample i s i n e l e c t r i c a l c o n t a c t w i t h the grounded sample p r o b e . 
Grun thane r has r e p o r t e d the e f f e c t o f a f l o o d gun on n o n - c o n d u c t 
i n g samples and has used i t to i n v e s t i g a t e the c h e m i c a l c o m p o s i 
t i o n o f n o n - c o n d u c t i n g o x i d e s formed on m e t a l c a t a l y s t systems 
( 2 0 ) . 

I n the p y r o l y t i c c a r b o n , a luminum, oxygen , and ca rbon peaks 
were obse rved to move i n b i n d i n g energy as a f u n c t i o n o f the f l o o d 
gun c o n d i t i o n s . A l s o a ca rbon peak and an oxygen peak remained 
u n a f f e c t e d by the f l o o d gun (see F i g u r e 3 ) . The m a j o r i t y o f the 
ca rbon and oxygen are u n a f f e c t e d by the f l o o d gun and a l l the 
aluminum moves w i t h the f l o o d gun. From these r e s u l t s i t i s 
c o n c l u d e d t h a t the major p o r t i o n o f the sample i s c o n d u c t i v e 
p y r o l y t i c c a r b o n ; i s l a n d s o f n o n - c o n d u c t i n g A l ^ O ^ , w i t h some 
ca rbon and oxygen a s s o c i a t e d w i t h i t , are b e i n g exposed on the 
s u r f a c e due to p lasma e t c h i n g . 

SEM o f the samples shows a change i n the s u r f a c e roughness 
a f t e r glow d i s c h a r g e t r e a t m e n t . The change i s due to e t c h i n g o f 
the s u r f a c e by the p lasma t r ea tment and suppor t s the n o t i c e d 
i n c r e a s e i n amount o f a luminum d e t e c t e d by X P S . Energy d i s p e r s i v e 
a n a l y s i s o f X - r a y s o f the sample c o u l d not d i s t i n g u i s h between 
aluminum on the s u r f a c e and aluminum embedded be low the s u r f a c e 
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due to h i g h e r a n a l y s i s d e p t h s . The s u r f a c e appeared rougher a f t e r 
e t c h i n g . The change i n topography i s p r o b a b l y due to p r e f e r e n t i a l 
e t c h i n g o f the amorphous p o r t i o n o f the p y r o l y t i c c a r b o n . 

As the samples were h i g h l y o x i d i z e d from the b e g i n n i n g , due 
to the p o l i s h i n g p r o c e s s (_17), no r e a l change i n c o n t a c t ang l e was 
o b s e r v e d . 

Summary 

P y r o l y t i c ca rbon and p o l y s t y r e n e s u r f a c e s were s t u d i e d by X -
ray p h o t o e l e c t r o n s p e c t r o s c o p y ( X P S ) , c o n t a c t a n g l e s , s c a n n i n g 
e l e c t r o n m i c r o s c o p y (SEM), and energy d i s p e r s i v e a n a l y s i s o f X -
r a y s ( E D A X ) . The m a t e r i a l s were r a d i o f r e q u e n c y g low d i s c h a r g e d 
(RFGD) i n h e l i u m and oxygen p l a s m a s . RFGD o f the p o l i s h e d carbons 
i n c r e a s e d the degree o f o x i d a t i o n and the A l c o n t e n t . The 
i n c r e a s e d A l c o n t e n t i s i n t e r p r e t e d as due to exposure o f A l ^ O ^ 
p a r t i c l e s embedded i n th
f l o o d g u n - c h a r g i n g r e s u l t s

RFGD p o l y s t y r e n e was o x i d i z e d , w e t t a b l e , and o f a dec reased 
a r o m a t i c c h a r a c t e r as de t e rmined by a n a l y s i s o f XPS C - l s s a t e l 
l i t e s p e c t r a . The RFGD o x i d a t i o n p roces s e t ches the s u r f a c e as 
w i t n e s s e d by s c a n n i n g e l e c t r o n m i c r o g r a p h s . 

These da ta are o f i n t e r e s t i n u n d e r s t a n d i n g the b e h a v i o r o f 
p o l i s h e d ca rbon and o x i d i z e d p o l y s t y r e n e i n b i o m e d i c a l a p p l i c a 
t i o n s , i n c l u d i n g s u r g i c a l i m p l a n t s and s o l i d s u b s t r a t e s f o r i n 
v i t r o c e l l c u l t u r e s . 
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Abstract 

Surface characterization of RF plasma modified polymers is 
necessary in order to understand and improve certain properties 
including cell adhesion to tissue culture substrates. Radio 
frequency glow discharge (RFGD) plasmas were used to modify the 
surfaces of polystyrene and pyrolytic carbon. Surface character
ization by X-ray photoelectron spectroscopy (XPS), scanning elec
tron microscopy (SEM), and air and octane contact angles were 
performed on the as received and plasma modified samples. Plasma 
modification of polystyrene produced a number of carbon-oxygen 
functional groups and decreased both air and octane contact 
angles. Plasma modification of pyrolytic carbon showed an in
crease in aluminum and oxygen on the surface, probably due to 
preferential etching of surface organics, exposing the inorganic 
component of the sample. The aluminum and oxygen are probably 
from γ-alumina, used in the polishing of pyrolytic carbon. SEM 
also showed a change in topography indicating preferential etch
ing. 
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ESCA Studies of Polyimide and Modified 
Polyimide Surfaces 
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The organic dielectric
ied extensively by a variet
ques as a perusal of the literature wi l l illustrate. L i t t l e has 
been published on their surface properties. X-ray photoelectron 
spectroscopy (ESCA) has been extremely useful for polymer char
acterization (1, 2, 3). In a previous paper (4), we have reported 
the ESCA spectra of structurally different polyimides derived 
from both commercially available polyamic acid resins (DuPont's 
PI5878, PI2525, PI2550), and from laboratory synthesized polyamic 
acid resins. 

In the present paper two types of results are reported. 
First , data are presented on the surface properties of cured 
polyimides derived from the Skybond 703 commercial resin manu
factured by the Monsanto Co., and from the NR-055X resin manu
factured by DuPont. The fluorine containing polyimide derived 
from the NR-055X resin is an ideal system for ESCA investigations 
because fluorine, being the most electronegative of the elements, 
induces the largest chemical shifts in the C Is levels, and a 
large amount of background data is available in the literature (5, 

(6, 7). The second type of information presented is on PI5878 
polyamic acid/polyimide modifications produced by a variety of 
treatments (e.g., etching, plasma exposures). 

The principal points to which this work has been focused are 
as follows: 

1. Are there any consistent surface features detectable by 
ESCA that are characteristic of the polyimides (cf., 
Skybond 703, NR-055X, PI5878, PI2550)? 

2. What types of information are extractable by ESCA on 
the changes in cured PI5878 produced by short ( i . e . , 2 
minutes) exposures to O2, and O2/CF4 plasma environ
ments? 

3. Is reaction specificity ( i .e . , attack at the acid car-
bonyl functionality only) indicated in the interaction 
of KOH with the polyamic acid of PI5878? 

0097-6156/81/0162-0419$05.00/0 
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4 . W i l l i m i d i z a t i o n occu r i f KOH t r e a t e d p o l y a m i c a c i d 
f i l m s o f PI5878 are s u b s e q u e n t l y s u b j e c t e d to s t a n d a r d 
c u r e - c y c l e s ? 

5 . Are h i g h l y cured PI5878 f i l m s r e a l l y s t a b l e ( i . e . , do 
they show i n v a r i e n t s u r f a c e f e a t u r e s ) i n h i g h h u m i d i t y , 
and aqueous env i ronment s? 

I t w i l l become c l e a r t ha t most o f our d i s c u s s i o n (and 
c o n c l u s i o n s ) w i l l c e n t e r around d e t a i l e d s c r u t i n y o f the C I s co re 
l e v e l s p e c t r a , b i n d i n g e n e r g i e s (BE) and c h e m i c a l s h i f t s , even 
though o t h e r co r e l e v e l da t a a re a l s o p r e s e n t e d . T h i s i s done f o r 
s e v e r a l r e a s o n s : (a ) an e x t e n s i v e C I s l i t e r a t u r e f o r p o l y m e r i c 
systems e x i s t f o r compa ra t i ve p u r p o s e s , (b) the k e y i n f o r m a t i o n a l 
c o n t e n t fo r po lymers i s most f r e q u e n t l y c o n t a i n e d i n the C I s 
s p e c t r a , and ( c ) a good and w o r k a b l e t h e o r e t i c a l model has e v o l v e d 
( 8 , 9, 10, L l ) f o r d e t e r m i n i n g C I s charge d i s t r i b u t i o n s from 
e x p e r i m e n t a l l y de t e rmined b i n d i n g e n e r g i e s as a r e s u l t o f the 
f i n d i n g t ha t the magni tud
p h o t o i o n i z a t i o n f o l l o w
c l o s e l y r e l a t e d c h e m i c a l systems ( 1 2 ) . 

E x p e r i m e n t a l 

The methods used f o r c o l l e c t i n g and a n a l y z i n g the e x p e r i m e n 
t a l da ta t ha t were c o l l e c t e d on the H e w l e t t - P a c k a r d 5950B e l e c 
t r o n s p e c t r o m e t e r have p r e v i o u s l y been documented ( 4 ) . Quoted 
b i n d i n g energy v a l u e s f a l l i n a range o f 1 0 . 2 eV based on 
e v a l u a t i o n s o f d e t a i l e d c u r v e a n a l y s i s r e s u l t s . P r e v i o u s work i n 
our l a b o r a t o r y has shown tha t the b i n d i n g energy v a l u e s c a l c u 
l a t e d f o r d e c o n v o l v e d components can show a s m a l l dependency on 
the s i g n a l / b a c k g r o u n d r a t i o . 

NR055X and 703 p o l y a m i c r e s i n m a t e r i a l were s e p a r a t e l y c o a t 
ed onto c l e a n e d s i l i c o n s u b s t r a t e s so as to produce a r e s i n l a y e r 
^2y t h i c k . Each sample t vpe was s u b s e q u e n t l y hea ted on a hot 
p l a t e fo r 10 minu te s a t 85 C to remove s o l v e n t from the f i l m s to 
p roduce the condensed phase amic a c i d . Specimens were sequen
t i a l l y s t ep cu red as f o l l o w s : 10 minu te s a t 200 C ; 30 minu tes a t 
300 C on a hot p l a t e h a v i n g a l i d i n a N ? f l o w ; and 30 minu te s a t 
400 C i n a c l o s e d tube furnace i n a f l o w i n g s t r eam o f ( i n 
s epa ra t e e x p e r i m e n t s , a f l o w i n g s t ream o f f o r m i n g gas , i . e . , 80% 
N 2 -20% H 2 , was used fo r the 300°C and 4 0 0 ° C c u r e s ) . ESCA 
measurements were made a f t e r each c u r i n g s t ep i n o r d e r to e v a l u a t e 
d i f f e r e n c e s caused by i n c r e a s i n g the t empera ture o f c u r e . 

P lasma t r ea tmen t s o f c u r e d PI5878 samples were c a r r i e d ou t 
i n the LFE 1000 P lasma Appa ra tu s o p e r a t i n g a t 500 w a t t s . Gas 
f lows were a d j u s t e d so as to o b t a i n a p r e s s u r e o f 1.0 t o r r f o r the 
0 2 - p l a s m a e x p e r i m e n t , 0 .5 t o r r fo r the CF, ( 9 2 % ) - 0 2 (8%)-plasma 
e x p e r i m e n t , and 1.0 t o r r f o r the CF^ (84%)-b 2 (16%)-plasma e x p e r 
i m e n t . An exposure t ime o f 2 minu tes was used i n each e x p e r i m e n t . 

Fo r e v a l u a t i o n s o f the e f f e c t o f KOH on PI5878 p o l y a m i c a c i d 
f i l m s , the a s - a p p l i e d r e s i n f i l m ( ^ y ) a f t e r the 120 C s o l v e n t 
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r emova l s t ep (4) was exposed to KOH ( 0 . 2 3 M - 0 . 7 5 M ) f o r 5 s econds . 
ESCA measurements were made on the KOH t r e a t e d s u r f a c e s . These 
da t a were compared w i t h those o b t a i n e d on non-KOH t r e a t e d r e s i n 
s u r f a c e s t h a t had undergone the i d e n t i c a l 120 C s o l v e n t r emova l 
s t e p . S p e c t r a l da t a were a l s o c o l l e c t e d on s e v e r a l o f the KOH-
t r e a t e d p o l y a m i c a c i d s u r f a c e s a f t e r in s i t u , and a f t e r a i r s t e p 
c u r e s to 300-325 C. These da ta c o u l d then be compared to those 
o b t a i n e d e a r l i e r (4 ) so t h a t the e f f e c t o f KOH on the i m i d i z a t i o n 
( o r c u r i n g ) c o u l d be a s s e s s e d . 

The approach used to c h a r a c t e r i z e the h u m i d i t y e f f e c t s on 
c u r e d PI5878 f i l m s was as f o l l o w s : A f i l m c u r e d to ^ 300 C , 
a f f i x e d to a s i l i c o n s u b s t r a t e , was p l a c e d i n a h u m i d i t y chamber 
m a i n t a i n e d at 85 C and 80% r e l a t i v e h u m i d i t y f o r 280 h o u r s . ESCA 
measurements were made on s epa ra t e h a l v e s o f the same w a f e r , 
b e f o r e and a f t e r the 85 /80 t r e a t m e n t . I n a d d i t i o n , cu red PI5878 
f i l m s on s i l i c o n s u b s t r a t e s were exposed to b o i l i n g water f o r 30 
minu t e s and ESCA a n a l y z e d
a f t e r a subsequent i n s i t
2 8 0 - 3 0 0 ° C . 

R e s u l t s and D i s c u s s i o n 

Cured P o l y i m i d e F i l m S u r f a c e s - NR055X. To pu t the NR-055X 
and Skybond 703 r e s u l t s i n p e r s p e c t i v e , we r e f e r to F i g u r e 1 t aken 
from our e a r l i e r work (4) on PI5878 ( s p e c t r a l a , l b ) and on PI2525 
( s p e c t r a l c , I d ) . Though s t r u c t u r a l l y d i s s i m i l a r b o t h p o l y a m i c 
a c i d f i l m s ( l a , l c ) show a c i d c a r b o n y l s a t 289 .4 eV , amide 
c a r b o n y l s a t 288 .4 eV and s i z a b l e amounts o f p a r t i a l l y o x i d i z e d 
ca rbon s p e c i e s ( b i n d i n g energy 286.0 eV, C I s c h e m i c a l s h i f t ^ 1 . 0 
e V ) . On c u r i n g , b o t h p o l y i m i d e s showed imide c a r b o n y l f e a t u r e s 
( b i n d i n g energy 288 .9 eV, c h e m i c a l s h i f t ^ 3 . 9 eV) and a s i g n i f i 
can t i n c r e a s e i n the amount o f p a r t i a l l y o x i d i z e d ca rbon s p e c i e s 
(^ 42% o f the C I s s i g n a l i n t e n s i t y ) . F o r the r easons c i t e d i n 
R e f e r e n c e 4 , we c o n c l u d e d imide c a r b o n y l d e f i c i e n c y and n o n -
s t o i c h i o m e t r i c c h e m i c a l s t r u c t u r e s f o r the c u r e d f i l m s u r f a c e s . 
Though i s o i m i d e s t r u c t u r e s have been p roposed to e x i s t i n n - i m i d e 
systems (13^), we cannot say t h a t t h i s s t r u c t u r e does e x i s t because 
the re i s no way to d i f f e r e n t i a t e i t s e x i s t e n c e from p o l y i m i d e 
m o l e c u l a r we igh t changes i n the s u r f a c e l a y e r . M o l e c u l a r w e i g h t 
changes c o u l d occu r as a r e s u l t o f : ( a ) s c i s s i o n i n g i n the 
s u r f a c e l a y e r - a polymer d i s s o c i a t i o n p r o c e s s , (b) c r o s s - l i n k 
i n g , i . e . , the p r o d u c t i o n o f a t h r e e - d i m e n s i o n a l s t r u c t u r e as a 
r e s u l t o f random c o v a l e n t bond f o r m a t i o n between ad j acen t po lymer 
c h a i n s , o r ( c ) b r a n c h i n g i n the s u r f a c e l a y e r , i . e . , the c r e a t i o n 
o f s i d e c h a i n s wh ich are a t t a c h e d to the main po lymer m o l e c u l e . 
A l l we can c o n f i d e n t l y say now about the p a r t i a l l y o x i d i z e d c a r b o n 
env i ronments i s t h a t the ^ 1 . 0 eV c h e m i c a l s h i f t i s c o n s i s t e n t 
w i t h C-OH, C - N - C O , C-O-C bond t y p e s , and t h a t i t s magni tude i s 
i n c o n s i s t e n t w i t h any r e a s o n a b l e assumpt ions we c o u l d make about 
the charge d e n s i t y on ca rbon atoms by r e f e r e n c e to the c h e m i c a l 
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Figure 1. The C-ls spectra for two polyimides: (a) PI 5878 after 120°C solvent 
removal drying cycle; (b) PI 5878 after step cures 325° in N2; (c) PI 2525 after 
95°C solvent removal drying cycle; (d) PI 2525 after step cures to 325°C in Ng. 
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Figure 2. The C-ls spectra for NR-055X and Skybond 703 
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F i g u r e 2 shows C I s s p e c t r a fo r NR-055X p o l y a m i c a c i d / p o l y -
i m i d e , and f o r Skybond 703 p o l y a m i c a c i d / p o l y i m i d e . The f l u o r i n 
a t e d p o l y a m i c a c i d showed CF«, a c i d c a r b o n y l and amide c a r b o n y l 
l i n e s a t b i n d i n g e n e r g i e s o f 293 .3 eV, 289 .4 eV, and 288 .1 eV, 
r e s p e c t i v e l y . The c h e m i c a l s h i f t and BE v a l u e s a re i n e x c e l l e n t 
agreement w i t h l i t e r a t u r e da ta f o r CF« c a r b o n s . The most i n t e n s e 
C Is l i n e i s asymmetr ic on the low b i n d i n g energy s i d e o f the peak 
maxima. The cu rve f i t r e s u l t s i n d i c a t e d 284 .9 eV - a s s i g n e d to 
the r i n g c a r b o n s , and a peak a t 285 .8 eV. The c h e m i c a l s h i f t o f 
^ 0 . 9 0 eV i s c o n s i s t e n t w i t h t h a t obse rved e a r l i e r (4 ) f o r P I 5 8 7 8 . 
Thus , we have no r ea son to a t t r i b u t e the 285 .8 eV peak to any t y p e 
o f c a r b o n - f l u o r i n e b o n d i n g . 

O n l y one c a r b o n y l component appears i n the NR-055X spec t rum 
a f t e r the 300 C cu re t r e a t m e n t . I t s 3 .8 eV c h e m i c a l s h i f t i s 
c o n s i s t e n t w i t h i m i d e . The CF^ b i n d i n g energy and c h e m i c a l s h i f t 
v a l u e s were i d e n t i c a l to those obse rved f o r the p o l y a m i c a c i d . 
The most i n t e n s e C I
l i t t l e change w i t h t empera tur

F o r the cu red p o l y i m i d e , the C F ^ / F r a t i o was c a l c u l a t e d 
u s i n g the i n t e g r a t e d peak a rea r e s u l t s . A v a l u e o f 0 .33 was 
de t e rmined e x p e r i m e n t a l l y ( v s . the v a l u e o f 0 .33 p r e d i c t e d ) . 
E x t e n s i o n s o f t h i s approach o c c u r r e d by c a l c u l a t i o n o f =^=0/N and 
=C=0/F r a t i o s . V a l u e s o f 1.08 and 0 . 3 2 , r e s p e c t i v e l y , were 
de te rmined e x p e r i m e n t a l l y ( v s . 2 . 0 and 0 .67 p r e d i c t e d on the 
b a s i s o f s t r u c t u r a l f o r m u l a c o n s i d e r a t i o n s ) . These r e s u l t s i n d i 
c a t e d e i t h e r c a r b o n y l d e f i c i e n c y , an excess o f n i t r o g e n or an 
exces s o f f l u o r i n e i n the s u r f a c e r e g i o n . 

I n an a t t empt to r e s o l v e t h i s , we r e c o g n i z e d t h a t the C F ~ / F 
r a t i o was s t o i c h i o m e t r i c w i t h the s t r u c t u r e o f NR-055X p o l y i m i d e . 
Thus the c o r r e c t e d s i g n a l r a t i o r e f l e c t s the r a t i o o f the a c t u a l 
number o f f l u o r i n e atoms to CF~ atoms. T h i s would mean t h a t ^8% 
o f the t o t a l ca rbon s i g n a l s h o u l d be due to CF~ c a r b o n s , and 
i m p l i e s t h a t ^16% o f the ca rbon s i g n a l s h o u l d be due to c a r b o n y l 
groups ( i . e . , a 1:2 r e l a t i o n fo r C F ^ : i m i d e c a r b o n y l ) . F i g u r e 2 
shows t ha t t h i s 1:2 r e l a t i o n d i d not e x i s t . The r e s u l t was 
c o n f i r m e d by c a l c u l a t i o n s from the e x p e r i m e n t a l d a t a : 

NR-055X SAMPLE , ( } , ( } 

CURE C F 3 / C T 0 T A L U ) C ^ / C T 0 T A L U ) 

300°C i n N 2 12.25 ± 2 .63 11.75 ± 1.50 

400°C i n Fo rm- 10.50 ± 0 .58 10.75 ± 0 .50 
i n g Gas 

' '"2 
400°C i n N 0 10.75 ± 0 .50 10.00 ± 0 .00 

w h i c h i n d i c a t e en r i chmen t i n £ F ^ groups i n the s u r f a c e r e g i o n , and 
a marked d e f i c i e n c y i n c a r b o n y l . The l a t t e r c o n c l u s i o n i s 
c o n s i s t e n t w i t h p r e v i o u s r e s u l t s ( 4 ) . 
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Cured P o l y i m i d e F i l m S u r f a c e s - Skybond 703 . As shown i n 
F i g u r e 2 , the most i n t e n s e l i n e i n the C I s spec t rum appeared a t 
284.9 eV and was n e a r l y s y m m e t r i c a l i n l i n e shape f o r the p o l y a m i c 
a c i d . F o r the 703 p o l y i m i d e , no asymmetry was d e t e c t a b l e . Two 
bands a re i n d i c a t e d by the a s y m m e t r i c a l c h a r a c t e r o f the c a r b o n y l 
r e g i o n o f the p o l y a m i c a c i d : one a t BE 289.0 eV, and one a t BE 
288.1 eV, the a rea i n t e n s i t y r a t i o was 2 . 8 4 : 1 . 0 . The bands a re 
a s s i g n e d to " a c i d " and amide c a r b o n y l s , r e s p e c t i v e l y though the 
former c o u l d c o n c e i v a b l y be due to e s t e r or e s t e r / a c i d l i n k a g e s . 
On c u r i n g o f t h i s r e s i n to 300 C, the a s y m m e t r i c a l c h a r a c t e r o f 
the c a r b o n y l r e g i o n changed. A c a r b o n y l component a t 289 .4 eV due 
to pure a c i d i s o b s e r v e d , i n a d d i t i o n to a f e a t u r e a t 288 .5 eV 
( i m i d e ) . The band a rea r a t i o was 0 . 5 0 : 1 . 0 . 

S e v e r a l impor t an t f a c t o r s are i n h e r e n t i n these d a t a . 
F i r s t , t he C Is c h e m i c a l s h i f t s f o r im ide and a c i d groups were 
de t e rmined to be ^ 3 .64 eV and ^ 4 . 2 e V , r e s p e c t i v e l y . These 
r e s u l t s are i n v e r y c l o s
P I5878 /P I2550 systems ( 4 )
compound r e s u l t s ( 1 4 ) . Second , the low energy c a r b o n y l peak o f 
the p o l y a m i c a c i d s was a s s i g n e d by i n f e r e n c e on the b a s i s o f b o t h 
expec t ed i n d u c t i v e e f f e c t s and knowledge o f r e s i n f o r m u l a t i o n , 
e . g . , l a b o r a t o r y p r epa red PI5878 or P I 2 5 5 0 , shows a c i d and im ide 
c a r b o n y l f e a t u r e s i n i t s C I s s p e c t r a . I t s un ique c h a r a c t e r i s 
a l s o i l l u s t r a t e d by i t s N I s s p e c t r a ( F i g u r e 3) t h a t shows ^67% 
imide when compared to ^96% imide f o r a c u r e d PI5878 sample 
s u r f a c e . The Skybond r e s u l t s would be c o n s i s t e n t w i t h , bu t do no t 
p r o v e , a copolymer r e s i n f o r m u l a t i o n h a v i n g two d i f f e r e n t amines 
t h a t i m i d i z e at d i f f e r e n t r a t e s . 

F o r a l l c u r e d , n o n - m o d i f i e d p o l y i m i d e f i l m s s t u d i e d , the C 
I s s p e c t r a showed e x t r e m e l y weak s a t e l l i t e f e a t u r e s c e n t e r e d 
about 292 .8 ± 0 .3 eV. To d a t e , we have no t s t u d i e d these shake up 
s t r u c t u r e s e x t e n s i v e l y . We have n o t e d , however , t h a t they f r e 
q u e n t l y do not e x i s t i n the C I s s p e c t r a o f the p o l y a m i c a c i d 
f i l m s . These low i n t e n s i t y f e a t u r e s appear r e s o l v a b l e i n t o two 
G a u s s i a n components o f unequa l i n t e n s i t y . T h e i r c h e m i c a l s h i f t s 
a re c o n s i s t e n t w i t h a s s ignment s g i v e n to *n* «- TT t r a n s i t i o n s e . g . , 
D . T . C l a r k et a l , J . E l e c t r o n . S p e c t r o s c . R e l a t . Phenom. , 8 , 51 
(1976) . These o b s e r v a t i o n s sugges t t h a t the p o l y a m i c a c i d f i l m 
s u r f a c e s may not have a p p r e c i a b l e u n s a t u r a t e d ca rbon e n v i r o n 
ments . 

P o l y a m i c A c i d - K O H - P o l y i m i d e I n t e r a c t i o n s . T a b l e I shows C 
I s and K 2p da ta t h a t demons t ra tes the e f f e c t s o f KOH and KOH-
a c e t i c a c i d (0.5% by volume) t r e a tmen t s on PI5878 p o l y a m i c a c i d 
s u r f a c e s . Fo r the n o n - t r e a t e d s u r f a c e , C I s c h e m i c a l s h i f t s o f 
4 . 2 3 eV, 3.34 eV and 1.02 eV r e f l e c t a c i d , amide and " p a r t i a l l y 
o x i d i z e d " bond ing t y p e s . Treatment w i t h KOH produced two 
e f f e c t s : ( a ) i n c o r p o r a t i o n o f p o t a s s i u m i n t o the ca rbon m a t r i x , 
and (b) changes i n b o t h c a r b o n y l b i n d i n g e n e r g i e s . T h i s i n d i c a t e s 
t h a t c h e m i c a l r e a c t i o n a t b o t h a c i d and amide o c c u r r e d and t h a t no 
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r e a c t i o n s p e c i f i c i t y e x i s t s . S i n c e d i l u t e KOH s o l u t i o n e t c h 
removes p o l y a m i c a c i d f i l m s , our da t a sugges t s the e t c h i n g p r o 
cess to be a s s o c i a t e d w i t h i n t r a m o l e c u l a r c h a i n s c i s s i o n . We have 
noted i n our expe r imen t s t h a t d e m i n e r a l i z e d water r i n s e s f o r 2 
minu te s d i d not a l t e r the p o t a s s i u m l e v e l . However , a 5 second 
a c e t i c a c i d r i n s e d i d lower the p o t a s s i u m l e v e l . As i n d i c a t e d i n 
T a b l e I , a 5 minu te a c e t i c a c i d r i n s e removed d e t e c t a b l e p o t a s s i u m 
from the s u r f a c e , and r e v e r t e d the c a r b o n y l b i n d i n g e n e r g i e s t o 
t h e i r o r i g i n a l v a l u e s . 

T a b l e I I shows compar i sons o f da ta fo r s e v e r a l c u r e d PI5878 
samples . Fo r the KOH t r e a t e d sample t h a t had no a c e t i c a c i d 
r i n s e , b u l k g o t a s s i u m d i f f u s e d to the s u r f a c e on d i r e c t hea t 
c u r i n g to 280 C. Though the da ta g i v e n r e f l e c t i n s i t u r e s u l t s , 
the same phenomenon o c c u r r e d i n a i r or n i t r o g e n ambien ts w i t h 
v i r t u a l l y no change i n the c a r b o n y l b i n d i n g e n e r g i e s f o r the 
sample . By c o n t r a s t , the non-KOH t r e a t e d sample and the t r e a t e d 
s u r f a c e t h a t had a 5 minu t
I s f e a t u r e s - imide an
i t i e s . The r e s u l t s demons t ra te t h a t p o t a s s i u m i n c o r p o r a t e d i n 
the p o l y a m i c a c i d m a t r i x p r e v e n t s the i m i d i z a t i o n p r o c e s s . 

B o i l i n g Water and Temperature and H u m i d i t y E f f e c t s on P o l y 
i m i d e s . F i g u r e 4 shows the changes i n the C i s spec t rum o f c u r e d 
PI5878 p o l y i m i d e a f t e r exposure f o r 280 hours i n a t e m p e r a t u r e -
h u m i d i t y chamber (85 C/80%) , and a f t e r 30 m i n u t e s i n b o i l i n g 
w a t e r . Three p o i n t s are wor th n o t i n g i n compar i sons w i t h the 
s p e c t r u m o f the " c o n t r o l " sample . F i r s t , the " p a r t i a l l y o x i 
d i z e d " ca rbon component as w e l l as the imide c a r b o n y l i n t e n s i t i e s 
were lower a f t e r the T&H e x p o s u r e . Second , a f t e r the b o i l i n g 
wa te r t r e a t m e n t , the " p a r t i a l l y o x i d i z e d " ca rbon component had 
v i r t u a l l y d i s a p p e a r e d ( t he ma in s i g n a l does , however , show asym
m e t r i c a l c h a r a c t e r ) . I n a d d i t i o n , the h a l f - w i d t h o f the c a r b o n y l 
band i n c r e a s e d and showed s h o u l d e r s (^289.5 eV, ^ 2 8 8 . 2 eV) o f weak 
i n t e n s i t i e s on each s i d e o f the c e n t r o i d (288 .8 e V ) . T h i r d , i n 
s i t u vacuum h e a t i n g o f the w a t e r - t r e a t e d sample p roduced C i s d a t a 
t h a t was i d e n t i c a l to t h a t o f the " c o n t r o l " sample . 

The o b s e r v a t i o n s made by a n a l y s i s o f the C I s da t a show t h a t 
the cu red s u r f a c e s are not i n v a r i e n t to T&H or to b o i l i n g wa te r 
e x p o s u r e s . The da ta sugges t s t h a t d e - i m i d i z a t i o n , though not 
e x t e n s i v e , may be o c c u r r i n g a f t e r 15 minu te s i n b o i l i n g w a t e r . 
V e r y c l o s e s c r u t i n y o f the c o m p o s i t i o n a l ( T a b l e I I I ) and b i n d i n g 
energy ( T a b l e I V ) r e s u l t s i n d i c a t e a v e r y complex mechanism - no t 
w i t h i n the o b j e c t i v e s o f our p r e s e n t s t u d i e s - i s o p e r a t i v e i n the 
" w e a t h e r i n g " o f c u r e d p o l y i m i d e f i l m s . The r e s u l t s from our work 
do i n d i c a t e t h a t the s u r f a c e i s i n v o l v e d i n t h i s e n v i r o n m e n t a l -
t y p e o f phenomena s i n c e n i t r o g e n d e p l e t i o n and o t h e r c o m p o s i t i o n 
a l changes were d e t e c t a b l e . I t was o f i n t e r e s t to know i f 
e l e c t r i c a l p r o p e r t y c h a r a c t e r i s t i c s were a f f e c t e d . R e s u l t s ( 1 5 , 
16) from c u r s o r y expe r imen t s o f the d i s s i p a t i o n f a c t o r showed 
h i g h e r v a l u e s f o r c u r e d f i l m s t h a t had been wate r soaked . 
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|SKYBOND 703 AT 300°C| 

AMIDE~33% 
IMIDE-67% y A B E . 1.5 eV 

[PI 5878 AT 325°C| 

IMIDE-96% 
AMIDE ~ 4% 
A B E 1.7 eV 

411.6 
BINDING ENERGY (eV) 

391.6 

Figure 3. The N-ls spectra for cured Skybond 703 and PI5878 polyimides 

CONTROL 280 HRS AT 
85° C 180% RH 

30 MIN BOILING WATER 30 MIN BOILING WATER-
+ VAC + 280°C 

295.0 281.0 
BINDING ENERGY (eV) 

295.0 281.0 
BINDING ENERGY (eV) 

Figure 4. The C-ls spectra for PI5878 after T&H and boiling H20 exposures 
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Table I. The C-ls and K-2p Binding Energy Data for Polyamic 
Acid (PI5878)KOH-HAc Surfaces 

SAMPLE PROCESS B.E. (eV) AB.E. (eV) FWHM (eV) % B.E. (eV) (A/cc) 

41-36 PI + 120°C 285.0 1.50 73.00 
286.0 1.0 1.10 18.69 
288.3 3.3 0.90 4.29 
289.2 4.2 0.90 4.02 

31-17 PI + 0.75M KOH+ 

288.8 3.8 0.90 3.73 

38-49 PI + 5 MIN* 285.0 1.50 80.42 K NOT EVIDENT 
HAc RINSE 286.1 1.1 1.10 11.94 
(DIL. SOLN) 288.4 3.4 0.90 3.36 

289.3 4.3 0.90 3.97 

* INTENSITY RATIO WAS 1:2.19 
+ DEMINERALIZED H20 RINSE DID NOT REMOVE K 
? 5 SEC. HAc RINSE DID NOT REMOVE K. IT LOWERED CONC. TO 1.1 x 10 2 2 A/cc 

Table II. The C-ls and K-2p Binding Energy Data for Cured 
Polyimide (PI5878)KOH-HAc Surfaces 

SAMPLE PROCESS B.E. (eV) AB.E. (eV) FWHM (eV) % 

41-36 PI + 120°C + 280°C 285.0 1.25 52.93 
286.1 1.1 1.00 35.26 
288.9 3.9 0.90 11.81 

31-17 PI + 120°C + 0.75M 285.0 1.40 74.05 
KOH + 280°C 286.4 1.4 1.10 11.02 

287.9 29 0.90 7.12 
288.5 3.5 0.90 7.81 

38-49 PI + 120°C + 0.75M 285.0 1.25 52.66 
KOH + HAc RINSE + 286.1 1.1 1.00 35.29 
280°C 288.9 3.9 0.90 12.04 

B.E. (eV) (A/cc) 

293.1 
295.8 ' 

K NOT CLEARLY EVIDENT 

* INTENSITY RATIO WAS 1:2.16 
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Table III. Binding Energy Results: PI 5878 (Cured) Surface 
Changes in H2Q Environments 

C Is O Is N 1s 

TREATMENT B.E. (eV) AC 1s % B.E. (eV) % B.E. (eV) % 

280°C - AS RECEIVED 285.0 47.46 532.2 74.50 400.7 100 
(CONTROL) 286.1 1.1 40.12 533.5 25.50 

288.9 3.9 12.43 

280°C + 280 HRS 285.0 50.09 532.2 80.27 398.9 100 
AT 85°C/80% RH 286.1 

289.0 

280°C + 30 MIN. 285.0 
IN BOILING H20 286.1 1.1 24.58 533.6 23.32 400.6 90.62 IN BOILING H20 

(288.3) (3.3) 
288.8 3.8 9.96 

(289.5) (4.5) 

ABOVE + SUBSEQUENT 285.0 47.74 532.3 77.79 400.4 26.64 
IN-SITU VAC. HEAT 286.1 1.1 39.98 533.6 22.21 400.8 73.36 
TO 280°C 288.9 3.9 12.28 

Table IV. PI5878 (Cured) Surface Changes in H 20 Environments: 
Relative Composition 

TREATMENT C IS O IS N 1S 

280°C - AS RECEIVED 11.36 ± 0.77 2.57 ± 0.20 1.00 
(CONTROL) 

280°C + 280 HRS AT 14.22 ± 0.16 3.20 ± 0.11 1.00 
85°C/80% RH (-16.1%) 

280°C + 30 MIN IN 14.40 ± 1.12 3.07 + 0.24 1.00 
BOILING H20 (-6.5%) (-11.8%) (-26.2%) 

ABOVE + SUBSEQUENT 10.93 ± 0.29 2.49 ± 0.04 1.00 
IN-SITU VAC. HEAT TO 
280° 

EXPECTED VALUE 11.0 2.5 1.00 
(EMPIRICAL FORMULA) 

THE UNCERTAINTY IN THE UNIT SCAN NORMALIZATIONS OF THE 12 INTEGRATED 
PEAK INTENSITIES AVERAGED TO 4.08 ± 1.91%. 

VALUES IN PARENTHESES ARE REAL DIFFERENCES IN LINE INTENSITY VALUES 
RELATIVE TO THE LINE INTENSITY FOR THE AS-RECEIVED SAMPLE. 
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As i n d i c a t e d e a r l i e r , the i n s i t u vacuum h e a t i n g o f the 
b o i l i n g water soaked sample p roduced da ta i d e n t i c a l to t h a t 
measured fo r the " c o n t r o l " s u r f a c e t h a t d i d show imide bond 
f o r m a t i o n . T h i s r e s u l t sugges t s to us t h a t the s u r f a c e o f a c u r e d 
f i l m i s a degraded p o l y i m i d e t h a t l i k e l y has an average m o l e c u l a r 
weigh t s i g n i f i c a n t l y s m a l l e r than t h a t expec t ed f o r the b u l k 
m a t e r i a l . Our v i e w p o i n t c e n t e r s around the f o l l o w i n g c o n c e p t s . 
P resumably a l o n g - c h a i n l i n e a r p o l y m e r , e . g . , a p o l y i m i d e , has an 
average m o l e c u l a r we igh t i n the tens o f thousands r ange . Though 
imide bonds are formed i n the s u r f a c e r e g i o n , the l i k e l i h o o d o f 
the s u r f a c e d u p l i c a t i n g the m o l e c u l a r w e i g h t o f the b u l k seems 
remote . The m o l e c u l a r we igh t range s h o u l d be lower i n the s u r f a c e 
r e g i o n fo r any one o f the reasons c i t e d i n an e a r l i e r p a r a g r a p h . 

R e c u r i n g o f a w a t e r - s o a k e d p o l y i m i d e f i l m s i s thought to 
produce a b u l k po lymer o f lower m o l e c u l a r w e i g h t ( 1 7 ) . The f a c t 
t h a t r e c u r i n g o f the w a t e r - s o a k e d f i l m produced a s u r f a c e n e a r l y 
i d e n t i c a l to t h a t o f th
t r ea tmen t showed no d r a m a t i
s h i f t ( i m i d e s a re known to r e s i s t h y d r o l y s i s ) , we f e e l c o n f i d e n t 
i n b e l i e v i n g t h a t the " c o n t r o l " s u r f a c e i s a low m o l e c u l a r w e i g h t 
p o l y i m i d e o f degraded c h a r a c t e r . The i n d i c a t i o n i s t h a t wa te r and 
T&H i s somehow a t t a c k i n g n o n - p o l y i m i d e m a t e r i a l i n c o r p o r a t e d i n 
the polymer m a t r i x . 

M o d i f i c a t i o n s o f P o l y i m i d e s by P lasma E x p o s u r e s . T a b l e V 
c o n t a i n s a summary o f b i n d i n g energy r e s u l t s o b t a i n e d on c u r e d 
PI5878 s u r f a c e s a f t e r 2 minute exposures to t h r ee d i f f e r e n t 
p l a sma gase s . C I s s p e c t r a fo r the p o l y i m i d e s u r f a c e a f t e r 0 ^ -
p l a sma ( 0 2 a s h i n g t r e a t m e n t ) , and a f t e r 0^ (8%) /CF^ (92%)-plasma 
( d i s c h a r g e ) exposures are shown i n F i g u r e s 5 and 6 , r e s p e c t i v e l y . 
As the r e s u l t s show, e x t e n s i v e m o d i f i c a t i o n s o c c u r r e d i n the 
c h e m i c a l make-up o f the ca rbon m a t r i x . A c i d or e s t e r (BE ^ 289 .1 ) 
groups and two a d d i t i o n a l c a rbon -oxygen bond types were formed as 
a r e s u l t o f the O^-plasma t r e a t m e n t . Changes i n the 0 I s and N I s 
b i n d i n g e n e r g i e s a l s o o c c u r r e d . 

C F 3 (293 .5 e V ) , CF (291 .6 e V ) , and CF (289 .8 eV) bonds i n 
l a r g e q u a n t i t i e s e x i s t e c T a f t e r exposures o f the c u r e d PI5878 f i l m 
to O ^ / C F , - p l a s m a e n v i r o n m e n t s . L e s s e r amounts o f - C F - C F (288 .0 
e V ) , - C - C F ^ (286 .4 eV) and v i r t u a l l y no CH bond ing i s a l s o 
i l l u s t r a t e d ^ Note t h a t O ^ / C F ^ - p l a s m a t r e a t e d s u r f a c e s were i d e n 
t i c a l even though the oxygen c o n t e n t o f the gas i n c r e a s e d f rom 8% 
to 16% ( T a b l e V ) . For b o t h the 0 2 / C F ^ - and the 0 2 - p l a s m a t r e a t e d 
s u r f a c e s , the r e s u l t i n g N Is s i g n a l i n t e n s i t i e s were q u i t e i n 
tense . 

The da t a i n d i c a t e t h a t e x t e n s i v e o x i d a t i o n o c c u r r e d due to 
the 0 2 - p l a s m a t r ea tmen t and o x i d a t i o n / f l u o r i n a t i o n o c c u r s f o r the 
0 2 / C F ^ - p l a s m a t r ea tment o f cu red PI5878 f i l m s . No o v e r l a y e r 
f o r m a t i o n i s i n d i c a t e d as e v i d e n c e d by the s t r o n g N I s s i g n a l s 
t h a t r e s u l t e d a f t e r p lasma t r e a t m e n t s . Thus these t r e a tmen t s 
seem to i n v o l v e doub le bond a d d i t i o n s o f oxygen and f l u o r i n e to 
the p o l y m e r i c benzene r i n g s . 
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Table V. Bindin

TREATMENT 

325°C + 0 2 PLASMA 

325°C + 02/CF4 

PLASMA (8%/92%)+ 

325°C + 02/CF4 

PLASMA (16%/84%)+ 

B.E. (eV) AC Is % B.E. (eV) % B.E. (eV) 

285.0 43.66 532.3 74.58 399.3 
286.1 1.1 44.18 533.5 25.42 400.8 
288.9 3.9 12.16 

285.0 24.39 532.6 61.82 402.4 
286.1 1.1 29.57 534.0 38.18 
287.5 2.5 17.32 
289.1 4.1 28.71 

285.1 1.37 533.7 16.54 402.0 
286.5 1.5 2.36 535.4 83.46 
288.0 2.9 3.85 
289.8 4.7 23.81 
291.7 6.6 55.01 
293.5 8.4 13.59 

285.0 1.74 533.6 17.48 402.0 
286.4 1.4 4.66 535.4 82.52 
288.0 3.0 4.72 
289.7 4.8 22.96 
291.7 6.7 51.47 
293.6 8.5 14.46 

3.82 
96.18 

+ SINGLE F 1s PEAK AT B.E. = 688.36 eV 
? SINGLE F 1s PEAK AT B.E. = 688.40 eV 
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LINE B.E.(eV) A B E AREA% 
1 285.0 - 24.10 
2 286.1 I.I 29.56 
3 287.5 2.5 17.50 
4 289.1 4.1 28.85 

CALCULATED ENVELOPE 

RAW DATA 

CALCULATED COMPONENTS 

299.0 281.0 
BINDING ENERGY (eV) 

Figure 5. The C-ls spectrum of PI5878 after 02-plasma exposure 

LINE B.E.(eV) A B E AREA% 
1 285.1 - 1.38 
2 286.4 1.3 Z42 
3 288.0 2.9 3.90 
4 289.8 4.7 23.81 
5 291 .7 6.6 54.93 
6 293.5 8.4 13.57 

CF2. 

CALCULATED 
ENVELOPE 

RAW DATA 

CALCULATED 
COMPONENTS 

6 

C F 3 \ 

CF 

300.0 
BINDING ENERGY (eV) 

280.0 

Figure 6. The C-ls spectrum of PI5878 after 02/CFrplasma exposure 
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Abstract 

The surface chemical structure of several thin polyimide 
films formed by curing of polyamic acid resins was studied using 
X-ray photoelectron spectroscopy (ESCA or XPS). The surface 
modifications of one of the polymer systems after exposure to KOH, 
after exposure to temperature and humidity, after exposure to 
boiling water, and after exposure to O2 and O2/CF4 plasmas were 
also evaluated. The results showed imide bond formation for a l l 
cured polyimide systems  It was found that: (a) K on the surface 
of the polyamic acid alter
cured polyimide surface
water exposures, and (c) extensive modifications of cured poly
imide surfaces occur after exposures to plasma environments. 
Very complex surfaces for these polymer films were illustrated by 
the C 1s, 0 1s, N 1s and F 1s line characteristics. 
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